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SUMVARY .

There is considerable evidence that certain features of the
mechanism of transcriptional regulation of the Bmajor glcbin gene are
common to other erythroid-specific globin and non-globin genes
(reviewed in chapter 1). However, my work suggests that there are
aspects of this regulation which are unique.

My work on the binding of nuclear proteins to the mouse
Bmajor globin gene promoter has revealed a modular organisation of
protein binding sites. These include two binding sites for the
erythroid-specific factor, NF-El (at -65 and -210 bp) and binding by
non-tissue-specific proteins to the CCAAT (-85 bp), CACCC (=95 bp) and
Box 1 (=170 bp) motifs and to a nuclear factor 1 (NF-1) binding site
(=255 bp) .

Mutational analysis of the mouse Bmajor globin gene proximal
promoter TATA, CCAAT and CACCC boxes by other researchers had shown
that they are required for promcter function in erythroid and
non—erythroid cells. Using site-directed mutagenesis, I have confirmed
that the CACCC motif is required for promoter function when linked to a
reporter gene and assayed in transient and stable transfection assay
systems. Furthermore I have shown by mutagenesis that the NF-E1 site at
—-65 bp is necessary for promoter function.

However mutation of the NF-El, Boxl and NF-1 sites in the
distal region of the promoter results in up-regulation of transcription
from the promoter in uninduced MEL cells and it is proposed here that
while the proximal promoter is essential for promoter function that the
distal promoter has a negative regulatory function in uninduced MEL
cells. This negative regulatory effect is derepressed when the MEL

xXiv



cells are induced to differentiate.

In addition to the role of 5’ promoter sequences in
transcriptional regulation of the mouse Bmajor globin gene, I have
identified sequences 3’ of the coding region of the gene which contain
NF-El and Box 1 binding sites and which confer an up-regulatory effect
on the transcription of a linked reporter gene from the mouse ﬁmajor
globin gene promoter. The up-regulatory effect of this enhancer is
greater when the cells are induced to differentiqte.

Work with two different MEL cell lines, F4-12B2 and C88, and
with two different inducing agents, DMSO and HMBA, suggests that there
are differences in the responses of these cell lines to the same
treatment and also that DMSO and HMBA act through different mechanisms

to induce differen tiation.



CHAPTER 1 GENERAL INTRCDUCTICN.

1.1 ERYTHRCPOIESIS AS A SYSTEM IN WHICH TO STUDY REGULATED GENE

EXPRESSION DURING DIFFERENTIATION.

As a system in which to study differentiation, the
erythropoietic system offers several advantages:
(1) the differentiation pathway along which the erythroid cell
progresses from the pluripotent haematopoietic stem cell is well
characterised at each stage by proliferative capacity and response =to
the hormone erythropoietin (Stephenson et al. (1971); Gregory and Eaves
(1977) .
(1ii) gene expression in the erythroid lineage is well characterised by
markers such as spectrin, glycophorins and globins (Reviewed by
Harrison (1984).
(iii) there exist erythroleukemic cell lines which can be induced in
vitro to undergo differentiation in a way that mimics the morphological
and biochemical <changes taking place in vivo during normal
erythropoiesis (Friend et al. (1966), Beug et al. (1982), Lozzio and

Lozzio (1975).

1.1.1 Erythropoiesis.

During the development of the mouse, which has a gestation
period of 21 days, erythropoiesis occurs in the embryonic yolk sac
(days 8-12), the fetal liver (days 12-17) and in the bone marrow after

day 16 (Barrowman and Craig (1961); Craig and Russell (1964).




Erythropoiesis also occurs in the spleen starting at day 16 but ceases
at birth. Under conditions of anaemia, erythropoiesis is induced in the
adult spleen and liver (Conkie et al. (1975). In humans, erythropoiesis
takes place in the embryonic yolk sac (2-6 wks post conception), the
fetal liver (4 wks post conception until 6 wks after birth), the spleen
(15 wks post-conception until 4 wks after birth) and in the bone marrow
from 16 wks post-conception through adult life (Karlsson and Nienhuis
(1985) .

Erythrocytes are derived from pluripotent stem cells which
become committed to different lineages in response to growth factors.
Growth factor response was first studied using the colony forming unit
assay (Gusella et al. (1976); Till and McCulloch (1980); Dexter et

al. (1984) . When bone marrow from a healthy adult mouse is injected into
a mouse whose own haemopoiesis has been ablated by X-ray irradiation,
the donor cells colonise the irradiated host. Such colonies develop in
the host spleen and the discreteness of the nodules suggests that each
colony is a clone of a single founding stem cell, which has been called
a colony-forming unit (CEFU-S). These colonies can be explanted and
grown in culture. In combination with other culture techniques
(including the growth of dispersed bone marrow cells on semi-solid
medium), the CFU assay has identified the erythrocyte colony forming
unit (CFU-E), which is highly sensitive to erythropoietin and gives
rise to mature erythrocytes after less than 6 divisions. The
erythrocyte burst forming unit (BFU-E) has also been identified and
responds only to high concentrations of erythropoietin and divides at
least 12 times before becoming mature (Gregory (1976). Thus the BFU-E

appears to be a progenitor of the CFU-E and cells intermediate between




BFU-E and CFU-E which have intermediate proliferative capacity ard
erythropoietin responsiveness have been identified.

Other growth factors, including GM~CSF and interleukin 3 (I1-3
act on earlier erythroid progenitor cells) which influence different
cells in the haematopoietic lineage have been purified from culture
media and their genes cloned (Clark and Kamen (1987). They may

eventually be used in the clinical treatment of disease (Sachs (1988).

1.1.2 Gene Expression During Erythropoiesis.

The erythropoietin receptor is the earliest known erythroic
marker expressed, being switched on at the first erythroid committed
stage, the BFU-E (Krantz and Goldwasser (1984). The erythropoietin
receptor 1is internalised when 1t binds erythropoietin and is
metabolised within the cell. The receptor has been purified and there
seem to be two forms of the receptor which differ in size and affinity
for erythropoietin (Krantz et al. (1988). Chemical cross-linking
studies show that the high affinity erythropoietin receptor consists
of two sub-units McCaffery et al. (1989) of molecular weight 100kD anc
85kD. Protease digestion of these subunits generates identical peptide
fragments suggesting that they may be encoded by the same gene. A CDNA
clone for the erythropoietin receptor has been obtained from MEL cells.
From the sequence of the cDNA, the receptor is predicted to have a
molecular weight of 55kD (D’Andrea et al. (1989). There is evidence
that the molecular weight observed for the receptor on the surface of
erythroblasts is generated by glycosylation and dimerisation of the

55kD polypeptide to yield the biologically important high affinity




receptor (Dube et al. (1988).

Early during erythroid differentiation, at the CFU-E stage,
the o and B—gpectrin genes are expressed (Eisen and Tkawa (1977). The
genes encoding the other components of the red blood cell cytoskeleton
are also expressed at this stage. Some of these proteins are not
exclusively red blood cell specific and have in fact a wide tissue
distribution (Lazarides and Nelson (1982).

The glycophorin proteins are erythroid specific and their
genes are first expressed in mid-erythroblast stage (Kasturi and
Harrison (1985), before activation of globin gene transcription.

Some of the enzymes of the haem biosynthetic pathway are
expressed at higher levels in erythroid tissue where large quantities
of haem are required for haemoglobin synthesis, compared with other
cells, where the haem requirement for cytochrome synthesis is satisfied
by lower levels of expression. The genes encoding the haem biosynthetic
enzymes have not all been cloned but evidence suggests that expression
of these genes is sequentially induced (Sassa (1987). Up—regulaﬁion of
the human &-amino levulinic acid synthetase, in erythroid tissue, is
achieved by having two genes, one of which is expressed in all cells
and the second of which is only expressed in erythroid tissue (Yamamoto
(1985) . The human porphobilinogen—-deaminase gene has two promoters, one
of which is regulated in an erythroid specific fashion (Romeo et al.
(1987). Evidence shows that the mouse gene 1is similarly regulated
(Grandchamp et al. (1987).

The five different isozymic forms of carbonic anhydrase show
different tissue specificities. Carbonic anhydrase (CA) is the second

most abundant protein in erythrocytes after globin. The predominant



form of CA in human erythrocytes is CATI although CA II is also
present. (CAII is active in a number of other tissues). CA expression is
developmentally regulated in erythrocytes and up-regulation of CAI
expression occurs at approximately the same time as the Yto J
(foetal to adult) globin switch suggesting possible coregulation of CAI
and adult globin genes in development (Boyer et al. (1983). In the
differentiation of MEL cells, mouse CAI levels decrease upon induction
while those of CAII increase (Fraser and Curtis (1987). The mouse CAI
gene has two promoters, one of which is erythroid specific (Fraser et
al. (1989). This is analogous to the mouse PBG-D gene.

The globin genes are switched on in late erythroblast stage;
the o-globin genes are transcribed before the B-globin genes in the
differentiation of MEL cells and B-globin levels accumulate faster due
to greater message stability (Orkin et al. (1975) to give equimolar
amounts of o and B globin chains.

Later 1in erythropoiesis, the nucleus is extruded and
organelles are broken down, an activity involving the "red blood cell

specific" lipoxygenase-15 (Thiele et al. (1979).

1.1.3 Differentiation of Erythroleukemic Cell Lines.

The Friend virus complex was first isolated from a filtrate of
mouse spleen tumour cells (Friend (1957) and consists of two C-type
retroviruses, a replication defective spleen focus-forming virus (SFEV)
and a replication-competent Friend murine leukaemia virus (F-MulV). The
target cell for this virus complex is one of the early erythroid

progenitor cells which is erythropoietin-responsive (Mirand (1967).



95% of Friend virus induced murine erythroleukaemias have a common SFEV
proviral integration site called Spi-1 (for SFFV proviral integration
site) (Moreau-Gachelin et al.  (1988). Transformation induced by SFFV
occurs in two steps: limited proliferation which is erythropoietin
independent followed by immortalisation. An intact SFFV envelope
glycoprotein gp55 1is necessary for transformation (Linemeyer et al.
(1982) and in vitro evidence shows that gp55 binds directly to the
erythropoietin receptor to generate erythropoietin and I1-3 independent
cell lines (Li unpublished data). This suggests that gp55 causes
prolonged proliferation of SFFV infected cells by stimulating the
erythropoietin receptor and bypassing the normal requirement for
erythropoietin. The role of Spi-1 as a putative oncogene is being
investigated although it does not bear homology to any previously
identified oncogenes. There is also evidence to suggest that the p53
oncogene is rearranged or mutated in Friend @ wvirus induced
erythroleukaemias (Mowat et al. (1985).

Friend virus derived erythroleukaemia cell lines will
undergo  erythroid differentiation in  vitro, independent  of
erythropoietin (Hankins and Krantz (1975) when treated with agents such
as DMSO (Friend et al. (1971). Other agents which induce Friend cell
differentiation include polar—planar compounds such as hexamethylene
bisacetamide (HMBA), actinomycin D, hemin, purines and fatty acids
(Preisler et al.(1976), Gusella et al. (1976). HMBA is a particularly
strong inducer in that virtually the entire population of cells is
induced at low concentrations of HMBA (4 mM) and a higher proportion of
total protein synthesis is globin (Reuben et al. (1976).

Different inducing agents probably act via different pathways



since variant cell lines which are resistant to induction by one agent
are sensitive to induction by another (Chta et al. (1976). It is
possible that inducing agents initiate reactions similar to those
functioning in vivo but the precise nature of the reactions is not
understood.

If Friend cells are incubated for 30-35hrs in DMSO, they will
differentiate into erythroid cells even if the inducer is removed. If
they are only incubated for 15-25 hrs with DMSO, only a small
proportion of the cells will differentiate after the drug is removed.
However, if these cells have first been Uv-irradiated, a much larger
proportion of cells differentiate suggesting that DMSO and UV act
synergistically to induce differentiation (Nomura and Oishi (1983). One
agent may be inhibiting DNA replication while the other possibly acts
via a membrane mediated reaction. A factor has been identified which
induces erythroid differentiation when introduced into
non-differentiated Friend cells. This factor which is present in the
cytoplasm is induced when non-erythroid and Friend cells are treated
with agents that inhibit DNA replication (Nomura et al. (1986).

Other gene products which may be involved in the regulation of
erythroid differentiation include the product of the c-erb A gene, the
receptor for tri-iodothyronine (Sap et al. (1986), a hormone which is
known to stimulate erythropoiesis in vitro (Dainiak et al. (1978). The
v-erb A oncogene is known to potentiate the transformation properties
of the v-erb B oncogene (both oncogenes are cotransduced by the avian
erythroblastosis virus) to induce acute erythroleukemias and sarcomas
in vivo (Graf and Beug (1978). A chicken cell line, HD3, generated by

infection of chicken bone marrow cells with AEV carrying a temperature



sensitive v-erbB gene, fails to differentiate at 36°C but can be
induced to differentiate when shifted to the non-permissive temperature
of 42°C (Beug et al. (1982). The c-erb A mRNA is transcribed in late
erythroblasts and has a short half-life (Hentzen et al. (1987). These
results suggest that c-erb A may play a role in the late stages of
erythroid differentiation.

The role of other oncogenes in erythroid differentiation is
also being studied . It has been shown that normal expression of the
membrane-bound tyrosine kinase product of the c-sea gene 1is required
for normal erythropoietin-responsive erythroid differentiation (Hayman
(1985) . Down-regulation of expression of the cmyb gene is a
prerequisite for commitment to erythropoietin responsive erythroid
differentiation (Todokoro et al. (1988). c-myb and c-ets are both
DNA-binding proteins located in the nucleus of erythroid progenitor
cells but their role in differentiation is not yet understood (Golay et
al. (1988).

Recently, a factor called erythroid differentiation factor
(EDF') , has been isolated from human tumour cell line THP-1 incduced with
phorbal 12-myristate 13-acetate (PMA) which stimulates differentiation
of MEL and K562 cells (Murata et al. (1988). The factor has been
purified and its gene cloned. The factor has an identical amino acid
sequence to the ﬁA chain of activin A and inhibin A which respectively
enhance and inhibit secretion of follicle-stimulating hormone from
pituitary cells in vitro. In addition to this activity, activin A (BA)2
enhances colony formation by stimulated human bone marrow erythroid and
multipotential progenitor cells (Yu et al. (1987) while inhibin A

(aﬁA) decreases activin but not I1-3, @4CSF or Il-4 enhancement of



erythropoietin-stimulated colony formation by erythroid and
multipotential progenitor cells (Broxmeyer et al. (1988).

Radiation induced murine erythroleukaemic cell lines have been
derived which are erythropoietin responsive (Itoh et al. (1988). These
cells differentiate into haemoglobinised cells if cultured in the
presence of erythropoietin. Supplementation with I1-3 augments the
erythropoietin-mediated differentiation although I1-3 alone does not
induce differentiation (Shiozaki et al. (1989).

Various human erythroid cell lines have been established:
K562 (Lozzio and Lozzio(1975) which was derived from a pleural effusion
of a patient with chronic granulocytic leukaemia in terminal blast
crisis; HEL cells established from a patient with Hodgkin’s Disease
who later developed erythroleukaemia (Martin and Papayannopoulou
(1982); and KMOE derived from patients with acute erythremia (Okano
(1981) . These cells express erythroid markers indicative of commitment
to the erythroid lineage but they alsoc express markers of the myeloid
and granulocytic lineages suggesting that they arose by transformation
of early progenitor cells. The globin gene expression pattern of K562
cells 1is typical of erythroid cells in the embryonic stage of
development expressing €and yYglobin RNAs. HEL and KMOE cells are
typical of erythroid cells in the foetal stage of human development
expressing both 7yand B globin RNAs. Two new human erythroid cell
lines have been developed, OC1-Ml (embryonic) and OC1-M2 (foetal) and
from studies of expression in these five 1lines it appears that
transformation of erythroid progenitor cells to generate
erythroleukaemias activates embryonic and foetal globin gene expreS$SiCri

patterns and that there is a failure to set up an adult pattern of



expression in human cell lines (Enver (1988).

1.2 THE ROLE OF CHRCOMATIN CONFORMATION IN REGULATING GENE EXPRESSION.

Given the large number of inactive genes in the eukaryotic
nucleus at any one time, it is likely that the dominant mechanism of
repression of gene expression is general as opposed to specific, and
evidence suggests that this is mediated by condensation of chromatin in

the inactive regions of the genome (Brown (1984), Weisbrod (1982).

1.2.1 Chromatin Structure and Nucleosome Phasing.

The nature of chromatin structure is reviewed at length
(Pederson et al. (1986), Eissenberg et al.(1985), Dilworth and Dingwall
(1988) .

In decondensed chromatin, nucleosomes space out regqularly
along DNA (Olins (1973) but there is evidence that this positionihg of
nucleosomes is not random- (Ramsey et al. (1984). The regular spacing of
a DNA molecule around the nucleosome core is referred to as nucleosome
phasing. Even when chromatin is decondensed, nucleosomes could still
limit access of regulatory factors to the DNA that is to be
transcribed, but there is evidence that in areas of gene activity that
nucleosome phasing is disrupted (Simpson and Stafford (1983).

It has been demonstrated by methidiumpropyl-EDTA-Fe (II)
cleavage that nucleosomes are phased without interruption along the
mouse fmajor globin gene between -3000 and +1500 in L cells where the
gene is not expressed but that this phasing is interrupted between -200

and +500 in MEL cells where the gene is expressed. This region is
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however protected from MPE-Fe(II) cleavage and is flanked by MPE-Fe (II)
hypersensitive  sites suggesting that other factors involved in
transcription are binding there (Benezra et al. (1986).

Recent work has shown that while nucleosomes assembled on DNA
can prevent transcriptional initiation in vitro (Knezetic and Luse
(1986), Matsui (1987), they do not prevent elongation of transcription
by pre-initiated transcription complexes (Lorch et al. (1987), Knezetic
(1988) and that RNA polymerase II will read through nucleosomes,
displacing histones. This may explain why altered nucleosome phasing
occurs over promoter and enhancer sequences but does not extend right
through the gene.

The linker DNA between nucleosomes, which varies in length
from 20 to 100bp depending on the organism and tissue (Kornberg (1977),
complexes with histone H1 to hold adjacent nucleosomes together and to
condense the 10nm fibre into a 30nm solenoid (Felsenfeld (1978), McGhee
and Felsenfeld (1980). H1l is a class of polymorphic proteins which are
frequently modified and exhibit tissue and organism specificity
(Pederson et al. (1986) . In nucleated erythrocytes Hl is replaced by
H5 during maturation of the erythroblast (Neelin (1974).

Evidence suggests that beyond the 30nm fibre, chromatin is
organised into loops which are radially attached to a central protein
scaffold called the nuclear matrix (Zehnbauer and Vogelstein (1985). In
histone depleted metaphase chromosomes, electron micrography identifies
DNA loops emerging from sites on the scaffold and returning to the same
site (Paulson and Laemmli (1977) in a similar fashion to lamprush
chromosome loops (Callan and MacGregor (1958). Goldman (1988) has

suggested that each loop is in fact a chromatin domain which contains
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several transcription units and replication origins, is independently
supercoilable and may be assembled during replication into an open or
closed transcription state depending on the relative abundance of
limiting transcription factors and histones. There 1is evidence
suggesting that transcriptionally active DNA is closely associated with
the nuclear matrix: experiments show that active proviral sequences in
avian sarcoma virus transformed rat fibroblasts associate with the
matrix while in the revertant, this association is lost (Cook et al.
(1982) . Supercoiling may generate altered DNA structures, such as DNA
bending, which increase the affinity of transcription factors for
regulatory sequences or it may induce altered DNA conformations such as
Z-DNA which may reduce the binding affinity of hiétones (Wa (1988),
Garner and Felsenfeld (1987).

Non-histone proteins found associated with chromatin include
the high mobility group of proteins although evidence suggesting that
HMG14 and 17 are found associated with nucleosomes at active sites in
the chromatin (Sandeen et al. (1980), is controversial (Goodwin et
al(1985). Histone acetylation and ubiquitination are also associated

with gene activation (Allfrey (1977), Hebbes et al. (1988) . However

the role of HMG proteins, ubiquitination and acetylation in gene

regulation remains ambiguous.
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1.2.2 DNA Methylation.

In vitro methylation of DNA sequences inhibits their
expression in vivo, in either mouse fibroblasts or in Xenopus oocytes
(Vardimon et al (1982), Fradin et al (1982), Stein et al (1982) while
5-aza-cytidine, a hypomethylating agent activates expression of
previously silent genes (Jones (1985).

In the genome methylation occurs at the 5 position of the
cytosine ring in CpG dinucleotides, which are present in the genome at
a frequency of approximately 0.2 times that expected (Russell et al.
(1976) . About 60-90% of all CpGs in the genome are methylated.
Non-methylated CpGs tend to be clustered into what have become known as
HTF (HpalIl Tiny Fragments) islands because they contain many sites for
HpaIl which recognises the unmethylated site CCGG while  its
isoschizomer Mspl recognises the methylated site CMeCGG (Bird et al.
(1985) . HTF islands are found at the 5 end of non-tissue specific
genes such as the X-linked hypoxanthine phosphoribosyl transferase gene
in mouse (Yen et al. (1984) and human dehydrofolate reductase gene
(Stein et al. (1983) but are also found 3’ of genes like the islands 3’
of the glucose-6-phosphate dehydrogenase gene (Wolf et al. (1984).
Methylation of HIF islands inhibits expression of the associated gene.
Bird (1986) has proposed that HTF islands mark out large regulatory
sequences which are bound by multiple factors which sterically exclude
methylases. Methylation at HTF islands would sterically prevent binding
by regulatory factors.

Many tissue specific genes do not have HIF islands partly

because CpGs are rarely found near tissue-specific genes. However,
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demethylation may be important in regulating some tissue specific
expression since treatment of muscle cells with 5-aza-cytidine rapidly
induces differentiation (Jones (1985). Treatment of determined red
blood cells with 5-aza-cytidine induces globin gene expression but has
no effect on globin gene expression in non-erythroid cells implying
that methylation is at most a secondary event in tissue-specific gene
regulation (Hsiao et al. (1983). Methylation of the yglobin genes in
MEL-human foetal erythroid somatic cell hybrids only occurs after the
developmental switch to adult B-globin gene expression again suggesting
a secondary role for methylation (Enver et al (1988).

The human o globin gene promoter lies in an HTF island which
contains multiple copies of Spl binding sites which positively regulate
transcription of the gene. The o globin gene functions in the absence
of an enhancer when transfected into non-erythroid cell lines. 1In
contrast, the mouse 0-1 globin gene promoter is not promiscuous and
does not lie in an HTF island. In non-replicating systems, the human
0~globin gene becomes enhancer dependent like the mouse 0-1 globin gene
(Whitelaw et al.  (1989). This suggests a role for methylation in
reqgulating expression of the human o globin gene in cell-cycle
dependent manner, by blocking binding of Spl to upstream regulatory
sequences.

Methylation plays an important role in stable inactivation of
viral sequences (Krucek and Dorfler (1983), in achieving equal gene
dosage in mammalian females by inactivation of one X-chromosome
(Venolia et al. (1982) and in generating hemizygosity and altered
expression at loci in a manner dependent on the gametic origin of the

locus (McGowan et al. (1989).
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1.2.3 Nuclease Sensitivity of Active Chromatin Domains.

That DNA in active chromatin is preferentially sensitive to
digestion by DNRAase 1 compared to inactive chromatin or bulk chromatin,
was initially shown by Weintraub and Groudine (1976). Digestion of
isolated nuclei by DNAase 1 preferentially degrades globin DNA
sequences from nuclei obtained from chick red blood cells but not from
nuclei obtained from non-erythroid cells or from a population of red
blood cell precursors. In contrast, the non-transcribed ovalbumin
sequences in nuclei from red blood cells and fibroblasts were resistant
to DNAase 1 suggesting that active genes are preferentially sensitive
to DNAase 1. Stalder et al. (1980) extended this study by identifying a
DNAase 1 sensitive region which extended from 7 kb 5'to 8 kb 3’ of the
B globin gene cluster in chick red blood cells. Moreover by using low
concentrations of DNAaase 1, he was able to identify DNAase 1
hypersensitive sites (DHSS) which were tissue-specific and some of
which were developmental-stage specific. These DHSS are thought to
represent sites made accessible to transcription factors by the
displacement of nucleosomes. Sites identified by genomic footprinting
as being nucleosome free in vivo have been further characterised in
vitro as sites bound by transcription factors. For example the chicken
oP globin gene genomic footprint from -130 to +80 bp relative to the
initiation site contains a binding site at -63 to -55 bp for the
erythroid specific transcription factor, Eryf I as well as other
protein binding sites (Kemper et al. (1987). In embryonic red bloocd
cells, there is a DHSS immediately 5’ of the embryonic gene, €and in

adult erythrocytes there are two sites, 6 kb and 2 kb 5’ of the adult
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BA globin gene. The DHSS close to the 5 end of the chicken BA globin
gene was more finely mapped to between 60 bp and 260 bp 5’ of the
initiation site of the gene and its presence correlates with gene
expression (McGhee et al. (1981).

In mouse, the o and the B globin genes are DNRase 1 sensitive
in erythroid tissue and in MEL cells. These sensitive domains are
present in both uninduced and induced cells even though the globin
genes are not being actively transcribed in uninduced cells (Miller et
al. (1978). This illustrated that while an open chromatin conformation
is necessary, i1t is not sufficent for transcriptional activation of
globin genes. Sheffery et al. (1982), Sheffery et al. (1983) mapped
two DHSS in the mouse Bmajor globin gene. One site within the second
intron of the gene becomes less hypersensitive upon induction while the
other site, immediately 5’ of the gene becomes more hypersensitive upon
induction. A third DHSS has been mapped approximately 3 kb upstream of
the mouse ﬁmajor globin gene by Smith and Yu (1984) who also showed
that following commitment to differentiation, DNAase 1 hypersensitivity
is stably maintained even in the absence of inducer. In MEL cells,
which only express the adult globin genes, the adult genes contain DHSS
whereas the embryonic genes do not (Smith et al. (1984).

In human foetal liver, DNAasel HSS have been mapped to the 5’
regions of the human Gy, AW, & and B-globin genes whereas in human bone
marrow DHSS have only been mapped 5/ of the & and B globin genes. In
the same study, no DHSS could be mapped within the P globin domain in
leukocytes (Groudine et al. (1983). Tuan et al. (1985) mapped all the
major and minor DHSS within the human B globin domain. All the minor

sites mapped close to the 5’ ends of each gene in the domain and
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correlated with transcriptional activity of the activity of the
downstream gene but the major DHSS map to the boundaries of the DNAaase
1 sensitive domain and are present in embryonic, foetal and adult
erythroid tissues which are expressing globins. These 5’ and 3’ domain
boundaries have been cloned (Grosveld et al. (1987) and brought next to
the adult P globin gene in a construct which was used to generate
transgenic mice. Previously, globin transgenes were poorly expressed in
transgenic animals relative to the endogenous genes and were highly
sensitive to the site of integration in the genome (Townes et al.
(1985). But when these domains boundaries, which normally map
approximately 20 kb 5’ and 3’ of the gene are cloned next to the
transgene, 100% expression is observed relative to the endogenous gene.
Moreover, expression is completely copy number  dependent, is
independent of position and orientation and confers absolute tissue
specificity on expression. These dominant control regions also operate
on [B-globin gene promoters in stable transfection assays (Van
Assendelft (1989) and will operate on heterologous promoters such as
the HSV-TK, Thy-1 and 0-1 globin gene (Ryan et al. (1989). It has now
been found that only 6.5 kb from the 5’ domain boundary is necessary
for dominant control and this region is currently being packaged into
retroviral wvectors for potential use in gene therapy to treat
thalassemias and sickle cell anaemia (Talbot et al. (1989). Dominant
control regions conferring T-cell specific, copy—number dependent,
position independent expression have also been identified at 4.5 kb
5’ and 9 kb 3’ of the CD2 T-cell marker gene (Greaves et al. (1989).
DHSS marking out regulatory regions have been mapped for

non-globin genes. The avian leukosis virus (ALV) integrates in bursal
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lymphomas into a region flanked by two DHSS in the 5/ region of the
unrearranged c-myC gene. Following integration, the two DHSS disappear
and a new single DHSS appears in the AIV LTR enhancer reflecting the
change in transcriptional regulation of the DNA in the region (Schubach

and Groudine (1984).

1.3. REGULATION OF TRANSCRIPTIONAL INITIATION.

Regulation of gene expression by control of initiation of
transcription has been widely studied in a number of systems (Reviewed
by Maniatis et al. (1987), Jones et al. (1988).

Some promoter elements regulate basal level transcription,
such as the Spl binding site (Dynan and Tjian (1983) while others
control inducible expression, such as the heat shock responsive elemerit
(Pelham (1982) or tissue-specific expression, such as the octamer box
of immunoglobulin gene promoters in B-cells (Grosschedl and Baltimore
(1985) .

The distinction between promoter and enhancer elements has
become arbitrary but initially enhancers were distinguished from
promoters by their ability to stimulate transcription initiation in an
orientation and position independent fashion (Serfling et al. (1985).
As analysis of enhancer elements has become more detailed it emerges
that each enhancer is itself made up of core elements or "enhansons"”,
which can be duplicated or combined in a heterologous fashion to
generate new enhancers. Within a given enhancer, the relative spacing
of enhansons is critical and determines the overall efficiency of the

enhancer (Ondek et al. (1988). Consequently, an element such as the
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octamer box can act as a promoter element in the context of the sea
urchin histone HZB 5’ flanking sequence where it 1is position and
orientation dependent and as an enhanson in the context of the S5vV40
enhancer where it interacts with other enhansons to generate the
functional enhancer which is orientation and position independent. It
has been shown that multimerisation of the octamer motif to generate a
tissue-specific enhancer will create a negative regulator which is
dominant to the SV40 enhancer (Yu et al. (1989) illustrating that the
activity of a particular enhanson depends upon the context in which it

is found.

1.3.1 THE MODULARITY OF ENHANCERS AND PROMOTERS EXEMPLIFIED BY THE SV40

ENHANCER.

The 300 bp region between the early and late transcription
units of SV40 contains a number of regulatory elements as illustrated

in figure 1.1 below.
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Figure 1.1 The Sv40 Promoter and Enhancer.

The top figure illustrates the organisation of SV40 promoter and

enhancer elements with respect to the start site of early and late
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transcription. The lower figure gives an expanded view of SV40 enhancer
elements. The interactions of these elements with their cognate binding
factors and with each other is discussed in the text.

Next to the T antigen gene (Tag) 1s the DNA origin of
replication (Myers and Tjian (1980) which overlaps with three Tag
binding sites and the initiation site of early transcription (Khoury et
al. (1973). Disruption of the replication origin prevents repression
of early transcription by eliminating Tag binding sites (Rio and TJjian,
(1983) and reduces the number of templates available for late mRNA
synthesis reducing late gene transcription (Myers, et al. (1981); Rio,
et al. (1980). The AT-rich region adjacent to the DNA origin of
replication bears similarity to the TATA box motif described by
Goldberg but deletion of this region has 1little effect on early
transcription (Benoist and Chambon (1980). In contrast, deletion of
the 3 adjacent GC-rich 21 bp direct repeats severely reduces early
transcription and virus viability (Fromm and Berg (1982). Each 21 bp
repeat contains two copies of the hexanucleotide GGGCGG which is the
core recognition site for the transcription factor Spl (Dynan and TJjian
(1983); Briggs et al. (1983). The affinity of Spl for each of the six
sites varies depending on sequence flanking the GC core element and
this combined with steric constraints determines that only five of the
six sites are occupied at any one time (Gidoni et al. (1985).

The 72 bp repeats adjacent to the late transcription start
site constitute the SV40 enhancer which confers enhanced transcription,
independent of orientation and of position (Banerji et al. (1981) .
The SvV40 enhancer was the first to be discovered and functions in

different cell types from different species, including non-mammalian
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systems (Nenhaus et al.(1984). The SV40 enhancer can  activate
transcription from the early or late promoter from anywhere in the
viral genome and can also activate transcription from heterologous
promoters such as the B-globin promoter (Banerji et al. (1981), the
conalbumin and the adenovirus major late promoters (Moreau et al.
(1981) . The human 0~globin gene seems to be resistant to SV40 enhancer
activation (Humphries et al. (1982); Treisman et al. (1983).

The SV40 enhancer has been extensively analysed (Zenke et al.
(1986) ; Herr and Clarke (1986); Clarke and Herr (1987) and has been
shown to be made up of three domains A, B and C which are 21, 22 and 15
bp respectively. Each domain consists of modules, termed enhansons,
such that the activity of one enhanson can be compensated for by the
duplication of another, where enhansons cooperate with each other and
spacing between enhansons is critical to enhancer activity (Ondek et
al. (1988). Individual enhansons are found associated with other viral
and cellular enhancers and promoters.

Domain A contains an imperfect direct repeat of a 9 bp
element, Sphl and II. Mutation of these elements down requlates SV40
enhancer activity in Hela cells and in embryonal carcinoma cells but
not in B cells (Nomiyama et al. (1987). The direct repeat of the Sph
elements generates an overlapping octamer box recognition — site,
homologous to that found in Ig enhancers, the histone HZB promoter and
the U2 snRNA promoter (Grosschedl and Baltimore (1985); Sive et al.
(1986); Mattaj et al. (1985). Mutation of this octamer box reduces
SV40 enhancer activity in B cells but not in Hela or in embryonal
carcinoma cell lines (Nomiyama et al. (1987). The factor binding to

this element, OBP 100 may be related to the lymphoid specific octamer
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binding factor. Domain A also contains the P element which binds ApP-1.

Domain C contains 3 elements GI-11A, B and C which interact
with four distinct factors GT-11a, GT-11Bo, GT11BB and GT-11C/TEF-1
(Xiao et al. (1987). Factors GT-11A, GT-11Bx and GT-11BB are found in
Hela, wundifferentiated embryonal carcinoma cell lines and in B cell
lines but mutation of their cognate binding sites has 1little
detrimental effect on SV40 enhancer activity in these three cell lines.
This suggests that these elements play only a minor role in SV40
enhancer activity. In contrast, mutation of GT-11C reduced the
activity of the SV40 enhancer dramatically in Hela and embryonal
carcinoma cell lines but has no effect on activity in B cells. The
cognate binding factor, TEF-1 (also called AP4), is absent or inactive
in B cells. TEF-1 binds to SphI and II but with weaker affinity,
explaining why GT-11C and Sph motifs are interchangeable. TEF1 binds
to both Sph and GT-11C despite no obvious sequence homology between the
two sites. Sph and GT-11C compete with each other for TEF-1.  TEF-1
binds cooperatively to multiple copies of its cognate binding site,
GT-11C or Sph (Davidson et al. (1988) and binding to Sph by TEF-1 is
augmented by binding of APl to the P element of domain A (Mermod et al.
(1988) .

Integrity of the GT-1 motif of domain B is crucial to full
activity of the enhancer in Hela, and embryonal carcinoma cell lines.
Mutations in the TC-11 motif has a down-regulatory effect in Hela cells
and B cells. The activity of these elements in each cell line

correlates with the presence of their binding factors (Rosales et al.

(1987). While GT-1 bears a high degree of homology to GT-11C (10/12

bp) it binds different factors to closely overlapping sites. GT-1
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binds three factors GT-1A, B and C of which GT-1A and B are ubiquitous
while GT-1C is absent from B cells. Competition studies indicate that
GT-1A 1is probably Spl while GT-1C/ TEF-2 is the same CACC-binding
factor (s) involved in globin gene requlation. Different forms of each
factor may be active in different cell lines (Xiao et al. (1987). In
Hela cells TC-I and II bind AP2 (Mitchell et al. (1987). AP2 can bind
also to the Spl and Tag binding sites in the early promoter and
evidence suggests that Tag mediated repression of transcription may be
achieved in part by protein-protein interaction between Tag and AP2,
preventing AP2 from binding to TC-I and II of the enhancer.

In certain cell types GI-1 and GT-11C act cooperatively
within the enhancer, in a fashion which depends not so much on their
stereocalignment but on the overall distance between the elements
(Fromenthal et al. (1988). Similarly, there is a distance-dependent
cooperativity between Sphl and SphlI.

From their detailed analysis of the Sv40 enhancer, its
constituent enhansons and their binding factors, Pierre Chambon and
co-workers have proposed a scheme for the functional organisation of
enhancers (Fromenthal et al. (1988); Davidson et al. (1988). It is a
scheme which extends the original proposal by Ondek et al. (1988) and
which accommodates Ptashne’s model of how protein activators work

(Ptashne (1988). (Figure 1.2).
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Figure 1.2 Scheme of the Functional Organisation of Enhancers.

This figure was produced by Fromenthal et al. (1988) and summarises
their proposals for the organisation of enhancers based on their
Vanalysis of the SvV40 enhancer and work by others on different systems.
Their scheme is discussed in the text.

It 1s proposed that there are three levels of enhancer
organisation. The first level is the level of the enhanson which 1is
categorized as types A, B, C or D depending on the type of factor they
bind. Class A factors bind cooperatively to repeats of their cognate
binding sites such as TEF-1 binding to GT-11C or Sph. Class B factors
do not bind cooperatively to tandem repeats of their cognate binding
site and by themselves generate little enhancer activity. However, in
association with Class A factors, Class B factors act synergistically
to generate enhancer activity, e.g. TEF-2 and GT-1. Class C factors
can act synergistically with other factors when the cognate binding
sites are not closely appositioned. Examples are OBF and NFKB. Class
D factors possess intrinsic enhancer activity when bound to single

copies of their recognition site although they can also act
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synergistically to increase enhancer activity, for example the human
oestrogen receptor and the oestrogen responsive element.

The proto-enhancer which is a combination of enhansons is the
second level of enhancer organisation to be proposed. There are four
types of proto-enhancer. Type 1 is generated by tandem repetition of
Class A enhansons; type 2 by combination of class A and class B
enhansons; type 3 composed of a single copy of class C enhansons and
type 4 which already has enhancer activity and consists of a class D
enhanson.

Finally, the third level of organisation corresponds to
combinations of different proto-enhancers.

There are two models to explain the mechanisms by which
enhancer sequences work: the scanning model and the looping model
(Ptashne (1986), Muller et al. (1988a). Both models attempt to explain
how sequences independent of position of the promoter interact with the
transcription initiation complex at the promoter. The scanning model
proposes that high affinity enhancer sequences act as entry sites for
transcription complexes, including RNA polymerase, which then slide
along the DNA until they reach and recognise sites within the proximal
promoter. The looping model proposes that enhancer sequences interact
with proximal promoter sequences where transcription is to be initiated
via proteins bound at both sites with the looping out of intervening
DNA. Evidence confirms that binding of factors at a distance is
cooperative (Cohen and Meselson (1988), Schule et al. (1988). Moreover,
the looping model predicts that enhancers should be able to act in
trans to stimulate transcription from genes that are not linked to the

enhancer sequence. Muller et al. (1289) have shown that the 5v40
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enhancer will enhance transcription from the rabbit 3 globin gene in

vitro when separated from it by a non-covalent bridge.

1.3.2 DNA BINDING DOMAINS AND ACTIVATOR DOMAINS OF TRANSCRIPTION

FACTORS.

Protein factor interactions with DNA regulatory sequences
are mediated by the DNA binding domain of the protein (Wharton and
Ptashne (1985) while the activating domain mediates the protein-protein
interactions which modulate initiation of transcription (Bushman and
Ptashne (1988). In eukaryotic transcription factors, the DNA-binding
domain and the activating domain are usually physically separated
(Ptashne (1988).

The nature of DNA binding domains and activator domains of
transcriptional regulators is reviewed by Mitchell and Tjian (1989).

1.3.2A DNA Binding Domains.

The Helix—Turn-Helix Domain.

Progress in understanding eukaryotic transcription control
mechanisms 1is due partly to the extensive research that has been
carried out on prokaryotic gene control systems. The characterisation
of the phage A repressor and cro proteins and how they interact to
control the life cycle of A has revealed features of protein-DNA and
protein-protein interactions which have implications for  similar
interactions in eukaryotes (reviewed by Ptashne (1986) . The
helix-turn-helix has been identified in prokaryotic proteins including
A repressor and cro proteins (Pabo and Sauer (1984); Anderson et al.

(1981); Pabo and Lewis (1982) but also in eukaryotic proteins such as
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the yeast MAT o2 protein (Laughon and Scott (1984) and in the
homeodomain of Droscphila segmentation genes (Shepherd et al. (1984).
The helix-turn-helix motif is a pair of protein o~helices,
one helix of which lies along the major groove of the DNA to allow
specific contacts to be made between the amino acids facing the major
groove and the bases lying in the recognition site (Wharton and Ptashne
(1985) . A repressor binds as a dimer to operator sites with two-fold
symmetry with the recognition helices from each monomer fitting into
adjacent major grooves in the DNA and bound to the same side of the DNA
helix. The interactions between the amino acids in the recognition
helix and base pairs in the major groove are highly specific and the
specificity of the repressor for the operator site can be altered by
making amino acid changes in the recognition helix facing the major

groove (Wharton & Ptashne (1985).

The Homeo-Domain.

The homeo-box domain is a 60-amino acid DNA-binding motif
consisting of a helix-turn-helix of the type described above for the A
repressor and was first identified in the developmental regulatory
genes of Droscophila (Laughon and Scott (1984). The role of
homeo-domain proteins in transcriptional regulation is reviewed by
Levine and Hoey (1988). It has since been shown in vitro that the

homeo-domain proteins of the fushi-tarazu, paired and zen genes

synergistically upregulate expression from the engrailed promoter (Han
et al. (1989) and that the products of the even-skipped and engrailed
genes repress activity. The biochemical nature of the transcriptional

activity of Drosophila homeo-domain proteins is being analysed with
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particular attention to protein-protein interactions and synergy.

The B-cell specific transcription of the immunoglobulin genes
is critically dependent upon the presence of an intact octamer box.
This site is recognised by two factors; OTF-1, which is ubiquitous and
OTF-2, which is lymphoid-specific. <¢DNAs encoding both factors have
been obtained and sequence comparisons reveal the presence of a shared
highly charged domain of 160 amino acids which is conserved not only
between OTF-1 and OTF-2, but also in the unc-86 gene of C.elegans and
in the Pit-1 gene (Clerc et al. (1988), Sturm et al. (1988), Muller et
al. (1988b), Scheidereit (1988). This domain referred to as the PQOU
(Pit-0TF-Unc) domain is made up of two sub-domains: the homeo-domain
and the POU-specific domain. The homeo-domains of these proteins are
also conserved in three Drosophila homeo—box proteins, from which they

derive their name, Antennapedia, engrailed and even-skipped. The POU

domain 1is necessary for DNA-binding and may alter the sequence
specificity of this sub-group of homeo-domain proteins.

Specific mutations in helix 2 of the OTF-1 homeodomain
disrupts protein-protein interactions with the wviral transcription
factor, VP16, in a way that does not affect DNA binding activity. These
mutations are analogous to the Arepressor positive control mutations
which do not affect DNA binding or negative regulation but disrupt

protein-protein interactions with RNA polymerase (Stern et al. (1989).
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The Zinc Finger DNA Binding Domain.

The zinc finger DNA binding domain was first identified in
TFIIIA of Xenopus and is reviewed by Evans and Hollenberg (1988).
TF111A has nine Zn fingers which are formed by the coordination of a
Zn2+ ion by cytosine and histidine residues at invariant positions
(Miller et al. (1985).

A large number of transcription factors have since been found
to bear primary sequence which could form zinc finger motifs including
the steroid hormone receptors, Spl, GAL4, testis-determining factor
(IDF) and erythroid factor 1 (NF-El) and several of thesg factors such
as SP1 and the steroid hormone receptors have been shownzgo so.

There are two types of zinc finger protein: the C2H2 group of
which TF111A and SP1 are members in which pairs of cysteines and
histidines are separated by loops of 12 amino acids (Berg (1986); and
the Cx group in which variable numbers of cysteine residues are
arranged periodically and of which the stercid hormone receptors, EF-1
and GAL4 are members. Nuclease analysis of TF111A bound to the 55 RNA
gene revealed that each finger bound in the major groove and contacted
5 nucleotides (Fairall et al. (1986).

Spl was originally identified in Hela cells as a factor which
bound to the GGGCGG motif of the Sv40 promoter and stimulates
transcription from a number of cellular promoters in vitro (Dynan and
Tjian (1983); Gidoni et al. (1985). Spl exists in two active forms of
molecular weight 95kD and 110kD and the 95kD form may be a truncated
version of the 110kD factor which has been generated by proteolytic
cleavage.  (Briggs et al. (1986). Both the 95kD and 110kD forms of Spl

bear equal amounts of this 0-linked glycosylation (Jackson and TJjian
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(1988). Certain members of the CTF and AP1 family of proteins have
been shown to be glycosylated and this differential glycosylation of
factors in the same family may alter their response to Dbiologcal
signals. Spl binds to its cognate DNA binding sites wvia a

CO0.H-terminal domain consisting of 3 C2H2 zinc fingers (Kadonaga et

2
al. (1987) but the mechanism by which Spl activates transcription and
the commonality between Spl regulated genes is still not determined.

The glucocorticoid receptor 1is activated by binding of
hormone to its steroid binding domain. This binding elicits a
conformational change which increases the affinity of the receptor’s
DNA binding domain for the glucocorticoid response element (GRE)
(Holenberg et al.  (1987). The DNA binding domain contains two zinc
finger motifs formed from periodically spaced cysteine residues and
depends upon Zn2+ for its activity (Weinberger et al. (1982). The
glucocorticoid receptor bound at its GRE can interact cooperatively via
protein-protein interactions with a CACCC binding factor in the
tryptophan oxygenase gene promoter (Schule et al. (1988) and also with
another glucocorticoid receptor bound at a second GRE in the promoter
of the human tyrosine aminotransferase gene promoter (Jantzen et al.
(1987); Tsai et al. (1989). The zinc finger domain of the oestrogen
receptor is similar to the glucocorticoid receptor and a two amino acid
change in the first zinc finger of the glucocorticoid receptor changes
its recognition of the glucocorticoid response element to that of the
oestrogen response element (Danielson et al. (1989) while a three amino
acid change converts the oestrogen receptor into recognising the
glucocorticoid response element (Mader et al. (1989).

The zinc finger motif has clearly evolved separately from the

30




helix-turn-helix motif and it would be interesting to determine whether

any bacterial proteins bear this motif.

1.3.2B Activator Domains.

"Domain swap" experiments and analysis of factors mutant in
activating potential but still able to bind specifically to DNA have
defined three types of activating domain of regulatory proteins:

(1) stretches of negatively charged amino acids (Hope and Struhl (1986)
which can form amphipathic o-helices, with the negatively charged
groups all on one surface of the helix and hydrophobic groups on the
other (Hope et al. (1988) examples of which include GAL4 (Ma and
Ptashne (1987); GCN4 (Hope (1988); AP1 (Struhl (1988); the HSV viral
protein, VP16 (Sadowski et al. (1988), Triezenberg, S. et al(1988);
and the glucocorticoid receptor (Hollenberg and Evans (1988),

(ii) highly basic stretches of amino acids rich in glutamine,
examples of which include Spl (Courey & Tjian (1988); OTF-1 (Sturm et
al. (1988); OTF-2 (Clerc et al. (1988); AP2 (Williams et al. (1988);
SRE (Norman et al. (1988);

(1ii) proline-rich domains which are functional domains in CTF and NF-1
(Mermod et al. (1989) and which may also play a role in APl (Struhl
(1988), APZ2 (Williams et al (1988), OTF-2 (Clerc et al (1988) and SRF
(Norman et al (1988).

There are probably other types of activating domain which
have not yet been structurally characterised, for example the A/B
domain of the human oestrogen receptor which is not an acidic
activating region unlike the A/B region of the glucocorticoid receptor

(Tora et al. (1989).
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Activating domains of different proteins differ in  density
of charge, the extent of secondary structure and presumably in their
affinity for the target protein. Ptashne has suggested that those
proteins with activating regions with highest affinity for the target
protein will be the most effective in "acting at a distance" (Ptashne
(1988) such that activators bearing the same DNA-binding domain but
with different activating regions, will differ markedly in their
abilities to activate.

Ptashne has also proposed "squelching” whereby proteins with
strong activating domains could bind the target protein off the DNA
preventing interaction of the weaker activating domain of the protein
bound on the DNA, with the same target protein. This "squelching”
phenomenon would effectively inhibit gene expression and may explain
why some viral proteins which are strong activators depress expression
of cellular genes (Treizenberg et al. (1988). Given the squelching
effect of strong activators, each activator must be blocked when not
required and this may happen by binding of the activator by an
inhibitor, e.g. pGAL4 is blocked by pGAL80 in the absence of galactose
(Ma & Ptashne (1987).

Consistent with Ondek et al. who demonstrated that enhansons
can be arranged combinatorially to form functional enhancers, Ptashne
proposes that multiple weak activators might cooperate to interact
efficiently with the target protein when bound to DNA, although none
taken separately would be sufficient to interact significantly with the
target protein.

Since these activating domains can operate in a number of

different organisms (yeast, Drosophila, tobacco plant, mammalian
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cells), it 1is presumed that they all interact with a target protein
common to all these cell types, either RNA polymerase or possibly
TFIID. Both GAL4 and ATF have been shown to interact with TFIID in such
a way as to modify TFIID activity (Horikoshi et al. (1988); Horikoshi
et al. (1988), which may explain how GAL4 and ATF cooperate with each
other to stimulate transcription by greater than 50 fold while either
GAL4 or ATF alone only stimulate transcription by 2 to 4 fold (Lin et
al. (1988); Lee et al. (1987). Cooperative interactions have also been
demonstrated for factors binding to the CACC motif and the
glucocorticoid response element in the tryptophan oxidase gene promoter
(Schule (1988).

Ptashne’s model predicts that the total number of activators
is small compared with the number of regulated genes in a higher
eukaryote such that common elements are used in different combinations
to confer the many patterns of cell specific gene expression. If the
interaction between activator and target was specific, this
combinatorial organisation of enhansons would not operate.

Ptashne’s model of how protein activators operate 1is
consistent with the structural and functional analysis of multi-domain
enhancers such as the SvV40 enhancer (figure 1.2). However, the
properties of the single domain enhancer, such as the human oestrogen
responsive element (hERE) (Fromenthal et al. (1988) do not obviously
fit into Ptashne’s model. However recent work with the hERE has shown
that the human oestrogen receptor (hER) is a multi-domain protein and
that in addition to the DNA binding domain, there are two activator
domains, the hormone binding domain (TAF-2) and the A/B domain (TAF-1)

(Tora et al. (1989). TAF-1, which is cell-type specific, and TAF-2 are
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independent activator domains which can act synergistically with each
other and with other activators. Thus the hERE is functionally
equivalent to the multi-domain enhancer and L.Tora et al. suggest that
modular transcription factors would be particularly useful in the
conmbinatorial activation of transcription during development when the
supply of transcription factors is limited.

Ela, which is encoded by the Adenovirus genome, is involved in
transactivation of a number of different viral and cellular genes as
well as playing a role in transformation. Ela does not bind DNA
specifically and stimulates genes which do not appear to share a
specific promoter element (Berk (1986). The Ela protein region
necessary for transcriptional activation has been identified (Green et
al. (1988). Designated Region 3, it consists of two domains one of
which 1s necessary for activation and the other which mediates
interaction with the promoter (Lillie and Green (1989). The activator
domain of Ela can be replaced by the activator domain of VP16 and the
promoter binding domain can be replaced by the DNA binding domain of
GAL4 to activate only genes containing GAL4 recognition sites. However,
since Ela does not bind a specific DNA sequence, it is proposed that
Ela is targeted to the promoter by binding of its promoter binding
domain to the protein binding sites of DNA bound proteins, for example,
ATF. Given the promiscuity of Ela transactivation, it is likely that it
recognises many target proteins.

The DNA binding domain and activator domain of GAL4 are
separable (Keegan et al.  (1986), and fusion proteins between the GAL4
activator domain and the LexA DNA binding domain renders yeast genes

with upstream LexA operator sites inducible by galactose (Brent and
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Ptashne (1985).

The observation that GAL4 will activate transcription of
mammalian genes with a UASG (Upstream Activator Sequence of GAL4) and a
TATA box in mammalian transcription systems (Lin et al. (1988) and will
function synergistically with both the glucocorticoid  receptor
(Kakidani and Ptashne (1988) and the SV40 enhancer (Webster et al.
(1988) illustrates that the mechanisms of transcription activation have
been conserved from yeast to man.

The transcription factor TF11D is conserved from yeast to man
and may be one of the common "target" proteins bound by the activator
domains of both yeast and mammalian transcription factors (Buratowski
et al. (1988); Cavallini et al. (1988). 1In fact, work by Horikoshi et
al. (1988) shows that GAL4 mediated activation of Adenovirus E4 gene
involves an alteration in TF11D interactions with the TATA box and that
these altered TF11D-TATA box interactions are not cobserved when the
activator region of GAL4 is deleted. The yeast TFIID gene has been
cloned (Horikoshi et al. (1989) and sequence analysis reveals that it
bears homology at the amino acid level to the bacterial sigma factor
which determines the specificity of RNA polymerase initiation in
prokaryotes and dissociates from the polymerase shortly  after
initiation . The other factors which associate with the eukaryotic
transcription initiation complex (TFIIA, TFIIB and TFIIE) may be
functionally homologous to other subunits of the bacterial R
polymerase (Buratowski et al. (1989).

1.3.3 Modulation of Transcription Factors by Phosphorylation.

Phosphorylation of serine or threonine residues in the

activating domain of a transcription factor may affect its activity by

35



altering protein conformation or by altering hydrogen bonding
interactions with RNA polymerase or other trans-activators, and may
provide a mechanism by which activators can respond to external stimuli
(Hoeffler et al. (1988). Glycosylation of serine or threonine residues
of proteins may affect activity by preventing phosphorylation (Jackson
et al. (1988). Induction of heat shock genes is not blocked by protein
synthesis inhibitors (Zimarino and Wu (1987) and work done to determine
how heat shock transcription factors (HSTF) are activated upon heat
shock from their pre-existant inactive form has implicated HSTF
phosphorylation. In human and Drosophila cells, activation increases
DNA binding affinity (Sorger et al. (1987) but in yeast, activation by
phosphorylation does not affect DNA binding and presumably works by
potentiating the activator domain of the protein to  stimulate
transcription (Sorger and Pelham (1988).

Phosphorylation 1is also reported to be responsible for the
CAMP mediated hormone induction of the rat somatostatin gene (Yamamoto
et al. (1988) . Genes respond to cAMP via a 43 kD nuclear
phosphoprotein, the CREB factor (also known as ATE) which binds to the
CAMP Response element (CRE) (Montminy et al. (1986); Montminy et al.
(1987) . CREB binds to CRE as both monomer and dimer but
transcriptional activity is only associated with dimer binding
(Yamamoto et al. (1988). Yamamoto et al. also showed that treatment of
CREB with protein kinase C (but not protein kinase A) resulted in
increased dimer formation and that phosphatase treatment of CREB
reduced its transcriptional activity. Their proposal is that cAMP
activated phosphorylation shifts the equilibrium between inactive

monomers and active dimers towards dimer formation, causing
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transcriptional activation.

The transcription of a number of mammalian genes including
proto—oncogene c-fos and the cytoskeletal actins is induced by
stimulation with growth factors and whole serum (Kelly et al. (1983).
This serum induced response is mediated by the serum response factor
which 1is present but not active in most uninduced cells (Treisman
(1987); Prywes and Roeder (1986) and which binds to the serum response
element found upstream of serum responsive genes (Treisman (1986). The
mechanism by which SRF is activated is not clear but it is probably
activated by modification of the activator region, not by altering DNA
binding activity. Phosphorylation probably mediates serum responsive
induction since agents such as TPA and the calcium ionophore, A23187,
which induce the same genes, with the same kinetics as serum and act
through the SRE also activate protein kinase C (Greenberg and Ziff
(1984) ; Nishizuka (1986) .

1.3.4 The leucine Zipper Motif.

The leucine zipper is a structural motif which was first
described for the CCAAT/Enhancer binding protein (Landschulz et al.
(1988) but has since been identified in other protein sequences
including Myc (Landschulz et al.  (1988); ATF (Hai et al (1989); Fos
and Jun (Kouzarides and Ziff (1988).

McKnight et al. originally proposed that the leucine zipper
facilitates the dimerisation of proteins which contain periodic repeats
of leucine amino acid residues. Specifically, the monomer contains an
o-helix with a leucine repeated at every seventh position. It is

proposed that the leucine side chains extending from each o-helix
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interdigitate with those from another such o-helix.

The leucine zipper mediates the formation of Fos-Jun
heterodimers (Ransome et al. (1989); Turner and Tjian (1989); Geinzer
et al. (1989); Schuermann et al. (1989). Fos, Jun and GCN4 proteins
bind to the AP-1 recognition site/TPA-response element via a basic
region which is contributed to by both subunits of the dimer
(Kouzarides and Ziff (1989). Domain swap experiments in which the
leucine zippers of Fos, Jun and GCN 4 are interchanged indicate that
the leucine zipper is critical in determining the DNA binding activity
and that the DNA binding domains of these proteins are interchangeable.
Fos-Jun heterodimers bind strongly to the AP1 recognition site, Fos-Fos
homodimers fail to bind at all while Jun-Jun homodimers bind only
weakly (Halazonetis et al. (1988). Scatchard plot analysis indicates
that the DNA binding activities of different homo- or heterodimers is
determined by the thermodynamic stability of that dimer which is in
turn determined by the differing capacities of their leucine zippers to
interact (Smeal (1989).

DNA binding by C/EBP also involves a bipartite domain
consisting of basic regions Jjuxtaposed to the leucine zipper of each of
the two C/EBP polypeptides which make up the functional activator
(Landschulz, W.H. et al. (1989).

Figure 1.3 illustrates examples of regulatory domains of transcription
factors which are conserved in a number of different factors as

discussed above.
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Figure 1.3 Regulatory Domains of Transcription Factors.

This figure illustrates the various structural motifs which have been
identified in different transcription factors. These motifs are
involved in DNA binding, activator function or in dimerisation of the
factors as discussed in the text.

1.3.5 Nuclear Factor 1 and Members of the CCAAT Box Binding Family.

NF-1 was originally identified as a factor necessary for
Adenovirus replication (Nagata et al. (1982) which bound to a
palindromic sequence TGGCNNNNNGCCAA in the adenovirus replication
origin (Rawlins (1984); Hay (1985). NF-1 has since been shown to bind
to both viral and cellular gene sequences necessary for the regulation
of transcription. In particular NF-1 has been shown to bind to sites
within the promoters of several globin genes including the chicken BH
and BA globin genes (Plumb et al. (1986), Emerson et al. (1985) and at
-200 bp in the human P-globin gene (Jones et al. (1987). NF-1 has been

affinity purified and forms a family of polypeptides of molecular
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weight 60-66kD (Rosenfeld et al. (1986). Jones et al. (1985, 1987)
presented evidence that NF1 was identical to CTF which recognises the
CCAAT box of the HSV tk promoter. Antibodies to CTF cross-reacted with
NE-1. However, more recent work which has attempted to determine the
extent of identity between CCAAT box binding factors, has demonstrated
that CIF is a family of factors (including NF-1) which all differ in
their affinities for different recognition sequences (Chodosh et al
(1988) . Comparison of the protein sequence of CP1 and NF-1 reveals that
while there are stretches of shared protein sequence (this may explain
the cross-reactivity of antibodies), there are also considerable
differences (Meisternst et al. (1988). Chodosh et al. also identified
CP2 which binds to the rat y-fibrinogen promoter CCAAT box and is
distinct from either CP1l or NF-1.

CCRAT/enhancer binding protein (C/ERP) 1s a  heat-stable
DNA-binding protein first isolated from rat liver (Graves et al. (1986)
and involved in the regulation of a number of genes including the serum
albumin gene (Friedman et al. (1989). The cDNA for C/EBP has been
obtained (Landschulz et al. (1988) and analysis of the protein reveals
the presence of a leucine zipper and dimerisation to generate the
functional transcriptional activator as described previously. The gene
encoding C/EBP has been localised to chromoscme 7 and high levels of
C/EBP mRNA have been detected in fully differentiated tissues that
metabolise lipids and cholesterol (Birkenmeier et al. (1989). Evidence
suggests that C/EBP expression is induced in response to changing
physioclogical conditions during development.

NF-Y recognizes the Y-motif of Major HistoCompatiblity (MHC)

Class II genes which contains an inverted CCAAT motif, mutation of
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which abolishes NF-Y binding (Dorn et al. (1987). NF-Y has been shown
to be present in most cells, 1is sensitive to Zn2+ chelators and has a
molecular weight of about 250-300 kD (Hooft van Huijsduijnen et al.
(1987) . Another factor, NF-Y* also binds to the Y motif but does not
cross—-compete with NF-Y suggesting that it is a distinct protein.

ACF 1is a liver specific factor which recognizes and binds to
the CCAAT box of the rat albumin gene (Raymondjean et al. (1988) and
may be the same factor identified by Lichtsteiner et al. (1987) as
binding to half an NF-1 site in the albumin promoter.

What is the function of all these different CCAAT binding
factors and to what extent are they conserved? Santoro et al. (1988)
presented evidence that a family of CCAAT binding factors are all
encoded by a single gene in the human genome and that diversity is
generated by differential RNA splicing. Chodosh et al. demonstrated
that CP-1, CP-2 and NF-1 are all heteromeric and that the DNA binding
domain of each protein was separate from the activator domain.
Moreover, they demonstrated that the HAP2 and HAP3 proteins of yeast
which activate CYCl expression from UAS2 could substitute for the CP1B
activator subunit and CP1A DNA binding subunit  respectively,
illustrating that the CCAAT binding factor is functionally conserved in
evolution. The multimeric organisation of the CCAAT binding factor
could conceivably allow it to respond to a variety of environmental
signals with different activator domains operating in response to

different signals.

41



1.4. GLOBIN GENE EXPRESSION.

Mammalian globin proteins are encoded by a family of genes,
all derived from a common ancestral gene which has duplicated and
diverged over a period of 500 M years (Romero-Herrera et al. (1973).
Different globin genes as already discussed are expressed at different
stages 1n mammalian development (embryonic, foetal and adult) but all
are expressed exclusively in erythroid tissue. The o and [ glcobin
genes are organised into two distinct clusters, which map to different
chromosomes (Deisseroth et al. (1977, 1978). o and B globin genes are
highly conserved in their coding regions but diverge significantly in
flanking and intervening sequence. Both a and B glcbin genes are
interrupted by two introns at similar positions but intron 2 of the [
globin gene is considerably larger than that of the o globin gene.
(Review by Maniatis et al. (1980). Figure 1.4 summarises the
organisation of globin genes in the three species most extensively
studied.

There are three related aspects of globin gene expression to
be analysed; how different globin genes come to be expressed at
different stages of development (Reviewed by Karlsson and Nienhuis
(1985), how globin genes are exclusively expressed in erythroid tissue
and how globin gene expression is regulated during erythropoiesis.

The regulation of the human « and B globin genes differs in
a nurber of aspects. In humans, the adult o globin gene is transcribed
earlier in development than the adult B globin gene (Peschle et al.
(1984, 1985). Another observation which illustrates differential o~ and
B-regulation is the enhancer dependence of the [-globin gene in

transient transfection assays (Banerji et al. (1981); Humphries et al.
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(1982) . This enhancer dependence can be compensated for by trans-acting
viral products (Green et al. (1983); Treisman et al. (1983). Following
stable integration into the MEL cell genome the human a-globin gene is
expressed constitutively while P is expressed only at low and inducible
levels (Chao et al. (1983); Charnay et al. (1984); Wright et al.
(1983) . However, despite these differences in regulation the o and f§
globin chains come to be expressed in vivo in equimolar amounts in the
terminally differentiated cell.
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Figure 1.4 The Organisation of Globin Genes.

The figure illustrates the spatial organisation of the globin genes in
the o~ and - globin gene loci of chicken, mouse and human. Individual
globin genes are represented by open boxes. Arrows indicate the
presence of DHSS which have been mapped in vivo. Arrows  are
superscripted by GFP to indicate the presence of a genomic footprint at
that DHSS; "E" to indicate that the DHSS is only present in cells at

the embryonic stage of development and by "A" to indicate that the DHSS
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is only present in cells at the adult stage of development. Hatched
boxes superscribed by "e", indicate the presence of an erythroid

specific enhancer.
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Figure 1.5 Modularity of Globin Gene