POU-DOMAIN TRANSCRIPTION FACTORS IN THE
DEVELOPING RAT NERVOUS SYSTEM

Georgina Erica May Stevens

Thesis submitted to the University of London for
the degree of Doctor of Philosophy

Department of Biology (Medawar Building)
University College London

1994



ProQuest Number: 10044463

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10044463
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



For my sisters,
Eva and Jo.



Acknowledgements

I would like to thank Bill for his advice, enthusiasm and never ending
encouragement throughout the time I have spent in his lab, and for his
constructive criticisms of this thesis.

I would like to thank the other members of the lab; especially Nigel for
much advice and many beers, Ellen for the O-2A progenitor cells and Northern
blots and many wonderful cakes, and Hardeep for cutting the optic nerve
section, also Wei Ping, Winfried, Andy and other members of the "biology
department", Rab, Martin, Heather and Harriet. Thank you also to Natalia
Ninkina and John Wood for collaborating.

[ would also like to thank some very special people whose friendship is
greatly valued; Clare, Melanie, Bella, Miffy, Lily, Fiona and Mark. Thank you
also to Phil for his friendship and support, especially during the writing of
this thesis. And finally thank you to my family for many many supportive
years; thank you to my mother and father, Nin, Jo, Eva, John, and Mormor and
Morfar.



Abstract

The mature nervous system is comprised of an enormous diversity of
neurons and glial cells that arise from the apparently homogeneous
population of pluripotent precursor cells of the embryonic neural tube. The
mechanism by which these neuroepithelial precursor cells choose their
differentiated fates is not understood. We have approached this problem by
studying the development of one particular glial cell lineage, the
oligodendrocyte lineage. Oligodendrocytes, the myelinating cells of the central
nervous system, develop from glial progenitor cells known as O-2A progenitor
cells. O-2A progenitor cells proliferate during embryonic development and
first start to give rise to post-mitotic oligodendrocytes around the day of birth
in the rat. O-2A progenitor cells express receptors for platelet derived growth
factor (PDGF), and divide in response to PDGF. When an O-2A progenitor cell
takes the decision to differentiate in vivo or in vitro it still expresses
functional PDGF receptors but loses the ability to divide in response to PDGF. If
we could understand the nature of the molecular switch involved in the loss of
PDGF-responsiveness, we might begin to understand how the timing of
oligodendrocyte differentiation is controlled during development.

Transcription factors must have some role in differentiation since
genes are expressed in differentiated cells that are not expressed in their
undifferentiated precursor cells, and vice versa. For example,
oligodendrocytes express genes encoding structural myelin proteins that are
not expressed in O-2A progenitor cells. Part of this Thesis involves
experiments in which I investigate the involvment of transcription factors in
oligodendrocyte development. I chose to concentrate on POU-domain
transcription factors because their prototypic members appear to be lineage-
specific, and have been shown to have a role in regulating the expression of
differentiation specific genes. Using a strategy based on the polymerase chain
reaction I identified several members of this family that are expressed in 0-2A
progenitor cells, and investigated how they are regulated at the RNA level
when O-2A progenitors differentiate into oligodendrocytes in vitro. These
experiments suggest that a subset of POU-transcription factors may be closely
coupled to the transition from proliferation to differentiation in the
oligodendrocyte lineage.



During these experiments I also isolated cDNAs encoding the DNA
binding region of two novel members of the POU-domain family that are
closely related to the unc-86 gene of the nematode worm, Caenorhabditis
elegans, and to a mammalian POU-factor gene known as brn-3. Together these
define a brn-3 subfamily of POU-factors whose vertebrate members we refer to
as brn-3a, brn-3b and brn-3c . I have investigated the patterns of expression
of this subfamily in embryonic rat by in situ hybridisation. All members are
expressed exclusively in the nervous system, notably by sensory neurons in
the dorsal root ganglia (DRG), and by some deep dorsal horn neurons of the
spinal cord. brn-3c is expressed in tiny subpopulations of neurons in the DRG
and spinal cord suggesting that brn-3 family members may be involved in
specifying particular subclasses of neurons that have a sensory phenotype.
Unc-86 is involved in determining the differentiated fate of cells in many
neuroblast lineages and also has a function in mature neurons. Brn-3a and
Brn-3c the mammalian members of the same subfamily may have similar
functions since they are expressed initially in dividing neurons in the DRG
and then later in post-mitotic neurons in the DRG and spinal cord. These
mammalian POU-factors may therefore be involved in the regulation of
development or function of subpopulations of neurons.
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Introduction

One of the major challenges in developmental neurobiology is to
determine how the enormous variety of neuronal and glial cell types found in
the mature nervous system are generated from the undifferentiated
neuroepithelial cells of the embryonic neural tube. In general, the phenotype
of a cell is determined by the set of genes it expresses, and its interactions with
its environment. The question of what determines a cell's fate can thus be
broken down into smaller, more approachable questions: what determines
what genes are active in a particular cell, and what determines where that cell
is placed in relation to other cells in the organism. These questions are of
course interrelated, because the genes that a cell expresses are in part
determined by interactions with other cells and molecules in the
environment. We know a cell can control the proteins it makes at a number of
levels: controlling when and how often a gene is transcribed (transcriptional
control), controlling how the primary transcript is spliced (RNA processing
control), selecting which completed mRNAs in the cell nucleus are exported
into the cytoplasm (RNA transport control), selecting which mRNAs in the
cytoplasm are translated by ribosomes (translational control), selectively
destabilizing certain mRNA molecules in the cytoplasm (mRNA degradation
control), or selectively activating or inactivating specific protein molecules
after they have been made. The importance of transcription regulation,
possibly the predominant control on eukaryotic gene expression, is discussed
in more detail later in this Chapter.

Posttranscriptional control mechanisms regulate gene expression after
RNA polymerase has bound to the gene's promoter and begun RNA synthesis.
RNA processing control such as alternative RNA splicing provides a
mechanism for producing multiple proteins from a single gene (Castrillo et al.,
1991); for example multiple forms of fibronectin are produced by alternative
RNA splicing. RNA export into the cytoplasm may depend on specific
recognition of the transported RNA molecule by some receptor protein in the
nuclear pore complex (Newport and Forbes, 1987). Alternatively, transport
may be automatic unless the RNA is specifically retained. Selective retention
in the nucleus could be caused by a mechanism that prevents the completion
of RNA splicing on particular RNA molecules, for example RNA molecules
might remain bound to spliceosome components. Not all mRNA molecules that

17



Factors

Motif Structure containing Comments
domain
Homeobox Helix-turn-Helix Drosophila Structurally
homeotic genes related to motif in
and related bacteriophage
vertebrate genes.  proteins
POU Helix-turn-Helix eg. Oct-1, Oct-1 Related to
and adjacent and Pit-1 in homeodomains
helical region mammals, and
Unc-86 in c.
elegans
Paired box Paired-domain Pax1-10 in Related to
often in mammals Drosophila paired
asscociation with box genes

Cysteine-histidine
zinc finger

Cysteine-cysteine
zinc finger

Basic domain

Fork head

ETS

Helix-turn-Helix

Multiple fingers
coordinating a Zn
atom

Single fingers
each coordinating
a Zn atom

a-helix

Unknown

Unknown

TFIIIA, Kr, Spl
Krox-20 etc.

Steroid-thyroid
hormone receptor
family

C/EBP, c-Fos, c-
Jun, c-Myc, MyoD
etc.

Fork head, HNF-
3A

c-Ets, c-Erg,
Drosophila E74,
PU-1

May form R-sheet
and adjacent o-
helix

Related motifs in
E1A, GAL4 etc.

Associated with
HLH and/or
leucine zipper
dimerisation
motifs

Binds purine rich
sequences

Table 1. A summary of DNA-binding motifs of transcription factors

that play roles during development.



reach the cytoplasm are translated into proteins, translation may be blocked
by association with a translation repressor protein (eg. administration of iron
to rats, activates the translation of inactive cytoplasmic mRNA encoding the
iron storage protein ferritin, by dissociating a repressor protein) (Aziz and
Munro, 1987). Gene expression can also be controlled by mRNA stability.
Unstable mRNAs often encode regulatory proteins whose levels change
rapidly in a cell (eg. transcription factors such as fos or SCIP (see Chapter 4)).
The stability of an mRNA may change in response to extracellular signals (eg.
the addition of iron to a cell decreases the stability of the mRNA that encodes
the transferrin receptor). All the above determine whether mRNA is
translated into protein within a cell. The activity of a protein can also be
controlled post-translationally; for example phosphorylation of the
transcription factor Oct-1 (see Chapter 3) modulates its DNA-binding activity.
This provides a mechanism for cell-cycle regulation (without the need for
down-regulation of the oct-1 gene); Oct-1 is phosphorylated during mitosis
(Roberts et al., 1991; Segil et al., 1991) so that during this phase genes normally
activated by Oct-1 are not expressed. Thus the protein make-up of a cell, and
consequently cell phenotype is controlled at many levels.

The regulation of cell fate occurs at different levels: 1) The segregation
of cells into the basic body plan, 2) commitment of early precursor cells to
particular cell lineages, and 3) differentiation of a progenitor cell to a specific
cell type. These processes (and intermediate steps) depend on gene expression
which is at least partly determined by specific proteins called transcription
factors (see above). Transcription factors can be sorted into families based on
common sequence or structural motif (Table 1) (Harrison, 1991). Transcription
factors bind to DNA, and by interacting with other factors and the enzyme RNA
polymerase, initiate (or inhibit) gene transcription. Because of the
combinatorial nature of these protein-protein interactions, sometimes the
same factors can be used at different points in the developmental process from
stem cell to postmitotic cell, either in the same or different cell lineages.

1) Segregation of the basic body pattern:

Studies on Drosophila melanogaster have generated the fundamental
concepts on which we base our current understanding of the genetic control
network that acts during formation of the basic body pattern. The Drosophila
body is composed of serially repeating units which differentiate into

18
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particular structures and patterns according to their position in the embryo.
The generation and diversification of segments during embryogenesis
depends on two distinct but integrated processes; the subdivision of the
embryo into repeating units, and the specification of their differentiation
pathway (for review see (Ingham, 1988; Akam, 1987)). These processes are in
part controlled by the expression of a hierarchy of regulatory genes, many of
which encode transcription factors. At the top of the hierarchy are the
maternal effect proteins (eg. bicoid) which interact with the gap genes whose
products (eg. hunchback) in turn interact with the pair-rule genes. The pair-
rule gene products (eg. fushi tarazu) have a role in the formation of the
striped pattern and define the expression domains of the segment-polarity
genes. Together these act to control the homeotic genes, which define segment
identity (see Figure 1).

The ability of genes to respond differentially to a concentration
gradient of a transcription factor, and the ability of some genes to regulate
their own expression (and the expression of genes in the same or different
level of the regulatory hierarchy), provides a mechanism that divides the
embryo into smaller and smaller units; ultimately the homeotic proteins at the
bottom of the regulatory hierarchy, regulate the many subordinate genes that
provide the segments with specific identities. Some target genes for the
homeotic proteins have been identified, and include genes encoding growth
factor-like polypeptides (eg, decapentaplegic, a member of the TGFB family)
(Immergluck et al., 1990; Panganiban et al., 1990; Reuter et al., 1990).

The ability of Drosophila proteins to form heterodimeric complexes
increases the range of function of a regulatory protein; multiple homeobox
proteins can synergize or interfere with one another, so that responder gene
activity depends on the precise cocktail of factors present in the cell. Thus the
same protein may activate some genes while repressing others.

During Drosophila development some regulatory genes such as the pair-
rule gene ftz and the segment-polarity gene en show two phases of expression;
first early in development where they play a critical role in pattern formation
(see above) and later in a limited number of neurons (Doe et al.,, 1988). This
illustrates a general feature of regulatory proteins: often the same proteins
are used at different times and places during the life of an organism.

19
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Many of the genes involved in Drosophila development
encode transcription factors:

Some of the gap gene, pair-rule gene, and segment-polarity genes that
are involved in Drosophila development encode transcription factors. Gap
gene products include zinc finger proteins (Knirps (Kni) and Krippel (Kr))
and steroid receptors (tailless), which are known to bind DNA and have roles
in gene regulation (Rosenberg et al., 1986; Pignoni et al., 1990). Another
family of transcription factors that play a role in Drosophila development,
contain a motif known as the homeobox. The homeobox encodes a 60 amino
acid homeodomain (Hayashi and Scott, 1990) with a structure that is related to
the helix-turn-helix motif found in certain bacterial DNA-binding proteins
(Pabo and Sauer, 1984; Laughon and Scott, 1984; Otting et al., 1988; Qian et al.,
1989; Kissinger et al., 1990; Billeter et al., 1990). Homeodomain proteins bind to
DNA in a sequence specific manner (Hoey and Levine, 1988), the homeodomain
itself mediates DNA-binding (Muller et al., 1988a). The discovery that the yeast
mating type a and a gene products possess homeodomains and control
transcription, suggested that the primary function of homeodomain proteins
is in the control of transcription (Shepherd et al.,, 1984). Genes that contain
homeoboxes generally encode proteins that are localised in the cell nucleus.
Proteins encoded by the maternal (bicoid), pair-rule (Ftz and eve), and all the
homeotic group genes, contain a homeodomain. By functioning as
transcriptional regulators these proteins may play their roles in determining
the anterior-posterior axis (bicoid), the number and pattern of body segments
(eg. Ftz and eve), and segment identity (homeotic genes) (Hayashi and Scott,
1990; Akam, 1987).

Vertebrate developmental regulators also contain
homeoboxes:

Homeobox genes have also been detected in vertebrates including
mammals, suggesting that they may play a role in the development of these
organisms. The homologues of a number of Drosophila homeobox-containing
genes have been identified, and have been shown to exhibit similarities to the
Drosophila sequences that extend beyond the homeobox itself (see Figure 2).

The development of vertebrates, although showing similarities to
Drosophila development, differs initially because the egg, rather than
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developing as a syncytium as in Drosophila, develops by a continuous cell
cleavage mechanism. In Drosophila, gene regulatory proteins can
communicate directly with neighbouring nuclei without the need for cell-cell
signalling in the usual sense. In vertebrates, cell-cell interactions mediated by
secreted or surface-bound signalling molecules and inducing signals are
important for providing cells with positional values (Greenwald and Rubin,
1992; Jessell and Melton, 1992; Glover, 1991). Growth factors such as FGF and
TGF-B2, are known to be involved in mesoderm induction in Xenopus laevis
(Smith, 1989), and mesoderm induction is accompanied by activation of
homeobox genes (Ruiz i Altalba and Melton, 1989a; Ruiz i Altalba and Melton,
1989b).

Vertebrates show segmentation during early development; in the
segmental repeats of the hindbrain, the patterns of motor-axon growth from
the CNS, the branchial arches, and in the organisation of the mesoderm into
somites. Like the segments of a Drosophila embryo, the somites of a vertebrate
(the initial metameric unit, which differentiates into sclerotome and
dermomyotome, forming the vertebrae, dermis, and muscles) are similar in
appearance but behave as though they carry distinct positional labels that
govern their subsequent differentiation. These positional labels may be
provided by mammalian homeobox gene products, which are expressed in
strictly localized regions of the vertebrate embryo and may have roles as early
as in the neural plate. Transplantation of somites sﬁggest that segmentation in
the spinal cord and peripheral ganglia is secondary to mesodermal
segmentation, and not an intrinsic property of the spinal cord (Keynes and
Stern, 1988). Gené expression in the neural plate may depend on inducing
signals from the underlying mesoderm; in the absence of mesoderm the
ectoderm aquires on epidermal fate (Muller et al., 1988a).

The similarity between the Drosophila and mammalian developmental
control systems extends to the organization of the homeobox-genes within the
genome. In both Drosophila and mammals homeobox containing genes are
arranged into clusters (in mammals there are four clusters (Graham et al.,
1989)). The order of the homologous genes along the chromosomes, and the
order in which these genes are expressed along the antero-posterior axis of
the organism, are the same; beginning at the 5' end of the cluster, each
successive gene displays a more anterior boundary of expression (Graham et
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al., 1989). These similarities suggest that the organization of these complexes
predates the evolutionary divergence of insects and vertebrates (Akam, 1989),
so that clustered homeobox genes may be part of a very ancient system for
controlling body pattern during development.

In frog, mouse and human, homeobox genes are expressed in the
peripheral nervous system (PNS) and central nervous system (CNS), and in
mesodermal derivatives (somites, kidneys and lungs), but not endodermal
tissues. Hox genes probably have a role in patterning of ectodermal and
mesodermal derivatives in the developing embryo. Homeobox genes are
probably not directly involved in the segmentation process since they are
expressed in organs that are not segmented (Holland and Hogan, 1986) but they
may, like their Drosophila counterparts, provide positional information and
specific segment identity in vertebrates. Genes involved in the segmentation
of vertebrates have not yet been identified, except perhaps Krox 20 which
encodes a mouse zinc finger containing protein, expressed in rhombomeres 3
and 5 and in the hindbrain. Krox 20 expression precedes the appearance of
rhombomere boundaries (Wilkinson et al., 1989).

The Drosophila pair-rule gene paired contains, in addition to a
homeobox, a "paired-box" motif which encodes a conserved 128 amino acid
domain. (Bopp et al., 1986). Paired-box gene products are transcription factors
that function during development, whose target genes are unknown. Murine
gene families have been found that are homologous to these paired-box
containing genes. These are known as Pax genes, and are thought to have
roles in pattern formation in the dorso-ventral axis (Gruss and Walther, 1992).
For example, there is evidence that Pax-1 is important for establishing
dorsoventral pattern in the vertebral discs (for review see (Gruss and Walther,
1992) and Pax-3 could play an active role in generating the dorsal-ventral
polarity within the neural tube (Goulding et al., 1991).

2) Commitment of an early precursor cell to a particular cell
lineage.

Once a cell has established some positional information it can start to
make developmental decisions. It progresses along a developmental pathway
that entails changes that exclude possible future pathways. Cells are said to be
"determined" when they are restricted to the type of differentiation they or
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their daughters are able to undergo (Gurdon, 1992). Little is known about the
mechanisms involved in determination. Determined cells are able to
proliferate indefinitely without expressing cell type-specific proteins. For
example commitment is seen during and just after gastrulation when certain
cells in the somites of a vertebrate become specialized as precursors of skeletal
muscle cells and migrate from the somites into other regions, including the
limb bud. These muscle cell precursors do not express genes expressed in
mature muscle cells, but look superficially like other cells in the limb
rudiment. After several days, however, they start to manufacture large
quantities of specialized muscle proteins. These cells are commited to become
muscle cells before they migrate from the somites. Neuronal cells (and
oligodendrocyte precursors (Pringle and Richardson, 1993)) also become
commited to particular lineages in the ventricular zone before they migrate
away to their appropriate destinations in the spinal cord where they
differentiate.

3) Differentiation of a subsequent progenitor cell to a
specific cell type:

Some time after commitment of a cell to a particular lineage, it will stop
dividing and differentiate. Differentiation is accompanied by morphological
change.

Differentiation is an active process requiring continuous
regulation:

The ability to alter cell fate by disrupting regulatory factors in already
differentiated cells, suggests that the stable differentiated phenotype requires
the continued expression of regulatory factors. Nuclear transplantation
experiments show that genes are neither lost nor permanently inactivated
during development; transplantation of an intestinal or muscle cell nucleus to
an enucleated frog egg results in the development of a normal tadpole
(Gurdon, 1986). During these experiments the surrounding cytoplasm of the
nucleus changes. Within the cytoplasm mRNA of regulatory genes are
translated to protein. Some of the proteins translated in the cytoplasm may
migrate back into the nucleus to maintain the transcription of the genes
encoding them, forming a positive feedback mechanism for maintaining gene
expression. A change in the cytoplasm (such as that experienced by the
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transplanted nucleus) would change the kinds of proteins entering the
nucleus, and hence the activity of the regulatory genes. Silent genes in
committed differentiated cells are readily accessible, suggesting that they are
actively rather then passively controlled (passively controlled genes are
"closed down" so that they are not actively considered in a lineage). Active
control involves the dynamic interactions of positive and negative regulators
(Blau and Baltimore, 1991). The inactivation of a gene by a negative regulator
may be reinforced by passive methods such as methylation, which reduces the
level of transcription from a gene without completely inactivating it. Passive
regulation may be a secondary condition imposed after the initial selection of
active and inactive genes (Bird, 1986).

Differentiated cells express genes that are not expressed in their
undifferentiated precursors and vice versa. Differentiation may, therefore,
involve a change in the regulatory proteins present in a cell, so that some new
genes are expressed while others are silenced.

The MyoD family: an example of transcription factors that
control differentiation:

The MyoD family, are a family of basic Helix-Loop-Helix (bHLH)
transcription factors which function during myogenesis as dimers on the
consensus CANNTG (E box) sequence found in most muscle-specific genes
(Buskin and Hauschka, 1989). The MyoD family comprises of MyoD, myogenin
(Wright et al., 1989), myf S (Braun et al., 1989b), and MRF4 (Braun et al., 1989a;
Miner and Wold, 1990), all of which are expressed in skeletal muscle, and have
the ability to activate myogenesis in transfected C3H10T1/2 cells (a mesodermal
cell line).

MyoD was the first member of the family to be identified, when it was
shown to have the capacity to convert C3H10T1/ 2 cells to myoblasts with the
potential to undergo myogenesis (Emerson, 1990; Davis et al., 1987; Pinney et
al., 1988; Wright et al., 1989). This supported the idea that a single muscle-
specific "master gene" was sufficient to generate the complete muscle
phenotype. The discovery of other members of the class which could also
convert 1OT1/2 cells, and the ability of these to regulate one another, showed
that a complex hierarchy of gene expression existed, and that differentiation
did not require a replay of the temporal expression pattern of the entire
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hierarchy of transcription factors, so that the requirement for a hierarchy is
not understood. The MyoD family do not function alone, but participate in a
regulatory network that involves dynamic interplay among a variety of
positive and negative factors. Members of the MyoD family are known to
associate with the ubiquitously expressed HLH proteins E12 and 47 (Murre et
al.,, 1989b; Murre et al., 1989a). Different muscle cell lines appear to express
different combinations of these regulatory factors. Moreover, each member of
the MyoD family has a different expression pattern in vivo; MyoD and myf 5
are expressed in the determined myoblast, while myogenin gene expression is
activated when myoblasts initiate differentiation. MRF4 is expressed during
muscle maturation, later in development. It is possible that different
combinations of the four known myogenic regulatory factors contribute to the
unique properties of different muscle cell types, providing the basis for
myofibre diversity.

By analogy, other groups of transcription factors may control the
differentiation of non-muscle lineages. For example, POU factors might play a
role in differentiation of certain neural lineages (see below).

POU-domain proteins are a family of transcription factors
expressed in the nervous system, with a role in specifying the cell
phenotype:

Within the vertebrate nervous system another family of regulatory
proteins is detected, whose members possess a conserved DNA-binding motif.
This is the POU-domain family of transcription factors, which was named after
the first members of the family to be found; Pit-1, Oct-1 and Oct-2, and Unc-86.
Pit-1 was isolated from the pituitary gland (Bodner et al., 1988; Ingraham et al,,
1988), Oct-1 is ubiquitous (Sturm et al., 1988), Oct-2 is found in B lymphocytes
(Clerc et al., 1988; Ko et al., 1988; Scheidereit et al., 1988; Muller et al., 1988b),
and Unc-86 was isolated from the nematode worm, C. elegans (Finney et al.,
1988). Pit-1 (which is expressed exclusively in the pituitary gland in the
adult) activates growth hormone and prolactin (Ingraham et al.,, 1988;
Mangalam et al., 1989), while Oct-2 activates immunoglobulin gene expression
(Clerc et al., 1988; Scheidereit et al.,, 1988; Muller et al., 1988b). Oct-1 is
ubiquitous and activates a number of housekeeping genes, including the
snRNA and histone H2B genes (Sturm et al., 1988). The unc-86 gene product is
required for determining the cell fate of sensory neurons in C. elegans
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Figure 3. Structural features of the two POU sub-domains; the 74-82
amino acid POU-specific domain (POUs) and the 60 amino acid POU
homeodomain, indicating the division of the domains into helices (boxes), and
the acidic (-) and basic (+) regions.



(Finney and Ruvkun, 1990) (see Chapter 5). Initial information suggested that
POU-domain proteins may play roles in specifying cell phenotype.

POU-domain proteins are bipartite DNA-binding proteins:

The POU-domain is a 160 amino acid region, composed of a 60 amino acid
homeodomain (distantly related to the Antennapedia homeodomain), and a 74-
82 amino acid POU-specific domain (specific to these proteins), separated by a
15-27 amino acid variable linker region (see Figure 3, opposite). The POU-
homeodomain like the classic homeodomain, is composed of three a-helices;
helices 2 and 3 form the classic helix-turn-helix structure, similar to that
found in many prokaryotic repressors (Harrison, 1991; Pabo and Sauer, 1984).
At the amino terminal of the homeodomain is a basic region, required for DNA-
binding. The POU-specific domain lies to the amino terminal end of the
homeodomain, and is composed of two subdomains referred to as POU-A and
POU-B. Both subdomains contain a cluster of basic amino acids, and the amino-
terminal and carboxy-terminal boundaries of each sub-domain are rich in
acidic residues (see below). The linker region shows little conservation,
varying in amino acid sequence and length. Outside the POU-domain the
sequences of POU-domain proteins diverge. '

The similarities that exist within the POU-domains of the dif
proteins have suggested their classification into five classes; POU-I-V (He et
al., 1989). The POU-I class is composed of Pit-1, POU-II of Oct-1, Oct-2 and Oct-11
(Goldsborough et al., 1993), POU-III of SCIP/Tst-1/0ct-6, Brn-1, Brn-2 and Cf1-a,
POU-IV of Unc-86, Brn-3a and the Drosophila I-POU and tI-POU, and the POU-V
class is composed of Oct-3/4 (see Figure 7, Chapter 3). A zebrafish POU-domain
protein (Johansen et al., 1993), and Xenopus POU-domain proteins (Frank and
Harland, 1992; Hinkley et al., 1992; Whitfield et al., 1993) have recently been
cloned that do not fit into any of the designated classes, suggesting there may
be additional classes of POU-domain proteins.

In contrast to the classic homeodomain, the POU-homeodomain is not
sufficient to mediate DNA binding, so that both the POU-specific domain and
the homeodomain are required to bind DNA (Sturm et al., 1988; Verrijzer et al.,
1990a; Verrijzer et al., 1990b). Footprinting studies on Oct-1 and Pit-1 have
shown that the intact POU-domain protein and a mutant lacking the POU-
specific domain have different 5' boundaries on the octamer motif (Verrijzer
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et al., 1990a; Ingraham et al., 1990; Kristie and Sharp, 1990); the homeodomain
alone appears to lack contacts at the 5' end, in the ATGC region of the octamer
ATGCAAAT motif, so that the POU-homeodomain preferentially binds to A/T
rich sites (Verrijzer et al., 1990b; Verrijzer et al.,, 1992b; Kristie and Sharp,
1990; Verrijzer et al,, 1990a). The ability of the POUs domain to bind DNA was
confirmed by cross-linking studies; after binding to DNA the POUs domain
could be UV cross-linked to BrdU substituted DNA (Aurora and Herr, 1992). In
association with the homeodomain, the POU-specific domain therefore binds to
the left hand side of the octamer motif (Ingraham et al., 1990; Verrijzer et al.,
1992a). It appears that the POU-specific domain is required for high affinity,
specific DNA-binding (Sturm et al., 1988; Ingraham et al., 1990; Verrijzer et al,,
1990b; Kristie and Sharp, 1990; Verrijzer et al., 1990a). The homeodomain and
the POU-specific domain each make half the base contacts, while almost all the
backbone contacts are made by the homeodomain (Verrijzer et al., 1990a;
Pruijn et al.,, 1988). This may explain the strict sequence requirements of the
POU-specific domain, while the isolated homeodomain can bind with relatively
high affinity to non-specific DNA (Ingraham et al., 1990; Verrijzer et al,,
1990a; Verrijzer et al.,, 1992a). By binding to different recognition sites, POU-
domain proteins can exert functional differences.

The POU-domain can also mediate protein-protein
interactions:

POU domain proteins can bind DNA as monomers (Oct-1 and Oct-2) as
well as dimers (Pit-1-Pit-1 (Ingraham et al., 1990) and Cfl1-a-Cfl-a (Treacy et
al., 1991; Johnson and Hirsh, 1990)). Although POU-factors generally remain as
monomers in solution (Ingraham et al., 1990), and although Oct-1
preferentially binding DNA as a monomer, Oct-1 dimers have recently been
seen to form transiently in solution, despite (Verrijzer et al., 1992b).

POU-domain proteins mediate protein-protein interactions via their
POU-domains, which may result in cooperative DNA-binding. For example
bound Pit-1 cooperates in the binding of a second Pit-1 molecule (Ingraham et
al., 1990). In the absence of the POU-specific domain, mutant proteins can still
bind to DNA, although with reduced affinity (see above). Binding in these
mutants is no longer cooperative, which suggests that the POU-specific domain
may have some function in the protein-protein interactions leading to
dimerisation and DNA-binding. POU-domain proteins are also capable of
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heterodimerization on DNA; Pit-1 and Oct-1 form heterodimers that can induce
the prolactin promoter (Voss et al.,, 1991), and POU-domain proteins will
heterodimerize on the heptamer-octamer motif (Kemler et al., 1989; Poellinger
et al., 1989; Poellinger and Roeder, 1989; LeBowitz et al., 1989; Verrijzer et al.,
1992b). These findings suggest that the formation of both homo- and hetero-
dimers could provide an additional combinatorial code for the differential
regulation of gene expression, in a way that has been suggested for other
families of transcription factors. The ubiquitously expressed Oct-1 protein
may, for example, cooperate with other POU-domain proteins, in the same way
that the ubiquitously expressed HLH proteins E12 and E47, cooperate with
members of the MyoD family during differentiation of the myoblast lineage
(see MyoD family above). The POU-domain mediates the cooperative interaction
of Oct-1 with other POU-domain proteins including Oct-2, SCIP and Pit-1, on the
heptamer-octamer motif (Verrijzer et al., 1992b).

Activation of transcription may require the recruitment of a critical
factor (activation of immediate early gene expression by Oct-1/VP16 complexes
(Kristie and Sharp, 1990; Pomerantz et al., 1992; Lai et al., 1992; Stern and Herr,
1991) and B-cell factor required for Oct-2 regulation of immunoglobulin genes
(Pierani et al., 1990)),the function of the POU-domain proteins may depend on
different co-factors in different contexts. Nuclear receptors, such as the
glucocorticoid receptor have been shown to cooperate with POU-domain
proteins (e.g. Oct-2 and Oct-1) (Schatt et al., 1990), and may have some function
in restricting the activating function of certain POU-domain protein (eg. Pit-
1) to particular cell types (eg. somatotrophs and lactotrophs) (Crenshaw et al.,
1989; Simmons et al., 1990; Adler et al., 1988). Cooperation of POU-domain
proteins with other proteins may result in the formation of more stable
complexes (Ullman et al.,, 1991), or enable other proteins that are unable to
bind DNA, to function in regulating gene expression. For example, E1A
regulates the activity of several cellular and viral genes, although it is not a
DNA-binding protein. E1A can interact with Oct-3/4 (E1A-like activity has
been suggested in embryonic stem cells (ES) and embryonal carcinoma cells
(EC) and early embryo cells), and it is possible that E1A and its cellular
equivalent may act as a bridging factor that links Oct-3/4 to the general
transcription machinery (Scholer et al., 1991).
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Alternatively the formation of protein-protein interactions can inhibit
gene expression, by preventing the POU-factor binding to DNA; Cfl-a is
prevented from binding to DNA by the formation of Cf1-a/I-POU dimers
(Treacy et al., 1991) (see Chapter 3).

The activation domains of POU-domain proteins are separate
from the DNA-binding domain:

The ability of POU-domain proteins to regulate gene expression depends
on the presence of a high affinity DNA-binding site (often an octamer motif),
promoter and enhancer organization, and the presence of a transactivation
domain. It appears that activation domains are not conserved sequences, and
that in addition to amino acid content, structure is also important (Gerster et
al., 1990). The activation domains and the DNA-binding domains of POU-domain
proteins are separate, and show no relationship to each other, which might
reflect the diversity of the target genes. POU-proteins show little homology
outside the POU-domain.

Gene regulation by POU-domain proteins:

POU-domain proteins are able to act as positive (eg. Pit-1) and negative
(eg. SCIP) regulators of genes expression, and in DNA replication (the
functions of individual POU-domain proteins are discussed in later chapters),
and are expressed in temporally and spatially restricted patterns during
embryonic development (He et al., 1989). In the adult the expression of POU-
domain proteins is also usually spatially restricted, except for Oct-1 which is
expressed in most cell types.

It appears that vertebrate development may be controlled by a network
of regulatory proteins, and that these may be involved in making
developmental decisions in a similar way to Drosophila regulatory proteins
and MyoD proteins discussed earlier. Regulatory proteins play roles early in
development in the pre-implantation embryo, during patterning of the
embryo, then later specifying cell phenotypes. Specifically, it appears that
POU-transcription factors may function during the development of several
cell lineages, including neural cell lineages.
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In an attempt to understand the mechanisms involved in generating the
incredible variety of cells that arise during development I have concentrated
on the development of the O-2A lineage (see below). The phenotype of a cell is
the result of selective expression of genes, controlled primarily at the level of
mRNA initiation. The selective expression of genes that denote the 0O-2A
lineage may be controlled in part by the expression of transcription factors
such as POU-domain proteins, which like the MyoD gene discussed above, may
lie at the bottom of the regulatory hierarchy that may be involved during
development, functioning to specify cell phenotype.

The oligodendrocyte lineage:

Oligodendrocytes are the myelinating cells of the central nervous
system. During development, they arise from glial progenitor cells known as
O-2A progenitor cells (Raff et al., 1983). In culture O-2A progenitor cells are
bipotential, and give rise to oligodendrocytes when cultured in defined
medium, and type-2 astrocytes when cultured in 10% FCS. The differentiation
pathway into oligodendrocytes appears to occur by default; an O-2A progenitor
cell cultured alone in a microwell, deprived of exogenous signals, will stop
dividing and differentiate into an oligodendrocyte (Temple and Raff, 1985; Raff
et al., 1988).

In vivo, O-2A progenitor cell differentiation occurs by a strict time
scale, so that the first oligodendrocytes appear on the day of birth. In culture
the strict developmental sequence is interrupted, and O-2A progenitor cells
stop dividing immediately and differentiate prematurely into oligodendrocytes
(Raff et al., 1983; Raff et al., 1985). The correct timing of differentiation can be
restored to O-2A progenitor cells in culture, by the addition of platelet-derived
growth factor (PDGF) to the culture medium. In the presence of PDGF, cultured
0O-2A progenitor cells isolated from rat brain continue to divide until the
putative day of birth, when they stop dividing and differentiate into
oligodendrocytes (Raff et al., 1988). An intrinsic clock appears to exist; there is
a limit on the number of times, or the length of time an O-2A progenitor cell
can divide in response to PDGF in culture. PDGF may also have some role in the
development of the O-2A lineage in vivo (Richardson et al., 1988; Pringle et al,,
1989; Mudhar et al., 1993; Raff et al., 1988).
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The addition of basic fibroblast growth factor (bFGF) as well as PDGF, to
the culture medium, maintains O-2A progenitor cells in a proliferative state in
vitro (Bogler et al., 1990). bFGF is present in the developing ‘and mature CNS,
and probably also functions in vivo (Gonzalez et al., 1990).

In culture O-2A progenitor cells can be induced to differentiate into
oligodendrocytes by the removal of growth factors from the culture medium.
In vivo, new born oligodendrocytes still possess PDGF-R, yet no longer divide
in response to PDGF (Hart et al., 1989). The molecular mechansims that are
involved in this inability of O-2A progenitor cells to respond to PDGF, and in
their subsequent differentiation into oligodendrocytes are not understood. It
seems obvious that transcription factors must be involved at some level, since
oligodendrocytes express genes that not expressed in their undifferentiated
precursor cells. It is possible that a family of transcription factors such as the
POU-domain family, which are known to play roles in specifying the mature
cell phenotype in certain cell lineages, may function during oligodendrocyte
development.
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Chapter 2

Materials and Methods
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