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'Trom the lone sheilding of the misty island, 

Mountains divide us, and the waste of the seas- 

Yet still the blood is strong, the heart is Highland, 

As we in dreams behold the Hebrides. ”

Anon



Abstract

Pluripotent haematopoietic stem cells (HSCs) differentiate into all 

m ature  blood cell lineages and have been characterized  as the 

subpopulation  of m urine bone m arrow  cells expressing cell surface 

m arkers Sca-1+, Thy-1^° and Lin". Stem cell antigen Sca-1, is one of the 

earliest differentiation markers detected on the surface of both fetal liver 

and adult bone m arrow HSCs. Expression of this antigen also occurs on 

thym ocy te  p ro g en ito rs , a c tiv a ted  lym phocy tes and  on som e 

non-haem atopoietic tissues. The alloantigens detected by the Sca-1 

monoclonal antibody are encoded by strain specific Ly-6E.l and Ly-6A.2 

alleles, members of the Ly-6 multigene family. The characterization and 

isolation of the regulatory elements of Ly-6E.l and Ly-6A.2 that govern 

tissue specific and high level expression in the haem atopoietic system, 

particularly stem cells, are therefore of considerable interest.

In order to study the control elements of the Ly-6E.l allele, a 30 kb 

fragment encoding a fully functional gene with 13 kb of 5' and 13 kb of 3' 

flanking sequence, has been cloned. Transfection analysis in a m urine 

erythroleukaemic (MEL) cell line has dem onstrated that a 14 kb BamHI 

fragment from this clone is sufficient to confer high levels of Ly-6E.l gene

expression on y-interferon induction. To identify elements involved in 

Ly-6E.l and Ly-6A.2 gene regulation, extensive DNase I hypersensitive site 

m apping of both expressing and non-expressing haematopoietic cell lines 

has been performed. This hypersensitive site analysis has demonstrated 

that 5' and 3' sites correlate with antigen expression in FDCP-1 cells, MEL 

cells and various T cell lines. Furtherm ore, allelic differences in 

hypersensitivity occur within the 5' flanking chromatin of the Ly-6A.2 and

Ly-6E.l alleles after y-interferon induction and suggests a mechanism for 

the regulation of differential antigen expression within the haematopoietic 

system. Reporter constructs containing various 5' and 3' regions of the

Ly-6E.l gene have been analysed in y-interferon inducible MEL and 

constitu tively  expressing NIH3T3 cell lines. These stud ies have

dem onstra ted  that Ly-6E.l dow nstream  sites contain a y-interferon



inducible element which synergizes with the prom oter GAS element to

confer high level y-interferon induced Ly-6E.l expression in MEL cells. 

Furtherm ore, prelim inary in vivo analysis has dem onstrated that the 5' 

and 3' Ly-6E.l hypersensitive sites contain the necessary elements to direct 

tissue specific expression to the m ature adu lt lym phoid system , bone 

m arrow  and other tissues, in addition to early embryonic m esonephros 

(ACM) and fetal liver (M iles-personal com m unication). These data 

strongly  suggest that the Ly-6E.l regulatory  elem ents identified and 

characterized within this thesis, can be used to direct heterologous gene 

expression to stem cells.
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Introduction
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The maintenance of the haematopoietic system requires complex 

signals for the constant renewal of m ature blood cell types during 

development, and for the extensive proliferation required at times of 

haematologic stress. All blood cells are derived from single totipotent 

haematopoietic stem cells (HSCs), which are thought to reside in the 

embryonic yolk sac, fetal liver and finally the adult bone m arrow in 

mammals (for review: Medvinsky, 1993). The specific cell types, lymphoid 

(B and T cells) and myeloid (erythrocytes, granulocytes, megakaryocytes, 

macrophages, eosinophils and mast cells), and the level of output of these 

cells from progenitors, appear to be governed by exogenous signals 

produced within stromal cell microenvironment (review: Dexter et al., 

1990). However, the mechanisms of this regulation are poorly understood. 

The examination of the regulatory mechanisms of haematopoiesis and the 

factors influencing the decision of HSCs to divide and differentiate, have 

been the major focus of many investigators and have major implications 

for cancer, imm unological, transplantation and gene replacem ent 

therapies.

Haematopoiesis commences at early stages of embryogenesis (7.5 

days gestation in the mouse) and continues throughout the lifetime of the 

adult. This requires the correct temporal order of developm ental 

switching, from the production of embryonic, to fetal and finally adult 

specific cell types, in addition to switching the sites of haematopoiesis and 

location of stem cells. The haematopoietic system provides an ideal system 

in which to examine gene regulation in a developmental context, in 

addition to providing an insight into the genetics of stem cells. In an 

attem pt to further understand gene regulation in HSCs, the regulatory 

elements of an early stem cell marker have been investigated. The 

regulatory elements of the murine, strain specific alleles Ly-6A.2 and 

Ly-6E.l, encoding the surface antigen recognized by the Sca-1 monoclonal 

antibody, are of particular interest as Sca-1 has been identified as one of the 

earliest cell surface markers of HSCs (Spangrude et ai ,  1988a) .

The introduction of this thesis is divided into two parts. The first
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section describes the attempts to characterize and purify HSCs by the Sca-1 

m onoclonal antibody and our present understanding of the expression 

pattern  and function of the Ly-6 A.2 and Ly-6E.l antigens. The second 

reviews the general mechanisms that are involved in gene transcriptional 

regulation, with an emphasis on examples from within the haematopoietic 

system, and prelim inary analysis of the transcriptional regulation of the 

Ly-6A.2 and Ly-6E.l alleles. The aims section of this thesis is followed by 

the results of my studies to characterize the regulatory elements of the 

Ly-6A.2 and Ly-6E.l alleles directing expression within the haematopoietic 

system.

1. 1. Haematopoietic stem cells, Sca-1 and the Ly-6 antigens

1. 1. 1. Characterization of the haematopoietic stem cell (HSC)

Stem cells are defined as cells possessing high self-renewing capacity 

whilst providing the steady state production of differentiated cell types to 

replace cells with a limited lifespan. The haematopoietic system has such 

pluripotential stem cells which can generate m ature cells of both myeloid 

and lym phoid lineages throughout the lifetime of an animal. It is 

generally accepted that there is a hierarchy w ithin the haem atopoietic 

system , including lym phoid and myeloid progenitor cells with varying 

degrees of m ultipo ten tia lity . These cells are fu rther along the 

differentiation pathw ay than the long-term repopulating HSCs, and only 

have a lim ited ability to contribute to m ultilineage haem atopoiesis. 

Further mature progenitors can only contribute to few lineages of cells, eg. 

the granulocyte and macrophage progenitor (review: Keller, 1992).

As the most primitive HSCs exist at low frequencies, approximately 

one in 10^ -10^ nucleated bone marrow cells (Jones et al., 1987; Boggs et a l, 

1982), the characterization of HSCs has proven difficult. In the early 1960's, 

studies by Till and McCulloch (1961) dem onstrated the existence of 

m u ltip o ten tia l cells by show ing that bone m arrow  cells, w hen 

intravenously injected into mice given lethal doses of radiation, had the
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ability to lodge in the spleen, producing macroscopic colonies (CFU-S). 

These colonies, derived from single cells, were subsequently shown to 

consist of erythroid, macrophage, granulocyte and megakaryocyte cells types 

(Till and McCulloch, 1961; Becker et al., 1963; Wu et al., 1967). The 

p luripotential nature of the cells resulting in CFU-S form ation was 

examined by transplantation of both single CFU-S and cells from colonies 

from an entire spleen, into secondary irradiated recipients, resulting in 

secondary CFU-S (Siminovitch et al ., 1963, 1964). The ability of primary 

CFU-S to generate CFU-S in double transplantations was found to be 

dependent on the time of harvesting the original CFU-S. Later colonies 

(day 14) had an increased ability to form CFU-S within the secondary 

recipients when compared to the earliest colonies (day 8). This was the first 

indication that the cells forming CFU-S were a heterogeneous population. 

It is now accepted that the later CFU-S are derived from more primitive 

progenitor cells (Worton et al., 1969; Magli et fl/.,1982). Increasing evidence, 

however, indicated that the donor cells in CFU-S were limited in their 

ability to sustain pluripotential and longterm reconstitution in secondary 

transplants, over extended periods in vivo (Harrison et al., 1978). It was 

therefore likely that CFU-S were representative of more m ature precursor 

cells and not the long-term reconstituting HSC (Paige et a l, 1979; Kitamura 

et a l, 1981; Magli et al., 1982; Ploemacher and Brons, 1989). Reanalysis of 

p rim ary  rec ip ien ts dem onstra ted  th a t the m ost p rim itive  HSC 

preferentially homed to the bone m arrow  cavity rather than the spleen 

(Barnes et al.,1968; Hodgson et al., 1982; van Zant, 1984; Bertoncello et a l, 

1985; Wolf and Priestley, 1986).

As the p rim ary  and secondary transp lan ta tions w ere time 

consum ing, in vitro assays for HSCs and precursors were established. 

These systems analyse colony forming cells grown in semisolid cultures 

with specific growth factors or stromal cells (reviewed M etcalf, 1977, 1984). 

Although some cultures can monitor the early HSCs (Ogawa et al., 1985; 

H odgson and Bradley, 1979; Dexter, 1979), the m ajority m onitored 

differentiated progeny of the early HSCs.
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The analysis of haematopoietic reconstitution in irradiated mice has 

provided a greater understanding of the characteristics of the primitive 

HSC, providing a system for the quantitative analysis of primitive HSCs in 

addition to the potential for mutilineage contributions from single HSCs 

over extended periods of time (Wu et al., 1968; Abramson et al.,1977; 

W illiams et a l, 1984; Dick et a l, 1985; Lemischka et a l, 1986; Keller and 

Snodgrass, 1990; Jordan and Lemischka, 1990). This system measures both 

the m ature precursor cells that protect the animal from radiation induced 

death, together with the short- and long-term repopulating HSCs (Visser et 

a l, 1984; Müller-Sieburg et al., 1988; Spangrude et al., 1988a). In order to 

detect the long-term reconstituting HSCs, cells of a more mature phenotype 

are also transplanted to transiently sustain the mouse through the initial 

crisis stage. The adm inistration of pure HSCs alone is insufficient to 

protect the animal from radiation induced death, as the HSCs cannot 

proliferate and differentiate rapidly enough to support the mouse through 

the  ra d ia tio n  in d u ced  haem ato log ic  cris is (Jones et al.,1990).

In order to quantitate the long-term repopulating HSCs, Harrison 

(1980) devised a competitive repopulation strategy by transplanting a mix of 

donor HSCs from mice w ith particular haem oglobin genotypes into 

irrad ia ted  recipients of another haem oglobin genotype, along w ith 

unm anipulated recipient bone m arrow cells. Assays of the haemoglobin 

type in erythrocytes after extended periods, dem onstrated that the higher 

the ratio of donor to recipient bone m arrow used the higher the donor 

haemoglobin type. Further transplantation experiments to quantitate the 

long-term  repopulating cells have been perform ed in the genetically 

anemic mouse strain W /W ^ mice using limiting numbers of cells (Russel, 

1979). As normal transplanted m arrow has a selective advantage over the 

m utant marrow, lethal irradiation is not required and thus relatively small 

num bers of cells can be assayed. These experim ents have led to the 

estimated frequency of long-term repopulating cells as being in the order of 

one in 3 X  10^ cells in the femur (Boggs et a l, 1982, 1984).

Although the numbers of bone marrow HSCs had been estimated, it
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was unclear w hether HSCs were immortal or had a finite life span. If 

immortality was the case, the haematopoietic system would be made up of 

haematopoietic cells arising from a limited proportion of HSCs, that would 

be active throughout the lifetime. However, if the life span of HSCs were 

finite, a constant turnover of HSCs w ould occur w ith the m ature 

haem atopoietic cells arising from different clones, a model of clonal 

succession proposed by Kay (1965). Therefore experim ents whereby 

individual HSCs could be marked were desirable .

Early stem  cells m arking experim ents used radiation induced 

chromosomal translocations to individually m ark the HSCs (Wu et al., 

1968; A bram son et al.,1977). More recently, replication deficient 

retroviruses have been used to individually m ark HSCs in vitro th u s  

allowing specific retroviral integration patterns to delineate the progeny 

from a marked HSC ( Mintz et al, 1984; Keller et a l, 1985; Dick et a l, 1985; 

Lemischka et al., 1986). Both m ethods directly dem onstrated that few 

pluripotential HSCs are capable of multilineage long-term reconstitution. 

These experiments provide a further understanding of the types of more 

m ature progenitors within the haematopoietic hierarchy.

The retroviral marking experiments carried out by Lemischka et al. 

(1986), used bone marrow from 5-Fluorouracil treated mice to enrich for 

and induce the cycling of normally non-cycling, quiescent HSCs (Hodgson 

and Bradley, 1979; Van Zant, 1984). On transplantation into lethally 

irradiated hosts, several classes of cells were marked including progenitors 

that predom inantly  contributed to cell types w ithin either m yeloid or 

lym phoid  lineages, in addition to the HSCs that contributed to all 

haematopoietic lineages. The analysis of the retroviral integration patterns 

in peripheral blood DNA over a period of 2 1 /2  to 5 m onths, revealed 

fluctuations in the integration patterns. It was thus suggested that the cells 

arising during norm al haem atopoiesis were derived from sequential 

activation of different short lived clones rather than a continuous 

contribution by all HSCs. It was also found that HSCs, that did not 

contribute to initial haematopoiesis, could be "activated" by transplantation
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into a secondary host, indicating that HSCs could return to a quiescent state 

after replication in vitro (Lemischka et a l, 1986).

Further analysis of animals over 5 months post-transplantation has 

identified that single or oligoclonal HSCs predom inantly reconstitute the 

haematopoietic system (Jordan and Lemischka, 1990; Keller and Snodgrass, 

1990), with very little fluctuation in clonal contribution. Initial clonal 

fluctuation m ay therefore result from the infection of both m ature 

precursors and transiently functioning prim itive HSCs which are active 

early after transplantation due to haematopoietic disequilibrium ( Jordan 

and Lemischka, 1990; Keller, 1992) .

A lthough HSCs can now be m arked and their contribution to 

specific lineage of the haem atopoietic system  analysed, the physical 

identification and purification of the most prim itive HSC has yet to be 

realized. This is essential for the characterization of HSC properties at a 

clonogenic level. Techniques to separate HSCs from more committed 

precursors (review: Visser and van Bekkun, 1990; Spangrude, 1989) have 

involved physical properties, including density gradient centrifugation, 

counter-flow centrifugal élutriation and adherence properties, staining 

properties with a mitochondrial dye (Rhodamine 123) and a DNA-binding 

dye (Hoechst 33342), in addition to cell surface antibody and lectin binding 

affinities.

1. 1. 2. HSC surface antigens

A lthough no definitive HSC surface m arkers have yet been 

identified, HSC selection techniques have em ployed the utilisation of 

monoclonal antibodies to certain cell surface antigens to positively select 

for populations containing HSCs, in addition to enrichm ent by the 

elim ination of cells expressing m ature haem atopoietic cell surface 

determ inants. Initially, the most prom ising enrichm ent procedure for 

HSCs using monoclonal antibodies, was carried out by purifying cells from 

the bone m arrow which expressed low levels of a thymocyte and brain 

specific antigen, Thy-1. Transplantation experiments in both mice and rats
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(Berman and Basch, 1985; Goldschneider et a/., 1978) demonstrated that this 

antigen m arked the HSC com partm ent. Further enrichm ent studies 

dem onstrated that cells expressing Thy-1 with the absence of m ature 

lineage  m arkers (Lin") for B cells (B220), granulocytes (Gr-1), 

m yelom onocytic cells (Mac-1) and T cells (CD4, CD8), enriched for 

progenitors of m yeloerythroid and lym phoid lineages 50 - 200 fold 

(Müller-Sieberg et a l, 1986).

More recently, this enriched, though heterogeneous subset, was 

further subdivided by monoclonal antibody E13 161-7 (Aihara et a l, 1986). 

The antibody, recognising an antigen designated stem cell antigen Sca-1, 

was found to detect antigens expressed on several subsets of lymphocytes in 

addition to pluripotent HSCs (Figure 1. 1.) (Spangrude et a l ,  1988b). 

T ransplantation analysis of cells from bone m arrow  selected for the 

expression of Sca-1, in conjunction with Thy-1.ll° and Lin", dem onstrated 

that the Thy-1.ll° Lin" Sca-1 + population represented the only subset 

containing HSCs that could contribute to m ultilineage reconstitution 

(S p a n g ru d e  et a l, 1988a; Ikuta et a l ,  1990). This population, which 

constitutes 0.05% of the bone m arrow cells, was also found to have the 

ability of repopulating the thymus, to form late CFU-S, to initiate long-term 

c u ltu re s  (LTC-IC) (W eilbaecher et a l ,1991), and to enrich for 

rad iopro tection  by a factor of 2000 fold, resu lting  in long term 

reconstitution of both myeloid and lymphoid lineages (Smith et al., 1991; 

Spangrude et a l, 1988a; Li and Johnson, 1992). Uchida and Weissman 

(1992) also have unequivocally dem onstrated that this population is the 

only adult bone m arrow population containing pluripotent HSCs.

The subset of cells containing HSC activity has again been 

segregated by the presence of yet another surface marker, the Kit receptor. 

Mutants of this receptor tyrosine kinase, encoded by the W locus, have long 

been characterized as having a reduction in haem atopoietic activity 

resulting  in anem ia and m ast cell deficiency along w ith a lack of 

p igm entation and gam etogenesis (Russell, 1979). Separation of the 

Thy-1. llo Lin" Sca-1 + subpopulation, from normal bone marrow, into
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Figure 1,1;
Schem atic represen ta tion  of specific cell surface an tigen  

expression during murine haematopoiesis.

D evelopm ental expression of early progenitor cell surface 

antigens Sca-1, Thy-1 and AA4.1 are shown with general mature cell 

lineage markers representing the presence of surface antigens B220, 

Gr-1, Mac-1, CD4 and CDS depicted by Lin. Specific thymocyte 

lineage m arkers identifiable by differential expression of CD4 and 

CDS antigens are also shown. CFU-S delineates the progenitor cell 

types th a t can p roduce  m acroscopic sp leen  colonies on 

transp lan tation  into irradiated mice. Sca-1 and Thy-1 staining 

patterns within this figure are from Ly-6.2 and Thy-1.1 mouse strains 

respectively. Data compiled from Spangrude et a/,19SSb; Huang and 

Auerbach, 1993; Jordan et al., 1990; Medvinsky et al., 1993; Phillips, 

19S9 and Lemischka-personal communication.
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subsets of Kit expressing and non-expressing cells illustrated that only the 

Kit+ subset (70 - 80% of the original population) form ed CFU-S, and 

long-term multilineage reconstitution was achieved with as few as 1 0 - 2 0  

injected cells (Ikuta and Weissman, 1992). Although Kit is expressed on 

primitive HSCs, transplantation experiments using Sca-1+ and Sca-1" Kit+ 

Lin" bone m arrow  cells have conclusively dem onstrated  tha t Sca-1 

expressing cells are absolutely required for long-term reconstitution (Qkada 

et af.,1992). Low levels of CD4, generally a T cell specific marker, has also 

been recently found on m urine HSCs (Wineman et aL, 1992). However, 

further analysis of these cells needs to be carried out with respect to the 

levels of detectable expression and sorting param eter standardisation as 

data from other groups suggest that lineage m arkers are not expressed 

within the population containing HSCs (Smith et aL, 1991; Spangrude et aL, 

1988a; Li and Johnson, 1992).

Further attempts to purify HSCs has been approached by the low 

staining of m itochondrial dye Rhodam ine 123, the low staining of 

DNA-binding dye Hoechst 33342, and counter-flow centrifugal élutriation 

in com bination w ith the expression of T h y - 1 . L i n "  Sca-1+ surface 

antigens has been carried out (review: Uchida et aL, 1993). These additional 

m ethods have further divided the subset into cells that only provide 

radioprotection and those which provide both radioprotection and contain 

the HSCs for long-term m arrow reconstitution (Uchida et aL, 1993 and 

references therein).

Much is known about the composition of surface antigens expressed 

on adult bone m arrow HSCs, however, further investigations of the cell 

surface phenotype of fetal and embryonic HSCs are required. These 

totipotent cells are of considerable interest as they are able to differentiate

into certain early cell subsets, eg. B -la B cells (Kubai and Auerbach, 1983;

Kantor et aL, 1992) and Vy3 and Vy4 T cells (Ikuta et a/.,1990; Ikuta and 

Weissman, 1991) in a fetal microenvironment, that HSCs from adult bone 

m arrow  cannot accomplish. Whilst it is established that the presence of 

surface antigens Sca-1 + Thy-11° Lin" and Kit+ are markers of adult and fetal
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HSCs (Ikuta and Weissman, 1992), it has yet to be proven that these are 

m arkers for em bryonic HSCs. Analysis of long-term  repopulating  

embryonic HSCs from cells within the yolk sac appears to suggest that these 

cells do not express the Sca-1 antigen (Huang and Auerbach, 1993). 

However, both embryonic and fetal HSCs express a marker recognized by 

the AA4.1 monoclonal antibody (Jordan et al., 1990; Huang and Auerbach, 

1993). Populations of AA4.1+ cells, in combination with Lin" in fetal liver 

(Jordan et al., 1990), and wheat germ agglutinin ( W G A h r i g h t )  markers in 

yolk sac cells (Huang and Auerbach, 1993), contain HSCs capable of 

m ultilineage contribution and long-term  reconstitu tion of irrad iated  

recip ients. In fu rther attem pts to define the earliest em bryonic 

haem atopoietic progenitors, investigators have utilized differentiation of 

embryonic stem (ES) cells for the in vitro and in vivo assays of HSCs 

activity (reviews: Müller and Dzierzak, 1993; Chen, 1992). Even though 

Sca-1, Thy-1 (Schmitt et al., 1991) and AA4.1 (Müller and Dzierzak, 

unpublished results) were found to be expressed on a low percentage of 

cells in differentiating ES cystic bodies, it has yet to be proven that these are 

functional HSCs.

S tra in  specific an tigens (a lloan tigens) such  as Thy-1 ( 

M üller-Sieburg et a/.,1986; Jotereau et a l, 1987; Spangrude et a l, 1988a; 

Spangrude and Brooks, 1992) and Ly-6A.2/Ly-6E.l (Spangrude et a l, 1988a; 

Li and Johnson, 1992; Jurecic et al, 1993; Spangrude and Brooks, 1993) have 

been w idely utilized in transplantation experim ents to sort for HSCs. 

However, discrepancies exist in defining HSC populations with certain 

a lloan tigens w ith in  d ifferen t m ouse strains. The m ajority  HSC 

reconstitution experiments using the Thy-1 antigen as a positive selectable 

m arker, have utilized HSCs from strains expressing the Thy-1.1 specific 

allele of the Thy-1 gene (Spangrude et a l, 1988a; 1988c; Müller-Sieburg et 

fl/.,1986). When HSCs were purified from strains of mice expressing the 

Thy-1.2 allele, it was discovered that the HSC activity was within both the 

Thy-1 and Thy-1" subsets, instead of being confined to the Thy-1 subset 

w ithin the bone m arrow as previously determined (Spangrude and Brooks,
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1992). In contrast the Thy-1 alloantigen T cells expression patterns in the 

two strains of mice were found to be identical.

Strain specific patterns of expression also occur w ith the Ly-6 

antigen on HSCs as recognized by the Sca-1 antibody. Serial transplantation 

and CFU-S analysis using HSCs purified from mouse strains expressing the 

Ly-6.1 and Ly-6.2 haplotypes (Spangrude and Brooks, 1993), identified that 

the HSCs were not confined to positive cell subset from mice of the Ly-6.1 

haplotype, but were also found in the negative subset. However, the subset 

containing HSCs from animals of the Ly-6.2 haplotype was found to be 

confined predom inantly to the positive population. This implies that 

there may be strain specific differences in gene regulation within the HSC 

compartment, an d /o r strain differences in haematopoiesis.

Such differences within haematopoiesis have been studied by van 

Zant et al, (1983, 1990, 1992). By aggregating embryos at the eight cell stage, 

mice from two strains with differing allogenic m arkers (DBA/2 and 

C57BL/6) were created. It was found that HSCs from the DBA/2 strain 

dom inated the first half of the chim era’s life, and was subsequently 

overtaken by HSCs from the C57BL/6 strain. This dual phase pattern was 

again seen when bone m arrow from the chimeras was transplanted into 

prim ary and secondary hosts. This suggests that there are strain specific 

programmes of genetic behaviour for HSCs.

Analysis of hum an HSCs has also utilized cell surface expression of 

hum an antigens. Human HSCs do not appear to express Thy-1 or a Sca-1 

homologues, but have been characterized as expressing the antigen CD34 in 

the absence of CD38 and CD33 expression, and also to possess extensive self 

renewal properties (Siena et al., 1989; Buhring et a l, 1989; Andrews et a l, 

1989; Terstappen et al., 1991). Recently, the selection of CD34'^CD38" cells 

from  fetal bone m arrow , in the absence histocom patibility  antigen 

HLA-DR, has further enriched for HSCs (Huang and Terstappen, 1992). In  

vivo  repopulations using severely combined im m unodeficient (SCID) 

m ouse m odels contain ing  fragm ents of fetal bone and thym us 

engraftm ents, have also dem onstrated the m ultilineage reconstitution
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potential of the fetal CD34'*' cell subsets (Péault et aL, 1991; Baum et al.,

1992). The pluripotential nature of this cell subset has also been supported 

by the finding that CD34+ bone m arrow  cells can repopulate lethally 

irradiated prim ates (Berenson et al., 1988) and on transplantation into 

preim m une sheep, can lead to long-term multilineage contribution to the 

haem atopoietic system  (Srour et al., 1993). However, it has yet to be 

elucidated w hether the CD34 surface antigen defines the m urine HSC 

com partm ent.

1. 1. 3. The Ly-6 alloantigen family

As described above, Sca-1 an tigen  is one of the earliest 

differentiation antigens found to be expressed on HSCs. Attempts have 

been made to characterize the Sca-1 antigen and identify the gene which 

encodes it. Immunoprécipitation analysis revealed that the surface antigen 

detected by the Sca-1 monoclonal antibody also reacted with an Ly-6A.2 

monoclonal antibody. In addition, Ly-6A.2 mRNA was detectable only 

within the Sca-1 + stem cell subset, strongly suggesting that the antigen 

detected by the Sca-1 antibody was Ly-6 A.2 (van de Rijn et al., 1989). This 

analysis also demonstrated that the Sca-1 antibody detected the allelic form 

of Ly-6A.2, the Ly-6E.l antigen. Since this original analysis, stem cell 

purification and function has been dem onstrated using the Sca-1 antibody 

on mouse strains expressing the alternate alloantigen, Ly-6E.l (Spangrude 

and Brooks, 1993; Jurecic et al., 1993).

It is now widely accepted that the Ly-6A.2 and Ly-6E.l antigens are 

encoded by strain specific alleles of the same gene (review:Rock et al., 1989). 

The products of these genes fall into a category of lymphocyte antigens that 

were originally identified by sera derived by alloimmunization, detecting a 

group of molecules that were termed the Ly-6 antigens (Horton and Sachs, 

1979). Subsequent analysis of inbred strains of mice has shown that there 

are prim arily two Ly-6 haplotypes, Ly-6.1 (Ly-6^) and Ly-6.2 (Ly-6^) 

(Auchincloss et al, 1981; Rock et al, 1989). For the sake of clarity, the strain
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differences in alloantigens within this thesis will be referred to as Ly-6.1 

and Ly-6.2 (Palfree, 1991a), and the individual alleles detected by Sca-1 

antibody as Ly-6A.2 and Ly-6E.l, and Ly-6A.2/Ly-6E.l when referring to 

both.

The initial analysis of the antisera identified that at least six 

discernible Ly-6 related antigens; Ly-6 A. 2, Ly-6B.2, Ly-6C.2, Ly-6D.2, ThB, 

and Ly-6E.l (Kimura et al., 1980, 1984; Hogarth et al., 1984; Yutoku et al., 

1974). Recently, an additional Ly-6 antigen Ly-6G.l has been defined 

serologically (Fleming et a l, 1993a). All of the antigens, including the 

allelic Ly-6A.2 and Ly-6E.l, dem onstrate distinct tissue specific surface 

expression patterns within the haematopoietic system (Table 1. 1.).

Initially, it was unclear w hether the large num ber of related 

antigens were derived from m ultiple copies of related genes, the 

differential splicing of a single transcript or whether a single protein was 

differentially processed. By using genetic linkage analysis of the Ly-6 

antigens, LeClair et al (1987) demonstrated that there were m ultiple genes 

encoding the Ly-6 antigens and that they occupied a single distinct locus on 

mouse chromosome 15, within a region of band 15E. Further analysis has

shown that the locus is closely linked to the IL-2Rp gene (Malek et al, 1993) 

and the Pdgf and myc protooncogenes (Huppi et al., 1988; Meruelo et a l ,

1987). This locus is of considerable interest as T cell leukemias have 

frequently  been associated w ith translocations w ithin this region of 

chromosome 15 (Spira et al, 1980; Weiner et al, 1988). With the cloning of 

the Ly-6E.l cDNA and the analysis of genomic Southern blots, it was 

further clarified that the Ly-6 antigens were encoded by a family of genes 

w ith considerable DNA sequence homology (LeClair et al, 1986). The 

cloning of the cDNA encoding Ly-6E.l (LeClair et al., 1986) was closely 

followed by the cloning of cDNAs from the Ly-6C.2 (Palfree et al, 1988) and 

the Ly-6A.2 genes (Palfree et a l, 1987; Reiser et a l ,  1988). More recently the 

cDNA encoding the ThB antigen has been isolated from mice with the 

Ly-6.2 haplotype (Gumley et al, 1992) in addition to the cDNA for TSA-1, a 

recent member of the Ly-6 family (MacNeil et al, 1993). Three Ly-6 related
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Tablet. 1;
Comparison of the tissue distributions of the alloantigens from 

the Ly-6 family.

Surface antigen expression levels w ithin specific tissues are 

represented as follows: ++++, 75 - 100%; +++, 50 - 75%; ++, 25 - 50%; 

+, 5 - 25%; -, less than 5%; ND, no data. Data was compiled from the 

following references: (*), Kimura et al, 1984; (§), Fleming et al, 1993a; 

(¥), Tucek et al, 1992; and (+), Houlden et al, 1986.
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Table 1 .1.

The surface expression patterns of the family of Ly-6 alloantigens within the haematopoietic system.

Antigen Thvmus Lvmph node Spleen Bone marrow Activated Ivmphocvtes Ref.

Ly-6A.2 + 4-4- 4-4- 4- 4-4-4-4- *

Ly-6B.2 - 4- 4- -f-H - *

Ly-6C.2 - 4-4- 4-4- 4-4- 4-4- *

Ly-6D.2 4-4-4- 4-4-4- 4-4- 4- 4-4-4-4- *

Ly-6E.l 4- 4- 4- 4- 4-4-4-4- *

Ly-6G.l - - - 4-4-4- - §

TSA-1 4-4-4-4- - - 4-4-4- ND ¥

ThB 4-4-4-4- -4-4- 4-4- 4-4- ND t



cDNAs have also been identified within the rat (Friedman et al., 1990) and 

dem onstrated substantial predicted protein sequence similarity to Ly-6A.2 

and Ly-6C.2. The Ly-6.2 locus has now been mapped and has been shown to 

exceed 1600 kb, with at least eighteen closely linked homologous genes 

localized in three clusters (Kamiura et al, 1992).

The use of the Ly-6E.l cDNA has also facilitated the cloning of the 

complete (Sinclair and Dzierzak, 1993 and herein) and partial (Khan et al, 

1990) Ly-6E.l genomic sequences in addition to the Ly-6 A.2 (McGrew and 

Rock, 1991a; Stanford et a l ,  1992) and the Ly-6C.l genomic sequence 

(Bothwell et a l ,  1988). Also, the genomic sequences of two new members, 

Ly-6F.l and Ly-6G.l have been cloned with an Ly-6A.2 cDNA probe 

(Fleming et al, 1993b).

All of the Ly-6 alloantigens are 12-18 kOa in size and are attached to 

the m em brane by glycosyl-phosphatidylinositol (GPI) linkage moieties 

(Rock et a l ,  1989) like the T cell and HSC antigen Thy-1 (Low and Kincade, 

1985). Direct comparisons of the sequences of family members' cDNAs 

have revealed that these proteins exhibit considerable DNA and predicted 

protein sequence homology to each other. For example, the cDNAs of 

Ly-6C.2 and Ly-6A.2 demonstrate an 82% homology (Palfree et al, 1988) 

w ith the predicted protein sequences for these and other spliced Ly-6 

antigens identified containing 10 conserved cysteine residues (Gumley et 

a l,  1992; Fleming et al, 1993b). Predicted protein sequence analysis of the 

Ly-6C.2 and Ly-6A.2 cDNAs show an open reading frame encoding proteins 

131 and 134 amino acids in length respectively (Palfree et al, 1987; Reiser et 

a l,  1988; Palfree et al, 1988). It is predicted that the first 26 amino acids of 

the proteins represent a rem ovable leader sequence, in addition to 

removable 29 amino acids at the C-terminus to produce a molecule 76 or 79 

amino acids in length (Palfree et al, 1988). It is speculated that the GPI 

linkage moiety is attached at the C-terminal end of the molecule (Palfree et 

al,  1988) and that this processing is common to all other Ly-6 related family 

m em bers (Gumley et al, 1992). Biochemical analysis has indicated that 

there are O-linked polysaccharides on the Ly-6 molecules, but no N-linked
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glycosylation has been observed (Rock et al, 1989; Gumley et al, 1992).

The search for the presence of Ly-6 related proteins within other 

species has indicated  that the s truc tu re  of the Ly-6 antigens is 

evolutionarily conserved, with Ly-6 homologous protein sequences found 

within hum an CD59 (Davies et a l ,  1989; Stefanova et al, 1989), hum an 

urokinase-type plasminogen activator receptor (uPAR) (Palfree, 1991b) and 

squid neuronal protein gp-2 (Williams et al, 1988), all of which are also GPI 

linked  m olecules. M ore recently the Ly-6 m olecules have been 

dem onstra ted  to have pro tein  sequence sim ilarities to neurotoxins 

(Fleming et al, 1993b; MacNeil et al, 1993). The homology between these 

proteins and Ly-6 antigens is primarily within the conservation of the 10 

cysteine residues. A lthough there appears to be no DNA sequence 

hom ology of the Ly-6 coding sequences to the genes encoding these 

structurally  related molecules, it is interesting to speculate that the 

functions of the Ly-6 proteins are evolutionary conserved.

1. 1. 4. The Ly-6A.2 and Ly-6E.l antigens

As described above, the Ly-6 A.2 and Ly-6E.l genes have been 

identified as strain specific alleles of the same gene, even though the tissue 

specific patterns of expression of the alloantigens, differ somewhat (Table 1. 

1.). Initially, it was thought that the Ly-6A.2 and Ly-6E.l molecules were 

distinct mem bers of the Ly-6 family as the tissue distribution of the 

molecules, determined by serological analysis, varied considerably (Kimura 

et al, 1984). However, the analysis with cross reacting antibodies (Palfree et 

a l ,  1986; Ortega et a l ,  1986), and the subsequent cloning of the cDNAs 

(LeClair et a l ,  1986; Palfree et a l ,  1987; Reiser et a l ,  1988) and genomic 

sequences of the antigens (Khan et al, 1990; McGrew and Rock, 1991a; 

Stanford et a l ,  1992; Sinclair and Dzierzak, 1993), has confirmed the allelic 

na tu re  of the genes. A com parison of the coding sequences has 

dem onstrated that the alleles are highly homologous and differ by only 

three nucleotides, resulting in two amino acid differences w ithin the 

processed protein products (LeClair et al, 1986; Palfree et al, 1987; Resier et
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Table 1.2;

Com parison of the surface expression patterns of alloantigens 

Ly-6A.2 and Ly-6E.l.

Data is presented as the percentage of cells within the particular 

tissue that express the antigens, unless stated. Symbols represent the 

source of the data. Data was compiled from Kimura et al, 1984 (*); 

Codias et al, 1989 (§); Spangrude and Brooks, 1993 (¥) and Cray et al, 

1990 (t).
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Table 1.2

Comparison of surface alloantigen Ly-6E.l and Ly-6A.2 expression patterns

Tissue Lv-6E.l LV-6A.2 Ref.

Lymph node 5% 60-70% *

Spleen 10% 59% §

Bone marrow 5% 5% *

Activated lymphocytes 80-90% 100% *

Thymus: CD4- CD8- 15% 67% §

CD4+ CD8+ 2% 9% §

CD4+ CD8- 8% 39% §

CD4- CD8+ 30% 21% §

Haematopoietic 
stem cells 25% 99% ¥

Brain Hippocampus
Midbrain Vasculature t



al., 1988). Like the other members of the Ly-6 family, these molecules have 

a molecular weight of 10-12 kDa under non-reducing conditions (Palfree 

and Hammerling, 1986; Rock et al, 1986) and are also linked to the surface 

membrane by a GPI linkage moiety (LeClair et al, 1986; Su and Bothwell,

1989). Biochemical analysis has indicated that Ly-6A.2 possesses no 

N -linked glycosylation bu t suggests that the surface antigen exhibits 

O-linked glycosylation (Resier eta l,  1987).

Although the Ly-6E.l and Ly-6A.2 genes are allelic, their antigen 

expression patterns w ithin the haem atopoietic system are considerably 

different in strains of mice from Ly-6.1 and Ly-6.2 haplotypes, with the 

tissue and specific haem atopoietic lineage alloantigen d istribu tion  

sum m arized in Table 1. 2. Ly-6A.2 is found to be expressed on a greater 

num ber of adult thymocytes, peripheral lymphocytes and splenocytes 

compared to its allelic counterpart, Ly-6E.l (Kimura et al, 1984; Rock et al, 

1986; Yeh et al, 1986). Both alloantigens are however expressed highly on 

activated lymphocytes (Kimura et al, 1984). During T cell ontogeny, both 

antigens can be detected on early progenitor double negative (CD4"CD8") 

thymocytes, but with a lower frequency on double positive im m ature 

thymocytes (CD4+CD8'''). Subsequently, predom inant expression of both 

antigens is found on the mature thymocytes, with the specificity of antigen 

expression on the CD4+CD8" and CD4“CD8+ subsets dependent on the allele 

type (Codias et al., 1989). The antigens have also been show n to 

dem onstrate expression anomalies on stem cells (Spangrude and Brooks,

1993). This indicates that complex developmental control mechanisms are 

likely to be recruited in the regulation of both Ly-6A.2 and Ly-6E.l 

expression.

The presence of the Ly-6E.l and Ly-6A.2 antigens is not only limited 

to the haematopoietic system. The Ly-6A.2 antigen can be found within the 

cortical tubules, glom eruli capillaries and m edullary cords w ithin the 

kidney and the vasculature of the heart, liver and brain (Reiser et al, 1988; 

van de Rijn et al, 1989). However, the analysis of in situ brain sections has 

dem onstrated that the alloantigens exhibit extremely diverse patterns of
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brain expression, with Ly-6A.2 limited to the vasculature, and Ly-6E.l to the 

hippocampal and midbrain regions (Cray et al, 1990).

Investigations of the cytokines regulating antigen expression has

elucidated that both IFNs y and o/p dramatically upregulate Ly-6E.l and 

Ly-6A.2 on both T and B cells in vivo and in vitro (Dum ont and Boltz, 

1987; Dum ont and Coker, 1986; Dum ont et al, 1986, 1987; Snapper et al., 

1991a). By in vivo im m unisation it has been dem onstrated that the 

augmentation of the surface antigens on B cells is exclusively mediated by 

both type I and type II IFNs (Snapper et al, 1991a), with an endogenous

source of y-IFN required for expression by activated T cells (Dumont and 

Boltz, 1987). Both types of interferons can act synergistically to further 

enhance surface expression (Altmeyer et al, 1991). This suggests that these 

molecules may be im portant in immunoregulation.

A dditional cytokines are able stim ulate and enhance surface 

expression of the Ly-6 A.2 and Ly-6E.l antigens. Tumour necrosis factor

(TN F-a) and interleukin 1 (IL-1) increase the induction of Ly-6E.l and 

Ly-6A.2 expression  in vitro (A ltm e y e r  et al, 1991), how ever the

inducibility by IL-1 requires y-IFN to potentiate its effect (LeClair et al, 1989).

Although TNF-a alone is ineffective in induction, TNF-a synergizes with

y-IFN in vitro to stimulate Ly-6E.l and Ly-6A.2 expression within bone 

marrow and thymocytes, but not B cells (Malek et al, 1989a). However, the

synergistic effect of enhancement of TNF-a with y-IFN in T cells was only 

found within strains of mice with the Ly-6.1 haplotype, indicating that 

upregulation of the Ly-6E.l antigen expression, w ithin T cells, is at the 

transcriptional or the mRNA stabilisation level (Malek et a l,  1989a; 

Altmeyer et al., 1991) and is likely to be more complex than the regulation 

of expression of Ly-6A.2 (Malek et al, 1989a).

1. 1. 5. Ly-6A.2 and Ly-6E.l antigen function

The roles of Ly-6E.l and  Ly-6A.2 p ro te in s in im m une
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developmental and cellular processes have been investigated but are poorly 

understood and have often been contradictory. No investigations into the 

function of the antigens on HSCs have been performed. Strong evidence 

has been provided to suggest an involvem ent of Ly-6E.l and Ly-6A.2 

antigens in B and T lymphocytic signal transduction. Studies have 

dem onstrated that the binding of specific monoclonal antibodies to both 

Ly-6E.l and Ly-6A.2 can induce interleukin 2 (IL-2) production and can 

result in m ature T and B cell activation and proliferation (Codias and 

Malek, 1990; Malek et al, 1986; Rock et al, 1986; Snapper et al, 1991b). 

Antibody binding of the antigens on early fetal thymocyte progenitor cells 

has also resulted in cellular proliferation in vitro (Yeh et al, 1986). The 

analysis of TCR/CD3 negative T cell hybridoma m utants by Bamezai et al

(1988), has shown that the TCR/CD3 complex was required for Ly-6A.2 and 

Ly-6E.l m ediated activation. This finding has been supported by the 

findings of Sussman et al. (1988) and has been further defined to specifically

involve the CD3 Ç chain of the TCR complex and the TCR a /p  chains, 

which have been demonstrated to be absolutely required for the induction 

of IL-2 production and T cell activation by the antigen specific monoclonal 

antibodies (Sussman et al., 1988; Wegener et al., 1992). Co-stimulation of 

the alloantigens with immobilized anti-CD3 monoclonal antibodies has 

also resulted in the activated phenotype of a T cell hybridoma (Codias et a l,  

1990).

Other GPI linked surface molecules, such as Thy-1 and Qa-2, can 

also activate T cells via the cross linking of specific monoclonal antibodies 

to these molecules (Kroczek et al, 1986; Stiernberg et al, 1987) and suggest 

that the activation phenotype may be a general function of antibody 

crosslinking. However, experiments using T cell lines and lymph node 

derived cells with absent and reduced Ly-6A.2 expression respectively, have 

dem onstrated  that Ly-6A.2 is absolutely required for initial antigen 

mediated T cell activation through the TCR (Yeh et al, 1988; Flood et al,

1990). Although Ly-6A.2 appears to be required for initial activation, the 

presence of the antigen is not required for subsequent activation stages with
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lym phokines (Flood et al., 1990). The GPI linkage m oiety has been 

dem onstrated to be necessary for the T cell activation function of Ly-6A.2 

and Ly-6E.l (Su et al., 1991). The stim ulatory mechanism crosses species 

boundaries since the m urine alloantigens can function on hum an T cells 

(McGrew and Rock, 1991b).

In contrast to these findings, the binding of other distinct antibodies 

to the Ly-6E.l and Ly-6 A.2 antigens can mediate a repressive function on T 

cell activation and expansion in response to mitogenic stimuli (Flood et a l,  

1985; Flaque et al, 1990; Codias et al, 1990). This suggests that the Ly-6E.l 

and Ly-6A.2 antigens may be bifunctional. Codias et al. (1990) demonstrated 

that the ability of an anti-Ly-6A.2/Ly-6E.l monoclonal antibody to repress T 

cell activation depended on co-stimulation of the CD3 surface molecule 

with soluble anti-CD3 monoclonal antibody. Further studies have clarified 

that the binding of the anti-Ly-6A.2/Ly-6E.l monoclonal antibody, resulting

in the inhibition of IL-2 production, occurred in the absence of the CD3 Ç 

chain of the TCR complex (Codias et al., 1992). In the light of the findings

by W egener et al. (1992) that the CD3 Ç chain was necessary for T cell 

activation via anti-Ly-6A .2/Ly-6E.l stim ulation, Ly-6A.2 and Ly-6E.l 

molecules may perform different functions depending on the presence of 

specific CD3 chains, and on the types of co-stimulatory molecules utilized 

(Codias et al., 1990). It is in te res tin g  to specu la te  th a t the 

anti-Ly-6A.2/Ly-6E.l m ediated inhibition of IL-2 production may interfere 

with signalling from other CD3 chains (Codias et al, 1992).

Further evidence has suggested that the Ly-6A.2 and Ly-6E.l 

alloantigens can be bifunctional depending on m aturity of the cell types on 

which they are expressed (Nickas et al, 1992). The examination of T cells 

and thymocytes for susceptibility to activated cell death, found that mature 

T cell lines with the TCR present or absent, were susceptible to activated 

cell death  by stim ulation  w ith an anti-Ly-6A .2/Ly-6E.l m onoclonal 

antibody, whereas activated cell death was absent in im m ature T cells 

stim ulated with the antibody. The fusion of non-perm issive cells with 

m ature T cells was found to induce the suicide pathw ay on stimulation
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with anti-Ly-6A.2/Ly-6E.l, therefore suggesting that factors within mature 

T cells, other than the TCR, are required for the suicide response to 

antibody binding to Ly-6A.2/Ly-6E.l (Nickas et al., 1992). How this data fits 

with the T cell activation data described previously is unclear, but it may 

implicate Ly-6A.2 and Ly-6E.l in the negative selection of autoreactive 

thymocytes produced during thymus ontogeny (Nickas et al, 1992).

The m ost convincing evidence that the Ly-6A.2 and Ly-6E.l 

antigens are involved in immune m odulation has been illustrated by the 

in vivo adm inistration  of anti-Ly-6E.l and anti-Ly-6A.2 m onoclonal 

antibodies to tum our bearing mice. The experiments performed by Lu et al.

(1989) showed that the administration of the antibodies to the mice resulted 

in significant tum our regression and suppression of sarcoma, leukemia 

and m elanom a grow th, and this action was dependent on the Ly-6 

haplotype of the host and not the tum our. This has conclusively 

dem onstrated that the antibodies to Ly-6E.l and Ly-6A.2 are able to 

stim ulate and upregulate host T cell and NK cell anti-tum our responses 

(Lu et al, 1989) and supports the in vitro T cell activation data. Significant 

upregulation of the alloantigens has also been observed in thymocytes 

during graft-verses-host reactions (Levy et a l ,  1988a), again suggesting that 

the antigens are involved in immune m odulation. Although monoclonal 

antibodies have been used in the stim ulation of the T cells via the Ly-6 

alloantigens, the natural ligands of Ly-6E.l and Ly-6 A.2 have yet to be 

identified.

Investigations of the T cell activation pathw ays m ediated by 

anti-Ly-6A.2/Ly-6E. 1 have show n that the mechanism  by which these 

alloantigens exert their effect appears to be via signal transduction 

pathways. Experiments using the antibody crosslinking techniques have 

dem onstrated that there is a substantial increase in free intracellular Ca2+ 

on stimulation with anti-Ly-6A.2/Ly-6E.l monoclonal antibodies (Malek et 

al., 1986; Rock et al, 1986; Yeh et al, 1987) and this increase may serve to 

allow for the activation of distinct biochemical pathw ays. As these 

CPI-linked antigens do not have an intracellular domain, their ability to
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transmit signals across the membrane has been unclear. By tracing the fate 

of Ly-6A.2 antigens crosslinked with monoclonal antibodies, the molecules 

were found to be internalized by endocytosis, and the internalisation of the 

complex form ed only by soluble antibody was necessary for T cell 

stim ulation (Bamezai et ah, 1989). Recently, tyrosine kinases have been 

found to co-purify w ith the Ly-6A.2/Ly-6E.l antigens w ithin large, 

d e te rg en t res is tan t com plexes (Bohuslav et al., 1993) and  by 

im m unoprécipitation techniques (Stefanovâ et al, 1991). It is likely that 

these tyrosine kinases, perhaps including p56^^^ ( Stefanova et al., 1991; 

Bohuslav et a l, 1993), are im portant in the Ly-6A.2/Ly-6E.l signal 

transduction pathways, resulting in the observed activation of lymphocytes 

(Stefanova et al, 1991). The precise kinase molecules that are involved in 

Ly-6A.2/Ly-6E.l mediated signal transduction require further investigation.

1. 2. Regulation of gene expression

The phenotype of a cell is primarily dependent on the programme 

of genes being expressed at a particular time during the cell cycle or cellular 

development. The gene products required to mediate differentiation and 

proliferative cellular signals require complex and controlled mechanisms 

of regulation. Gene transcriptional regulation is facilitated at many levels 

and includes the chrom atin structure  at and around the gene, the 

accessibility of the transcriptional initiation site to RNA polymerases and 

initiation factors, the effects of nuclear traws-acting factors that bind 

sequences within proximal regions of the promoter and the actions of distal 

enhancers, silencers and locus control regions on the gene. The 

mechanisms by which these cis and trans-aciing factors exert their effects on 

gene transcription in a tissue specific and temporal manner is still a current 

issue.
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1. 2. 1. Chrom atin structure and function

I. Chrom atin structure: nucleosomes and solenoids

Eukaryotic chromosomes consist of a single DNA molecule, which 

is arranged into a higher order structure by the complexing of many 

proteins to the DNA, to form chromatin. The compaction of DNA within 

the nucleus of eukaryotic cells is required as the single DNA molecule 

requires some degree of organisation and condensation for correct cellular 

function and for ease of division, ensuring the inheritance of the full 

genomic complem ent to daughter cells. One of the repeated units of 

chromatin is the nucleosome which consists of a basically charged octamer 

core of histone proteins, comprising two molecules each of the histones 

H2A, H2B, H3 and H4. The octamer core complexes w ith DNA to 

accommodate approximately two left-hand twists of 146 bp of B form DNA, 

to form the characteristic "beads on a string" structure (Klug and Lutter, 

1981). On complexing with the core, the helical periodicity of the DNA is 

changed from 10.5 bp to a non-B DNA form, which contains 10.0 bp per 

helical turn (Levitt, 1978; Klug and Lutter, 1981; Hayes et af.,1991). This 

D N A /histone octamer complex is further stabilized by the association of an 

additional molecule, histone H I, with the linker DNA. This association is 

required for the formation of a higher order chromatin structure, the 30 

nm  fibre or "solenoid" which consists of six nucleosom es per turn  

(McGhee et al, 1980; Felsenfeld and McGhee, 1986).

IL Nucleosome assembly and transcriptional regulation

In addition to compaction, the function of nucleosomes has been 

p rim arily  seen as a m echanism  to repress gene expression. The 

transcriptional repressive nature of nucleosome form ation on DNA has 

been illustrated by the analysis of yeast gene regulation. For example the 

P H 05 , CUPl and HIS3 genes which are norm ally expressed only in 

response to certain inducible stimuli, can be switched on in the absence of 

the stimuli by disrupting the chromatin structure over the prom oter (Han
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et al., 1988; Han and Grunstein, 1988; Durrin et al., 1992). It was found that 

gene activation did not require the presence of upstream  activating 

sequences (UAS) (Han and Grunstein, 1988; D urrin et al., 1992). This 

suggests that the presence of nucleosomes on the prom oter prevents the 

form ation of transcriptional initiation complexes at the TATA box, and 

that clearance of chromatin proteins from the promoter region requires the 

binding of fraws-activating factors at UAS (review Svaren and Horz, 1993).

An im portant issue is the ability of transcription factors to recognize 

and specifically interact with their DNA binding sites. This is particularly 

interesting given that there is an association of the DNA with the histone 

core which occludes one side of the DNA helix, whilst the other side of the 

DNA helix is obscured by the presence of an adjacent superhelix (Klug and 

Lutter, 1981). Additionally the DNA is further compacted into a solenoid 

structure by histone H I. It appears that the basic N-terminal tails of the 

histone core proteins may have the ability to interact with the linker DNA 

and the DNA surrounding adjacent nucleosomes, thus preventing or 

h indering  transcrip tion  factors from b inding  to the phosphodiester 

backbone (Hayes et al.,\99V, Lee et al, 1993 ).

Even though much of the DNA is occluded by nucleosomes, studies 

by Pina et al. (1990) have demonstrated that a glucocorticoid receptor was 

able to bind its recognition sequence whilst nucleosomes were intact on the 

DNA. However, other transcription factors were shown to be unable to 

b ind  their sites until glucocorticoid receptor binding to the horm onal 

responsive element had occurred. It was suggested that the glucocorticoid 

receptor binding altered the nucleosomal structure within the promoter, 

thus facilitating the binding of additional transacting factors to prom oter 

resulting in gene expression. However, this is not the case for all inducible 

factors, as other inducible fra«s-activating factors are only able to bind to 

regions of free DNA or only partially to sites covered with nucleosomes 

(Taylor et al., 1991). In some system s, it has been suggested that 

competition between the binding of trans-acting factors and core histones 

on prom oter sequences after replication, may be a com ponent of gene
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regulation of specific genes (Workman et al, 1988; Almouzni et ai, 1990).

The histone N-terminal tail residues have been shown to play a 

role in the repression of gene activation. This effect has been illustrated by 

the analysis of the repressive action of the N-terminal tail of histone H4 on 

the mating loci in yeast (Kayne et al, 1988). A recent investigation by Lee et 

a l ,  (1993) on how transcription factors gain access to their binding site, 

dem onstra ted  tha t the acétylation of the N -term inal tails of the 

nucleosom al core histones released the repression of Xenopus TFIIIA 

transcription factor binding to the 5S RNA gene. In order to explain the 

derepression of the chromatin, it was suggested that the acétylation of the 

N-term inal tails directly dissociated them from the DNA, a n d /o r  that a 

DNA conformational change had been induced, allowing accessibility of 

the DNA for transcription factor binding. Experiments involving deletions 

of histone amino tails from yeast histones H4 and H3, resulting in the 

deregulation of gene expression, have also provided evidence that the 

amino tails may be targets for proteins that regulate chromatin structure 

and may be the sites of action of transcription factors (Durrin et al., 1991; 

Mann and Grunstein, 1992).

IIL Nucleosomal positioning

The precise positioning of nucleosomes w ithin a prom oter can 

potentiate  both positive and negative effects on gene transcription. 

Negative effects of nucleosome positioning on gene transcription have 

been  exem plified  by the find ing  th a t nucleosom es obscuring  

fraws-activating factor and TATA box binding sites from their respective 

binding factors w ithin the prom oter, repress transcriptional activation 

(Losa and Brown, 1987; Lorch et al, 1987; Knezetic and Luse, 1986). The 

repressive action of nucleosomes can be positively implemented within

yeast. For example, the a2  protein has been dem onstrated to have the 

ability to suppress m ating type sw itching in yeast by positioning a 

nucleosom e over the TATA box, thereby inhibiting transcriptional 

initiation complex formation (Shimizu et al, 1991; and Roth et al, 1992).
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In contrast to this observation, regulatory proteins that maintain 

DNA nucleosome free have been found. For example, w ithin yeast it 

found that the GRF2 factor, which is proposed to bind a specific site within 

the GALl prom oter (Fedor et al., 1988; Fedor and Kornberg, 1989), 

m aintained the prom oter in a nucleosome free state so that additional 

trans-activating factors were able to bind and facilitate gene transcription 

(Chasman et al, 1990; Brandi and Struhl, 1990).

Recent work by Schild et al. (1993) has dem onstrated that precise 

nucleosomal positioning in the Xenopus Vitallogenin B1 gene can also 

potentiate transcription by bringing a distal hormonal responsive element 

in closer proximity to proximal elements and therefore increasing induced 

expression by 5-10 fold. Another positive model for the interaction of 

transcription factor binding sites to m ediate transcription in Drosophila 

heat-shock gene hsp26 has been proposed (Thomas and Elgin, 1988; Elgin, 

1988).

Nucleosomal positioning can also occur along higher eukaryotic 

DNA at precise locations (review: Gross and G arrard, 1988). This has

dem onstrated to be the case for the p-globin genes in vitro and in vivo, 

(Benezra et ah, 1986; Kefalas et al, 1988; Buckle et al, 1991). It will therefore 

be interesting to determine the function of the positioned nucleosomes on 

gene regulation in higher eukaryotic organisms.

IV. Nucleosomes during transcriptional elongation

In an actively transcribing gene, the passage of the RNA polymerase 

requires that the nucleosomes are disrupted or displaced in some manner. 

However, this mechanism still remains controversial and several models 

have been proposed to explain how nucleosomal disruption occurs during 

transcription (review: van Holde et al, 1992).

Recent in vitro evidence using a prokaryotic RNA polymerase has 

supported the model whereby histone octamers are displaced from in front 

of the polymerase, perhaps by a direct "collision" process, to a non-specific 

site, determined by the first DNA sequence it encounters after dislocation
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(Clark and Felsenfeld, 1991; 1992). Several questions arise as to how the 

polymerase disrupts the nucleosomal structure. One possibility is that the 

polym erase breaks the histone-D N A  contacts as it encounters the 

nucleosom e and  causes the dissociation or the instability  of the 

nucleosom e, resulting in transfer (Clark and Felsenfeld, 1992). This 

m echanism  seems probable as RNA polym erase Il-histone interactions 

have been reported  by Baer and Rhodes (1983). In addition , or 

alternatively, the mechanism may be provided by transcriptional-induced 

supercoiling (Liu and Wang, 1987; Clark and Felsenfeld, 1991).

A m odel for nucleosome d isruption  that has previously been 

suggested is that the passing polymerase forces positive supercoils ahead, 

which alter or destabilize nucleosome cores facilitating their dissociation 

(Lee and G arrard , 1991). N egative supercoils are left behind  the 

polymerase, to which histone octamers preferentially bind, allowing for the 

reform ation  of nucleosom es beh ind  the polym erase. This m odel 

represents the "twin supercoiled dom ain model" (Wang, 1987). This 

m echanism  w ould provide local assistance for transcrip tion by the 

supercoiling generated. The build up  of this torsional stress is likely to be 

controlled by the level of the transcrip tional activity of the gene, 

distribution of topoisomerase sites and the relative efficiencies with which 

the positive and negative supercoils are relaxed. Evidence for this model is 

also provided by experiments on yeast and E.coli by Wu et al. (1988), Tsao et 

al. (1989) and Caiver and Wang (1988).

V. DNase I hypersensitive sites (HS)

The sensitivity of chromatin to digestion w ith DNase I is used 

widely as a m ethod to identify c/s-acting sequences that have a regulatory 

function and has located enhancers, locus control regions, prom oters and 

silencers of m any genes. However the nuclease sensitive regions are also 

indicative of recombination sequences, replication origins, transcriptional 

termination and additional sequences associated with nuclear proteins, for 

example topoisomerases I and II (review: Gross and Garrard, 1988 and

4 4



references therein). These nuclease sensitive regions, hypersensitive sites 

(HS), are form ed by changes in the nucleosomal com position of the 

chrom atin due to the association of trans-acting factors or additional 

protein binding to specific sites within the DNA sequence.

The increase in sensitiv ity  of nuclease d igestion  of h igher 

eukaryotic chromatin was initially recognized within the loci of the globin 

and ovalbumin genes in expressing tissues (Weintraub and Groudine, 1976; 

Garel and Axel, 1976). An increase in sensitivity of the loci to digestion 

with nucleases was correlated with the enhanced transcriptional activity of 

the genes in specific tissues. It w as therefore suggested  that 

transcriptionally active genes had an altered chrom atin structure which 

was reflected in the DNase I sensitivity of the gene. The presence of specific 

regions of chrom atin that contained DNase I HS was subsequently  

recognized w ith in  the SV40 and polyom a orig ins of rep lication  

(Varshavsky et al., 1978; Scott and Wigmore, 1978; Waldeck et al., 1978) and 

later within cellular chromatin (Wu et al., 1979).

A DNase I HS within a genetic locus can be constitutive, transiently 

inducible, tissue specific a n d /o r  developm entally regulated, and is 

indicative of the c/s-acting genetic control elements that are recruited to 

regulate gene expression. However the presence of HSs alone is not 

sufficient to activate transcription. This was dem onstrated by analysis of 

the m ouse m etallothionein gene prom oter and Drosophila heat shock 

inducible genes. W hile constitutive sites were found w ithin these 

promoters and were suggested to be indicative of "transcriptionally poised" 

genes (Senear and Palmiter, 1983; Rougvie and Lis, 1988). Constitutive HSs 

can also be indicative of silencer elements (review: Gross and Garrard,

1988).

Excellent examples of the use of HSs in delineating the control 

elements involved in spatial and temporal gene regulation within cells at 

various stages of haematopoietic development have been provided by the

examination of DNase I HSs of the hum an p-globin genes and the chicken 

lysozyme genes.
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The analysis of the hum an  p-globin  locus for D N ase I 

hypersensitivity has identified major regulatory elements that control the

high level, tissue and developmental specific expression of P-globin related 

genes within a multigene locus during ontogeny. Sites that demonstrate 

sensitivity to DNase I digestion, within erythroid cells, have been identified 

w ithin the prom oter regions of the transcriptionally active globin genes 

(McGhee et al., 1981; Stalder et al., 1980). In addition to the sites associated 

with the promoters and enhancers of the individual genes, one 3' and five 

5' sites flanking the locus, are found to be present within erythroid cells 

and are developmentally stable during haemoglobin switching (Forrester 

et al., 1986; Tuan et al., 1985). These sites are extremely nuclease sensitive 

and the four erythroid specific 5' sites contain elements that constitute the

locus control region (LCR) of the globin locus. The p-globin LCR has the 

ability to direct high levels of embryonic, fetal and adult globin expression 

in the correct developmental and erythroid specific pattern (review: Dillon 

and  G rosveld, 1993). M oreover, these supersensitive  sites confer 

dom inant, position independent and copy num ber dependent expression 

on the genes in vivo (Grosveld et al, 1987).

The regulatory elements of the chicken lysozyme gene have also 

been identified and characterized by DNase I hypersensitive site mapping. 

The lysozym e gene is expressed during  late stages of m acrophage 

differentiation in addition to oviduct cells and therefore requires complex 

developmental and tissue specific gene regulation. The tissue specific and 

developm ental cis-acting regulatory elements have been identified by the 

m apping of HS (Sippel and Renkawitz, 1989; Sippel et a l,  1989). This 

analysis has dem onstrated that HS lie both 5' and 3' to the gene and are 

indicative of the prom oter, silencer elem ents, horm one inducible 

enhancers, macrophage and oviduct specific enhancers, matrix attachment 

regions (MARs) and locus control regions (LCRs), all of which contribute to 

the cell-type and cell-stage specific expression of the chicken lysozyme gene 

(review: Bonifer et al., 1991). Similar HS have also been found to regulate 

the murine lysozyme gene (Mollers et al, 1992).
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The chromatin structure of the HS has previously been associated 

w ith regions of DNA that is "nucleosomal free" (Gross and Garrard, 1988 

and references therein). More recent studies have however shown, within 

the MMTV prom oter, that binding of the fraws-activating factor to the 

glucocorticoid receptor element does not displace the nucleosome in vitro 

(Perlmann and Wrange, 1988). Further studies of this promoter in vivo, in 

addition to the prom oters of other active genes, has dem onstrated that 

histone H I is depleted from the DNase I nuclease sensitive regions of the 

prom oter, bu t not core histones (Bresnick et al., 1992; Kamakaka and 

Thomas, 1990; Nacheva et a l, 1989; Postnikov et a l, 1991). However, 

studies by W orkman and Kingston (1992) have dem onstrated that GAL4 

can completely dissociate nucleosome cores from DNA templates in vitro. 

These results therefore suggest that the DNase I hypersensitivity of some 

prom oters and enhancers may be the result of nucleosome reconfiguration 

a n d /o r  depletion of nucleosomal cores mediated by the binding of factors 

(review: Adams and Workman, 1993).

VI. MARs/SARs and m éthylation

M atrix-attachment (MARs) or scaffold-attachment (SARs) regions 

are often positioned close to regions demonstrating DNase I sensitivity and 

appear to be involved in gene regulation within a global context (review: 

Gasser and Laemmli, 1987). These sequences appear to be localized at the 

boundaries of functional transcription units (von Kries et al, 1991 and 

references therein), and have been suggested  to function in the 

organization of the chromatin into topologically constrained loops. The 

topologically constrained chrom atin loop, induced by the presence of 

MARs, allows for a functional genetic domain to be defined and protects 

the un it from  the effects of flanking chrom atin. This has been 

d em onstra ted  by the A -elem ents of the chicken lysozym e gene 

(review:Bonifer et a/.,1991) in stably transfected cells (Phi-Van et al., 1990; 

Steif et al., 1989) and transgenic animals (Bonifer et al., 1990). MARs have

also been found within the human a- and p-globin loci (Jarman and Higgs,
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1988), but within the P-globin locus these are scattered throughout the locus 

and do not appear to define the boundaries of the locus.

MARs may also function in maintenance of torsional strain within 

the DNA, and are likely to be involved in the setting up of active 

chrom atin domains. The presence of topoisom erase II has also been 

associated with the presence of MARs (Cockerill and Garrard, 1986; Casser 

and Laemmli, 1986), and its function may be involved in the maintenance 

of torsional stress within the constrained loop a n d /o r  for the formation of 

condensed chromatin (Adachi et al., 1991; review: Laemmli et al., 1992). It 

has also been suggested that MARs may bring regions of DNA together 

required for transcriptional activation (Mirkovitch et al., 1984; Casser and 

Laemmli, 1986).

The méthylation state of DNA also appears to be involved in gene 

regulation. M éthylation occurs at the cytosine w ithin the dinucleotide 

CpC and its presence is implicated in the repression of transcription (Cedar, 

1988 and reference therein). Many genes have CpC islands within the 

prom oters, and the presence of such islands are often indicative of genes 

with house-keeping functions (review: Bird, 1986). A positive correlation 

has been found to exist between the hypom ethylation of these islands, the 

presence of DNase I HSs and gene transcriptional activation (review: Cross 

and Carrard, 1988). It is therefore suggested that méthylation may play a 

role in regulating the formation of HS. Analysis of underm ethylated genes 

has clarified that the déméthylation of prom oter regions is necessary but 

not sufficient for the form ation of HS (Cross and C arrard , 1988 and 

references therein). It is still uncertain whether méthylation is the cause or 

effect of gene silencing. Méthylation has however been suggested to act by 

directly interfering with the binding of fraws-acting factors to their specific 

recognition sequences an d /o r by the occlusion of factor binding sites by the 

binding Methyl CpC-binding proteins, which have been shown to repress 

and inactivate gene transcription (review: Tate and Bird, 1993). These 

models do not however explain the activation of methylated tissue specific 

and housekeeping genes on transfection into expressing cell types (Yisraeli
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et al, 1986; Shimada et al, 1987).

1. 2. 2. Transcriptional initiation

Genes mediate their function by transcribing the coding sequence 

into RNA in order that subsequent translation of the message can produce 

protein products. The synthesis of RNA is a cyclical process requiring serial 

RNA polym erase synthesis in itiation, elongate and term ination of 

transcription. W ithin eukaryotes, three different RNA polymerases are 

present and function to transcribe different sets of genes. RNA polymerase

I is required only for the synthesis of ribosom al pre-RNA, which is 

processed into the mature 18S, 5.8S and 28S rRNAs. RNA polymerase III is 

required for the synthesis of the 5S rRNAs, all tRNAs and the some of the 

snRNAs. In contrast, the RNA polymerase II (pol II) is responsible for the 

synthesis of RNA from all protein encoding genes, in addition to some of 

the snRNAs. Many factors influence the binding of pol II to the DNA in 

order that transcription of a gene is initiated in the correct temporal 

manner, and some of these factors will be addressed.

Studies on pol II transcription initiation have dem onstrated that 

the ability  of the polym erase to recognize a p rom oter requ ires 

protein-protein interactions of the pol II with accessory factors, and these 

interactions are essential for pol II to recognize the correct "start" site of 

transcription (review: Corden, 1993). The most common promoters of pol

II transcribed genes contain a TATA box located approximately at -30, and a 

less-well conserved initiator element located at the transcriptional start site, 

which is suggested to facilitate correct transcriptional initiation (Roeder, 

1991 and references therein). However, promoters can function with either 

element or both, as is the case for promoters of some housekeeping genes, 

that do not contain a TATA box but often contain C+G rich regions which 

functions in the correct initiation of transcription (Sawadogo and Sentenac, 

1990; Smale et al, 1990 ).

The studies that have been performed on transcriptional initiation 

have primarily focussed on genes that contain a TATA box. The TATA box
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is the site for the form ation of the pre-in itiation complex (review: 

Sawadogo and Sentenac, 1990) which initially involves the binding of 

factor TFIID to the TATA box (Matsui et al., 1980). TFIID consists of a 

TATA binding component (TBP) and a complex of polypeptides, designated 

TAFs (Roeder, 1991 and references therein). The binding of TFIID requires 

the activity of an additional factor TFIIA, to form a stably bound, 

comm itted pre-initiation complex (Buratowski et al., 1989; M aldonado et 

al., 1990). The TFIID-TFIIA complex is subsequently recognized by factor 

TFIIB and which establishes the DAB complex (van Dyke et al., 1988; 

Buratowski et al., 1989). The binding of TFIIB to the TFIID-TFIIA complex 

facilitates the interaction of pol II with TFIID (Buratowski et al, 1989), 

which enters the complex in association with factor TFIIF ( Buratowski et 

al., 1989; 1991; Flores et al., 1991). Finally factors TFIIE, TFIIH and TFIIJ 

en ter the protein  complex and transcription is initiated (Zawel and 

Reinberg, 1992). Melting of the helix and the activation of transcriptional 

initiation requires the hydrolysis of ATP (Sawadago and Sentenac, 1990). 

The ATPase and helicase activities, involved in this process, have been 

suggested to be associated with factors TFIIE (Sawadago and Sentenac, 1990) 

and TFIIF (Sopta et al., 1989) respectively. The hydrolysis of ATP may also 

be required for the phosphorylation of pol II at the C-terminal domain, 

ensuring correct activation and function (review: Corden, 1993).

More recently, the factors involved in the transcriptional initiation 

of TATA-less genes have been investigated (Roeder, 1991). It appears that a 

factor, designated TFII-I, can bind the initiator element and it is suggested 

that this factor may interact with and stabilize TFIID binding and may 

compete with TFIIA in promoters which contain TATA boxes and initiator 

elements (Roeder, 1991; Roy et al, 1993). It appears that this factor may also 

be involved in initiating the correct start site of transcription (Smale and 

Baltimore, 1989).

T ranscriptional in itiation com plexes can apparen tly  undergo 

several rounds of initiation, synthesis and abortive cycles (Luse and Jacob,

1987) at the early stages, until more than 3 nucleotides have been added to
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the transcript. Elongation complexes are however stable after the synthesis 

of transcripts over 10 nucleotides in length (Cai and Luse, 1987). After 

clearance of the prom oter by the polym erase, it appears that some 

components remain associated with the prom oter (Luse et al, 1987; Van 

Dyke et a/., 1988), and therefore suggests that m ultiple reinitiations from a 

single com m itted complex can occur. As elongation continues, other 

factors affecting regulation appear to be involved (Sawadogo and Sentenac, 

1990 and references therein), including TFIIF, which appears to be involved 

in prom oting elongation of the transcript (Flores et a l,  1989; Price et a l,

1989).

1. 2. 3. Upstream Promoter Elements (UPEs)

W hilst the TATA box and related elem ents function in the 

formation of the transcriptional initiation complex, elements upstream  of 

the promoter (UPEs) are required to increase the rate of gene transcription 

(review: Maniatis et al., 1987). These cis-acting elements usually lie within 

approximately 100 bp upstream of the start site and function at a distance 

from the TATA box (Dynan and Tjian, 1985; McKnight and Tjian, 1986) . 

M any different UPEs have been identified, including the commonly 

occurring CCAAT box an d /o r SPl binding sites, which are found within

m any eukaryotic genes, for exam ple the hum an a -g lo b in  p rom oter 

(W hitelaw  et at., 1989), and within viral promoters, for example the HSVtk 

prom oter (Graves et al., 1986). However, with particular reference to the 

CCAAT box, it has been found that the recognition sequence can bind 

m any alternative transcription factors (Graves et al., 1986; Jones et a/., 1985; 

Chodosh et al., 1988; Barberis et al., 1987; Dorn et al., 1987). The strength of 

a promoter therefore appears to be dependent on the num ber and types of 

UPEs that occur w ithin the prom oter (Maniatis et al., 1987) and the 

availability or the ability of transcription factors to function within a given 

cell type (Mitchell and Tjian, 1989 and references therein).

W hilst UPEs can function in an orientation independent manner 

with respect to the TATA box, the distance of the UPEs from the TATA box
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is crucial. This distance dependence has been dem onstrated by the 

insertion of nucleotides between TATA boxes and the UPEs, which result 

in a significant reduction of the transcriptional rate of the gene (McKnight, 

1982; Takahashi et al, 1986). It was found that insertions constituting half a 

turn  of DNA resulted in a greater loss of transcriptional activation than 

insertions that constituted m ultiple full turns of DNA. This observation 

suggested that trans-acting factors bound to the UPEs could interact with 

factors of the initiation complex bound at the TATA box, and that the 

interaction required a stereospecific alignment of the proteins on the DNA 

helix (Takahashi et al., 1986). It is also suggested that the presence of the 

bound trans-acting factors to the UPEs stabilize the TFIID complex for 

repeated rounds of transcription, as dem onstrated by the analysis of the 

Adenovirus major late promoter (Hawley and Roeder, 1987; van Dyke et 

al, 1988).

1. 2. 4. Enhancer elements

Enhancer elements are functionally different when compared to 

UPEs in that they generally are able to exert a positive effect on gene 

expression in an orientation independent m anner and at a distance from 

the start of transcription and generally contain m ultiple binding sites for 

frfl«s-activating factors (review: Maniatis et a l ,  1987). However, the 

composition of enhancers and UPEs are very similar in that they both bind 

sequence specific transcrip tion factors, w ith som e of their b inding 

sequences demonstrating significant homology. For example, the sequence 

found at the immunoglobin enhancer is also found within a num ber of 

d ifferen t prom oters (Bohmann et a l ,  1987; Parslow  et a l ,  1987). 

Furtherm ore, the m ultimerisation of individual factor binding sites can 

produce an enhancer effect in transient assays (Zenke et a l ,  1986). The 

operational difference between an enhancer and the USEs appears likely to 

be the combination and the number of the transcription factor binding sites 

present, rather than a fundamental difference with which these elements 

operate (review: Maniatis et al, 1987).
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Many types of enhancer elements have been characterized and these 

can be inducible, tem poral or tissue specific (M aniatis et al., 1987). 

Enhancers are not always necessarily located w ithin the upstream  

sequences of the gene. For example, within the murine Thy-1 (Vidal et a l,

1990), the IL-4 genes (Henkel et al, 1992) the hum an T cell receptor (TCR) 5 

gene (Redondo et al., 1990; Bories et al., 1990), intronic enhancers are 

present which have been shown to direct tissue specific expression to the

thymus, mast cells and yô T cells respectively. Enhancers are also found 3'

of the hum an p-globin gene (Behringer et al, 1987; Antoniou et al, 1988),

CDS e and 6 genes and the TCR genes (a,p,y and Ô) (Winoto, 1991 and 

references therein), and the CD34 gene (Burn et al, 1992).

Examples of tissue specific enhancer elements and the types of 

transcription factor that bind these elements, can be taken from genes that 

are expressed within the haematopoietic system. Detailed analysis of T cell 

specific enhancers within the 3' enhancers of the TCR family of genes, and

the CDS e gene, has demonstrated that there are a few repeated homologous

sequences within these enhancers, designated N FaS, 4 and 5, which are 

essential for enhancer function (Winoto and Baltimore, 1989a). It has 

therefore been suggested that due to the presence of these essential motifs 

w ithin these enhancers, a few common transcription factors are likely to 

participate in the regulation of a wide variety of T cell specific genes 

(Winoto, 1991).

A family of transcription factors, that bind to sites w ith slight 

sequence variations around a core GATA motif, appear to be increasingly 

im portant in enhancer function of genes expressed within differentiating 

cell types of the haem atopoietic system  (review: Orkin, 1992). Four 

transcription factor members have been found which bind to a core GATA 

sequence, and are designated GATA-1,2,3 and 4, with sites of high 

expression predom inantly  found within erythroid cells, m ast cells, T 

lym phoid cells, and heart and gonads respectively (review: Orkin, 1992; 

Arceci et al., 1993). The GATA motifs were initially identified within all
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chicken globin prom oters (Evans et al., 1988) and also within the human

p-globin 3' enhancer (Wall et al, 1988). Further analysis has subsequently 

shown that GATA sites are found within many promoters, enhancers and 

LCRs, and these sites have been shown to be of major importance in the 

regulation of m any haem atopoietic specific genes. Transcription factor

GATA-1 has been shown to bind the chicken and hum an p-globin LCR, 

prom oters and enhancers (Orkin, 1992 and references therein). The 

presence of this factor has been shown to be essential for correct embryonic 

erythroid developm ent as dem onstrated by a knockout experim ent by 

Pevny et al, (1991).

1. 2. 5. Locus Control Regions (LCRs)

More recently, a higher order of regulatory elem ent has been 

identified, the Locus Control Region (LCR). These elements have been 

found to dom inantly  override negative position effects of flanking 

chrom atin, resulting in high levels of expression, equivalent to the 

endogenous gene, in a copy dependent m anner within the correct tissues 

(review: Dillon and Grosveld, 1993). Elements with an LCR like activity

were first identified within the 5’ flanking region of the hum an p-globin 

gene locus (Grosveld et al., 1987) and was followed by the discovery that 

such an elem ent regulated the hum an CD2 gene w ithin a 3' context 

(Greaves et al., 1989). LCRs have more recently been identified to regulate 

high levels of tissue specific expression of the chicken lysozyme gene

(Bonifer et al., 1990), the human a-globin genes (Higgs et al., 1990) and the 

m urine MHC class II Ea gene (Carson and Wiles, 1993) in a copy number 

dependent and position independent manner.

Extensive functional analysis has been performed on the LCR of the

hum an  P-globin gene cluster. The LCR consists of four DNase I

supersensitive sites that are located within 20 kb region 5' to the e-globin 

gene (Grosveld et al, 1987; Forrester et al, 1987; Tuan et al, 1985). It was 

found that this element, delineated by the DNase I sites, was able to
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function in vivo to confer copy num ber dependent and high levels of

P-globin expression within transgenic mice in a position independent 

m anner (Grosveld et al., 1987). The in vivo activity of each hypersensitive 

site (HS 1 - 4 )  has been found to be mediated by a 200-300 bp core (review: 

Dillon et al., 1991) with each HS dem onstrating distinct developmental

patterns of expression on the y- and p-globin genes within transgenic mice 

(Fraser et al., 1993). The HS core elements have a m ultitude of factor 

binding sites (Talbot et al, 1990; Philipsen et al., 1990; Pruzina et al, 1991; 

Philipsen et al, 1993). It has been suggested that for complete LCR function, 

all four hypersensitive sites are required to interact with each other to form 

a large complex which in turn can interact with individual globin genes in 

a polar m anner (Hanscombe et al., 1991; Fraser et al., 1993; Dillon and 

G rosveld, 1993). The sequential transcrip tional activation of the

embryonic, fetal and adult p-globins occurs in a developmentally and tissue 

specific manner, even within a single copy of the entire locus in transgenic 

mice (Strouboulis et al., 1992). A model for this action suggests that the 

factors bound to the HS open up the chromatin, allowing other factors to 

bind which interact and combine to form the LCR which in turn, enhances 

and  prom otes developm ental specific g lobin  gene tran scrip tion  

(Hanscombe et al, 1991; Fraser et al, 1993). Results have demonstrated that

the individual genes of the p-globin locus compete for the LCR (Behringer 

et al, 1990; Hanscombe et al, 1991) and that this competition appears to 

operate with a polarity (Hanscombe et al, 1991).

1. 2. 6. Silencers

In addition to the requirement for positive regulatory elements to 

in itiate transcrip tion  and to direct the correct spatial and tem poral 

expression of a gene, c/s-acting negative regulatory elements have been 

identified w ithin m any genes that function by repressing expression. 

Silencer elements that can exert their effect at an orientation independent 

m anner and a t d istal locations have been iden tified  w ith in  the
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im m unoglobin genes (Kadesch et al, 1986; Imler et al, 1987; Pierce et al,

1988), the chicken lysozyme locus (Steiner et al, 1987; Baniahmad et a l ,

1987; 1990), the T cell receptor loci (review: Winoto, 1991) and the e-globin 

gene (Cao et a l, 1989). Repression sequences are also found within the

prom oters of some genes, for example within the p-interferon prom oter

(G oodbourn et al., 1986; Zinn and M aniatis, 1986), the a - in te r fe ro n  

prom oter (Kuhl et al, 1987), the hum an myc prom oter (Hay et al, 1987;

1989) in addition to several other genes.

The T cell receptor (TCR) genes contain 3' silencer elements that can 

function at a distance and in an orientation independent manner (Winoto,

1991 and references therein). The silencer elements 3' of the C a gene and 5’

of the a  enhancer, are composed of two sequences, the sill and silll motifs 

and have been shown to silence heterologous prom oters (Winoto and 

Baltimore, 1989b). These motifs function to repress expression w ithin

non-T cells and w ithin the lineage restricted yô T cells. However this

repression is relieved within T cells that express the aP TCR and allows for

C a gene expression. It is therefore suggested that this derepression may be

due to the presence of a cell-type specific factor within ap  T cells, that is able

to counteract the effect of the silencer, rather than all cells, except ap  T cells, 

con ta in ing  sill  and silll binding repressive m olecules (W inoto and 

Baltimore, 1989b). Specific factor binding to these elements still needs to be 

dem onstrated. Sequence comparisons have elucidated that the elements 

contain consensus sites for MARs and topoisomerase II binding (Winoto 

and Baltimore, 1989b). The significance of these sites in vivo r e q u ire s  

further clarification. However, it is attractive to speculate that the silencer

elements m ay function to induce the chromatin of the C a gene, in cells

other than aP  cells, to form into a non-permissive transcriptional state 

(Winoto and Baltimore, 1989b).

Repressive elements can also be position dependent. Extensive

analysis of the p-interferon gene prom oter has elucidated the repressive
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factors and mechanisms that control the transient expression of the gene 

after viral induction (review: Maniatis et al., 1992). The prom oter of the

p-interferon gene is composed of a complex arrangem ent of both positive 

and  negative regulatory  elem ents and  factor b ind ing  analysis has 

dem onstrated  that individual prom oter regulatory sequences can be 

recognized by a num ber of different trans-acting protein factors. Before

viral induction of hum an P-interferon, the gene appears to be repressed by 

the binding of factors to two elements, NRDI and NRDII, which flank the 

prom oter at -37 bp and -104 bp respectively (Zinn et al., 1983; Goodbourn et 

al., 1986; Goodbourn and Maniatis, 1988). Transfection studies suggest that 

the repressive factors are present at low levels in pre-viral induced cells 

(Fujita et a l,  1987). Additional repressive factors, for example the specific

chromatin structure, may also be a contributing factor for P-interferon gene 

silencing (Fujita et al, 1987; Maniatis et ai, 1992 and references therein). 

After viral induction, an alternative set of trans-acting factors and c/s-acting 

elem ents are recruited  in o rder to silence expression of the gene. 

T ra«s-acting factors, IRF2 and PRDI-BFl, are both induced on viral 

infection (Harada et al., 1989; Maniatis et al., 1992 and references therein) 

and bind the sequences within the promoter that are normally required for 

gene activation (H arada et ai, 1989; Keller and Maniatis, 1991). It is 

suggested that the binding of these factors may function to counteract the

p-interferon gene expression by interfering with the binding or the activity

of the positive frflws-activating factors IRF-1, PRDII-BF, NF-kB and 

HMGI(Y) (Maniatis et al, 1992 and references therein).

1. 2. 7. Transcription factors

The analysis of c/s-acting sequences has provided a key to the 

understanding of gene regulation. However, the ability of trans-acting  

protein factors binding to these sites to regulate gene expression still 

requires clarification. Some of the questions that need to be resolved are, 

how do the proteins bind to the DNA, displace nucleosomes and how to
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these proteins exert their effect on the transcriptional machinery ?

The cloning and characterization of many of the trans-acting factors 

has show n that there are several different m echanisms for proteins to 

in teract w ith  the DNA. A comm on DNA b inding  m otif seen in 

fra MS-acting factors is the helix-loop-helix motif, which was initially 

observed in prokaryotic regulatory proteins which were shown to bind 

inverted palindromic sequences as dimers (review: Johnson and McKnight, 

1989). The helix-turn-helix m otif is characterized by two antiparallel

a-helices connected by a short p-turn (Steitz et al., 1982), which are held in 

position by hydrophobic interactions between the helices (Johnson and 

McKnight, 1989). It is the C-terminal helix that interacts with the major 

groove of the B-form DNA. These motifs have also been observed within 

m any eukaryotic regulatory proteins, such as the homeobox binding 

proteins (Levine and Hoey, 1988). However these proteins appear to bind 

as monomers, and the recognition sequences are not palindromic (Hanes 

and Brent, 1991 and references therein).

A second DNA recognition motif commonly found in fraMS-acting 

factors is the zinc finger motif (review: Johnson and McKnight, 1989). 

These motifs are form ed by the binding of Zn^+ atoms to correctly 

positioned cysteines a n d /o r  histidines to form "finger" loops which can 

specifically interact with the recognition sequences. Two types of zinc 

fingers have been identified. The first can be formed by the interaction of 

tw o cysteine-two histidine residues with a single Zn^+ atom to form one 

"finger"functional domain (Johnson and McKnight, 1989). Such domains 

can be found in transcription factors SPl and TFIIIA, which contain three 

(Kadonga et al., 1987) and nine (Miller et al., 1985; Brown et al., 1985) zinc 

finger domains respectively. The second type of zinc finger can be formed 

by the interaction of two Zn^+ atoms with four cysteine residues to form 

tw o "fingers" which interact hydrophobically  and  function as one 

structural dom ain (Schwabe et al, 1990; H ard et a l,  1990). This DNA 

binding m otif is found within m ammalian hormone receptors ( Johnson 

and McKnight, 1989 and references therein).
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A th ird  category of DNA b ind ing  p ro teins require  initial 

dimerization or oligomerization with other protein factors as a prerequisite 

to DNA binding. These proteins contain dim erization dom ains in the 

C -term ini and  are g rouped  into two categories, the basic-region 

helix-loop-helix (bHLH) family and the basic-region leucine zipper (bZIP) 

family (review: Baxevanis and Vinson, 1993). W ithin the bHLH family it 

has been show n that the basic region contacts the DNA whereas the 

helix-loop-helix motifs are involved in prom oting dimerization (Davis et 

a /., 1990; Voronova and Baltimore, 1990). This m otif is has been 

dem onstrated to be present within MyoD, the muscle determining factor,

and the im m unoglobin K-chain enhancer binding proteins E12 and E47 

(Davis et al., 1990; Voronova and Baltimore, 1990). The bZIP family of 

proteins contain the basic N-term inal DNA-interaction dom ain which 

often contact the surfaces of dyad symmetrical sites w ithin the major 

groove, and a C-terminus that is composed primarily of a "heptad repeat"

of leucine residues and forms an am phipathic a-helix  "leucine zipper" 

(Landschultz et al, 1988; Baxevanis and Vinson, 1993). Homodimerization 

and heterodim erization between protein molecules occurs at this domain 

as dem onstrated by mutational analysis (Baxevanis and Vinson, 1993 and 

references therein). Such eukaryotic homo- and heterodim erizating 

proteins are exemplified by the CCAAT/ enhancer-binding protein (C/EBP) 

and  Eos and  Jun fam ilies of fraws-activating factors (Busch and 

Sassone-Corsi, 1990 and references therein).

A lthough m uch is known about the binding m echanism s and 

specificities of fraws-activating factors to c/s-elements, little is known about 

how these factors interact with the transcriptional machinery. Activation 

dom ains were first discovered in yeast transcription factors (Hope and 

Struhl, 1986; Ma and Ptashne, 1987) and this domain was shown to be 

predom inantly  form ed by acidic residues w ithin the C-term inus. A 

mechanism of how  this domain could interact with the transcriptional 

m achinery was proposed by Lin and Green (1991), w ho found that 

activation via an acidic domain involved the recruitment of TFIIB, an d /o r
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its stabilisation, to the promoter already containing the activator TFIID and 

subsequently enhanced transcription. Glutamine rich activation domains 

(Courey and Tjian, 1988) and proline rich activation domains (Mermod et 

al., 1989) have also been im plicated in the function of transcriptional 

activation of trans-acting factors. More recent examinations of the ability of 

hum an SPl to activate transcription has indicated that additional factors 

are requ ired  to m ediate  the activation  function of SPl on the 

transcriptional machinery (review: Courey and Tjian, 1992). It was found 

by Pugh and Tjian (1990) that SPl could stim ulate transcription in 

conjunction w ith TFIID purified in a crude extract, however SPl was 

ineffective in stim ulating transcription with highly purified yeast TFIID. 

This led to the speculation that the crude extract contained uncharacterized 

protein factors which were required for SPl-m ediated transcriptional 

activation, and were termed co-activators. There is evidence to suggest that 

these proteins represent a novel class of transcription factors, and that 

different classes of activation dom ains m ay in teract w ith different 

co-activators to stim ulate transcriptional initiation (Courey and Tjian, 

1992).

1. 2. 8. Interferon action on gene expression

I Interferons and their functions

The haematopoietic system requires extracellular signals in order to 

stimulate the differentiation of specific cell types that are required at times 

of haem ato log ical stress and infection , in ad d itio n  to norm al 

haem atopoietic ontogeny. These extracellular signals m ost often are 

d ifferentiation  and grow th factors that m ediate gene activation or 

rep ression . W ith in  the haem atopoietic  system  these signalling  

polypeptides are referred to as cytokines. The effects of cytokines on 

controlling haematopoietic cell proliferation and differentiation are widely 

docum ented, and cytokines are major m odulators of the immune system 

(reviews: Metcalf, 1991; Arai et al., 1990). In addition to the requirement of
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a subset of cytokines, the interleukins, in effecting the correct immune 

response pathways, another group of cytotokines, the interferons, are also 

required.

Interferons (IFNs) were initially recognized as molecules that were 

rapidly induced on viral infection (Isaacs and Lindenmann, 1957) and were 

found to protect cells from viral infection (Wheelock, 1965). Since then, 

the function of interferons has been extrapolated and play im portant roles 

in m odulating m any im m une and inflam m atory responses (Farrar and 

Schreiber, 1993 and references therein). The interferons are divided into

two classes. Type I interferons include both a-IFN and p-IFN and are the 

classical interferons induced in response to viral infection (Pestka et al.,

1987 and references therein). Many different isoforms of a-IFN are present

within mammalian systems, but only one form of p-IFN has been found to 

exist. Even though the homology between the two forms are limited 

(Stewart, 1979), both types are found to bind to the same cellular receptor.

The type II interferon, y-IFN, is completely unrelated to the type I IFNs at 

both the genetic and the protein homology levels (Farrar and Schreiber,

1993 and references therein). In contrast to the prim ary effect of a - and

p-IFNs in m ediating cellular anti-viral responses on infection, with limited

roles in immune system modulation, the y-IFN molecule has a major role

in im m unoregulation. However, y-IFN can dem onstrate some anti-viral 

activity although this activity is significantly lower than type I IFNs (De

Maeyer, 1984). The effects of y-IFN w ithin the im m une system  are

pleiotropic. y-IFN has been found to be involved in signalling antibody 

class sw itching and the enhancem ent of antibody secretion by B cells 

(Bossie and Vitetta, 1991), the preferential inhibition of proliferation of a 

T-cell helper subset, Th2 (Gajewski and Fitch, 1988), the activation of 

macrophage-mediated defences against intracellular parasites and tum our 

cytotoxicity (review: Stout, 1993), and activation of natural killer cell 

cytotoxicity (Dunn and North, 1991).
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Many of the genes that are activated by these cytokines encode for 

molecules that are involved in the inhibition of viral replication, the 

inhibition or enhancement of cell growth and proteins that effect cellular 

structural changes, activation and differentiation as described above. Some 

of these induced protein factors include (2'-5') oligoadenylate sythetase 

(OASE), the MHC class I and II proteins and Ly-6 surface antigens in mice,

and in hum ans the OASE, P l/e IF -2 a  protein kinase, m etallothionein

MT-II, thymosin-|34 and the HLA heavy and light chains in addition to 

m any other proteins whose functions are still being established (reviews: 

Revel and Chebath, 1986; Pestka et al, 1987).

Some of the proteins produced in response to interferons have been 

dem onstrated to have different roles in m ediating anti-viral activity. The

interferon induced OASE and P l/e IF -2 a  molecules represent single cell 

responses to viral infection. These factors have been shown to be inactive 

within a cell unless double stranded RNA is present. Subsequently OASE

and P l/e IF -2 a  catalyse the degradation of messenger RNA and inhibit the 

in itiation of mRNA translation respectively (Pestka et a l ,  1987 and 

references therein). The function of the MHC molecules, induced by 

interferon on a variety of different cell types, does not however appear to be 

dependent on the presence of dsRNA. MHC molecules function as a 

platform  for presentation of foreign antigens to the immune system and 

therefore represents a major component of host defence responses against 

viral infections and tumourigenic cells (Pestka et al., 1987 and references 

therein). Interferons also induce the expression of the Ly-6A.2 and Ly-6E.l 

antigens in lymphocytes (Chapter 1. 1. 4.). This together with functional 

data (Chapter 1. 1. 5.) suggests that these antigens are also involved in host 

immune defence responses.

II Interferon responsive elements and binding factors

The rapid inducible effects of interferon on the series of genes is at 

the transcriptional level, and often this transcriptional activation does not
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require new protein synthesis (Revel and Chebath, 1986). The rapid 

transcriptional activation pathw ays, m ediated by interferons, appear to 

require secondary messengers to transduce interferon signals (Yap et a l ,  

1986a), and the activation of specific forms of Protein Kinase C (Yap et a l,  

1986b; review: Pfeffer and Tan, 1991). In turn, the transcription factors of 

inducible genes require tyrosine phosphorylation for activation (Fu et a l,  

1990; Gutch et a l ,  1992; Schindler et a l ,  1992; Shuai et a l ,  1992) and is 

discussed below with respect to the individual factors.

Some genes are transcriptionally induced by both interferon types, 

and include guanylate-binding protein (GBP) gene (Decker et a l, 1989) and 

IRF-1 (Pine et al, 1990). However other genes are induced by only one type. 

For example, only type I interferons induce Mx (Hug et a l,  1988), 6-16 

(Friedman et a l, 1984; Porter et a l ,  1988), ISG-15 (Reich et a l ,  1987), ISG-54

(Levy et a l ,  1988b) and ISG-56 genes (Larner et a l ,  1984). y-IFN inducible 

genes include IP-10 (Luster et a l ,  1985) and IP-30 (Luster et a l ,  1988). As 

there are some differences in the genes that are activated by the type I and II 

IFNs this suggests that the m echanism s and trans-acting factors that 

induce expression are distinct in specific genes but may overlap with 

respect to others that are inducible with both types.

Initial cloning and analysis of IFN inducible genes dem onstrated 

tha t a sequence term ed the IFN -stim ulated response elem ent (ISRE), 

within the promoter, was able to confer inducibility by both type I and II 

interferons (Reid et a l ,  1989). This element has been identified in genes 

encoding the OASE (Benech et al, 1985), the MHC class I genes (Sugita et al, 

1987), the 9-27 gene (Reid et a l ,  1989) and the Ly-6E.l gene (Chapter 5. 2. 4.) 

amongst others. The ISRE is generally found to lie less than 200 bp from 

the transcriptional start site (Reid et al, 1989) and has a Friedman-Stark 

consensus sequence AC A AC AC A A ACT (Friedman and Stark, 1985). This 

consensus sequence has also been identified in genes that are regulated

predom inantly by a -  and p-IFNs (Levy et a l ,  1988b; Porter et a l ,  1988). 

Analysis of prom oter-reporter constructs from the 6-16 gene found that 

when the element was placed in front of the reporter gene, the element
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conferred responsiveness also to y-IFN (Reid et al., 1989). Considering that

this element does not confer y-IFN responsiveness within the endogenous 

gene, it is likely that the element in the complete context of the promoter 

determines its induction specificity (Reid et al, 1989).

The factors that bind to the ISRE have been widely investigated 

(Cohen et a l,  1988; Levy et a l,  1988b; Porter et a l, 1988; Rutherford et 

a/.,1988; Shirayoshi et at., 1988). A complex formed by four proteins 

/termed ISGF-3, has been shown to bind to the ISRE and appears to be the 

prim ary transcriptional activator that binds the element, in response to

a-IFN (Kessler et al,198S; Levy et al, 1988b, 1989; Dale et al, 1989). The 

ISGF-3 m ultiprotein complex consists of two subunits, a tri-polypeptide

complex ISGF-3a and a single polypeptide ISGF-3y (Fu et al, 1990; Levy et 

a l,  1990) which reside in the cytoplasm of uninduced cells. Both subunits 

translocate to the nucleus on phosphorylation (Schindler et al, 1992), and 

associate to bind the ISRE (Kessler et a l ,  1990), activating transcription.

This allows for the rapid response of cells to a-IFN w ithout necessitating 

protein synthesis (Dale et al, 1989; Levy et al, 1989).

The hum an guanylate binding protein (GBP) is inducible with a/p

and y-IFNs, and deletion analysis has dem onstrated that two overlapping

elements, the a-IFN responsive ISRE and the y-IFN activation site (GAS), 

m ediate the interferon responsiveness of the gene (Lew et al., 1991). 

Similar to the binding of ISGF-3 to the ISRE, the GAS sequence has been

show n to bind one of the factors of the ISGF-3 a  complex, termed GAF 

(Decker et al., 1991a). On further analysis, this element appeared to be

involved in both  the a / p -  and y-IFN responsiveness of the hum an 

guanylate binding protein gene (Decker et al, 1989; Lew et al, 1991). GAF 

initially resides in the cytoplasm and rapidly translocates to the nucleus on

induction w ith y-IFN (Decker et al, 1991b) where it binds to the GAS 

recognition sequence, activating interferon inducible gene transcription. 

This translocation step requires tyrosine phosphorylation of the 91 kDa
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protein, GAF (Shuai et ah, 1992). More recently, the GAS sequence has also

been identified as being the y-IFN and a/[3-IFN responsive element within 

other genes (Khan et ah, 1993; Pearse et ah, 1993).

A second set of factors, IRF-1 and IRF-2, have been defined that bind 

to the recognition sequence G(A)AAA(G/C)(T/C)GAAA(G/C)(T/C) within the 

prom oters of IFN inducible genes, and regulate IFN inducible expression 

(Tanaka et ah, 1993). IRF-1 has been identified as an activator of genes

inducible with y-IFN and a/p-IFN, for example the MHC class I genes

(Chang et al., 1992), and is implicated in the viral inducibility of the p-IFN 

gene (Fujita et al., 1988), although this issue still rem ains controversial 

(review: Maniatis et al., 1992). The second factor, IRF-2, is a transcriptional

repressor of many genes and also binds to the p-IFN gene, recognising the 

sam e sequence AAPuTGA as does the transcriptional activator, IRF-1 

(Maniatis et ah, 1992). Both IRF-1 and IRF-2 are transcriptionally induced 

with type I and II IFNs (Harada et al., 1989; Watanabe et al., 1991), with the 

induced expression of IRF-1 m ediated by GAF binding to a GAS element 

within the prom oter (Pine et ah, 1994). However, on treatment with IFN, a 

lag between the expression of the two factors occur, with IRF-1 initially 

transcribed followed by IRF-2 (Harada et al., 1989). As the half life of IRF-2 

protein is 16 fold that of IRF-1 (Watanabe et ah, 1991), IRF-2 can therefore 

serves as a dow nregulator of expression of IFN induced genes, and 

represses the action of IRF-1 (Fujita et al., 1989; Naf et al., 1991; Au et al., 

1992; Reis et al., 1992; Harada et al., 1990; Stark and Kerr, 1992). The 

induction of IRF-2 transcription requires IRF-1 (Harada et ah, 1994), and 

appears to be associated with the binding of IRF-1 within the promoter. 

Therefore IRF-1 may switch on IRF-2 expression and subsequently lead to 

IFN activated gene repression (Harada et ah, 1994). Harada et ah (1993) have 

also shown that IRF-1 and IRF-2 demonstrate anti-oncogenic and oncogenic 

potentials respectively in fibroblast cell lines.

A dditional elements that control interferon inducible expression 

have been investigated and found within the MHC class II promoters. For
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exam ple, the Ep gene contains m ultiple elements (boxes H, X, Y and 

Cytokine Response Sequence-CRS) and trans-acting factor binding is

required to facilitate the full lymphoid and y-IFN inducible expression of 

th is gene (Thanos et a l ,  1993 and references therein). Accurate 

identification of the interferon inducible binding factors has not been 

elucidated, but by the utilisation of competition studies, it has been found 

that some of the induced factors may be similar or identical to the factors 

that bind to the ISRE (Thanos et al, 1993).

1. 2. 9. Gene structure and regulatory elem ents of the Ly-6A.2 and

Ly-6E.l alleles

While extensive analysis of gene regulatory elements im portant in 

the controlled expression of many haematopoietic specific genes has been 

performed and has been described in detail in previous sections, very little 

is known about the genetic regulatory elements necessary to direct the 

tissue specific and developm ental expression patterns of Ly-6E.l and 

Ly-6A.2, or other Ly-6 related genes. These genes are important markers of 

HSCs and their protein  products m ay function in the m aintenance, 

activation a n d /o r differentiation of specific haematopoietic cell types. Only 

the partia l cloning of some of these fam ily m em bers has been 

accomplished. It is known that both Ly-6A.2 and Ly-6E.l gene products are 

encoded by 4 exons (Khan et al., 1990; McCrew and Rock, 1991a), as are the 

other Ly-6 family members that have been cloned to date (Bothwell et a l,  

1988; Fleming et al, 1993b). Sequence comparisons of cDNAs from the two 

alleles have indicated that splicing variations occur w ithin the first 

untranslated and second partially translated exons (LeClair et al, 1986; 

McCrew and Rock, 1991a; Palfree et al, 1987; Reiser et al, 1988), with 

Ly-6E.l containing 46 bp extra untranslated sequence. This suggests that 

Ly-6E.l and Ly-6A.2 may be differentially controlled by post-transcriptional 

modulation involving mRNA stability or processing.
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The partial cloning and deletion analysis of the 5' portion of the 

Ly-6E.l gene has resulted in the identification of some of the regulatory 

elem ents controlling gene transcrip tion  (Khan et al., 1990). This 

exam ination has indicated that the Ly-6E.l gene does not contain a 

consensus TATA motif within the prom oter like Thy-1 (Spanopoulou et 

al., 1988), but an A+T rich sequence located at -40 bp is likely to be the 

functional equivalent (McCrew and Rock, 1991a). Deletion analysis of the 

Ly-6E.l prom oter linked to a CAT reporter within L fibroblast cell lines, has

identified that a novel sequence is responsible for the a/(3 and y-IFN 

inducibility of the Ly-6E.l gene. These studies by Khan et al (1990 ), 

indicated that an interferon responsive elem ent, that could m ediate

induction by both the a /p  and y-IFNs, was situated between -900 bp and 

-1760 bp of the Ly-6E.l gene promoter. The distal location of such an 

element, when compared to the proximal location of m ost ISREs within 

200 bp of the start site (Reid et al, 1989), was highly unusual. Sequence 

analysis of this region demonstrated that little, or no, sequence homology 

was found w hen com parisons to previously characterized interferon 

response elem ents were m ade (Khan et a l ,  1990). Further sequence 

analysis of proxim al prom oter regions found that a sequence motifs 

betw een -261 and -247 bp, and -109 and -95 bp, exhibited considerable 

homology to the Y box within interferon inducible MHC class II promoters, 

and the ISRE consensus sequences respectively (Khan et al., 1990). These 

motifs, however, were found to be insufficient to direct the interferon 

responsiveness of the Ly-6E.l gene.

The prom oters of both the Ly-6E.l (Khan et a l, 1990) and the 

Ly-6A.2 (McCrew and Rock, 1991a; Stanford et al, 1992) genes contain five 

CCAAT box protein binding motifs, with the two m ost distally located 

motifs in the opposite orientation. The most proximal CCAAT motif, with 

sequence similarity to the CP-1 trans-aciing factor binding motif, was found 

to be located at -120 bp and provided some enhancem ent activity to 

constitutive expression of reporter constructs in fibroblast L cells (Khan et 

al, 1990). Although the CCAAT box motif at -120 bp enhanced expression.
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the minimal element necessary for constitutive expression in L cells was 

demonstrated to be a purine rich sequence, lying between 95 bp to 109 bp 5' 

to the start site (Khan et al., 1990). Both the CCAAT motif and the purine 

rich sequence bound factors from a T cell lymphoma, and in addition the 

purine rich sequence was found to b ind  ubiquitous nuclear factors, 

providing a powerful enhancer when m ultim erized (Khan et al, 1990). 

Further deletions of a region -167 to -138 bp appeared to remove a negative 

elem ent, though no sequence hom ology to previously  characterized 

silencer elements within this region has been exhibited. Further 5' over 

-300 bp, a B1 repetitive element has been identified and has an identical 

location within the Ly-6C.l gene (McCrew and Rock, 1991a). This indicates 

that this sequence was present before the gene duplication event took place, 

giving rise to the multigene family. It is interesting that Saksela and

Baltimore (1993) found that a repressor element of the immunoglobin k  

light chain had considerable homology to a B1 repeat and it is attractive to 

consider that the Ly-6 B1 repeat may have such a function.

Similar control elements have also been im plicated for Ly-6A.2 

gene regulation, by sequence comparisons (McCrew and Rock, 1991a; 

Stanford et ah, 1992), although the cloned gene by McCrew and Rock (1991a)

failed to be inducible by a /p  IFN. However, little sequence heterogeneity 

exists between the prom oters of Ly-6E.l and Ly-6 A.2 to account for the 

diversities in expression pattern of the two alleles. The experiments 

described within fibroblastic cell lines does not address the regulatory 

elements required for haematopoietic cell type specific expression or the 

elem ents required to direct high levels of in vivo expression. Thus 

transgenic mice containing reporter constructs w ith the prom oter of 

Ly-6E.l directing transcription were m ade by two independent groups 

(W eismann-personal communication). However, analysis of both sets of 

transgenic mice has shown that Ly-6E.l promoter (6 kb 5' sequence) directed 

expression alone is insufficient for in vivo expression of linked reporter 

genes (W eismann-personal communication). Therefore essential elements 

required for the in vivo expression of Ly-6E.l lie outside the 6 kb of 5'
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flanking sequence.

1. 3. Project aims

As both Ly-6E.l and Ly-6A.2 antigens have been identified as the 

earliest markers of HSCs, an examination of the regulatory elements that 

are required for expression may provide an insight into cell type specific 

nuclear factors that are present within stem cells, the intracellular cascade 

of signals and ultimately the cytokines and extracellular signals required to 

produce the stem cell quiescent or differentiation initiated phenotypes. It is 

also unknow n w hat regu latory  m echanism s m ediate the complex 

d ifferen tia l expression  p a tte rn s of the a lloan tigens w ith in  the 

haematopoietic system. As described above, only a limited study by Khan 

et al (1990) has characterized the promoter ds-acting regulatory elements 

that are required to direct in vitro expression of Ly-6E.l in fibroblasts. As 

the prom oter alone is insufficient to direct the expression of Ly-6E.l in 

vivo, additional as yet undefined elements are therefore required. Thus 

the aim of this project was to clone the complete Ly-6E.l allele in order that 

the regulatory elements involved in the complex expression pattern of the 

Ly-6E.l and Ly-6A.2 alleles could be identified and characterized. Chapters 

3, 4, and 5 will present the results of this study.
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Chapter 2. 

Materials and M ethods
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2. 1. Nucleic acid procedures

2. 1. 1. DNA purification

I Plasmid miniprep

Single colonies were innoculated into 5 ml LB media supplemented 

with 100 jig /m l ampicillin, and incubated overnight at 370C with shaking. 

1.5 ml of bacterial culture was pipetted into an Eppendorf tube, and 

centrifuged at 14 k for 15 sec. All the supernatant was discarded except for 

the last 50-100 pi. The pellet was resuspended completely in this volume 

by vortexing. 300 pi of TENS buffer was then added to the sample, and 

vortexed for 2-5 sec until viscous. To this, 150 pi of 2 M NaOAc (pH 5.2) 

was added and the sample was vortexed for 2-5 sec to ensure complete 

mixing. 500 pi of phenol/chloroform  was added and vortexed, before 

centrifugation at 14 k rpm for 5 min. The aqueous layer was then removed 

and placed into a fresh Eppendorf, 0.9 ml 96% ethanol was added and left 

for 10-15 min at room temperature. The DNA and RNA was pelleted by 

centrifugation at 14 k rpm for 10-15 min. The pellet was washed with 70% 

ethanol and partially dried at room tem perature before being resuspended 

in 50 pi TE. RNase treatment was carried out by adding 1 pi RNase stock to 

the sample and incubating for 1 hr at 37^C, before phenol/chloroform  

extraction and ethanol precipitation (as described). The final pellet was 

resuspended in 50 pi TE and 1-5 pi was generally used for diagnostic 

restriction digest analysis.

n Plasmid maxiprep

A single bacterial colony was innoculated  into 5 ml LB 

supplem ented w ith 100 pg /m l ampicillin, in a Sterilin 30 ml tube and 

grown up overnight with shaking at 37^C. 2 ml of this bacterial culture 

was added to 1 1 of LB with ampicillin (100 pi/m l) in a sterile fluted flask 

and shaken overnight at 37°C. The next day the culture was centrifuged at 

4 k rpm  in 1 1 bottles in a Beckman J6 centrifuge for 20 min. The 

supernatant was discarded and the pellet was resuspended in 20 ml 1 x
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Glucomix, by pipetting with a sterile plastic 10 ml pipette. 40 ml of Lysis 

buffer was added and the solutions were mixed thoroughly and left for 10 

min on ice. After the incubation, 20 ml ice cold 5 M KOAc (pH 4.8) was 

added, mixed by swirling and allowed to stand in ice for 10 min. The 

resulting mix was then centrifuged at 4 k rpm  for 30 min and the 

supernatant was poured through 4 layers of muslin cloth into a plastic 

m easuring cylinder to remove precipitated  protein. To the strained 

solution, 0.6 vol isopropanol at room tem perature was added, mixed well 

and allowed to stand for 10 min at room temperature, before centrifugation 

at 4 k rpm for 30 min. The supernatant was discarded, the pellet washed 

with 5 ml ice cold 70% ethanol and the pellet was drained for 30 min. The 

pellet was then resuspended in 5 ml TE, added to a pre-weighed 50 ml 

Falcon tube and the weight was adjusted to 9 g with TE. To the DNA mix, 

10.2 g CsCl was added along with 1 ml of 5 m g /m l ethidium  bromide, 

vortexed and transferred to Quick-Seal centrifuge tubes and sealed with a 

heat clamp. The tubes were balanced and set up in a 70.1 Ti Beckman rotor 

and centrifuged for at least 16 hrs at 55 k rpm  at 25^C. The lower 

supercoiled band of DNA was collected by puncturing the top of the tube 

with a needle to release pressure, and the DNA band was extracted with a 2 

ml syringe and a 23 gauge needle by inserting the needle, bevelled side 

below and facing the band, into the side of the tube. The DNA was 

precipitated by adding 2 x vol of ddH 20 and 2 x vol 96% ethanol at room 

temperature, and the DNA was collected by centrifugation at 3 k rpm for 10 

min at room temperature. The pellet was washed with 2 ml 70% ethanol, 

drained well and dissolved in 500 pi TE with 10 pi 0.5 M EDTA (pH 8.0) and 

5 pi of 10% SDS. The DNA was cleaned by extraction twice with 

phenol/ chloroform and ethanol precipitation. The pellet was washed with 

70% ethanol, drained, partially dried and resuspended in 500 pi TE. 

Removal of the RNA was acheived by the addition of 0.1 mg RNase and 

incubation at 37°C for 1 hr. The DNA was purified further by two 

phenol/ chloroform extractions and ethanol precipitation. The washed 

pellet was resuspended in 500 pi TE and plasmid yields were generally
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between 1-5 |ig /|il. The DNA was stored at -20°C.

ni Cosmid maxiprep

Cosmid DNA preparations, both m inipreps and maxipreps, were 

perform ed with the same method as plasmid minipreps and maxipreps, 

except that the LB for cosmid culture was supplemented with 0.2% glucose 

to aid growth of the bacteria.

IV Genomic DNA

Preparation from cultured cells: For suspension cells, 1-5 ml

aliquotes of cells in log phase growth were removed from the tissue culture 

flasks, placed in 15 ml Falcon tubes or Eppendorf tubes, and the cells were 

pelleted by centrifugation at 1.5 k rpm for 5 min at 4°C . The supernatant 

was removed and the remaining cells were vortexed briefly to dissociate 

the pellet into a small vol of remaining media. To the cells, 700 pi Tail Mix 

was added and vortexed to ensure lysis of all the cells, before the addition of 

0.3 mg Proteinase K and incubation overnight at 55^C in a water bath. The 

DNA was purified by 2 x phenol/chloroform  extractions and precipitated 

from the aqueous layer by the addition of 0.6 vol isopropanol and 

centrifuged at 14 k rmp for 10 min at 4°C. The pellet was washed with 70% 

ethanol, partially dried and resuspended in 50 pi TE. RNA was removed by 

the addition of 0.1 mg RNase and incubation at 37^C  for 1 hr. The DNA 

was further purified by 2 x phenol/chloroform  extractions and ethanol 

precipitation (as above), washed with 70% ethanol and the remaining pellet 

was resuspended in 50 pi TE and stored at -20®C for use when needed.

In the case of transfected suspension cells, the cells were washed in 

PBS, vortexed and centrifuged as above and the wash was rem oved, 

leaving the cell pellet. This was repeated three times to ensure that any 

rem aining plasmid DNA was removed, before addition of the 700 pi Tail 

Mix and further purification as above.

For adherent cell lines grown on a 10 cm culture plates, the 

m edium  was removed and the cells were washed with PBS. 1 ml of
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Trypsin Vers was added and the cells incubated at 37<^C for a few mins. The 

culture plates were tapped vigorously to ensure detachm ent of the cells 

from the surface of the plate, 5 ml PBS was added and the cell suspension 

was transferred to a 15 ml Falcon tube. The DNA was purified as described 

for the suspension cells. In the case of transfected NIH3T3 cells, the cells 

were washed three times with PBS and by centrifugation in order to 

remove any residual plasmid DNA, before DNA preparation as described 

above.

Tissue DNA: Tissues used to prepare DNA were generally tail 

biopsies. Tail biopsies were places into Eppendorf tubes with 700|il Tail Mix 

with 0.3 mg Proteinase K, and the tails were digested overnight at 55®C. 

DNA purification was carried out as described for the tissue culture cell 

DNA.

V High molecular weight genomic DNA

High molecular weight DNA was prepared from BALB/c liver for 

the construction of the cosmid library. A lobe of the liver was dissected, 

taking care not to cut the gall bladder, and placed in a petri dish containing 

PBS on ice. The liver was hom ogenised in a sm all vol of PBS 

(approxim ately 5 ml) with a dounce hom ogeniser, and the PBS/liver 

suspension was transferred into a 50 ml Falcon tube, on ice, with a pipette 

when the suspension became dense. The PBS was replaced with 5 ml of 

fresh ice cold PBS, and was repeated until the liver was completely 

hom ogenised. The hom ogeniser was rinsed w ith PBS to remove any 

residual cells and was placed into the 50 ml Falcon tube. The cells were 

then pelleted by centrifugation at 1.5 k rpm  for 10 min at 40C. The 

supernatant was removed, the cell pellet was resuspended gently in 50 ml 

Extraction buffer and incubated at 37^0 for 1 hr. To a 2 1 flask containing 50 

ml of phenol, the Extraction buffer/DNA mix was added and the flask was 

rocked gently for 30 min. The aqueous layer was decanted into a fresh 2 1 

flask and another 50 ml of phenol was added. This was repeated 4 x. After 

the last phenol extraction, the aqueous layer was decanted into two 50 ml
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Falcon tubes and centrifuged at 10 k rpm  for approximately 30 min at 

or until the aqueous phase appeared clear. Using a wide bore pipette, as 

much of the aqueous phase was removed and placed into a 2 1 flask with an 

equal voL of chloroform which was rocked gently for 30 min. As much of 

the aqueous phase was decanted into two 50 ml Falcon tubes and 

centrifuged at 10 k rpm  for 10 min at 4®C. The aqueous phase was again 

removed with a wide bore pipette into a 50 ml Falcon tube. The DNA was 

precipitated with 1/20 vol 4 M NaCl and 2.5 vol of 96% ethanol and mixed 

gently by rocking. The DNA was looped out with a hook, dipped into ice 

cold 70% ethanol and placed into 5 ml TE at 37^0 for resuspension. The 

yield was approximately 0.3 pg /m l of high molecular weight DNA in the 

region of 500 - 1000 kbp, as determined by pulse field gel electrophoresis .

VI DNA fragments

All DNA fragments for ligation or probes were separated by agarose 

gel elecrophoresis and purified from norm al agarose by Geneclean™ 

(Stratateck), or by low melting point agarose.

Geneclean’’̂'̂  method: The desired fragment was cut from the gel 

and placed into an Eppendorf containing 3 x vol (of the gel slice) 6 M Nal 

and incubated at 55^C for 5 min. The tube was vortexed to ensure complete 

disassociation of the gel slice and 5-10 |il of glass slurry was added to the 

tube, vortexed to produce a milky solution, and placed on ice for 5 min. 

The glass slurry was pelleted by centrifugation at 14 k rpm  for 15 sec and 

resuspended in glass wash (50% ethanol, 10 mM Tris (pH 7.5), 100 mM 

NaCl and 1 mM EDTA). The glass slu rry  was pelleted again by 

centrifugation, w ash solution removed and resuspended in fresh glass 

wash. This was repeated 3 x and after the final wash had been removed 

completely, the tube was re-centrifuged and residual wash removed. 20 |il 

of ddH 20 was added and the tube was incubated at 55^C for 5 min in order 

to elute the DNA from the glass. The glass slurry was pelleted again and 

the DNA in solution was transferred to a fresh Eppendorf. Quantitation of 

the DNA was approximated by placing 1 pi of test DNA into 10 pi drops of
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d d H 2 0  containing ethidium  bromide (1 |ig ethidium  bromide in 10 ml 

d d H 2 0 )  on to  Nesco film along w ith  d rops contain ing  know n 

concentrations of control DNAs. Q uantitation was estim ated by a 

comparison of the fluorescence of the test DNA to controls under UV 

illum ination .

Low melting agarose: The gel slice containing the DNA was melted 

at 65^C, extracted twice with phenol (saturated with TE) and once with 

phenol/chloroform . The DNA was precipitated by the addition of 1/10 vol 

2 M NaOAc, and 2.5 vol of 96% ethanol at -70°C for 15 min. DNA was 

pelleted by centrifugation, washed with 70% ethanol, partially air dried and 

resuspended in 20 pi TE. The concentration of the DNA was quantitated as 

described above.

2. 1. 2. RNA purification

I Tissue RNA

A portion of tissue was placed into a tube containing 3 ml of an ice 

cold solution of L iC l/urea. The tissue was hom ogenized w ith the 

ultra-turrax at full power for 1 min. The sample was then sonicated for 1-2 

min to shear the genomic DNA and the solution was incubated overnight 

at 4®C. 1.5 ml of the solution was transferred to an Eppendorf tube and 

centrifuged for 30 min at 4^C. The supernatant was removed and the 

remaining 1.5 ml added and centrifugation repeated. The supernatant was 

then rem oved and the pellet was centrifuged briefly, and residual

supernatant removed. The pellet was resuspended in 300 pi of TS and was 

then extracted 2 x with phenol/ chloroform, with a final chloroform step to 

remove residual phenol. The RNA was precipitated by the addition of 30 

pi 2 M NaOAc and 2.5 vol of 96% ethanol with incubation overnight at 

-20®C, or -70^C for at least 15 min. After centrifugation, the pellet was

washed with 70% ethanol, air dried, and resuspended in 50-100 pi of TE, 

and stored at -20^C.
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n Cultured cell RNA

The procedure was essentially perform ed as above w ith the 

following alterations. The cell pellet was resuspended directly in LiCl/Urea 

and then directly sonicated, omitting the ultra-turrax step. Extractions were

carried out as described. The final pellet was resuspended in 100-200 pi of 

TE and stored at -20®C.

n  Peripheral blood RNA

Tail blood (50-100 pi) was colleceted in 200 pi 1 x Heparin (100 U /m l 

in PBS). To this volume 1.3 ml Li/Urea and 10 pg carrier tRNA was added. 

The extraction procedure performed was essentially the same as that for 

cultured cell RNA preparation, except that the final RNA pellet was 

resuspended in 10 pi TE.

2. 1. 3. Restriction enzyme digestion

Digests with restriction endonuclease were perform ed using the 

optim al conditions as recommended by the particular manufacturer. In 

general, digests were perform ed using 1 x restriction buffer, DNA at a

concentration of 10 ng to 1 pg /p l and 0.5-5 U of restriction enzyme per pg. 

Incubations were at 37®C unless recommended at other temperatures, and 

for time periods between 1 hour and overnight. For m ultiple restriction 

digest, the enzyme requiring the lowest NaCl concentration was first 

utilised, with the salt concentration inceased for the second enzyme with 

the higher concentration requirement. The total am ount of enzyme was 

always limited to no more than 10% of the volume of the restriction digest 

due to high glycerol inhibition. Partial restriction digests were used in 

making some constructs. This was performed by the addition of 0.02-0.06 

p g /p l e thidium  brom ide to the digest, and by reducing the enzyme 

concentration to 0.06 U /pl.
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2. 1. 4. Electrophoresis

I Agarose

Gel electrophoresis with norm al agarose or low m elting point 

agarose were carried out in gels varying from 0.6% to 2.0% agarose, and 

were run  in 1 x TAB solution. Ethidium  brom ide was added to a

concentration of 1 pg /m l before boiling the solution of agarose and 1 x TAB. 

Gels were cast into taped molds, and allowed to set at 4°C. Electrophoresis 

was performed between 1 and 10 V/cm. Visualization was achieved using 

either long or short wave UV illum ination and photographed onto 

Polaroid film or a video cam era/ image processing system (Cybertech CSl).

n  Denaturing polyacrylamide

Gels were made using solutions of acrylamide between 5% and 15% 

Accugel 40' '̂  ̂ acrylamide (40% acrylamide solution) (National Diagnostics) 

with 1 X TBE. Other gel components were 7 M urea, ammonium persulfate 

(0.1%), and TEMED (0.1%). Gels were cast between glass plates using spacers 

of 0.4 mm. Gels were run in 1 x TBE solutions at a power of 65-70 Watts. 

The gels were placed on two sheets of 3 MM Watman paper, covered with 

Saran wrap and dried under vacuum at 80^0 for 30 min for SI analysis, and 

1 hr for sequence analysis with Visualization was by autoradiography.

2. 1. 5. Blotting procedures

I Colony blots

Colony blots were perform ed with transform ations grown on LB 

plates overnight. Nitrocellulose filters (Schleicher & Schuell) were placed 

on top of the transform ed colonies and were allowed to wet through 

completely. Filters were marked asymetrically by piercing with a needle 

d ipped  in black water resistant ink. Each filter was peeled off with 

Millipore forceps and placed colony side up onto a square of W attman 

3MM paper soaked with dénaturation solution (1 min), transferred to 

neutralisation solution (5 min) then finally to 2 x SSC (5 min). Filters were 

air dried on 3MM paper then baked at 80®C for 2 hrs. Before hybridization.
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filters were washed for 1 hr at 42‘̂ C with three changes of 3 x SSC/0.1% 

SDS, to remove bacterial debris. Filters were prehybridized and hybridized 

as described below.

n Slot blot analysis of DNA

In order to quantitate Ly-6E.l-hGH transgene copy num bers in 

transfected cell populations, 5 pg of DNA was added to ddH 20 to produce a 

final volume of 180 pi, in an Eppendorf tube. To each sample 20 pi 4 M 

NaOH was added, mixed and left at room tem perature for 5 min. During 

this incubation the manifold apparatus was washed well with dH 2Û and 

dried. Two sheets of 3 MM paper were soaked in 2 x SSC and placed onto 

the manifold. A sheet of nitrocellulose was soaked in 2 x SSC and placed 

on top of the 3 MM paper and the top of the manifold was clamped into 

place. The apparatus was connected to a vacuum line and the wells were 

rinsed with 2 x SSC. To each DNA sample, 200 pi ice cold 2 M NH^OAc 

were added and mixed. Then the 400 pi sample was added to a slot. 

Controls for quantitation were also included, containing 5 pg pLCH 2/copy 

and 5 pg non-transgenic genomic DNA (Brady et al, 1993). After the last 

sample was added, the vacuum was continued for a further 5 min to dry 

the nitrocellulose filter. The filter was then removed from the manifold, 

air dried completely and baked at SO^C for 2 hrs. The same hybridization 

conditions were used as that for Southern blots and the blots were probed 

with a 5' 1.2 kb BamHI-Bglll hCH fragment. Filters were autoradiographed 

and analysed on a Molecular Dynamics Phosphorlmager. Quantitation of 

transgene copy num bers was perform ed by a direct comparison of the 

intensities to the controls. In order to quantitate for variations in DNA 

loading, the filters were stripped by incubating the filter with 0.1 M NaOH 

for 15-20 min with agitation, autoradiographed to confirm the stripping

was effective, and reprobed with a hum an p-actin probe (240 bp 

BamHI-Aval). Quantitation of test DNA was performed by a comparison of 

the average intensities of the controls.
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ni Slot blot analysis of RNA

A piece of nitrocellulose (0.45-micron pore size) was dipped briefly 

in water and then soaked in 20 x SSC for 1 hr at room temperature. Two 

sheets of 3 MM paper, soaked with 20 x SSC, were placed onto the manifold 

(pre-cleaned with 0.1 M NaOH and well rinsed with sterile ddH 20) and 

then nitrocellulose filter. The top of the manifold was then clamped into 

place, and connected to the vacuum line. All slots were rinsed through 

w ith 10 X SSC. To 5 pg of RNA dissolved in 10 pi ddH 20  (in a sterile 

Eppendorf tube), the following was added; 40 pi 100% formamide (nucleic 

acid grade); 14 pi formaldehyde (37%); and 4 pi 20 x SSC . This mixture was 

incubated at 68°C for 15 min and then cooled on ice. To each sample, 2 x 

vol of 20 X SSC was added, the samples were loaded into the slots and the 

vacuum was applied. After all the RNA solution had passed through the 

manifold, each slot was rinsed twice with 1 ml of 10 x SSC and the vacuum 

was continued for an additional 5 minutes to dry the nitrocellulose. The 

filter was left to dry at room temperature and then baked at 80°C for 2 hrs 

(Sambrook et al, 1989).

IV Southern blot analysis

To lOpg of genomic DNA, digested with the appropriate restriction 

enzyme, 1/5  vol orange G loading dye was added. The DNA was loaded 

onto an agarose gel (generally 0.8%) and electrophoresed overnight at 2.5 V 

per cm until the orange G dye had migrated towards the end of the gel. 

Bacteriophage Lambda DNA, digested with BstEII, was run alongside as a 

marker. The gel was photographed and the distances of migration Lambda 

m arker fragm ents was noted. The gel was inverted, and soaked in 

Southern blotting acid solution for 15-20 min w ith gentle agitation, 

followed by three changes (30 min each) of Southern blotting dénaturation 

solution. The gel was wet blotted by placing the inverted gel onto a wick 

comprised of a piece of 3 MM paper dipped into 20 x SSC in a tray below, 

and the following was set up from bottom  to top: nylon (Nytran)

membrane, soaked in 2 x SSC; 4 sheets of 3 MM soaked in 2 x SSC; a 5 cm
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stack of paper towelling; glass plate; two 500 ml bottles filled with water 

(weight approxim ately 1 kg). The gel was generally allowed to blot 

overnight, after which the lanes were marked with a water proof pen. The 

membrane was either UV treated in a UV Stratalinker 2400 (Stratagene) for 

1 min an d /o r baked for 2 hours at 80°C. The membrane was hybridized as 

described above (Sambrook et al, 1989).

2. 1. 6. Hybridization

I Colony hybridization

Colony hybridization was performed using oligolabelled fragments 

of DNA. The filters from colony lifts (see above) were wetted in 2 x SSC 

then incubated in Southern prehybridization solution supplem ented with

50 |ig /m l denatured salmon sperm DNA for 1 to 2 hours at 65^C with 

gentle agitation. The filters were then transferred to prewarm ed Southern 

hybridization solution containing heat denatured probes and denatured

salmon sperm  DNA (40 pg /m l) and hybridized at 65°C overnight. The 

filters were washed in 2 x SSC/0.1% SDS solution at 65°C for aproximatly 

30 min followed by 0.1 x SSC/0.1% SDS solution wash for a further 10-30 

min. The filters were air dried and autoradiographed.

n RNA slot blot hybridization

RNA slot blots were pre-wetted in 2 x SSC then incubated at 42®C 

for 1-2 hrs in RNA slot blot prehybridization solution. Hybridization was 

overnight with an incubation tem perature of 45°C, using heat denatured 

DNA probes (labelled using the oligo-labelling procedure, see below) in 

RNA slot blot hybridization solution. The blots were washed in 2 x 

SSC/0.1% SDS at 650C for 30 min and finally at 0.1 x SSC/0.1% SDS for 

10-20 min, air dried and autoradiographed an d /o r exposed for analysis and 

quantitation on a Molecular Dynamics Phosphorlmager. Probes used were 

as follows: a 761 bp EcoRI fragment from the Ly-6E.l cDNA (LeClair et a l,

1986); a 240 bp BamHI-Aval fragment from the hum an p-Actin cDNA 

(Gunning et al, 1983).
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m Southern blot hybridization

Southern blots were wetted in 2 x SSC and incubated at 65^C

overnight in Southern prehybridization solution containing 50 pg/m l 

denatured salmon sperm  DNA. Hybridization at 65^C was perform ed 

overnight in Southern hybridization solution containing heat denatured 

probe with 40 pg /m l salmon sperm DNA with 2 pg /m l mouse competitor 

genomic DNA. The blots were washed in 2 x SSC/0.1% SDS and 0.1 x 

SSC/0.1% SDS solutions, air dried and autoradiographed an d /o r exposed 

for analysis and quantitation on a Molecular Dynamics Phosphorlmager.

IV Oligo-labelling (random priming)

DNA fragm ents for use in hybrid ization  procedures were 

radioactively labelled in the following manner. 100 ng of DNA in 15 |xl 

total vol, was denatured by boiling for 4 min, then placed on ice for 1-2

min. To the DNA, 4 pi of 5 x OLB mix, 0.8 pi of 1 m g/m l BSA, 3 pi 32p

adATP, and 0.8 pi Klenow (5 U /pl) were added. The reaction was incubated

at 3 7 0 c  for 1 hr 30 min, terminated by the addition of 10 pi of 0.25 M EDTA 

and  pu rified  from  un inco rpora ted  label by sp in  G50 colum ns. 

Incorporation of isotope was estimated and only probes with a specific 

activity of over 1 x lO^cpm/pg were used for hybridization (Sambrook et al, 

1989).

2. 1. 7. Autoradiography

Autoradiography was performed at room tem perature or at -70^C 

when using intensifying screens. Film used was either Kodak XAR5 or 

Fuji RX 100 film. Alignment of film to radioactive gels or membranes was 

carried out with the use of phosphorescent markings.
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2. 1. 8. Cosmid library construction and screening

High molecular weight DNA was prepared from BALB/c mouse 

liver as described below. Partial digestion of 200 pg of DNA was carried out 

at 3 7 0 c  with 7.5 U of Mbol (diluted in 1 x Mbol buffer) for time periods of 5, 

15 and 25 min to produce fragments averaging between 30 kb and 50 kb in 

size, as determ ined by pulse field gel elecrophoresis. Reactions were 

stopped by the addition of EDTA to a final concentration of 25 mM, and the 

enzyme was heat denatured at 65°C for 15 min. The resulting DNA was 

ethanol precipitated with 0.3 M NaOAc and 2.5 x vol 96% ethanol, partially 

dried and resuspended in 100 pi TE, and fractionated by NaCl gradient 

centrifugation as described by DiLella and Woo (1987). The optimal sized 

fraction was ligated into the Bglll site of cosmid pLTC, a modified pTCF 

cosmid (Grosveld et al.,1982) with a Xhol site replacing the H pal site. 

Cosmid packaging was carried out using Gigapack Gold II (Stratagene) and 

the infection of SURE cells was perform ed according to m anufacturers 

instructions. The library was plated on Genescreen Plus filters (DuPont) 

placed on 20 x 20 cm (Nunc) library LB plates, supplem ented with 100 

p g /m l ampicillin, grown until colonies appeared (8-10 hrs), and replica 

plated as described by DiLella and Woo (1987). Replica filters were screened 

w ith an oligo labelled 761 bp EcoRI fragm ent from the Ly-6E.l cDNA 

(LeClair et al.,1986) with 1 m g/m l competitive mouse and 5 m g/m l E.coli 

and vector DNA. Cosmid hybridization conditions were carried out as 

described for Southern blot hybridization. Putative positive clones were 

identified by a comparison of replica filter autoradiographs, picked from the 

m aster plate and purified by 2° and 3° screening. Positive clones were 

further characterised by restriction digest and Southern blot analysis.

2. 1. 9. DNA sequencing

Sequencing of double stranded plasmid DNA was carried out using 

a dideoxynucleotide termination Sequenase”̂*̂ kit (USB) and supplemented

with either S^  ̂ or P^2 adATP (DuPont). Reaction conditions used were as 

described by the manufacturer’s protocol.
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Primers for the sequencing of most constructs and hypersensitive 

site regions were Bluescript T3 (5 '-A A T A A C C C T C A C T A A A G -3') and SK 

(5-TCTAGAACTAGTGGATC-3') primers. In addition, the internal primers for 

further sequencing of the 3' 0.9 kb Kpnl fragm ent of Ly-6E.l were SK2 

(5'-ATGACGACTCTGTGT-3') and SK3 (5'-TAGGAAGTCCTGCA-3').

2. 1. 10. DNase I hypersensitive site m apping

A variety of hematopoietic cell lines; TMIOG (Spanopoulou et al.,

1989), BW5147, EL4, FDCP-1 (Spooncer et al., 1986), YAC-1 and MEL cells 

were prepared for DNase I treatm ent as described by Pfeifer and Riggs, 

(1991). For the early thymocyte precursor cells from the Thy-ltk transgenic 

mice, the anim als were given daily subcutaneous injections 1.2 mg of 

Ganciclovir (Syntex) for 7 days as described by Dzierzak et al, (1993). Only 

significantly  reduced thym uses were used for DNase I ananlysis. 

Approximately 1x10^ cells were initially washed with 10 ml ice cold PBS, 

then 5 ml ice cold Buffer A and the final cell pellet was resuspended in 1 ml

Buffer A. The cells were permeabilized with 250 pg of lysolethicin for 1

min at 4^C and were pelleted and resuspended in 1 ml Buffer A. 100 pi 

aliquots of permeabilized cells were treated with increasing concentrations 

of DNase I (Boehringer Mannheim), from 0.8 to 120 U, for 10 minutes at 

3 7 0 c ,  except for a negative control with no DNase I, which was kept on ice. 

(Concentrations of DNase I used were adjusted with respect to the number 

of cells used). Reactions were term inated with 100 pi Stop buffer and

samples were treated with 50 pg RNase at for 1 hr and overnight at 

55®C with 0.15 mg Proteinase K. The DNA was purified 2 x with

phenol/ chloroform before ethanol precipitation (see section 2. 9. IV). 10 pg 

of purified DNA were digested with BamHl or H p a l , Southern blotted and 

probed with oligolabeled radioactive probes. Stringency conditions were 

increased to 2 x SSC in the hybridization mix, with the final washing of the 

filters pe rfo rm ed  at 0.1 x SSC/0.1%  SDS at 65*^C to reduce 

cross-hybridization of the probes to related genomic sequences.
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Probes: Ly-6A.2 and E.l hypersensitive sites were detected with 

probes derived  from subclones of cosm id cA3.1. The prom oter 

hypersensitive sites were detected using 5' probe BAl (BamHI-Asp718 300 

bp fragment, from -3300 to -3000 bp) on BamHI restricted, and 5' probe R1 ( 

a 447 bp Rsal fragment, from -1921 to -1474 bp ) and 3' probe NBl (a 816 bp 

Ncol-Bglll intron 3 fragment, from +4726 to +5542 bp) on Hpal restricted 

DNase I treated DNA. The downstream hypersensitive sites were detected 

using 3’ probe 4.3 (300 bp Hpal fragment, from +9000 to +9300 bp) and 5' 

probe Ex4 (Bglll-EcoRI 596 bp fragment, from +5542 to +6138 bp) on BamHI 

and Hpal restricted DNase I treated DNA respectively. These probes were 

found to contain no highly repetitive sequences. Control probes included 

the Thy-1 exon 4 ( 786 bp Apal-BamHl) probe to detect the intron 3

hypersensitive site (Spanopoulou et al., 1988), and the murine p-globin 1.1

kb Pstl-EcoRI probe, from -2.5 kb to -3.6 kb 5' to the ey CAP site (Shehee et 

ah, 1989) to detect the LCR HSl and HS2 (Jimenez et al, 1992).

2. 1. 11. PCR amplification

I Oligonucleotides

Oligonucleotides were purified as follows. To 180 pi of the heat 

deprotected olignucleotide in 30% ammonia solution, 30 pi 2 M NaOAc 

were added and precipitated with 600 pi of ethanol for a least 15 min on 

dry ice. The DNA was collected by centrifugation, washed with 70% 

ethanol, air dried, resuspended in ddH 20 at a concentration of 100 - 500 

n g /p l and stored at -20°C.

n DNAPCR

PCR reactions: PCR was used to amplify exon 4 of Ly-6E.l for 

sequence analysis; to engineer a Clal site within the first exon of the Ly-6E.l 

gene in order to insert reporter genes; and to make 5' deletion constructs 

pLGH 5 and pLGH 6. PCR reactions were performed in 500 pi Treff tubes 

and contained the following: 10 -100 ng of template; 100 ng of each primer; 

1 X PARR Excellent buffer (Cambio); 5 U Taq polymerase (Cambio) and 0.3
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mM dNTPs in a total volume of 40 |il. The reaction mix was overlayed 

w ith 40 |il parafin oil. Reactions were carried out in a Techne PHC-2 

machine with reaction conditions: 1 cycle at 94^C for 5 min; 35 cycles at 

9 4 0 c  for 1 min, 45 - 6 5 %  for 1 min 30 sec and 72^C for 30 sec; finally 1 cycle 

at 72^C  for 5 min. PCR products were visualised by agarose gel 

electrophoresis and the bands were purified using low m elting point 

agarose in order to make constructs. (Innis et a l, 1990).

DN A  p rim ers : PCR p rim e rs  sp ec ific  for exon 4

(5'-GTCCAGGTGCTGCCTCCATT-3' and 5'-GGAAGCTCTGTTGTCCCTGC-3') were 

designed to specifically amplify a 214 bp fragment from the cosmid clone 

cA3.1. The primers used to generate a construct with a unique Clal site 

within exon 1 of the Ly-6E.l gene were as follows: a 5' fragment 295 bp in 

s iz e  f l a n k e d  by  5' H i n d i  a n d  3' C l a l  s i t e s  

( 5 ' - A A G T C A A C T G T G G C C T C T G C C C C T - 3 '  a n d  

5'-TCACCTCATCGATCCCTCCTCACA-3') and a 3' fragment of 125 bp in size 

flanked by 5' Cla I and 3' EcoRI sites (5'-TGAGGAGGGATCGATGAGGTGA-3' and 

5'-A G T G A A T TC A T G T C T G C C T G C A -3'). The prim ers used to generate the 

p L G H - 5  a n d  p L G H - 6  c o n s t r u c t s  w e r e  5' p r i m e r s  

5 ' - A A A G G T A C C T T G A T C A G G T C A C A A A C A A A T C T T G - 3 '  and 

5'-AAAGGTACCATGGGTGGCCTGGAAAAGGTTAAGT-3’ to generate 188 bp and 165 

b p  f r a g m e n t s  r e s p e c t i v e l y  w i t h  3 ' p r i m e r  

5'-TCACCTCATCG ATC CCTCCTCAC A-3'. A ll prim ers were checked for the 

absence of potential hair-pin loop form ation and to verify that no 

overlapping sequence between primers used in the same reaction was 

present.

m RT-PCR
Reverse transcriptase reaction: RNA was prepared from peripheral 

blood from hGH transgenic mice (as described below) and transfected 

NIH3T3 cells as controls. cDNA was made from 1/2  of the peripheral blood 

RNA and dilutions of the NIH3T3 RNA using sterile reagents and sterile 

positive displacem ent pipette tips, in a tissue culture hood to avoid
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contamination. The reaction was perform ed as follows. The RNA, in a 

total vol of 5 [l\, was heat denatured at 65<^C for 10 min and then placed 

directly onto ice. To the RNA, 15 pi of RT mix (1.25 x RT buffer, 2 mM 

dNTPs, 0.67 mM DTT, 0.67 ng RNasin, 10 U Super RT (HT Biotechnology) 

and 3.3 ng oligo dT) were added and incubated at 4 2 for 2 hrs. At the end 

of the reaction, 30 pi of 1 mM Tris (pH 7.5) was added. The cDNA were 

frozen at -20°C for further use.

PCR reaction: In the preparation of all reagents, care was taken to 

avoid DNA or RNA contamination. To 5 pi of the cDNA mix, 100 ng of 

each primer was added in addition to the PCR mix (final concentration: 1 x 

N H 4 buffer (Bioline), 0.7 mM dNTPs, 5.25 mM MgCl2 (Bioline) and 1.25 U 

Taq polymerase (Bioline)) to produce a final vol of 40 pi. The reaction 

conditions were as follows: 1 cycle at 94^C for 5 min; 40 cycles at 94°C for 30 

sec, 50^C for 40 sec and 72°C for 30 sec; 1 cycle at 72^C for 10 min. Reactions 

were perform ed in a Techne PHC-2 PCR machine. PCR products were 

visualised by agarose gel electrophoresis and Southern blot analysis.

Primers: The Ly-6 E.l-hCH hybrid transcript was detected using 5' 

Ly-6 E.l exon 1 specific primer 5'-ACTGTCCCTGCAACCTTGTCTGAGA-3' and 

hGH exon 2 specific prim er 5'-GAAGGCACTGCCCTCTTGAAGCCAGG-3'to 

produce a fragm ent of 2 2 5  bp. Control HPRT prim ers used were 

5 '-C A G A G G A C T A G A A C A C C T G C -3' and 5'-GCTGGTGAAAAGGACCTCT-3' as 

described by Keller et a/,(1993).

2. 1. 12. Construct formation

I Ligations

Ligations were perform ed as follows: 10 to 100 ng linearized

plasmid, 50-200 ng insert, Ix ligase buffer with IpL T4 DNA ligase (1 U /pl)

in a 10 pi ligation reaction. Ligations were incubated overnight at 16^C and 

were used undilu ted  for colony transform ations or were purified for 

electroshock transformations.
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n Com petent bacteria/transform ation

C aC l2 transform ation: CaCl2 com petant cells were prepared as 

follows. An LB plate was streaked with the required strain of bacteria and 

grown overnight at 370C. A single colony was innoculated into 10 ml L 

broth and again grown overnight at 37® C with shaking. The next day, 100 

|il of overnight culture were added to two flasks each containing 250 ml 

pre-warmed L broth and grown to an OD500 0 5. The cultures were cooled 

rapidly to 0-5 ®C in an ice bath and the cells were pelleted in GSA bottles at 

4®C at 4 k rpm  for 8 min. The cells from each culture were resuspended in

62.5 ml ice cold sterile 0.1 M MgCl2 using a 10 ml pipette. The cells from 

each culture were then pooled and re-pelleted at 4 k rpm at 4®C for 8 min. 

The cell pellet was resuspended in 31.25 ml ice cold sterile 0.1 M CaCl2 . The 

cells were left for 20 min on ice and then re-pelleted at 4 k rpm. The 

bacterial pellet was resuspended in 30 ml of sterile ice cold CaCl2 and 

glycerol mix (26.5 ml 0.1 M CaCl2 and 3.5 ml glycerol) and 200 pi aliquotes 

were snap frozen in Eppendorf tubes in an alcohol-dry ice bath, and stored 

at -70®C until needed.

Transform ations were perform ed as follows. Frozen competant 

cells were thawed rapidly and placed immediatly onto ice. 100 pi of cells 

were added directly to the ligation mix (or a dilution of the ligation in TE to 

give generally 10 to 100 ng) and left on ice for 30 min. The bacteria/DNA 

mix was heat shocked at 42®C for 90 sec and placed immediately back onto 

ice. 1 ml of LB was then added to the bacteria/DN A mix and transferred 

into a 30 ml Sterilin tube and incubated with shaking at 37®C for 30 min 

before plating 100 pi (or dilutions) onto LB plates containing ampicillin at 

100 pg/m l. Colonies were allowed to grow overnight at 37®C before being 

analysed. Typical efficiencies achieved were approximately 1 x 10^ -10^ 

transformed colonies per pg of plasmid DNA (Sambrook et al, 1989).
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Electroporation: Preparation of electroporation competent cells was 

as follows. 10 ml of LB media was innoculated with one colony of the 

required bacterial strain and grown overnight at 37°C with shaking. 5 ml 

of this culture was used to inoculate 1 1 of pre-warm ed LB media in a 2 1 

flask and was further grown to an OD^qo of 0.5. The culture was chilled in 

an ice/w ater bath for 15-30 min, and centrifuged at 4 k rpm in 1 1 bottles for 

15 min at 40C. All subsequent solutions were ice cold. The bacterial pellet 

was resuspended in 1 1 of ddH 20, and recentrifuged as before. The bacterial 

pellet was then washed in 0.5 1 of ddH 20  and recentrifuged. The pellet was

resuspended in 20 ml of a 10% glycerol solution (v/v) and recentrifuged as 

before. The final pellet was resuspended in 2-3 ml of 10% glycerol.

Aliquoits of 200|il were placed in Eppendorf tubes, frozen on dry ice, and 

stored at -70^C until needed.

Transform ations w ith these cells was perform ed as follows. 

Ligation reactions were purified by phenol/ chloroform extraction and 

precipitated with the addition of 1/10 vol 2 M NaOAc and 2.5 vol of 96% 

ethanol. DNA was recovered after precipitation on dry ice for 10 min and 

by centrifugation at 14 k rpm for 15 min. The pellet was washed with 70%

ethanol, air dried briefly, and resuspended in 5 |li1 of ddH 20 . For 

electroporation, an aliquot of competent cells was thaw ed rapidly and

placed immediately on ice. 40 |il of competent cells were added to 1-5 |il of 

DNA solution (typically 10 to 100 ng), mixed and left on ice for at least 1 

min. The bacterial/DNA mix was transferred to the bottom of a prechilled 

0.2 cm Biorad Gene Puiser cuvette. Electroporation was performed using

the Biorad Gene Puiser set on the following param eters: 2.5 kV, 25|iF. 

Immediately after pulsing, approximately 1 ml of pre-warmed SOC media 

was added to the cuvette, mixed and transferred to a 30 ml Sterilin tube. 

Following incubation at 37^0 with shaking for 20 - 30 min, the culture was 

plated as above. Typical efficiencies were estimated to be approximately 1 x
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10  ̂-10^ transformed colonies per pg of plasmid (Sambrook et al, 1989).

m  Bacterial culture

Escherichia coli strains SURE (Stratagene), D H 5a and DHIOP were 

grow n at 37^C  in LB broth  media. For seletion, the m edia was 

supplem ented with ampicilin at a final concentration of 100 pg/m l. Small 

culture were grown in Sterilin 30ml sterile tubes with shaking at 250 rpm. 

Large cultures were grown in sterile fluted flasks with agitation at 200 rpm. 

Transformations were selected on LB plates supplem ented with 50 or 100 

p g /m l ampicillin.

IV Constructs

pAB14neo: pAB14neo contains a 14 kb BamHI fragment, encoding 

the Ly-6E gene from cosmid clone cA3.1 and was constructed in pPolylll I 

vector for transfection analysis. The plasmid also contains a 1 kb Xhol-Sall 

fragm ent from pM ClNeo (Stratagene), encoding the neomycin resistance 

gene under control of a thymidine kinase (TK) promoter, for the selection 

of transfected populations and clones. The constuct was linearized with 

SphI prior to transfection.

pBGH: This promoterless construct contains the hGH gene from

p 0 G H  (Selden et al., 1986) inserted into B luescript KS plasm id 

Hindlll-EcoRI sites. This construct generates multiple cloning sites both 3’ 

and 5' to the hGH gene to insert regulatory regions of the Ly-6E.l gene and 

forms the backbone for all the pLGH constructs. This constuct was 

linearized with EcoRI prior to transfection.

pT K G H : pTKGH contains the TK prom oter in front of the hGH 

gene as described by Selden et a/,(1986). The plasmid backbone is pUC12. 

Prior to transfection, the constuct was linearized with Ndel.

pL GH -2 :  pLGH-2 construct contains the Ly-6E.l interferon

responsive sequence and promoter (1.8 kb KpnI-Clal fragment) cloned in
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front of the hGH gene in pBGH. The PCR-generated Clal site at +54 bp 

(Chapter 2. 1. 11. II) is in non-translated exon 1 and links onto the 

non-translated region of the hCH gene. The PCR-generated fragments 

were sequenced to confirm that no base changes were incorporated into the 

construct. This construct forms the backbone for 3' deletion constucts. 

Prior to transfection, the constuct was linearized with Notl.

pLGH-5: pLCH-5 is a deletion construct in which the interferon 

responsive sequence and the promoter of the Ly-6E.l gene upstream of -157 

bp has been removed. The proximal CCAAT box and a purine rich 

element w ithin the prom oter have been retained. The prom oter region 

was PCR-generated (Chapter 2.1. 11. II) and Kpnl and Clal sites were placed 

at the ends of the primers to facilitate cloning. This 212 bp fragment was 

cloned into pBCH at the KpnI-Clal sites and the construct was sequenced to 

ensure that no base substitutions had occured in the PCR procedure. Prior 

to transfection, the constuct was linearized with Notl.

pLGH-6: pLCH-6 is also a deletion construct in which the interferon 

responsive sequence and a proximal CCAAT box, upstream of -112 bp, have 

been removed. The purine rich element within the prom oter has been 

retained. The promoter region was PCR-generated (Chapter 2. 1. 11. II) and 

Kpnl and Clal sites were positioned at the ends of the primers to facilitate 

cloning. This 166 bp fragment was cloned into pBCH at the KpnI-Clal sites 

and the construct was sequenced to ensure that no base substitutions had 

occured during the PCR. Prior to transfection, the constuct was linearized 

w ith Notl.

pLGH-7: This construct contains the Ly-6E.l gene prom oter and 

in terferon  responsive sequence from pLCH-2, with an additional 

downstream EcoRI 2.6 kb fragment from the Ly-6E.l gene (from +2.94 kb to 

+5.54) cloned 3' of the hCH gene at the EcoRI site, in the correct orientation. 

The constuct was linearized with Notl for transfection.

pLGH-8: This construct contains the Ly-6E.l gene prom oter and 

interferon responsive sequence from pLCH-2 with a downstream EcoRI 2.6 

kb fragment from the Ly-6E.l gene (from +2.94 kb to +5.54) cloned 3' of the
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hGH gene at the EcoRI site, in the opposite orientation to pLCH-7. Prior to 

transfection, the constuct was linearized with Notl.

pLGH-10: pLGH-10 contains the Ly-6E.l gene prom oter and

interferon responsive sequence from pLGH-2 with the downstream region 

of the Ly-6E.l gene (from +2.94 kb to +10 kb) cloned 3' to the hGH gene. 

This was accomplished by partial restriction of pLGH-7 with EcoRI to 

linearise the construct at the most 3' EcoRI site, w ith restriction at the 

unique 3' N otl site in the polylinker, and the insertion of a 4.46 kb 

EcoRI-Notl fragment (containing the most 3' sequence) from a subclone to 

form the complete 3'region to +10 kb. The constuct was linearized with 

N otl for stable transfection.

pLGH-11: pLGH-11 construct contains the Ly-6E.l gene promoter 

and interferon responsive sequence from pLGH-2 with the downstream  

region of the Ly-6E.l gene from +2.94 kb to +3.54 kb cloned 3’ to the hGH 

gene. The construct was made by a 3 part ligation of the 3.8 kb KpnI-EcoRI 

fragment from pLGH-2 (containing the promoter and hGH gene) to the 0.6 

kb EcoRI-Hindlll 3' fragm ent to Bluescript plasm id restricted with 

KpnI-Hindlll. Prior to transfection, the constuct was linearized with Notl.

pLGH-17: pLGH-17 construct contains the Ly-6E.l gene promoter 

and interferon responsive sequence from pLGH-2 with the downstream  

region of the Ly-6E.l gene, from +2.94 kb to +8.1 kb, cloned 3' of the hGH 

gene. This construct was made by restricting pLGH-10 with Kpnl to 

produce a 9 kb fragment, which was subsequently re-ligated into Bluescript 

restricted at the Kpnl site. The constuct was linearized with Notl prior to 

transfection.

pLGH-18: Construct pLGH-18 is based on construct pLGH-17, but 

contains an additional 0.9 kb fragment (from +8.1 kb to +9.0 kb) ligated at 

the 3' region of the construct. This construct was made by partial Kpnl 

restriction of pLGH-17 to linearise the construct, and the 0.9 kb Kpnl 

fragment was cloned into the 3' region in the correct orientation. Prior to 

transfection, the constuct was linearized with Notl.
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pLGH-19: pLGH-19 construct contains a 1.4 kb H indlll fragment of 

the Ly-6E.l gene, from +7.8 kb to +9.2 kb, 5' to the TK promoter of pTKGH. 

This construct was made by H indlll restriction of a subclone of cA3.1, and 

this fragm ent was cloned into the 5' H ind lll site w ithin the pTKGH 

polylinker. This construct was linearized with Seal prior to transfection.

2. 1. 13. 81 Nuclease protection analysis

I Kinasing of probes

For the kinasing of DNA fragm ents, the 5’ phosphates were 

removed post digestion by the addition of 1 pi of calf intestine alkaline 

phosphotase (1 U /p l) and incubation at room tem perature for 15-20 min. 

Specific phosphatased  fragm ents w ere separa ted  by agarose gel 

electrophoresis, excised and purified by either Ceneclean™ (Stratagene) or 

purified from low melting point agarose as described.

Labelling reactions were perform ed using 32p yd ATP, Ix Kinase 

buffer, 10 to 100 ng of DNA, and T4 polynucleotide kinase and were 

incubated at 37^C  for 1 hr. The reactions were term inated with the

addition of 1 pi of 0.5 M EDTA and 1 pi 10% SDS, and were separated from 

unincorporated  label by C50 columns. Incorporation of isotope was 

calculated and only probes with a specific activity of over 1 x 10^ cpm /pg  

were used for SI hybridization.

n 81 analysis

SI nuclease protection analysis was perform ed to detect and 

quantitate RNA in transfected cells and transgenic mice. For the assay,

l-20pg of total cellular RNA was precipitated with 10 ng of probe by the 

addition of 1/10 vol 2 M NaOAc and 2.5 vol of 96% ethanol, and 

incubation on dry ice. The nucleic acid was collected by centrifugation, air

dried briefly, and resuspended in 15 pi of SI nuclease hybridization buffer. 

The tubes were incubated at 90^C for 5 min to denature the RNA and the 

probes, then the tubes were transferred immediately to a water bath at
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53-540C, and allowed to hybridize for 16-18 hr. To each tube 200 }il of ice 

cold SI digestion buffer mixture was added (containing Ix 81 digestion 

buffer, 100 units 81 nuclease and 10 p.g carrier tRNA) and vortexed. The 

tubes were placed on ice and transferred to water bath at 23^C to digest for 2 

hours. The reaction was terminated by placing the tubes on ice, extracted

with 200 |il phenol/ chloroform, and precipitated with the addition of 2.5 

vol of 96% ethanol on dry ice. The DNA was collected by centrifugation, air

dried , and resuspended in 5 |il of 81 loading buffer. Samples were 

denatu red  at 90®C for 3 m in, placed on ice, and loaded onto an 8% 

denaturing polyacylamide gel. The gel was electrophoresed and visualised 

as described above. The bands were quantitated by analysis on a Molecular 

Dynamics Phosphorlmager.

81 probes were as follows: hum an p-actin, 240 bp BamHI-Aval 

fragment (Gunning et a l, 1983); hGH, 600 bp Xmal fragment spanning exon 

5-intron 4 (Denoto at al., 1981); and Ly-6A.2/Ly-6E.l, 813 bp EcoRI-Ndel 

spanning exon 4-intron 3 (Khan at al, 1990).

2. 2. Cell culture, transfection and transgenic procedures

2. 2. 1. Tissue culture 

I BW5147

The m urine T-cell lymphom a (CD4"CD8") was grown in DMEM 

media supplemented with 10% fetal calf serum  (FC8), 10 U / m l  penicillin, 

10 p g /m l streptomycin, and 2 mM L-glutamine at 37^0 and 5% CO2  at 

densities between 5 x 10^ and 2 x 10^/m l. Cell m anipulations were 

perform ed generally at room tem perature unless otherwise stated and 

centrifugation was carried out at Ik  to 1.5k rpm  in bench top centrifuges. 

Plasticware was generally Nunclon, Costar or Falcon.
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n EL4

EL4 line is a mature murine T cell line (CD4+CD8') and was grown

in RPMI , supplem ented with 10% PCS, 5 x 10"5 M p-mercaptoethanol, 10 

U /m l penicillin, 10 pg /m l streptomycin, and 2 mM L-glutamine at 37°C 

and 5% CO2  at densities between 5 x 10"̂  and 2 x 10^/m l. All other 

conditions used were as described above.

in FDCP-l
FDCP-1 (mix) is an IL-3-dependent haematopoietic progenitor cell 

line (Spooncer et al., 1986) and was grow n in Fischer's m edium  

suplem ented with 15% WEHI-3B conditioned medium, 20% horse serum, 

10 U /m l penicillin, 10 pg /m l streptomycin, and 2 mM L-glutamine at 37°C 

in a sealed flask, gassed with CO2  at densities between 5 x lO'  ̂ and 2 x 

lO^/ml. Plasticware and manipulations were as described above.

IV MEL
Murine erythroleukaemia (MEL) cell line C88 (Marks and Rifkind,

1978) was grown in a  MEM media supplem ented with 10% ECS (batches 

were tested to prevent spontaneous differentiation), 10 U /ml  penicillin, 10 

p g /m l streptomycin, and 2 mM L-glutamine. Other cell growth conditions 

of the suspension cells were 37^C 5% CO2  at densities generally between 5 x 

10"̂  and 2 x 10^/ml with plasticware and manipulations as above.

V NIH3T3
This adherent m urine fibroblast cell line was grown in DMEM 

m edia with 10% ECS, 10 U / m l  penicillin, 10 p g /m l streptomycin, and 2 

mM L-glutamine. Cells were grown at a density between 1 x 10^ and 1 x 10^ 

cells per 10 cm Costar petri dish in an incubator with growth conditions as 

described above. Cells were split by removing the media, washing the cells 

w ith 10 ml PBS and trypsinisation with 1 ml Trypsin Vers for a few 

minutes at 370C. The dishes were tapped vigorously to detach the cells and
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10 ml media was replaced and repeatedly pipetted to produce a single cell 

suspension. The cells were generally replated at a density of 1 x 10^ cells 

per 10 cm dish.

VI TMIOG

The TMIOG line (Spanopoulou et al., 1989), a m urine imm ature 

thymocyte cell line (CD4+CD8'''), was grow n in suspension in RPMI 

suplem ented with 10% PCS, 10 U /m l  penicillin, 10 p g /m l streptomycin, 

and 2 mM L-glutamine, with grow th conditions as described for the 

BW5147 cell line.

VII YAC-1

This m ature T cell line was grow n in suspension in RPMI 

suplem ented with 10% PCS, 10 U /m l  penicillin, 10 p g /m l streptomycin, 

and 2 mM L-glutamine, with growth conditions as described for the 

BW5147 cell line.

VIII y-Interferon induction

Por the initial induction analysis of Ly-6E.l and Ly-6A.2 (Chapter 3),

the concentration of recombinant-murine y-interferon (Genzyme) was used 

at 250 U /m l, with an induction period of 48 hrs. Por further experiments, a

titration of the y-interferon was perform ed and surface expression of 

Ly-6A.2 and Ly-6E.l, in transfected MEL cells, was quantitated by PACS 

analysis. The levels of surface expression d id  not vary betw een

concentrations of 50 U /m l  and 250 U /m l  y-interferon w ithin MEL cells 

(data not shown), and T-cells as dem onstrated by Dum ont et al, (1987a).

Therefore, subsequent y-interferon induction was carried out for 48 hrs 

with 100 units/m l for Ly-6A.2 and Ly-6E.l induction (Chapters 4 and 5).

DC Cell storage

Cells were initially counted and 1 x 10^ cells per vial were
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centrifuged at 1.5 k rpm, the media was removed and replaced with 1 ml 

filter sterilized freezing media (normal media + 10% DMSO) per 1 x 10? 

cells. The 1 ml vol was then transferred to a freezing vial and either snap 

frozen in dry ice (for MEL cells) or frozen slowly in an isopropanol-filled 

freezing apparatus at -70°C. Cells were stored in liquid nitrogen.

Cells were defrosted rapidly in a 37^C water bath and transferred 

immediately into 10 ml prewarm ed media. The cells were then peletted by 

centrifugation to rem ove residual DMSO, and resuspended in fresh 

pre-warm ed culture media.

2. 2. 2. Transfection of cultured cells

I MEL

For stable transfectants, 50 pg of pAB14neo and pGUS5neo were 

linearized with restriction enzymes SphI and H indlll respectively. The 

DNA was ethanol precipitated, washed with 70% ethanol, partially dried 

and resuspended in 40 pi PBS. The MEL cells (in log phase growth) were 

washed twice with ice cold RPMI, and resuspended at 1 x 10? cells/m l. 

Cells (800 pi ) were mixed with the DNA, pipetted into an ice cold Biorad 

0.4 mm electroporation cuvette, and left for 10 min on ice. The cells were 

subsequently electroporated at 250 V, 950 pF for 20 ms and the cuvette was 

replaced on ice for 10 min before adding the cells back to fresh pre-warmed 

media. After 24 hrs, transfected cells were selected with 800 pg /m l G418 for 

fourteen days. Populations of cells were frozen and clones were selected by 

limiting dilution of the population into 96 well plates. Resulting clones

were expanded and induced with 250 U /ml  recombinant y-interferon for 

48 hrs and analysed for Ly-6E.l transgene expression and endogenous 

Ly-6A.2 expression by FACS analysis.

In order to analyse stably transfected MEL cells for expression of 

Ly-6-hGH constructs LGH 2, 5, 6 and TKGH (Chapter 5. 2. 1.), 50 pg of each 

linearized construct and 5 pg linearized G418 resistant plasmid pMCIneo 

(linearized w ith H indlll) were co-transfected into 1 x 10^ cells with 

e lectroporation  and selection conditions as described above. The
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populations were analysed for hGH expression by human growth hormone 

radioim m une assays and SI analysis. The populations were frozen and 

DNA was prepared for transgene copy number quantitation.

For the analysis of the Ly-6-hGH constructs TKGH, LGH 2, 7, 8, 10, 

11,17,18 and 19 (Chapters 5. 2. 2.-3.), 80 jig of each linearised construct, with 

20 pg linearised G418 resistant plasmid pMCIneo, were co-transfected into 3 

X 10^ cells with electroporation conditions as described above. After 

electroporation, the cells were split equally into three separate flasks to 

produce three independent populations. G418 selection was applied after 

24 hrs at 800 pg /m l for a period of 14 days before the populations were 

analysed for hGH expression by hum an grow th hormone radioim m une 

assays and SI analysis. Populations were frozen and DNA purified for 

transgene copy number quantitation.

n NIH3T3

LipofectAMIDE’̂ '̂  (GIBCO) was used for the stable transfection of 

NIH3T3 cells with Ly-6-hGH constructs A pproxim atly 24 hrs before 

transfection the NIH3T3 cells were seeded at 2 x 10^ cells per 3.5 cm well in 

a 6 well tissue culture dish (Costar) which resulted in each well being 

60-80% confluent. Before transfection, the following was prepared: 2 pg of 

linearised construct and 0.5 pg G418 resistant linearised plasmid pMCIneo 

(in a volume of 2 pi with PBS) in a sterile Eppendorf tube with 100 pi 

serum  free DMEM; and 20 pi of LipofectAMIDE’’’'̂  in 100 pi serum free 

DMEM in a sterile Ependorf. These two solutions were mixed gently and 

incubated at room temperature for 45 min. During this time, the cells were 

w ashed once with pre-warm ed serum free DMEM, which was removed 

p rio r to transfection. 800 pi serum  free DMEM was added to the 

DNA/LipofectAMIDE mixture and overlayed gently onto the rinsed cells, 

and incubated at 370C, 5% CO2 for 5 hrs. Following this incubation period, 

1 ml of DMEM media supplem ented with 20% FCS and L-glutamine (2 

mM) was added to the cells and incubated a further 24 hrs. The following 

day the media was replaced with selection media, DMEM with 10% FCS, 10
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u / m l  penicillin , 10 p g /m l streptom ycin, and L-glutam ine (2 mM) 

supplem ented w ith 600 pg /m l G418. Cells were selected for 14 days and 

approxim ately 200 clones were observed per transfection. The cells were 

replated, expanded and the populations of cells were analysed for hCH 

expression using the hum an growth hormone radioimmune assay and SI 

analysis as described. DNA from the populations was prepared for 

transgene copy num ber determ ination, and the individual populations 

were frozen.

m  TMIOG

Populations of TMIOG cells were analysed for the expression of 5' 

and 3' deleted Ly-6-hGH constructs. 50 pg of each linearized construct and 5 

pg of G418 res is tan t p lasm id  pM CIneo w ere co-transfected  by 

electroporation into 1 x 10? cells using elecroporation conditions of 280 V, 

950 pF and 20 ms. All other elecroporation procedures used were as 

described  for MEL cells. Selection was perform ed 24 hrs after 

electroporation in TMIOG media supplem ented with 600 pg G418 for 14 

days. DNA from  the populations was prepared  for copy num ber 

determ ination and the cells were analysed for hGH expression using the 

hum an grow th horm one radioim m uno assay. Populations were also 

frozen.

2. 2. 3. Fluorescence-Activated Cell Sorter (FACS) analysis

All procedures described, unless stated, were carried out in ice. 

Approxim ately 1 x 10^ cells were used for staining. Cultured cells were 

placed in 15 ml Sterilin tubes and were pelleted by centrifugation at 1.5 k 

rpm  for 5 min at 4°C. The media was removed and the cells were washed 

with 5 ml ice cold FACS medium, by vortexing the cells and centrifugation 

as above. After rem oving the wash, the cells were resuspended in 

approximately 100 pi of FACS media, and 1 pg of monoclonal antibody was 

added to the cells, vortexed and left on ice for 20 min. Cells stained with 

fluorescent conjugated m onoclonal antibodies w ere kept in dark
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conditions. For cells labeled with monoclonal antibodies from hybridoma 

supernatant, the cells were washed with 5 ml FACS medium after initial 

labelling, cen trifuged  as above, and 1 pg of a second layer of 

flourescent-labeled anti-mouse IgG-PE was added to the cells in 100 pi of 

FACS m edium , and incubated for 20 m in in dark  conditions. After 

incubation, the cells were washed once with FACS medium and once with 

ice cold PBS and then resuspended in 200 pi FACS Fix. Cells were filtered 

through nylon mesh into Becton Dickinson FACS tubes and kept at 4®C 

until analysis using a Becton Dickinson FACSCAN cell sorter.

Monoclonal antibodies from hybridom as SK70.94 (Feeney et ah, 

1976) and S8.106 (Kimura et al.,1984) were used to detect Ly-6E.l transgene 

expression and endogenous Ly-6A.2 expression respectively. Sca-1 

hybridom a, E13 161-7 (Aihara et al., 1986) and FITC-labelled D7 

(PharMingen) were also used to detect both Ly-6A.2 and Ly-6E.l suface 

expression. Anti-mouse IgG-PE (Biogenesis) was used as a second antibody 

for detection of non-labelled monoclonal antibody binding. Additional 

m onoclonal antibodies used were: m urine CD72, biotin labelled with 

second layer IgGPE-strepavidin (Immunex); m urine CD4, PE directly 

labelled (Beckton Dickinson Immunocytometry Systems); m urine CD8, PE 

directly labelled (Beckton Dickinson Immunocytometry Systems).

2. 2. 4. H um an growth hormone assay

I Cell preparation for assay

After selection of stably transform ed populations, the cells were 

trypsinised, counted in a haemocytometer, and 1 x 10^ 3T3 cells, 1 x 10^ MEL 

cells or 1 X 10^ TMIOG cells were pipetted and pelleted in a sterile 

Eppendorf. Cells were resuspended into 1 ml of fresh media and split into 

two wells in a 24 well culture dish (Costar) for m easurement of the basal

level and y-interferon induced hGH expression. Cells were cultured for 48 

hrs, with no media changes, before 100 pi of the supernatant was analysed

and quantitated for hGH levels. y-Interferon induction was at 100 U /m l.

100



n Hum an growth hormone assay

A Tandem-R H um an Growth Horm one radioim m uno assay kit 

was used to quantitate levels of hCH  in the supernatant, with assay 

conditions as described by the manufacturer. Briefly, 100 |il of test cell 

supernatant, or control, was pipetted into Becton Dickinson FACS tubes 

con tain ing  a bead conjugated w ith an ti-hum an  g row th  horm one 

monoclonal antibody. 1 0 0  |il o f  a  1 ^ 2 5  labelled second monoclonal antibody 

(tracer) was added to each sample and was incubated at 37^0 for 4 hrs with 

agitation. Each bead was then washed twice w ith the wash solution 

provided, and aspirated and blotted dry to remove residual unbound tracer.

Each bead was transferred to a fresh tube and the y irradiation emissions 

were counted in a LKB Wallac 1282 Compugamma CS universal gamma 

counter. Human growth hormone levels were calibrated with the positive 

controls, and the level of hGH in the test supernatant was adjusted with a 

non-transfected cell control for background levels. Expression levels of the 

constructs calibrated w ith standard controls and expression levels were 

calculated in pg hG H /m l supernatant/copy of transgene after 48 hrs, with

or w ithout y-interferon induction.

2. 2. 5. Transgenic mouse generation and analysis

Transgenic animals were kindly generated by (Colin Miles and Alex 

Harper), using DNA prepared as described below. Plasmid DNA purified by 

C sC l/ethidium  bromide gradients was digested with restriction enzymes to 

remove bacterial sequence, and was purified on low melting point agarose 

gels as described. The DNA was further purified by binding it to an Elutip 

column (Anderman) under low salt (0.2 M NaCl, 20 mM Tris (pH 7.5), 1 

mM EDTA), then elution using a high salt (1 M NaCl, 20 mM Tris (pH 7.5), 

1 mM EDTA). The DNA was again precipitated, washed, and resuspended 

in a solution of 10 mM Tris, 0.1 mM EDTA. The DNA was diluted to an

approximate concentration of 1 -2  n g /p l and checked visually by agarose gel 

electrophoresis with known standards. Prior to microinjection, the DNA
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solution was centrifuged for 30 min to remove any particulate matter and 

rem oved to a clean tube. The DNA was then microinjected into the 

pronuclei of CBA x C57/B110 FI fertilised m ouse oocytes which were 

allowed to divide to the two cell stage before im plantation into the 

oviducts of pseudopregnant CBA x C57/B110 FI female mice (Hogan et a l, 

1986). Transgenics were identified by purifying DNA from tail biopsies 

(Hogan et al., 1986). This DNA was restriction digested with Bglll and 

screened by Southern blot analysis with a 5' hGH BamHI/Bglll 1.2 kb probe. 

Copy num ber quantitation was carried out by com parison of band 

intensities w ith diluted plasmid (10 pg pL G H 2/copy/10 pg DNA) copy 

num ber controls on a Molecular Dynamics Phosphorlm ager. All animal 

procedures were carried in accordance w ith the Anim als Scientific 

Procedures Act, Home Office, London, UK.

2 . 3. Reagents: buffers and solutions

Agarose gel retardation loading dye: 2 0 % Ficoll 400, 0.25% orange G.

Buffer A: (Ix) 150 mM sucrose, 80 mM KCl, 35 mM HEPES (pH 7.4), 5 mM 

KPO4 (pH 7.4), 5 mM MgCl2, 0.5 mM CaCl2 .

C+S buffer: 0.5 M NH 4OAC, 1.0 mM EDTA.

Dénaturation solution (colony screening): 0.5 M NaOH, 1,5 M NaCl. 

D en h ard t's  (lOOx): 2% Ficoll, 2% bov ine  serum  a lbumin,  2%

polyvinyl pyrollidone.

Extraction buffer (high molecular weight DNA): 10 mM Tris (pH 7.5), 0.1 M 

EDTA, 0.5 % SDS, 0.5 m g/m l Proteinase K.

FACS fix: 10% 1 0  x PBS, 30% formaldehyde (37% w /w ).

FACS medium: 500 ml aMEM, 5% fetal calf serum, 0.01% NaAzide.

Glucomix (lOx): 500 mM glucose, 100 mM EDTA, 250 mM Tris (pH 8.0) 

Kinase buffer (Ix): 50 mM Tris (pH 9.0), 50 mM MgCl2 , 10 mM DTT, 50 

pg /m l BSA.

LB broth: 1% Bactotryptone, 0.5% Bacto-yeast extract, 1% NaCl, final pH 7.5 

adjusted with NaOH.

1 02



Ligation buffer (Ix): 50 mM Tris (pH 7.4), 10 mM MgCl2 , 10 mM DTT, 1 mM

spermidine, 1 mM ATP, 100 p g /m l BSA.

Lithium chloride/Urea: 3M LiCl, 6 M urea.

Lysis buffer: 0.2 M NaOH, 1% SDS.

Neutralisation solution (colony screening): 0.5 M Tris (pH 8.0), 1.5 M NaCl. 

Oligolabelling buffer (5x): 250 mM Tris (pH 8.0), 25 mM MgCl2 , 100 pM 

dCTP, 100 pM dTTP, 100 pM dCTP, 1 M HEPES (pH 6 .6 ), 

h e x a d e o x y r i b o n u c l e o t i d e s  (27 O D 2 6 o / ^ l ) /  ^ mM

P-mercaptoethanol.

PBS (Ix): 171 mM NaCl, 3.3 mM KCl, 10.1 mM Na2HP0 4 , 1.8 mM KH2PO4 .

Phenol: phenol (equilibriated with 0.1 M Tris, pH  8.0), 0.1% 8 -hydroxy 

quinoline.

Phenol/ chloroform: 1:1 (v/v) ratio.

Proteinase K: 10 m g/m l proteinase K, 10 mM Tris (pH 8.0), 1 mM EDTA, 

0.5% SDS.

RNA slot b lo t hybrid ization  and  p rehybrid isa tion  solution: 60% 

formamide, 5 x SSC, 0.1 % bovine serum albumin, 0.1% Ficoll 400, 

0.1% polyvinyl pyrolidone, 20 mM sodium  pyrophosphate buffer

(pH 6 .8 ), 1% SDS, 7% dextran sulphate, 100 pg /m l denatured salmon

sperm DNA, 100 pg /m l tRNA (bakers yeast), 10 pg /m l poly A.

RNase A: 10 m g/m l, boiled for 15 min.

RT buffer (lOx): 50 mM Tris (pH 7.6); 60 mM KCL; 10 mM MgCl2 ; 1 mM 

dNTPs; 1 mM DTT; 1 U /p l RNasein; 50 pg /m l Actinomycin D.

SI digest buffer (Ix): 0.28 M NaCl, 50 mM NaOAc, 4.5 mM ZnS0 4 .

SI hybridization buffer: 40 mM PIPES (pH 6.4), 1 mM EDTA, 0.4 M NaCl, 

80% formamide.

SI loading buffer: 7 M urea, 0.05% xylene cyanol, 0.05% bromophenol blue. 

SOC broth: 2% Bacto-tryptone, 0.5% Bacto yeast extract, 10 mM NaCl,

2.5 mM KCl, 10 mM MgCl2 , 10 mM MgSÛ4 , 20 mM glucose.

SSC: 3 M NaCl, 0.3 M NagCitrate.
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Southern prehybridization solution: 3 x SSC, 0.1% SDS, 10 x D enhardt’s, 

40 |xg/ml heat denatured salmon sperm DNA. Ly- 6  HS Southern 

prehybridization solution: 2 x SSC, 0.1% SDS, 10 x D enhardt’s, 40 

pg /m l heat denatured salmon sperm DNA.

Southern hybridization solution: 3 x SSC, 0.1% SDS, 1 0  x D enhardt’s, 10% 

dextran sulphate (w /v), 40 p g /m l heat denatured salmon sperm 

DNA, 2 p g /m l m ouse genom ic DNA. Ly - 6  HS Southern 

hybridization solution: 2  x SSC, 0.1% SDS, 10 x D enhardt’s, 10% 

dextran sulphate (w /v), 40 p g /m l heat denatured salmon sperm 

DNA, 2 pg /m l mouse genomic DNA.

Southern blotting acid: 0.25 M HCl.

Southern blotting denaturing solution: 0.5 M NaOH, 1.5 M NaCl.

Stop buffer: 0.1 M Tris (pH 7.5), 20 mM EDTA, 1% SDS, 0.5 M NaCl.

TAB (50x): 2 M Tris (pH 8.0), 50 mM EDTA.

Tail Mix: 50 mM Tris (pH 8.0), 100 mM EDTA, 100 mM NaCl, 1% SDS.

TBE (lOx): 0.89 M Tris (pH 7.5), 0.89 M Boric Acid, 10 mM EDTA.

TE: 10 mM Tris (pH 8.0), 1 mM EDTA.

TENS: 10 mM Tris (pH 7.5), 1 mM EDTA, 0.1 M NaOH, 0.5% SDS.

Trypsin Vers: 0.14 M NaCl, 2.6 mM KCl, 8  mM Na2HP0 4 , 1.5 mM KH2PO4 , 

0.2 mM EDTA, 1.25 m g/m l Trypsin, 0.003 mM Phenol Red.

TS: 10 mM Tris (pH 7.5), 0.5% SDS
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Chapter 3.

Cloning and the Characterization of the 

Ly-6E.l Gene
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3. 1. Introduction

At the commencement of this study, only the partial isolation of 

the genomic sequences of Ly-6E.l and Ly-6A.2 had been accomplished 

(Khan et al., 1990; Figure 3. 5. B). This sequence covered from 7 kb 

upstream  of the first exon, to intron 3 of the Ly-6E.l gene, and from intron 

3 to 13 kb downstream of exon 4 of the Ly-6A.2 gene. Both 5' and 3' regions 

were ligated at a Bglll site w ithin intron 3 providing a construct that 

expressed a surface antigen with the Ly-6A.2 allotype within 3T3 cells. As 

this sequence represented a chimaeric construct of the genomic sequences 

of two alleles that are differentially regulated within the haematolymphoid 

system, complete genomic fragments were required in order to investigate 

the regulatory elements of the genes. Therefore, the coding sequences and 

flanking regions of Ly-6E.l were isolated for the further identification and 

characterization of czs-acting regulatory elements directing Ly-6E.l gene 

expression within haematopoietic cells. As most haematopoietic cell lines 

and mouse strains contain and express the Ly-6A.2 allele (Kimura et a l ,  

1984; Auchincloss et al., 1981), the Ly-6E.l gene was chosen for isolation in 

order that the differential detection (with Ly-6A.2 and Ly-6E.l specific 

monoclonal antibodies) of allele specific expression after transfection could 

be accomplished. Also, since expression patterns differ and restriction site 

polymorphisms exist between the Ly-6A.2 and Ly-6E.l alleles (LeClair et a l, 

1986 and references therein), studies were aimed to investigate the effects of 

sequence variation between the alleles. The cloning of the genomic 

fragm ent was also required to provide useful probes for DNase I 

hypersensitive site mapping of both Ly-6E.l and Ly-6A.2 alleles in addition 

to providing a template for Ly-6E.l deletion construct analysis.

3. 2. Results

3. 2. 1. Cosmid cloning of the Ly-6E.l gene

In order to isolate the full length Ly-6E.l gene, a mouse cosmid 

library was constructed from large molecular weight DNA from BALB/c
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liver in the pLTC vector (Grosveld et a l, 1982). The screening of Ix 10^ 

colonies with the Ly-6 E.l cDNA (LeClair et al., 1986) resulted in 30 positive 

clones, varying in strength of signal. From the positive clones analysed, 

clone cA3.1 was found to be the m ost strongly hybridizing cosmid. A 

Southern blot comparison of restricted cosmid cA3.1 DNA with restricted 

mouse genomic DNA, from strains expressing the Ly-6.1 (BALB/c) and 

Ly-6.2 (C57/B110) haplotypes was performed. Multiple banding patterns 

were observed within the restricted genomic DNAs when the Ly-6 E.l 

cDNA was used as a probe, and reflects the highly homologous coding 

sequences of the Ly- 6  family members. This analysis also demonstrated 

that the cosmid fragments that hybridized intensely with the Ly-6 E.l cDNA 

(EcoRI, 2.8 kb; Hindlll, 9 kb; BamHI, 14 kb; Bglll, 2.4 kb and 5.5 kb; Kpnl, 10 

kb) corresponded in size with the most intense genomic bands from both 

strains, except for the EcoRI digest of C57/B110 (Figure 3. 1.). This restriction 

fragm ent polym orphism  has been previously reported to exist between 

Ly-6.1 and Ly-6.2 haplotype specific strains (LeClair et al., 1986) and 

confirm ed that the clone was derived from a strain  w ith an Ly-6.1 

haplotype.

Furthermore, comparative analysis of the hybridizing band sizes of 

cA3.1 to the restriction map of the Ly-6E.1-Ly-6A.2 construct (Khan et al.,

1990) confirmed that the clone contained the Ly-6 E.l antigen and that the 

coding region was intact. In addition to cDNA hybridization to the coding 

sequences of the suspected Ly-6 E.l gene, other bands were found to 

crosshybridize. This suggested that either a rearrangem ent had occurred 

within the cosmid or that a region of coding sequence from a related family 

mem ber or pseudogene was included within the clone. M apping and 

analysis of this homologous region is presented below (Chapter 3. 2. 3.).

3. 2 . 2 . PCR and sequence analysis of Ly-6 E.l

As a great deal of homology exists between the Ly- 6  family members 

and proposed pseudogenes, it was necessary to confirm that clone cA3.1
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Figure 3t Vf

Com parative Southern blot analysis of cosmid clone cA3.1 and 

genomic BALB/c (Ly-6E.l) and C57/B110 (Ly-6A.2) DNA.

DNAs were restricted w ith EcoRI (R), H indlll (H), BamHI (B), 

Bglll (Bg) and Kpnl (K) and the Southern blot was probed with a 761 

bp Ly-6E.l cDNA EcoRI fragment. Lambda BstEII size markers are 

indicated on the blot. Arrows depict the fragments corresponding to 

cDNA hybridization to the Ly-6E.l gene within cosmid clone cA3.1, 

and asterisks identify the 2.8 kb and 4.5 kb bands resulting from the 

EcoRI restriction fragment polymorphism s w ithin the Ly-6E.l and 

Ly-6A.2 alleles. M ultiple crosshybridizing bands w ithin genomic 

DNA rep resen t the Ly-6 hom ologous fam ily m em bers, and 

crosshybridizing bands w ithin cA3.1 identify Ly-6 hom ologous 

sequences cloned within the cosmid. Slight size differences of the 

intense hybridizing genomic fragments and cA3.1 fragments are due 

to DNA loading differences between the genomic DNA (10 pg) and 

cosmid DNA (0.1 ng).
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Figure 3. 2 ;

Sequence analysis of a PCR generated fragment of Ly-6 E.l exon 4 

from clone cA3.1.

(A). Coding strand sequence of the PCR generated fragment, 

showing sequence from intron 3 site +5.639 kb to exon 4 site +5.659 

kb. An asterisk depicts the +5.649 kb nucleotide difference between 

the Ly-6 E.l and the Ly-6A.2 alleles. The G is replaced with A within 

the Ly-6A.2 coding sequence.

(B). Sequence comparison of the region from +5.639 kb to +5.659 

kb of the Ly-6 E.l gene sequence from clone cA3.1, to the equivalent 

regions within genomic and cDNAs of other cloned members of the 

Ly- 6  multigene family. The asterisk depicts the +5.649 kb nucleotide 

difference between the Ly-6 E.l and the Ly-6A.2 alleles, a single bar 

indicates that the nucleotide at that position is the same as the 

equivalent Ly-6 E.l nucleotide, and ND indicates that no data exists 

for the respective Ly- 6  genomic sequence. The data was compiled 

from the following references: Ly- 6  A.2, McGrew and Rock, 1991a; 

Ly-6 C .l, Bothwell et al., 1988; Ly-6 G.l and Ly-6 F.l, Fleming et al., 

1993b; TSA-1, MacNeil et ah, 1993; ThB.2, Gumley et ah, 1992.
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indeed encoded for the Ly-6 E.l antigen. This was rapidly accomplished by 

direct sequence analysis of a PCR generated fragment. Prim ers were 

designed using the Ly-6A.2 genomic sequence (See chapter 2. 1. 11. II; Khan 

et al., 1990) in order to amplify a 213 bp fragment, from +5.595 kb to +5.808 

kb, which covers a region of intron 3 and exon 4. This region encompasses 

three nucleotide differences, at genomic positions +5.649 kb, +5.740 kb and 

+5.778 kb, betw een the Ly-6 E.l and Ly-6A.2 coding sequences, w ith 

nucleotide substitutions at genomic sites +5.595 kb and +5.778 kb resulting 

in amino acid discrepancies within the mature proteins (LeClair et al., 1986; 

Palfree et al., 1987). The fragment was amplified by PCR and sequenced 

directly using the oligonucleotides for PCR as sequencing primers.

Due to the presence of minimal sequence differences between the 

two alleles, precise sequence determination was necessary. Sequencing was 

performed directly from PCR generated products without a subcloning step, 

so as to overcome the detection of low frequency nucleotide substitutions 

that occur during the PCR procedure. Complete sequence analysis of the 

PCR products demonstrated that the nucleotides at +5.649 kb, +5.740 kb and 

+5.778 kb were identical to those of the published Ly-6 E.l cDNA sequence 

(LeClair et al ., 1986), and a comparison of this sequence to the genomic and 

cDNA sequences of other Ly- 6  genes cloned to date (Bothwell et al., 1988; 

McGrew and Rock, 1991a; Gumley et al., 1992; MacNeil et al., 1993; Fleming 

et al., 1993b) confirmed that clone cA3.1 encodes the Ly-6 E.l gene and not a 

related member of the Ly- 6  multigene family (Figure 3. 2.).

A dditional sequence determ ination of the prom oter region has 

identified a discrepancy within cosmid cA3.1 and the partial Ly-6 E.l clone 

of Khan et al. (1990). The coding strand sequence between -109 and -104 in 

clone cA3.1 is ATGATG and not TGGGTG as was reported for the Ly-6 E.l 

prom oter (Khan et al.,1990). It is interesting to note that the sequence at 

this site w ithin cosmid cA3.1 corresponds to the sequence of the Ly-6A.2 

allele (McGrew and Rock, 1991a). As the Ly-6 E.l clone isolated by Khan et 

al. (1990) was derived from a BALB/c fibrosarcoma cell line DNA, it can be 

speculated that this region may have accumulated nucleotide substitutions
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and additions either within the cell line or during the cloning procedure.

3. 2. 3. Restriction analysis of the cosmid clone

Characterization of clone cA3.1 was performed by restriction digest 

and Southern blot analysis. Restriction analysis w ith EcoRI, H indlll, 

BamHI, Bglll and Kpnl, and Southern blot analysis w ith sequential 

o v e rla p p in g  p robes, d em o n stra ted  th a t the  cosm id  con ta ined  

approximately a 30 kb genomic fragment, with 13 kb of sequence flanking 

each side of the intact Ly-6 E.l gene (Figure 3. 3.). Furthermore, the use of 

overlapping probes m apped the strong Ly- 6  homologous sequence to a 2.5 

kb EcoRI fragm ent approximately 10.5 kb downstream  of exon 4, which 

crosshybridized to both the complete Ly-6 E.l cDNA and a 192 bp probe 

(Scal-EcoRI), covering exon 1 and part of intron 1 (Figure 3. 3.). However 

when a 595 bp exon 4 probe (Bglll-EcoRI, Ex4 probe) was used, no 

crosshybridizing band was observed. This indicated that there was a related 

sequence located 3' to the Ly-6 E.l gene with a partial sequence homology to 

the Ly-6 E.l coding sequence.

A region of weak cDNA homology was also found within a 6.5 kb 

Kpnl fragment from -9.5 kb to -3 kb upstream of the Ly-6 E.l gene and this 

homology appeared to be localised to two Bglll fragments (1.4 kb and 1 kb) 

located from -5.6 kb to -3.2 kb 5' of exon 1 (Figure 3. 1. and Figure 3. 3.). 

These sequences, however, did not hybridize with the Ly-6 F.l exon 1 or 

exon 4 probes (Figure 3. 3.) therefore suggesting that this 5’ region only had 

weak homology to both/either exons 2 and 3. The m apping study of the 

clone also revealed that a 3' 0.9 kb Kpnl fragment isolated from a region 

between +8.2 kb to +9.1 kb downstream  of the transcriptional start site, 

strongly crosshybridized with a 1.44 kb Kpnl fragment located between -3.2 

kb to -1.76 kb 5' of exon 1 indicating that sequences w ith considerable 

homology were shared within these two regions. No further regions of 

homology were found within the clone.
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Figure 3. 3:

Restriction map of clone cA3.1 and regions of homology within 

the clone.

The map of the 30 kb genomic fragment containing the Ly-6 E.l 

gene is illustrated with the four exons indicated with striped boxes. 

Restriction sites w ithin the clone are represented as follows: R, 

EcoRI; H, Hindlll; K, Kpnl: B, BamHI; Bg, Bglll. An arrow indicates 

the direction of transcription of the Ly-6 E.l gene.

Regions that dem onstrate hom ology to specific probes on 

Southern blots of restricted cA3.1 DNA, are shown below the clone 

m ap, with black boxes depicting the probes used. Regions that 

crosshybridized to the probes are identified by shaded rectangles, 

with open rectangles representing regions of weak homology. The 

probes used in this analysis were as follows: a 761 bp EcoRI fragment 

from the Ly-6 E.l cDNA; a 192 bp Scal-EcoRI Ly-6 E.l exon 1 probe; a 

595 bp Bglll-EcoRI exon 4 probe (Ex4); a 6.5 kb Kpnl fragment from 

-9.5 kb to -3 kb 5' of the Ly-6 E.l gene; and a 900 bp Kpnl fragment 

from +8.2 kb to +9.1 kb 3' of the Ly-6 E.l gene.
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Figure 3. 4;

FACS analysis of Ly-6 E.l and Ly-6 A .2  basal and y-IFN induced 

expression of a MEL cell clone transfected with the Ly-6 E.l gene.

FACS analysis was performed on a MEL clone transfected with 5 

copies of a 14 kb BamHI fragment encoding Ly-6 E.l. The clone was 

analysed for endogenous Ly-6A.2 expression (top panel) and for the 

transfected Ly-6 E.l gene expression (bottom panel) with monoclonal 

antibodies S8.106 (Ly-6A.2 specific) and SK70.94 (Ly-6 E.l specific) for

both basal and y-IFN induced expression. Control and second layer 

fluorescent antibody was anti-mouse IgG-PE monoclonal antibody.

The FACS plots indicated are: (-----), control IgG-PE; (_ ), y-IFN

induced levels of antigen; (.......), basal antigen expression.
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3. 2 . 4. The Ly-6 E.l gene is functionally active

In order to study the regulatory elements within the cloned gene, 

confirmation was necessary that the clone cAS.l contained a functional 

gene. Ly-6 E.l expression was analysed in a transfected  m urine 

erythroleukaem ic (MEL) cell line. MEL cells contain an endogenous 

Ly-6A.2 allele and are norm ally negative for expression of the antigen. 

However, expression of the endogenous Ly-6A.2 antigen can be induced by

culturing the cells w ith y-IFN. A construct containing a 14 kb BamHI 

fragment of the Ly-6 E.l gene with 3.5 kb of 5’ and 7 kb 3' flanking sequence, 

was transfected within a neo expression cassette (pAB14neo) into MEL cells. 

G418 resistant clones were isolated and examined for Ly-6 E.l expression. 

The endogenous Ly-6A.2 and transfected Ly-6 E.l expression were analysed 

by FACS, using the 88.106 (Ly-6A.2-specific) and SK70.94 (Ly-6 E. 1 -specific)

antibodies before and after induction with y-IFN. The expression patterns 

were analysed within a population of transfected cells and 8  clones, ranging 

from 1 to 26 copies of the transfected gene. Copy num ber was determined 

by quantitating the intensity of the transfected Ly-6 E.l 2.8 kb EcoRI fragment 

polym orphism  to the endogenous Ly-6  A. 2 4.5 kb band on Southern blot 

hybridization with the cDNA probe. Low levels of basal expression of the 

transfected Ly-6 E.l gene were observed within most clones. However,

upon y-IFN induction, transfected Ly-6 E.l expression was comparable or 

higher than endogenous Ly-6A.2 expression. As shown in Figure 3. 4., a 

representative clone, containing 5 copies of the transgene, expressed Ly-6 E.l

at low basal levels and at high levels after y-IFN induction. Expression of 

Ly-6 E.l was found to slightly exceed that of the endogenous Ly- 6  A.2 gene 

and was probably the result of multiple copy expression. Therefore these 

transfection experiments show that the regulatory elements necessary for

y-IFN induced and high level expression in haem atopoietic cells are 

present within the cloned 14 kb BamHI Ly-6 E.l gene fragment.
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Figurç 3« 5;
Restriction maps of the Ly-6 E.l and Ly-6A.2 alleles.

Comparison of the genomic structure of Ly-6 E.l (this report), the 

Ly-6E.1-Ly-6A.2 fusion gene construct (Khan et al., 1990), and the 

Ly-6A.2 gene (Kamiura et al, 1992) is shown. Restriction sites shown 

are EcoRI (R), BamHI (B), H indlll (H), and Kpnl (K) with Ly-6A.2 

and Ly-6 E.l coding sequences depicted by black boxes. The 3' Ly- 6  

homologous sequences are depicted with striped boxes. Polymorphic 

sites between the Ly-6A.2 (C) and Ly-6 E.l (A) are indicated with an 

asterix.

(A). The map of the cosmid clone cA3.1, encoding the Ly-6 E.l 

gene, is shown. The homologous 3' Ly- 6  sequence was m apped to a 

3' 2.5 kb EcoRI fragment.

(B). The Ly-6 E.l and Ly-6A.2 fusion gene construct is shown 

with the point of ligation of 5' Ly-6 E.l to 3' Ly-6A.2 at a Bglll site 

(intron 3) indicated by an arrow.

(C). Ly-6A.2 gene with the Ly- 6  homologous sequence shown to 

be m apped to a 3’ H ind lll fragm ent. Kpnl digests were not 

performed on this gene.
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3. 3. Conclusion

The results w ithin this chapter have dem onstrated num erous 

features of the cloned Ly-6 E.l allele compared to the previous m apping and 

sequence data. M apping of the cosmid has identified that clone cA3.1 

(Figure 3. 5. A) exhibited similarities in restriction patterns when compared 

to the m ap of the previously cloned 5' portion of the Ly-6 E.l gene (Figure 3. 

5. B) and to the more recently cloned complete Ly-6A.2 allele (Figure 3. 5. 

C). Further m apping has also revealed that previously  unreported  

restriction fragment length polymorphisms exist between the Ly-6A.2 and 

Ly-6 E.l alleles. A comparison of clone cA3.1 to the Ly-6E.1-Ly-6A.2 fusion 

gene construct reveals considerably more H indlll sites in the 3' region of 

the complete Ly-6 E.l clone with polymorphic locations of these sites, when 

compared to the Ly-6E.1-Ly-6A.2 fusion gene construct (Figure 3. 5. A and

B). No such H indlll polym orphism s are apparent w hen the complete 

Ly-6 E.l allele is compared to the complete Ly-6A.2 allele (Figure 3. 5. A and

C). In addition to the presence of a polymorphic EcoRI site in the first 

intron of the Ly-6 E.l allele (Khan et al., 1990; McGrew et al., 1991a), an 

EcoRI polym orphism  at the m ost 3' of the cosmid w ith BamHI site 

polym orphism s in the 5' and 3’ regions of the Ly-6 E.l allele have been 

identified when compared to the complete Ly-6A.2 allele (Figure 3. 5. A and 

C).

Accurate m apping of clone cA3.1 has also revealed that an Ly- 6  

related sequence is present 10.5 kb downstream of the Ly-6 E.l gene. The 

m apping of the Ly-6 E.l 3' hom ologous sequence correlates w ith the 

m apping of a similar sequence downstream of the Ly-6A.2 allele (Kamiura 

et al., 1992), although the m apping of clone cA3.1 localized this sequence 

further downstream using the Ly-6 E.l cDNA and exon 1 probes (Figure 3. 3. 

and Figure 3. 5.). In contrast to the m apping study of the equivalent 

homologous Ly-6A.2 3' sequence (Kamiura et a l, 1992), there is an absence 

of exon 4 homology in the 3' region of the Ly-6 E.l allele and this absence 

m ay reflect a deletion of this region in the cloning of cA3.1. However, 

these differences in 3' homology may also be due to considerable sequence
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diversification of this region between the allelic loci.

The presence of an additional cDNA hom ologous sequence, 

although considerably weaker in signal, was also observed over 3.5 kb 5' of 

exon 1 of the Ly-6 E.l gene. The presence of this region is probably the result 

of gene duplication events that formed the Ly- 6  multigene family and may 

represen t a pseudogene or a less hom ologous Ly- 6  fam ily member. 

A dditional regions of strong hom ology w ithin the clone were also 

identified both 1.76 kb 5’ and 5 kb 3' of the Ly-6 E.l gene.

The results within this chapter describe the cloning of the complete 

Ly-6 E.l gene, with 13 kb of 5' and 13 kb of 3' flanking sequence. Most 

importantly, it has been shown that the elements necessary for high levels

of y-IFN expression within MEL cells are present within the cloned 14 kb 

BamHI Ly-6 E.l fragment. The implications of finding the homologous 5' 

and 3' sequences for the regulation of Ly-6 E.l gene expression are discussed 

in Chapter 6  in the context of the results from Chapters 4 and 5.
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Chapter 4.

DNase I Hypersensitive Site M apping of the 

Ly-6A.2 and Ly-6 E.l Genes
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4. 1. Introduction

The sensitivity of chromatin to digestion with nucleases has been 

used extensively to identify czs-acting elements that direct tissue specific, 

developm ental and high levels of expression of genes w ithin the 

haematopoietic system (Chapter 1. 2. 1. V.). In addition to delineating the

elements of the hum an p-globin genes (Grosveld et a l, 1987) and the 

chicken lysozyme gene (Bonifer et a l, 1990), this technique has been

utilized to examine the regulatory elements of the hum an a-globin genes

(Higgs et a l, 1990), the CD3 £ gene (Clevers et a l, 1989), the CD2 gene 

(Greaves et al, 1989) and Thy-1 (Spanopoulou et al, 1988).

Preliminary investigations of the prom oter elements of Ly-6 E.l, by 

deletion analysis, has identified two regions -1.76 kb to -0.90 kb and -81 bp to 

-167 bp which contain the interferon responsive sequence and minimal 

prom oter elements respectively (described in Chapter 1. 2. 9 ). However, 

these studies did not involve the investigation of factors involved in the 

complex expression pattern of Ly-6 E.l within the haem atopoietic system 

and such studies have been hampered by the inability of the prom oter 

alone to direct in vivo expression (Weissman - personal communication). 

In addition, the control elements of the Ly-6A.2 allele have not been 

investigated.

Therefore, in order to further characterize the elements involved in 

directing expression, DNase I hypersensitive site m apping of 5' and 3' 

flanking chromatin of both alleles has been performed. These studies were 

aimed to identify the elements required to direct m ature lym phoid and 

stem cell expression, in addition to elucidating whether cis-acting factors 

were involved in the allelic differential patterns of expression within the 

haem atopoietic  system . Due to the presence of heterogeneous 

subpopulations of Ly-6 E.l and Ly-6A.2 expressing cells w ithin m urine 

tissues and the low frequencies of Sca-1+ stem cells w ithin the bone 

m arrow , the stud ies described w ithin  th is chap ter w ere focused 

predom inantly on DNase I hypersensitive site m apping of both alleles 

within expressing and non-expressing haematopoietic cell lines.
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4. 2. Results

4. 2. 1. DNase I hypersensitive sites are present in the 5’ and 3' regions

of the endogenous Ly-6A.2 gene in T cells

To determine which regions of the Ly-6A.2 allele may be necessary 

for expression in haematopoietic cells, the DNase I hypersensitive sites in 

the flanking regions of the endogenous gene were m apped using probes 

derived from the Ly-6 E.l genomic clone. As the multigene family consists 

of at least eighteen crosshybridizing members, probes from the genomic 

clone were selected that most specifically detected the Ly-6A.2 allele. In

o rd er to ensure  unequivocal iden tification  of specific D N ase I

hypersensitive fragments of the Ly-6A.2 gene, each site was m apped with 

two independent probes and two different restriction digests. Probes BAl 

and NBl were used to detect hypersensitive sites (HS) in the 5' end of the 

gene (Figure 4. 1.) and probes Ex4 and 4.3 were used to detect HS in the 3' 

region of the gene (Figure 4. 2 .).

Ly-6A.2 is known to be expressed on activated T cells and on early 

double negative thymocytes. Therefore, the following three T cell lines 

were tested by FACS analysis for Ly-6A.2 expression using the Sca-1 

antibody, and were m apped for DNase I hypersensitive within the Ly-6A.2 

chromatin; TMIOG, a CD4 and CDS double positive imm ature thymocyte 

which is Sca-1 negative; BW5147, a m ature T cell which is Sca-1 positive 

and; EL4, a CD4 single positive mature T cell which is Sca-1 low expressing. 

Figure 4. 1 . shows the m apping of the 5' DNase I hypersensitive sites in 

these cells. Probe NBl, detected the parental band at 4.2 kb after digestion 

with Hpal. Upon DNase I digestion a 3.4 kb subfragm ent (HS-1.2) was 

observed only in the expressing cell lines (BW5147 and EL4) and a band at

2.3 kb (HS-0.1) in all of the T cell lines (Figure 4. 1. A). The intensity of 

these bands is in inverse correlation with hybridization to the parental 

band. Due to the crosshybridization of the probe to related sequences 

within the Ly- 6  multigene family (16,12,10, 8 , 3.8, 2 .1 ,1 .8 ,1 .2  kb), it was

120



Figure 4 .1 ;

M apping of 5' DNase I hypersensitive sites of the Ly-6A.2 allele.

The chromatin of T cell lines TMIOG (Sca-1 negative), BW5147 

(Sca-1 positive), and EL4 (Sca-1 low) was DNase I treated, digested 

w ith restriction enzym es, blotted, and hybridized w ith probes 

derived from the Ly-6 E.l gene. Hypersensitive sites were m apped in 

both directions to confirm that the sites were localized to the Ly-6A.2 

gene and not a closely related Ly- 6  family member. The shaded 

boxes represent the Ly-6A.2 exons, and the hypersensitive sites seen 

are depicted with arrows. Sites are num bered with respect to their 

location in kb from the start site of transcription. Control untreated 

DNA is indicated w ith "0" and DNA treated w ith increasing 

concentrations of DNase I is depicted with a wedge. Lambda BstEII 

size markers are shown alongside the blots.

(A). Intronic probe NBl hybridized to H pal digested DNase I 

treated DNA from the three T cell lines is shown. The m ap shows 

the parental fragment size after Hpal (H) restriction, the site of probe 

N B l, and the resulting  subfragm ents observed after DNase I 

digestion.
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Figure 4« 1;

(B). Probe BAl hybridized to BamHI (B) restricted  DNA 

confirms the regions of 5' DNase I hypersensitivity within the three 

T cell lines and also detects the presence of 3’ sites. The m ap shows 

the paren ta l fragm ent size and the resu lting  sizes of the 

subfragments after DNase I digestion.
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necessary to confirm that the bands observed after DNase I digestion were 

Ly-6A.2 related and not subfragments from another family member.

Therefore, the same DNA was digested with BamHI and hybridized 

w ith the more specific BAl probe (Figure 4. 1. B). In untreated samples, 

BAl was found to hybridize strongly to the 14 kb Ly-6A.2 fragm ent in 

addition to a family member at 7.2 kb. On DNase I treatment, BAl was 

found to hybridize with a subfragment of 2.3 kb (HS-1.2) in Sca-1 expressing 

cell lines (BW5147 and EL4) and a 3.4 kb (HS-0.1) band in all three T cell 

lines (Figure 4. 1. B). Again, the appearance of these bands is in inverse 

correlation with the parental 14 kb Ly-6A.2 BamHI fragment and not with 

the single crosshybridizing family member at 7.2 kb. As shown in Figure 4. 

1 ., hypersensitive sites m apped from opposite directions give rise to 

fragments which co-localize at -1.2 kb (HS-1.2) and approximately at -0.1 kb 

(HS-0.1) 5' to the transcriptional start site. On m apping the prom oter 

hypersensitive sites with probe BAl, it was also observed that an 8.4 kb 

fragm ent was present all three T cell lines. This indicated that a 

hypersensitive site, at approximately +4.9 kb to the transcriptional start site 

(HS+4.9) was downstream of the Ly-6A.2 gene.

As hypersensitive sites have been found in the downstream regions 

of other genes expressed in the haematopoietic cells (for example, CD2), 3' 

hypersensitive site m apping was performed on Ly-6A.2 in order to confirm 

the presence of the HS+4.9 site and to identify other hypersensitive sites in 

the 3' flanking sequence of the gene. DNase I treated chrom atin was 

digested with H pal and probed with Ex4. This probe hybridized most 

strongly to the parental fragment at 6.4 kb and very strongly to a 2.6 kb 

subfragm ent (HS+4.9) in all three T cell lines, more weakly to a 1.7 kb 

subfragm ent (HS+4.0) close to the 3' end of the gene only in high 

expressing BW5147 cells and weakly to a 1 kb fragment (HS+3.3) in TMIOG 

only (Figure 4. 2. A). Crosshybridizing bands from family members were 

also detected at 16, 12, 10, 8 , 2.3, and 1.8 kb. The same DNA after BamHI 

digestion, was hybridized with a more specific probe 4.3, to m ap the sites 

from the opposite direction. Hybridization with probe 4.3 identified a 5.7 kb
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Figure 4. 2;

M apping of 3’ DNase I hypersensitive sites of the Ly-6A.2 allele.

The same DNA from DNase I treated TMIOG (Sca-1 negative), 

BW5147 (Sca-1 positive) and EL4 (Sca-1 low) as shown in Figure 4. 1. 

was digested with restriction enzymes, blotted and hybridized with 

probes from the Ly-6 E.l gene. Hypersensitive sites were again 

m apped in both directions in order to confirm the localization of 

these sites to the Ly-6A.2 gene. The exons of Ly-6A.2 are represented 

by shaded boxes and the hypersensitive sites seen are depicted with 

arrows. Sites are numbered with respect to their location in kb from 

the transcriptional start site. Control untreated DNA is indicated 

with "0" and DNA treated with increasing concentrations of DNase I 

is depicted with a wedge. Lambda BstEII size m arkers are shown 

alongside the blots.

(A) Probe Ex4 hybridized to Hpal restricted DNA from the three 

T cell lines is shown. The m ap depicts the parental fragment size 

after H pal (H) restriction, the site of probe Ex4 and the resulting 3' 

subfragments observed after DNase I digestion.
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Figure 4. 2 ;

(B) Probe 4.3 hybridized to BamHI (B) restricted DNA confirms 

the regions of 3' DNase I hypersensitivity w ithin the T cell lines, and 

identifies fu rther 3’ hypersensitive  sites. The m ap show s the 

parental fragm ent size and the resulting sizes of the subfragm ents 

after DNase I digestion.
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Figure. 4 ^

Control mapping of Thy-1 thymocyte specific (intron 3) DNase I 

hypersensitive site.

The Thy-1 intron 3 hypersensitive site was mapped as a control 

to confirm that the DNase I treatment of the TMIOG chromatin was 

successful. The same DNA from DNase I treated TMIOG cell line 

(Sca-1 negative) in Figure 4. 1. and Figure 4. 2. was restricted with 

BamHI, blotted and hybridized with a Thy-1 exon 4 probe. Control 

untreated  DNA is indicated w ith "0" and DNA treated with 

Increasing concentrations of DNase I is depicted with a wedge. 

Lambda BstEII markers are shown beside the blot. The resulting 1 kb 

subfragment from the 3.7 kb parental fragment is marked with an 

arrow, and delineates the thymocyte specific intron 3 hypersensitive 

site (IVS3) as described by Spanopoulou et al (1988).

A m ap below depicts the Thy-l-m yc transgene in TMIOG 

(Spanopoulou et al., 1989), with Thy-1 exons shown as stripped 

boxes, the myc exon 3 as a black box, and the probe below exon 4. 

BamHI (B) restriction sites are also shown, w ith an arrow  

representing the location of the IVS3 hypersensitive site .
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band (HS+4.9) which appeared in all three T cell lines (Fig. 4. 2. B). 

Additional 5 kb (HS+5.6), 3.9 kb (HS+6.7), 1.9 kb (HS+8.7) and 1.7 kb 

(HS+8.9) bands were strongly represented in expressing BW5147 and EL4 

cells. The site of intense DNase I hypersensitivity co-localized to a sequence 

at HS+4.9. Although sites HS+5.6, HS+6.7, HS+8.7 and HS+8.9 were 

mapped in only one direction it appears that they are derived from the 

Ly-6A.2 gene as the subfragments and appear in inverse correlation to the 

parental fragment (14.0 kb). In addition, probe 4.3 only crosshybridized 

weakly to one other fragment (7.0 kb) from a related family member and 

the fade-out of this band did not correlate with the enhanced appearance of 

the subfragments.

To estimate the strength of hypersensitivity of the sites, one of the 

filters with BamHI restricted DNA was reprobed with a probe specific for 

Thy-1, a gene expressed within all T cells. The hypersensitive sites for the 

Thy-1.2 locus have been previously mapped (Spanopoulou et al., 1988). 

Using a Thy-1 Exon 4 probe, confirmation of the reported site within intron 

3 was attained within all three T cell lines. The intensity and appearance of 

hypersensitive sites in the Ly-6A.2 gene correspond well to that of the 

thymocyte specific site within intron 3 of the endogenous Thy-1 gene and 

the Thy-l-myc transgene in TMIOG. Figure 4. 3. shows this site within cell 

line TMIOG. The mapping of this site also confirms that the DNase I 

treatment of the TMIOG chromatin was complete and strongly suggests that 

the absence of the HS-1.2, HS+5.6, HS+6.7, HS+8.7 and HS+8.9 may 

correlate with the absence of Ly-6A.2 expression within these cells.

4. 2 . 2 . Ly-6 A .2  D N ase I h y p ersen sitiv e  sites are found  in

haematopoietic precursor cells

In addition to mature T cell subsets, Sca-1 is expressed on the surface 

of stem cells, multi potential and thymocyte progenitors. However, surface 

expression is absent on more committed myeloid precursors. Therefore, in 

o rder to determ ine if differential sensitivity exists betw een the 

haematopoietic lineages DNase I mapping of Sca-1 positive FDCP-1 cells

127



(multipotential cell line), Sca-1 enriched thymocyte precursors (77% Sca-1 

positive) and Sca-1 negative MEL cells (erythroblast cell line) was 

performed. As shown in Figure 4. 4., both 5' hypersensitive sites (HS-0.1 

and HS-1.2) were found in the FDCP-1 cell line when probed with the NBl 

fragment on Hpal restricted DNA. Mapping with the BAl probe has 

verified the presence of these sites (data not shown). An examination of 

the region 3' of the Ly-6A.2 gene, with Hpal restricted DNA probed with 

Ex4, identified that the strong sites at HS+4.9 and HS+5.6 were present in 

the FDCP-1 cells. BamHI restricted DNA hybridized with probe 4.3 verified 

the presence these sites and sites HS+6.7, HS+8.7 and HS+8.9 were again 

observed (data not shown). The examination of Sca-1 enriched thymocyte 

precursors involved the use of the T hy-ltk  transgenic mice to 

conditionally ablate the mature thymocytes with nucleoside analogues 

(Dzierzak et al., 1993). The analysis of 5' and 3' DNase I hypersensitivity 

within these enriched thymocyte precursors with the above probes also 

demonstrated the presence of promoter sites HS-1.2 and HS-0.1, and 3' sites 

HS+3.3, HS+4.9, HS+5.6 , HS+6.7, HS+8.7 and HS+8.9 (data not shown). 

Therefore, together the FDCP-1 and in vivo Thy-ltk data indicate that the 

Ly-6A.2 5' and 3' hypersensitive sites are found in Sca-1 expressing early 

haematopoietic precursors.

When m apping was perform ed on the committed erythroid 

precursor (MEL cell) chromatin (described in Chapter 4. 2. 5. and Figure 4. 

8 .), neither the HS-1.2 nor HS-0.1 hypersensitive sites were found in the 5' 

flanking regions using the NBl and BAl probes. The 3' probes revealed 

only the strong HS+4.9. Therefore, the appearance of certain 5’ and 3' 

hypersensitive sites in haematopoietic cells strongly correlates with Ly-6A.2 

expression, as observed by FACS analysis, when the DNase I maps of 

various cell lines are compared.
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Figure 4.4;

DNase I hypersensitive site m apping of Ly-6A.2 in 

multipotential cell line FDCP-1.

DNase I treated DNA was digested with Hpal, hybridized with 

probes NBl to detect 5' sites, and Ex4 to detect 3' sites of the Ly-6A.2 

allele. Control untreated DNA is indicated with "0" and DNA 

treated with increasing concentrations of DNase I is depicted with a 

wedge. Lambda BstEII markers are shown alongside the blot. Plain 

arrows depict 5' subfragments HS-1.2 and HS-0.1 and 3' subfragments 

HS+4.9 and HS+5.6, with dashed arrows indicating HS+4.0 (weak) 

and HS+3.3 (weak).
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4. 2. 3. DNase I hypersensitive site mapping in Ly-6E.l transfected MEL

cells

Even though specific probes used to map the Ly-6A.2 hypersensitive 

sites were screened for reduced crosshybridization to related family 

members, hybridization with these probes detected Ly-6  related sequences 

and did not provide a clear picture of the DNase I sensitive regions 

flanking the Ly-6A.2 gene. In addition, subfragments derived from DNase I 

digestion may also have been obscured by the crosshybridizing bands. 

Therefore, to enhance the mapping of Ly-6 E.l hypersensitive sites, DNase I 

hypersensitivity of MEL cell clones transfected with multiple copies of the 

14 kb BamHI Ly-6 E.l gene fragment (pABMneo) was performed. MEL cells 

were used as this cell line is easily transfected and provided a system

whereby uninduced and y-IFN induced hypersensitive sites could be

analysed within haematopoietic cells. Uninduced and y-IFN induced (48 

hrs) chromatin from stably transfected clones were analysed for 5' and 3’ 

DNase I hypersensitive sites as described above. All mapping studies were 

performed on two independent clones, containing 5-6 and 20-25 copies of 

the transgene.

Initially, the promoter region of the Ly-6 E.l transgene was analysed 

by restriction with Hpal and hybridization with probe NBl (Figure 4. 5. A). 

The appearance of site HS-0.1 was strongly enhanced and was the only site 

that appeared to be strongly represented within the promoter after 48 hrs

y-IFN induction. As site HS-1.2 was found in the 5' region of Ly-6A.2 allele

and m apped to a region previously thought to harbour the y-IFN 

responsive element, it was surprising that this site was decreased or absent

in both the uninduced and y-IFN induced clones when mapped with NBl. 

The 4.2 kb parental band was found to be the strongest hybridizing band, 

thus confirming that the Ly-6 E.l allele, and not related family members, 

was responsible for the production of the DNase I sensitive subfragment. 

The mapping of this site was confirmed using a different clone with 20-25 

copies of the Ly-6 E.l gene (data not shown). Confirmation that the
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Figurç 4, 5;

Mapping of y-IFN inducible Ly-6 E.l hypersensitive sites.

Chromatin from a MEL cell clone (Figure 3, 4.) containing 5-6 

copies of the transfected Ly-6 E.l allele (MEL*) was analysed for

DNase I hypersensitive sites. Uninduced and y-IFN induced (48 hrs) 

chromatin was DNase I treated, blotted and hybridized with probes 

detecting S' and 3' fragments. Hypersensitive sites are indicated with 

arrows and labelled according to their location in kb with respect to 

the transcriptional start site. Control untreated DNA is indicated 

with "0" and DNA treated with increasing concentrations of DNase I 

is depicted with a wedge. Lambda BstEII m arkers are shown 

alongside the blots.

(A) The DNase I treatment series of chromatin from uninduced

and y-IFN induced cells, digested with Hpal and hybridized with 

probe NBl and to detect S' hypersensitive site HS-0.1 is shown.

(B) The same blot as in A, was stripped and reprobed with 

labelled Ex4 fragm ent in order to detect 3' hypersensitive sites 

HS+S.6 , HS+4.9 and HS+3.3.
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Figure 4, 5;
(C) The same DNA as above, was restricted with BamHI and 

hybridized with probe 4.3 in order to detect 3' sites HS+4.9, HS+5.6, 

HS+6.7, HS+8.7 and HS+8.9.

(D) A map of the Ly-6 E.l allele depicting the 5' and 3' 

hypersensitive sites present in the uninduced clone and after 48 hrs

y-IFN induction. Hpal (H) and BamHI (B) restriction sites are 

indicated in addition to the locations of the hypersensitive sites with 

respect to the transcriptional start site. Arrows indicate the presence 

of the hypersensitive site within the cell type and the boldness of the 

arrow indicates the strength of the site.
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chromatin from both the uninduced and y-IFN induced cells had been

digested with DNase I was attained by mapping the murine LCR p-globin 

hypersensitive sites HSl and HS2 (Jimenez et al, 1992), using PstI restricted 

DNA probed with a 3' Pstl-EcoRI fragment. Sites HSl and HS2 appeared at

equivalent concentrations of DNase I in both uninduced and y-IFN induced 

cells, but at lower concentrations of DNase I than Ly-6 E.l site HS-0.1 (data 

not shown). This control indicates that chromatin digestion of both

uninduced and y-IFN induced cells was successful and that induced HS-0.1

is not as sensitive to nuclease digestion as the p-globin LCR hypersensitive 

sites.

The promoter was mapped in the opposite direction by hybridizing 

the same Hpal restricted DNA with a 5' probe Rl. Two bands appeared at 

increasing concentrations of DNase I, at 1.8 kb and 0.8 kb, only within the

y-IFN treated cell DNA (data not shown). The location of these 

subfragments correspond to HS-0.1 and HS-1.2 and indicates that site HS-1.2

is present within the promoter of the transfected Ly-6 E.l upon y-IFN 

induction, although its presence is obscured by the greater DNase I 

sensitivity of HS-0.1 when mapping with the NBl probe.
Analysis of the downstream region with probe Ex4 after Hpal 

restriction, detected sites HS+3.3 and HS+4.9 in both uninduced and 

induced cells (Figure 4. 5. B). However, whilst the intensity of the HS+4.9 

site remained relatively constant, the intensity of the HS+3.3 site increased

by a factor of 6  in the y-IFN induced cells, as determined by a 

phosphorimager quantitation and comparison to an internal control 1 .8  kb

crosshybridizing band. Site HS+5.6 was also enhanced after y-IFN 

induction and was found to be faintly present in uninduced cells. As the 

intensity of the 6.4 kb parental transgene band was again considerably 

higher than any other related band, this confirmed that the origins of the 

DNase I generated subfragments was from the Ly-6 E.l transgene.

The mapping of sites HS+4.9 and HS+5.6 were confirmed by 

hybridization with probe 4.3 on DNA after BamHI digestion of DNA from
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both uninduced and induced cells (Figure 4. 5. C). Probe 4.3 also detected

sites HS+6.7, HS+8.7 and HS+8.9 in uninduced cells. However, after y-IFN 

induction, the appearance of sites HS+8.7 and HS+8.9 was enhanced and a 

doublet appeared at site HS+8.7. These sites were again observed within 

another independently derived transfected MEL cell clone.

A comparison of the m apped sites within the 5' and 3' regions of 

the Ly-6 E.l allele (Figure 4. 5. D) demonstrate that sites at HS-1.2, HS-0.1,

HS+3.3, HS+5.6, HS+8.7 and HS+8.9 appear to be enhanced by y-IFN 

induction of the transfected MEL clones. The locations of the Ly-6 E.l sites 

correspond with the sites m apped to the Ly-6A.2 allele in expressing cells, 

and the site enhancement correlates well with the high levels of Ly-6 E.l

transgene expression observed after y-IFN induction. The m apping of 

hypersensitive sites of multiple copies of the Ly-6 E.l allele confirm initial 

site identification w ithin the endogenous Ly-6A.2 allele, and firmly 

establishes that the hypersensitive sites seen are not derived from other 

homologous Ly- 6  genes (Figures 4. 1.; 4. 2.; 4. 4.). Although the locations of 

the hypersensitive sites of the Ly-6 E.l and Ly-6A.2 alleles correspond, 

surprisingly site HS-1.2 was decreased or absent in the Ly-6 E.l allele when 

m apping with the NBl probe, whereas within the Ly- 6  A. 2 allele this site 

was strongly represented. Confirmation that these results represented true

allelic differences was required. The analysis of y-IFN induced endogenous 

Ly-6A.2 sites in MEL cells and endogenous Ly-6 E.l in YAC-1 cells is 

presented below (Section 4. 2. 5).

4. 2. 4. Kinetic induction of Ly-6E.l hypersensitive sites on y-IFN

induction in transfected MEL cells

The enhancement of Ly-6 E.l transcription gene occurs rapidly after

induction with y-IFN (Malek et al., 1989; Khan et al., 1993). Therefore in 

order to examine early induction events at the level of the chromatin 

within the Ly-6 E.l allele and to investigate the sites that may be involved 

in the interferon responsiveness of the gene, the chromatin of the
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Figure

Kinetics of Ly-6 E.l 5' hypersensitive site induction with y-IFN. 

The MEL clone containing 5-6 copies of the Ly-6 E.l allele (Figure

4. 6 .) was induced with y-IFN for 0, 3, 6 , 12 and 48 hrs. The 

chromatin was analysed for the appearance of 5' DNase I 

hypersensitive sites and the expression levels of the transfected gene. 

Ly-6 E.l expression was monitored by FACS analysis for the 

ammount of Ly-6 E.l surface antigen and by slot blot analysis for the 

ammount of Ly-6  mRNA.

DNase I treated chromatin was restricted with Hpal and 

hybridized with probe NBl to detect sites HS-1.2 and HS-0.1. Control 

untreated DNA is indicated with "0" and DNA treated with 

increasing concentrations of DNase I is depicted with a wedge. 

Lambda BstEII markers are shown alongside the blots.

Surface Ly-6 E.l antigen was detected with anti-Ly-6 E.l specific 

monoclonal antibody SK70.94 and the corresponding FACS plot is 

marked with Ly-6 F.l. Control second layer anti-mouse IgG-PF is also 

shown.

Total cellular RNA was slot blotted and quantitated for Ly-6  

transcripts by hybridization with the Ly-6 F.l cDNA probe, and 

controlled for loading by reprobing the stripped filter with a human

p-actin probe. The increase in ammount of Ly-6  transcripts during

y-IFN induction, relative to initial uninduced levels, is shown.
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transfected MEL clone (as above) was analysed for DNase I hypersensitive

sites at sample times of 0, 3, 6 ,12, 24 and 48 hrs after y-IFN induction. The 

level of Ly-6 E.l surface expression was monitored by FACS analysis with an 

anti-Ly-6 E.l specific monoclonal antibody, and the level of Ly-6  transcript 

was measured by RNA slot blot analysis and hybridization with the Ly-6 E.l 

cDNA probe. A composite figure of 5' hypersensitive site mapping (with 

probe NBl), the surface levels of Ly-6 E.l (by FACS analysis) and Ly-6

mRNA levels (pre- and post-y-IFN induction), illustrate the kinetics of the 

hypersensitive site induction correlating with enhanced Ly-6 E.l expression 

(Figure 4. 6 .).

At the 0 hr time point, due to low basal expression of the transgene, 

low levels of Ly-6 E.l antigen and Ly-6  mRNA are detectable by FACS and 

slot blot analysis and represent the starting point for this analysis. No 

detectable 2.3 kb or 3.4 kb subfragments (indicating the presence of HS-0.1 

and HS-1.2) are apparent within Hpal restricted DNA hybridized with probe

NBl. However, after 3 hrs of y-IFN induction a subfragment of 3.4 kb 

indicating site HS-1.2 and a weak site at HS-0.1 are observed and their 

appearance correlates with the increase in Ly-6  mRNA, although no 

increase in surface Ly-6 E.l is as yet detected. At 6  hrs and 12 hrs post 
induction, both sites HS-0.1 and HS-1.2 are apparent and correlate with 

increased levels of Ly-6  mRNA and surface Ly-6 E.l antigen. This suggests 

that an interferon responsive element is situated at HS-1.2 within the

promoter as this site appears rapidly on y-IFN induction. However, even 

though surface antigen and mRNA levels of Ly-6 E.l after 24 hrs (data not 

shown) and 48 hrs are increased, site HS-1.2 no longer appears to be 

detected with probe NBl. Only site HS-0.1 remains within the promoter as 

demonstrated previously (Chapter 4. 2. 3.). The apparent "disappearance" 

of site HS-1.2 raised the question of whether the Ly-6 E.l gene only required 

HS-1.2 to transiently initiate transcription of the gene and subsequently was 

not required for sustained expression. However, probing of the same blot 

with 5' probe R1 demonstrated the continued presence of site HS-1.2 but 

that a shift in sensitivity (from strong HS-1 .2  and weaker HS-0.1 in stages
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Figure 4. 7;

Kinetics of Ly-6 E.l 3' hypersensitive site induction with y-IFN.

The MEL clone containing 5-6 copies of the Ly-6 E.l allele (Figure

4. 5.) was induced with y-lFN for 0, 3 and 6  hrs, and the chromatin 

was analysed for the appearance of 3' DNase 1 hypersensitive sites 

that correlated with initial induction of the gene expression (Figure 

4. 6 .). Arrows indicate the hypersensitive sites with the boldness of 

the arrow representing the strength of the hypersensitivity. Control 

untreated DNA is indicated with "0" and DNA treated with 

increasing concentrations of DNase 1 is depicted with a wedge. 

Lambda BstEll markers are shown alongside the blots.

(A). DNase 1 treated chromatin was restricted with Hpal and 

hybridized with probe Ex4 to detect sites HS+3.3, HS+4.9 and HS+5.6.

(B). The same DNase 1 treated DNA as above was restricted with 
BamHl and hybridized with probe 4.3 to detect sites HS+4.9, HS+5.6 

(weak), HS+6.7 (weak), a doublet at HS+8.7, and site HS+8.9.
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3-12 hrs to weaker HS-1.2 and strong HS-0.1 after 24 hrs) had occurred.

Stabilising effects of the y-IFN on Ly-6 E.l mRNA resulting in continued 

high levels of expression can not be ruled out as only the steady state 

transcript levels were measured and not the transcriptional rate.

The changes within the 3' chromatin of the Ly-6 E.l allele on initial

induction with y-IFN have also been investigated. The region immediately 

3' of the Ly-6 E.l gene was examined by restricting the DNA with Hpal and 

hybridizing with probe Ex4 (Figure 4. 7. A). The subfragments identifying 

site HS+3.3 demonstrated a two fold increase in intensity after 6  hrs of

y-IFN induction, whilst the subfragments identifying site HS+4.9 showed a 

slight decrease during this time and is probably due to the subsequent 

increase of HS+3.3, rather than a direct decrease in DNase I sensitivity of

that region. Site HS+5.6 also appeared to intensify after 3-6 hrs post-y-IFN 

induction. The levels of fragment were quantitated with respect to the 
parental band remaining and an internal control crosshybridizing band at 

2 .2  kb, on a phosphorimager.

The sites further downstream were analysed by restricting the same 

DNA with BamHI and hybridizing with probe 4.3 (Figure 4. 7. B). After 3

hrs y-IFN induction, the level of subfragments indicating the presence of 

sites HS+8.7 and HS+8.9 appeared to increase 2-3 fold. The site at HS+8.7

was represented by a doublet after 3 hrs and 6  hrs y-IFN induction and 

continued to be present at 48 hrs post-induction (Figure 4. 5. C). No 

significant changes in the intensities of sites HS+4.9, HS+5.6 or HS+6.7 

were apparent, except for a slight reduction of intensity due to the increase 

in sensitivities of HS+8.7 and HS+8.9. Levels of subfragment were 

quantitated with respect to the levels of parental band remaining and to an 

internal control band at 7 kb. These data indicate that hypersensitive site 

changes within both the 5' and 3' regions of Ly-6 F.l coincide with enhanced

levels of expression of the gene on y-IFN induction. This strongly suggests

that elements responsible for high level y-IFN induced expression may be 

localized to these regions, particularly the regions of strong enhancement at
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site HS-1.2 and the HS+8.7 doublet site.

4. 2. 5. Allelic differences between Ly-6 E.l and Ly-6A.2 y-IFN induced

hypersensitive sites.

In order to further compare the hypersensitive sites of the Ly-6A.2 

and Ly-6 E.l alleles and to confirm that the promoter differences in DNase I 

site sensitivity seen in the multicopy transfected MEL cells were not due to 

an artifact of the system, hypersensitive site mapping of uninduced and

y-IFN induced (48 hrs) endogenous Ly-6A.2 alleles and endogenous Ly-6 E.l 

alleles were performed. The cell lines used were the murine 

erythroleukaemic cell line MEL for endogenous Ly-6A.2 and a mature T 

cell line YAC-1 for endogenous Ly-6 E.l. Both cell lines do not express 

surface Ly-6A.2 or Ly-6 E.l antigens unless induced with interferons.

Analysis of the 5' regions of the Ly-6A.2 allele (Figure 4. 8 . A) and 

the Ly-6 E.l allele (Figure 4. 9. A) in uninduced cells showed no

hypersensitive sites in the promoter of either allele. However, upon y-IFN 

induction for 48 hrs, hypersensitive sites appeared in both promoters. Sites 

HS-1.2 and HS-0.1 were seen in Ly-6A.2 but only HS-0.1 was induced in 

Ly-6 E.l when DNA was Hpal restriction and hybridized with probe NBl. 

However, analysis of the same stripped blot with 5' probe R1 showed the 

presence of site HS-1.2 at a lower intensity than HS-0.1 as has been observed 

for the Ly-6 E.l transfected MEL clones (data not shown). The sensitivity of 

HS-0.1 within both transgene and endogenous Ly-6 E.l appears to be greater 

than HS-1.2, therefore obscuring the site when probing from the 3' region 

with NBl.

Downstream analysis with probe Ex4 identified HS+4.9 in both

uninduced and y-IFN induced Ly-6A.2 (Figure 4. 8 . B) and Ly-6 E.l (Figure 4. 

9. B) alleles, although the intensity of the subfragments was reduced within

both y-IFN treated cell types. This is probably due to the y-IFN induced 

enhancement of site HS+3.3 in both cell types. Site HS+3.3 is also found
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Figure 4. 8:

y-IFN induced changes within 5' and 3' chromatin of the 

endogenous Ly-6A.2 allele.

The endogenous MEL Ly-6A.2 allele was analysed for DNase I 
hypersensitivity within the 5’ and 3' flanking regions in uninduced

and y-IFN induced (48 hrs) cells. Chromatin was DNase I treated, 

blotted and hybridized with probes detecting 5' and 3' fragments. 

Hypersensitive sites are indicated with arrows and labelled according 

to their location in kb with respect to the transcriptional start site. 

Control untreated DNA is indicated with "0" and DNA treated with 

increasing concentrations of DNase I is depicted with a wedge. 

Lambda BstEII markers are shown alongside the blots.

(A) Mapping of 5' hypersensitive sites was performed by 

restricting the DNA with Hpal and hybridization with probe NBl.

Hypersensitive sites HS-1.2 and HS-0.1 are detected only in the y-IFN 

induced cells.

(B) Analysis of 3' hypersensitive sites was performed by 

stripping the same blot from A and hybridization with probe Ex4 to

visualize sites HS+4.9 and HS+3.3. HS+3.3 appears only in the y-IFN 

induced cells.

(C) Mapping of 3' sites from the opposite direction was 

performed by restricting the same DNA as above, with BamHI and 

hybridization with probe 4.3. Sites HS+4.9 (weak) and HS+6.7 are 

observed in uninduced cells, but site HS+6.7 is enhanced and sites

HS+5.6, a doublet at HS+8.7 and HS+8.9 appear in the y-IFN induced 

cells.
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Figure 4. 9;

y-IFN induced changes within 5' and 3' chromatin of the 

endogenous Ly-6 E.l allele.

The endogenous YAC-1 Ly-6 E.l allele was analysed for DNase 1 

hypersensitivity within the 5' and 3' flanking regions in uninduced

and y-lFN induced (48 hrs) cells. Chromatin was DNase 1 treated, 

blotted and hybridized with probes detecting 5' and 3’ fragments. 

Hypersensitive sites are indicated with arrows and labelled according 

to their location in kb with respect to the transcriptional start site. 

Control untreated DNA is indicated with "0" and DNA treated with 

increasing concentrations of DNase 1 is depicted with a wedge. 

Lambda BstEII markers are shown alongside the blots.

(A) Mapping of 5' hypersensitive sites was performed by 

restricting the DNA with Hpal and hybridization with probe NBl.

Hypersensitive site HS-0.1 is only detected in the y-lFN induced cells.

(B) Analysis of the most proximal 3' hypersensitive sites was 

performed by stripping the blot from A and hybridization with probe 

Ex4 to visualize sites HS+3.3, HS+4.9 and HS+6.7. All three sites are

found to be present in both uninduced and y-lFN induced cells.

(C) Mapping of 3' sites from the opposite direction was 

performed by restricting the same DNA as above, with BamHI and 

hybridization with probe 4.3. Sites HS+5.6 (weak), HS+6.7 (weak), 

HS+8.7 (weak) and HS+8.9 (weak) were visualized in uninduced 

cells, with sites HS+6.7, HS+8.7 (weak) and HS+8.9 (weak) in the

y-lFN induced cells. Site HS+6.7 was found to be strongly enhanced

on y-lFN induction.
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within the uninduced YAC-1 cells (Figure 4. 9. B).

Further analysis of downstream regions of the same treated DNA 

restricted with BamHI and hybridized with probe 4.3 showed some 

differences in sensitivity of the most 3' hypersensitive sites. Only the site 

HS+4.9 is weakly visible within the 3' region of the Ly-6A.2 allele in

uninduced MEL cells (Figure 4. 8 . C). Upon y-IFN induction, the doublet at 

site HS+8.7 and the site at HS+8.9 are strongly induced, and sites HS+4.9, 

HS+5.6 and HS+6.7 are only weakly represented. Within the uninduced 

YAC-1 cell line, sites HS+5.6, HS+6.7, HS+8.7 and HS+8.9 are weakly visible

(Figure 4. 9. C). However, on y-IFN induction only site HS+6.7 is strongly 

induced. The HS+8.7 and HS+8.9 sites are weakly represented. As the 

Ly-6 E.l gene follows the 3' hypersensitive site pattern of the Ly-6A.2 gene 

within MEL cells, these differences in YAC-1 cells may be accountable to cell

type differences within hypersensitive site induction with y-IFN, rather 

than representing allelic differences. However, the maintenance of the

Ly-6 E.l allele pattern of promoter hypersensitive sites when y-IFN induced 

transfected MEL cells are analysed (Section 4. 2. 3.), indicates that these 5' 

differences are not cell type specific, but are intrinsic to the Ly-6 E.l allele 

itself.

4. 3. Conclusion

Due to the presence of multiple, highly homologous genes within 

the Ly-6  locus and a multitude of repeat sequences within this region, the 

mapping of DNase I hypersensitive sites has proven difficult. These 

problems have been overcome with the utilisation of bidirectional 

mapping of 5' and 3' sites. The mapping of endogenous sites has been 

verified by the analysis of DNase I hypersensitivity of MEL clones 

containing multiple copies of the Ly-6 E.l gene. In addition to 

substantiating the original hypersensitive site mapping of the endogenous 

Ly-6A.2 allele, these data have also demonstrated that there are some 

interesting allelic differences between hypersensitive sites.

A summary of the sites mapped in both directions for a number of
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Ly-6A.2 and Ly-6 E.l expressing and nonexpressing cell lines are shown in 

Figure 4. 10. Analysis of the promoter region for susceptibility to DNase I 

digestion has identified sites HS-1.2 and HS-0.1 which appear in all Ly-6A.2 

expressing lines FDCP-1, BW5147, FL4 in addition to Sca-1 enriched

thymocytes and y-IFN induced MFL cells. Neither site was found in 

uninduced MFL cells, although a weak site at HS-0.1 was found in 

nonexpressing TMIOG cells. Analysis of the Ly-6 F.l promoter within

expressing y-IFN induced transfected MFL clones and YAC-1 cells lines also 

identified these sites. Although site HS-0.1 appeared to be more sensitive

to DNase I digestion after 48 hrs of y-IFN induction than that of the Ly-6A.2 

allele, this enhanced HS-0.1 sensitivity occurs after 12 hrs induction in 

transfected MFL clones. This data suggests that the sequences at sites 

HS-1.2 and HS-0.1 may play a role in the differential antigen expression. 

Using promoter deletions Khan et al (1990) have previously demonstrated 

that the elements necessary for minimal and interferon inducible 

expression of Ly-6 F.l lie between -138 bp and -81 bp and between -1.76 kb 

and -0.9 kb and respectively. The location of sites HS-0.1 and HS-1.2

coincide with the deletion mapping. Furthermore, the y-IFN induced 

appearance of a hypersensitive site at HS-1.2 suggests that this site identifies

the sequences responsible for the y-IFN inducibility of the Ly-6 F.l gene. 

Recently, further deletion analysis by Khan et al (1993) has shown that the

sequence at HS-1.2 contains the a/p and y-IFN responsive element of the 

gene.

Analysis of downstream regions of both the Ly-6A.2 and Ly-6 F.l 

alleles has identified seven regions with sensitivity to DNase I digestion 

(Figure 4. 10.). These sites are located at HS+3.3, HS+4.9, HS+5.6, HS+6.7, 

HS+8.7 and HS+8.9. In addition, another site at HS+4.0 was observed only 

in the chromatin of the mature T cell line, BW5147. This site may 

represent an Ly-6A.2 cell type specific region, or may be a crosshybridizing 

DNase I subfragment from one of the Ly-6  related genes. The analysis of 

expressing and nonexpressing cells has demonstrated that sites at HS+3.3,
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Figure 4 .1 0 ;

Summary of the 5' and 3' hypersensitive sites of the Ly- 6  A.2 and 

Ly-6 E.l alleles found in haematopoietic cells.

The hypersensitive site m aps are grouped according to the 

endogenous allele w ithin the cell type, except for the transfected 

MEL clone (MEL*) which contains m ultiple copies of Ly-6 E .l. 

Regions that demonstrate hypersensitivity to DNase I digestion are 

m arked with arrows and num bered according to their location from 

the transcriptional start site. Exons are represented by shaded boxes 

and restriction sites H pal (H) and BamHI (B) are indicated. The 

degree of hypersensitivity is represented by the boldness of the 

arrow, with dashed arrows indicating weak sites. All cell lines are 

uninduced unless indicated. The sites for T-cell line EL4 and Sca-1 

enriched thymocyte precursors are not shown but correspond to 

those seen in BW5147, except for the absence of site HS+4.0.
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HS+5.6, HS+6.7, HS+8.7 and HS+8.9 appear a n d /o r  are enhanced during 

expression while site HS+4.9 is constitutive in both cell types. This suggests 

that the presence of site HS+4.9 may be due to the binding of ubiquitous 

trans-acting factors facilitating gene regulation, the result of the binding of 

chromatin structural proteins or a change in DNA conformation. It would 

be interesting to m ap this site w ithin nonperm issive tissue in vivo in  

order to determine w hether this site is truly constitutive rather than a 

possible artifact of cell line analysis. Site discrepancies between cell line and 

in vivo hypersensitive site analysis have been dem onstrated for some of

the hum an p-globin LCR sites where it has been show n that some 

erythroid  specific sites are represented in non-erythroid cell lines, bu t 

absent within their corresponding tissues in vivo (Dhar et a l, 1990; Raguz - 

unpublished data).

The enhanced appearance of hypersensitive sites 3' of the Ly-6 E.l 

allele has also been demonstrated. It was found that a doublet at HS+8.7

appears shortly after y-IFN induction (3 hrs) in the MEL cell clones (Figure

4. 7. B). The significant enhancement of site HS+6.7 on y-IFN induction of 

the YAC-1 cell line was also noted and this site may represent a cell type 

specific element rather than an allelic difference (Figure 4. 9.). It would be 

interesting to determine whether multiple copies of the Ly-6A.2 allele in 

YAC-1 cells demonstrate this pattern of hypersensitivity.

Endogenous hypersensitive site m apping of Ly-6A.2 and Ly-6 E.l 

alleles has shown that the appearance a n d /o r  enhancem ent of 5' and 3' 

hypersensitive sites within both alleles correspond with expression of the 

genes. The use of MEL clones containing multiple copies of the Ly-6 E.l 

gene has further confirmed this m apping and the correlation of DNase I 

hypersensitive site appearance with gene expression. Taken together, these 

data strongly suggest that sequences around HS-1.2, HS-0.1, HS+3.3, HS+5.6, 

HS+8.7 and HS+8.9 within both Ly-6A.2 and Ly-6 E.l alleles are involved in 

gene regulation, and suggest that these sequences may play a role in the

y-IFN inducibility of the genes in addition to /o r  other genes in the vicinity.
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Chapter 5.

Functional Analysis of the Ly-6 E.l 

DNase I Hypersensitive Sites
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5. 1. Introduction

The m apping of nuclease sensitive regions within 5’ and 3' flanking 

chromatin of the Ly-6A.2 and Ly-6 E.l alleles has identified constitutive, cell

type specific and y-IFN inducible DNase I hypersensitive sites (Chapter 4). 

Sites HS-1.2, HS-0.1, HS+3.3, HS+5.6, HS+6.7, a doublet at HS+8.7 and 

HS+8.9 appear a n d /o r  are enhanced in m ature and m ultipotential 

haem atopoietic cell lines and Thy-ltk  transgenic thymocytes, expressing 

Sca-1+.

As differential functions m ay be associated w ith regions of 

chromatin demonstrating sensitivity to DNase I digestion, it was necessary 

to investigate the roles of such sites flanking the Ly-6 E.l gene and to 

ascertain w hether c/s-acting elements known to be involved in Ly-6 E.l 

transcriptional regulation were localized to these sites. Therefore, deletion 

analyses of both the 5' and 3' hypersensitive sites have been performed. 

The hum an growth hormone gene (hGH) was selected as a reporter for 

Ly-6 E.l 5' and 3' deletion analysis as detection and quantification of the 

secreted protein is a rapid and accurate m ethod of prom oter strength 

determ ination (Selden et al., 1986). As only the supernatant is used, the 

assay leaves cells intact allowing for mRNA and DNA analysis. The hGH 

gene was inserted into the first nontranslated exon of the Ly-6 E.l gene at 

+54 bp and used as a reporter gene to m onitor the effects of 5' and 3' 

hypersensitive site deletion. As hypersensitive site m apping detects 

nucleosomal disruptions w ithin endogenous chrom atin, it was decided 

that the reporter constructs should be analysed as stable integrants within 

tissue culture cell lines in order to investigate putative element function 

within a chromatin context. Preliminary transgenic analysis with two 3’ 

deletion constructs has also been performed in order to determine whether 

the downstream sites have roles in directing high levels and tissue specific 

expression of the Ly-6 E.l gene.
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5. 2. Results

5. 2. 1. In vitro  deletion analysis of the 5’ Ly-6E.l gene hypersensitive

sites

Upstream  flanking sequences of the Ly-6 E.l and Ly-6A.2 alleles 

contain hypersensitive sites at -1 .2  kb and -0 .1  kb to the transcriptional start

site, within constitutively expressing and y-IFN induced cellular chromatin 

(Chapter 4). Site HS-1.2 has been found to localize to an 860 bp fragment,

previously demonstrated by Khan et aL (1990) to contain the a/p  and y-lFN 

responsive element of the Ly-6 E.l gene, although no consensus interferon 

responsive elem ent sequences were found w ithin this region. The 

localization of site HS-0.1 has been shown to correspond to the minimal 

prom oter elements of the gene (Khan et a i, 1990; Sinclair and Dzierzak, 

1993). Surprisingly, it was noted that hypersensitive site HS-0.1 was also 

present in the chromatin of non-expressing imm ature thymocyte cell line 

TMIOG. As the levels of surface Ly-6A.2 and Ly-6 E.l antigens are 

considerably reduced within the CD4+CD8+ thymocyte subset (Codias et aL, 

1989; Table 1. 2.), this raised the question whether the site identified the 

presence of a repressive element. Interestingly, results from prom oter 

deletion analysis in L fibroblasts by Khan and colleagues, suggested that a 

putative negative regulatory element was located between -160 bp and -130 

bp. Furthermore, as a B1 element is located upstream of -300 bp and it has 

been found that some B1 repetitive elements have negative regulatory 

potential (Saksela and Baltimore, 1993), these regions were investigated for 

the presence of repressive elements that function within the CD4+CD8+ 

TMIOG cell line. This analysis was accomplished by stably transfecting 

Ly-6 E.l-hGH 5' deletion reporter constructs into populations of TMIOG and 

MEL cells and assaying for secreted hGH levels. The preliminary deletion 

analyses presented here were also used to confirm the location of the 

interferon responsive sequence to site HS-1.2.

The constructs, with various deletions of the Ly-6 E.l prom oter 

directing expression of the hGH reporter, are show n in Figure 5. 1.
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Construct LGH-2 containing both HS-1.2 and HS-0.1, served as the basis for 

com parison of additional deletion construct expression. Prelim inary 

constructs m ade for the prom oter deletion analysis include LGH-5 and 

LGH - 6  which contain up to -157 bp and -112 bp of prom oter sequence 

respectively. LGH-5 contains the region demonstrated by Khan et a/., (1990) 

to have repressive function, a proximal CCAAT box motif and the purine 

rich element. LGH - 6  contains only the purine rich element which was 

found to be necessary for basal expression in fibroblasts. These constructs 

were designed to confirm the location of the putative repressive element 

and to determ ine the effects on prom oter strength by deletion of the 

CCAAT box. Stable transfected population analysis was also performed 

with a control prom oterless hGH construct BGH, and a positive control 

plasm id TKGH directing hGH expression with the HSV thymidine kinase 

minimal prom oter (Selden et aL, 1986).

Populations of stably transfected MEL cells were analysed initially

for basal and y-IFN induced expression of constructs LGH-2, LGH-5 and 

LGH - 6  w ith controls TKGH and BGH (Figure 5. 2. A). In order to 

standardize for variations in transfection efficiencies, the levels of secreted 

hum an grow th horm one were calibrated with nontransfected cells for 

background activity and with the copy number of the transgenes within the 

populations. The expression data is presented as pg hG H /m l/copy  of

transgene. The assay period of uninduced and y-IFN induced culture was 

48 hrs in all cases. Individual transfection experiments show that only 

construct LGH-2 containing both sites HS-1.2 and HS-0.1, is responsive to

y-IFN. This construct demonstrated a 2.5 fold increase of expression when

the mean basal and y-IFN induced values are compared. Whilst deletion 

constructs LGH-5 and LGH- 6  demonstrate low basal levels of expression, 

sim ilar to levels of uninduced construct LGH-2 in MFL cells, these

constructs do not respond to y-IFN induction. Variations in expression 

levels of individual populations with the same construct are probably due 

to positive and negative position effects of flanking chromatin on the
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Figure 5t I:
5' Ly-6 E .l-hum an grow th horm one (hGH) reporter deletion 

constructs.

The constructs illustrated are as follows: BGH, prom oterless 

control with the hGH gene cloned into Bluescript; TKGH, minimal 

HSV TK prom oter directing expression of the hGH gene (Selden et 

aL, 1986); LGH-2, the region from -1.76 kb to +54 bp, containing the 

interferon responsive sequence and full promoter, cloned 5' to the 

hGH gene in BGH; LGH-5, the region from -157 bp to +54 bp, 

containing the "repressive element" (NE), CCAAT box m otif 

(CCAAT) and purine rich element (PRE), cloned 5' to the hGH gene 

in BGH; LGH-6 , the region from -112 bp to +54 bp containing the 

purine rich element (PRE), cloned 5' to the hGH gene in BGH.

Lines represent the Ly-6 E.l 5' flanking sequence and the light 

shaded box the first untranslated exon of Ly-6 E.l to +54 bp, with the 

darker shaded box in TKGH representing the minimal TK promoter. 

Black rectangles represent the hGH exons and clear rectangles the 

introns. Arrows depict the locations of hypersensitive sites HS-1.2 

and HS-0.1, with 5' ends indicated in kb from the transcriptional 

start site.
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Figure 5. 2 ;

Functional analysis of 5' Ly-6 E.l prom oter deletions in stably 

transfected MEL and TMIOG populations.

Expression analysis of constructs TKGH, LGH-2, LGH-5 and 

LGH - 6  w ithin three independently derived populations of stably 

transfected (A), MEL cells and (B), TMIOG cells. Stable transfected 

populations of MEL cells (0.5 x 10^) and TMIOG cells (0.5 x 10&) were 

assayed for secreted levels of reporter hGH protein after 48 hrs of

uninduced or y-IFN induced culture and quantitated for levels of 

prom oter deletion construct expression by hGH radioim m une 

assays. Levels of secreted hGH are presented as pg hG H /m l/copy  of 

transgene. Individual population expression levels are presented,

with uninduced and y-IFN (y) induced levels of the population 

grouped within the histogram for each construct. Mean values for 

the three populations are indicated by bars.
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integrated transgenes.

Within the TMIOG negative cell line, all constructs show low levels 

of basal expression within individual populations and are probably due to 

positive position effects of flanking chromatin on the integrated transgenes 

(Figure 5. 2. B). In contrast to the MEL cells, TMIOG cells transfected with

LGH-2 demonstrate no y-IFN induced response. Furthermore, the deletion 

of the B1 element in construct LGH-5 and the deletion of the "repressive 

element" in construct LGH - 6  dem onstrated no enhanced effect on the 

expression of the hGH reporter within TMIOG cells when compared to 

LGH-2 basal levels. In order to determine whether c/s-acting elements were

absent from construct LGH-2 resulting in the inability of y-IFN to enhance 

expression w ithin these cells, untransfected cells were analysed for

expression of endogenous Ly-6A.2 surface antigen after 48 hrs y-IFN 

induction by FACS analysis with the Sca-1 monoclonal antibody. No 

detectable levels of surface Ly-6A.2 were found (data not shown). 

Therefore, it can be suggested that the endogenous Ly-6A.2 gene in the

TMIOG cell line is not y-IFN responsive.

The prelim inary deletion analysis within the MEL cells indicated

that the y-IFN responsive element was localized to a region between -0.157 

kb and -1.76 kb. However, during this investigation, data was published by

others (Khan et al., 1993) that confirmed the localization of the y and

a/p-IFN responsive sequence of the Ly-6 E.l gene to the region of site HS-1.2 

(Sinclair and Dzierzak, 1993). Therefore, this line of investigation was 

discontinued.

5. 2. 2. In vitro  deletion analysis of the 3’ Ly-6 E.l gene hypersensitive

sites

I Functional analysis of the 3' region from +2.94 kb to +5.54 kb

In order to further define the elements involved in producing the 

high levels of expression observed within the MEL clones, hypersensitive
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Figurg 5t 3;
3’ Ly-6 E.1-human grow th horm one (hGH) reporter deletion 

constructs.

The constructs illustrated are as follows: BGH, prom oterless 

control w ith the hGH gene cloned into Bluescript; TKGH, minimal 

HSV TK prom oter directing expression of the hGH gene (Selden et 

al., 1986); LGH-2, the region from -1.76 kb to +54 bp, containing the 

interferon responsive sequence and full promoter, cloned 5' to the 

hGH gene in BGH with no 3' sequence; LGH-11, construct LGH-2 

w ith 3' region from +2.94 kb to +3.54 kb; LGH-7, construct LGH-2 

w ith 3' region from +2.94 kb to +5.54 kb in the correct orientation; 

LGH-8 , construct LGH-2 with 3' region from +2.94 kb to +5.54 kb in 

the opposite orientation to LGH-7; LGH-17, construct LGH-2 with 3' 

region from +2.94 kb to +8.1 kb; LGH-10, construct LGH-2 with 3' 

region from +2.94 kb to +10 kb.

Lines represent the 5' and 3' Ly-6 E.l flanking sequences and the 

light shaded box the first untranslated exon of Ly-6 E.l to +54 bp, with 

the darker shaded box in TKGH representing the m inim al TK 

prom oter. Black rectangles represent the hGH exons and clear 

rec tang les, the in trons. A rrow s dep ict the locations of 

hypersensitive sites indicated in kb from the transcriptional start 

site. A 1 kb scale is also shown.
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site functional analysis of the 3' region from +2.94 kb to +5.54 kb has been 

perform ed with Ly-6 E.l-hGH reporter constructs in stable populations of 

NIH3T3 fibroblasts and MEL cells. This region contains two hypersensitive 

sites, HS+3.3 and HS+4.9. The m ost proxim al 3' site, HS+3.3, is 

significantly enhanced during Ly-6 E.l induced expression. However, the 

next m ost proximal 3' site, HS+4.9, is constitutive (Sinclair and Dzierzak, 

1993; Chapter 4. 2. 3 to 5.). Therefore, in order to determine the effects of 

these hypersensitive sites on Ly-6 E.l transcription, various regions of 3' 

flanking sequence +2.94 kb to +5.54 kb were cloned downstream  of the 

Ly-6 E.l promoter (-1.76 kb to +54 bp) and hGH reporter gene (Figure 5. 3.).

The cell lines chosen for the 3’ deletion construct analyses were 

NIH3T3 cells and MEL cells. NIH3T3 fibroblasts constitutively express

Ly-6A.2 whereas MEL cells require induction with y-IFN (Chapter 3. 2. 4.; 

LeClair et al, 1989). These cell lines were used for the detection of

differential effects of hypersensitive sites on basal and y-IFN induced 

Ly-6 E.l expression. Both NIH3T3 fibroblasts and MEL cells were stably 

transfected with the constructs and populations of cells were analysed for 

secreted levels of hCH in the medium by radioimm une assays. Positive 

control TKGH and negative control BGH were also used in this analysis.

Figure 5. 4. shows both uninduced and y-IFN induced levels of 

secreted hGH from individual MEL populations transfected with constructs 

TKGH, LGH-2, LGH-7 and LGH-8 . Four independen t transfected 

p o pu la tions did  not express p rom oterless construct BGH above 

untransfected  background levels (data not shown). Control TKGH 

expression was found to vary when copy num bers were taken into 

consideration, and may represent positive and negative position effects of 

the chromatin on transgene expression. Surprisingly, levels of TKGH were

found to increase slightly when induced with y-IFN within all populations 

analysed. However, the Ly-6 E.l-hGH constructs LGH-2, LGH-11 (not

shown), LGH-7 and LGH- 8  all dem onstrated a significantly higher y-IFN 

induced enhancement within all six independent populations for each
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Figyrç 5t 4;
Functional analysis of the Ly-6 E.l 3’ region from +2.94 kb to 

+5.54 kb in transfected MEL populations.

Uninduced and y-IFN induced expression analyses of constructs 

TKGH, LGH-2, LGH-7 and LGH- 8  within independent populations of 

stab ly  transfected MEL cells are presented. Transfection of 

populations were performed at the same time. Stable populations 

of MEL cells (0.5 x 1 0 ^) were assayed for secreted levels of hGH after

48 hrs of uninduced or y-IFN induced culture and quantified for 

construct expression by hGH radioimmune assays. Levels of secreted 

hGH are presented as pg hG H /m l/copy  of transgene. Individual 

population expression levels are presented, with uninduced and

y-IFN (y) induced  levels of the popu lation  show n at the 

corresponding location within the histogram for each construct. The 

mean hGH expression value for the populations is indicated by a bar. 

The maximum scale value of the histogram is 100 pg hG H /m l.
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Figure 5.5;
Functional analysis of the Ly-6 E.l 3' region from +2.94 kb to 

+5.54 kb in transfected NIH3T3 populations.

Uninduced and y-IFN induced expression analyses of constructs 

TKGH, LGH-2, LGH-7 and LGH- 8  within independent populations of 

stably transfected NIH3T3 fibroblasts are presented. Transfection of 

populations were performed at the same time. Stable populations of 

NIH3T3 fibroblasts (0.5 x 1Q5) were assayed for secreted levels of hGH

after 48 hrs of uninduced or y-IFN induced culture and quantified for 

construct expression by hGH radioimmune assays. Levels of secreted 

hGH are presented as pg hG H /m l/copy  of transgene. Individual 

population expression levels are presented, with uninduced and

y-IFN (y) induced  levels of the popu lation  show n at the 

corresponding location within the histogram for each construct. The 

mean hGH expression value for the populations is indicated by a bar. 

The maximum scale value of the histogram is 400 pg hG H /m l.
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construct (Figure 5. 4.). Expression levels of constructs LGH-2, LGH-11 (data

not shown) and LGH-7 were enhanced three fold with y-IFN when the 

m ean uninduced and induced values are compared. However, LGH - 8  

expression levels were only enhanced two fold. This suggests that the

reversal of sites HS+3.3 and HS+4.9 reduces the level of y-IFN induced 

expression of the hGH reporter. The m ean expression levels of all 

constructs containing 3' site HS+3.3 (LGH-11, LGH-7 and LGH-8 ) were 

found to be enhanced when compared to promoter alone construct LGH-2. 

H ow ever, due to fluctuations in hGH expression levels w ithin the 

individual populations, the increase of LGH-11, LGH-7 and LGH- 8  basal 

expression in MEL cells can only be considered slight.

The 3' deletion constructs w ere also analysed  in Ly-6A.2 

constitutively expressing NIH3T3 fibroblasts. The hGH levels of negative 

control BGH in six populations was again negligible above untransfected 

cell background levels (data not shown). Populations were analysed for 

positive control TKGH expression, in addition to the constructs LGH-2, 

LGH-11, LGH-7 and LGH- 8  . The quantities of hGH within the medium 

again varied within stably transfected populations of the same construct 

and is probably due to position effects of flanking chromatin on transgene 

expression.

Figure 5. 5. shows the uninduced and y-IFN induced levels of 

secreted hGH of NIH3T3 cells transfected with control TKGH, which was

found to increase slightly when cultured with y-IFN. A comparison of the 

basal and induced expression means of populations containing constructs 

LGH-2, LGH-11 (data not shown), LGH-7 and LGH - 8  indicates that

incubation with y-IFN enhanced hGH expression by approximately 1.7 fold 

with all constructs. The basal levels of hGH from promoter alone construct 

LGH-2 and 3' construct LGH-7, appear to be similar, with variations of 

expression w ithin individual populations taken into account. Similar 

levels of basal expression for construct LGH-11, with 3' site HS+3.3, were 

also seen (data not shown). As previously observed for the MEL cell
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transfections, the reversal of 3' hypersensitive sites HS+3.3 and HS+4.9 

reduced the induced activity of construct LGH- 8  slightly when compared to 

LGH-7 in addition to basal levels in NIH3T3 cells. This again suggests that 

the inversion of sites HS+3.3 and HS+4.9 reduces induced levels of 

transgene expression. It is possible that constitutive site HS+4.9 may have 

some repressive action on expression when this site is the most proximal 3' 

a n d /o r  that the inversion of site HS+3.3 som ehow  interferes w ith 

transcription of the gene. The reasons for this observed reduction are 

unclear and require further 3' constructs and additional transfections to 

confirm any repressive effects seen.

The results from these studies suggest that the inclusion of HS+3.3 

and HS+4.9 in the correct orientation slightly enhances basal and induced 

expression only within MEL cells. However, any subtle positive effects on 

transcriptional regulation by this 3' region needs to be firmly established by 

additional transfection and hGH assay experiments. Transient transfection 

analysis of the constructs w ithin these cell types may also clarify any 

transcriptional enhancing or repressive activities of these sites.

II Functional analysis of the 3' region from +5.54 kb to +10 kb.

Within the region of +5.54 to +10 kb, sites HS+5.6, HS+6.7, a doublet 

at HS+8.7 and single site at HS+8.9 are preferentially enhanced during

induction with y-IFN (Chapter 4. 2. 3 to 5.). In order to study the effects of 

these hypersensitive sites on Ly-6 E.l transcription, various 3' deletions of 

the region +5.54 kb to +10 kb were cloned downstream  of the Ly-6 E.l 

promoter and hGH reporter gene (Figure 5. 3.). As described above, both 

MEL cells and NIH3T3 fibroblasts were stably transfected with the 

constructs and populations of cells were analysed for secreted levels of hGH 

in the m edium  by radioim m une assays. Positive control TKGH and 

negative control BGH were also used in this analysis.

Figure 5. 6 . shows the hGH levels from populations transfected with 

TKGH, prom oter alone construct LGH-2, and two 3' deletion constructs, 

LGH-17 with 3' sequences from +2.94 kb to +8.1 kb, and LGH-10 with 3'
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Figure 5t 6;
Functional analysis of the Ly-6 E.l 3' region from +2.94 kb to +10 

kb in transfected MEL populations.

Uninduced and y-IFN induced expression analysis of constructs 

TKGH, LGH-2, LGH-17 and LGH-10 within independent populations 

of stably transfected MEL cells are presented. Transfection of the 

populations were performed at the same time as those in Figure 5. 4. 

The TKGH and LGH-2 data is the same as that for Figure 5. 4. but 

used here for the comparison of the 3' construct expression levels. 

Stable populations of MEL cells (0.5 x 10&) were assayed as described 

w ithin the legend of Figure 5. 4. Levels of secreted hGH are 

presented as pg hG H /m l/copy  of transgene. Individual population

expression levels are presented, w ith uninduced and y-IFN (y) 

induced levels of the population show n at the corresponding 

location w ithin the histogram for each construct. The mean hGH 

expression value for the populations is indicated by a bar. The 

maximum scale value of the histogram is 800 pg hG H /m l.
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Figure iLZ;
Functional analysis of the Ly-6 E.l 3' region from +2.94 kb to +10 

kb in transfected NIH3T3 populations.

Uninduced and y-IFN induced expression analysis of constructs 

TKGH, LGH-2, LGH-17 and LGH-10 within independent populations 

of stably transfected NIH3T3 fibroblasts are presented. Transfection 

of all populations were perform ed at the same time as those in 

Figure 5. 5. The data for TKGH and LGH-2 are the same as in Figure 

5. 5. and are used for comparison to the 3' construct expression 

levels. Stable populations of NIH3T3 fibroblasts (0.5 x 1 0 ^) were 

assayed as described by the legend of Figure 5. 5. Levels of secreted 

hGH are presented as pg hG H /m l/copy  of transgene. Individual 

population expression levels are presented, with uninduced and

y-IFN (y) induced  levels of the popu la tion  show n at the 

corresponding location within the histogram for each construct. The 

mean hGH expression value for the populations is indicated by a bar. 

The maximum scale value of the histogram is 800 pg hG H /m l.
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sequence to +10 kb. A comparison of the mean values of basal and induced 

hGH expression demonstrates that the inclusion of 3' sequence with sites 

HS+3.3, HS+4.9, HS+5.6 and HS+6.7 slightly enhanced the expression of 

LGH-17, from 7.4 pg hGH to 41.2 pg hG H /m l (5.5 fold increase) compared to

3.1 pg to 10.2 pg hGH (3.2 fold increase) for LGH-2. However, when the 

additional 3' region w ith hypersensitive sites HS+8.7 and HS+8.9 was 

included in construct LGH-10, expression levels were strongly enhanced on

induction with y-IFN, with populations means increasing from 26.8 pg to

470.1 pg hG H /m l (approximately a 17.5 fold enhancement). A comparison 

of the mean basal hGH expression of both 3' constructs to the mean basal 

expression of LGH-2, dem onstrates that LGH-17 and LGH-10 express 

approxim ately 2.4 and 8.7 fold higher than basal LGH-2 respectively. 

Although actual levels of hGH expressed per copy of transgene varied 

within the populations containing the same construct, consistently higher 

induced levels were observed within the individual populations with 

constructs LGH-17 and LGH-10. Such population variations were probably 

due to chromatin position effects on the transgenes.

Construct analysis in NIH3T3 fibroblasts, indicated that only the

y-IFN induced expression levels of LGH-10 populations were significantly 

and consistently higher than prom oter alone LGH-2 and 3' construct

LGH-17 (Figure 5. 7.). A comparison of the y-IFN inducibility of the 

constructs demonstrates that the expression of LGH-10 was induced from 

182.6 pg to 511.9 pg hG H /m l (2.8 fold increase), in contrast to approximately 

a 1.7 fold enhancement for both LGH-2 and LGH-17. Basal expression of all 

constructs were not significantly different, although some LGH-10 

populations expressed high basal levels. In order to firmly establish 

w hether LGH-10 contains elements involved in directing higher basal 

levels of expression, additional population analysis is required.

To further confirm the preferential y-IFN induction of construct 

LGH-10, the levels of the hGH reporter transcript and the endogenous 

Ly-6A.2 were quantitated  by SI nuclease protection analysis. The 

quantification of hGH transcripts from the populations of MEL and
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NIH3T3 cells transfected with LGH-2, LGH-7 and LGH-10 (data not shown) 

demonstrated that the endogenous Ly-6A.2 and hGH transcript levels were

enhanced with y-IFN and correlated with the secreted hGH levels observed 

for the constructs. Only construct LGH-10 was found to produce high levels

of hGH transcript on y-IFN induction, dem onstrating approximately a 15 

fold increase in MEL cells. This confirmed that LGH-10 contains 3' 

elements involved in the enhancing Ly-6 E.l transcription on induction

with y-IFN.

5. 2 . 3. The Ly-6 E.l 3’ region, w ith sites HS+8.7 and HS+8.9, contains a

y-IFN responsive element

As described above, construct LGH-10 dem onstrated considerable

y-IFN induced expression within MEL cells and a reduced, but significant, 

enhancem ent in NIH3T3 fibroblasts when compared to other 3' deletion 

constructs. DNase I hypersensitive site m apping of this downstream region 

has demonstrated that sites HS+8.7 and HS+8.9 appear within the 3' region 

additionally included within construct LGH-10. Therefore, to confirm that

sites HS+8.7 and HS+8.9 are responsible for the enhanced y-IFN 

responsiveness of construct LGH-10, hGH reporter construct LGH-18 was 

made (Figure 5. 8 . A.). This construct contains sites HS+8.7 and HS+8.9 but 

deletes 3’ sequences downstream  of +9 kb. Another construct, LGH-19, 

containing these distal hypersensitive sites ligated in front of the 

thym idine kinase (TK) prom oter of TKGH, was also made to determine

w hether this region could confer the y-IFN m ediated response to a 

heterologous prom oter and thus constitute an enhancer element. Both 

constructs were transfected into MEL cells and NIH3T3 fibroblasts and 

populations were analysed as described above.

Figure 5. 8 . B. shows that the expression levels of MEL populations

transfected with LGH-18 were enhanced 13-14 fold with y-IFN. This y-IFN 

mediated response was also conferred to the heterologous TK promoter in 

construct LGH-19, with induced expression levels increasing from 132.6 pg
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Figure 5. 8:

Functional analysis of the Ly-6 E.l 3’ region containing 

hypersensitive sites HS+8.7 and HS+8.9 in transfected MEL cells and 

NIH3T3 fibroblasts.

Uninduced and y-IFN induced expression analysis of constructs 

LGH-18 and LGH-19 w ithin independent populations of stable 

transfected MEL cell and NIH3T3 fibroblasts are presented. Stable 

populations of MEL cells (0.5 x 10&) and NIH3T3 fibroblasts (0.5 x 1 0 )̂ 

were assayed as described by the legends of Figure 5. 4. and Figure 5. 

5. respectively.

(A). Diagrams of constructs LGH-18 and LGH-19. LGH-18 

contains a 0.9 Kpnl fragment from +8.1 kb to +9.0 kb ligated onto the 

3’ end of construct LGH-17. LGH-19 contains a 1.4 kb H indlll 

fragment cloned 5' of the TK promoter of construct TKGH. The light 

shaded box represent the first untranslated exon of Ly-6 E.l, and the 

darker shaded box the minimal TK prom oter. Black rectangles 

represent hGH exons, and clear boxes the introns. Lines represent 

the 5' and 3’ flanking sequences with the hypersensitive sites 

ind ica ted  by arrow s w ith  the ir locations in kb from the 

transcriptional start site.

(B). Construct LGH-18 and LGH-19 hGH expression levels in 

stably transfected populations of MEL cells. Transfection of all MEL 

populations were perform ed at the same time. The maximum scale 

value of the histogram is 1000 pg hGH /m l.

(C). Construct LGH-18 and LGH-19 hGH expression levels in 

stably transfected populations of NIH3T3 fibroblasts. Transfection of 

all NIH3T3 populations were perform ed at the same time. The 

maximum scale value of the histogram is 500 pg hG H /m l.
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to 620.5 pg hG H /m l, approximately a 4.6 fold increase. A comparison of the 

mean basal levels of TKGH and LGH-19 (Figure 5. 4.) within MEL cells, 

indicated that the presence of sites HS+8.7 and HS+8.9 appeared to increase 

the basal expression from 69.9 pg (TKGH) to 132.6 pg hG H /m l (LGH-19). 

Expression analyses of LGH-18 and LGH-19 were also performed in

NIH3T3 fibroblasts. Enhanced levels of LGH-18 on y-IFN induction were 

again observed, however this enhancem ent was only a 3-4 fold increase 

when the mean basal and induced levels were compared (Figure 5. 8 .C.). 

This increase correlates well with the enhancem ent seen for LGH-10 in 

NIH3T3 populations (Figure 5. 7.). However, LGH-19 did not produce high

levels of y-IFN induced hGH expression, with populations demonstrating a 

mean increase from 256.5 pg to only 327.5 pg hG H /m l (approximately a 1.3 

fold enhancement). Comparative analysis of the basal levels of LGH-19 

and TKGH (Figure 5. 5.) dem onstrated that LGH-19 expression was 

increased approximately two fold. Although fluctuations were observed 

between populations containing the same constructs, this general increase 

in basal expression of LGH-19 was apparent.

From the results of the experiments described above, it can be seen

that the region containing sites HS+8.7 and HS+8.9 confers high level y-IFN 

induced reporter expression from both the Ly-6 E.l prom oter and the 

heterologous TK promoter. This enhancem ent is significantly higher in 

induced MEL cells. Therefore, it can be concluded that the downstream

region from +8.1 kb to +9.0 kb contains a y-IFN responsive element that

mediates high levels of Ly-6 E.l y-IFN induced expression.

5. 2 . 4. Nucleotide sequence and putative factor b inding analysis of sites

HS+8.7 and HS+8.9

As described above, the region between +8.1 kb and +9.0 kb contains

an element involved in mediating high level y-IFN induced induction of 

the Ly-6 E.l gene. Therefore, in order to investigate whether an interferon 

responsive consensus sequence was located within this region in addition
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Figure 5» 9:
Sequence and putative factor binding analysis at HS+8.7 and 

HS+8.9.

Preliminary single strand sequence and consensus factor binding 

site analysis was perform ed on the 0.9 Kpnl fragm ent containing 

DNase I hypersensitive sites HS+8.7 and HS+8.9. Putative factor 

b inding consensus sites were detected by com parative sequence 

analysis to factor binding sites within GENBANK. Although other 

consensus sites are present w ithin the sequence, only putative 

binding sites w ithin the location of the DNase I sites are shown. 

Sequences A and B are separated by approximately 40 bp.

A). Sequence analysis of 348 bp fragment containing site HS+8.7. 

Consensus sequences shown are: the ISRE (Friedman and Stark, 

1985; Porter et al., 1988) corresponding to the proximal band of the 

HS+8.7 doublet; AP-1 and C/EBP consensus factor binding sites 

(Faisst and Meyer, 1992) corresponding to the distal band of the 

HS+8.7 doublet.

B). Sequence analysis of 572 bp fragment containing site HS+8.9. 

Consensus factor binding sites are shown for AP-1/PEA-1 factors 

(Faisst and Meyer, 1992).

C). Sequence comparison of the consensus ISRE (Reid et aL, 

1989), the ISRE homologous sequence at HS+8.7 and a closely related 

m urine MX gene ISRE (Hug et ah, 1988).
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B

1 cttttaggaa gtcctgcatt gggtcagate ttccaagtgt atcaggtagg
51 ttattagact gccagtcaca tgatttàtaa gaagacagtt ctctggtggg

ISRE ^
101 gaaacagaaa cagaaaccta actggcttta tacgtgactt ggcttttgtc 

AP-3 C/EBP

151 tctgtggaat tgagtaggac caagcctgat ttgggtcatg aacatcccca
201 ctctggcagt cctctaggag agctgttcag gggtatgagc agtattagca
251 tttcttctct aatctctgcc tcacagttat ctggctatag ccagggatgc
301 catgactcac tataaagggc tgctttaggg ggttctcata ttctcttc

1 gttcgttccc ctccagcgac tgtcttctta gaatcatgtg actggcagtc
51 taataaccta cctgatacac ttggaagact cctgacccaa tgcagtttct

AP-1/PEA-1
101 tcctaaaatg tcccttacat cccctacccc tgactcaagn aaaataatct
151 agcccttcta tttcaataaa ggagctgtcc ttttaaaaag tcttgcaaat
201 cattcatacc caccatacac actgccccgg aacacgatga tccccagctc
251 ctctgcacag gtctgagacc agagccatgg gggaggggna agtggcattt
301 ggaggaagtc cacttggtta acatgaaacc tttgctatga ctcaaggggn
351 tgttgaggca tatatgtgac cttggttcat acaacagagg tcgttcattc
401 tctgaggagg ggaatgggct tggctaaggt ttgacctatt cagtgtgaca
451 gtcagtagtc aggcttttgg ctgagtagga aggcaggaga gagggctcag
501 tgtgttttta tcttgctagt ggacctctct gcagagggcc tgtcttctct
551 aacacaagcc tggcaacatc tg

Consensus ISRE R G A A A N (N) G A A A C T

HS+8.7 ISRE A G A A A C A  G A A A C C

MX ISRE A G A A A C  G A A A C T



to investigating putative factor binding at sites HS+8.7 and HS+8.9, a 0.9 kb 

Kpnl fragm ent containing these sites has been sequenced. Comparative 

sequence analysis has dem onstrated that an element with high homology 

to the consensus interferon-stim ulated response element (ISRE) and the

m urine MX gene ISRE sequence maps to the most proximal y-IFN induced 

band in the HS+8.7 doublet (Figure 5. 9. A and C). This proximal site is

rapidly induced during early Ly-6 E.l y-IFN induced stages (Chapter 4. 2. 4.)

and suggests the binding of y-IFN induced factors to enhance Ly-6 E.l 

expression. As several factors have the potential to bind to ISREs (review: 

Faisst and Meyer, 1992) footprint, gel shift and functional assays are 

required to elucidate the specific factors binding to this element.

In addition to the ISRE element at HS+8.7, potential factor binding 

sites were found for AP-3 and C/EBP corresponding to the location of the 

distal doublet at HS+8.7 (Figure 5. 9. A). Putative sites for PEA-1 and AP-1 

were shown to correspond to the location of HS+8.9 (Figure 5. 9. B). Gel 

shift and functional analysis would determine whether these transcription 

factors bind the identified consensus sequences at these sites and whether 

these factors are required for the enhancing activity of this fragment.

5. 2. 5. In vivo  analysis of the 3’ Ly-6 E.l deletion constructs LGH-7 and

LGH-18

In o rder to de term ine  w hether the dow nstream  DNase I 

hypersensitive sites were required for in vivo expression and w hether 

these sites delineated tissue specific regulatory elements, transgenic mouse 

analyses of 3' deletion constructs LGH-7 and LGH-18 were performed. As 

the hGH reporter has previously been used successfully in transgenic 

expression analysis (Morello et aL, 1986; Pinkert et aL, 1987; Hanson et aL, 

1991; Drezden et aL, 1992) and since the Ly-6 E.l-hGH constructs were made 

and tested in transfection experiments, constructs LGH-7 and LGH-18 were 

microinjected to produce founder transgenic mice. These constructs were 

chosen to determine the in vivo effects of Ly-6 E.l 3' sequences from +2.94 

kb to +5.54 kb (LGH-7) and from +2.94 kb to +9.0 kb (LGH-18) on transgene
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Figure 5t IQ;
LGH-7 and LGH-18 transgene expression in the peripheral blood 

of founder mice.

Analysis of peripheral blood RNA for transgene message was 

perform ed by RT-PCR for Ly-6 E.l-hGH fusion transcript and control 

HPRT, on tail blood RNA.

(A). Quantification by FACS analysis of surface expression of the 

Ly-6A.2/Ly-6E.l antigens on peripheral blood leukocytes from a CBA 

(Ly-6 E.l) X C57/B110 (Ly-6A.2) FI mouse. Monoclonal antibodies 

used are as follows: D7, anti-Ly-6 A.2/ Ly-6 E. 1 FITC labelled 

monoclonal antibody; CD72, B cell specific PE labelled monoclonal 

antibody; CD4, T helper cell specific PE labelled m onoclonal 

antibody; CDS, T cytotoxic cell specific PE labelled monoclonal 

antibody. The percentage of positive cells w ithin positive and 

negative quadrants are shown.

(B). Ly-6 E.l-hGH and control HPRT fragm ents generated by 

RT-PCR of transgenic founder peripheral blood cDNA were detected 

by Southern blot to increase the sensitivity of the assay. Fragments 

were detected by hybridization with hGH and HPRT specific probes. 

Ly-6 E.l-hGH transcripts are detectable in T2 (LGH-7) and T4 (LGH-18) 

founder peripheral blood cDNA. The positive control cDNA used 

w as from  uninduced NIH3T3 transfected w ith LGH-2, which 

expressed hGH at 8 8  p g /m l/c o p y  after 48 hrs (Figure 5. 5.). 

Percentages depict the 1/10 dilution of initial 1 pg (10%), 0.1 pg (1%) 

and 0.01 pg (0.1%) control cDNA. The 225 bp Ly-6 E.l-hGH fusion 

transcrip t and 249 bp HPRT transcript are distinguishable from 

genomic DNA contaminating bands at 500 bp and 1.1 kb respectively. 

M arker fragm ents from pUC18 restricted  w ith MspI is show n 

alongside the blots.
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expression.

Three founders containing the LGH-7 transgene were produced and 

were found to contain ~1 (very low copy mosaic T l), 90-100 (T2) and 5-6 

copies of the transgene by slot blot analysis. The male founder with 5-6 

copies died suddenly at 6  weeks of age and thus expression analysis could 

not be performed on this animal. Also, three founders were obtained from 

the LGH-18 microinjections, and contained 4 (T3), 100-110 (T4) and 2 copies 

of the transgene. The female transgenic with 2 copies died at 2 weeks of age 

and was not analysed for transgene expression. Although transgenic mice 

with hGH reporter constructs have been reported to be larger than normal 

(Pinkert et al, 1987), none of the Ly-6 E.l-hGH transgenics were significantly 

larger than non-transgenic littermates.

Surface Ly-6 E.l antigen is expressed highly on activated T and B 

lym phocytes (Kimura et al,  1984; Table 1. 2.). Therefore, to determine 

whether the transgenes were expressed in peripheral T and B lymphocytic 

subsets, RT-PCR analysis was perform ed on founder peripheral blood 

RNA. N orm al surface Ly-6 E.l and Ly-6A.2 antigen expression, as 

determined by the D7 monoclonal antibody staining and by FACS analysis, 

was found on approximately 40% of peripheral blood leukocytes within an 

CBA(Ly-6 E.l) x C57/B110(Ly-6A.2) FI non-transgenic mouse. Double 

staining with D7 and lymphocyte specific antibodies demonstrated that 25% 

and 11% of D7 positive cells stained for T cell (CD4 and CD8 ) and B cell 

(CD72) markers respectively (Figure 5. 10. A.). Figure 5. 10. B. shows the 

results of PCR Ly-6 E.l-hGH and control HPRT products generated from 

peripheral blood cDNA. Both sets of prim ers were designed to span 

in tron ic  sequences so as to d iscrim inate betw een genom ic DNA 

contamination and the presence of cDNA by fragment size determination. 

This analysis demonstrated that LGH-7 founder T2 and LGH-18 founder T4 

express the Ly-6 E.l-hG H  fusion transcrip t w ithin peripheral blood 

leukocytes at 1% and 15% of control cDNA (calibrated with HPRT) from a 

population of NIH3T3 cells transfected with construct LGH-2 expressing 

hGH at 8 8  pg /m l/copy . No signal was found for the Tl or T3 founders.
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Figure 5 ,11;
Transgene copy num ber quantitation and analysis for mosaicism 

within transgenic founder tissues.

Southern blot of 10 pg of Bglll restricted DNA from spleen (S), 

kidney (K) and brain (Br) from transgenic founders T2, T3 and T4. 

Hybridization was with a 5' hGH 1.2 kb BamHI-Bglll fragment and a 

loading control 1.35 kb Smal-Ncol Thy-1 fragm ent on the same 

stripped blot. Dilutions of plasmid LGH-2 in non-transgenic DNA 

were used as 2 0 , 1 0 , 1  and 0  copy num ber controls, as described by 

Brady et al. (1993). Lambda BstEII size markers are shown alongside 

the blots.

Q uantitation on a phosphorim ager determ ined that little /n o  

copy num ber variation occurred between the tissues. The reduced 

levels were seen for T2 sam ples S and K were due to a blotting 

artifact.
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While T2 and T4 had approximately the same copy number it is interesting 

that the full construct LGH-18 expresses better than LGH-7, although more 

transgenics m ust be analysed to verify this observation.

For tissue specific expression analysis and determ ination of 

construct expression w ithin the stem cell compartm ent, transgenic lines 

from the founders were sought. However, only founder T3 produced 

offspring after many attempts at breeding all of the founders. Therefore, 

the founder mice were analysed for transgene expression by SI nuclease 

protection analysis. In order to confirm that mosaicism was absent within 

the founder animals, spleen, kidney and brain DNA was prepared from T2, 

T3 and T4 founders, and digested with Bglll and hybridized with an hGH 5' 

end probe. Figure 5. 11. demonstrates that within the different founder 

tissues there is little or no variation in copy num ber of the transgenes. 

This suggests that either the founders are not mosaic or that there is an 

absence of copy number variance in these tissues.

RNAs from many tissues were prepared and detections of transgene

hGH, endogenous Ly-6A.2/Ly-6E.l and control p-actin transcripts were 

performed by SI nuclease analysis (Figure 5. 12.). An Ly-6 E.l exon 4 was 

chosen to specifically detect endogenous Ly-6A.2/Ly-6E.l transcription and 

not residual transgene exonic sequences. Initial analysis was performed on 

the transgenic founder T2, containing 90-100 copies of the LGH-7 construct. 

Dissection of this female revealed multiple liver and kidney tum ours in 

addition to sarcomas. One of the liver tumours was taken for analysis. The 

salivary glands and associated lymphoid tissue were found to be enlarged 

and were also taken for analysis. The tissue distribution of hGH transcript 

appeared to follow qualitatively the tissue distribution of Ly-6A.2/Ly-6E.l 

transcript with high levels in kidney, heart, lung and brain (Figure 5. 12.). 

However, disproportionately high levels of hGH transcript were found in 

the salivary gland and associated lym phoid tissue when com pared to 

endogenous Ly-6A.2/Ly-6E.l transcript. The high levels seen within the 

salivary glands and associated lymphoid tissue may be due to position 

effects of flanking chromatin on transgene expression, the presence of
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Figure 5.12;

Founder tissue distribution analysis of transgene expression by 

SI nuclease protection of RNA.

The expression patterns of the Ly-6 E.l-hG H  transgenes were 

analysed from transgenic founder tissue RNAs by SI nuclease 

p ro tec tio n  and  com pared  and  q u an tita ted  to endogenous

Ly-6A.2/Ly-6E.l and control |3-actin protected fragments.

The following tissue RNAs from founders T2 (LGH-7), T3 

(LGH-18) and T4 (LGH-18) were analysed: K, kidney; SG, salivary 

glands and associated lym phoid tissue; T, thymus; S, spleen; BM, 

bone marrow; LN, lymph nodes; H, heart; Lg, lung; L, liver; O, ovary;

Ts, testis; Br, brain. Controls were as follows: (ylO), 10 |ig RNA from

y-IFN induced MEL population transfected w ith LGH-10 which 

expressed secreted hGH at 400 pg hG H /m l/copy after 48 hrs (Figure 5.

6 .). This RNA was used as a positive control for Ly-6 E.l-hGH fusion 

transcripts and endogenous Ly-6A.2; (FK), 10 pg Fl(CBAxC57/B110) 

k idney  RNA as a positive Ly-6A .2/Ly-6E.l and  a negative 

Ly-6 E.l-hG H control; (t), 10 pg tRNA as a negative control for all 

probes. 10 pg of sample RNAs were used for each of the hGH and

Ly-6A.2/Ly-6E.l probes and 1 pg of RNA was used for p-Actin 

control, except where indicated by an asterisk. Reduced amounts of 

T2 RNAs were used for hGH and Ly-6A.2/Ly-6E.l transcrip t 

detection due to low RNA yields: K, 5 pg; T, 1.5 pg; BM, 2 pg; LN, 1 

pg; Lg, 5pg; O, Ipg; Br, 5pg. In these cases, 1/10 of each sample was

used for the p-actin control.

The SI nuclease protected fragments of hGH (204 nt and 230 nt),

Ly-6A.2/Ly-6E.l (488 nt) and p-actin control (110 nt) are shown from 

the various tissues from transgenic founders w ith control pUC18 

MspI markers alongside.
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activated leukocytes or expressing tum our cells w ithin  this tissue. 

Interestingly, both hGH signal and Ly-6A.2/Ly-6E.l signal were found 

w ith in  the liver tum our, w hereas in norm al liver little  or no 

Ly-6A.2/Ly-6E.l or hGH transcript was found. Expression w ithin the 

tum our may be due to transgene enhancement by oncogenic factors, or may 

represen t expressing activated lym phocytes w ithin this tissue. As 

expression was low, this suggests that infiltrating activated lymphocytes 

and not the tum our were contributing to the Ly-6A.2/Ly-6E.l and hGH 

signals. Within this founder, no hGH signal was observed in ovary, lymph 

nodes, bone marrow or thymus, although endogenous Ly-6A.2/Ly-6E.l 

transcript was observed in lymph nodes. Since the T2 mouse was 12 

months old, the thymus had undergone considerable atrophy. Little RNA 

(1 pg) from the thymic rudim ent was available for analysis. Therefore the 

absence of signal within thymus as well as the bone marrow and ovary (1 

pg and 2 pg respectively) is probably due to an insufficient quantity of RNA 

available for analysis.

It was noticed that two fragments, the expected 204 nt fragment and 

an additional fragment at approximately 230 nt, were protected with the 600 

bp hGH probe. Both fragments were found to increase proportionately in

intensity in expressing tissues. Both fragments also appeared in the y-IFN 

induced LGH-10 MEL population control and the other transfected MEL 

and NIH3T3 populations (not shown). As previous use of this hGH exon 5 

probe has only produced the 204 nt band (Hanson et al., 1991), it is possible 

that the inclusion of Ly-6 E.l sequences within the constructs affects correct 

splicing of the hGH transcript, thereby providing an alternative splice site 

at approximately 26 bp upstream of exon 5.

Analysis of the tissue distribution and expression levels of founders 

T3 and T4, containing 4 and 100-110 copies of the LGH-18 transgene 

respectively was also performed (Figure 5. 12.). In transgenic founder T3 ( 4 

m onths of age), only very low levels of hGH transcripts were detected in 

lym ph nodes, heart, lung, ovaries and brain. H igher levels of hGH 

transgene transcripts in lymph nodes, heart, lung and ovary were found to
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Table 5.1;

Q uantification of tissue specific expression levels of the 

Ly-6 E.l-hGH fusion transcript in transgenics T2, T3 and T4.

Data presented is from phosphorim ager quantification of hGH 

and Ly-6A.2/Ly-6E.l signal from SI analysis of transgenic LGH-7 

founder T2, and LGH-18 founders T3 and T4 in Figure 5. 12. Data is 

expressed as the percentage of hGH transcrip t levels detected 

compared to the endogenous Ly-6A.2/Ly-6E.l transcript levels per 

copy of transgene/endogenous gene within the tissue. The data 

presented as "0 %" identifies that the protected fragment signal was 

indistinguishable from the tRNA negative control, indicated 

atrophied thymus and indicates no data is available. Age of mice 

at time of sacrifice were: T 2 ,12 months; T3, 4 months; T4, 4 months.
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Table 5.1.

Quantification of tissue specific expression levels of the Ly-6 E.l-hGH fusion transcript
in transgenic founders T2, T3 and T4

Tissue T2 T3 T4

Kidney 5.8% 0 % 4.1%

Salivary glands 1 2 0 .2 % 0 % 3.0%

Thymus *̂ 0 % 0 % 13.1%

Spleen 8.7% 0 % 5.8%

Bone marrow 0 % 0 % 13.5%

Lymph nodes 0 % 2 .1 % 7.2%

Heart 48.7% 2.5% 2.9%

Lung 41.9% 0.5% 0.3%

Liver 0 % 0 % 4.5%

Liver tumour 5.1% - -

Ovary 0 % 3.4% -

Testis - - 5.3%

Brain 6 .2 % 8 .2 % 1 .2 %



correlate with the endogenous Ly-6A.2/Ly-6E.l transcripts. In contrast, 

founder T4 ( 4 months of age) with 100-110 copies of LGH-18, expressed very 

high levels of hCH in all tissues analysed. The levels of hCH transcript 

were concordant w ith levels of Ly-6A.2/Ly-6E.l transcript in kidney, 

salivary glands and associated lymphoid tissue, spleen, lymph nodes, heart, 

testis and brain. However, thym us and bone m arrow hGH levels were 

d isp ro p o rtio n a te ly  h ig h  w hen  com pared  to  the  en d o g en o u s 

Ly-6A.2/Ly-6E.l transcript levels. Such high levels may be due to the strong 

positive position effects of an enhancing element on the transgene.

A summary of the Ly-6 E.l-hGH transgene expression is presented in 

Table 5. 1., w ith the percentages of transgene hGH transcript levels 

compared to endogenous Ly-6A.2/Ly-6E.l transcript levels. In general, both 

transgene constructs express at higher levels in Ly-6A.2/Ly-6E.l expressing 

tissues. Interestingly founder T4 (LGH-18) expressed significantly higher 

levels of the transgene in thymus and bone marrow. Further transgenic 

analysis is required to confirm any effects of sites HS+8.7 and HS+8.9 on i n 

vivo transgene expression.

5. 3. Conclusion

Hypersensitive sites have been identified within both the 5' and 3' 

flanking regions of the Ly-6 E.l gene and many of these sites are enhanced 

during expression (Chapters 4. 2. 3 - 5.). The investigations described 

within this chapter have explored the functions of 5' and 3' hypersensitive 

sites by Ly-6 E.l prom oter and downstream  deletion construct analysis 

within stably transfected populations of cells. In addition, preliminary 3’ 

deletion construct analysis in vivo.

Analysis of the 5’ deletion constructs within y-IFN inducible MEL

cells has confirmed that the promoter y-IFN responsive element is located 

within a region 5' from -157 bp to -1.76 kb to the transcriptional start site 

and corresponds to the location of the HS-1.2 site mapped in these studies. 

This is supported by the findings of Khan et al. (1990) who localized the 

responsive sequence to a region between -0.9 kb to -1.76 kb. More recently.
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Khan and coworkers have performed additional deletion analysis of this

region and have identified the oc/p and y-IFN responsive element of Ly-6 E.l 

to have considerable homology to the GAS sequence of the hum an GBP 

gene (Khan et al, 1993). This element was found to be located at -1.2 kb to 

the transcriptional start site co-localizing w ith the region of DNase I 

hypersensitivity (HS-1.2) found in Sca-1 expressing cells (Figure 4. 10). This 

will be discussed in more depth in Chapter 6 .

Further deletion analysis of the proxim al CCAAT box and the 

reported "repressive element" (Khan et ai, 1990) in both MEL cells and 

TMIOG CD4+CD8+ thym ocyte cell line, had no apparen t effect on

uninduced or y-IFN induced expression levels. It was hoped that promoter 

deletions would identify an Ly-6 E.l repressive element in TMIOG cells, that 

co-localized to the weak hypersensitive site observed in this cell line. 

However, the minimal deletion analyses performed did not identify such 

an element. It is, however interesting that Codias et al (1989) found that

CD4+CD8+ thymocytes were only minimally responsive to y-IFN induced 

Ly-6A.2/Ly-6E.l expression when compared to single positive thymocyte 

subsets, and therefore some repressive action could possibly occur at the 

transcriptional level of the gene. Further deletion construct analyses in 

other non-expressing T cell lines would be needed to investigate whether a 

repressive element is situated within the prom oter and functional in the 

haematopoietic system.

Sites downstream of the Ly-6 E.l gene were also strongly enhanced

during y-IFN induced expression. Therefore, 3’ deletion analysis was 

performed in MEL cells and NIH3T3 fibroblasts to determine whether these 

sites contained regulatory  elem ents d irecting the expression of the 

transgenes. Figure 5. 13. summarizes the fold induction of secreted hGH

seen upon y-IFN induction with all of the 3' deletion constructs analysed.

The fold increase on y-IFN induction within MEL cells was higher in all 

cases when compared to NIH3T3 fibroblasts. The reduced fold induction in 

NIH3T3 cells is probably due to already high basal levels of expression
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Figure 5.13;
Summary of the fold increase in expression of the 3' deletion

constructs on y-IFN induction in MEL and NIH3T3 populations.

The data presented in this figure is the fold induction with 

standard deviation observed with specific constructs by a comparison

of the mean levels of y-IFN induced expression to the mean basal 

levels of reporter expression within MEL and NIH3T3 populations 

(Chapter 5. 2. 2. and Chapter 5. 2. 3.). To compensate for spuriously 

high and low levels observed within the populations, the highest 

and lowest values were om itted from the calculation of the fold 

induction  from six independent populations. The constructs 

analysed are illustrated with the hypersensitive sites delineated by 

arrows. A 1 kb scale marker is also shown.
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observed w ithin the Ly-6A.2 constitutively expressing fibroblasts. No

major increases in y-IFN induction was observed in MEL or NIH3T3 cells 

w hen sites HS+3.3 and HS+4.9 were included in the constructs LGH-11, 

LGH-7 and LGH - 8  when compared to LGH-2 with no 3' sequences. The

inclusion of sites HS+5.6 and HS+6.7 slightly increased the y-IFN enhanced 

levels of expression from 3.67+0.47 in LGH-7 to 4.78+0.64 in LGH-17 only 

within MEL cells. However, when sites HS+8.7 and HS+8.9 were included

in constructs LGH-18 and LGH-10, y-IFN induced levels of hGH increased 

by 13.88+1.46 and 17.51+2.32 fold in MEL cells and 3.89+0.29 and 3.14+0.89 in 

NIH3T3 fibroblasts respectively. Sites HS+8.7 and HS+8.9 were also found

to function in a 5' context on a heterologous TK promoter and confer y-IFN 

inducibility to construct LGH-19 within MEL cells to enhance expression by 

5.76+1.1 fold, and 1.28+0.06 fold in NIH3T3 cells. Both MEL and NIH3T3 

LGH-19 induction levels are sim ilar to those seen w ith the Ly-6 E.l 

prom oter alone in construct LGH-2, although the expression in MEL cells 

appeared  to be slightly more enhanced. It has been observed that

ind iv idually  the 5' and 3' y-IFN responsive elem ents only enhance

expression 3-5 fold in MEL cells. However, high level y-IFN induced 

expression of the Ly-6 E.l gene requires the presence of both 5' and 3' 

elem ents suggesting that these elements act synergistically. Sequence 

analysis has identified a sequence at the proximal HS+8.7 doublet that has 

high hom ology to the consensus ISRE. It is therefore possible that this

sequence is conferring y-IFN responsiveness to the TK prom oter and 

synergizes w ith  the Ly-6 E.l GAS elem ent to enhance IFN induced 

expression further than the individual elements alone. It w ould be 

interesting to test the orientation and distance effects of these elements 

along with other 3' sites to determine the nature of this synergy.

In sum m ary , stable population  analysis of Ly-6 E.l deletion 

constructs w ithin cell lines have dem onstrated that in addition to the

presence of a y-IFN responsive element within the prom oter of Ly-6 E.l, 

that another im portant inducible element is found between +8 .1  kb and
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+9.0 kb 3' to the Ly-6 E.l allele. The inclusion of both 5' and 3’ elements

w ith in  the same construct confers high level y-IFN induced Ly-6 E.l

transcrip tion. A lthough MEL cells dem onstrated preferential y-IFN 

induced hGH levels when compared to NIH3T3 fibroblasts, the basal levels 

of all constructs were considerably higher (250 fold for LGH-2) in NIH3T3

cells, therefore masking any major positive effects of the y-IFN. NIH3T3 

cells are probably not the ideal cell line to use for such studies since they 

contain high levels of endogenous fibroblastic interferons. This has been 

dem onstra ted  by the cultu ring  of o ther fibroblast cell lines w ith

anti-a/p-IFN  monoclonal antibodies which dow n-regulate Ly-6A.2 and 

Ly-6 E.l antigen surface expression (Lollini et al, 1992).

One of the issues raised by the hypersensitive site m apping of the 

Ly-6 E.l gene was whether any of the elements m apped conferred copy 

num ber dependen t and position independen t expression onto the 

transgene. In order to observe the effects of such elements, analysis of 

transgene expression was perform ed in stably transfected populations. 

However, variations in expression levels were seen within the populations 

when copy number of the transgenes were taken into account. In addition, 

the analysis of clones transfected with constructs containing the most 3' 

sites demonstrated highly variable transgene expression (data not shown). 

This suggests that such elements are probably not located within the 

characterized flanking sequences of the gene.

As the in vitro analysis of constructs was limited to elements that

w ere responsive to y-IFN induction w ithin MEL and NIH3T3 cells, 

p relim inary  in vivo analysis of constructs LGH-7 and LGH-18 was 

perform ed in order to delineate 3' elements that may be involved in 

directing high levels of expression within the haematopoietic system and 

other tissues. Although only preliminary conclusions can be made about 

the effects of the region between +5.54 kb and +9 kb on tissue distributions, 

bo th  the deleted  and full constructs w ere expressed in vivo at 

approxim ately 2-8% per copy compared to endogenous Ly-6A.2/Ly-6E.l
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gene. Therefore, both constructs appear to contain elements necessary to 

direct tissue specific expression of the Ly-6 E.l gene although further 

deletions and expression level analysis is required to confirm the location 

and action of these elements.

Previous analysis has dem onstrated  that reporter constructs 

containing only 5' Ly-6 E.l flanking sequences (6  kb) were non-functional 

within transgenic mice and strongly suggests that the prom oter alone is 

in su ffic ien t to  d irec t in vivo e x p re s s io n  (W e is sm a n -p e rso n a l 

communication). As both constructs LGH-7 and LGH-18 expressed within 

the multicopy transgenics, it can therefore be suggested that 3' flanking 

sequence up  to +5.54 kb is necessary for in vivo tissue specific Ly-6 E.l 

expression and that further downstream  elements may be necessary for 

high level expression. Most recently, transgenic analysis of a Ly-6 E.l-/acZ 

reporter gene containing Ly-6 E.l flanking sequences from -3.3 kb to +10 kb 

(the original 14 kb sequence from the experiments described in Chapter 3. 2. 

4.) has dem onstrated high level tissue specific expression w ithin four 

transgenic lines (Miles-personal communication). Additionally, staining

for p-galactosidase activity from these transgenic lines has demonstrated 

that Ly-6 E.l may be a useful gene to direct expression of heterologous genes 

to lym phoid tissues, fetal liver and embryonic m esonephros (AGM). 

Interestingly the AGM region has been dem onstrated to contain early 

haem atopoietic progenitor and stem cell activity (M edvinsky, 1993; 

M edvinsky et al., 1993; M üller et a l, 1994). The implications of these 

finding are discussed in Chapter 6 .
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Chapter 6 . 

Discussion
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Stem cell antigen Sca-1 antigen is encoded by the strain specific 

Ly-6A.2 and Ly-6 E.l alleles, members of the family of Ly- 6  alloantigens that 

dem onstrate  differential surface expression on prim itive and m ature 

haem atopoietic cells. The isolation of the genomic sequences of these 

surface antigens is therefore of importance for the determ ination of the 

regulatory elements and nuclear factors required to direct expression to the 

prim itive cell types. Furtherm ore, the regulatory sequences would be 

useful to direct stem cell expression of heterologous marker and oncogenic 

genes to further our understanding of embryonic haematopoietic ontogeny 

and prov ide  insights into the signals for stem  cell self-renew al, 

proliferation and differentiation.

In the results section I have described the cloning and m apping of 

the Ly-6 E.l gene, the m apping of DNase I hypersensitive sites in the 5' and 

3' flanking regions of this gene and expression deletion analysis for the 

correlation of hypersensitiv ity  w ith functional transcrip tion. This 

discussion will focus on various aspects of these results in context with the 

results of others, will emphasize the regulatory elements of the Ly-6 E.l 

gene necessary for high level expression in haematopoietic cells and will 

speculate on the uses of this well characterized gene in the study of early 

haem atopoietic cell development.

6 . 1. M apping and sequence analysis of the Ly-6 E.l gene

The results presented herein (Chapter 3) describe the cloning of the 

complete Ly-6 E.l allele. Confirmation that the cosmid clone encoded the 

Ly-6 E.l allele and not a related Ly- 6  family m ember was achieved by 

restriction m apping, sequence analysis and specific monoclonal antibody 

staining for the surface antigen in transfected MEL clones. This analysis 

also dem onstrated that the gene was completely functional and contained

elements that direct high levels of y-IFN induced expression in MEL cells. 

Restriction map comparisons with previously cloned genomic sequences 

has iden tified  th a t there  are considerab ly  m ore restric tion  site 

polymorphisms (RFLPs) between Ly-6 E.l and a Ly-6E.1-Ly-6A.2 fusion gene
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(Khan et al., 1990) than the complete Ly- 6  A. 2 allele (Kamiura et al., 1992) 

(Figure 3. 5.). The considerable differences between restriction sites in the 

fusion construct and Ly-6 E.l gene appear to represent deletions that may 

have occurred during the cloning and construction of the fusion gene. The 

comparison between the complete Ly-6 E.l and Ly-6A.2 alleles demonstrates 

that there are fewer RFLPs between the intact genes and corroborates the 

suggestion that the two loci within Ly-6.1 and Ly-6.2 strains are similarly 

organized (Kamiura et al, 1992). This data further supports the allelic 

relationship of Ly-6 E.l and Ly-6A.2 genes.

On m apping the Ly-6 E.l cosmid, an interesting repetitive pattern of 

related sequences within the cloned fragment was observed (Chapter 3. 2. 3.; 

Figure 3. 3.). This suggests that three duplication events are likely to have 

occurred within the 30 kb fragment during the formation of this region of 

the Ly-6  locus. Homologous sequence m apping of Ly- 6  genes by Kamiura et 

al. (1992) has shown that approximately eighteen highly related sequences 

are present w ithin the Ly-6.2 1600 kb locus. This together with the 

observation that B1 repetitive sequences are found at similar locations 

within the Ly-6A.2 and Ly-6C.2 genomic sequences separated by over 150 kb 

(McGrew and Rock, 1991a; Kamiura et al., 1992), is consistent with the 

notion that such duplication events have occurred during the formation of 

the m ultigene locus. It is however unknow n w hether the additional 

hom ologous sequences 5' and 3' to the Ly-6 E.l gene are functional, 

encoding protein products.

A lthough previous searches for additional family mem bers has 

identified a num ber of related genes with DNA sequence homology, the 

num ber of the Ly- 6  family members may well have been underestim ated 

by searching for Ly-6 E.l DNA homology alone (Kamiura et al., 1992). This 

hypothesis has been supported by the observation that additional members 

such as ThB and TSA-1, assigned to the Ly- 6  family by serological analysis, 

chrom osomal location and protein structural homology, have little or 

reduced DNA sequence homology (Gumley et al., 1992; MacNeil et al, 1993; 

Chapter 3. 2. 2.; Figure 3. 2.). Therefore, unidentified members of the Ly-6
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m ultigene family with limited DNA sequence homology but significant 

protein sequence and structural homology may also reside within the Ly- 6  

locus on chromosome 15. Furthermore these observations support also the 

notion that putative hum an hom ologues CD59 and the urokinase-type 

plasm inogen activator receptor (uPAR), which dem onstrate Ly- 6  protein 

sequence, CPI linkage and structural homology, are members of a hum an 

Ly- 6  family (Stefanova et al., 1989; Palfree, 1991b). Indeed, the gene 

structure of CD59 is very similar to that of the Ly- 6  genes (Tone et al., 1992; 

Petranka et al., 1992), providing further evidence that these molecules are 

evolu tionarily  related. It is therefore a ttractive to speculate that 

chrom osom al location of the m urine CD59 and uPAR genes will 

correspond to the Ly- 6  locus.

6 . 2 . C orrelation of DNase I hypersensitive sites w ith  function and 

expression of Ly-6 E.l

As the Ly-6A.2 and Ly-6 E.l an tigens are expressed  on 

haem atopoietic stem cells and later during lymphopoiesis on subsets of 

thymocytes, T cells and B cells (Chapter 1. 1. 2.; Figure 1. 1.), the genetic 

regulatory  m echanism s directing expression in response to cytokine 

stim ulation are therefore considered complex (Altmeyer et al, 1991). The 

allelic c/s-acting elements involved in cell type specific expression patterns,

including the identification of the elem ents responsive to the y-IFN 

cytokine, have been investigated. This has been approached by mapping 

the flanking regions of chromatin for sensitivity to nuclease digestion in 

expressing myeloid and thymocyte progenitor cell types, non-expressing 

imm ature CD4+CD8+ thymocytes and committed erythroblasts, in addition

to constitutively expressing and y-IFN inducible m ature T cells (Chapter 4).

The m apping for Ly-6A.2 and Ly-6 E.l DNase I hypersensitive sites 

has been complicated by difficulties in isolating specific probes. In addition 

to the probes detecting allelic flanking sequences, the probes also 

crosshybridized to multiple repeat sequences and related family members. 

However, the presence of most sites have been confirmed by bidirectional
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m apping in conjunction with the m apping of sites w ithin MEL clones 

containing multiple copies of the Ly-6 E.l gene.

I 5* Regulatory sequences

M apping studies of the 5' flanking region has delineated that the 

appearance of regions of sensitivity at HS-1.2 and HS-0.1 are coincident

with Ly-6A.2 and Ly-6 E.l constitutive and y-IFN induced expression (Figure 

4. 10.). These sites co-localize to upstream  regions previously found to 

harbour the interferon responsive element and the m inim al prom oter 

elements of the Ly-6 E.l gene (Khan et al., 1990; Sinclair and Dzierzak, 1993).

The time course of y-IFN induced hypersensitive site formation within the 

prom oter has dem onstrated that HS-1.2 appears rapidly (between 1 .3 0 -3  

hrs) in conjunction with, or closely followed by site HS-0.1. The appearance 

of both sites correlate with an increase in Ly-6  RNA and Ly-6 E.l surface 

expression (Figure 4. 6 .). As site HS-1.2 lies w ithin the 860 bp region 

originally found to contain the interferon responsive elem ent of the 

Ly-6 E.l gene (Khan et ah, 1990; Chapter 5. 2. 1.), recent data has identified 

site HS-1.2 as the precise location of the interferon responsive element. 

Deletion analysis by Khan et al. (1993) has shown that an element located

between -1.27 kb and -1.19 kb confers both o/p and y-IFN enhanced Ly-6 E.l 

expression. W ithin this region, a sequence was found to have an 85% 

hom ology to the hum an guanylate-binding pro tein  (GBP) interferon 

responsive element "GAS". Furthermore, it has been shown that the GAS 

element at site HS-1.2 binds a 91 kOa protein from the ISGF-3 complex, a 

tetram er complex shown to be the primary transcriptional activators that 

bind the ISRE in lymphoid cells to form inducible DNase I hypersensitive 

sites (Pine and Darnell, 1989; Chapter 1. 2. 7. II). However, the Ly-6 E.l GAS 

sequence has not been shown to be the sole element at this site required for 

the interferon response. M oreover, recent data by Pearse et al. (1993) 

indicates that an equivalent GAS sequence within the prom oter of the

FcyRI receptor gene requires additional transcription factor binding to
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mediate the interferon response. In addition to the 91 kDa ISGF-3 GAS 

consensus factor binding site, analysis of the sequence surrounding HS-1.2

identifies that within the fragment used by Khan et al (1993) to mediate o/p

and y-IFN enhancem ent there are putative transcription factor sites for 

AP-1, PEA-1, IRF-l/IRF-2 and H-2RIIBP. Most interestingly, factors IRF-1, 

IRF-2 and H-2RIIBP are associated w ith responsive elements of other 

interferon inducible genes (Hamada et al., 1989; Tanaka et al., 1993). These 

consensus sites are additionally juxtaposed to the Ly-6 E.l GAS element. 

This finding suggests that these a n d /o r  additional factors may also be

required for a /p  and y-IFN regulated expression of the Ly-6 E.l gene and 

should be identified by footprint, gel shift and functional analyses.

W ithin the prom oter region the appearance of site HS-0.1 also 

correlated w ith expression of both Ly-6 E.l and Ly-6A.2 alleles. The 

hypersensitiv ity  is probably due to nucleosom al d isrup tion  by the 

formation of the transcriptional initiation complex and factor binding at 

the proximal prom oter elements (Sinclair and Dzierzak, 1993; Chapter 4). 

The Ly-6 E.l proximal prom oter elements at site HS-0.1 have also been 

investigated by Khan et al. (1990) with preliminary gel shift assays showing 

the binding of T cell nuclear factors to the CCAAT and purine rich 

elements. Transcription factor CPI was suggested to specifically interact 

w ith the proximal CCAAT sequence in T cells for the regulation Ly-6 E.l 

transcrip tion  (Khan et al., 1990). H ow ever their deletion analysis 

dem onstrated that the CCAAT element was not required for constitutive 

expression within fibroblasts, although it may be necessary for expression 

within haematopoietic cell types. These investigations also found that 

ubiquitous m urine and hum an factor(s) of unknow n identity bound the 

purine rich element in the gel shift assays (Khan et al, 1990) and deletion 

analysis showed that this element was essential for fibroblast expression. 

As both  HS-1.2 and HS-0.1 are rep resen ted  in m any expressing 

haem atopoietic cell lines (Chapter 4.), further analysis is required to 

elucidate the factors binding to these and additional undefined regulatory 

sequences to determine the elements and trans-acting factors involved in
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the multiple cytokine regulated expression of Ly-6 E.l in the haematopoietic 

system.

The presence of a repressive element suggested by Khan et al (1990) 

to be between -160 bp and -130 bp has also been investigated. Analysis of 5’ 

deletion constructs has been performed within a non-expressing thymocyte 

cell line (TMIOG) and non-expressing, but inducible erythroleukaemic cell 

line (MEL) and is described in Chapter 5. 2 .1 . 5' DNase I hypersensitivity 

analysis of the TMIOG cell line identified that site HS-0.1 was represented, 

even though the antigen was not expressed. This together with the 

deletion data suggested that transcription of Ly-6A.2 may be silenced by the 

binding of repressive factors to this region. However, no enhancing effects 

were observed in hGH construct expression within populations of TMIOG 

cells, or control MEL populations, by the deletion of the -157 bp to -112 bp 

region. This preliminary data appears to suggest that a repressive element, 

if present in this region, is non functional in these haem atopoietic cell 

lines. Further analysis of deletion constructs in additional cell lines, 

particularly non-haematopoietic cell lines, would be required to determine 

whether such an element exists and maybe functions to silence this gene in 

non-haematopoietic cells. Alternatively, it is also possible that the presence 

of HS-0.1 within TMIOG cells may be due to the binding of components of 

the transcription initiation complex, perhaps poising the gene for a 

transcriptional activation signal. It is also possible that there is a block in 

transcriptional elongation by RNA pol II within the first exon. Blocks in 

transcriptional elongation have been observed previously during m urine 

c-myc, c-mos  , c-myh , and c-fos gene transcription, in addition to the 

hum an and m urine ADA genes and the Adenovirus major late promoter 

(review: Spencer and Groudine, 1990). However, RNA stability and other 

posttranscriptional processes may also be involved in the deregulation of 

Ly-6A.2 expression within this cell line.

Differences between the 5’ hypersensitive site maps of endogenous

Ly-6A.2 and Ly-6 E.l alleles have been identified in y-IFN induced, 

expressing cell lines (Chapter 4. 2. 5.). Mapping studies have shown that
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nuclease sensitivity of site HS-0.1 is preferentially enhanced above that of

site HS-1.2 in the endogenous Ly-6 E.l allele ( Y AC-1) in response to y-IFN. 

This is in contrast to the preferential or equal enhancem ent of HS-1.2

compared to HS-0.1 in the endogenous Ly-6A.2 allele (MEL) after y-IFN 

induction. Site analysis of MEL clones containing multiple copies of the 

Ly-6 E.l gene has demonstrated that these differential site sensitivities are

allele ra ther than cell type specific after 48 hrs y-IFN induction.

Furthermore, the time course of y-IFN induced expression indicated that 

the change in nuclease sensitivity of sites HS-1.2 and HS-0.1 in Ly-6 E.l

occurs between 12-24 hrs of y-IFN induction (Chapter 4. 2. 4.). The allelic 

specific patterns suggests that differential factor binding at sites HS-0.1 and 

HS-1.2 w ithin the Ly-6A.2 and Ly-6 E.l genes may occur. However, a 

sequence comparison of the sites HS-1.2 and HS-0.1 from both alleles shows 

minimal sequence disparities, with putative factor binding sites showing 

no changes in nucleotide composition (data not shown). An alternative 

explanation for the strong Ly-6 E.l HS-0.1 site may be due to the presence of 

a regulatory element within the untranslated exon 1. Some HLA class I 

alleles containing enhancer elements w ithin 5' untranslated sequences 

have been reported to be responsible for allelic differences in interferon 

induced expression (Schmidt et al, 1990). As the first exon of the Ly-6 E.l 

allele is larger than Ly-6A.2 by 31 nucleotides and demonstrates sequence 

diversification (McGrew and Rock, 1991a), an element within the first exon 

of Ly-6 E.l could be present and would explain the enhanced HS-0.1

sensitivity on induction with y-IFN. These allelic differences could account 

for the differential Ly-6 E.l antigen expression on stem cells and m ature 

lymphoid cell types compared to Ly-6A.2 (Kimura et al., 1984; Codias et al., 

1989; Spangrude and Brooks, 1993). However, RNA stability and other 

posttranscriptional processes may also be involved in directing allele 

specific expression. Further investigations are required to determine the 

nature of the differences in 5' Ly-6 E.l and Ly-6A.2 hypersensitivity and 

whether the antigen specific expression patterns within the haematopoietic
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system  are controlled at the transcriptional level.

n  3’ Regulatory sequences

Most importantly, the m apping studies reported in this thesis have 

shown that regions downstream of the Ly-6 E.l and Ly-6A.2 genes contain 

DNase I hypersensitive sites. W ithin endogenous Ly-6A.2 chromatin, sites 

have been identified at HS+3.3, HS+4.9, HS+5.6, HS+6.7, HS+8.7 and 

HS+8.9 (Chapter 4) and additionally at HS+4.0 in the chromatin of the 

m ature high expressing BW5147 T cell line and the multipotential FDCP-1 

cells. The appearance a n d /o r  enhancem ent of sites at HS+3.3, HS+5.6, 

HS+6.7, HS+8.7 and HS+8.9 occurred specifically in expressing cells while 

only site HS+4.9 was present in both expressing and non-expressing cell 

lines. These data strongly suggest that downstream elements are involved 

in gene regulation. The correlation of 3’ hypersensitive site appearance

w ith Ly- 6  A.2 and Ly-6 E.l surface expression was observed by y-IFN 

induction of gene expression in MEL cells containing an endogenous 

Ly-6A.2 allele, YAC-1 cells containing an endogenous Ly-6 E.l allele and 

MEL clones containing m ultiple copies of a transfected Ly-6 E.l gene 

(Chapter 4. 2 . 3 - 5.). Sites HS+3.3, HS+5.6, HS+6.7, HS+8.7 and HS+8.9 were

found to be represented in both endogenous alleles after 48 hrs y-IFN 

induced expression when high levels of Ly-6 E.l and Ly-6A.2 protein were 

expressed on the cell surface (HS+5.6 was not observed in induced YAC-1 

chrom atin). M oreover, MEL clone analysis dem onstrated  that the 

appearance an d /o r enhancement of these sites correlated with the rapid (3

hrs) y-IFN induced Ly-6 E.l surface protein expression (Chapter 4. 2. 4.; 

Figure 4. 7.). These data suggest that the 3* regions of both alleles contain 

elements involved in or related to transcriptional regulation. However, 

the pattern of 3' hypersensitive site induction between the endogenous 

alleles w ere not identical. The Ly-6A.2 allele w ith in  MEL cells 

dem onstrated preferential enhancement of the most 3' sites, a doublet at 

HS+8.7 and a single site at HS+8.9, with additional sites HS+5.6 and HS+6.7 

only weakly represented. In contrast, the endogenous Ly-6 E.l allele in
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YAC-1 cells dem onstrated preferential enhancem ent of site HS+6.7, with 

additional HS+8.7 and HS+8.9 sites only weakly represented. These site 

dissimilarities appear to be cell type specific rather than allelic specific as the 

Ly-6 E.l allele demonstrated a 3' Ly-6A.2-like pattern within multicopy MEL 

clones (Figure 4. 5. and 4. 8 ). Reciprocal analysis of multiple copies of the 

Ly-6A.2 gene w ithin YAC-1 clones is required  to confirm  that the 

preferential enhancem ent of site HS+6.7 is cell type specific. This and 3' 

deletion construct analysis within YAC-1 cells should determine whether a 

tissue specific regulatory element is located at this 3' site.

A lth o u g h  h y p e rsen s itiv e  sites d e lin ea te  tissu e  specific, 

developm ental and constitutive czs-acting elements, nuclease sensitive 

regions of chrom atin do not always contain gene regulatory elements 

(review: Cross and Garrard, 1988). Therefore, functional deletion analysis 

of the Ly-6 E.l 3' sites has been perform ed in inducible MEL cells and 

constitutively expressing fibroblast cell line NIH3T3.

HS+3.3 and HS+4.9

Reporter construct analysis in both cell lines identified that the

presence of sites HS+3.3 and HS+4.9 did not significantly affect y-IFN 

induced expression of the 3' constructs com pared w ith the construct 

deleting all dow nstream  sequences. However, when site HS+3.3 was 

included in the constructs a slight increase in basal expression was observed 

in MEL populations. Surprisingly, the reversal of sites HS+4.9 and HS+3.3 

reduced both basal and induced expression levels in both cell lines. Due to 

expression variations within populations containing the same constructs, 

the positive or negative effects on Ly-6 E.l transcription by including these 

sites downstream of the reporter cannot be absolutely confirmed.

Prelim inary investigations of putative factor binding within both 

HS+3.3 and HS+4.9 sites were performed by consensus sequence analysis.

Consensus factor binding sites for NFkB, C/EBP, AP-1 and CAT A factors 

were found at HS+3.3, and putative factor binding sites for API, AP-2, 

C/EBP, PEA-3 and CATA factors at HS+4.9 (Faisst and Meyer, 1992).
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However, assays are required to determine whether these factors bind these 

sites and have roles in Ly-6E.l transcriptional regulation. In addition to 

these putative factor binding sites, sequence analysis has demonstrated that 

site HS+4.9 is AT rich with some consensus topoisomerase II binding sites. 

As MAR elements are AT rich and are associated with topoisomerase II 

sites (Casser and Laemmli, 1986; Cockerill and Garrard, 1986) in addition to 

DNase I hypersensitive sites (review: Gross and G arrard, 1988), it is 

attractive to speculate that site HS+4.9 delineates a MAR element.

HS+5.6, HS+6.7, HS+8.7 and HS+8.9

Downstream site functional analysis of the sequences from +5.54 kb 

to +10 kb has provided more conclusive in vitro evidence that 3' elements

are involved in m ediating high levels of y-IFN induced expression of the 

Ly-6E.l gene. Expression levels increased a dramatic 13-17 fold in MEL cells 

(Figure 5. 12.) when sequences containing all dow nstream  sites were

included in transfected constructs. A y-IFN m ediated response was also 

observed in NIH3T3 cells (although this increase was only 3-4 fold due to 

the already high levels of basal expression resulting from the presence of 

endogenous interferons shown by Lollini et aL (1992)). The importance of 

these sites is supported by finding that sites HS+5.6 and HS+6.7 correspond

w ith  enhanced basal and y-IFN induced expression w ithin  stable 

populations of MEL cells and constructs containing the most distal 3' sites 

HS+8.7 and HS+8.9 are involved in an even further increase in basal 

expression w ithin MEL and NIH3T3 cells. W hen more specifically 

analysed, sites HS+8.7 and HS+8.9 were found to confer an intermediate

level of y-IFN inducibility  to thym idine kinase prom oter directed 

expression in MEL cells in the absence of the Ly-6E.l prom oter GAS 

sequence. However, when both the 5' prom oter GAS and 3' sequences 

were included, expression was above additive levels from the individual

elem ents suggesting that both 5' and 3' y-IFN responsive elem ents 

synergize to result in high level Ly-6E.l expression. It is not known
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whether the other 3' sites at HS+3.3, HS+4.9, HS+5.6 and HS+6.7 contain 

elements that are required for this synergistic action and will require 

additional 3' deletion construct analysis. Further deletion, footprinting and

gel shift analysis is also necessary to define and localize the y-IFN 

responsive element in sites HS+8.7 and HS+8.9.

Sequence analysis of HS+8.7 and HS+8.9 has demonstrated that an 

element with the consensus interferon-stimulated response element (ISRE)

sequence maps to the most proximal y-IFN induced band in the HS+8.7 

doublet (Chapter 5. 2. 4.). As ISREs are generally located within 200 bp 5' of 

the transcriptional initiation site (Porter et al, 1988; Reid et al, 1989), this is 

the first report that an ISRE situated 3' of a gene at a distal location can

prom ote transcription on induction with y-IFN. Therefore, this element 

may represent a novel 3' ISRE that functions to induce high levels of

Ly-6E.l y-IFN induced expression within a distal context. It will be 

interesting to determine whether this element, as has been observed for 

most ISREs (Porter et aL, 1988 and references therein), is also responsive to

a/p-IFN induction and to determine the trans-acting factors involved in

binding the element to mediate the y-IFN response.

During the mapping study of the Ly-6E.l cosmid clone it was found 

that the 3' 0.9 kb Kpnl fragment containing sites HS+8.7 and HS+8.9 also 

strongly crosshybridized to a 1.44 kb Kpnl fragment situated from -1.76 kb to 

-3.25 kb upstream  from the Ly-6E.l gene (Figure 3. 3.). A sequence 

comparison of this fragment to the Ly-6E.l gene sequence (Khan et aL, 1990) 

dem onstrates 80% homology to the Ly-6E.l upstream  sequences. The 5' 

duplication of the 3' ISRE contains a 6 bp deletion and is therefore probably 

nonfunctional. Furthermore, the sequences for putative AP-3, C/EBP and 

AP-l/PEA-1 factor binding sites have base pair substitutions compared with 

consensus sequences. On mapping this region for DNase I hypersensitive 

sites, no sites were observed in expressing cells and therefore this region, 

though evolutionarily highly related to site HS+8.7 and HS+8.9, is probably 

nonfunctional.
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As sites HS+8.7 and HS+8.9 are also found upstream  (4.5 kb) of the 

Ly-6 hom ologous sequence, these elements m ay represent the prom oter 

enhancer elem ents of the hom ologous gene rather than dow nstream  

Ly-6E.l regulatory elements. Alternatively, these sites may bidirectionally 

regulate the 5' prom oter elem ents of the dow nstream  gene and the 

prom oter of the Ly-6E.l gene. Members of other gene families have been 

reported to contain intergenic elements that can regulate both 5' and 3'

gene expression and have been described for the chicken e and P-globin

genes (Choi and Engel, 1988) and the m urine albumin and a-fetoprotein 

genes (Camper and Tilghman, 1989). As the intergenic elements appear to 

be involved in the developm ental regulation of the globin genes by a 

prom oter competition model dependent on cell type specific trans-acting 

factors (Choi and Engel, 1988; Engel et al., 1992 and references therein), it 

would be interesting to determine whether such a mechanism exists for 

Ly-6E.l and the downstream homologous Ly-6 gene regulation. In contrast, 

the Ly-6 intergenic element may serve to enhance both genes and function 

sim ilarly  to the intergenic enhancer of the m urine album in and

a-fetoprotein genes (Camper and Tilghman, 1989).

6. 3. In vivo  function of 3' regulatory elements

Transgenic mice have also been analysed to determine whether the 

3’ elements were necessary for in vivo expression of the Ly-6E.l gene and to 

investigate the elements required for haematopoietic ontogenic expression, 

especially w ithin the stem cell compartment. Two constructs containing 

downstream sites (regions +2.94 kb to +5.54 kb and +2.94 kb to +9 kb) were 

analysed and were demonstrated to express at approximately 2-8% per copy 

of the endogenous Ly-6A.2/Ly-6E.l gene and to follow the expression 

pattern of the endogenous gene.

Previously, two separate experiments using the promoter of Ly-6E.l 

to regulate heterologous gene transcription failed to produce expression in 

transgenic mice (Weissman-personal communication). Therefore, the 3’
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flanking sequences appear to be absolutely required to direct in vivo 

expression of the Ly-6E.l gene. Further transgenic 3' deletion analysis 

should  determ ine the essential elem ents required  for the in vivo 

expression of Ly-6E.l. It can how ever be argued that the prom oter 

previously used may have been m utated in some way, thus rendering the 

prom oter incapable of directing in vivo expression. However, analysis of 

by Khan et aL (1990) found the prom oter sequences of the partial Ly-6E.l 

clone were functional in vitro. Sequence analysis of the prom oter region 

of the complete Ly-6E.l has identified nucleotide differences between the 

cosmid and partial 5' Ly-6E.l sequence (Chapter 3. 2. 2.; Khan et al, 1990). 

Therefore, in order to absolutely confirm that it is the absence of 3' 

sequences rather than prom oter m utations that inhibit in vivo function, 

transgenic mice containing m ultiple copies of the Ly-6E.l prom oter and 

reporter construct with all 3' sequences deleted need to be analysed.

The finding that Ly-6E.l dow nstream  regions are involved in

mediating high level y-IFN induced and in vivo expression correlates well 

and  adds to an increasing num ber of genes expressed w ithin the 

haematopoietic system that have been found to require 3' transcriptional

regulatory elements. These include the hum an p-globin gene (Behringer et 

a l,  1987; Antoniou et al., 1988) and mouse lysozyme gene (Môllers et al., 

1992) within myeloid lineages, and CD2 (Greaves et al., 1989), CD3 (devers

et al., 1989) and the a ,p  and y TCR genes (review: Leiden, 1993) within 

lym phoid  lineages. In terestingly , the gene encoding the hum an 

haematopoietic stem cell antigen CD34 has recently been found to contain a 

3' enhancer w ithin a region of 2.5 kb dow nstream  of the gene. This 

element has been shown to have CD34+ cell type specific enhancing activity 

and augments the activity of the cell type specific prom oter (Burn et a l ,  

1992). A lthough the m urine CD34 gene has been cloned (Brown et al., 

1991), it has yet to be defined whether this gene shares the same surface 

expression pattern and regulatory elements as its hum an counterpart. 

Strikingly, the surface antigen expression pattern of hum an CD34 (Civin et 

al, 1984; Katz et al, 1985; Andrews et al, 1986; Fina et al, 1990) and murine
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CD34 transcript (Brown et al., 1991) w ithin tissues and cell lines shows 

strong correlation with Ly-6E.l and Ly-6A.2 expression (van de Rijn et aL, 

1989; LeClair et aL, 1989; Chapter 5. 2. 4.). Expression of both CD34 and 

Ly-6A.2/Ly-6E.l genes are found w ithin the vasculature, brain, bone 

marrow, thymus, spleen, testis and liver. Remarkably, both genes are also 

expressed highly within m urine fibroblast cell lines (Brown et aL, 1991; 

LeClair et aL, 1986; 1989; Lollini et aL, 1992). Although the functions of the 

antigens are considered to be different, with CD34 suggested to be an 

adhesion molecule (Simmons et aL, 1992), the similar expression patterns 

suggest that the regulatory elements of the genes may share some common 

features. Further analysis of the 5' and 3' transcriptional control elements 

of the hum an and murine CD34 genes and Ly-6A.2/Ly-6E.l genes should 

elucidate whether common transcription factors and binding sites direct 

expression of these antigens within the haematopoietic system, and may 

lead to the identification of stem cell specific transcription factors.

From the reduced and variable levels of Ly-6E.l reporter construct 

expression seen in the in vivo analysis, it can be concluded that there are 

either no or incomplete elements able to confer copy num ber dependence 

on transgene expression within the flanking regions of -1.76 kb and +9 kb. 

H ow ever, such elem ents have been observed  for som e o ther 

haem atopoietic specific genes (Grosveld et aL, 1987; Greaves et aL, 1989; 

Bonifer et aL, 1990; Carson and Wiles, 1993). Furthermore, clonal analysis 

of MEL cells containing multiple copies of the Ly-6E.l 14 kb fragment has 

also dem onstrated the absence of elem ents able to confer position 

independence on transgene expression. Therefore these higher order 

elements may be positioned elsewhere within the Ly-6 locus. It is attractive 

to speculate that a distal acting LCR-like element may differentially regulate 

the expression of the family of Ly-6 alloantigens during haematopoiesis.

High levels of transgene transcript have been observed w ithin 

salivary glands, heart and lung in founder T2 (Chapter 5. 2. 4.). Although 

expression of endogenous Ly-6A.2 has been identified within the heart and 

lung previously (van de Rijn et aL, 1989; LeClair et aL, 1989), Ly-6A.2 or
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Ly-6E.l expression has not been previously analysed within salivary gland. 

SI analysis of endogenous transcript and hGH transcript has identified that 

both constructs direct expression to this tissue. The presence of transcript 

within salivary gland is probably derived from activated lymphoid cells 

w ithin the salivary mucosa-associated lym phoid tissue (MALT) (review: 

Roitt et aL, 1993). MALT is also found within the lung and may explain 

high levels of endogenous Ly-6A.2/Ly-6E.l and transgene transcript within 

this tissue.

As only two LGH-18 founders (T3 and T4) were available for 

expression analyses, no firm conclusions can be draw n as to the effects on

the tissue specific or levels of expression contributed by the distal 3' y-IFN 

responsive elem ent and additional 3' hypersensitive sites. However, 

m ultiple copy founder T4 expressed disproportionately high levels of 

reporter transcript in the thym us and bone m arrow. It is attractive to 

consider that the 3' elements from +5.54 kb to +9 kb, including sites HS+8.7 

and HS+8.9, direct high level Ly-6E.l expression to haem atopoietic 

progenitors in these tissues. However, any transcriptional regulatory 

effects of the distal 3' elements on expression within the haematopoietic 

system  cannot be determ ined until transgenic lines containing these 

constructs are produced. Further in vivo deletion analysis should also aid 

in the iden tification  of the elem ents necessary  for p lu rip o ten t 

haematopoietic stem cell and thymocyte progenitor expression.

Although no conclusive deductions can be made from the limited 

expression analysis perform ed in transgenic mice, it is an im portant 

finding that both constructs express in a m anner akin to the endogenous 

gene. In addition, the preliminary transgenic analysis presented herein has 

been unable to resolve the issue of w hether the elements delineated by 

DNase I hypersensitiv ity  are able to direct Ly-6E.l expression to 

haematopoietic stem cells. However, transgenic Ly-6E.l construct analysis 

with a lacZ reporter appears to suggest that the necessary stem  cell, 

lymphocytic and other tissue specific regulatory elements are contained 

within the region from -3.2 kb to +10 kb. This analysis has demonstrated

1 9 5



that constructs containing all 5' and 3' sites express in cells within the bone 

m arrow  in addition to spleen, lym ph node, thym ocytes and kidney, 

following the pattern of endogenous Ly-6E.l expression (unpublished data. 

Miles). Furtherm ore, the activation of transgenic thym ocytes and 

lymphocytes in vitro increased the num ber and intensity of staining 

w ithin  these cells and correlates w ith the enhancem ent of Ly-6E.l 

expression during T and B lymphocytic activation (Kimura et aL, 1984).

6. 4. Ly-6E.l in the study of haematopoietic ontogeny

The Ly-6E.l antigen has a complicated pattern of expression within 

the haematopoietic system and is transcriptionally regulated by both 5' and 

3' elements, identified and characterized in this thesis by DNase I 

hypersensitive site m apping and functional expression analysis in vivo 

and in vitro. As  multiple cytokines regulate Ly-6E.l antigen expression in 

haem atopoietic cells (Altmeyer et aL, 1991) the regulation of Ly-6E.l gene 

appears complex. M ultiple cytokines and their resulting signalling 

pathw ays are required for the m odulation of haem atopoiesis (review: 

M oore et aL, 1990), w ith interleukin-1 (IL-1), interleukin-3 (IL-3), 

in terleukin-6  (IL-6) and leukem ia inhib itory  factor (LIP) inducing 

proliferation and differentiation of haematopoietic stem cells. Conversely, 

stem cell inhibiting cytokines are also found and include tum our necrosis

factors a  and P (TNF-a and TNF-p), transforming growth factor p (TGF-p) 

and the interferons (review: Moore et aL, 1990; Farrar et aL, 1990). This 

raises the issue of cytokine regulation of Ly-6A.2 and Ly-6E.l antigen (Sca-1) 

expression within the stem cell compartment and questions the function of

the molecule within these cells. As IL-1 and TNF-a appear to have 

antagonistic functions within stem cell proliferation and differentiation, it

is a surprising finding that IL-1 and TNF-a are found to enhance Ly-6E.l 

expression (Altmeyer et aL, 1991). However, both cytokines are implicated 

in upregulating the expression of IL-6 (Arai et aL, 1990 and references 

therein). IL-6 may be therefore be an additional cytokine that regulates 

Ly-6E.l expression on stem cells. Recent studies have shown that the IL-6
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induced acute-phase response factor (APRF) within a hum an hepatoma cell

line, bind to the Ly-6E.l GAS element at HS-1.2, in addition to a y-IFN

induced APRFy factor (Yuan et al., 1994). The APRFy factor has been 

subsequently dem onstrated to be very similar if not identical to GAP, 

which binds the Ly-6F.l GAS sequence (Yuan et aL, 1994; Khan et aL, 1993). 

It is therefore highly probable that the Ly-6F.l gene is regulated also by the

binding of IL-6 induced factors at the GAS element, in addition to the y-IFN 

induced GAP. This suggestion is supported by the finding that IL-6 in 

conjunction with IL-3 and erythropoietin, enhances the proliferation and 

num ber of Sca-1 + stem cells in culture (Rebel et aL, 1994). It is therefore 

attractive to consider that IL-6, possibly in conjunction w ith the other 

cytokines, enhances Ly-6F.l surface expression and that the surface antigen 

may act as a signal transducing receptor for its ligand, resulting in the 

proliferation and differentiation of haem atopoietic stem cells. However

additional cytokine y-IPN has been shown to enhance Ly-6F.l expression 

(Altmeyer et aL, 1991) but inhibit haematopoietic progenitor proliferation 

in vitro (Gajewski et aL, 1988). This suggests that quiescent stem cells

(suppressed by y-IPN?) may express the antigen, and are aw aiting 

proliferative signals, possibly m ediated by Ly-6F.l interacting with its 

ligand. Although Ly-6F.l has been shown to be involved in lymphocyte 

activation (Chapter 1. 1. 5.), no such functional experiments have been 

perform ed on the molecule w ithin stem cells. However, the studies 

involving the interaction of m onoclonal antibodies to Ly-6F.l are 

contradictory and confusing with the function of the molecule appearing to 

depend on the presence of additional surface antigens and co-stimulatory 

factors. The requirement for co-stimulatory factors to mediate differential 

responses of the molecules has been suggested for the Ly-6 family member 

TSA-1, which is expressed on both thymocyte progenitors and immature 

CD4+CD8+ but appears only to be required for CD4+CD8+ thymocyte 

positive selection an d /o r lineage commitment to the mature CD8+ subtype 

(MacNeil et aL, 1993; Randle et aL, 1993).
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The cloning of the complete Ly-6E.l gene described w ithin this 

thesis has facilitated in the characterization of both Ly-6 A.2 and Ly-6E.l 

genetic regulatory elements by providing probes for DNase I hypersensitive 

site mapping. This together with functional analysis has identified both 5' 

and 3’ c/s-acting elements, in addition to determ ining that high levels of

y-IFN induced Ly-6E.l expression in vitro is mediated by a distal interferon 

response elem ent located 3' of the gene. M oreover, the prom oter in 

combination w ith 3' sequences appear to be sufficient to direct tissue 

specific expression of a hGH reporter gene in transgenic mice. In order to 

further define the regulatory elements required for stem cell expression, 

transgenic mice with the Ly-6E.l regulatory elements linked to a lacZ 

m arker gene have been made. Analysis of early embryonic and fetal 

expression these transgenic is underway. These mice will also provide a 

means to further investigate haematopoietic ontogeny during embryonic 

developm ent. Prelim inary analysis has dem onstrated that a striking 

staining pattern  of Ly-6E.l directed expression commences at day 9 of 

m urine embryogenesis, with strong staining in the h indgut/endoderm al 

region along the tail, progressing to the mesonephric tubules during day 

10-12, with punctate staining observed in fetal liver at day 11 (unpublished 

data. Miles). Later day 13-15 embryos show staining in the degenerating 

mesonephros, and the developing kidney and thymus.

The pattern of staining within the mesonephros between day 10-11 

is especially intriguing. Recently, the other haem atopoietic associated 

genes have also been found to be expressed w ithin the equivalent 

em bryonic region, w ith MHC class-II antigen expression in avians 

(Lampisuo and Lassila, 1994) and CATA-3 in zebrafish (Neave et aL, 1994). 

These data further support the notion that this region is associated with 

early haematopoiesis. Functional analysis of the aorta-gonad-mesonephros 

(ACM) region has recently shown that the ACM contains a high frequency 

of cells capable of CFU-S activity (M edvinsky et aL, 1993) and more 

im portantly  long-term  and m ultilineage reconstituting haem atopoietic 

stem cells (Müller et aL, 1994). The frequency of stem cells in the ACM
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region is far greater than yolk sac at this early developmental stage. As the 

equivalent region has been suggested to be the definitive site of 

haem atopoiesis for avians (Cormier and D ieterlen-Lievre, 1988) and 

am phibians (Turpen et aL, 1981; Maeno et aL, 1985) these results therefore 

suggest that the ACM in mouse embryos may also be the definitive site of 

haem atopoiesis (M üller et aL, 1994). As the staining pattern  of the 

Ly-6E.l-/acZ construct within the mesonephros has been supported by the 

finding that this region contains high levels of Ly-6A.2/Ly-6E.l transcript 

(Cillet and Müller - unpublished data), this suggests that Sca-1 is expressed 

within and may be a marker of definitive haematopoietic stem cells. These 

findings strongly suggest that the Ly-6E.l gene described herein can be used 

to direct the expression of heterologous marker genes to the early definitive 

embryonic haematopoietic stem cells and possibly to fetal liver and adult 

bone m arrow stem cells. Further analysis of hypersensitive site function 

with lacZ reporter constructs should elucidate the Ly-6E.l regulatory 

elements required to direct embryonic stem cell specific expression. The 

Ly-6E.l gene could therefore be used to direct toxin, immortalising and 

transform ing genes to haem atopoietic stem  cells to fu rther define 

embryonic haematopoietic ontogeny and to further explore the embryonic 

origin of the mammalian haematopoietic stem cell.
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Cloning of the Complete Ly-6E.l Gene and Identification of DNase I 
Hypersensitive Sites Corresponding to Expression in Hematopoietic Cells

By Angus M. Sinclair and Elaine A . Dzierzak

The Sea 1 antibody recognizes antigens encoded by 
members of the Ly-6 multigene family. These antigens are 
expressed on fetal and adult hematopoietic stem cells, pro
genitor cells, mature activated T cells, and some nonhe- 
matopoietic cells and are most likely encoded by the Ly- 
6E.1 and Ly-6A.2 genes. Characterization and isolation of 
regulatory elements of Ly-6E.1 and A.2 genes that govern 
tissue-specific and high levels of expression in the cells of 
the hematopoietic system (particularly stem cells) are of 
considerable interest. To characterize the control elements 
of this gene, we have cloned a 30-kb fragment encoding a 
fully functional Ly-6E.1 gene and 13 kb of 5' and 13 kb of 3 
flanking sequence. Transfection studies in murine erythro-

leukemia (MEL) cells show that a 14 kb BamW fragment 
from this clone is sufficient to confer Ly-6E.1 gene expres
sion at levels equivalent to those of the endogenous gene. 
By mapping regions of chromatin sensitive to DNase I di
gestion, we have located hypersensitive sites in the 5 and 
3 regions of the gene in FDCP-1 cells, MEL cells, and 
various T-cell lines. The appearance of two 5' hypersensi
tive sites in hematopoietic cells correlates with Ly-6E. 1 ex
pression after y-interferon induction. We show that the 
presence of hypersensitive sites in the 5' and 3 regions 
corresponds to Sca-1 expression, and we also discuss the 
localization of putative regulatory control elements.
© 1993 by The American Society of Hematology.

Th e  LY-6E.1 AND A.2 GENES encode phosphati- 
dylinositol-linked glycoproteins expressed on the cell 

surface of some hematopoietic cells (hematopoietic stem 
cells, progenitors, and T cells) and o f other nonhematopoi- 
etic tissues (eg, kidney and brain) o f the m o u s e . T h e  
Ly-6E. 1 and A.2 genes are highly homologous strain-spe
cific alleles o f the mouse and differ by only three nucleotides 
in the coding sequence, resulting in two amino acid differ
ences in the 10- to I8-Kd protein products.^’®"® These allelic 
genes are members of the Ly-6 multigene family. At least 18 
closely linked homologous genes and pseudogenes‘° o f the 
Ly-6 family have been localized near the PDGF and myc 
genes on mouse chromosome 15.“'*̂  The 1,600-kb locus‘s 
encodes at least six cell surface proteins. Immunohistochem- 
ical staining with monoclonal antibodies (MoAbs) has 
shown that the expressed members of the Ly-6 surface-anti- 
gen family show diverse patterns of tissue distribution.^ The 
Sea-1 antibody, which specifically recognizes an antigen en
coded by the Ly-6E.l and A.2 genes, has played an impor
tant role in the isolation of the murine hematopoietic stem 
cell."

During T-cell ontogeny, an antigen recognized by Sea-1 is 
present on early double-negative (CD4", CD8“) progenitor 
thymocytes but is absent on double-positive thymocytes. 
Subsequently, expression is found predominantly on the 
single-positive (CD4) thymocytes.* Patterns o f expression 
within the hematopoietic system differ between the allelic 
strains of mice. In Ly-6A.2 strains o f mice, this allele is
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expressed on 10% to 20% o f adult thymocytes and 50% to 
70% of peripheral T lymphocytes.’’*" However, in the Ly- 
6E. 1 strains o f mice, Ly-6E. 1 is found on only 5% to 10% of 
thymocytes and 10% to 15% of peripheral T lymphocytes.^ 
Also, expression on stem cells has been shown to differ be
tween the alleles (Spangrude, personal communication). 
Codominant expression has been shown to occur in (Ly- 
6E.1 X A.2)Fl mice*’*̂  and suggests a difference in allelic 
regulatory sequences. It is not known whether these patterns 
of expression are the result of transcriptional or posttran- 
scriptional control.

Previously, the complete Ly-6A.2 gene*®’*̂  and portions 
of the Ly-6E. 1 and Ly-6A.2 genes*® have been cloned. How
ever, little is known about genetic regulatory elements direct
ing expression in hematopoietic cells. Only two possible ele
ments have been identified by promoter deletion analysis, a 
novel sequence acting as the interferon (IFN)-inducible ele
ment of Ly-6E. 1 *® between positions -1 7 6 0  and -9 0 0  bp of 
the Ly-6E.l gene and a purine-rich sequence at - 1 13  bp 
shown to be necessary for constitutive expression in L 
cells.*® Sequence comparisons have suggested similar con
trol elements in the Ly-6A.2 allele, although this cloned 
gene failed to be a/jS IFN-inducible.*®

Here, we describe studies aimed towards the localization 
of control elements of the Ly-6E. I and A.2 genes directing 
expression in the hemato/lymphoid system, particularly in 
stem and progenitor cells. Previously, hypersensitivity of 
chromatin to DNase I digestion has been used to identify 
control elements for the high level, developmental, and tis
sue-specific expression of the human |8-globin genes,*’ 
chicken and mouse lysozyme gene,^°’̂ * CD3 gene,^  ̂a-glo- 
bin genes,^  ̂CD2 gene,^" and the murine Thy-1 gene.̂ ® In 
the studies described here, we have used DNase I hypersen
sitive site mapping of chromatin as a method of locating 
control regions of the Ly-6E. 1 and A.2 genes in T cells, 
hematopoietic progenitor cells, and erythroblasts. In addi
tion to observing the existence of 5' hypersensitive sites in 
the region of IFN inducibility and the purine-rich minimal 
element, our results indicate that there are strong hypersen
sitive sites 3' to the Ly-6E. 1 and A.2 genes. We also show 
that appearance of the site in the 5' purine-rich region and a 
strong increase in hypersensitivity of a 3' site near the fourth 
exon of the Ly-6E. I gene are coincident with high-level ex-
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pression in transfected murine erythroleukemia (MEL) 
cells. We discuss the role of such sites in Ly-6E. 1 and A.2 
gene expression during differentiation o f the hematopoietic 
system.

MATERIALS AND METHODS

Cloning and characterization ofgenomicLy-6E.l. High-molec- 
ular-weight DNA was prepared from BALB/c mouse liver and par
tial digested with Mho I to produce fragments averaging between 30 
kb to 50 kb in size, which were separated by NaCl gradient centrifu
gation as described by DiLella and Woo.^* The optimal sized frac
tion was ligated into the Bgl II site of cosmid pLTC, a modified 
pTCF cosmid^’ with a Xho I site replacing the Hpa I site. Cosmid 
packaging was performed using Gigapack Gold II (Stratagene, La 
Jolla, CA). The library was plated on Genescreen Plus filters (Du
Pont, Wilmington, DE) and were screened^* with an oligolabeled 
Ly-6 E.l cDNA probe* in the presence of 1 fig/mL competitive 
mouse and 5 ng/mL Escherichia coli and vector DNA. Positive 
clones were characterized by restriction digest and Southern blot 
analysis.

Polymerase chain reaction (PGR) primers specific for exon 4 (5' 
GTCCAGGTGCTGCCTCCATT 3' and 5' GGAAGCTCTGTTG- 
TCCCTGC 3') were designed to specifically amplify a 214-bp frag
ment from the cosmid clone cA3.1. Reactions were performed as 
described by Innis et al,.“  Sequence analysis was performed directly 
on the PGR products using a dideoxynucleotide termination Se- 
quenase kit (US Biochemical Corp., Cleveland, OH).

DNase I  hypersensitive site mapping. A variety of hematopoi
etic cell lines; TMIOG,'’ BW5147, EL4, FDGP-l,^® and MEL cells 
were prepared for DNase I treatment as described by Pfeifer and 
Riggs.^' Approximately 1 X 10* cells were permeabilized with 250 
ng of lysolethicin, and 100 fiL aliquots of permeabilized cells were 
treated with increasing concentrations of DNase I (Boehringer 
Mannheim, Mannheim, Germany), from 0.8 to 120 U, for 10 min
utes at 37°G. Reactions were stopped with an EDTA-containing 
buffer, and samples were treated with 50 fig RNase at 37°G for 1 
hour and overnight at 55°G with 0.15 mg Proteinase K and were 
extracted twice with phenol/chloroform before ethanol precipita
tion. A total of 10 Mg of purified DNA was digested with Bam El or 
Hpa I, Southern blotted, and probed with oligolabeled radioactive 
probes. Stringency conditions were increased to 2x SSG in the hy
bridization mix, with final washing of the filters performed at 0 .1X 
SSG/0.1 % sodium dodecyl sulfate at 65°G to reduce cross-hybridiza
tion of the probes to related genomic sequences. Quantitation of 
some hybridizing bands was performed on a Molecular Dynamics 
Phosphorlmager (Kemsing, Seven Oaks, Kent, UK).

Probes used to detect hypersensitive sites were derived from cos
mid clone cA3.I. The 5' hypersensitive sites were detected using 
probes BA 1 (fiamHI-Asp718 300-bp fragment) and NB1 (a 813-bp 
Nco l-Bgl II intron 3 fragment; see Fig 3), with the 3' hypersensitive 
sites detected using probes 4.3 (300-bp Hpa I fragment) and Ex4 
{Bgl II-EcoRI 595-bp fragment; see Fig 4) on BamHl- and Hpa 
I-restricted DNase I-treated DNA. These probes were found to con
tain no highly repetitive sequences.

Ly-6E.l cell transfection and fluorescence-activated cell sorter 
(FA CS) analysis. Plasmid pAB 14neo, containing a 14-kb BamHl 
fragment (see Fig 1), encoding the Ly-6 E.l gene from cosmid clone 
cA3.1, was constructed in a modified pUG 19 vector for transfection 
analysis. The plasmid contains a 1-kb Xho I and Sal I fragment 
from pMGlNeo (Stratagene), encoding the neomycin resistance 
gene under control of a thymidine kinase promoter, for the selec
tion of transfected clones. A total of 50 fig of linearized pAB14neo 
was electroporated into MEL cells, and transfected cells were se
lected with 800 fig/mL G418 for 14 days. Resulting clones were

expanded and induced with 250 U/mL recombinant y-IFN (Gen- 
zyme, Boston, MA) for 48 hours and analyzed for transfected Ly- 
6E. 1 gene expression by FAGS analysis. Glones ranged from 1 to 26 
copies of the transfected gene. Gopy number was determined by 
probing 10 Mg of EmRI-digested genomic DNA with the Ly-6E.l 
cDNA probe and quantitation on the Molecular Dynamics Phos
phorlmager using the Ly-6A.2 gene as an endogenous control.

MoAb Sca-1,*^ which is specific for Ly-6 A.2 and Ly-6 E.l, was 
used to detect expression on FDGP-i, MEL, and T-cell lines. 
MoAbs from hybridomas SK70.94** and S8.106^ were used to de
tect Ly-6E.l-transfected gene expression and endogenous Ly-6A.2 
expression, respectively. Antimouse IgG-PE (Biogenesis, Bourne
mouth, UK) was used as a second antibody for detection of specific 
antibody binding. Stained cells were analyzed by a FAGSGAN cell 
sorter (Becton Dickinson, Mountain View, GA).

RESULTS

Cloning and characterization o f  the Ly-6E.l gene. To 
identify control regions of the Ly-6E.l and A.2 alleles im
portant for expression in hematopoietic cells, we sought to 
isolate a large genomic fragment containing flanking re
gions that we could use as probes for DNase I-hypersensitive 
site mapping. We chose to isolate the Ly-6E. 1 allele because 
most hematopoietic cell lines and useful mouse strains con
tain and express the Ly-6A.2 gene and allele-specific MoAbs 
can be used for the differential detection o f Ly-6E.l gene 
expression after transfection. Also, because expression pat
terns differ and restriction site polymorphisms exist be
tween Ly-6A.2 and Ly-6E.l, we sought to investigate the 
effects of sequence variations between the alleles. Previ
ously, no 3' sequence of the Ly-6E. 1 has been cloned. There
fore, to isolate a full-length Ly-6E. 1 genomic clone, a mouse 
library was constructed in the pLTC cosmid vector from 
BALB/c large molecular weight DNA. The Ly-6E. 1 cDNA* 
was used to screen 1 X 10* colonies and resulted in 30 posi
tive clones. Clone cA3.1 was found to be the most strongly 
hybridizing cosmid. Southern blot analysis showed that this 
clone (Fig 1 A) has a similar restriction map when compared 
with the restriction map of the previously cloned 5' portion 
of the Ly-6E. 1 gene (Fig 1B) and the complete Ly-6 A.2 gene 
(Fig 1C). Furthermore, PCR nucleotide-sequence analysis 
of a 214-bp fragment in exon 4 confirmed that clone cA 3.1 
contains the correct coding region for Ly-6E. 1 * and not for a 
pseudogene or related gene.

Restriction-site mapping showed that the cA3.1 clone 
contains a 30-kb insert, with 13 kb of 5' and 13 kb of 3' 
sequence flanking the Ly-6E.l gene. This mapping also 
showed previously unreported restriction fragment-length 
polymorphisms between the Ly-6A.2 and E. 1 alleles. A com
parison o f clone cA 3.1 with the Ly-6E. 1 and A.2 fusion- 
gene construct shows considerable HinàWl polymorphisms 
between these clones in the 3' region, whereas none are 
found with the Ly-6A.2 gene. In addition to the EcoRl poly
morphism in the first intron of the Ly-6 A.2 gene,'* we have 
found BamBl-siXç polymorphisms in the 5' and 3' regions of 
the Ly-6E. 1 gene (Fig 1). A Ly-6-related sequence was 
found to be present 10 kb downstream o f the Ly-6E. 1 gene 
by hybridization with the Ly-6E. 1 cDNA. We have mapped 
this homologous sequence to a region further downstream
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Fig 1. Restriction maps of Ly-6E.1 and A.2 alleles. Comparison of genomic structure of Ly-6E.1 (this report), the Ly-6E.1-Ly-6A.2 fusion 
gene construct,’® and the Ly-6A.2 gene’® is shown. Restriction sites shown are fcoRI (R), BamHl (B), W/ndlll (H), and Kpn\ (K) with Ly-6A.2 
and E.1 coding sequences depicted by black boxes. Ly- 6  homologous sequences are shown as striped boxes. (A) Cosmid clone cAS.I 
encoding Ly-6E.1 gene is shown. Homologous Ly- 6  sequence w as mapped to a 3 BamHl fragment. (8 ) Ly-6E.1 and Ly-6A.2 fusion gene 
construct’® is shown with point of ligation of 5 Ly-6E.1 to 3 Ly-6A.2 indicated by an arrow. (C) Ly-6A.2 gene’® with Ly- 6  homologous 
sequence mapped to a 3 HinA\\\ fragment is shown. Kpn I d igests were not performed on this gene.

of the Ly-6 E.l gene, when com pared with the Ly-6A.2 
gene.’  ̂This gene is in the same transcriptional orientation 
compared with the Ly-6 E. 1 gene; however, it is not known if 
it is transcriptionally active.

To confirm that clone cA3.1 encodes a functional gene, 
we analyzed Ly-6 E.l expression in transfected MEL cells. 
MEL cells contain an endogenous Ly-6A.2 allele and are 
normally negative for Sca-1 expression. However, Sca-1 ex
pression is induced on addition of y-IFN. A 14-kb B a m \\\  
fragment o f the Ly-6 E. 1 gene was cotransfected with a neo 
expression cassette into MEL cells. G 4 18-resistant cells 
were isolated and exam ined for Ly-6 E. 1 and endogenous 
Ly-6A.2 expression by FACS using the S8.106 (A-specific) 
and SK70.94 (E-specific) antibodies before and after induc
tion with 7 -IFN. The expression pattern was analyzed in a 
population of transfected cells and in 8 clones. Low levels o f 
basal expression of the transfected gene were observed with 
anti-Ly-6 E.l and Sca-1 antibodies. On y-lFN  induction, 
expression of the transfected Ly-6 E. 1 gene was com parable 
or higher than endogenous Ly-6A.2 gene expression. As 
shown in Fig 2, a representative clone, containing 5 copies 
o f the transfected gene, expressed Ly-6 E. 1 at low basal levels 
and high levels after 7 -IFN induction. Expression o f the 
Ly-6 E.l-transfected gene was found to slightly exceed that 
o f the endogenous Ly-6A.2 gene and is probably the result 
o f m ultiple copy expression. Thus, regulatory elem ents nec
essary for 7 -IFN -induced and high-level expression in he
m atopoietic cells are present in the transfected 14-kb 
BamW\ Ly-6 E.l gene fragment.

DNase I hypersensitive sites are present in the 5' and 3' 
regions o f  the endogenous Ly-6 A .2 gene. To determ ine 
which regions o f the Ly-6A.2 gene may be necessary for

expression in hematopoietic cells, we mapped DNase I hy
persensitive sites in the flanking regions o f the endogenous 
gene using probes from the Ly-6 E. 1 genomic clone. Because 
the multigene family consists o f at least 18 cross-hybridizing 
members, we isolated probes from the genomic clone that 
were most specific for the detection o f the Ly-6A.2 gene. 
Also, to ensure that we could unequivocally identify specific 
DNase I hypersensitive fragments o f the gene, we mapped 
each site with 2  independent probes and 2  different restric
tion digests. BA 1 and NB 1 probes were used to detect hy
persensitive sites in the 5' end of the gene (Fig 3), and probes 
Ex4 and 4.3 were used to detect hypersensitive sites in the 3' 
region of the gene (Fig 4).

Ly-6 E. 1 and A.2 are known to be expressed in activated T 
cells and on early double-negative thymocytes. Therefore, 
three T-cell lines containing an endogenous Ly-6A.2 gene 
were tested for expression using the Sca-1 antibody and 
were mapped for DNase I hypersensitive sites within the 
Ly-6A.2 chrom atin; TM lOG, a CD4 and C D 8 double-posi
tive early thymocyte was Sea-1 negative; B W 5147, a m ature 
T  cell was Sca-1 positive and; EL4, a CD4 single-positive 
m ature T  cell was Sca-1 low-expressing. Figure 3 shows the 
mapping of the 5' DNase I hypersensitive sites in these cells. 
Probe NBl detected the parental band at 4.2 kb after diges
tion with Hpa I. On DNase I digestion, a 3.4-kb subfrag
m ent (H S -1.2) was observed only in the expressing cell lines 
(BW5147 and EL4), and a band at 2.3 kb (HS-0.1) in the 
three T-cell lines (Fig 3A). The intensity o f these bands is in 
inverse correlation with hybridization to the parental band. 
Because o f the cross-hybridization of the probe to related 
sequences within the Ly-6  multigene family (16, 12, 10, 8 , 
3 .8 ,2 .1 ,1.8 , and 1.2 kb), it was necessary to confirm that the
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Anti Ly-6A

C honne l N um ber

Fig 2. Ly-6E.1 expression of a trans
fected MEL-cell clone. FACS analysis 
w as performed on a MEL clone trans
fected with 5 copies of a 14-kb BamHl 
fragment encoding Ly-6E.1. The clone 
w as analyzed for endogenous Ly-6A.2 
expression (top panel) and for the Ly- 
6E .1 -tra n sfec ted  gen e  expression  
(bottom panel) with MoAbs 8 8 .1 0 6  (Ly- 
6A .2-specific) and SK 70.94 (Ly-6E.1- 
specific) for basal and •y-IFN-induced 
expression. Control and second layer flu
orescent antibody w as antimouse IgG-
PE (MoAb). (— ) Control MoAb; (------)
7 IFN induction; (• • •) basal expression.

Anti Ly-6E <3

C honnel N um ber

bands observed after DNase I digestion were Ly-6A.2-re- 
lated and were not subfragm ents from another family 
member. Therefore, the same DNA was digested with 
BamYW and hybridized with the m ore specific BA I probe 
(Fig 33). BA 1 was found to hybridize with a subfragm ent o f
2.3 kb (H S-1.2) only in Sea-1-expressing cell lines (B W 5147 
and EL4) and with a 3.4-kb (H S-0.1 ) band in all three T-cell 
lines (Fig 3B). Again, the appearance o f these bands is in 
inverse correlation with the parental 14-kb Ly-6  A.2 Bam H l 
fragment and not with the single cross-hybridizing family

m em ber at 7.2 kb. We also observed an 8.4-kb fragment 
(indicative o f a 3' hypersensitive site, HS +  4.9) in all three 
T-cell lines. As shown in Fig 3, hypersensitive sites m apped 
from opposite directions give rise to  fragm ents that colocal- 
ize at -1 .2  kb and approxim ately at -0 .1  kb 5' to  the tran 
scriptional start site. Also, the 8.4-kb fragment was localized 
to  a site at +4.9 kb downstream  o f the transcriptional start.

Because hypersensitive sites have been found in the 3' 
regions o f o ther genes expressed in the hem atopoietic cells 
(eg, CD2), we sought to confirm the HS + 4.9 site and to



3056 SINCLAIR AND DZIERZAK

A -U .l
Probe
NBl

H

I 4 .2  Kb 

• 2 ,3  Kb 

■ 3 .4  Kb

TM10G BW5147

H

m #

B
E

14.0  Kb

2 .3  Kb

3 .4  Kb

8 .4  Kb

Probe
BAI

4k I
2 .3  —  

1.9 —

*!!!

Fig 3. Mapping of 5 DNase I 
hypersensitive sites of Ly 6A.2. 
DNA from T-cell lines TM10G 
(Sca-1 negative), BW5147 (Sca- 
1 positive), and EL4 (Sca-1 low) 
w as DNase I-treated, digested 
with restriction enzymes, blot
ted, and hybridized with probes 
derived from the Ly-6E.1 gene. 
Hypersensitive sites were 
mapped in both directions to 
confirm that the sites were lo
calized to Ly-6A.2 gene and not 
to closely related Ly- 6  family 
members. The shaded boxes 
represent the Ly-6A.2 exons, 
and the hypersensitive sites  
seen are depicted with arrows. 
Sites are numbered with re
spect to their location in kilo- 
bases from the start site of 
transcription. (A) Intronic probe 
NBl hybridized to Wpal-di- 
gested DNA is shown. The map 
show s the parental fragment 
size after Hpa I (H) restriction, 
the site of probe N B l, and the 
resulting subfragments ob
served after DNase I digestion. 
(B) Probe BA1 hybridized to 
BamHl (B)-restricted DNA con
firms the regions of 5 DNase I 
hypersensitivity. The map shows 
the parental fragment size and 
the resulting sizes of the sub
fragments after DNase I diges
tion.

identify other hypersensitive sites in the 3' flanking se
quence o f the Ly-6A.2 gene. Treated DNA was digested 
with Hpa 1 and probed with Ex4. This probe hybridized 
most strongly to the parental fragment at 6.4 kb and very 
strongly to a 2.6-kb subfragment (HS + 4.9) in all three 
T-cell lines, more weakly to a 1.7-kb subfragment (HS + 
4.0) close to the 3' end of the gene only in high expressing 
BW5147 cells and weakly to a 1-kb fragment (HS + 3.3) in 
TM lOG only (Fig 4A). Cross-hybridizing bands from fam
ily members were also detected at 16,12, 10 ,8 ,2 .3 , and 1.8

kb. When the same DNA was hybridized with a more spe
cific probe, 4.3, from the opposite direction after Bam H l 
digestion, a 5.7-kb band (HS + 4.9) appeared in all three 
T-cell lines (Fig 4B). However additional 5-kb (HS +  5.6), 
3 .9-kb(H S + 6.7), 1.9-kb(HS + 8 .7),and 1.7-kb (HS + 8.9) 
bands were seen only in Sca-1 expressing BW 5147 and EL4 
cells. The site o f intense DNase 1 hypersensitivity colocal- 
izes to a sequence at HS + 4.9. Although some sites were 
m apped in only one direction, they are derived from the 
Ly-6A.2 gene because the subfragments only appear in in-
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Fig 4. Mapping of 3 'DNase I 
hypersensitive sites of Ly-6A.2. 
The sam e DNA from DNase I- 
treated TM10G (Sca-1 nega
tive), BW 5147 (Sca-1 positive), 
and EL4 (Sca-1 low) as shown  
in Fig 3, w as digested with re
striction enzym es, blotted, and 
hybridized with probes from the 
Ly 6E.1 gene. Hypersensitive 
sites were again mapped in 
both directions to confirm the 
localization of th ese sites to 
the Ly-6A.2 gene. The exons of 
Ly-6A.2 are represented by 
shaded boxes, and the hyper
sensitive sites seen  are de
picted with arrows. Sites are 
numbered with respect to their 
location in kilobases from the 
transcriptional start site. (A) 
Probe Ex4 hybridized to Hpa 
1-restricted DNA is shown. 
The map depicts the parental 
fragment size after Hpa I (H) di
gestion, the site of probe Ex4, 
and the resulting 3 subfrag
ments observed after DNase I 
digestion. (B) Probe 4 .3  hybrid
ized to BamHl (B)-restricted 
DNA confirms the regions of 3 
DNase I hypersensitivity and 
identifies further 3 hypersensi
tive sites. The map show s the 
parental fragment size and the 
resulting sizes of the subfrag
ments after DNase I digestion.
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verse correlation to the parental fragment (14.0 kb) and be
cause the 4.3 probe cross-hybridizes weakly to only one 
other fragment (7.0 kb) from a related family member.

To estimate the strength o f hypersensitivity, we reprobed 
one of the filters with a probe specific for T h y -1. Hypersen
sitive sites for the T hy-1.2 locus have been previously 
mapped.^^ Using a Thy-1 probe, we confirmed the reported 
site within intron 3. We found that the intensity and appear
ance of hypersensitive sites in the Ly-6  A.2 gene correspond

well to those o f the thymocyte-specific site in in tron  3 o f the 
Thy-1 gene (data not shown).

DNase I  hypersensitive sites are fo u n d  in other hematopoi
etic cells. In addition to certain T-cell subsets, Sca-1 has 
been found to be expressed on the surface o f hem atopoietic 
stem cells and erythroid progenitors. Therefore, to deter
m ine if  differential sensitivity exists between hem atopoietic 
lineages, we perform ed DNase I m apping on Sca-1-positive 
FDCP-1 cells (m ultipotential cell line) and on Sca-l-nega-
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tive MEL cells (erythroblast cell line). Both cell lines contain 
an endogenous Ly-6  A. 2 gene. As shown in Fig 5, both 5' 
hypersensitive sites (HS-0.1 and HS-1.2) were found in the 
FDCP-1 cell line when probed with the NBl fragment. 
Mapping with the BA I probe verified these sites (not 
shown). In the region 3' to the gene, we found the strong HS 
+ 4.9 site in the FDCP-1 cells, as we did in the T-cell lines 
with the Fx4 probe. In addition, weak HS + 4.0 and HS +
3.3 sites were found (very faint in Fig 5). The 4.3 probe 
verified the HS +  4.9 site and showed the presence o f further 
3' sites; HS + 8.7 and HS + 8.9 (not shown).

When mapping was performed on MFL-cell DNA (not 
shown), neither the HS-1.2 or HS-0.1 hypersensitive sites 
were found in the 5' flanking regions using the N Bl and 
BA 1 probes. The 3' probes showed only the strong HS + 4.9 
site and weak site at HS + 3.3. Thus, the appearance of 
certain hypersensitive sites in hematopoietic cells strongly 
correlates with Sea-1 expression as observed by FACS analy
sis when the DNase I m aps of various cell lines are com 
pared.

DNase I hypersensitive site mapping in transfected M E L  
cells. To firmly establish that we were m apping hypersen
sitive sites specific to the Ly-6A.2 and F. 1 alleles and not to 
other homologous Ly-6  genes, we analyzed DNase I hyper
sensitivity in MFL cells transfected with the 14-kb Bam H l 
Ly-6 F .l-gene  fragment. DNA was isolated from 7 -IFN in
duced and uninduced transfected MFL-cell clones contain
ing 5 (Fig 6 ) and 20 (data not shown) copies o f the trans
fected gene and was tested for 5' and 3' DNase I 
hypersensitive sites. Figure 6 A shows the enhanced appear
ance o f the HS-0.1 site in the induced cells after Hpa I diges
tion and hybridization with probe N B l. The HS-1.2 site, 
which is within the region previously thought to harbor a 
7 -IFN-responsive element, is absent in uninduced cells and

cells induced for 48 hours. However, the HS-1.2 site was 
found to be present transiently 12 hours after induction 
(data not shown). The 4.2-kb parental band is the strongest 
hybridizing band, thus confirming that the Ly-6 F. 1 gene 
and not related family m embers are responsible for the pro
duction of DNase 1-sensitive subfragments. The m apping of 
these sites was confirmed using 5amHI-digested DNA 
probed with BA 1 (not shown). These sites correspond to the 
5' hypersensitive sites mapped in the Ly-6A.2 gene in un
transfected cells (Figs 3 and 5).

W hen the 3' hypersensitive sites were examined with 
probe Fx4 after Hpa I restriction, the HS + 3.3 and HS + 4.9 
sites were present in both uninduced and induced M FL cells 
(Fig 6 B). However, whereas the sensitivity o f the HS + 4.9 
site remained constant, the sensitivity o f the HS + 3.3 site 
increased by a factor o f 6  in 7 -lFN -induced cells, as deter
m ined by phosphorimaging. Also, site HS + 5.6 appeared 
after 7 -IFN induction and may be faintly present in unin
duced cells. The intensity o f the parental 6.4-kb band o f the 
transfected gene confirms the origins o f the DNase I-gener- 
ated subfragments. These data were confirmed with probe
4.3 on DNA after B am H l digestion (data not shown). With 
probe 4.3, sites at HS + 5.6, HS + 6.7, HS + 8.7, and HS + 
8.9 were found in uninduced cells. Only the HS -t- 5.6, HS + 
8.7, and HS + 8.9 sites increased in hypersensitivity in the 
induced M FL clones. Therefore, the sites at H S-0.1, H S-1.2, 
HS + 3.3, HS + 5.6, HS + 8.7 and HS + 8.9 appear to  be 
affected and /o r enhanced by 7 -IFN induction of the Ly- 
6F.1 gene in the transfected M FL clones. This enhance
m ent correlates well with the high levels o f transfected Ly- 
6 F. 1 gene expression and confirms the mapping o f these 
sites in the Ly-6A.2 gene (Figs 4 and 5) in untransfected cell 
lines. The intensity o f site HS + 4.9 is unchanged in induced 
and uninduced cells and suggests that this site may be im-

5' FDCP-1 3’ FDCP-1

7.2 —  
6.4 —

3.7 —

2.3 —

1.9 —

1.3 —

- 1.2

- 0.1 ' r n m m * ♦

# # #

■+4.9

-  +4.0

— +3.3

Fig 5. DNase I hypersensi
tive site mapping of Ly-6A.2 in 
multipotential cell line FDCP-1 
is shown. DNase I-treated DNA 
w as digested with Hpa I, hybrid
ized with probes NBl to detect 
5 sites, and also hybridized 
with Ex4 to detect 3 sites of the 
Ly-6A.2 gene. Arrows depict 5 
subfragments HS-1.2 and HS- 
0.1 and 3 subfragments HS +  
4 .9 , HS +  4 .0  (weak), and HS 
+  3 .3  (weak).
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Fig 6 . Mapping of 7 -IFN-in- 
ducible hypersensitive sites. 
DNA from an Ly-6E.1-trans
fected MEL-cell clone (Fig 2) 
w as DNase I-treated, blotted, 
and hybridized with probes de
tecting 5' and 3 fragments. Hy
persensitive sites are indicated 
with arrows and are labeled ac
cording to their location in kilo
bases with respect to the tran
scriptional start site. (A) The 
DNase I-treatment series of 
DNA from uninduced and 7 -IFN 
induced cells (48 hours after in
duction) that were digested  
with Hpa I and hybridized with 
probe NBl to detect 5' hyper
sensitive site HS-0.1. (B) The 
same blot as in (A) is shown  
washed and reprobed with la
beled Ex4 fragment to detect 3 
hypersensitive sites HS -F 5.6 , 
HS +  4 .9 , and HS +  3 .3 .
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portant in transcriptional competence of the gene rather 
than dependent on active transcription.

DISCUSSION

We have reported here the cloning o f the complete Ly- 
6 E. 1 gene and have compared the cosmid m ap with a chi
meric Ly-6 E.l and Ly-6A.2 fusion gene'* and a genomic 
Ly-6A.2 fragment'^ (Fig 1 ). We find considerably m ore poly
morphisms between the fusion gene and Ly-6 E. 1 than be

tween the complete Ly-6A.2 and Ly-6 E. 1 alleles. These dif
ferences appear to  represent deletions that may have 
occurred during the construction of the fusion gene. Our 
m apping of the 3' region of the Ly-6 E. 1 genomic fragment 
further verifies the allelic relationship o f Ly-6 E. 1 and Ly- 
6A.2 genes.

More importantly, we have shown high level, 7 -IF N -in 
duced expression o f a 14-kb Bam H l Ly-6 E .l-gene  frag
ment. We have identified putative hematopoietic cell and
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7 -IFN-specific regulatory elem ents in the 5' and 3' flanking 
regions o f both the Ly-6 E. 1 and A.2 genes by extensive 
DNase I hypersensitive site m apping in the chrom atin o f a 
variety o f Ly-6 E.l and A.2 expressing and nonexpressing 
cell lines. A sum m ary o f our hypersensitive site m apping 
data performed in two directions with specific probes from 
the Ly-6 E.l clone is shown in Fig 7.

Analysis o f the prom oter region for susceptibility to 
DNase I digestion has identified sites HS-1.2 and HS-0.1, 
which appear in all expressing cell lines (FD C P-1, B W 5147, 
and EL4) and in 7 -IFN -induced M EL clones ( 12-hour in
duction). N either site is found in nonexpressing M EL cells, 
with site H S-0.1 only weakly observed in TM IOG . Interest
ingly, there are no com plete consensus IFN-responsive ele
m ents in the Ly-6 E. 1 prom oter. However, three CCAAT 
boxes are located in the region between - 1 .7  kb and -0 .9  kb 
with two located at site HS-1.2. Because CCAAT box-bind
ing proteins have been reported to  be involved in the IFN 
inducibility o f m urine class-II m ajor histocom patibility 
complex (M HC) E^-chain gene,^“* it may be possible that 
these CCAAT boxes are vital to  the IFN inducibility o f the 
Ly-6  E.1 gene. Also, it is interesting to note that a CCAAT- 
box m otif was found within the region o f the H S-0.1 hyper
sensitive site. This CCAAT box and a purine-rich elem ent 
are within a region o f 138 bp that has been shown to  be 
within the m inim al sequence necessary for constitutive ex
pression in fibroblasts.'* Therefore, the appearance o f the 
hypersensitive sites in Ly-6 E .l -  and A.2-expressing cells 
within regions containing CCAAT boxes and o f the 7 -IFN

inducible sites in M EL clones suggest that CCAAT box- 
binding proteins m ay be im portant transcription factors in 
volved in Ly-6 E. 1 and A.2 gene regulation within the hem a
topoietic system. In addition, the consensus AAGTGA 
m otif which binds IFN regulatory factor 1 a partial con
served regulatory elem ent (CRE) consensus sequence and a 
partial IFN consensus sequence of M H C class-I genes^’ 
have been found at HS-1.2. These putative factor-binding 
sites m ay also be im portant in the transcriptional regulation 
o f Ly-6 E.l and A.2 genes within lymphocytes and hem ato
poietic progenitor cells.

W e have shown that the 3' regions o f the Ly-6 E. 1 and A.2 
genes also contain hypersensitive sites. These sites are lo
cated at HS + 3.3, HS + 4.9, HS + 5.6, HS + 6.7, HS + 8.7, 
and HS + 8.9 (Figs 4 through 7). In addition, another site at 
HS + 4.0 was observed in the chrom atin o f the m ature high- 
expressing T-cell line, B W 5147. The appearance o f the sites 
at HS + 5.6, HS +  6.7, HS + 8.7, and HS +  8.9 specifically 
in Ly-6 E. 1 and A.2-expressing cells suggests that these 
downstream  elem ents are involved in gene regulation. Fur
therm ore, 7 -IFN -induced  expression o f Ly-6 E. 1 in trans
fected MEL cells corresponds with the appearance an d /o r 
enhancem ent o f sensitivity at sites HS +  3.3, HS + 5.6, HS 
+  8.7, and HS +  8.9. The appearance o f DNase I-hypersen- 
sitive sites in the chrom atin o f M EL clones containing m ulti
ple copies o f the Ly-6 E. 1 gene confirms our endogenous- 
gene hypersensitive-site m apping. Several investigators 
have reported 3' enhancer elem ents and other distally lo
cated strong transcriptional-control elem ents (LCRs) in the
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Fig 7. Diagram show s 5 and 3 hypersensitive sites of the Ly-6E.1 and Ly-6A.2 genes in hem atopoietic cells. Arrows mark the regions 
that show  hypersensitivity to DNase I digestion and are numbered according to their location from the transcriptional start site. Exons are 
represented by shaded boxes, and restriction sites Hpa I (H) and BamHl (B) are indicated. The degree of hypersensitivity is represented by 
the boldness of the arrow, with dashed arrows indicating w eak sites. All cell lines are untransfected and uninduced. ^Indicates the MEL- 
clone-transfected and y-IFN-induced in Figs 2  and 6. §lndicates the transient H S-1.2 site after 12  hours y-IFN induction of the transfected 
MEL clone. The sites  for T-cell line EL4 are not show n but correspond to those seen  in BW 514 7 , except for the absence of site HS 4- 4 .0 .
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chromatin of genes o f the hematopoietic system. These ele
ments are absolutely required for high levels o f tissue-spe
cific expression. It will be interesting to determine whether 
the 3' hypersensitive sites in the Ly-6E. 1 and A.2 genes are 
indicative of such elements, because the promoter region of 
Ly-6E.l appears to be insufficient to drive expression in 
vivo.

The transfection analysis o f a 14-kb BaniHl fragment en
coding the Ly-6E. 1 gene in MEL cells has verified the map
ping o f most hypersensitive sites in the endogenous gene. 
Taken together, these data strongly suggest that sequences 
around HS-1.2, HS-0.1, HS +  5.6, HS - I -  6.7, HS +  8.7, and 
HS -f- 8.9 are involved in producing high levels o f Ly-6E.l 
and A.2 expression (Fig 7) and that HS-0.1, HS-1.2, HS +  
3.3, HS + 5.6, HS +  8.7, and HS + 8.9 sites play a role in 
7-IFN inducibility. Although the strong HS - I -  4.9 site is 
unaffected by Ly-6E. 1 and A.2 expression, it is possible that 
this site plays a role in transcriptional competence of this 
gene. This has been observed with some hypersensitive sites 
in the chromatin of human j8-globin gene locus.^* Sequence 
determination and in vitro and in vivo deletion analysis of 
the regions containing the hypersensitive sites are currently 
underway and could show factor-binding sites and whether 
enhancer or LCR elements are contained within the Ly- 
6E. 1 and A.2 genes. Such studies will help identify regions 
specific for stem cell expression and sequences required for 
the later hematopoietic expression patterns and, in addi
tion, may suggest signals required for the differentiation of 
pluripotent hematopoietic stem cells.
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