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Abstract
The m ature nervous system is comprised of an enormous diversity of
neurons and glial cells th a t arise from the a p p aren tly hom ogeneous
population of pluripotent precursor cells of the embryonic neural tube. The
m echanism by which these neuroepithelial precu rso r cells choose their
differentiated fates is not understood. We have approached this problem by
stu d y in g the

developm ent of one p a rtic u la r glial cell lineage, the

oligodendrocyte lineage. Oligodendrocytes, the myelinating cells of the central
nervous system, develop from glial progenitor cells known as 0-2A progenitor
cells. 0-2A progenitor cells proliferate during embryonic developm ent and
first start to give rise to post-mitotic oligodendrocytes around the day of birth
in the rat. 0-2A progenitor cells express receptors for platelet derived growth
factor (PDGF), and divide in response to PDGF. When an 0-2A 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 m ight begin to u n d erstan d how the tim ing of
oligodendrocyte differentiation is controlled during development.
T ranscription factors m ust have some role in differentiation since
genes are expressed in differentiated cells th at are not expressed in their
u n d iffe re n tia te d p re c u rs o r cells, an d vice v ersa. For exam ple,
oligodendrocytes express genes encoding structural myelin proteins that are
not expressed in 0-2A p rogenitor cells. Part of this Thesis involves
experiments in which I investigate the involvment of transcription factors in
oligodendrocyte developm ent. I chose to concentrate on POU-domain
transcription factors because their prototypic members appear to be lineagespecific, 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 0-2A progenitors differentiate into oligodendrocytes in vitro. These
experiments suggest that a subset of POU-transcription factors may be closely
coupled to the tran sitio n 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, C aenorhabditis
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-3 a, 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 th at have a sensory phenotype.
Unc-86 is involved in determ ining the differentiated fate of cells in many
neuroblast lineages and also has a function in m ature neurons. Brn-3 a and
Brn-3c the mammalian members of the same subfam ily may have sim ilar
functions since they are expressed initially in dividing neurons in the DRG
and then later in post-m itotic neurons in the DRG and spinal cord. These
m am m alian 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 m ajor challenges in developm ental neurobiology is to
determine how the enormous variety of neuronal and glial cell types found in
the m ature nervous system are generated from the u n d ifferen tiate d
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 determ ines a cell's fate can thus be
broken down into smaller, more approachable questions: what determ ines
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 th at a cell expresses are in p a rt
d eterm in ed by in teractio n s w ith o th e r cells and m olecules in the
environment. We know a cell can control the proteins it makes at a num ber of
levels: controlling when and how often a gene is transcribed (transcriptional
control), controlling how the prim ary 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 im portance of transcription regulation,
possibly the predom inant 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 prom oter 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
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Motif

Structure

Factors
containing
dom ain

Comments

Homeobox

Helix-tum-Helix

Drosophila
homeotic genes
and related
vertebrate genes.

Structurally
related to motif in
bacteriophage
proteins

POU

Helix-tum-Helix
and adjacent
helical region

eg. Oct-1, Oct-1
and Pit-1 in
mammals, and
Unc-86 in c.
elegans

Related to
homeodomains

Paired box

Paired-domain
often in
asscociation with
Helix-tum-Helix

Paxl-10 in
mammals

Related to
Drosophila paired
box genes

Cysteine-histidine
zinc finger

Multiple fingers
coordinating a Zn
atom

TFIIIA, Kr, Spl
Krox-20 etc.

May form K-sheet
and adjacent ahelix

Cysteine-cysteine
zinc finger

Single fingers
each coordinating
a Zn atom

Steroid-thyroid
hormone receptor
family

Related motifs in
El A, GAL4 etc.

Basic domain

a-helix

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

Associated with
HLH and/or
leucine zipper
dimérisation
motifs

Fork head

Unknown

Fork head, HNF3A

ETS

Unknown

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

Binds purine rich
sequences

Table 1. A sum m ary 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. adm inistration of iron
to rats, activates the translation
iron storage protein ferritin, by
Munro, 1987). Gene expression
Unstable mRNAs often encode

of inactive cytoplasmic mRNA encoding the
dissociating a repressor protein) (Aziz and
can also be controlled by mRNA stability.
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 determ ine w hether mRNA is
translated into protein within a cell. The activity of a protein can also be
co n tro lled p o st-tran sla tio n a lly ; for exam ple p h o sp h o ry la tio n 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 determ ined 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
polym erase, in itiate (or inhibit) gene tra n scrip tio n . Because of the
com binatorial 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 m elanogaster have generated the fundam ental
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 com posed of serially repeating units which differentiate into
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k r km

eve f tz
Figure 1. A network of regulatory proteins act during formation
of the basic body pattern:
I) Zygotic Gap genes {hunchback (hb), Krüppel (Kr) and knirps (kni) )
are activated by a differential response to graded levels of maternal gene
products (eg. bicoid); target genes have different affinities for these
transcription factors (Driever et al., 1989).
II) Gap gene products are involved in the position-specific regulation
of the pair-rule class of genes. One or more gap gene product act to enhance
the expression of different pair-rule genes (eg. the first pair-rule genes
expressed,hairy (h) , and runt). Mutual repression of h and runt expression
refines and stabilizes the regular striped pattern.
III) Pair-rule gene products h and runt, refine the spatial pattern of
expression of other pair-rule genes (eg. evenskipped (eve) and fushi tarazu
(ftz)).
IV) Pair-rule gene products define the expression domains of segmentpolarity genes (eg. engrailed (en) ). Homeotic gene products are modulated by
interaction with pair-rule gene products (different cells express different
combinations of pair-rule genes). Gap gene products and segment-polarity
gene products.

particular structures and patterns according to their position in the embryo.
The generation and diversification of segm ents du rin g em bryogenesis
depends on two distinct bu t integrated processes; the subdivision of the
embryo into repeating units, and the specification of th eir 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
m aternal effect proteins (eg. bicoid) which interact with the gap genes whose
products (eg. hunchback) in turn interact with the pair-rule genes. The pairrule gene products (eg. fushi tarazu) have a role in the form ation of the
striped p attern and define the expression domains of the segm ent-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 m echanism th at 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 TGPp family)
(Immergluck et al., 1990; Panganiban et al., 1990; Reuter et al., 1990).
The ability of Drosophila proteins to form heterodim eric complexes
increases the range of function of a regulatory protein; m ultiple 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 pairrule 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 num ber 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.
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Figure 2. Comparison of the B ithorax/Antennapedia complex with the
mouse comlexes. Individual genes are indicated by open boxes. The vertebrate
genes are aligned with their closest relatives in the Drosophila genome. Solid
brackets indicate that it is possible to define mouse structural homologues.
Dashed brackets indicate that it is not possible to identify individual
homologues.

Many o f the genes
encode transcription factors:

in v o lv ed

in

D rosophila d e v e lo p m e n t

Some of the gap gene, pair-rule gene, and segment-polarity genes that
are involved in Drosophila developm ent encode transcription factors. Gap
gene products include zinc finger proteins (Knirps (Kni) and Krüppel (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 D rosophila developm ent,
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 m otif 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 m anner (Hoey and Levine, 1988), the homeodomain
itself mediates DNA-binding (Muller et al., 1988a). The discovery that the yeast
m ating type a and a gene products possess hom eodom ains and control
transcription, suggested that the prim ary 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
hom eotic group genes, contain a hom eodom ain. By fu n ctio n in g as
transcriptional regulators these proteins may play their roles in determ ining
the anterior-posterior axis (bicoid), the num ber and pattern of body segments
(eg. Ftz and eve), and segment identity (homeotic genes) (Hayashi and Scott,
1990; Akam, 1987).
V e r te b r a te
homeoboxes:

d e v e lo p m e n t a l

r e g u la to r s

a ls o

c o n ta in

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 num ber of Drosophila hom eobox-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 developm ent of vertebrates, although showing sim ilarities to
Drosophila developm ent, differs initially because the egg, ra th e r th an
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developing as a syncytium as in D rosophila, develops by a continuous cell
cleavage m echanism . In Drosophila, gene reg u la to ry p ro te in s can
communicate directly with neighbouring nuclei without the need for cell-cell
signalling in the usual sense. In vertebrates, cell-cell interactions m ediated by
secreted or surface-bound signalling molecules and inducing signals are
im portant for providing cells with positional values (Greenwald and Rubin,
1992; Jessell and Melton, 1992; Glover, 1991). Growth factors such as FGF and
TGF-p2, are known to be involved in mesoderm induction in Xenopus laevis
(Smith, 1989), and mesoderm induction is accom panied by activation of
homeobox genes (Ruiz i Altalba and Melton, 1989a; Ruiz i Altalba and Melton,
1989b).
V ertebrates show segm entation during early developm ent; 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 m etam eric unit, which d ifferentiates into sclerotom e and
dermomyotome, forming the vertebrae, dermis, and muscles) are similar in
appearance b u t behave as though they carry distinct positional labels that
govern th eir 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 suggest that segmentation in
the spinal cord and perip h eral ganglia is secondary to m esoderm al
segmentation, and not an intrinsic property of the spinal cord (Keynes and
Stern, 1988). Gene expression in the neural plate may depend on inducing
signals from the underlying mesoderm; in the absence of m esoderm 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 hum an, homeobox genes are expressed in the
peripheral nervous system (PNS) and central nervous system (CNS), and in
m esodermal derivatives (somites, kidneys and lungs), but not endoderm al
tissues. Hox genes probably have a role in patterning of ectoderm al and
m esoderm al derivatives in the developing embryo. Homeobox genes are
probably not directly involved in the segm entation 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 p a ir e d 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 th at 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 th at Pax-1 is im portant 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
m echanism s involved in determ ination. D eterm ined 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
m ature muscle cells, bu t look superficially like oth er cells in the limb
rudim ent. After several days, however, they start to m anufacture large
quantities of specialized muscle proteins. These cells are commited to become
muscle cells before they m igrate 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 th eir appropriate destinations in the spinal cord where they
differentiate.
3)

D ifferen tiation

of

a

su b seq u en t

p rogen itor

cell

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.
D ifferen tiation

is

an

active

p rocess

req uiring

con tin u ou s

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 tran sp lan tatio n
experiments show th at genes are neither lost nor perm anently inactivated
during development; transplantation of an intestinal or muscle cell nucleus to
an enucleated frog egg results in the developm ent of a norm al tadpole
(Gurdon, 1986). During these experiments the surrounding cytoplasm of the
nucleus changes. W ithin 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 m aintain the transcription of the genes
encoding them, forming a positive feedback mechanism for maintaining gene
expression. A change in the cytoplasm (such as th at experienced by the
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to

a

tran sp lan ted 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 rath e r 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 méthylation, 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).
D ifferentiated cells express genes th at 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 o f transcription factors that
control differentiation:
The MyoD family, are a family of basic Helix-Loop-Helix (bHLH)
transcription factors which function during myogenesis as dim ers 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 5 (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 C3H10TV2 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 C 3H 10t1/2 cells to myoblasts with the
potential to undergo myogenesis (Emerson, 1990; Davis et al., 1987; Finney et
al., 1988; Wright et al., 1989). This supported the idea that a single musclespecific "m aster gene" was sufficient to generate the com plete muscle
phenotype. The discovery of other members of the class which could also
convert IOTV 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 tem poral expression pattern of the entire
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hierarchy of transcription factors, so that the requirem ent for a hierarchy is
not understood. The MyoD family do not function alone, but participate in a
regulatory network th at involves dynam ic interplay among a variety of
positive and negative factors. Members of the MyoD family are known to
associate with the ubiquitously expressed HLH proteins E l2 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 m aturation, later in developm ent. It is possible th a t 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 fam ily o f tran scrip tion 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 horm one 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 num ber of housekeeping genes, including the
snRNA and histone H2B genes (Sturm et al., 1988). The unc-86 gene product is
required for determ ining 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
am ino acid POU-specific dom ain (POUs) and the 60 am ino 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 7482 amino acid POU-specific domain (specific to these proteins), separated by a
15-27 amino acid variable linker region (see Figure 3, opposite). The POUhomeodomain like the classic homeodomain, is composed of three a-helices;
helices 2 and 3 form the classic helix-turn-helix structure, sim ilar 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 DNAbinding. The POU-specific dom ain lies to the amino term inal 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 aminoterm inal and carboxy-term inal boundaries of each sub-dom ain 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 sim ilarities th a t exist w ithin 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/Oct-6 , Brn-1, Brn-2 and Cfl-a,
POU-IV of Unc-86 , Brn-3a and the Drosophila I-POU and tl-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 m utant lacking the POUspecific 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 requirem ents 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, POUdomain proteins can exert functional differences.
The

P O U -dom ain

can

a lso

m e d ia te

p r o t e in - p r o te in

interactions:
POU domain proteins can bind DNA as monomers (Oct-1 and Oct-2) as
well as dimers (Pit-l-Pit-1 (Ingraham et al., 1990) and Cfl-a-Cfl-a (Treacy et
al., 1991; Johnson and Hirsh, 1990)). Although POU-factors generally remain as
m onom ers 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 m ediate 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, m utant proteins can still
bind to DNA, although with reduced affinity (see above). Binding in these
m utants is no longer cooperative, which suggests that the POU-specific domain
may have some function in the protein-protein interactions leading to
dim érisation 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 prom oter (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 form ation of both homo- and hetero
dimers could provide an additional com binatorial code for the differential
regulation of gene expression, in a way th at 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
th at the ubiquitously expressed HLH proteins E l2 and E47, cooperate with
members of the MyoD family during differentiation of the m yoblast 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 recruitm ent of a critical
factor (activation of immediate early gene expression by Oct-1/VP 16 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. Pit1) 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 form ation 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, El A
regulates the activity of several cellular and viral genes, although it is not a
DNA-binding protein. ElA can interact with O ct-3/4 (ElA-like activity has
been suggested in embryonic stem cells (ES) and embryonal carcinoma cells
(EC) and early embryo cells), and it is possible th at ElA and its cellular
equivalent may act as a bridging factor th at links O ct-3/4 to the general
transcription machinery (Scholer et al., 1991).
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Alternatively the form ation of protein-protein interactions can inhibit
gene expression, by preventing the POU-factor binding to DNA; C fl-a is
prevented from binding to DNA by the form ation of Cfl-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),
prom oter 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 im portant (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 tem porally and spatially restricted p atterns during
embryonic development (He et al., 1989). In the adult the expression of POUdomain 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 reg u lato ry proteins, and th a t these may be involved in m aking
developm ental decisions in a similar way to Drosophila regulatory proteins
and MyoD proteins discussed earlier. Regulatory proteins play roles early in
developm ent in the pre-im plantation embryo, during pattern in g of the
embryo, th en later specifying cell phenotypes. Specifically, it appears that
POU-transcription factors may function during the developm ent of several
cell lineages, including neural cell lineages.
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In an attem pt to understand the mechanisms involved in generating the
incredible variety of cells that arise during development 1 have concentrated
on the development of the 0-2A 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 th at denote the 0-2A
lineage may be controlled in p art 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 th at may be involved during
development, functioning to specify cell phenotype.
The oligodendrocyte lineage:
Oligodendrocytes are the m yelinating cells of the central nervous
system. During development, they arise from glial progenitor cells known as
0-2A progenitor cells (Raff et al., 1983). In culture 0-2A progenitor cells are
bipotential, and give rise to oligodendrocytes when cultured in defined
medium, and type-2 astrocytes when cultured in 10% PCS. The differentiation
pathway into oligodendrocytes appears to occur by default; an 0-2A 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, 0-2A 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 0-2A progenitor cells
stop dividing immediately and differentiate prem aturely into oligodendrocytes
(Raff et al., 1983; Raff et al., 1985). The correct timing of differentiation can be
restored to 0-2A progenitor cells in culture, by the addition of platelet-derived
growth factor (PDGF) to the culture medium. In the presence of PDGF, cultured
0-2A progenitor cells isolated from rat brain continue to divide until the
p utative day of b irth , when they stop dividing and differentiate into
oligodendrocytes (Raff et al., 1988). An intrinsic clock appears to exist; there is
a limit on the num ber of times, or the length of time an 0-2A progenitor cell
can divide in response to PDGF in culture. PDGF may also have some role in the
development of the 0-2A lineage in vivo (Richardson et al., 1988; Pringle et al.,
1989; Mudhar et al., 1993; Raff et al., 1988).

30

The addition of basic fibroblast growth factor (bFGF) as well as PDGF, to
the culture medium, maintains 0-2A 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 0-2A 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 0-2A 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 m ature
cell phenotype in certain cell lineages, may function during oligodendrocyte
development.
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Chapter 2
Materials and Methods
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Chapter 2
Unless otherwise stated all chemicals and reagents were purchased from
BDH Chemicals Limited and were of Analar grade wherever possible.
Radio-chemicals were purchased from Amersham International.
Solutions were sterilised where necessary by autoclaving at 15 Ib/sq. in. for 20
minutes, then stored at room temperature unless otherwise stated.
2.1 Bacteriological Methods.
Methods in this section were taken from Sambrook et al. (1989) unless
otherwise stated.
I) Bacterial Strains.
For general cloning and sub-cloning of recombinant plasmids E.coli
strain jm l01(supE thi A {lac-proAB ) ¥'[traD36 proAB + lac N lacZ AM15] was
used.
For phage Lamda (X) work strain LE392 [F", hsd R514 (rK", mK"*"), sup
E44, sup F58, lac lYl or A {lac IZY)6 , gal K2, galT22, m et Bl, trp R55, X~] (Murray
1977) was used.
II) Growth Media and Agar Plates.
All specialised m edia com ponants were o b tain ed from Difco
Laboratories Ltd, Michigan. Solutions were sterilised by autoclaving and
stored at room temperature.
Bacteria were grown in Luria b roth (LB) containing 10 g bactotryptone, 5 g yeast extract, 10 g NaCl, per litre (2 g of maltose was added when
bacteria were used with phage X ), or on LB plates (LB,1.5% bacto-agar). Top
agar was made by the addition of 7 g agar-agar to 1 litre of LB.
Where appropriate, ampicillin was used at 50 pg/m l in both liquid
media and agar plates. A lOOOx stock was prepared from the sodium salt
dissolved in double distilled water, filter sterilised through a 0.22 iim filter
(Millipore Corp.) and stored frozen at -20°C. LB agar or media were cooled to
below 55°C before the addition of ampicillin.
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All strains of E. coli

used were grown overnight at 37°C with

continuous shaking.
in) Preparation of Competent Bacteria
200 pi of an overnight culture of Jm lO l's was used to inoculate 200 mis
of LB suplim ented with 1 mM MgCl2 and 1 mM MgS04. The bacteria were
shaken at 37°C until they reached an absorbance at 595 nm of 0.2-0.5 (1.5-2
hours), then pelleted by spinning at 4000 G for 10 minutes. The pellet was
resuspended in 6.7 mis of transformation buffer (100 mM KCl, 45 mM MnClz, 10
mM CaCl2 , 3 mM Hexamine cobalt chloride, 5 mM K.MES pH 6.2) and incubated
on ice for 10 mins. The DNA was then repelleted by spinning again at 4000 G
for 10 m inutes and the pellet was resuspended in 1.6 mis of transform ation
buffer containing 56 pi of dimethyl sulphoxide (DMSO) and incubated on ice
for 10 minutes. 56 pi of 2.2 M Dithiothreitol (DTT made up in 100 mM potassium
acetate) were added, followed by another 10 minute incubation period on ice.
56 pi DMSO were then added followed by a further 5 minutes incubation on ice.
The competent bacteria were used within 2-3 hours.
IV) Transformation of bacteria with plasmid DNA
DNA was added to competentbacteria at less then 100 ng DNA to 200 pi
of cell suspension, and incubated on ice for 30-40 mins. This was followed by
heat shocking at 42°C for 5 mins. After chilling on ice for a few minutes 100 pi
were spread onto an LB- agar plate (containing 50 pg /m l ampicillin) and
incubated at 37°C overnight. Using sterile pipette tips individual colonies were
picked and grown up overnight in 5 ml of LB containing 50 pg/ml amp, at 37°C
with constant agitation.
Where the cloning site of a plasmid lies within the p- Galactosidase
gene, the presence of an insert can be screened for by spreading 10 pi of 0.1 M
isopropyl p - D- thiogalactopyranoside (IPTG) and 40 pi of 2% (w/v) 5-bromo-4chloro-3-indolyl-p- D-galactopyranoside (X-GAL ) in dimethylformamide onto
agar plates 30 minutes before spreading bacteria. Plasmids with an intact pGalactosidase gene give blue colonies (caused by the breakdown product of the
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X-GAL substrate) whereas those with an insert give colourless (white)
colonies.
V) Long term storage of bacteria strains
Long term storage of bacterial strain stocks and bacteria containing
recom binant plasmids were produced by taking overnight cultures, adding
glycerol to 15%, and storing these at -20°C. Bacteria were recovered by
inoculating 5 ml cultures with 10 ^1 of glycerol stock and growing the cultures
overnight with continuous shaking at 37°C.
2.2 Molecular biology
I) Phenol and chloroform extraction
UNC (University of North Carolina) phenol was prepared by melting
500 g phenol (Analar grade) at 65°C, and adding 111 ml 2 M Tris pH 7.5, 144 ml
H 2 O, 28 ml m-cresol, 1.1 ml 2-p-m ercaptoethanol (2-Me), and 555 mg 8 hydroxyquinoline. The solution was stored in a dark bottle at room
tem perature. "Chloroform" was 96% (v/v) chloroform and 4% (v/v) iso-amyl
alcohol.
Solutions containing nucleic acids were phenol extracted by the
addition of NaCl to 0.5 M, an equal volume of phenol/chloroform (50:50 v/v),
and centrifugation at 10,000 G for 10 minutes at 20°C. The upper aqueous phase
(containing the DNA) was collected and re-extracted with an equal volume of
chloroform by spinning at 10,000 G for 10 minutes. The aqueous phase was
then removed, and the DNA precipitated (see below).
II) Ethanol precipitation of nucleic acids
NaCl or Sodium acetate were added to a final concentration of 0.2 M or
0.3 M respectively, followed by 2.5 volumes of ice cold 95% ethanol. The sample
was incubated on dry- ice for 15 mins (or left at -20 °C overnight), centrifuged
(10,000G, 4°C, 10 minutes ), washed in 70% ethanol, dried, and resuspended in
an appropriate buffer. When small quantities of DNA or RNA were being
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precipitated 25 |Lig of yeast transfer-RNA (tRNA) was added before the addition
of ethanol, to act as a carrier.
III) Restriction digests of DNA
1 pg of DNA was digested in 20 pi total volume with buffer (10 mM Tris
pH 7.5, 10 mM MgClz, 1 mM DTT) containing the ap p ro p ria te NaCl
concentration (0 mM , 50 mM, 100 mM, 150 mM) for the enzyme used
(according to the suppliers recomendations). Digests took place at 37°C for a
m inim um of 1 hour (or overnight where PGR DNA was being digested).
Restriction enzymes were obtained from Gibco-BRL, Pharmacia, and New
England Biolabs.
IV) Electrophoresis and analysis of nucleic acids
a) Agarose gels
Nucleic acids were resuspended in loading buffer (0.025% w /v
brom ophenol blue, 0.025% xylene cyanol, 2.5% ficoll-400) and electrophoresed
through 1-2% agarose gels (agarose melted in Ix TAE buffer; 40 mM Tris Base,
20 mM sodium acetate, 10 mM EDTA, pH adjusted to 8.3 with acetic acid), at 0.13
kV for approxim ately 30 minutes. Gels were stained with Ethidium Bromide
(EtBr) at 5 pg/ml in H2O for 5 minutes and DNA visualised using a UV light box.
Photographs were taken using polaroid film type 665 or 667.
DNA was blotted from agarose gels using a vacuum blotter (Hybaid). Gels
were placed on top of Zeta-probe membrane (Biorad)) (pre-soaked in H2O for 5
minutes) and overlaid with 0.5 N HCl for 20 minutes, followed by 1.5 M NaCl, 0.5
M NaOH for 20 minutes, and 1.5 M NaCl, 50 mM Tris-HCl pH 8.0 for 20 minutes.
The DNA was then blotted with 2x SSC ( 0.3 M NaCl, 30 mM NaCitrate) for 30
minutes, and the membrane was air dried and baked at 80°C for 1 hour.
b) Formaldehyde gels (Northern gels)
Form aldehyde gels were used for analysing RNA. 5-10 pg of RNA
dissolved in RNA sample buffer (50% deionised formamide, 18% formaldehyde,
Ix MOPS), was mixed with RNA loading buffer [5% glycerol, 0.1 mM EDTA,
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0.04% bromophenol blue (runs at 500 bp), 0.04% xylene cyanol (runs at 1 kb)]
and heated to 65°C for 3 m inutes before running on a 1% agarose gel
containing 2.2 M formaldehyde; 0.5 g of agarose was melted in 32 ml of H2O, 5
ml of lOx MOPS (lOx MOPS is 0.2 M 3-[N-Morpholino]-propane-sulphonic acid
(MOPS ), 50 mM Sodium Acetate, 10 mM EDTA pH adjusted to 7.0 with acetic acid
and autoclaved to sterilise). After cooling 8 ml of formaldehyde was added. The
gel was run at a maximum of 100 mA for several hours in Ix MOPS buffer.
Using the vacuum blotter RNA was blotted onto Zetaprobe membrane
(pre-soaked in 2x SSC for 5 minutes) for 1 hour using lOx SSC as the transfer
medium. The membrane was then air dried and baked at 80 °C for 2 hours. The
gel was then stained using Ethidium Bromide for 10 minutes, destained over
night and visualised using a UV light box to see the 28s and 18s ribosomal
bands.
c) Bis- acrylylcystamine (BAG) gels
BAC gels were used for greater resolution of DNA between 100 bp and 2
kb in size. 20 ml of BAC/ acrylamide stock (2.25 g BAC, 47.70 g acrylamide) was
mixed with 4 ml of lOx TBE (890 mM Tris Base, 890 mM Boric acid, 200 mM
EDTA pH 8.0) and heated to 37°C before the addition of 100 |xl
N,N,N',NTetramethylethylenediamine (TEMED) and 400 \i\ freshly made 10%
(w/v) ammonium persulphate. The gel was poured immediately into a standard
vertical gel apparatus with 1.5 mm spacers and allowed to polymerise. DNA
samples mixed with Ix loading buffer (see IV a)) were run through the gel at
200V for 30 minutes in Ix TBE. The gel could then be stained with Ethidium
Bromide and DNA visualised using a UV light box, or where DNA was labelled
with radioactivity (see V a, b and c), the gel could be wrapped in Saran Wrap
and exposed directly to X-OMAT AR diagnostic film (Kodak).
d) Sequencing gels
Used for checking the sizes of oligonucleotides and purifying them, as
well as for sequencing. Sequencing gels were m ade using the SequaGel
Sequencing System (national diagnostics). For sequencing 8 % gels were used,
w hilst for separating oligonucleotides 8-12% gels were used (for DNA
fragments of 10-50 bp).
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The percentage gel was calculated using the formulae :
Vc= (Vt) (XI

Vb= 0.1 (Vt)

Vd= Vt- (Vc+Vb)

25
Where: Vc= Volume of SequaGel Concentrate (237.5 g acrylamide, 12.5 g
methylene bisacrylamide, 500 g urea per litre) to be used (ml)
Vb= Volume of SequaGel Buffer (50% urea, in lOx TBE) to be used (ml)
Vd= Volume of SequaGel Diluent (500 g urea, per litre) to be used (ml)
X= % gel required
Gels were run on a BRL sequencing gel electrophoresis system Model S2 with
0.4mm spacers and sharks tooth combs with a 48 sample capacity. Gels were
pre-run for 30 minutes before samples were loaded, then run at 1.3 kV.
V) End labelling DNA
a) Filling in 3 ' ends using Klenow
DNA possessing 5 ' over hangs could be radioactively labelled by a
filling in process using Klenow. 50 ng of DNA in restriction enzyme buffer
(see above) were mixed with 5 |iCi of a- ^^P-dNTP, the volume was made up to
20 p.1 with H2 O and 1 p.1 of Klenow DNA polymerase was added. The mix was
incubated at room tem perture for 20 minutes. The choice of a- 32p_dNTP
depended on the sequence of the 5’ overhang created by the restriction
enzyme used, and where necessary cold deoxynucleotides (200 |iM) were added
tp enable the reaction to proceed. The 3 ’ end was extended using the 5 ' end as
a template, until the radioactive nucleotide was incorporated.
b) Labelling 5 ' ends using Kinase
The 5’ end of DNA with a 3' overhang (created by certain restriction
enzymes), or with blunt ends (eg. single stranded oligos), was labelled using T4
polynucleotide kinase (supplied by NEB). 50 ng of DNA was mixed in kinase
buffer (50 mM Tris, 0.1 M MgCl2 , 50 mM DTT, 1 mM spermidine HCL, 1 mM EDTA
(pH 8.0)), with 66 ^M ATP, 1 mM spermidine, 2 |il
(>1000 Ci/mmole),
and the volume made up to 20 ^1 with H20 . 1 p.1 of T4 polynucleotide kinase was
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added and the mix was incubated at 37°C for 30 minutes. An exchange reaction
takes place with the 5' most nucleotide.
c) Terminal Transferase
Terminal transferase was used for labelling blunt ended DNA (eg.
oligonucleotide probes) when the addition of more then one radioactive
nucleotide is required. To 5 pi of tailing buffer (5x buffer; 0.5 M potassium
cacodylate pH 7.2, 10 mM C0 CI2 , 1 mM DTT) 0.5 pmole of oligonucleotide was
added with 1.5 pi of
a-dATP, and 5 units of term inal transferase. The
reaction mix was incubated at 30°C for Ihr. 25 pi of TE were then added and the
free nucleotides were removed by passing the probe through a sephadex G-25
column.
VI) Small scale DNA preparation
3 ml bacterial cultures were grown overnight at 37°C with continuous
shaking. 1.5 ml were taken and pelleted by spinning at 10,000 G for 30 seconds.
The pellet was resuspended in 100 pi of 25 mM Tris pH 8.0, 10 mM EDTA , 50 mM
glucose, and left at room tem perature for 5 minutes. 200 pi of 0.2 M NaOH,l%SDS
(w/v, freshly made ) was added followed by incubation on ice for 5 minutes, or
until the bacteria lysed. Then 150 pi 3 M potassium acetate, 2 M acetic acid pH
4.5, was added followed by a further 5 minutes on ice. The solution was then
spun (10,000 G, 5 minutes 4°C ) the supernatant was taken and spun again, 1ml
of 95% ethanol was then added and the DNA pelleted by spinning (10,000 G, 2
minutes, 4°C). The pellet was washed in 70% ethanol, dried, resuspended in
water, and stored at -20 °C.
VII) Large scale DNA preparation
A 2 ml culture was grown until log phase was reached, and used to
inoculate 200 ml of Luria Broth in a IL flask. This was grown over night at
37°C with continuous shaking. The cells were pelleted by centrifugation (4000
G, 15 mins, 4°C) and the pellet resuspended in 5 mis of a 25% sucrose solution
in 50 mM Tris pH 8 . Lysozyme was added to a final concentration of 2 m g/m l
(made up fresh in 100 mM Tris pH 8 ). After incubation on ice for 30 mins, 200pl
of 0.5 M EDTA was added followed by a further 15 mins on ice. 3 ml 3% Triton
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solution (3%v/v triton x 100, 180 mM EDTA, 150 mM Tris pHS) was added, and
mixed by inversion before spinning at 40,000 G for 60 mins. The supernatant
was made to 0.5 M NaCl, and extracted in an equal volume of chloroform (6000
G, 10 m ins), followed by a phenol/chloroform extraction, and a final
chloroform extraction of the aqueous phase. The aqueous phase was then
removed and Polyethylene Glycol (PEG) 8000 added to 10% (w/v), and incubated
on ice for a minimum of 30 mins. The DNA was then pelleted by spinning at
6000 G for 15 mins at 4°C, and resuspended in 500 p. 100 mM Tris pH 8 . DNase
free RNase was added to 100 pg/ml, and it was incubated at 37°C for Ihr. 1
volume of 20% PEG (20% PEG 8000 (w/v), 1 M NaCl, 10 mM Tris pH 8 , 1 mM EDTA)
was added and the resulting solution was left on ice for at least 20 mins. The
DNA was pelleted by spinning for 10 mins 10,000g., and the PEG was removed
before resuspending the pellet in 360 pi 10 mM Tris pH 8 , 5 M NaCl. The DNA
was th en
p h enol/chloroform extracted, chloroform extracted, ethanol
precipitated, and resuspended in H2O. The DNA and protein concentration was
determined by taking spectrophotometer readings at 260 nm and 280 nm (A260,
A280 ).
DNA concentration (mg/ml )
= A260

X

extinction co-efficient x dilution factor
1000

At 20°C the extinction co-efficient is ~45 pg'^cm'^ for double stranded
DNA, 25 p g ‘ ^ cm '1 for single stra n d e d RNA, and .>.30 p g '^ c m 'l for
oligonucleotides.
Vin) Ligation of DNA
Ligations involving cohesive ends were perform ed at 14°C
overnight. A 1:1 m olar ratio of vector to insert DNA (usually 25-50 ng of
vector) were mixed in buffer (50 mM Tris pH7.4, 10 mM MgClz, 10 mM DTT, 1
mM spermidine, ImM Adenosine Tri-Phosphate (ATP), 0.1 mg/ml Bovine serum
albumin (BSA)) in 15-20 pi. 1 unit of T4 ligase was added to each ligation mix.
T4 ligase was obtained from Pharmacia.
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IX) RNA iso la tio n
Chloroform Extraction

by

A cid

G uan id in ium

T h io cy a n a te-P h en o l-

100 mg of P7 rat brain were homogenised in 1ml of solution D (4 M
guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% sarcosyl, 0.1 M 2mercaptoethanol). 0.1 ml of 2 M sodium acetate pH 4.0, 1 ml of phenol, and 0.2
ml of chloroform/isoamyl alcohol (49:1) were then added sequentially, and
mixed by inversion between each addition. The final suspension was shaken
for 10 seconds and cooled on ice for 15 minutes. Samples were then spun
(10,000 G, 4°C, 20 minutes) and the aqueous phase removed. The RNA was
precipitated by the addition of 1 ml of isopropanol at -20°C for at least 1 hour
and pelleted by centrifugation (10,000 G, 4°C, 20 minutes). The RNA pellet was
dissolved in 0.3 ml of solution D, 0.3 ml of isopropanol was added and the RNA
was again precipitated at -20 °C for at least 1 hour. The RNA was pelleted by
centrifugation (10,000 G, 4°C, 10 minutes), washed in 75% ethanol, dried, and
resuspended in RNase free TE ( 10 mM Tris pH 7.5, 1 mM EDTA, DEPC treated)
(Chomczynski and Sacchi, 1987).
X) 1st strand cDNA synthesis
1 |ig of total RNA was mixed with 0.5 p.g of oligo d T (is) prim er, in a
volum e of 13 jal, and heated to 65°C for 2 m inutes. 10 mM of each
deoxyribonucleotide (dNTPs) ( dATP, dCTP, dGTP, and dTTP) were mixed with
buffer (50 mM Tris- HCl pH 8.3, 75 mM KCl, 5 mM MgCl2 ), and 20 units of
hum an placental RNase-inhibiter (HPRI) and warm ed to 37°C before the
addition of the heated RNA /p rim e r mix. 200 units of M-MLV reverse
transriptase was then added and cDNA was synthesised at 37°C for 2 hours. Both
enzyme and buffer were supplied by Gibco-BRL.
To check the efficiency of cDNA synthesis, l]x\ of a-^^p dATP was added
and the dATP in the dNTP mix was reduced to 5 mM . The cDNA was then run
on an alkali gel and blotted or exposed directly to X-OMAT AR diagnostic film
(Kodak).
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XI) The polymerase chain reaction (PCR)
5 |Lil of cDNA from a 20 p.1 cDNA reaction was mixed with 10 |il of dlmethylsulphoxide (DMSO), 10 \d lOx buffer (lOx buffer; 45 mM Tris-HCl pH 8 .8 ,
11 mM (NH4 )2S0 4 , 4.5 mM MgClz, 6.7 mM 2-p-mercaptoethanol, 4.5 pM EDTA,
llO ^ig/m l bovine serum albumin), 200 ^iM of each dNTP, and 1.0 p.g of each
degenerate oligonucleotide prim er (or 0.1 |ig of non-degenerate primers). The
volume was made up to 100 ^1 with H2O and the reaction mix was overlaid with
60 [il of paraffin oil to prevent evaporation during heating. The reaction mix
was heated to 95°C for 5 minutes before the addition of 1 unit of AmpliTaq DNA
polymerase (Perkin-Elmer Cetus). Using a Hybaid heating block the samples
were then heated to 72°C for 1 m inute (elongation), 92°C for 0.5 minutes
(dénaturation), and 55°C for 2 minutes (prim er annealing), this cycle was
repeated 30 times followed by 10 minutes at 72°C. A 5 pi aliquot of DNA was
taken from the 100 pi after 30 cycles, and given a further 30 cycles using the
same conditions as before with 1 p g of each inner nested primer.
All PCR reaction mixes were set up under sterile conditions, using
specified PCR Gilson pipets, to prevent contamination. Where plasmid DNA was
used as a positive control Ing of plasmid was used. A negative control in which
DNA was substituted with water was also included. PCR products were viewed
by running 10 pi on a 2 % TAE /agarose gel or Bis-acrylylcystamine (BAC) for
better resolution of bands. In some cases the products were further analysed
by vacuum blotting the gel and probing with a 32p_iabelled probe (see XVI).
Oligonucleotide primers:
Oligonucleotide primers used were made by Colin Coding at the Marie
Curie Institute, and by Bill Richardson at UCL. They were removed from the
synthesis column matrix using fresh ammonia; 500 pi were added to the
column and left for 30 minutes at room tem perature, then removed. This was
repeated twice, and the ammonia was incubated at 55°C for at least 8 hours to
deprotect the oligonucleotide. The ammonia was evaporated off, and the
oligonuleotide resuspended in 200 pi of 2.5 M NH4AC pH7.0, and precipitated
with 500 pi of 95% ethanol. The pellet was resuspended in sterile H2O, at a final
concentration of 1 p g/pl.
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F ig u re 4. P rim e rs s e q u e n c e s : P rim e rs w ere
d e g e n e ra te ,
corresponding to the DNA sequences of known POU-domain proteins (He et al.,
1989).
POU-1 5’ TT(T,C) AA(A,G) (A,C)GN (A,C)GN AT(A,C,T) AA(A,G) (C,T)TN GG 3'
23mer- outer forward PCR primer to amino acid sequence:
RRI KLG
18,432 degeneracy
POU-2 (T,C)TG NC(T,G) N(T,C)(T,G) (A,G)TT (A,G)CA (A,G)AA CCA MAC NC
26mer- outer reverse PCR primer to amino acid sequence:
RVWF CN
16,384 degeneracy
POU-3 (GTC GAC AAG CTT) GGN (G,T)(A,T)(C,T) ACN GA(A,G) (A,G)(G,C)N
(A,G)A(C,T) GTNGG
35mer- inner forward PCR primer to amino acid sequence:
G V/Y/W T Q.T/G/A N/D V G
65.536 degeneracy
POU-4 5’ (GTC GAC GGA TCC) CCA MAC NC(G,T) NA(C,T) MAC NT(T,C)
T/CTT/C (T,C)TT 3'
36mer- inner reverse PCR primer to amino acid sequence
E/K K D/E/N V V/I R V W
65.536 degeneracy
The relative positions of the regions the primers anneal to in the POUdom ain p roteins are indicated in the diagram . Prim ers anneal to the
complementary DNA strand (55°C) and DNA synthesis (72°C) occurs in the 5' to
3' direction.
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POU-3

POU-4

POU-1

BQU-2
POU-homeodomain

POU-specific domain

Figure 5. POU-primer relative positions
XII) Rapid Amplification of cDNA ends (RACE)
To clone the 3’ ends of genes the RACE procedure was used (Frohman et
al., 1988). cDNA was synthesised as previously described (see IX), using an
oligo dT prim er with an adapter attached (AdT) (for sequence see below), and
1.5 mM each dNTP. The cDNA was diluted 1:50 and 1 p was used in a PCR reaction
with DMSO, buffer (as previously described XI), 15 mM each dNTP, 1 pg of POU
specific primer (R1 or R3) and 1 pg adapter primer (Ad). The volume was made
up to 100 pi with H2 O, and overlain with 60 pi of paraffin oil. The mix was
heated to 95°C for 5 minutes before 1 unit of Taq polymerase was added (see
section X), then incubated at 55°C for 2 minutes and 72°C for 10 minutes. 40
cycles of: 94°C for 40 seconds, 55°C for 2 minutes, and 72°C for 3 minutes,
followed by 10 minutes at 72°C were performed. 1 pi was then put into a second
30 cycles using the same cycling tem peratures, and an inner POU specific
prim er (R2 or R4, for the sequence see below), as well as the adapter prim er
(Ad).
Figure 6. RACE primer sequences
cDNA/Adapter primer (AdT): 5' CC GAC (Xho) TCG AGT CGA CAT CGA
(T)17 3 ’

Adapter primer (Ad) : 5’ CC GAC ?(Xho) TCG AGT CGA CAT CGA 3’
RACE Bm3 1 (Rl): 5’ GCC AAG CTT CCT CGA GAA GAT MCC GGG CGR
GGC TCG CTC 3’
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39-mer outer POU-IV group specific primer
corresponding to: K I P G V G S L
RACE Bm3 2 (R2): 5’ GAC ACG CGT GGA TCC ATG ATC GCG CTC AAC
CCC ATC C 3’
37-mer inner POU-IV group specific prim er
corresponding to: M I A L K P I

RACE POU-III 1 (R3): 5' AA/GA AAC ATG TGC AAG C/GTG/C AAA/G
CC3’
23-mer POU-III group specific primer
corresponding to: K N M C K L K
RACE POU-III 2 (R4): 5’ GT/CA AA/GC GCA AGA AGC GA/G/CA CC/GT
CC 3'
23-mer POU-III group specific primer
corresponding to: K R K K R T S

xm) Double stranded sequencing
Tem plate DNA was m ade by the m ini-plasm id p reparation
procedure (see V). 1-2 ixg of circular DNA was denatured in 0.4 M NaOH at room
tem perature for 10 minutes (in 10 pi), neutralised by the addition of 4.5
2M
sodium acetate and 7 ^1 H2O, and precipitated by the addition of 60 )l i 1 100 %
ethanol on dry ice for 15 mins. The pellet was resuspended in 10 jal dH ]0 and
2|il of annealing buffer, and 2 pi of prim er solution (M l3, -40 universal
sequencing prim er or reverse sequencing prim er diluted to 0.80 pM), were
added. The prim er was annealed by heating the sequencing mix to 37°C for 20
minutes followed by 10 minutes at room temperature. 3 pi of labelling mix, 1 pi
of [a-32p] dATP or [adATP and 3 units of T7 DNA Polymerase were added
followed by incubation for 5 m inutes at room tem perature. 4.5 p of the
labelling reaction was then added to 2.5 pi of each sequencing mix (either 'A'
Mix-c^ dGTP, ’ C’ Mix-c^dGTP, ’ G' Mix-c^dGTP, or 'T' Mix-c^dGTP) pre-warmed
to 37 °C. The sequencing reactions then proceeded at 37°C for 5 minutes, and
were stopped by the addition of 5 pi of ’stop solution’. Sequencing reactions
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were heated to 80°C for 3 m inutes before loading onto the acrylam ide
sequencing gel (see IV d) All buffers and mixes used were supplied in the
Pharmacia Deaza ^^sequencing kit. Enzyme and prim ers were supplied by
United States Biochemical (USB).
XIV) Purification of DNA
a) From agarose gels
2 volumes of sodium iodide (90.8 g Nal, 0.5 g NazSOg) were added to
agarose containing DNA that had been size separated on an agarose/TAE gel.
The agarose was melted at 55°C, then cooled on ice before the addition of 5 pi of
glass beads for each pg of DNA present. After incubation on ice for 1 hour the
glass beads were pelleted by centrifugation ( 10,000 g, 2 seconds), and
resuspended at half the original volume in 'New wash' solution (50% ethanol,
0.1 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA) . This was repeated once before the
glass beads were resuspended in 10 pi of TE, and the DNA eluted at 55°C for 5
m inutes. The glass beads were pelleted (3 m inutes) and the supernatant
removed. The glass beads were then resuspended in a further 10 pi of TE and
eluted a second time. The glass beads were removed as before and both eluants
containing the DNA retained.
b) From PGR reactions
To remove the PGR primers 100 pi of sodium iodide (as above) and 5 pi of
glass beads were added to 50 pi of PGR product. After incubating on ice the
glass beads were removed by centrifugation, and the DNA eluted as above.
c) From acrylam ide gels
To purify oligonucleotide DNA, 50 pg was run on an 8 % acrylamide gel.
Bands of the appropriate size were cut out and eluted in H2O overnight. A Seppak column was prepared by passing 10 ml of acetonitrile, then 10 ml of H2O
through the column. The DNA was then passed through the column, followed
by 10 ml of H2O, which was followed by 1 ml of 60% methanol (3 times) to elute
the DNA , which was dried and resuspended in 200 p 1 of H2O.
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XV) Colony lift hybridisation
To determ ine which colonies possessed plasm id DNA w ith the
appropriate insert, when blue/w hite screening was not used, colonies were
picked from LB/amp plates and duplicate streaks were m ade on nylon
m em branes placed on an LB/amp plates. These were incubated at 37°C
overnight. The membrane was then lifted off the plate and the bacteria were
lysed by placing the membrane colony side upperm ost on 3MM paper soaked
in 10% SDS (sodium dodecyl sulphate) for 5 minutes, the DNA was denatured by
placing the membrane on 3MM soaked in 1.5 M NaCl, 0.5 M NaOH for 5 minutes,
and neutralised on 3MM soaked in 1.5 M NaCl, 50 mM Tris-HCl pH 8.0 for 5
minutes. The membrane was then baked at 80°C for 2 hours to fix the DNA. The
membrane could then be hybridised to the appropriate DNA probe using the
same hybridisation buffer as that used when probing Northern blots (see XVI).
XVI) DNA probes
Plasmid DNA to be used as a probe was digested with the appropriate
restriction enzyme to release the tem plate which was either isolated using
glass beads or cut out from a low melting point agarose gel and used directly.
DNA probes were made by the random oligonucleotide prim ing m ethod
(Feinberg and Vogelstein, 1984). Oligo labelling buffer was made by mixing
solutions A, B, and C in a ratio of 10 : 25 : 15
Solution A : 1 ml of 1.25 M Tris-HCl, 0.125 M MgClz with 18 jil 2Mercaptoethanol (2-Me), 500 |i M dATP, 500 ^M dGTP, 500 |iM dTTP.
Solution B : 2 M Hepes pH 6 .6 .
Solution C : Pd (N)e dissolved at 90 OD units/m l. This is the
p rim er fo r the DNA polym erase and consists of 6 random ly coupled
oligonucleotides.
10 pi of oligo labelling buffer was mixed with 2 pi of DNase free BSA (10
mg/ml), 3-4 pi o f a -32p dCTP (10 pCi/pl) and added to 100 ng of DNA that had
been boiled for 10 minutes. The volume was made up to 50 pi with H2O, and 2
units of Klenow DNA polymerase were added. The reaction was allowed to
proceed at room tem perature for a minimum of 3 hours. Free nucleotides were
separated from labelled DNA by centrifugation through a Sephadex G50
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column (a 1 ml syringe was plugged with glass wool, and filled with Sephadex
G50 beads in TE), for 30 seconds at 3000 G. The labelled DNA passes through the
column, whilst the free nucleotides are retained.
XVII) Filter hybridisation
Exact protocols depended on the levels of hom ology and the
concentrations of target sequences on the filters. DNA or RNA that had been
transferred to a nylon membrane was pre-hybridised in buffer containing;
50% deionised formamide (deionised by stirring 10 g of Amberlite monobed
resin MB-1 from BDH with 100 ml of formamide for 30 minutes, and filtering),
5x Denhardts (0.1%w/v Ficoll 400, 0.1%w/v Polyvinyl polypyrrolidone, 0.1%
w /v BSA sigma fraction V, filtered through a 0.45 fim filter, stored at -20°C), 6 x
SSC, 1 mM EDTA, 1% (w/v) SDS, 1ml H2O, 10% (w/v) Dextran Sulphate, and 100
)Lig/ml of sonicated salmon sperm DNA (freshly boiled), for at least 1 hour at
42°C, before the addition of the DNA probe (boiled for 10 mins) at a final
concentration of 10 ng/ml. Blots were hybridised overnight, shaking at 42°C.
Membranes were washed at stringencies dependent on the specificity
and size of the probe. For Northern blots where the probe was made from a 380
bp tem plate of the same species, blots were washed in 2x SSC, 1%SDS at room
tem perature for 20 minutes, followed by two 30 minute washes in 0.4x SSC, 1%
SDS, at 55°C. Where oligonucleotide probes were used membranes were washed
less stringently, generally in 6 x SSC, 0.05% Sodium pyrophosphate at 42°C.
After washing, membranes were wrapped in Saran Wrap and exposed to pre
flashed X-OMAT AR diagnostic film (Kodak) at -70°C.
To test for probe specificity, negative controls (dilutions of vector DNA;
lOng, Ing, and 0.1 ng), DNA showing homology to the probe (40 ng, 4 ng, and
0.4 ng ), and positive controls (vector containing probe DNA; 40 ng, 4 ng, and
0.4 ng), were dotted onto strips of nylon membrane, which were placed on
3MM paper soaked in 1.5 M NaCl, 0.5 N NaOH for 5 minutes to denature, followed
by 3MM soaked in 1.5 M NaCl, 50 mM Tris-HCl pH 8.0 for 5 minutes to neutralise
and finaly 3 MM soaked in 2x SSC for 5 minutes. Membranes were then baked
for 30 minutes, and hybridised and washed alongside Northern and Southern
blots.
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xvin) Riboprobes
Plasmid DNA to be used as a tem plate for in vivo

transcription was

linearised so that sense and anti-sense run-off probes could be generated
using RNA polymerase prom oters present in the vector. For this purpose
Bluescript vector (KS") was used since this possesses a T3 polymerase promoter
at one side of the polylinker and a T7 polymerase promoter at the other side.
Templates were transcribed in 40 mM Tris-HCl pH 7.6, 6 mM MgClz 2 mM
Spermidine, 10 mM NaCl, 10 mM Dithiothreitol (DTT), with 20 units of
Ribonuclease inhibitor (RNasin) 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, and 12
\iM UTP. 1 |ig of linearised DNA template, 50 |xCi of a-^^S-UTP, and 1 fil T3 RNA
polymerase or T7 RNA polymerase were added and the reaction mixture was
incubated at 37°C for 1V 2 hours. The DNA template was then removed by the
addition 1 unit of RNase free DNase. 20 units of RNasin, and 1 |l i 1 of yeast total
RNA (25 mg/ml) were added and the mix was incubated at 37°C for 15 minutes.
After the addition of 200 pi of 10 mM DTT, the probe was extracted in
equal volumes of phenol/chloroform , and the RNA was precipitated from the
aqueous phase at -20°C for 15 minutes by the addtition of Sodium Acetate to a
final concentration of 0.3 M, and 2.5 volumes of 95% ethanol. The RNA pellet
was washed in 70% ethanol, dried, and resuspended in 50 p 1 10 mM DTT.
RNA probes used for in situ hybridisations, were digested to 100-150bp
by alkaline hydrolysis. 100 pi of Carbonate buffer (100 mM NaCarbonate, 100
mM NaBicarbonate titrated against one another to pH 10.2) were added and the
probe was incubated at 60°C for X minutes. The time taken (X minutes) for
alkaline hydrolysis depends on the original transcript length, in general:

X minutes = Lo - If
KLoLf
Where

Lo = Original transcript length in Kb
Lf = Final transcript length in Kb (0.1-1.5)
K = 0.11
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After alkaline hydrolysis the probe was neutralised by the addition of
100 nl of neutralising buffer (0.2 M NaAcetate, 1.0% Glacial acetic acid, 10 mM
DTT), and precipitated by the addition of 1/10 volume of Sodium acetate and
95% ethanol at -20°C for 15 minutes. After washing in 70% ethanol and drying,
the probe was resuspended in 50% deionised formamide containing 10 mM DTT,
at 1 ng/^il/kb. This was then used as a 1Ox stock.
To check that transcription of the tem plate had occured, 0.5 p.1 of the
reaction mix was removed and placed in 10 nl of RNA sample buffer and run on
a formaldehyde gel (see XV b ) . 0.5 |lü of the hydrolysed probe was also run in
RNA sample buffer on the same form aldehyde gel to check the size of the
probe after digestion. The gel was vacuum blotted and the filter exposed
directly to X-OMAT AR diagnostic film (Kodak).
To check the incorporation of a-^^S-UTP 0.5 fil were also taken, added to
400 pi of 0.5 M NaH2 PÜ4 and 50
were dotted onto Whatman GF/C x 2.3 cm
diam eter glass microfibre filters. Half of the filters were washed in 0.5 M
NaH2P04 for a few minutes. The glass microfribre filters were then counted
using a p-counter, and the percentage incorporation calculated from the total
counts added (unwashed filters), and the counts incorporated (washed filters).
The recovery of RNA worked out roughly as 4 ng for each percent o f 35 S-UTP
incorporated.
XIX) In situ hybridisation
All solutions used in in situ hybridisations were made RNase free by
the addition of 0.5 ml of Diethylpyrocarbonate (DEPC) to I L of solution. After
the addition of DEPC the solutions were shaken, left for 1 hour, and then
autoclaved. All glassware and containers used were also treated with DEPC.
Slides used were baked for 24 hours (to remove RNases), and then coated with
2% 3 -Am inopropyltriethoxysilane (APES, from Sigma, diluted in industrial
methylated spirit IMS), for 30 seconds, washed in 9% IMS for 30 seconds, and
washed in H2O for 30 seconds.
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a) Tissue fixation and sectioning
Tissue to be used for in situ hyridisation was fixed in 4% (w/v)
paraformaldehyde made in PBS (8.0 g NaCl, 0.2 g KCl, 0.1 g M gCl, 0.1 g CaClz,
1.15 g Na2HP04 ), at 4°C overnight, then transferred to 0.5 M sucrose in PBS at
4°C for a further 24 hours. The tissue was then embedded in OCT embedding
compound (BDH), frozen slowly on dry ice, and stored at -70“C.
Frozen sections 10-20 pm thick were cut on a cryostat, and collected on
APES coated slides. After drying for 1 hour, sections were fixed in 4%
paraformaldehyde, washed in PBS and either used immediately, or dehydrated
for 1 minute in a series of alcohols of ascending concentration (30%, 60%, 80%,
95% and 100%), and stored at -70°C for up to 6 months.
b) Hybridisation of RNA probes
Sections to be hybridised were reh y d ra ted through descending
concentrations of alcohol and washed in PBS (where frozen), or used
im m ediately from PBS after cutting. Before hybridisation sections were
incubated in proteinase K buffer (50 mM Tris-HCl, 5 mM EDTA pH 7.5) at room
tem perature for 5 minutes, followed by 30 minutes at 37°C in proteinase K
buffer containing 1 ^ig/ml of proteinase K. Proteinase K was then blocked by
incubation in 0.2% (w/v) glycine in PBS for 30 seconds, followed by two 30
second washes in PBS. Sections were then fixed in 4% paraformaldehyde for 15
minutes, and washed in PBS for another two m inutes. Sections were then
incubated in 0.1 M triethanolam ine (pH 8.0) for 5 minutes, followed by 10
minutes in 0.1 M triethanolam ine containing freshly added acetic anhydride
(1 /4 0 0 v/v). This step was repeated once, then sections were once again
washed in PBS, for 3 minutes.
A fter being d e h y d rated thro u g h a series of ascending alcohol
concentrations, and dried, 50-75 \i\ of hybridisation buffer (0.3 M NaCl, 10 mM
Tris-HCl pH 6 . 8 , 5 mM EDTA 10% w /v Dextran sulphate,Ix Denhardts, 10 mM DTT,
50% v /v deionized formamide, 0.1 mg/ml yeast total RNA) containing the RNA
probe heated to 80°C for 5 minutes and diluted to 0.1 ng/|il/kb, was placed onto
the sections, which were covered with a coverslip, and placed on 3MM paper
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soaked in 4x SSC. Sections were hybridised with the probe at 55°C over night in
a sealed box.
c) W ashing sections
After hybridising, sections were dipped briefly in 4x SSC at room
tem perature to remove cover slips, and then left for a further hour in 4x SSC to
wash. Sections were then washed in wash buffer (0.3 M NaCl, 10 mM Tris-HCl
pH 6 .8 , 5 mM EDTA, 10 mM DTT, 50% deionized formamide) at 65°C for 30 minutes
(or at a lower tem perature if non homologous probes were used), followed by
two 5 minute washes in RNase buffer (0.5 M NaCl, 10 mM Tris-HCl, 0.1 mM EDTA
pH 7.5), and a 30 minute wash at 37°C in RNase buffer containing RNase A at 20
|ig/ml. Sections were then washed in RNase buffer at room tem perature for 15
minutes, in wash buffer at 65°C for 30 minutes , in 2x SSC at 45°C for 30
m inutes, and finally in O.lx SSC at 45°C for 30 minutes. Sections were then
d eh y d rated through ascending concentrations of alcohol, as previously
described (XVIXa).
d) A utoradiography of sections
All radiographic work was done in the dark room un d er safelight
conditions using Ilford 902S safelight filters. 5 ml of Ilford K5 emulsion was
m elted at 40-43°C in a narrow slide holder. 5 ml of H2 O containing 100 jal of
glycerol were added and mixed with the emulsion making sure that no bubbles
formed. Slides with sections on were dipped in the emulsion and placed on ice
for 10 m inutes, for the emulsion to gel, they were then dried at room
tem perature in the dark for 1 hour. Slides were stored in a light proof box
containing silica gel (to remove any moisture), at 4°C until they were ready to
develop (the first set were generally developed after 1 week).
e) Developing and staining sections
After about 1 week the first set of in situ

hybridisation slides were

developed. Slides were removed from 4°C and left at room tem perature for
about 1 hour to warm up. They were developed in the dark room under safe
light conditions using D-19 developer (Kodak) at 20°C for 2 minutes. The
reaction was stopped by placing the slides in 1% acetic acid for 1 minute, and
fixed in 30% (w/v) Sodium thiosulphate for 5 minutes. Slides were then washed

52

in distilled water for at least 20 minutes. Sections to be stained were dipped in
hematoxylin (Gills no. 3 from Sigma) diluted to 5% (v/v) for 2 minutes (for a
light stain), or to 20 % (v/v) for 1-2 minutes (for a darker stain) and washed in
H 2 O for a few minutes. Sections were then dehydrated through ascending
concentrations of alcohol, for 1 m inute in each concentration, then dipped
twice in xylene for 1 m inute each time, before being m ounted in XAM (a
xylene based m ountant). Sections could then be viewed using dark and bright
field illumination, positive signals showing as white spots un d er dark field
illumination.
2.3 Tissue culture
I) Purification of 0-2A progenitors
For a detailed protocol on purification of 0-2A progenitors see Collarini
et al. 1992. 0 - 2 A
progenitors were pu rified from neo n atal cerebral
hem ispheres, from Sprague-Dawley rats, m echanically dissociated and
cultured in Dulbecco's modified Eagle’s medium (DMEM) containing 10% foetal
calf serum (PCS. GIBCO). After one week in culture, the cells were trypsinized
and 0-2A progenitors immunoselected by sequential addition to Petri dishes
coated with anti-RAN-2 (to remove astrocytes and m acrophages), anti-GC
(galactocerebroside) (to remove oligodendrocytes) and A2B5 (to positively
select 0-2A progenitors) for approximately 30 m inutes on each Petri dish.
Adherents were removed from the final A2B5 dish with trypsin (0.025%),
resuspended in DMEM containing 10% PCS, and plated onto poly-D-lysine
coated 60 mm tissue culture dishes in Sato's medium containing 16 |iig/ml
putrescine, and 5 |Lig/ml insulin, so that PCS was diluted to 0.5%. Growth factors
PDGP-AA, and bPGP (Peprotech)were added at a concentration of 10 ng/ml.
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Chapter 3
Identification and partial characterization of
POU-domain proteins in the nervous system
and cultured 0-2A lineage cells
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Chapter 3
Genetic studies on Drosophila and Caenorhabditis elegans have
suggested that embryogenesis and morphogenesis are controlled by a complex
cascade of regulatory genes. Genes controlling embryogenesis are expressed
in a precise temporal and spatial pattern, and many of the proteins encoded by
these genes share structural motifs that suggest a common function. One of the
first of such motifs to be identified was the homeodomain which consists of 60amino acids with similarity to the helix-turn-helix DNA binding dom ain of
several prokaryotic transcriptional regulators (for example the lam bda cro
protein or the lambda 434 repressor) (Schleif, 1988; Otting et al., 1988; dian et
al., 1989). The homeobox p resent in several genes involved in p attern
form ation during Drosophila development, has been used to identify related
genes in vertebrates. The vertebrate homeobox containing genes are also
th o u g h t to have roles in p a tte rn form ation and axial p o larity during
embryogenesis (see Chapter 1).
Other proteins sharing structural similarity to Drosophila regulatory
gene products have also been identified in developing vertebrates. POUdomain proteins possess a homeodomain distantly related to the homeodomain
motif present in the Antennapedia developmental regulator of Drosophila. The
first members of the POU family of proteins were isolated by their ability to
bind to a DNA motif known as the "octamer", which is found in the promoters
of several genes. POU-domain proteins were named after the first members of
this family to be identified: Pit-1 which binds to cis-active sequence elements
in the prolactin and growth horm one genes, Oct-1 which is ubiquitous and
binds to the octamer motif in the Histone H2B gene and Sn RNA genes (Sturm
et al., 1988; Wirth et al., 1987), Oct-2 which binds to the prom oter of
im m unoglobulin genes and the im m unoglobulin heavy chain enhancer
(Lenardo et al., 1989; Mizushima-Sugano and Roeder, 1986; Wirth et al., 1987;
Lenardo et al., 1987; Landolfi et al., 1986; Clerc et al., 1988; Ko et al., 1988;
Scheidereit et al., 1988; Muller et al., 1988), and Unc-86 which is involved in
specifying p articu lar neuronal cell phenotypes in the nem atode worm
C.elegans (Finney et al., 1988). The POU-domain is a 160 amino acid bipartite
DNA binding region consisting of a 76-78 amino acid POU-specific domain
linked by a 14-26 amino acid region of variable sequence to a 60 amino acid
homeodomain (see Figure 3, Chapter 1). The highly conserved DNA sequence
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encoding the POU-domain makes it possible to identify other members of the
family using techniques such as the polymerase chain reaction (PCR). In this
way cDNAs encoding mammalian POU-factors have been identified (He et al.,
1989), suggesting th at a large family of mammalian POU-domain proteins
exists.
The first POU-domain proteins identified suggested that their functions
may be restricted to specific lineages; for example Pit-1 in the adult is
confined to three cell types of the pituitary gland, and Oct-2 was thought to be
restricted to B-lymphocytes. The C. elegans POU-domain transcription factor
Unc-86 has a function in determ ining the differentiated cell fate of certain
neuroblast lineages in the nematode worm. Other members of the POU-domain
family do not appear to be expressed in a strictly lineage-specific m anner,
although their expression patterns are both tem porally and spatially distinct
from one another. Although it is generally accepted that POU-domain proteins
act as transcription factors, the precise biological function of POU-domain
proteins has not been established. Some POU-domain proteins have been
shown to be involved in the regulation of gene expression in mature cells; for
example SCIP is expressed in prem yelinating Schwann cells, and has been
shown to repress transcription of the myelin basic protein (MBP) gene, and
the protein zero (Po) gene, in cotransfection assays in Schwann cells, but is
down regulated in m yelinating Schwann cells allowing MBP and Po gene
expression (Monuki et al., 1990; He et al., 1991), and Pit-1 (GHF-1) is required
for the expression of the prolactin and growth hormone genes in the pituitary
gland (Ingraham et al., 1988; Larkin et al., 1990; Mangalam et al., 1989; Sharp
and Cao, 1990). It is possible th at POU-domain proteins may play roles in
development as well as in the function of specific types of differentiated cells.
Differentiation is accompanied by the expression of genes that are not
expressed by undifferentiated precursor cells. Transcription factors regulate
gene expression and may play a role in differentiation. In an attem pt to
understand some of the molecular events involved in development more fully I
decided to concentrate on the development of the oligodendrocyte lineage. O2A p ro g enitor cells are the p rec u rso r cells of oligodendrocytes, the
myelinating cells of the CNS (see Chapter 1). I decided to determ ine w hether
POU-domain transcription factors are expressed by 0-2A progenitor cells and
w hether they may play a role in their differentiation into oligodendrocytes.
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The POU-domain protein SCIP (Tst-1) has been shown to be expressed in
Schwann cells (Monuki et al., 1990) the myelinating cells of the PNS. SCIP has
also recently been shown to be expressed in the 0-2A lineage (Collarini et al.,
1992).
A second reason for attem pting to identify POU-domain proteins
expressed by 0-2A progenitor cells was the possibility that they might provide
lineage-specific markers. A full understanding of the development of the 0-2A
lineage in vivo has been hampered by the lack of a marker that can be used to
identify 0-2A progenitor cells and pre-progenitors in sections of CNS tissue. It
has been suggested th at POU-domain proteins may be lineage specific (see
above), some of the known POU factors do appear to show marked lineage
restriction, being involved in regulating the expression of genes th a t are
tightly cell-type specific (e.g. Pit-1 in the pituitary). Since oligodendrocytes
express a characteristic set of genes (the myelin genes) it seemed possible that
these genes might be controlled at least in part by an olgodendrocyte-specific
POU factor.
In this Chapter I describe some experiments that I hope will help us to
gain some understanding of the m olecular mechanism involved during the
differentiation of oligodendrocytes from their precursor cells. By using the
polymerase chain reaction I was able to identify members of the POU-domain
family expressed in the central nervous system at postnatal day 7 (P7) (when
0-2A progenitor cell proliferation is maximal) and in 0-2A progenitor cells in
culture. Some of the POU-factors identified were previously known, others
were novel. The results of these experiments are presented in this Chapter.
Results
The conserved sequences of the prototypic members of the POU-domain
family (Pit-1, Oct-1, Oct-2 and Unc-86) were used to design prim ers for the
polym erase chain reaction (see Figure 7). Degenerate oligonucleotides
representing all possible codons for 2 overlapping regions ("outer" and
"inner" primers) at both the 5' and 3’ ends of the POU-domain, were used to
identify members of the POU-domain family. Preliminary control experiments
were perform ed on a mouse BrnS clone (from Andy Goldsborough); the "outer"
prim ers were used in a 30-cycle PCR amplification reaction; 1/20 of the
p ro d u ct from this reaction was subjected to a fu rth e r 30 cycle PCR
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amplification with the "inner" prim er pair. Using this protocol a minimum of
100 fg (~5 X 10^ molecules) of plasmid DNA gave a reaction product that could
be seen on an agarose gel. In contrast, with only one set of primers 10^ times
as much template DNA ( 1 ng) was required to give a visible reaction product. A
reaction product was only seen when dimethyl sulphoxide (DMSO) was added to
the reaction mix; DMSO functions by reducing secondary structure, although it
has been suggested that it may reduce the efficiency of the Taq polymerase.
Plasmid DNA gave a smear when only one set of primers was used in a 60-cycle
PCR protocol. (In all PCR reactions a positive control of cloned PDGF was
included, this was amplified with prim ers that were not degenerate, this PCR
reaction worked consistently and gave a 350 bp reaction p ro d u c t.
Isolation of POU-domain proteins from brain cDNA:
To identify POU-domain genes expressed in the rat CNS, cDNA made from
postnatal day 7 (P7) rat total and poly A+ RNA was used in the polymerase
chain reaction. After 60 cycles using nested primers a 371 bp amplification
product was seen on an agarose gel (see Figure 8). No band was seen after 30
cycles when the ou ter prim ers were used alone, although a sm ear was
occasionally seen. The PCR products were cloned and 15 clones were sequenced
(see Chapter 2). In this way a num ber of POU-domain proteins were shown to
be expressed in postnatal day 7 rat brain (see Table 2). These included Oct-2,
SCIP (Tst-1), Brn-1 and Brn-3 all of which had been previously identified
(Clerc et al., 1988; Ko et al., 1988; Scheidereit et al., 1988; He et al., 1989). cDNA
encoding a novel POU-domain protein was also identified. Because of its
similarity in sequence to Brn-3 it was named Brn-3b and Brn-3 was renam ed
Brn-3a. Brn-3b was, therefore, the second mammalian member of the POU-IV
group (as defined by He et al., 1989) to be identified in the nervous system. It
has subsequently been isolated and described by another group (Lillycrop et
al., 1992).
cDNAs encoding Oct-1 and Bm-2 (previously isolated by He et al., 1989),
were not identified. Oct-1 is believed to be ubiquitous (Sturm et al., 1988) and it
was therefore expected to be among the POU-domain cDNAs identified. The fact
that it was not identified may have been due to prim er selectivity. Sequences
of two of the cDNA clones did not appear to encode POU-domain proteins. These
were probably the result of non-specific priming events.
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Isolation of POU-domain proteins from 0-2A progenitor cells:
I also attem pted to identify POU-domain proteins expressed in 0-2A
progenitor cells; using the PCR technique on cDNA made from cultured 0-2A
progenitor cells. A 339 bp reaction product was seen after 60 cycles using
nested primers and the conditions described previously (Chapter 2) (see Figure
9). This was cloned, and clones were screened for the presence of an insert by
probing with the PCR product. 41 clones were sequenced (see Table 2). cDNAs
encoding Brn-1, Brn-2, SCIP, Brn-3 a and Brn-3b (the novel POU-domain cDNA
identified in brain cDNA) were identified. Two additional novel cDNAs were
also detected. One of these encoded a protein showing sequence homology to
Brn-1 and was therefore a new m em ber of the POU-III subgroup of POUdom ain proteins (see Figure 10). This POU factor has been subsequently
identified by other groups who nam ed it Brn-4. The other novel m em ber
encoded a protein showing sequence homology to Brn-3 a and Brn-3b, this was
nam ed Brn-3c, the th ird m am m alian m em ber of the POU-IV class to be
identified. Until recently this factor had not been described by others.
cDNAs encoding Oct-1 and Oct-2 were not identified by PCR on 0-2A
progenitor cell cDNA. Some of the clones sequenced did not have sequences
that were recognisable as those encoding POU-domain proteins, but probably
resulted from PCR primer annealing errors.
POU-domain sequences:
To obtain complete sequence inform ation of all cDNA clones, several
PCR clones were sequenced in both directions (see Table 3). Part of the region
linking the POU-specific domain and the POU-homeodomain in the bm -3 cDNA
is GC rich (see Figure 11) and was difficult to sequence because of the ability of
G residues to form secondary structures that are not fully denatured during
the electrophoresis stage of the sequencing protocol. The stable intrastrand
stru ctu res appear to involve either Watson-Crick G-C or Hoogsteen G-G
(Mizusawa et al., 1986) base pairing. A num ber of different techniques were
used in o rder to overcome these sequence compressions. Deaza nucleotide
mixes were used instead of the standard dideoxy nucleotide mixes in the
sequencing reactions. These substitute a carbon (which participates in
hydrogen bond formation) for a nitrogen atom at position 7 in the guanine
residues, w hich reduces the stren g th of base pairs form ed. In oth er
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experiments guanine residues were substituted by inosine residues. Removing
the exocyclic 3-amino group of guanine (to form inosine) also reduces
secondary structure by precluding G-G base pair form ation and reduces G-C
base p air strength to that of A-T base pairs. Inosine, however, makes a poor
substrate for T7 DNA polymerase, so th at the enzyme pauses at certain
sequences on the DNA tem plate and chain term ination occurs prem aturely. I
also used a deaza-inosine analogue which lacks both the exocyclic 3-amino
group and the nitrogen at position 7, which is supposed to be more efficiently
in co rp o rated th en the dideoxy-inosine. N either incorporating dideoxyinosine, nor deaza-inosine in the sequencing reactions resulted in sequences
that were free from compressions.
I also attem pted to reduce compressions by using polyacrylam ide
sequencing gels containing 40% formamide an d /o r adding dimethylsulphoxide
(DMSO) to the sample during the sequencing reaction. When DMSO was added,
sequencing reactions were perform ed at 30°C instead of room tem perature. I
also attem pted to overcome secondary structure by sequencing with Taq
polymerase instead of T7 polymerase, which allows the tem perature of the
sequencing reaction to be increased to 72°C. This disrupts secondary structure
within the tem plate during the sequencing reaction, but does not prevent
secondary structure from forming during the electrophoresis step. Ultimately
it tu rn ed out that the most effective way of reading the sequence in this GC
rich area was to sequence along the other strand (see Figure 11), using the
reverse sequencing prim er instead of the forward sequencing prim er. The
sequence of this strand is richer in cytosine than guanine, which alters the
places th at compressions are seen. The amino acid sequence that I have
determ ined for this GC rich region of Brn-3 a is different from the Brn-3 a
sequence published by He et al., 1989 or Collum et al.,1992 (which differ from
each other (see Discussion)), but it is the same as that published by Lillycrop et
al.,1992.
Attempts to obtain sequence outside the POU-domains of POUfactors:
I attempted to obtain sequence from the 3' end of members of the POU-IV
subgroup using the Rapid amplification of cDNA ends (RACE) technique on
total brain cDNA. (see Chapter 2). The cDNA is made using a poly dT prim er
with an adapter sequence attached to the end. The first 30 cycles are
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performed using a POU-IV group specific "outer" prim er and the adapter. After
the first 30 cycles a major band was seen at 369 bp. After the second 30 cycles
using a POU-IV group specific ’inner' prim er and the adapter primer, 6 bands
(or sometimes 3 bands) were seen (see Figure 12). These ranged in size from
369 bp to 1.1 Kb. When these bands were separated on a gel and screened for
homology to Brn-3 a using the Brn-3 a plasmid PCR product, two of these bands
hybridised strongly, although all bands hybridise possibly because of the
prim er sequences present. When the bands were screened with Brn-3a
specific oligonucleotides corresponding to part of the linker region (encoding
MNKPEL) and part of the homeodomain (EKLDL) (from Andy Goldsborough)
only one band hybridised. This same band hybridised
o lig o n u c le o tid e
p ro b e
e n c o d in g
p a rt
of
(RSLEAYFAIQPRPSSEK) was used (Figure 13). The
encoding these regions make it unlikely that these
would cross-hybridise.

when a Brn-3b specific
th e
h o m e o d o m a in
nucleotide sequences
oligonucleotide probes

The entire PCR product was cloned using the Xhol and BamHl
restriction sites present in the adapter and POU-IV group specific prim ers
respectively. 6 clones were sequenced. These all had small inserts of ~246 bp.
Sequencing did not reveal any recognisable POU-domain sequence. A num ber
of BamHl sites were present in the sequences which suggests that BamHl
fragm ents may have been created during the restriction digest of the PCR
product. These fragments will have been religated in a random order during
the cloning step. Each insert should th erefo re have been sequenced
throughout, and read in both directions. Sequence data remains incomplete.
The RACE technique was also used on 0-2A cDNA, with nested primers
specific to the POU-111 family (see Chapter 2). 6 bands were produced between
123 bp and 861 bp (see Figure 14). These bands were separated on a gel, blotted
and hybridised with a SCIP oligonucleotide probe. The probe hybridised to all
the bands although hybridisation was strongest to a 370 bp band. SCIP is
known to have a 1Kb 3’ end. Because of the confusing results generated by the
Brn-3 RACE, the PCR product was never cloned or sequenced. Full sequence
was subsequently published (Hara et al., 1992; Le Moine and Young 111, 1992;
Mathis et al., 1992).
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The RACE technique was used to isolate four low abundance transcripts
of int-2 in mouse (Frohman et al., 1988) and has recently been used to isolate
the 3’ end of the murine POU-domain protein Oct-11 (Goldsborough et al., 1993).
Discussion:
Brn-4 d iffers from oth er m em bers
predominantly within the homeodomain:

of

the

POU-III

class

Bm-4, a novel member of the POU-III subclass of POU-domain proteins,
was id en tified from 0-2A pro g en ito r cell cDNA. Previously identified
mammalian members of the POU-III class include SCIP (Tst-1), Brn-1 and Brn2. The amino acid substitutions between Brn-4 and other members of the POUIII class lie predom inantly in the hom eodom ain (see Figure 15) which is
characteristically composed of three a-helices. In helix-1, Brn-4 differs from
Brn-1 and Brn-2 (which are identical in this helix-1) by two amino acids, and
from SCIP by three amino acids. In the second helix of the homeodomain Brn-4
is most similar to Brn-2; Brn-4 differs from Brn-2 by two amino acids, and from
both SCIP and Brn-1 by four amino acids (see Figure 15). Helix-3 overlaps the
PCR prim ers, so that complete sequence inform ation for this helix is not
available. In the previously published POU-domain proteins the sequence of
helix-3 is conserved among members of each class. Overall the amino acid
sequence of the POU-homeodomain of Brn-4 is most similar to Brn-2. The DNA
sequence sim ilarity among members of the POU-III class ranges from 81%
(Brn-4 versus SCIP) to 87% (Brn-1 versus SCIP). Overall, Brn-4 is more
distantly related to any of the other members than they are to each other (see
Table 4, Chapter 4).
P rotein -p rotein
homeodomain :

in te ra c tio n s

m ay

in v o lv e

h elix -1

of

the

Cfl-a is a member of the POU-III class of POU-domain proteins, found in
Drosophila. It has been suggested that Cfl-a has a role in the activation of the
dopa decarboxylase gene (ddc), based on its ablilty to bind to a neuron-specific
cis-active element in the enhancer of the ddc gene (Johnson and Hirsh, 1990;
Treacy et al., 1991). In solution, Cfl-a forms dimers with another Drosophila
POU-domain protein known as I-POU. After dimerising Cfl-a is unable to bind
to the promotor of the ddc gene so that I-POU may in effect act as a repressor of
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ddc gene expression. The Drosophila Cfl-a protein that binds to I-POU differs
from the mammalian Brn-2 protein by three amino acids in the first helix of
the homeodomain (see Figure 15). It has been shown that Brn-2 will bind to IPOU if all three amino acids are substituted so that helix-1 of Brn-2 is identical
to Cfla. The helical structure of helix-2 may also participate in the interaction
of Cfl-a with I-POU, as the introducttion of prolines at residues predicted to
disrupt the helical structure, prevented dimérisation (Treacy et al., 1992). Note
th at helix-2 and helix-3 of Brn-2 and C fl-a are identical. Helix-3 does not
appear to be required for dimérisation, and can even be deleted (Treacy et al.,
1992).
Helix-1 is also im portant for protein-protein interactions in other
classes of POU-domain proteins; for example Oct-1 (a m em ber of the POU-II
class) interacts with the Herpes Simplex virus (HSV) trans-activating factor
VP 16, via this helix. There is one amino acid change between Oct-1 and Oct-2
which prevents Oct-2, from binding VP16 (Pomerantz et al., 1992; Lai et al.,
1992). None of the amino acid changes between Cfl-a and Brn-2 (see above)
occur in the same place as that found between Oct-1 and Oct-2 (see Fig 7)
suggesting th a t d ifferen t am ino acids may be involved in form ing
heterodimers between Cfl-a and I-POU, and Oct-1 and VP 16. In contrast Pit-1, a
member of the POU-I class, forms homodimers via the POU-specific domain
(Ingraham et al., 1990), showing that other regions of POU-domain proteins
may also function in protein-protein interactions. The im portance of these
protein-protein interactions is well illustrated by Pit-1 and Unc-86, both of
which may require additional factors for proper activity: the prolactin gene
is not activated in all cells th at express Pit-1 and, sim ilarly, Unc-86 is
necessary b u t not sufficient for mec-3 expression. The co-factors and the
regions in Pit-1 and Unc-86 that interact with these co-factors have not been
defined.
Specificity of binding requires the POU-specific domain:
It has been suggested that the POU-specific domain gives the specificity
of binding to the proteins, while the hom eodom ain provides weaker, less
sequence-specific DNA binding: when the POU-specific domain is deleted from
Pit-1, its DNA binding specificity is relaxed so that it is able to bind sites, such
as the AT-rich "engrailed" site, th at the intact Pit-1 is unable to bind (see
Chapter 1) (Ingraham et al., 1990). In the POU-specific domain and the region
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linking it to the homeodomain, Brn-1 and Brn-4 are identical, while my Brn-2
sequence shows one amino acid change (not observed by He eta7.,1989) (which
could result from a PCR error). Since Brn-1, He et al.'s Brn-2, and Brn-4 are
identical throughout the POU-specific domain, they may bind to the same DNA
sequence. Oct-1 and Oct-2 bind to the same DNA sequence, but achieve their
functional differences from other regions such as the C’ term inal end (the Cterm inal of Oct-2 is required in the activation of the &-Globin prom oter in
HeLa cells (Tanaka and Herr, 1990)). Alternatively association with other
proteins may alter the POU-protein binding site (e.g Oct-1 binds to herpes
virus immediate early genes in association with VP16, which may stabilise
DNA-binding). Members of the POU-III group may, therefore, require regions
either at the amino or carboxy term inal ends or in the hom eodom ain, to
determ ine specific function or specificity of binding. This may be achieved
either directly or via interactions with other cellular proteins.
Brn-3a, Brn-3b and Brn-3c m em bers
differ predominantly in the linker region:

of

the

POU-IV class

cDNA encoding the novel POU-domain protein Brn-3b was isolated from
both P7 rat brain cDNA and 0-2A progenitor cell cDNA, while Brn-3c was
isolated only from 0-2A progenitor cell cDNA. Together Brn-3a, Brn-3b and
Brn-3c help to define a sub-family of mammalian Brn-3-related POU-domain
proteins. Sequence comparison of the new Brn-3-related POU-domain cDNAs at
the amino acid level shows th at most substitutions lie within the region
linking the POU-specific domain and the homeodomain (see Figure 16). Six
substitutions occur within the linker in corresponding positions, suggesting
that the amino acids within this region in this class of the POU-domain family
may not be functionally silent. The observation th at an insertion of six
additional residues into the linker of Oct-1 does not effect DNA binding (Sturm
and Herr, 1988), suggested that the linker does not play a part in binding to
DNA. Conversely the sequence conservation between members of different
species (Cfl-a and SCIP), and the discovery that the linker region can affect
the DNA-binding specificity of Oct-1 and Pit-1 chimeras, suggests th at the
linker region may have some function. It is not known w hether this influence
on DNA-binding is the result of sequence specific contacts by the linker
region, or the difference in size of the linker regions of Pit-1 (15 amino acids)
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or Oct-1 (24 amino acids) which may affect how the POU-specific region and
the homeodomain are aligned on the DNA (Aurora and Herr, 1992).
The hum an member of the POU-IV class, RDC-1 (Collum et al., 1992)
seems to have a deletion of one amino acid within the linker (see Figure 16).
The DNA sequence across this region of the linker in rat Brn-3a is very GC
rich and in my hands proved difficult to sequence because of gel compressions
(see earlier). It therefore seems possible that the apparent loss of an amino
acid in hum an RDC-1 com pared to rat Brn-3a might be the result of a
sequencing error. W ithout seeing the original sequencing gels it is not
possible to conclude that this is the case, but my experience and that of others
(J.Wood and D.Latchman personal communication), suggests that this is not
unlikely. In my opinion, therefore, the sequence of RDC-1 in the linker region
should be regarded with caution. This could also underlie the differences in
sequence obtained by independent groups for rat Brn-3a itself; the amino acid
sequence of Bm-3 a published in comparison with RDC-1 (Collum et al., 1992)
differs from all the previously published Brn-3 a sequences (He et al., 1989;
Lillycrop et al., 1992).
Compared to Brn-3a, an amino acid substitution occurs in the basic
region at the amino term inus of the homeodomain in Brn-3c (an R for a K),
and in helix-1 of the homeodomain of both Brn-3b and Brn-3c ( an I for a V).
Both of these changes are conservative and so may not be functionally
significant, although the substitution in helix-1 occurs at a position that has
been shown to be involved in the interaction of Oct-1 with VP16 (see above and
Figure 7). This amino acid in Oct-1 is acidic; its substitution for the neutral
amino acid alanine in Oct-2, is sufficient to prevent Oct-2 from binding to VP 16
(Pomerantz et al., 1992; Lai et al., 1992). I-POU, another member of the POU-IV
class binds to Cfl-a via its homeodomain, if helix-1 or helix-2 of I-POU are
interrupted by the insertion of proline residues, binding is abolished (Treacy
et al., 1992). At least one member of the POU-IV class, therefore, dimerises via
helix-1 of its homeodomain (see Chapter 5). Therefore, it is possible that the
substituted amino acid in helix-1, may enable Brn-3b and Brn-3c to interact
with a different co-factor(s) than Brn-3 a.
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0-2A progenitor cells express POU-domain cDNAs:
Several POU-domain proteins were detected in 0-2A progenitor cells by
PCR. Members of the POU-III classrepresented the m ajority (31/41) of the
clones sequenced. If the num ber of clones reflects the level of expression of
the genes then members of the POU-III class may be expressed at a higher
level in 0-2A progenitor cells than other POU factors. SCIP is known to be
expressed by 0-2A progenitor cells and may play a role in their differentiation
into oligodendrocytes (Collarini et al., 1992). It may be possible that the other
members of the POU-IV group; Brn-1, Brn-2 and the novel member Brn-4, also
have a role in oligodendrocyte development, perhaps acting in concert with
SCIP (see Chapter 4).
cDNAs encoding Brn-3a, Brn-3b and Brn-3c all members of the POU-IV
class, were also isolated from 0-2A cDNA, although at low frequency (4/41). It
is possible that they may be expressed at a low level in 0-2A progenitor cells
(below the level of detection of n o rth ern blots (see C hapter 4)), or
alternatively may have been amplified from contaminating cells in the 0-2A
cultures. If the latter were true, then it is possible that members of the POU-IV
class may be expressed by type-1 astrocytes or neurons rem aining after
panning.
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Figure 7. Amino acid sequences of members of the POU-domain family of transcription factors showing
representative members that help to define each class.
Partial amino acid sequences of POU-domain proteins. Sequence similarities separate these into five classes.
Sequences of members of the POU-I, POU-II and POU-IV classes (Unc-86), were used to devise the outer primer
sequences (primer 1 and primer 2) {He et al., 1989}, and all members of the POU-I, POU-II, POU-III (excluding Cfl-a) and
POU-IV (excluding I-POU) classes were used to devise the sequence of the inner primers (primer 3 and primer 4). The
positions of the primers are shown as arrows above the sequence comparisons (the sequence corresponding to the 5' end
of primer 1 is absent). The amino acids corresponding to the POU-specific domain, the linker region and the POUhomeodomain are indicated, and all amino acids that are conserved or conservatively substituted are enclosed in boxes.
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F ig u re 8. 2% a g a ro s e gel sh o w in g th e b r a in cDNA P O U -d o m ain PCR
p ro d u c t.
The p o ly m erase ch ain re a c tio n was u sed on cDNA m ad e from to ta l an d
p o ly A+ RNA, to iso la te m em b ers of th e POU -dom ain fam ily ex p ressed in ra t
b rain . W here 60 cycles w ere p erfo rm ed , 1 /2 0 o f th e first 30 cycle reac tio n was
used in th e seco n d 30 cycles. The PCR b u ffer used in th e reac tio n s lo a d ed in
lan es 1-6, 8 a n d 10 c o n ta in e d 4.5 mM m ag n esiu m . The b u ffe r u sed in PCR
reactio n s lo ad ed in lanes 7, 9 a n d 11 co n tain ed 2.5 mM m agnesium . 1 /1 0 of th e
am p lificatio n p ro d u c t was lo ad ed in each lane. A m plification p ro d u c t from :
Lane 1: 1 ng of PDGF p o sitiv e c o n tro l am p lified using specific p rim e rs
(3 5 0 bp reac tio n p ro d u ct).
Lane 2: 1 ng of b r n - 3 a p la s m id DNA a f te r 30 cy cles u sin g th e
d e g e n e ra te o u te r PCR p rim ers 1 a n d 2.
Lane 3: 1 ng of brn-5a. p la sm id DNA a fte r 30 cycles w ith th e o u te r
p rim ers 1 a n d 2, follow ed by 30 cycles w ith th e in n e r p rim ers 3 a n d 4.
Lane 4: cDNA m ad e from to tal ra t b ra in RNA a fte r 60 cycles, p rim ers as
above.
Lane 5: cDNA m ad e from poly A+ ra t b rain RNA a fte r 60 cycles, p rim ers
as above.
Lane 6: N egative co n tro l a fte r 60 cycles, p rim ers as above.
Lane 7: cDNA m ade from p oly A+ r a t b ra in RNAa fte r 60 cycles, p rim ers
as above.
Lane 8: H2 O a fte r 60 cycles, p rim ers as above.
Lane 9: H2 O a fte r 60 cycles, p rim ers as above.
Lane 10: H2 O a fte r 30 cycles using in n e r p rim ers 3 a n d 4.
Lane 11: H2 O a fte r 30 cycles using in n e r p rim ers 3 an d 4.
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Table 2. Members of the POU-domain fam ily isolated from rat brain
and 0-2A progenitor cell cDNA:
cDNA encoding POU-domain proteins were isolated from P7 rat brain
and 0-2A progenitor cell cDNA using the polym erase chain reaction. The
num ber of clones sequenced

th at encode each POU-domain protein are

indicated in the table. * at the time of isolation, these factors had not been
described in the literature.

POU-domain proteins

Brain cDNA

0-2A cDNA

Oct-2

1

0

Bm-1

5

4

Bm-2

0

1

SCIP

3

18

*Brn-4

0

9

Brn-3a

1

1

*Bm-3b

2

1

*Bm-3c

0

1

Number sequenced

15

41

69

371

Figure 9. 2% Agarose gel showing the 0-2A progenitor cell PCR
product.
T o tal RNA w as is o la te d fro m

0 -2 A

p r o g e n ito r cells a n d

re v e rs e

tra n sc rib e d to p ro d u c e cDNA w hich was th e n u sed fo r PCR. A 371 b p reactio n
p ro d u c t was p ro d u ced . In all cases 1 /1 0 of th e PCR reactio n p ro d u c t was ru n on
th e gel. Lanes 1-4, am plification p ro d u cts from:

Lane 1 : 1 ng o f B rn-3a p la sm id DNA a fte r 30 cycles w ith th e in n e r
p rim ers 3 an d 4.

Lane 2: cDNA m ad e fro m to ta l ra t b ra in RNA a fte r 30 cycles w ith
p rim ers 1 an d 2, followed by 1 /2 0 of this having 30 cycles w ith 3 an d 4.

Lane 3: cDNA m ade from 0-2A p ro g e n ito r cell RNA a fte r 60 cycles as
above.

Lane 4: H2 O after 60 cycles as above.

70

# sequenced 5’

# sequenced 3'

Oct-2

1

1

Brn-1

9

3

Brn-2

1

1

SCIP

18

7

Bm-3a

2

2

Brn-4

9

2

Bm-3b

3

3

Bra-3c

1

1

Table 3. Numbers of POU-domaln cDNAs sequenced:
Where possible several cDNA clones encoding POU-domain protein
were sequenced. The num ber of each sequenced and the directions they were
sequenced from, are indicated in this table.
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Figure 10. Sequencing gels showing the GC rich region of Brn-3a.
B rn-3a was s e q u e n c e d u sin g th e fo rw a rd s e q u e n c in g p rim e r (sen se
s tra n d ) A), a n d th e re v e rse s e q u e n c in g p rim e r (a n tis e n s e s tra n d ) B). A
co m p ressio n seen in A) (b rack eted ) shows on th e gel as an in te n se b a n d (bold
line) a n d resu lts in th e a p p a re n t loss of a n u cleo tid e . A c o m b in a tio n o f th e
seq u en ces gives 5' GGGCGCGCAGCGTGAGAAAA 3 ’, th is re p re s e n ts th e sense
sequence encoding GAQREK.
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Figure 11. Sequencing gels showing members of the POU-III class.

M em bers o f th e POU-III class are clo sely re la te d , b u t h av e d is tin c t
seq u en ces. A) show s p a rt of th e SCIP sequence. B), C) a n d D) show th e sam e
regions of th e Brn-4, Brn-1 a n d Brn-2 sequences respectively.
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Figure 12. A) 1% Agarose gel showing the POU-IV class RACE PCR
p ro d u ct and B) the gel b lo tte d onto nylon m em brane and probed
with the Bm-3a PCR product.
In an attem p t to isolate seq u en ce at th e 3' en d of m em bers of th e POU-IV
class, RACE PCR was p e rfo rm e d on cDNA m ade by rev erse tra n sc rip tio n of ra t
b ra in to ta l RNA. The te c h n iq u e uses a POU-specific p ro b e (R1 o r R2) a n d a
p rim e r in c o rp o ra te d d u rin g th e cDNA ste p (Ad). PCR w as p e rfo rm e d u sin g
various co m b in atio n s of th ese p rim ers. A b rn -3 a p lasm id was u sed as a positive
control a n d H 2 O was u sed as a negative control. In all cases 1 /1 0 of th e reacto n
p ro d u ct was loaded. Lanes show am plification p ro d u ct d eriv ed from:
A)

Lane 1: 123 bp m arkers.
Lane 2: 1 ng B rn-3a p la sm id a fte r 30 cycles w ih in n e r RACE p rim e r

(R2) an d in n e r POU-domain PCR p rim er 4.

Lane 3: Rat b ra in cDNA PCR p ro d u c t a fte r 30 cycles w ith o u te r RACE
a n d a d a p te r p rim es (R1 an d Ad), follow ed by 30 cycles w ith in n e r RACE (R2)
and Ad prim ers.

Lane 4: Rat b ra in cDNA a fte r th e first 30 cycles as above a n d a second
30 cycles w ith R2 alone.

Lane 5: Rat b ra in cDNA a fte r th e first 30 cycles as above a n d a second
30 cycles w ith Ad alone.
Lane 6: H2 O after 60 cycles w ith th e p rim ers u sed in lane 3.
B)

T he above gel was b lo tte d o n to n y lo n m e m b ra n e a n d p ro b e d w ith th e

Brn-3a PCR p ro d u ct. Lane loadings are as above, lane 1 has b een rem oved.
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F ig u re
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13.

POU-IV c la s s

RACE PCR p r o d u c t p r o b e d

w ith

A) B rn -3 a

o lig o n u c le o tid e p ro b e a n d B) B rn-3b o lig o n u c le o tid e p ro b e
T he gel from fig u re 12 was re p ro b e d w ith B rn-3a a n d B rn-3b specific
probes. Lane loading are am plification p ro d u cts d eriv ed from:
Lane 1: 123 bp m arkers.
L an e 2: 1 ng Brn-3a p lasm id a fte r 30 cycles w ih in n e r RACE p rim e r
(R2) an d in n e r POU-domain PCR p rim er 4.
L an e

3: Rat b ra in cDNA PCR p ro d u c t a fte r 30 cycles w ith o u te r RACE

a n d a d a p te r p rim es (R1 an d Ad), follow ed b y 30 cycles w ith in n e r RACE (R2)
and Ad prim ers.
L ane 4: Rat b ra in cDNA a fte r th e first 30 cycles as above a n d a second
30 cycles w ith R2 alone.
L ane 5: Rat b ra in cDNA a fte r th e first 30 cycles as above a n d a second
30 cycles w ith Ad alone.
Lane 6: H2 O a fte r 60 cycles w ith th e p rim ers used in lane 3.
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Figure 14. A )l% agarose gel show ing th e POU-III class RACE PCR
p ro d u ct, b lo tte d o n to nylon m em brane B) a n d p ro b ed w ith a SCIP
o lg o n u c le o tid e p ro b e .
RACE PCR was performed on cDNA made from 0-2A progenitor cell RNA
in order to isolate the 3’ end of members of the POU-III class of POU-domain
p ro te in s. N ested p rim ers w ere u sed in v a rie d com b in atio n s an d
concentrations. Purified primers were used in some reactions, these had been
selected for size by 'UV shadowing' (see Chapter 2, section XIV) c)). Where it is
not specified, the prim ers have not been purified. A negative control of H2O
was also used. In all lanes 1 /1 0 of the reaction pro d u ct was loaded.
Amphfication product from;
A) Lane 1: 123 base pair ladder.
Lane 2: 0-2A cDNA after 30 cycles with outer POU-III class prim er (R3)
and adapter prim er (Ad).
Lane 3; 0-2A cDNA after 30 cycles with purified outer primers (R3 and
Ad) followed by 30 cycles with purified inner primers (R4 and Ad).
Lane 4: 0-2A cDNA after 30 cycles with outer prim ers (R3 and Ad)
followed by 30 cycles with inner primers (R4 and Ad).
Lane 5: 0-2A cDNA after 30 cycles with a 1:20 dilution of each set of
prim ers.
Lane 6: 0-2A cDNA after 30 cycles with 1:20 dilution of inner prim ers
(R3 and Ad) followed by 30 cycles with the adapter (Ad) alone.
Lane 7: 0-2A cDNA after 30 cycles with a 1:20dilution of prim er R3
followed by 30 cycles with a 1:20 dilution of R4 and Ad.
Lane 8: H2O after 30 cycles with 1:20 dilution of R3 and Adfollowed by
30 cycles with a 1:20 dilution of R4 and Ad.

B)
Agarose gel above blotted onto nylon m em brane and probed with a
SCIP specific oUgonucleotide probe.
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Figure 15. Amino acid sequence com parison of m em bers of the POU-III class of POU-

dom ain proteins detected in Drosophila (Cfl-a) and Rat (SCIP, Brn-1, Brn-2 and Brn-4). The
am ino acid sequence com pared is the length of sequence th at lies between my two inner PCR
prim ers. The positions of am ino acid substitutions betw een Drosophila C fl-a and the rat
proteins (boxes) and betw een different m em bers of the ra t POU-III factors (shaded boxes)
are indicated. The POU-specific domain (divided into two domains), the linker region, and the
POU-homeodomain are indicated, as are two of the helices found in the POU-homeodomain.
Most of the differences between th e rat POU-III class p roteins lie w ithin the hom eodom ain
region.
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F igure 16. Amino acid sequence com parison of m em bers of th e POU-IV class of POUdom ain proteins detected in C.elegans (Unc-86), Drosophila (1-POU), hum an (RDC-1) and rat
(Brn-3a, Brn-3b, Brn-3c) cDNA. The p art of th e protein shown in this figure is the p art th at
lies betw een my inner PCR prim ers. The positions of am ino acid substitutions between POUIV class proteins of oth er species and rat (boxes) and betw een different m em bers of the rat
POU-IV factors (shaded boxes) are indicated. The amino acid sequence th at forms p art of the
POU-specific domain, linker region, and p art of the hom eodom ain, are indicated. Helix-1 and
Helix-2 of the POU-homeodomain are also labelled. Most of th e differences betw een the rat
members of the POU-IV class lie within the linker region.
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Chapter 4
Expression of POU-domain proteins in
the developing nervous system
and the 0-2A lineage
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Chapter 4
In Chapter 3, I described the identification of cDNAs encoding POUdomain proteins from P7 rat brain and enriched cultures of 0-2A progenitor
cells. Among those identified were members of the POU-111 class including
SCIP (Tst-1), Brn-1, Brn-2 and the novel Bm-4 (see Figure 17). Members of this
class appeared to be represented at higher levels than members of other
classes of POU-domain proteins in both brain and 0-2A PCR products (see
Chapter 3, Table 2). Members of the POU-1 and POU-11 class were not detected in
0-2A progenitor cell PCR products, and only a few clones of members of the
POU-IV class were detected. 1, therefore, suggested that the POU-111 class may
be expressed at higher levels in the CNS and 0-2A progenitor cells, compared to
other classes of POU-proteins, and that they may have some role in the 0-2A
lineage during development.
SCIP (Tst-1), which was originally detected in rat testes RNA (He et al.,
1989), is the best studied member of the POU-111 class of POU-domain proteins.
It is expressed in Schwann cells the PNS equivalent of oligodendrocytes, where
it has been suggested on the basis of co-transfection assays in cultured
Schwann cells that SCIP regulates transcription of the myelin basic protein
(MBP), protein zero (Po), and nerve growth factor recepter (NGFR) genes
(Monuki et al., 1990). In these transfection assays SCIP can bind to the
prom oter region of the Po gene, and can inhibit transcription from the Po and
MBP genes. In vivo, SCIP expression is transiently activated in Schwann cells
only during the period of rapid cell division that precedes the myelinating
phase of Schwann cell developm ent, and is re-expressed in regenerating
nerves following nerve transection, which stimulates a burst of Schwann cell
proliferation. The initial progression of Schwann cells to the myelinating
phase and the maintenance of this phenotype, depends on contact-m ediated
interaction with axons, and the phenotypic progression of m yelinating
Schwann cells is reversed on disruption of axonal contact (SCIP expression
may require axonal signals -see Chapter 6). SCIP may, therefore, have a dual
role in m aintaining cell division while repressing genes expressed by
differentiated Schwann cells.
There is other evidence th at POU factors may be involved in cell
proliferation; Oct-1 and Oct-2 have been shown to stimulate DNA replication in
vitro (Verrijzer et al., 1990), and Pit-1 antisense oligonucleotides inhibit
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proliferation of pituitary cell lines (Castrillo et al., 1991). Oct-6, the mouse
homologue of SCIP, is also expressed in proliferating embryonic stem cells and
embryonal carcinoma cells (Suzuki et al., 1990; Meijer et al., 1990) along with
Oct-3/4, and both are down-regulated when the cells in vitro are induced to
stop dividing and differentiate with retinoic acid. In addition POU-domain
proteins appear to be highly expressed in regions of the early embryo, such as
the ventricular zone of the neural tube, th at are populated by rapidly
proliferating progenitor cells (He et al., 1989). As development proceeds this
early expression disappears, and is replaced in the adult by a pattern in which
individual POU domain genes are expressed in restricted sets of differentiated
cells. POU-domain proteins may, therefore, act first as transiently expressed
regulators in proliferating progenitors and then later in differentiated cells.
Recently it has been dem onstrated th at SCIP mRNA (and protein) is
expressed in 0-2A progenitor cells that are prolferating in vitro under the
action of growth factors. SCIP mRNA is down-regulated within 6 hours after
growth factor withdrawal, which initiates differentiation of 0-2A progenitor
cells into oligodendrocytes (the CNS equivalent of Schwann cells) (Collarini et
al., 1992). Following the down-regulation of SCIP, myelin specific gene
expression is activated: cyclic nucleotide phosphodiesterase (CNP) mRNA
appears within 24 hours (see Figure 19), while MBP mRNA appears between 24
and 72 hours (Collarini et al., 1992). These results suggest that SCIP might be
involved in repressing the expression of the myelin genes. However, SCIP
mRNA is also down-regulated when 0-2A progenitor cells are induced to
differentiate in vitro into type-2 astrocytes which do not express myelin
genes. This suggests th at SCIP may not be directly involved in regulating
myelin specific gene expression in the 0-2A lineage, but instead may be
im portant for maintaining 0-2A progenitor cells in a proliferative state; a role
that has already been suggested for SCIP in Schwann cells.
In this Chapter I describe experiments aimed at illuminating the role of
members of the POU-III class of transcription factors during CNS development,
p articu larly during the d ifferentiation of 0-2A p ro g en ito r cells into
oligodendrocytes. In this Chapter I describe studies of the expression patterns
of SCIP and other members of the POU-III class of transcription factors during
nervous system develoment, and during devlopment of 0-2A progenitors into
oligodendrocytes in vitro. In situ hybridisation studies showed that all of these
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factors (excluding brn-2) are transiently expressed in the brain and spinal
cord, presum ably in developing neurons as well as glia. N orthern blot
analyses of mRNA prepared from enriched 0-2A progenitor cell cultures at
various times after the initiation of oligodendrocyte differentiation in vitro
dem onstrated complex dynamics of expression of POU-III factors at the mRNA
level during cell differentiation.
These experiments also address the question of whether POU-domain
proteins may be useful as lineage m arkers in general, and in particular
whether a POU-domain protein could be used as a marker for the 0-2A lineage.
In order to be able to understand the development of 0-2A progenitor cells it is
necessary to be able to follow the lineage during early stages of development,
which requires some method for marking these cells.
Results
The polymerase chain reaction was used to isolate cDNA encoding the
homologous POU-domain region of POU proteins, so that probes corresponding
to members of each class of POU-domain protein were only available to this
region. Dot-blot experiments were perform ed to determ ine w hether these
probes cross-react, or whether studies using these probes were meaningful.
Cross-hybridisation of POU-domain probes:
Dot blots were conducted with DNA probes to different members of the
POU-domain family. A dilution series (40 ng, 4 ng, and 0.4 ng) of plasmid DNA
was dotted onto nylon membrane in a volume of 1 |xl, denatured and fixed.
These dot blots were then probed with POU-domain probes representing
members of the POU-III and POU-IV sub-groups to determ ine the extent of
cross-hybridisation of these probes.
ICross-hybridisation could be detected between members of different classes
when 40 ng of DNA was present. When this was reduced to 4 ng of DNA, crossIhybridisation between members of different classes could not be detected (see
Figure 18), although some cross-hybridisation could be detected between
members of the same class of POU-domain proteins (the hybridisation detected
was not as strong as when the com plem entary probe was used and could
p ro b ab ly have been red u ced fu rth e r w ith m ore strin g en t w ashing
conditions).

The percentage homology at the nucleotide level is shown in
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Cross-hybridisation is n o t dependent on the concentration of DNA
present, however, the ability to detect it is; at low DNA concentrations
hybridisation will still take place although it may be undetectable when the
blot is exposed to the diagnostic film for only a short time.
The Dot blots were hybridised with DNA probes at low stringency- under
these conditions cross-hybridisation may be greater than under the m ore
stringent conditions used for probing northerns (which use DNA probes on
RNA) and for in situ hybridisation studies (which use RNA probes on RNA).
Cross-hybridisation m ay be further reduced by the fact that RNA-RNA bonds
and DNA-RNA bonds are stronger than DNA-DNA bonds, and by the use of an
RNase step in the in situ hybridisation protocol.

Table 4. Cross-hybridisation between members of the POU-IV class appeared to
be stronger than between members of the POU-III class. This is consistant with
the percentage homology of the nucleotide sequences of members of these
classes the POU-IV class show an _85% homology, whereas the POU-III class
generally show ~82%. Although cross-hybridisation was detectable, it was low
and it was judged that the probes were sufficiently specific to yield useful
inform ation on N orthern blots and in in situ hybridisation studies. POUdomain probes were used for generating the results described in this Chapter
and Chapter 5.
Expression of members o f the POU-III and POU-IV classes of
POU-domain proteins in 0-2A progenitor cells by northern blot
analysis:
The expression of POU-domain proteins in differen tiatin g 0-2A
progenitor cells was investigated by northern blot analysis. 0-2A progenitor
cells were cultured in the presence of platelet derived growth factor (PDGF)
and basic fibroblast grow th factor (bFGF), and d ifferen tiatio n into
oligodendrocytes was initiated by the removal of these growth factors from the
culture medium (see Chapter 1). Total RNA was isolated from 0-2A progenitor
cells in the presence of PDGF and bFGF, and at various times after the
withdrawal of growth factors form the culture medium (6, 24 and 72 hours).
Using th e expression of galactocerebroside (GC) as a m arker for
oligodendrocytes, most of the 0-2A progenitor cells in these cultures have
differentiated by 72 hours following growth factor withdrawal. The RNA
isolated was run on a form aldehyde gel, blotted onto nylon m em brane
(Collarini et al., 1992) and probed with 32p_iabelled probes corresponding to
the POU-domains of cDNAs encoding members of the POU-III and POU-IV
classes. In this way, genes encoding SCIP, Brn-1 and Brn-4, all members of the
POU-III class of POU-domain proteins, were shown to be expressed in 0-2A
progenitor cell RNA (see Figure 19 and 20). A SCIP POU-domain probe (Figure
19) and a specific SCIP probe (Figure 20) detected the same transcript. mRNAs
encoding members of the POU-IV class were not detected in 0-2A RNA on
northern blots. Their detection in these cells by PCR may indicate that they
are expressed in 0-2A progenitor cells at levels below the sensitivity of
Northern blot analysis, or that they are expressed in contam inating cells in
the 0-2A progenitor cell cultures, detectable only by PCR sensitivity or only
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present in the cultures used in the PCR experiments. Probes were not used
against mRNAs encoding members of other POU-domain classes (POU-I, POU-II
and POU-V, see Figure 7), as these had not been detected in 0-2A progenitor cell
cDNA by PCR.
Regulation of expression of mRNA encoding members of the
POU-III class in the 0-2A lineage :
SCIP, brn-1, brn-2 and brn-4 mRNAs are all detected on northern blots,
in RNA isolated from 0-2A progenitor cells using probes against the POUdomain (see Figure 19). These northern blots show that SCIP mRNA is downregulated 6 hours after growth factors are w ithdraw n from the culture
medium (see Figure 19). This corresponds to the results seen using a 1.1 kb
probe com plem entary to the 3' coding and non-coding region of SCIP
(Collarini et al., 1992) (see Figure 20), which dem onstrates th at probes
corresponding to the POU-domain alone can be useful for determ ining the
expression patterns of these genes.
0-2A progenitor cells are induced
serum (see Chapter 1) (see Figure
specific SCIP probe (Figure 20) and

SCIP does not appear to be expressed when
to form type-2 astrocytes in 10% fetal calf
20). The SCIP transcript detected with the
the POU-domain probe is _3.3 kb (see Figure

19). Using the SCIP POU-domain probe a smaller transcript was also seen on
one northern blot probed (data not shown), this may indicate that another
smaller transcript of SCIP exists in 0-2A progenitor cells (it has been suggested
that a smaller transcript exists in rat brain (Hara et al., 1992)), or that the SCIP
probe variably cross-reacts with another lower molecular weight transcript,
corresponding perhaps to some other as-yet-unidentified POU-factor.
A 4.6 kb transcript of brn-1 is detected in 0-2A progenitor cell mRNA
(see Figure 19). brn-1 mRNA appears to be dow n-regulated when 0-2A
progenitor cells are induced to differentiate into oligodendrocytes (see Figure
20). Like SCIP, brn-1 mRNA is reduced to low levels within 6 hours of growth
factors are withdrawn. However, unlike SCIP the brn-1 transcript appears to
be up-regulated again at later times after growth factor withdrawal. Also
unlike SCIP,brn-1 is not down-regulated in type-2 astrocytes (see Chapter 1). A
novel, 7.6 kb transcript is detected with the brn-1 POU-domain probe in type-2
astrocytes, but not in oligodendrocytes or undifferentiated 0-2A progenitor
cells (see Figure 19 and 20). Another brn-1 transcript (3.3 kb) may also exist
th at comigrates with SCIP transcript on northern blots and which is down-
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regulated on the same time scale as SCIP (data not shown) This transcript has
also been detected in rat brain RNA probed with a specific probe for brn-1
(Hara et al., 1992), which suggests th at it may not result from cross
hybridisation. brn-1 and SCIP transcripts exhibit 88.6% homology at the
nucleotide level within the POU-domain, so that cross-hybridisation cannot be
ruled out (Table 4).
brn-2 appears to be extremely weakly expressed in 0-2A progenitor
cells (data not shown). It appears to be down-regulated within 72 hours of
growth factor withdraw al, when 0-2A p rogenitor cells are induced to
differentiate into oligodendrocytes. At earlier time points after the withdrawal
of growth factors a low level of transcript can still be seen. The transcript that
is detected is smaller than SCIP.
brn-4 is also expressed in 0 -2 A progenitor cells. The brn-4 probe
hybridises to a 4.4 kb transcript (see Figure 19). The brn-4 transcript is not
regulated during differentiation into oligodendrocytes induced by the
withdrawal of growth factors, but appears to rem ain at a constant level
throughout the differentiation time course (Figure 20). The brn-4 transcript is
also detected in RNA isolated from cultured type-2 astrocytes. Thus brn-4
appears to be constitutively expressed in the 0-2A lineage.
E xpression
progenitor cells:

of

m em bers

of

th e

POU-IV

cla ss

in

0 -2 A

The same blots hybridised with probes corresponding to the POUdomains of members of the POU-IV class, suggest that despite being detected in
0-2A progenitor cell cultures by PCR (see Chapter 3), members of this class are
not expressed in these cells. The Brn-3a, Brn-3b and Bm-3c PCR products may,
therefore, have been isolated from cDNA generated from contaminating cells
in the 0-2A progenitor cell cultures. Alternatively these transcripts may be
expressed at extrem ely low levels in the 0-2A lineage so th at sensitive
techniques such as PCR are required to detect them. Transcripts encoding
members of the POU-IV class are, however, readily detected in RNA isolated
from spinal cord and dorsal root ganglia (DRG)(see Chapter 5).
When the blot was probed with the PCR product two low molecular
weight transcripts were detected th at were not down-regulated during 0-2A
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progenitor cell differentiation. These did not appear to correspond to the
transcript seen with POU-III class probes and may indicate that other POUdomain proteins are expressed in the 0-2A lineage, but were not cloned during
the PCR cloning process. Alternatively, these transcripts may indicate that
non-specific PCR products are present in the PCR mix (already indicated when
the PCR p ro duct was sequenced) which may arise from the non-specific
binding of prim ers to templates in the cDNA. If these templates are abundant
then they may be detected by northern blot analysis using the PCR mix as a
probe (data not shown).
In situ h y b rid isation stu d ies
group using POU-domain probes:

on

m em bers

of

the

POU-III

The expression patterns of SCIP, brn-1, and brn-4 in em bryonic rat
were investigated by in situ

hybridisation, using the POU-domains of their

cDNA clones as templates to generate ^^s-iabelled antisense and sense RNA
probes. These probes were hybridised to coronal sections from embryonic day
14 (E14), E l6, E l8 and neonatal (PO) rat spinal cord, to determine the expression
patterns of these genes in the spinal cord during development. Sections from
cervical, thoracic, and lum bar regions were used to give an idea of the
distribution of the transcripts along the antero-posterior axis. Sagittal sections
of the E14,E16, E l8 and PIG brain were also studied. These experiments suggest
that members of the POU-III class are restricted to the nervous system.
SCIP is expressed in the spinal cord ( CNS), but not the dorsal root
ganglia (DRG) (PNS) at E14, E16 and E18 (Figures 21, 22 and 23). Its expression
pattern becomes less intense during this time, and can barely be detected by
E l8 and cannot be detected in either the spinal cord or the DRG at PO. At E14
SCIP is widely expressed throughout the gray m atter of the spinal cord, but
appears to be most strongly expressed in two columns of m otor neurons lying
on either side of the central canal in the most ventral part of the spinal cord
(in lamina IX) in the cervical and lum bar regions, and in two medio-Iateral
colum ns in thoracic sections, which may correspond to pre-ganglionic
neurons (see Figure 21)(see Discussion). SCIP also appears to be expressed in a
num ber of regions outside the ventricular zone at E l4 (Figure 21) at all levels
studied; these may correspond to both ascending and descending tracts of the
spinal cord whose axons send and receive inform ation from the brain (the
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It is possible that SCIP may also be expressed by glial cells in the E14 and
E l6 spinal cord; it has been suggested that oligodendrocyte precursors first
appear at E14 (in the ventral half of the spinal cord). 0-2A progenitor cells
stop dividing and start to differentiate into oligodendrocytes on the day of
birth. N ortherns have suggested that this coincide with the down-regulation
of SCIP, which may also be reflected by the in situ hybridisation results (SCIP
is not detected after E l8). However, it has previously been suggested that the
PDGF-aR is expressed by the 0-2A lineage, and that the 0-2A lineage originates
in two longitudinal columns in the ventral half of the spinal cord (Pringle and
Richardson 1993). If PDGF-aR expressing cells are 0-2A progenitor cells, then
SCIP (brn-1 and b rn -4) expression by the 0-2A lineage is not detected in these
studies; these columns are not detected by SCIP (or brn-1, or b rn -4) in situ
hy b ridisation studies. There is evidence th at several d istinct types of
astrocytes exist in the developing rat spinal cord, and it is possible that these
may be expressing SCIP (in addition to neurons). Other members of the POU-111
class may also be expressed by these glial cells.
It has previously been suggested that other members of the POU-111
class are expressed in m elanocytes at this age (C. Coding personal
com m unication).

nuclei of the tract neurons are found in the gray matter), or alternatively may
correspond to the cell bodies of intemeurons.
At E l6 SCIP is still expressed in cervical and lum bar sections in the
motor neuron columns in the most ventral part of the spinal cord, either side
of the central canal. Expression may also occur in the ascending and
descending tracts of the spinal cord or in the cell bodies of interneurons (see
above and Figure 22). In the lum bar sections expression is seen widely
throughout the gray m atter of the spinal cord,
thoracic sections expression shows greater spatial
the thoracic sections SCIP is strongly expressed in
of the midline of the spinal cord, which may

while in the cervical and
restriction. For example in
two regions on either side
again correspond to p re 

ganglionic neurons, seen in thoracic sections at E l4. In other parts of the
spinal cord at the thoracic level the expression p attern follows the pattern
seen in the cervical sections and appears to be confined to the ascending and
descending tracts. The reduced expression in the cervical section may Indicate
that SCIP expression is starting to be down-regulated. By El 8 SCIP expression is
weak and is restricted to two regions on either side of the midline, which are
only seen in the cervical sections (see Figure 23). At PO expression cannot be
detected in the spinal cord (see Figure 23), which suggests that SCIP gene
expression has been down-regulated.
In the El 6 sections SCIP also appears to be expressed in a layer of cells
in the epidermis which may correspond to melanocytes. Melanocytes are
derived from the neural crest (which also gives rise to the peripheral nervous
system) (see Figure 22).
In the sagittal sections of the brain SCIP is detected weakly in the cortex
and nasal epithelium at E l4 and in the cortex and superior and inferior
colliculi at E l6 (see Figure 24). At PIG SCIP expression appears to be confined to
the hippocampus, possibly in the CAl layer (which is confirmed by the in situ
hybridisation studies using a SCIP specific probe- see below), and to the
pyram idal and cortical neurons of the cortex. These in situ hybridisation
studies on sagittal sections are preliminary studies.
brn-1 is not expressed as strongly as SCIP in the spinal cord; when
sections were probed for brn-1 they were exposed for four weeks as opposed to
the two weeks that were sufficient for the SCIP probe. Like SCIP, brn-1 is not
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detected in DRG. Expression of brn-1 appears to be expressed throughout the
spinal cord, with possibly some restriction at E l4 in the lum bar sections in
what may be the nuclei of ascending or descending spinal cord tracts, or the
cell bodies of interneurons (see Figure 21).
By E l6 expression of brn-1 is weak; expression is not seen in cervical
sections, and may be expressed weakly in thoracic sections, b u t rem ains
strongest at the lumbar end of the spinal cord where expression is widespread
(Figure 22). This may be due to a systemic tem poral lag in development along
the length of the spinal cord (the anterior end of the embryo is more mature
than the posterior end by as much as 1 1/2 days), rather than to any spatial
difference in gene expression, brn-1 gene expression may, therefore, start to
be down-regulated by E l6. At E l8 and PO brn-1 cannot be detected in the spinal
cord, brn-1, like SCIP is also seen at E l6 in a layer of cells in the epidermis,
which may correspond to melanocytes.
In sagittal sections of the brain, brn-1 can be detected at E l4 throughout
the cortex, where it is strongly expressed. At E l6 brn-1 mRNA can be detetced
throughout the brain, brn-1 cannot be detected in the brain at E l8 (not
shown) or at PIG (see Figure 24). In these sections brn-1 appears to be
expressed throughout the spinal cord at E l6, which contradicts the results of
in situ hybridisation studies on transverse sections.
brn-4 does not appear to be expressed in either the spinal cord or DRG
between E l4 and PO (or may be weakly expressed at E l4 in the ventricular zone
at all levels of the spinal cord and at E l6 in the ventricular zone of lum bar
sections of the spinal cord (and was not isolated from P7 rat brain by PCR),
when sections were exposed for four weeks (see Figures 21, 22 and 23). The
probe was tested on a formaldehyde gel to show that the in vitro transcription
had worked, before it was added to the sections, so the lack of any signal did not
correspond to an absence of RNA probe.
At E l6 there may be some brn-4 expression in melanocytes in the
epidermis. Some expression may also occur in the brain; in the sagittal
sections it is detected weakly in the midbrain at E l4 and in the cortex at E l6,
but does not appear to be expressed in the brain at PIO (see Figure 24).
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The expression pattern of SCIP with a specific probe:
SCIP in situ hybridisation studies were also perform ed with an 35Slabelled probe corresponding to the 3’ untranslated and translated ends of SCIP
(obtained from G. Lemke). This probe should not cross-react with other POUdomain transcripts because although these proteins are highly homologous
within the POU-domain, they show no homology outside this region. Coronal
sections of rat brain were studied, from various developmental time points (E l6
to PO). At E l6 there is a broad band of SCIP expression in the developing cortex,
extending out from the subventricular layer (Figure 25, a). Expression is also
seen in the retina. At El 8 expression in the cortex appears to have moved
outwards (Figure 25, b), and by PO expression appears to be strongest in the
outermost cortex (Figure 25, c). Expression is also seen in the rest of the cortex
and in the tongue at this age. At P5 there does not appear to be any obvious
labeling in the optic nerve tract, (which is peculiar because a transcript can
be detected on Northerns at P14 (Monuki et al., 1989)), which is composed
primarily of glial cells (oligodendrocytes and astrocytes) and axons (neuronal
cell bodies, and neuronal mRNA, remain ouside the optic nerve) (Figure 25, d).
By P20 SCIP is strongly expressed in the CAl layer of the hippocampus, as well
as being weakly expressed in the pyram idal neurons and cortical neurons in
the cortex (see Figure 25, e).
SCIP is also expressed in the retina at E l6, which confirms that SCIP Is
not confined to myelin forming cells since the retina is not myelinated. At E l8
SCIP is expressed in the amygdaloid nuleus, in the brain. At P5 there is intense
labeling in the trigem inal nerve outside the brain. SCIP expression stops
abruptly where the nerve enters the brain. This sharp cut-off of expression
may occur because SCIP is expressed by the Schwann cells surrounding the
trigeminal nerve in the PNS, but is absent from the CNS (see Figure 25, d).
Discussion:
The POU-domain is useful as a probe for the POU-III class of
POU-domain proteins:
The dot-blots suggest th a t cross-hybridisation is g reater among
members of the same subclass, than across sub-class boundaries. It appears
that cross-hybridisation among members of the POU-III sub-class may be less
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then among the POU-IV sub-class (this is reflected in the in situ hybridisation
studies, in which probes corresponding to the POU-IV sub-class crosshybridise- see Chapter 5). Overall, although cross-hybridisation was detected
under the conditions used, POU-domain probes were judged to be sufficiently
specific to yield useful inform ation on N orthern blots, and in in situ
hybridisation studies. The specificity of the POU-domain probes used in the in
situ hybridisation studies is increased by the RNAse step included in the
protocol. This cuts the non-specific hybrids into short lengths, which wash off
more easily than specific longer hybrids, during the washing stage of the
protocol.
Within the POU-111 and POU-IV sub-classes of POU-domain proteins,
members show similar levels of homology (POU-111 _82% and POU-IV ~85%)
(Table 4). The differences in the ability of POU-domain probes to crosshybridise may, therefore, be partly due to the spacing a n d /o r the G-C content
of th e hom ologous regions in the POU-domain. Small differences in
hybridisation and washing conditions between experiments, may also affect
the ability of probes to cross-hybridise.
Members of the POU-111 class are all expressed in the 0-2A
lineage:
The northern blot analyses suggested th at all members of the POU-111
class are expressed in the 0-2A lineage while members of the POU-IV class are
not. During 0-2A progenitor cell differentiation mRNAs encoding members of
the POU-111 class are separately regulated.
SCIP is down-regulated on differentiation of 0-2A progenitor
cells into oligodendrocytes:
Using the POU-domain as a probe one main 3.3 kb SCIP transcript was
detected, this corresponds to previously published d ata in which one
transcript of 3.5 kb was detected (Hara et al., 1992). A smaller transcript was
also detected on one occasion, which may correspond to the smaller transcript
of 2.5 kb detected in rat brain using a specific probe (Hara et al., 1992). This
sm aller b and may, indicate an alternatively spliced form of SCIP (6
alternatively spliced forms of oct-2 and an alternatively spliced Drosophila
gene, 1-POU and tl-POU, have been observed (Stoykova et al., 1992; Hatzopoulos
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et al., 1990; Treacy et al., 1992)), or the use of alternative initiation sites for
SCIP gene expression (observed for pit-1 and oct-3/4), rather than cross
hybridisation.
The main transcript of SCIP is down-regulated within 6 hours of growth
factor withdraw al in vitro, and, therefore, appears to be expressed in
proliferating progenitor cells, but not in postmitotic oligodendrocytes. Within
24 hours of SCIP dow n-regulation the myelin-specific gene CNP is upregulated.

SCIP is also dow n-regulated w hen 0-2A p ro g en ito r cells

differentiate into type-2 astrocytes

which do not express myelin-specific

genes. SCIP does not, therefore, appear to be directly linked to the regulation
of myelin-specific genes such as CNP in the 0-2A lineage (as has been
suggested in Schwann cells where SCIP is thought to bind to the prom oter of
myelin specific genes such as the Po, CNP and MBP genes (Monuki et al.,
1990)). Instead SCIP may be linked to a particular cell state, and may have a
role in the stim ulation of proliferation, or the inhibition of differentiation.
Recently it has been shown th at the POU-domain of Oct-6 can stim ulate
adenovirus DNA replication in vitro (Verrijzer et al., 1992), suggesting that
POU-domain proteins may have some function in cellular DNA replication.
A specific SCIP probe corresponding to the 3' end of the SCIP transcript
also shows that SCIP gene expression is down-regulated when 0-2A progenitor
cells differentiate into oligodendrocytes, indicating that the POU-domain probe
is hybridising to the SCIP transcript.
0-2A progenitor cells have PDGF receptors (PDGF-R), and divide in
response to PDGF. During development 0-2A progenitor cells differentiate into
oligodendrocytes. One of the events that leads to this differentiation is the
inability of cells expressing the PDGF-R to respond to PDGF. In vivo th e
differentiation into oligodendrocytes proceeds by a strict tim e scale;
oligodendrocytes first appear on the day of birth and continue to be born for
several weeks. Neither the molecular mechanisms involved in this inability of
0-2A progenitors to respond to PDGF, nor the correlation between PDGF and
SCIP, are understood.
In vivo PDGF is not withdrawn, but PDGF mRNA is present in the brain
and optic nerve from before birth into adulthood (Richardson et al., 1988;
Pringle et al., 1989), suggesting that PDGF may be continuously available. In
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vitro cells will also eventually stop responding to PDGF irrespective of how
much is present in the culture medium. Loss of responsiveness to PDGF is not
caused by the loss of PDGF receptors (Hart et al., 1989b); newly formed post
mitotic oligodendrocytes have functional PDGF receptors that are linked into at
least part of the cells signal transduction apparatus, PDGF stimulation of young
oligodendrocytes in vitro leads to elevation of cytosolic Ca^+ (Hart et al., 1989a),
and activation of proto-oncogene products c-Jun and c-Fos in the nucleus. The
inability of a cell to respond to PDGF may be caused by a block in one of the
intracellular second messenger systems that transduces the mitogenic signal,
or by a deficiency in p art of the cells' replication m achinery. The mitotic
block th at develops in an 0-2A progenitor cell and causes it to drop out of
division and differentiate into an oligodendrocyte, lies downstream of nuclear
proto-oncogene activation, or alternatively in an as-yet-unidentified parallel
signalling pathw ay (Collarini et al., 1991). The dow n-regulation of
transcription factors such as SCIP may lie downstream of this block in the
mitogenic program.
The exact function of the down-regulation of SCIP is not understood, it
may have a direct role in differentiation, or alternatively may be a
consequence of differentiation. Expression of SCIP and the myelin genes are
inversely correlated, and it is possible that PDGF might cause oligodendrocytes
to be generated at a controlled rate during developm ent by regulating the
decline of SCIP; it is possible that PDGF (and bFGF) actively suppress the level
or ^ ctivety^of a protein th at is involved in the down-regulation of SCIP,
removal of these growth factors may allow expression of this protein, or
activate this protein which may then repress SCIP expression. Cycloheximide
induces SCIP expression (Monuki et al., 1989), suggesting th a t protein
synthesis is required to m aintain SCIP down-regulation. A protein may
directly repress SCIP gene expression, or (^f f è ^ the stability of a SCIP
transcript.
If the down-regulation of SCIP has a direct role in differentiation, then
experiments in which the SCIP protein is prevented from functioning, or is
removed (for example by the addition of antisense oligonucleotides), should
cause the 0-2A progenitor cells, in which it is expressed, to stop dividing and
differentiate.

92

b rn - 1 is tran sien tly dow n-regulated when 0-2A progenitor
cells are induced to differentiate into oligodendrocytes and is upregulated w hen th ey are in d uced to d ifferen tia te in to Type-2
astrocytes:
Two m ajor transcripts of brn-1 are detected, the sm aller 4.8 kb
transcript (corresponding to that previously published (Hara et al., 1992)) is
like SCIP, down-regulated within 6 hours of growth factor withdrawal, but is
then up-regulated after 72 hours. This transcript of brn-1 appears to be
expressed in 0-2A progenitor cells and in oliogdendrocytes, (but not in cells in
a transition state between the two) and is, therefore, expressed in both
proliferating and postm itotic cells. This transcript is also detected in type-2
astrocytes. The larger 7.6 kb transcript appears to be up-regulated when 0-2A
progenitor cells are induced to differentiate into type-2 astrocytes in culture.
Since type-2 astrocytes are postmitotic POU-domain proteins are obviously not
only associated with proliferating cells. A larger brn-1 transcript of 8.0 kb
has also been detected in brain RNA (Hara et al., 1992), if this transcript
corresponds to the larger transcript detected in 0-2A progenitor cells then it
may be expressed by cell types other than type-2 astrocytes (type-2 astrocytes
have not been observed in the brain). Brn-1 may be expressed in neurons
(also suggested by in situ hybridisation studies), or in other glial cells such as
type-1 astrocytes, which are also abundant in the brain. If brn-1 is expressed
in type-1 astrocytes then it is possible th at it may have some role in the
expression of astrocyte-specific genes, such as glial fibrillary acidic protein
(GFAP) which is expressed by both type-1 and type-2 astrocytes in culture.
A smaller (3.3 kb) transcript that comigrates with the SCIP transcript
was also detected with the brn-1 probe. It is possible that the brn-1 probe may
cross-hybridise with SCIP since at the nucleotide level these cDNAs show 88.6%
homology (see Table 4). However, a transcript th at comigrates with SCIP
(published size 3.5 kb) is also detected in brain RNA using a brn-1 specific
probe (Hara et al., 1992), suggesting that this smaller transcript detected in O2A progenitor cells may indeed be a brn-1 transcript.
The control of brn-1 gene expression by growth factors such as PDGF is
not understood. Control of POU-domain proteins by growth factors has been
dem onstrated by the up-regulation of oct-2 in sensory neurons by nerve
growth factor (NGF) (Wood et al., 1992) (oct-1 and brn-3a gene expression are
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unaffected), as well as being indicated by the down-regulation of SCIP on
withdrawal of PDGF.
brn-2

is

dow n-regulated

when

0 - 2 A p rogen itor

cells

are

induced to differentiate into oligodendrocytes:
A brn-2 transcript smaller then the SCIP transcript is detected in the O2A lineage, although only weakly, brn-2 was isolated from 0-2A progenitor
cells by PCR (although only one clone was sequenced, see Chapter 3) which
also suggested that it may be expressed by the 0-2A lineage. Two brn-2
transcripts have previously been published, these appear to comigrate with
brn-1 and SCIP. A larger transcript has also been detected (Hara et al,, 1992).
The transcript seen in the 0-2A lineage may not correspond to these published
transcripts detected in brain, brn-2 expression in the 0-2A lineage appears to
be down-regulated by 72 hours of growth factor withdrawal, and brn-2 may
not, therefore, be expressed by oligodendrocytes. It may have some role in the
differentiation of 0-2A progenitor cells, perhaps acting in combination with
the other POU-domain proteins expressed in this lineage.
brn-4

expression

is

c o n stitu tiv ely

exp ressed

in

the

0 -2 A

lineage:
brn-4 was isolated from 0-2A progenitor cells and its transcript can also
be detected in 0-2A progenitor cells by northern blot analysis. A 4.4 kb
transcript is detected, this corresponds to the 4.8 kb brn-4 transcript detected
in b rain RNA (Hara et al., 1992). brn-4 expression rem ains constant
throughout differentiation of 0-2A progenitor cells into oligodendrocytes and
is also detected in type-2 astrocytes. It does not, therefore, appear to be
confined to either proliferating or differentiated (post-mitotic) cells. Any role
it may have in the differentiation of 0-2A progenitor cells may, therefore, be
in combination with other POU-domain proteins, or with other transcription
factors expressed in these cells. Thus, brn-4 expression does not appear to be
controlled by growth factors.
The fact that the POU-domain probes reveal distinct transcripts on
northern blots dem onstrated that, under the detection conditions employed,
cross-hybridisation among the m em bers of the POU-III class is not a
significant problem. All members of the POU-III class are expressed in the O-
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2A lineage, but are regulated differently. Regulation of gene expression may
occur at the level of transcription or post trancriptionally perhaps at the level
of transcript stability. For example steroid receptors ( ^ f e c ^ cell not only by
increasing the transcription of specific genes bu t also by increasing the
stability of several of th eir RNAs. In this case the stability of the SCIP
transcript could decrease when PDGF is removed, perhaps due to interaction
with a protein that is repressed by PDGF and then up-regulated by PDGF
withdrawal. The dow n-regulation of all m em bers of the POU-III subclass
during 0-2A progenitor cell differentiation requires active protein synthesis,
since down regulation does not take place in the presence of the protein
synthesis inhibitor, cycloheximide (data not shown). Evidence from nuclear
run -o n experim ents suggests th a t SCIP gene expression continues in
differentiated oligodendrocytes, so that the apparent down-regulation of SCIP
may be due to transcript stability (E. Collarini unpublished data).
The POU-III class of POU-domain proteins may cooperate to
regulate 0-2A progenitor cell differentiation:
Transcription factors may be involved in the differentiation of one cell
type to another since genes are expressed in one cell that are not expressed in
the other and vice versa. The role of transcription factors such as SCIP and
other members of the POU-III subclass are unknown, but it is possible that
they may have some role in differentiation of the 0 -2A lineage. In situ
hybridisation studies have indicated th at POU-domain proteins are expressed
in overlapping regions in the developing nervous system, and may be co
expressed in some cells. The Drosophila genes encoding I-POU and Cfl-a are co
expressed, and are known to interact (Treacy et al., 1991). Oct-1 and Pit-1 have
also been shown to interact with one another in vitro (Voss et al., 1991). It is
possible, therefore, that members of the POU-III class of POU-domain proteins
which are all expressed in 0-2A progenitor cells, could interact to form dimers.
Homo- or heterodim er form ation by members of the POU-III subclass might
generate proteins with different properties or specificities for regulating
gene expression during the differentiation of 0-2A progenitor cells into
oligodendrocytes.
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In situ hybridisation stu dies suggest that the POU-III class
are not specific to the 0-2A lineage:
One of the reasons for initiating this work was the possibility that SCIP
or another POU transcription factor might turn out to be expressed specifically
in the 0-2A lineage, and be useful as a m arker for this lineage. In situ
hybridisation studies using both the probe to the POU-domain and the specific
probe do not suggest patterns of expression for these genes that is consistant
with specific expression in the 0-2A lineage.
In situ hybridisation studies in the spinal cord, suggest that SCIP may be
expressed by neurons; in particular by m otor neurons in ventral m otor
columns in lamina IX in cervical and lum bar sections, and in sym pathetic
neurons in the preganglionic nuclei in the medio-lateral columns, in thoracic
sections. The motor columns are detected in regions where m otor neurons are
innervating limb muscles, while the preganglionic nuclei occur where
sympathetic neurons innervate smooth muscle. SCIP is also expressed in the
nuclei of neurons whose axons form part of the ascending and descending
tracts of the spinal cord. These send and receive messages from the brain. In
all these examples SCIP is expressed in postm itotic cells (SCIP expression is
outside the ventricular zone), and is clearly not confined to proliferating
progenitor cells.
The expression pattern in the developing brain also suggests that SCIP
is expressed in unspecified classes of neurons in the cerebral cortex. In the
PIO cortex SCIP is expressed in neurons in the CAl layer of the hippocampus
and the pyramidal cells and cortical neurons of the cortex (suggested by the
POU-domain and 3'- probes), as well as in the mitral cells of the olfactory bulb
at PIO (suggested by the POU-domain probes). The expression pattern in the
developing brain from E l6 to PC suggests that SCIP may be expressed in cells
migrating from the subventricular zone. These results confirm the published
in situ hybridisation results of He et af.j^A co m p a riso n /th e results of
experiments using the 3’-end probe and the POU-domain probe suggest that
the POU-domain probe is hybridising specifically.
Oct-6 (the mouse homologue of SCIP), is expressed during the migratory
phase of cortical neurogenesis and is readily detectable in the cortical plate,
subependymal zone and in the olfactory bulb of the brain (Suzuki et al., 1990).
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The widespread expression at embryonic day 12 and 14 and its expression in
the cortical plate at day 17 indicate that like SCIP, Oct-6 is expressed in
differentiated neurons. Oct-6 expression has also been detected in embryonic
stem (ES) cell lines and in embryonal carcinoma (EC) cell lines. Expression is
down-regulated on differentiation of ES cells and F9 EC cells with retinoic acid
(Suzuki et al., 1990). P19 EC cells differ from true EC cells in that they do not
express Oct-6 in the undifferentiated state, but Oct-6 is induced in P I9 EC cells
after retinoic acid induced differentiation. Induction is biphasic; the early
expression is transient, but expression reappears later during developm ent
(Meijer et al., 1990). Oct-6 expression is detected in the adult brain (Suzuki et
al., 1990; Meijer et al., 1990) It has been suggested from these experiments that
the Oct-6 protein may play a role in establishing the direction of early
neuronal differentiation as well as in the establishment or induction of a more
differentiated phenotype. It is possible that in the same way, SCIP may also be
expressed early in development and have a role in directing early neuronal
development in rat.
Two differences are seen between rat SCIP and mouse oct-6 expression:
in contrast to decreasing SCIP during brain development, oct-6 expression
increases during the same period. Also in contrast to SCIP expression in rat,
oct-6 is not expressed in the mouse cerebellum (Suzuki et al., 1990). Conflicting
data suggests that oct-6 may (Suzuki et al., 1990) or may not (Meijer et al., 1990)
be expressed in the testis. SCIP was originally isolated from rat testes (He et al.,
1989).
The expression pattern for brn-1 determ ined by in situ hybrdisation
studies suggests that brn-1 (like SCIP) is expressed in proliferating and
postmitotic cells, since it is expressed throughout the gray m atter of the spinal
cord at E l4 and E l6 (earlier times were not studies) both in the ventricular
zone where cells are dividing, and outside the ventricular zone where neurons
are postmitotic. The dissimilar expression patterns of SCIP and brn-1 suggest
th at their POU-domain probes are not cross-hybridising, despite being the
most homologous of the POU-domain proteins, showing 88.6% homology at the
nucleotide level (see Table 4).
Expression in the E l6 brain (see Figure 25) resembles the pattern that
has previously been published which also used a probe corresponding to the
POU-domain (He et al., 1989). These studies suggest that brn-1 is expressed in
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the telencephalon, diencephalon, and mesencephalon. These published results
from sagittal sections at E l6 also suggest that brn-1 is expressed throughout
the spinal cord, which confirmes the data obtained from the coronal sections
of the spinal cord (although at E16 this appeared to be weak (Figure 22)). brn-1
does not appear to be confined to either motor, sensory or sym pathetic
neurons, which suggests that brn-1 is not confined to any particular neuron
type. It (and brn-2) are the most widely expressed of the POU-III sub-class in
the cerebral and cerebellar cortices, brn-1, (like SCIP) is expressed as early as
embryonic day 8 (He et al., 1989), and expression is not detected after E l6 in the
spinal cord or E l8 in the brain, brn-1 was not detected in the brain at PIO. In
contrast. He et al. have shown using POU-domain probes that brn-1 is widely
expressed in the adult brain.
brn-4 cannot be detected in the spinal cord at any of the ages studied.
The apparent increase in signal seen throughout the ventricular zone may
result from background signal in cells, which in this region are packed more
closely together, brn-4 may, therefore, be expressed at levels below the level
of detection by in situ hybridisation studies in these sections, b rn -4 has
subsequently been described independently by two oth er groups and its
expression pattern has been studied in detail. These expression patterns were
observed using probes corresponding to either the 5' end (Le Moine and
Young III, 1992) or the 3' end (Mathis et al., 1992) of the brn-4 cDNA (outside
the POU-domain). In these experiments, therefore, longer, specific probes
were used which increases the am ount of probe hybridising to a particular
mRNA. In my experience this increases the amount of signal, which may be
essential if the gene is expressed at a low level. My inability to detect a
hybridisation signal for brn-4 may arise from attem pting to use a short probe
that may cross-hybridise, to detect a low level of signal.
Previous in situ hybridisation studies (Le Moine and Young III, 1992;
Mathis et al., 1992) have suggested that brn-4 (RHS2) is expressed in rats from
El 1.5, into adulthood, and is especially prom inent in the brain (Le Moine and
Young III, 1992), RNAse protection assays detect transcripts at decreased levels
from E l6 through to b irth (this follows the p a ttern seen for the other
m em bers of the POU-III class studied). T ranscripts are initially widely
expressed at all levels in the neural tube, but are subsequently restricted to
only a few regions of the adult forebrain including the supraoptic and
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paraventricular nuclei of the hypothalam us (Mathis et al., 1992). In contrast
brn-1, brn-2 and SCIP are all widely expressed throughout the hypothalamus.
The p attern of brn-4 expression suggests th at it may be coexpressed in
neurons producing corticotropin-releasing horm one (CRH), oxytocin, and
vasopressin, and it has been suggested th at brn-4 can bind to the CRH
prom otor, which has previously been identified as a brn-2 binding site
(Mathis et al., 1992).
The developmental pattern of brn-4 suggests that it may be involved in
development of neuronal phenotypes. For example in the E19.5 cerebral cortex
expression is found in areas of proliferating neuroblasts (ventricular
proliferative zone) and in areas of neuronal differentiation (cortical plate).
brn-4 is not restricted to a single peptidergic population, since it is detected in
subsets of enkephalin, substance P, and dyn o rp h in neurons, and in
neurokinin B neurons (Le Moine and Young III, 1992). The p a ttern of
expression does not, therefore, correspond to any obvious functional or
neurochemical system in the brain. Experiments have suggested that brn-4
may function either directly or indirectly in striatal gene regulation by
dopam ine; dopam ine dep letio n elevates RHS2 expression, which is
accompanied by an increase in enkephalin expression.
In situ hybridisation studies were not done with the brn-2 probe
because the difficulty in obtaining a signal with the brn-2 probe on northern
blots suggested that it was only expressed at low levels in 0-2A progenitor cells.
Previous in situ hybridisation studies have suggested that brn-2 is expressed
in the same pattern as brn-1, although brn-1 is in addition expressed in the
kidney (He et al., 1989). These experiments also suggest a role for brn-2 in
development of neuronal phenotypes; brn-2 and SCIP are expressed during
cerebral cortical development, which involves the progressive generation of
neurons from a proliferative zone and th eir subsequent m igration to the
superficial layers in which they will ultim ately reside. Initially brn-2 and
SCIP are widely expressed in the proliferative zone and early cortical plate.
Later, although still p resen t in the proliferative zone, th e ir lam inar
expression is restricted to different layers reflecting the m ature lam inar
p attern {brn-2 in layers II-IV and SCIP in layers V-VI). b rn-2 and SCIP
expression are correlated with all stages in the establishm ent of cortical
lamination.
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In situ hybridisation studies, therefore, suggest th at members of the
POU-III class are expressed in many different populations of neurons and,
therefore, do not appear to be lineage restricted. In particular, these factors
were not detected in cells that correspond to 0-2A lineage cells in vivo. It has
been suggested recently that PDGF-aR expression is restricted to the 0-2A
lineage, based on the distribution of PDGF-aR mRNA and histochem ical
markers of the 0-2A lineage in situ (Pringle et al., 1992). The 0-2A lineage
appears to originate in a small focus of cells located at E l4 in the ventral half
of the spinal cord (detected as two islands flanking the midline in the basal
ventricular zone) (Pringle and Richardson, 1993). If members of the POU-III
class were restricted to the 0-2A lineage, they would be expected to reiterate
the expression pattern of the PDGF-aR, which they clearly do not. Since SCIP
and other members of the POU-III subclass are expressed by 0-2A progenitor
cells in vitro, the expression pattern of these genes, detected by the in situ
hybridisation studies, probably reflects the differential expression levels of
the genes. SCIP for example, may be expressed at higher levels in neurons and
Schwann cells (in which it is detected by in situ hybridisation), than in 0-2A
progenitor cells. Longer exposure of the in situ hybridisations may have
indicated that SCIP is expressed in a similar pattern to the PDGF-aR, in addition
to the other regions in which it is detected.
All members of the POU-III class also appear to be expressed in a layer
of cells in the epiderm is, which I sugges1(S^)may be m elanocytes. It has
previously been suggested that brn-2 is expressed by melanocytes (C. G.oding
personal communication). Melanocytes are derivatives of neural crest which
is a derivative of the ectoderm. Two POU-domain proteins closely related to Oct2, have recently been detected in the mouse epidermis (Anderson et al., 1993),
which is also derived from ectoderm.
Members of different classes of POU-domain proteins do exhibit some
lineage restriction; all members of the POU-III class are expressed in the 0-2A
lineage, while members of other classes of POU-domain proteins are not. These
also appear to be expressed in melanocytes, as well as neurons. While members
of the POU-IV class are restricted to sensory neurons and interneurons that
sensory neurons synapse with (see Chapter 5).
It appears that in addition to a role in the differentiation of 0-2A
progenitor cells which is suggested by the north ern blot analysis data.
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members of this class are expressed in proliferating neurons, and may have a
role in the developing neuronal phenotype. Members of the POU-III class are
expressed in neurons of no specific peptidergic phenotype, in proliferating
neuroblasts and in migrating neurons, as well as in m ature neurons in the
adult.
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Figure 17. An alignment of the partial amino acid sequences of members of the POU-III
class, isolated from rat brain and 0-2A progenitor cell cDNA.Differences between the
proteins are shown in bold. The helices of the POU-homeodomain are indicated.
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Figure 18. Dot Blots showing the degree of cross-hybridisation of
A) Brn-3c and B) Brn-4, with m em bers of the same or o th er POUclasses.
A) A Brn-3c POU-domain p ro b e d was used to p ro b e 4 0 ng, 4.0 ng an d 0.4
ng of Brn-3c, Brn-3a, Brn-3b (POU-IV class) an d Brn-1 POU-domain DNA, d o tte d
o n to nylon m em b ran e. The Brn-3c p ro b e h y b rid ise d to m em b ers of th e POU-IV
class at all DNA c o n c e n tra tio n s (show ing stro n g e st h y rid isa tio n to itself), b u t
show ed little h y rid isa tio n to 40 ng of Brn-1 (a m e m b er o f th e POU-111 class).
T he b lo t was w ashed in 2x SSC, 1% SDS at room te m p e ra tu re , follow ed by 0.4x
SSC, 1%SDS at 55° C.
B) A Brn-4 POU-domain p ro b e was u sed to p ro b e 40 ng, 4.0 ng an d 0.4 ng
of Brn-4, Brn-1 a n d B rn-3a POU -dom ain DNA. The Brn-4 p ro b e h y b rid ise d to
itse lf at all DNA c o n c e n tra tio n s, a n d Brn-1 (a n o th e r m e m b e r of th e POU-111
class) only a t th e h ig h e r c o n c e n tra tio n s , b u t show ed little h y b rid isa tio n to
Brn-3a (a m em ber of th e POU-IV class). The b lo t was w ashed as above.
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Figure 19. N orthern blot showing the relative sizes of the POU-III
transcripts expressed in 0-2A progenitor cells.
T otal RNA was iso la te d fro m 0-2A p ro g e n ito r cells c u ltu r e d in th e
p resen ce of grow th factors. The b lo t was p ro b e d co n secu tiv ely w ith SCIP, Brn1 an d Brn-4 POU-domain p ro b es. A 3.3 kb SCIP tra n s c rip t is d e te c te d in mRNA
isolated from 0-2A p ro g e n ito r cells c u ltu re d in th e p resen ce of grow th factors.
This c o rre sp o n d s to th e tr a n s c r ip t d e te c te d b y th e SCIP-specific p ro b e (see
Figure 20). A 4.4 kb Brn-4 tra n s c rip t an d a 4.8 kb Brn-1 tra n s c rip t a re also
detected. A la rg e r Brn-1 tra n s c rip t (7.6 kb) is d e te c te d in 0 -2 A p ro g e n ito r cells
c u ltu re d in th e p re se n c e o f g row th facto rs (e x p re sse d w eakly), th is is u p regulated after d ifferen tiatio n into type-2 astrocytes (see Figure 20).
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Figure 20. Northern blot show ing the expression o f POU-domain
genes during 0-2A progenitor cell differentiation.
Total RNA was isolated from 0-2A progenitor cells in growth factors, and
at various time points after growth factor withdrawal (6, 24 and 72 hours). The
blot was priobed consecutively with SCIP,brn-1, brn-4, brn-2 (not shown),
CNP, and PK. SCIP is down-regulated within 6 hours and CNP (a m arker for
oilgodendrocytes) is up-regulated within 24 hours, when 0-2A progenitor cells
are induced to differentiate into oligodendrocytes in vitro. The smaller 4.8 kb
Brn-1 transcript is also down-regulated within 6 hours, but mRNA expression
recovers within 72 hours. This transcript is also expressed in type-2 astrocyte.
The larger 7.6 kb Brn-1 transcript is up-regulated on differentiation of 0-2A
progenitor cells into type-2 astrocytes (in PCS). Brn-4 is expressed throughout
0-2A progenitor cell differentiation. Pyruvate kinase (PK) was used as a
control for gel loadings.
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Figure

21. Expression of SCIP, Brn-1

it

and Brn-4 in th e E14 ra t

embryo.
C o ro n al se c tio n s fro m cerv ical (a,d ,g ), th o ra c ic (b ,e ,h ) a n d lu m b a r
(c,f,i) regions (n o m in al th ick n ess 10

|L im )

w ere h y rid ise d in situ w ith an tisen se

SCIP (a,b,c), Brn-1 (d,e,f) a n d Brn-4 (g,h,i) p ro b es ag ain st th e PO U -dom ain.
These w ere su b je c te d to a u to ra d io g ra p h y a n d p h o to g ra p h e d u n d e r d a rk field
illu m in a tio n . S pecific h y b rid is a tio n w as seen w ith th e SCIP p ro b e in tw o
colum s of m o to r nuclei (m n) (a,c) an d in m ed io -lateral colum ns (b), as well as
in w h at m ay b e th e cell b o d ies o f n e u ro n s sen d in g axons in to th e ascen d in g
a n d d escen d in g tra c ts. Brn-1 show s a less specific h y b rid isa tio n signal, w hile
Brn-4 m ay n o t be ex p ressed in th e sp in al co rd at E l4. The d o rsal (D)- v e n tra l
(V) is is labelled. T he sense p ro b e d id n o t give a signal over b a c k g ro u n d (n o t
show n). The scale b ars rep resen t 200 p. m.
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Figure 22. Expression of SCIP, Brn-1
embryo.

and Brn-4 in th e

ra t E l6

C o ro n al se c tio n s fro m cerv ical (a,d ,g ), th o ra c ic (b ,e ,h ) a n d lu m b a r
(c,f,i) re g io n s (n o m in a l th ic k n e s s

10 |im ) w ere h y b r id is e d in situ w ith

a n tise n se SCIP (a,b ,c), Brn-1 (d,e,f) a n d Brn-4 (g,h,i) p ro b e s ag ain st th e POUd o m a in . T h ese w ere su b je c te d to a u to ra d io g ra p h y a n d p h o to g ra p h e d u n d e r
d a rk field illu m in atio n . Specific h y b rid isa tio n w as seen w ith th e SCIP p ro b e to
th e gray m a tte r of th e spinal cord. SCIP ap p ea rs to be ex p ressed in cervical an d
lu m b a r sectio n s in m o to r n e u ro n co lu m n s (m n), an d in th e nuclei of n eu ro n s
sending axons to th e ascen d in g a n d d escen d in g tra c ts of th e spinal cord. In th e
th o ra c ic sectio n s SCIP is ep x ressed in p re-g an g lio n ic n e u ro n s (pg). Brn-1 does
n o t a p p e a r to b e e x p ressed a t cerv ical a n d th o ra c ic levels, b u t is %^pxressed
th ro u g h o u t th e g ray m a tte r of th e lu m b a r sp in al cord. Brn-4 does n o t a p p e a r
to be e x p ressed in th e sp in al co rd at E l 6. All p ro b es a p p e a r to h y b rid ise to
m elan o cy tes in th e e p id e rm is (a,d,g). The sen se p ro b e d id n o t give a signal
above b ack g ro u n d (n o t show n). The scale b ars re p re se n t 200 |i
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Figure 23. Expression of SCIP, Brn-1 and Brn-4 in the E l8 and PO
rat.
C oro n al sectio n s fro m th e cerv ical re g io n o f BIS a n d PO ra ts w ere
h y b rid is e d in situ w ith a n tise n se SCIP, Brn-1 a n d Brn-4 p ro b e s ag a in st th e
PO U -dom ain. T h ese w ere s u b je c te d to a u to ra d io g ra p h y a n d p h o to g ra p h e d
u n d e r d a rk field illu m in atio n . Specific h y b rid isa tio n was seen w ith th e SCIP
p ro b e to th e BIS spinal cord; a c lu ster of SCIP p o sitiv e cells are d e te c te d e ith e r
side of th e m id lin e (in d icate d by an arrow ). Brn-1 a n d Brn-4 do n o t a p p e a r to
b e ex p ressed b y th e B18 sp in al c o rd sections, a n d n o n e of th e POU-III class
a p p e a r to be ex p ressed in th e PO sp in al cord. The sense p ro b e d d id n o t give
signals above b ack g ro u n d (not shown). The scale b ars re p resen t 200
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Figure 24. Expression of SCIP, Brn-1 and Bm-4 in E14, E16 and PIO sagittal sections.
Sagittal sections (nominal thickness 10 ^m) from E14, E l6 heads and PIO braln, were hybridised in situ with antisense
SCIP, Brn-1 and Brn-4 POU-domain probes. These were subjected to autoradiography and photographed under dark field
Illumination. SCIP appears to be expressed weakly In the cortex and nasal epithelium at E l4, and In the cortex and superior
and Inferior colllcull at E l6. At PIO SCIP Is confined to the CAl layer of the hippocampus and to the pyramidal and cortical
neurons of the cortex. Brn-1 Is strongly expressed In the cortex at E14 and throughout the brain at E l6. Brn-1 does not
appear to be expressed In the brain at PIO. Brn-4 Is detected weakly In the cortex at E l6, but cannot be detected In the PIO
brain.
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Figure 25. Expression of SCIP in the developing and mature brain.
Coronal sections th ro u g h a) E16, b) El 8, c) PO an d e) P20 ra t forebrain,
a n d d) a tr a n s v e rs e section th r o u g h a P5 r a t h ead , w ere u s e d fo r in situ
h y b r d is a t io n stu d ie s using a SCIP-specific p ro b e . T hese w ere s u b je c te d to
a u t o r a d io g r a p h y a n d p h o to g r a p h e d u n d e r d a rk field illu m in a tio n . Specific
h y b r id is a tio n was seen to th e s u b v e n tic u la r zone (sv) a n d re tin a (arrow ) at
E l 6, a), a n d th r o u g h o u t th e cortex a n d in th e am yg dalo id n ucleus (arrow) at
E l 8, b). At PO SCIP is strongly expressed in the outerm o st cortex c). At P5 SCIP is
s tro n g ly ex p re s s e d in th e trig em in al n erv e (Tr) a n d th e trig e m in a l n u cleu s
(Trn), d). At P20 SCIP is expressed in th e CAl layer of the h ip p o c am p u s (h), a n d
in the pyram id al and cortical n euron s (cn) of the cortex, e).
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Chapter 5
The POU-IV class in the developing
vertebrate nervous system
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Chapter 5

In Chapter 3, I described the identification of members of the POUdomain family that are expressed in P7 rat brain and cultured 0-2A progenitor
cells. Among the POU-domain proteins identified were Brn-3a and two close
relatives of Brn-3a, that I have called Bm-3b and Brn-3c (see Figure 27).
Collectively, these define a subfamily of mammalian Unc-86-related proteins
(see below). This subfamily, together with hum an RDC-1 and Drosophila
Inhibitory-POU (I-POU) and Twin of I-POU (tl-POU) proteins (see below), make
up the POU-IV class of POU-transcription factors (see Figure 16, Chapter 3).
All the POU-domain proteins isolated to date are thought to have some
function during development. Oct-3 (known also as Oct-4) and Oct-6 (the mouse
homologue of SCIP) are expressed in totipotent and pluripotent stem cells of
the pre-gastrulation mouse embryo (Scholer et al., 1990; Okamoto et al., 1990;
Suzuki et al., 1990). It is thought th at they may have some role in
undeterm ined cells. During neurogenesis the genes encoding POU-domain
proteins are widely expressed, but throughout development their expression
becomes gradually more restricted, so that within the m ature nervous system
expression of the POU-factors is restricted to discrete areas. For example Pit-1
is transiently expressed throughout the neural tube during development, but
is later restricted to the somatotroph, lactotroph and thyrotroph cell types of
the pituitary gland. Within the pituitary gland Pit-1 is not only linked to the
establishm ent of the m ature cell phenotype, where it controls cell typespecific gene expression, but is also linked to proliferation an d /o r survival of
the cells in which it is expressed (Li et al., 1990). This is indicated by the
hypoplastic nature of the pituitary gland in a num ber of pit-1 mouse mutants;
the Snell dwarf mutant, for example, which arises from a point m utation in
the POU-homeodomain ’recognition helix’, not only lacks mature somatotrophs,
lactotrophs and thyrotrophs, and prolactin, and growth hormone, but also has
an abnorm ally small pituitary gland?. Other POU-domain proteins are also
expressed in proliferating cells; SCIP for example is expressed in proliferating
Schwann cells and oligodendrocytes (see Chapter 4), and mini Oct-2 is found in
the mitral cell layer of the olfactory bulb, where growth and differentiation of
sensory neurons continue throughout adult life (Stoykova et al., 1992). These
POU- dom ain proteins may, therefore, be involved in m aintaining the
proliferative state of a cell, ra th e r th an specifying the d ifferentiated
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Figure 26. The lineages in which Unc-86 m utants reiterate the mother
cell phenotype are shown above. The daughter cell that expresses unc-S6 is
indicated by a bold line. Neurons expressing unc-86 are absent in the mutant,
while there are an excess of the daughter cells that do not express unc-86. The
anterior most cell expressing unc-86 is a sensory neuron.

phenotype. It seems that POU-domain proteins may have one role during
early development and a second role later in particular groups of m ature cells,
in a way that has already been suggested for segm entation genes like fu sh i
ta.ra.zu in Drosophila (Ingham, 1988). The precise function of the Brn-3 family
is unknown, but the pattern of their expression may provide some insight into
their function.
Unc-86, the closely related nematode POU-domain protein and the first
member of the POU-IV class to be identified, has been more widely studied. The
information obtained from this may provide clues to the function of the Brn-3
family in mammals. Expression of unc-86 is restricted to neuroblasts and
neurons of C. elegans. In C. elegans most cell divisions, and all divisions in
neuroblast lineages, produce two daughter cells that are different from each
other as well as different from their m other cell. The Unc-86 protein normally
acts to change the identity of one of the daughters from that of the mother,
and is necessary to allow certain neuroblasts and neurons to assume their
correct identities (Finney and Ruvkun, 1990). The fact that Unc-86 contains a
homeobox suggests that, like other POU-domain proteins studied (Oct-1, Pit-1
and Oct-2), it can bind to DNA (Finney et al., 1988). It probably specifies the
identities of cells by regulating the expression of other genes. The initial
appearance of the Unc-86 protein occurs in six neuroblasts and 29 neurons of
12 types. The bulk of the cells that turn on unc-86 are from lineages with no
obvious similarities, unc-86 is also expressed in postmitotic cells, so that the
Unc-86 protein may have a role not only in the correct execution of a lineage,
distinguishing cells from their close lineal relatives, but also in specifying the
differentiated cell phenotype (though in some cells there is no obvious
disruption in unc-86 m utants). In homozygous unc-86 m utants the daughter
cell containing the m utant Unc-86 protein may reiterate the m other cell
phenotype. There is a lack of touch receptors (eg. ALM), a lack of malespecific cephalic com panion neurons, extra dopam inergic deirid (eg. ADE
neurons) and postdeirid neurons (eg. PDE neurons), and an absence of the
m ature HSN neurons necessary for egg laying. All of the six lineages that are
affected by unc-86 m utants produce a sensory neuron at equivalent positions
(the anterior most descendant) (see figure 26, opposite). The mec-3 gene
necessary for specifying m echanoreceptor (sensory) neurons, is expressed in
five of these six sensory neurons, and its expression is regulated either
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directly or indirectly by Unc-86. At least four of these neurons in which mec-3
is expressed are mechanosensory (Finney and Ruvkun, 1990).
The diversity of neuron type th at expresses unc-86 suggests th at in
different cells unc-86 controls at least some different genes (one fifth of
nematode neurons express unc-86). These neurons do not share any known
common feature, they include; sensory neurons, m otor neurons, and
interneurons, unipolar and bipolar cells with many different branching and
connectivity p a tte rn s, and cells w ith at least some differences in
neurotransm itter use which does not reflect either spatial location or lineage
origin.
Additional information about the function of POU-IV class POU-domain
proteins comes from RDC-1, the hum an Brn-3-like factor (for sequence see
Chapter 3, Figure 16) which, within the POU-domain. is most similar to Brn-3 a
(note that sequence outside the POU-domains of RDC-1 and Brn-3 a have not
been published). RDC-1 is the only known hum an member of the POU-IV class,
and was isolated from a hum an genomic DNA library (Collum et al., 1992). In
the 15-week human embryo, RDC-1 is expressed specifically in RNA extracted
from brain, spinal cord and eye, but is absent from all non-neural tissue tested
including the adrenal gland, heart, liver, kidney, and thymus. This expression
pattern is paralleled in the developing mouse; RDC-1 is expressed exclusively
in tissues with neural characteristics during a limited period of active growth
and differentiation, in embryonic and early postnatal life. The particular cell
types that express RDC-1 in human or mouse tissue, have not been established.
Howecer, the expression of RDC-1 in embryonic tissues that give rise to neural
structures suggests that, like Unc-86, RDC-1 may be involved in neural cell
lineage decisions and differentiation.
The expression patterns of Brn-3 a and RDC-1 are distinct; the expression
of RDC-1 in mouse peaks at embryonic day 13.5 (E l3.5) and is undetectable by
14 days after birth (Collum et al., 1992), while the expression of brn-3 a in rat
appears to peak at E l8 and continues into adulthood (He et al., 1989). This
suggests that despite the homology between the RDC-1 and Brn-3 a POU-domain
(see Chapter 3), RDC-1 may not be the human Brn-3 a homologue, but another
member of the POU-IV class of proteins. RDC-1 is also expressed in cells of
neural crest origin; expression is detected in the neuroepitheliom a cell line
CHPlOO and the small cell lung tum our line H510. Northern blot analysis of
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RNA isolated from peripheral nervous system tumours has shown
expressed in n euroepitheliom as and Ewing’s sarcom a’s,
n eu ro b lasto m as, and m ay, th e re fo re , be expressed in
(neuroepitheliom a), rath e r than adrenergic (neuroblastom a)

that RDC-1 is
b u t not in
cholinergic
neurons. In

contrast I-POU, a Drosophila POU-IV group protein is expressed in adrenergic
neurons and is involved in regulating the adrenergic neuron-specific dopa
decarboxylase gene (this encodes the last enzyme in a pathway leading to the
synthesis of the neurotransm itters dopam ine and serotonin)(see below). It
appears th at RDC-1 may play a role in the regulation of specific gene
expression in a subset of neuronal lineages, perhaps linked with the
production of a specific neurotransmitter.
I-POU, which is expressed during Drosophila development, is a member
of the POU-IV group which lacks two amino acids in the amino term inal of its
homeodomain (see Chapter 3, Figure 16). It is co-expressed with Cfl-a (see
Chapter 3, Figure 15) in a subset of neurons in the ventral nerve cord (Treacy
et al., 1991). I-POU is unable to bind to DNA, but dimerises with Cfl-a in vitro,
preventing it from binding to the prom otor of the dopa decarboxylase (ddc)
gene. In this way I-POU might act as a "dominant-negative" inhibitor of ddc
gene expression. I-POU/Cfl-a interactions provide the first example of POUdomain proteins dimerising in solution in the absence of DNA; other POU
protein dimers require DNA to stabilise the interaction. It is possible that this
I-POU/Cfl-a interaction may be prototypic of regulatory heterodim eric
interactions between o th er m em bers of POU-domain proteins found in
Drosophila and mammalian nervous systems, although potential mammalian IPOU homologues have not yet been detected. A sim ilar m echanism for
inhibiting gene expression has been detected in the mammalian helix-loophelix (HLH) family, expressed in undifferentiated myoblasts. One member of
this family, known as Id, lacks the highly conserved basic region necessary
for specific DNA binding, that lies adjacent to the HLH motif. Although Id does
not appear to bind DNA, it does form specific protein-protein interactions with
three other members of the HLH family, which prevents their binding to DNA
(Benezra et al., 1990). In this way. Id may operate to control commitment to
certain cell lineages and the tim ing of m yoblast differentiation during
development.
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Twin of I-POU the spliced varient of I-POU and, therefore, also a member
of the POU-IV group, does not lack two amino acids in the N-terminal of its
homeodomain and cannot form heterodimers with Cfl-a (Treacy et al., 1991).
tl-POU can however bind to DNA, and appears to be a neuron-specific
transcription factor that can potentially regulate a distinct set of neuronal
genes (tl-POU can transactivate in co-transfection assays). The cell types
expressing tl-POU are unknown, and its function has not been determined.
It appears that all members of the POU-IV class that have been studied,
including those expressed in different species (nematode worms. Drosophila,
and mammals) are expressed in neurons and may have some role in specifying
neuronal phenotype. Unc-86 for example, appears to have a role in specifying
sensory neurons. It is possible th at members of the POU-IV class of POUdom ain proteins, like 1-POU and RDC-1, are confined to cells that release a
particular neurotransm itter, although this is certainly not the case for Unc86.
' Against this background 1 decided to investigate the expression patterns
of the mammalian POU-domain genes brn-3a, brn-3b and brn-3c during
neurogenesis, in the expectation th at knowledge about the identity a n d /o r
location of the cells expressing these genes might suggest possible functions
for their encoded proteins. Full length clones encoding rat Brn-3 a and Brn-3 c
were isolated by Natalia Ninkina who screened a neonatal rat DRG library at
moderate stringency with a mouse brn-3 a POU-domain probe. In collaboration
with her 1 was able to use specific probes to study the expression patterns of
brn-3 a and brn-3 c in the developing nervous system. To gain information on
the expression of brn-3b, in situ hybridisation studies were perform ed using
probes corresponding to the POU-domains of b r n -3 a, brn-3b and brn-3 c.
Information about the expression of these POU-domain genes also came from
analysing RNA isolated from various tissue types, using specific brn-3 a and
brn-3c probes, and POU-domain probes for b rn -3a, brn-3b and brn-3c. The
results of these experiments are described in this Chapter.
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Results
In situ hybridisation studies with Brn-3 a and Brn-3 c specific
probes:
The expression patterns of Brn-3 a and Brn-3 c were determ ined using
probes specific for these genes. Full length cDNA clones for b rn-3a and brn-3 c
were obtained, their 3’ untranslated regions (UTR) subcloned by PCR, and
these subclones used as tem plates for generating ^^s-i^belled antisense and
sense probes for use in in situ hybridisation. brn-3b was not isolated from the
DRG library, so that a probe corresponding to the 3’ end of this POU-domain
gene was not available. The 3' UTR should distinguish unambiguously between
Bm-3a and Brn-3c.
Transverse sections from different levels (cervical, thoracic and
lumbar) of embryonic and neonatal rats were used to determine the expression
patterns of b rn -3a and brn-3c in spinal cord and DRG along the dorso-ventral
axis. A num ber of different ages (E14-P0) were studied to give an idea of the
expression patterns of these genes during development. Adjacent sections
were hybridised with different probes and equal concentrations of probes of
similar specific activity were added to each section, to enable the expression
patterns and expression levels of the different genes to be compared directly.
At all the ages studied brn-3 a is strongly expressed in the DRG (see Figures 28
and 29). A high magnification view of the DRG is shown in Figure 30. At this
power, the DRG neurons (pale nuclei) expressing b rn -3 a can be easily
distinguished from the associated Schwann cells and satellite cells (small,
densely staining nuclei) that do not express brn-3 a.
b r n - 3 a is also expressed in the spinal cord th ro u g h o u t the
developm ental time course studied. At E14 expression is detected mainly
towards the
dorsal half of the
spinal cord, although it does extend into
the ventral half. Between E14 and E16 the num ber of cells expressing brn-3 a
increases, but expression remains outside of the ventricular zone. By E l6 brn3a expression is confined to the dorsal half of the spinal cord, its expression
rem ains outside the ventricular zone which has largely regressed by this
stage. Expression of Brn-3 a seems to peak at El 8 and is confined to the deep
dorsal horn of the spinal cord, excluding lam ina 1 and the substantia
gelatinosa (the most dorsal aspects of the spinal cord) (see Figure 28). This
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pattern remains the same at PO; it appears that the num ber of cells expressing
Brn-3 a does not increase between El 8 and PO, and the pattern along the dorsoventral axis also rem ains constant (see Figure 29). In situ h y b rid is a tio n
studies using a "sense" probe did not give a signal above background.
Brn-3c is expressed in a subset of cells within the DRG at all ages
examined, (see Figures 28 and 29). At high magnification it appears that the
positive cells are a subset of neurons, while some neurons, Schwann cells and
satellite cells are clearly negative (see Figure 30). It is not clear which classes
of neurons are positive, but at least some are very large and may belong to the
"large mechanosensory" class. Expression of Brn-3c within the spinal cord is
not detected until E l6, when two tiny subsets of cells (_5 cells) in lamina 4/5 on
each side of the midline of the spinal cord appear positive (see Figure 28).
These sparse columns of cells containing _5 cells in th eir cross-sectional
plane, persist during development (at E l8 and PO, the oldest age studied) and
are detected all along the antero posterior axis (see Figure 29). In situ
hybridisation studies using a sense probe did not give a signal above
background (data not shown).
In situ

hyb rid isation

stu d ies

using

the

POU-domain

as

a

probe:
The expression of brn-3 a, brn-3b and brn-3 c in embryonic rat was also
investigated by in situ hybridisation using POU-domain cDNA clones as
tem plates for generating ^^s-iabelled antisense and sense probes. These
probes were hybridised to transverse sections of rat, at different stages of
development (E12, E l4, E16 and E l8) and from several levels of the spinal cord
(cervical, thoracic and lumbar). Sagittal sections from E l4 and E l6 were also
used. It appeared from these experiments, that all the members of the Brn-3
family are expressed in overlapping domains of the spinal cord and brain,
which was consistant with the results from the experiments using the specific
bm-3a and bm-3c probes.
The expression pattern of brn-3 a detected by the POU-domain probes,
are consistant with those seen using the specific probe corresponding to the 3'
end (see Figures 32 and 34). In addition to the ages studies using the specific
probes, transverse sections through the El 2 embryo were also studied with the
POU-domain probe. At El 2 brn-3 a is expressed near the pial surface of the cord
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both dorsally and ventrally (see Figure 31). At E12 b rn -3a is also expressed in
the trigeminal ganglia, where it was previously detected at E l6 by He et al,.
brn-3 a. is also expressed in the DRG and at the pial surface of the forebrain at
E l2 (Figure 31).
From El 2-El 8, brn-3h appears to be expressed in the same pattern as
brn-3 a in the spinal cord and the DRG (Figures 31, 32 and 34). At E12 the signal
is much weaker than the brn-3 a signal, and between E14 (Figure 32) and El 6
(data not shown), it can barely be detected in either the spinal cord or the DRG.
At E l8 the brn-3b signal seems to increase in intensity (Figure 34) (although it
is never as intense as brn-3 a), this may correspond to an increase in the level
of transcription of the brn-3b gene, or from an increase in the num ber of
num ber of cells expressing b rn-3b. T hroughout, b rn -3 b appears to be
expressed at equivalent levels in the spinal cord and DRG.
In these in situ hybridisation studies using the POU-domain as a probe,
brn-3c appears to be expressed in the same pattern as both b rn -3a and brn-3b
in the spinal cord and DRG, at all the ages studied (see Figures 31-34). Using the
specific probes the expression patterns are distinct, suggesting th at some
cross-hybridisation may be occuring with the POU-domain probes, although
the pattern of expression detected with the specific probe can be distinguished
in some sections (see Figure 33). Hybridisation of the b rn -3a POU-domain
probe to sagittal sections suggested that at E14 brn-3 a is expressed throughout
the length of the spinal cord, at the pial surface of the hindbrain, in the
mammary bodies, in the interpeduncular nucleus, and the lateral habenular
nucleus. The brn-3b probe also hybridises to these regions, while brn-3 c
cannot be detected in sagittal sections at this age. At El 6, Brn-3 a mRNA was
detected in the CNS; in the spinal cord and in the superior and inferior
colliculi, in the superior medullary vellum and in a brain stem nucleus (see
Figure 35). The trigeminal ganglia and DRG (composed of PNS neurons and
glia) where brn-3 a has previously been detected, were not visible in the plane
of sections studied. In situ hybridisation signals with brn-3b and brn-3c were
weak in sagittal sections at this age. In situ hybridisation studies using sense
probes made by in vitro transcription from the anti-sense strand of the POUdomain, did not give signals above background.
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Northern blot analysis of bm-3-related mRNAs:
Total RNA was isolated from several different tissue types (neonatal rat
cortex, cerebellum , brainstem , spinal cord, DRG, adrenal glands, spleen,
thymus, skin, kidney, lung, heart, muscle and liver), and separated on a
form aldehyde gel. The RNA was analysed using ^^P-labelled DNA probes
specific for brn-3 a and brn-3c mRNA. No brn-3b specific probe was available
because it had not been isolated from the neonatal DRG library screened
(Ninkina et al., 1993), therefore, there are no definative results for brn-3b.
These probes have shown that a major 3.5 kb transcript of brn-3 a is expressed
strongly in the DRG, the spinal cord, and to a lesser extent in the cerebellum. A
2.6 kb brn-3c transcript is detected in the DRG, and a smaller 2.4 kb transcript
is detected in the cerebellum (Figure 36). No brn-3c transcript is detected in
the spinal cord. Neither probes hybridise to any transcripts in non-neural
tissue.
Studies of RNA from a variety of neonatal tissue types on northern blots
(from Natalia Ninkina) showed that ^^P-labelled DNA probes corresponding to
the POU-domains of brn-3 a, brn-3b or brn-3 c hybridise to different-sized
transcripts, all of which are restricted to the nervous system. The results for
brn-3 a and brn-3c are consistant with those obtained using the specific probe,
except that brn-3a can barely be detected in the DRG (see Figure 37).
brn-3b, which could not be studied with a specific probe, is expressed in
the spinal cord and DRG in PO RNA (see Figure 37). The b rn -3 b probe
hybridises to a doublet in the spinal cord; the upper band of these co-migrates
with the brn-3 a transcript and may result from cross-hybridisation with brn3a, the other band is sm aller and is probably the brn-3b transcript. The
transcript that brn-3b hybridises to in the DRG comigrates with the brn-3 c
transcript, which suggests that it may result from cross-hybridisation with
brn-3c. b rn-3b also appears to be expressed in the cerebellum (data not
shown). In these studies it appears that the brn-3b probe may be crosshybridising with both the brn-3 a and the brn-3 c transcripts, while neither
the b rn -3 a nor the brn-3c probes appeared to cross-hybridise with one
another's transcripts on northern blots. I suggest that this is the result of a
difference in the stringency of the hybridisation and washing conditions and
th at cross-hybridisation could have been reduced in this experim ent if the
washing conditions had been different.
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None of the members of the Brn-3 family could be detected in 0-2A
progenitor cell RNA on Northern blots (see Chapter 4), despite being identified
in these cells by PCR (see Chapter 3).
Southern blot analysis of brn-3-related mRNAs:
Southern blot anolysis of genomic DNA revealed different patterns of
hybridisation for brn-3a and brn-3c specific probes (Ninkina et al., 1993).
Single bands were detected after hybridisation with the b rn -3 a specific probe
to genomic DNA digested with EcoRl (23 kb), BamUl (10 kb). Hind III (11 kb),
and X h o l I (>23 kb) (see Figure 38). The same blot

probed with a brn-3 c

specific probe gave single bands of distinct m olecular sizes; EcoRl (9 kb),
BamRl (10 kb), Hindlll (7 kb), and Xhol (>23 kb). These data suggest that Brn3a and Brn-3c may be encoded by separate genes. When the same blot was
probed with a POU-domain probe th at does not distinguish betw een the
individual b rn -3 -related sequences, in addition to the bands detected
previously, a 2.2 kb transcript was detected in the BamHl digest and a 4.3 kb
band was detected in the Hindlll digest. These data are consistant with the
existence of a third brn-3-related gene encoding Brn-3b.
Discussion:
Expression patterns of Brn-3 a and Brn-3 c suggest that these
tra n scrip tio n factors are exp ressed by se n so ry n eu ron s and
neurons of the deep dorsal horn:
Brn-3 a and Brn-3c are expressed in sensory neurons in the DRG and
neurons in laminae 4/5 of the spinal cord. These two cell types differ in
em bryonic origin which suggests th at n eith er Brn-3a n or Brn-3c are
expressed in a lineage-specific m anner and, th erefore, probably have
functions other than lineage determination. It is possible that Brn-3 a and Brn3c could be involved in the determ ination of more then one lineage by
interacting with alternative cellular proteins. Brn-3 a and Brn-3c are both
expressed in DRG sensory neurons at E l4, when some neuron precursors are
still dividing. Both are also expressed in the postmitotic sensory neurons in the
DRG of neonatal animals. Brn-3 a and Brn-3c may, therefore, be involved in the
establishment and maintenance of neuronal phenotype. Brn-3 a is expressed in
most, if not all DRG neurons, and is therefore probably expressed by both
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m echanosensory and nociceptive neurons. In co n trast Brn-3c is only
expressed by a small subset of neurons in the DRG. At least some of these
appear to have large cell bodies and probably correspond to mechanosensory
neurons.
In the spinal cord Brn-3 a and Brn-3c transcripts are not seen in the
dividing neuroblasts in the ventricular zone, but are found in a subset of post
mitotic neurons in lamina 4/5. Brn-3 a is expressed by a large num ber of cells
in the region where the mechanosensory neurons of the DRG term inate. Brn3c is restricted to a tiny subset of neurons in this region. Identification of the
cell types in this subset has not been attempted, nor is it likely to be a simple
task. This subset of cells are found in a region of the spinal cord that the b rn 3c positive (putative mechanosensory) cells of the DRG synapse with. It is
possible th at there may be some sort of functional link between the cells
expressing brn-3c in the peripheral and central nervous systems. This may
also be true for brn-3a. Spinothalamic neurons are found in laminae 1, 4 and 5.
Spinocervical cells and postsynaptic dorsal column cells are predom inantly
located in lamina 4. Three types of neurons have been defined in laminae 4
and 5, namely cells with transverse dendrites, central cells with longitudinal
dendrites, and antenna-type neurons (with prom inent dorsal dendrites) that
pro ject d en d rites into the su b stan tia gelatinosa. Some preganglionic
sympathetic neurons may also be found in this area. Motor neurons found in
the ventral half of the spinal cord and cells of the dorsal horn receiving
nociceptive input do not express Brn-3 a or Brn-3c transcripts.
In
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When the expression patterns of Brn-3 a and Brn-3 c were studied in
coronal sections of the rat spinal cord using an RNA probe corresponding to
the POU-domain, the pattern of expression corresponded to that detected by the
specific probes; the small subset of cells in the E l6 spinal cord, that express
brn-3c can be detected (see Figure 33). Some cross-hybridisation between the
probes was occuring, indicated by the level of brn-3 c detected by the POUdomain probe relative to the specific probe in the spinal cord at El 8. brn-3 a
and brn-3c show 85.1% sequence similarity across their POU-domains, which
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may be enough to result in some cross-hybridisation under the conditions
used.
These results with the POU-domain probes also give us some information
about the expression of Brn-3b for which no more definitive data has yet been
obtained. At E l2 b rn -3 b appears to be expressed weakly in both the DRG and
the spinal cord , and seems to be confined to the nervous system, brn-3 b
transcripts could barely be detected in E l4 or E l6 embryos, and it is possible
that it may be down-regulated at these ages, to levels below the level of
detection of my in situ hybridisation procedure. The weak signal that I detect
for brn-3b between E14-E16 might be due to cross-hybridisation with brn-3 a
and brn-3c and should be regarded with caution, b rn -3 b mRNA is again
detected in the spinal cord and DRG of the El 8 embryo. This biphasic pattern of
expression is seen with other POU-domain proteins and is reminiscent of the
behaviour of other transcription factors such as a fushi tarazu expression
pattern (Ingham, 1988).
Brn-3b sequence has subsequently been published by Lillycrop et al.,
who suggested that Brn-3b is present in less mature cells of neural origin, for
two reasons: first, its mRNA is absent from adult rat DRG and brain, but is
present in embryonic (El 6 and El 8) and early postnatal brain (P2 and P7) , and
second, its mRNA is dow n-regulated when ND7 cells (hybrids betw een
proliferating neuroblastoma cells and non-dividing DRG sensory neurons) are
induced to differentiate in culture, b rn -3a mRNA, in contrast, is up-regulated
when these cells differentiate in culture, which suggests th at b rn -3 a is
expressed in the differentiated mature cell phenotype (Lillycrop et al., 1992).
Natalia Ninkina did not detect brn-3b in a neonatal DRG library, which may
indicate that brn-3b is expressed predom inantly in the CNS around birth. In
the selective PCR experiments perform ed by Lillycrop et al. on rat brain it
appears that brn-3b is expressed earlier in the brain (E l6) than my in situ
hybridisation studies suggest in the spinal cord (E l8). This could result from
the tem poral difference in gene expression that is seen along the antero
posterior axis. By E l8 brn-3b is expressed at all levels of the spinal cord.
These results of Lillycrop et al. and my results suggest that, like b rn -3 a
and brn-3c, brn-3b is expressed outside the ventricular zones in postmitotic
neurons at E l8. It is expressed in sensory neurons of the peripheral nervous
system (in the DRG), and in neurons of laminae 4 /5 of the spinal cord, at
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certain stages of development, but may be absent from the mature cells of the
adult, b rn -3 b could, therefore, have a role in establishing the neuronal
phenotype. A specific probe for brn-3b is, however, required to determine the
precise expression patterns of brn-3b.
Northern blot analysis suggests that members of the rat POUIV group are specific for the nervous system:
None of the members of the POU-IV class of POU-domain proteins tested
could be detected in 0-2A progenitor cell RNA on northern blots, despite being
isolated from these progenitor cells by PCR. This suggests that b rn -3a, brn-3 b
and b rn -3 c are not expressed by 0-2A progenitor cells, and th at th eir
amplification from these cells in culture may reflect contam inating cells in
the cultures.
N orthern blot analysis of neonatal RNA isolated from a num ber of
different tissue types, using specific probes, showed that POU-domain proteins
of the POU-IV group are specific to the nervous system, brn-3 a is detected in
both the peripheral and central nervous systems, and in the cerebellum, while
brn-3c mRNA can only be detected in the DRG, and at low levels in the spinal
cord and cerebellum. These results are consistant with the results of the in situ
hybridisation experiments.
Northern blot analysis of neonatal RNA using the POU-domain probes
gave confusing results. Although a single transcript of b rn -3a was detected, it
appeared to be expressed at higher levels in the spinal cord than the DRG,
where it could barely be detected. A single transcript was also detected with
the brn-3c probe, which appeared to be predom inantly expressed in the DRG.
A brn-3b transcript was detected in neonatal spinal cord with the POU-domain
probe, which would suggest that brn-3b is expressed at higher levels in the
CNS. The transcript detected by the brn-3b probe in the DRG appeared to be the
result of cross-hybridisation to brn-3c, consistent with the fact that Natalia
Ninkina was unable to isolate brn-3b from a PO DRG library. This brn-3b POUdomain probe also appeared to cross-hybridise with the b rn -3 a transcript in
the spinal cord. All members of the POU-IV class appeared to be expressed in
the cerebellum.
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From the in situ hybridisation studies and the northern blots, it appears
th at brn-3b is expressed in the spinal cord and DRG at E l8, and only in the
spinal cord at PO (asuming the other transcripts detected are the result of
cross-hybridisation). A specific brn-3b probe is required to determ ine the
exact expression pattern of brn-3b. Recent studies of brn-3b expression in the
developing mouse (PI) suggest that Brn-3b is found in the cerebellum and
brain stem, and in and adjacent to the inferior colliculus. Brn-3b also appears
to have some role in the term inal stages of ganglion cell development in the
retina (Xiang et al., 1993). In the adult mouse Bm-3b is detected in the superior
colliculus which integrates sensorim otor inputs to control eye movements. It
receives afferent fibres from a subset of retinal ganglion cells, from auditory
and somatosensory systems, and from a num ber of cortical areas. W hether the
subpopulation of collicular cells th at express b rn -3 b bear a functional
relationship to the ganglion cells th at express b rn -3 b rem ains to be
determined (Xiang et al., 1993).
The sequence of the POU-domain is highly conserved (the nucleotide
sequences of members of these class exhibit between 84.4 and 86.7 % homology
to one another (see Chapter 4, Table 4)) (see Chapter 3, Figure 16 and Figure
27), which makes it is possibe that probes corresponding to this region will
cross-hybridise with other closely related POU-domain gene transcripts. On
the other hand, during the in situ hybridisation studies the RNase step in the
protocol should cleave a large proportion of mis-matches and cause the
hybrids to be fragm ented and unstable to stringent washing (the in situ
hybridisation studies with the POU-III class which exhibit 81.2 to 88.6 %
homology (see Chapter 4 Table 4), show clearly distinct expression patterns).
It is
unidentified
studies and
suggest th at

unlikely th a t the POU-domain probes hybridise to as-yetmembers of the POU-IV class, during the in situ hybridisation
the northern blot analyses, since Southern blotting experiments
there is not a very large brn-3 gene related family. In fact, there

are most likely only the three members studied here (see below) (Ninkina et
al., 1993). Dot-blot experiments suggest that probes do not cross-hybridise with
members of different groups of POU-domain genes (when DNA probes are
hybridised to DNA) (see Chapter 4, Figure 18).
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Southern blots suggest that b rn -3a and b rn -3 c are encoded
by separate genes:
The distinct bands detected by the b r n -3a and b rn -3 c probes on
Southern blots, suggest that Brn-3 a and Brn-3 c are encoded by separate genes.
Sequencing data for brn-3 a and brn-3c outside the POU-domain also suggests
that this is the case (Natalia Ninkina, personal communication).
The POU-domain probe suggests that another brn-3-related gene exists
that may encode Brn-3b. Alternatively, the POU-domain probe could indicate
that the POU-domains of Brn-3 a and Brn-3c are encoded by more than one
exon contained within separate restriction fragm ents. It is known that the
POU-domain of Unc-86 is encoded by m ultiple exons (Finney et al., 1988).
Recent Southern blot hybridisation studies also suggest that three brn-3 brelated genes exist in mouse and human (Xiang et al., 1993). The sequence of
human brn-3b diverges from RDC-1 (putative hum an Brn-3 a) outside the POUdomain, which also suggests that these two proteins are encoded by separate
genes (Ring and Latchman, 1993). This in tu rn suggests that rat brn-3b and
bm-3a may also be encoded by separate genes .
The role of Brn-3 family proteins:
Members of the Brn-3 family are expressed in sensory neurons, so it
appears that this family of proteins, like their nematode relative Unc-86, may
have some role in sensory neuron fate. The precise role of Unc-86 is unknown,
although it appears to have more then one role within the nematode nervous
system. The disparate roles of Unc-86 may be shared among num ber of
different POU-domain proteins in the mammalian nervous system. Members of
this family also appear to show some restriction to cells of a particular
neurotransm itter type (RDC-1 in colinergic cells, and 1-POU in adrenergic
cells) in a way that has not been suggested for Unc-86. This may again reflect
some lineage restriction for these POU-domain proteins.
Is it birthdate or final location that governs what type of neuron a cell
becomes and where the neuron sends its connections? In the cerebral cortex
the reeler mouse m utant provides an answer: In reefer cortical cells born late
settle in an inner layer while those born earlier are found in an outer layer
(the opposite of what is normally seen), so there is a defect in the mechanism
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of cell migration (McConnell, 1988; Rakic, 1988). Despite this inversion of their
normal positions, the cortical cells differentiate according to their birthdates:
late-born cells become large pyram idal neurons or irregularly shaped
neurons. In this system it is the birth date rather than the final location that
determines cell character. It seems in general that the character of a neuron
is determ ined by its ancestry and the place and time of its birth. The small
cluster of cells in the spinal cord that are brn-3c positive provide fu rth er
evidence that this may also be true in the spinal cord. It is hard to imagine
how a such a tiny cluster of cells could be determined by their position in the
spinal cord while surrounding cells adopt different fates, and rem ain brn-3c
negative. It has recently been suggested that the PDGF-aR is restricted to the
oligodendrocyte lineage, and that the earliest oligodendrocyte precursors in
the spinal cord originate in a very restricted region of the ventricular zone.
PDGF-aR mRNA is confined to two longitudinal columns two cells wide, either
side of the central canal in the ventral half of the El 4 spinal cord (Pringle and
Richardson, 1993). This data demonstrates that gene expression and cell fate
can be regulated with exquisite spatial resolution along the dorsoventral axis
of the neural tube. It is possible that brn-3c positive cells may be determ ined
in the ventricular zone before they migrate into the spinal cord in much the
same way.
One of the reasons for attem pting to isolate POU-domain proteins was to
find markers for the 0-2A lineage. All the data discussed in this Chapter
indicate that the POU-IV class of POU-domain proteins would not useful for this
purpose, since they do not even appear to be expressed by 0-2A progenitor
cells: they neither follow the pattern that would be expected if 0-2A progenitor
cells were expressing them in in situ hybridisation studies (which has been
determ ined by the expression of PDGFaR), nor can they be detected in 0-2A
progenitor cell RNA by northern blot analysis. Members of the POU-IV group
do not seem to be restricted to any particular lineage, so that this family of
POU-domain proteins, as well as members of the POU-III class of POU-domain
proteins (discussed in Chapter 4) are not lineage specific, as POU-domain
proteins were originally thought to be.
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Figure 27. An alignment of the partial amino acid sequences of members of the POU-IV
class isolated from rat brain and 0-2A progenitor cell cDNA. Differences between the rat
members of the POU-IV class of POU-domain proteins are enclosed in boxes. The subdivision
of the POU-specific domain into A and B regions and the helices of the POU-homeodomain are
indicated. Together these cDNAs help to define a mammalian subgroup of the POU-IV class.
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E14

E16

E18

Figure 28. Expression of b rn -3 a and b rn -3 c in the developing rat
spinal cord and dorsal root ganglia.
Coronal sections at th e th oracic (A, B, D a n d E) or cervical regions (C a n d
F) of E14, E16 an d E l 8 em bryo s w ere hyb rid ised with

p ro b es co rresp o n d in g

to th e 3' e n d of b r n -3a (A, B an d C) o r b rn -3 c (D, E a n d F). b r n -3a is ex pressed
in th e DRG a n d d orsal h o rn of the spinal co rd (which excludes la m in a 1 a n d
th e s u b s ta n tia gelatinosa). b rn -3 c is expressed in a subset of cells in th e DRG
an d in a tin y cluster of cells in th e d e e p dorsal h o rn of th e spinal co rd (lam ina
5; arrow s) afte r E14. Each p ic tu re is a com posite of a d ark field image of an in

situ a u to ra d io g ra p h (yellow) s u p e rim p o se d on a b rig h t field im age of th e same
section stained with hem atoxylin (blue).
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Figure 29. Expression of b rn -3 a and b rn -3 c
spinal cord and DRG.

in the new born ra t

C oronal sections (n o m in al th ick n ess 15 |im) of th e PO rat spinal cord at th e
cervical (A a n d C) a n d th oracic (B a n d D) levels, were labelled in situ with 35g
p ro b e s c o rre s p o n d in g to the 3' e n d of b r n -3a (A a n d B) a n d b rn -3 c (C a n d D).
b r n - 3 a is ex p ressed m ainly in th e d o rs a l h o rn of th e spinal co rd a n d in the
DRG, while b rn -3 c is expressed in a small subset of cells (,^5) e ith e r side of the
midline, a n d b y a subset of DRG cells. Each picture is a com posite of the in situ
signal (yellow) s u p e rim p o s e d o n a b r ig h t-fie ld im age of th e sam e sectio n
stained with hem atoxylin (blue).
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Figure 30. Expression of b rn -3 a and b rn -3 c in sections of new born
rat dorsal root ganglia.
High m ag nificatio n b r ig h t field m ic ro g ra p h s show ing b o th th e in situ
signal (silver grains) a n d th e associated cell nuclei sta in e d with hem atoxylin.
The silver grains lie over m ost n e u ro n s fo r b rn -3 a (A), b u t over a su b set for
brn-3c (B).
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B)

A)

C)

Figure 31. Expression of b r n -3a, brn-Sh and b rn -S c in the E12 rat
embryo.
C oronal sections from the cervical region of th e E l 2 e m b ry o (no m inal
thickness 10 |im) were hy bridised in situ w ith an tisen se Brn-3a (A), Brn-3b (B)
and

B rn-3c (C) p ro b e s . T h ese w ere s u b je c te d to a u t o r a d i o g r a p h y

and

p h o to g r a p h e d u n d e r d a rk field illum ination. The pla n e of sectio n reveals th e
spinal c o rd a n d DRG (top of p h o to g ra p h ), a n d th e f o re b ra in a n d trig em in al
ganglia (low er p a rt of p h o to g ra p h ), all of w hich show a h y b rid is a tio n signal
w ith e a c h o f th e p ro b e s . The s e n s e p r o b e d id n o t give a sig nal o v e r
b ack g ro u n d (not shown).
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Figure 32. Expression of brn-3 a, bm-3b and bm-3c in the El 2 and E14 rat embryo.
C o ro nal sectio n s fro m th e cervical reg io n of E l 2 (B) e m b ry o a n d E l 4 (C) e m b ry o w ere
h y b rid is e d w ith a n tis e n s e Brn-3a, Brn-3b a n d Brn-3c p ro b es c o r r e s p o n d in g to th e POU-domain.
These were su bjected to a u to ra d io g ra p h y a n d p h o to g ra p h e d u n d e r d ark-field illum inatio n (B a n d C).
An E14 section was also sta in e d w ith hem atoxylin a n d p h o to g ra p h e d u n d e r b righ t-field illum ination
(A). Specific h y b rid isa tio n was seen to th e spinal cord a n d dorsal ro o t ganglia w ith th e Brn-3a a n d
Brn-3c prob es. The sense p ro b e d id no t give a h yb rid isa tio n signal o v e r b a c k g r o u n d (no t shown).
The scale b a r rep resents 50 p m.
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E16
Brn-3c

B)

A)

Figure 33. Expression of bm-3c in the El6 rat embryo.
C oronal sections th r o u g h th e ra t spinal at th e th o ra c ic level (n o m in al
thickness 10 ^m) w ere h y b rid ise d in situ w ith antisense Brn-3c probes. These
w ere

s u b je c t d to

au to ra d ig rap h y

and

p h o to g ra p h e d

under

dark

fie ld

illum ination (B) a n d stained with hem atoxylin a n d p h o to g ra p h e d u n d e r b rig h t
field illu m ination (A). Specific h y b rid isa tio n was seen in th e spinal co rd (SC)
(arrow) a n d dorsal ro o t ganglia (DRG). Coronal sections h y b rid is e d with Brn3a a n d Brn-3b an tisen se p ro b es gave no d e te c ta b le signal (n o t show n). The
Brn-3c (below B) represents 100

m.
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Figure 34. Expression of bm-3a, bm -3b and bm -3c in the El 8 rat
embryo.
C oronal sectio n s fo rm th e cerv ical reg io n (n o m in al th ic h n e s s 10 |iim)
w ere h y b rid is e d in situ w ith a n tis e n s e B rn-3a. B rn-3b o r B rn-3c p ro b e s
c o rre s p o n d in g to th e POU -dom ain. T hese w ere su b je c te d to a u to ra d io g ra p h y
a n d p h o to g ra p h e d u n d e r d a rk -fie ld illu m in a tio n (B), C), a n d D), a n d also
s ta in e d w ith h em ato x y lin a n d p h o to g ra p h e d u n d e r b rig h t-fie ld illu m in a tio n
(A).

Specific h y b rid isa tio n was seen fo r all p ro b e s in th e d o rsal h a lf o f th e

s p in a l c o rd (SC) a n d d o rs a l r o o t g an g lia (DRG); th e B rn-3a p ro b e also
h y b rid ise d stro n g ly a line of cells lying o u tsid e th e v e n tric u la r zone d o rsally ,
th e Brn-3b p ro b e also h y b rid ise d w eakly to th ese cells. The sense p ro b e d id n ot
give a signal o v er b ack g ro u n d (n o t show n). The scale b a r (below D) re p re se n ts
200 |jm.
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Figure 35. Expression of bm -3a in the E l 6 rat embryo.
Sagittal section (10 |im n o m in al th ick n ess) w ere h y b rid ise d in situ w ith
th e a n tis e n s e A) o r se n se B) p ro b e s , s u b je c te d to a u to r a d io g r a p h y

and

p h o to g ra p h e d u n d e r d a rk -fie ld illu m in a tio n . Specific h y b rid is a tio n w as o n ly
seen in th e p e rip h e ra l a n d c e n tra l n erv o u s system , in c lu d in g th e s u p e rio r a n d
in fe rio r colliculi (SuC a n d InC), th e trig e m in a l b ra in s te m n u cleu s (BrS), th e
s u p e r m e d u lla ry vellum (SMV) of th e b rain . H y b rid isatio n was lim ite d in th e
sp in al c o rd (SC) to th e d o rsal h a lf of th e cord, a n d in th e p e rip h e ra l n erv o u s
sy stem to th e d o rsa l ro o t g an g lia (n o t show n in th e p la n e of se c tio n ). In
co m p ariso n Brn-3b an d Brn-3c w ere n o t d etecte d th e sp in al c o rd in E l6 sag ittal
sections. T he sense p ro b es gave no in situ signal o v e r b a c k g ro u n d . The w h ite
arrow s indicate th e plane of th e sections u sed in p rev io u s figures.
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Figure 36. Northern blot of brn-3a and bm -3c transcripts.
T otal RNA was iso la ted fro m n e o n a ta l ra t co rte x (1), c e re b e llu m (2),
b ra in stem (3), sp in al co rd (4), d o rsal ro o t gan g lia (5), a d re n a l g lan d s (6),
sp leen (7), th y m u s (8), skin (9), kid n ey (10), lung (11), h e a rt (12), m uscle (13),
a n d liv er ( 14), a n d n o rth e rn b lo tted . The b lo t was p ro b e d co n secu tiv ely w ith
32p-iabelled p ro b es specific fo r B rn-3a (to p p an el) o r Brn-3c (low er p an el). To
d e m o n stra te th a t ap p ro x im ately eq u iv alen t am o u n ts of RNA w as p re se n t on th e
N o rth e rn b lo ts, th e y w ere re -p ro b e d w ith a rib o so m a l p ro te in L-27 p ro b e
(central strip ). The p osition of RNA size m ark ers is show n on th e left.
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Figure 37. b rn -3 a , b r n - S b and b r n - 3 c
cord and dorsal root ganglia.

tra n s c rip ts

in

the

spinal

Poly A+ RNA fro m n eo n atal ra t sp in al co rd (SC) a n d d o rsal ro o t ganglia
(DRG) was e le c tro p h o re s e d on a 1% ag aro se gel c o n ta in in g fo rm a ld e h y d e ,
tr a n s fe rre d to n y lo n m e m b ra n e , a n d h y b rid ise d w ith a ^^P la b elle d p ro b e
co rre sp o n d in g to th e POU-domain of b r n -3a. This was rem o v ed by boiling a n d
th e b lo t was re h y b rid ise d w ith a p ro b e c o rre sp o n d in g to th e POU -dom ain of
b rn -3 b . This p ro b e was th e n also rem o v ed an d th e b lo t w as h y b rid ise d a th ird
tim e w ith a p ro b e c o rre s p o n d in g to th e PO U -dom ain o f b rn -3 c . All p ro b e s
h y b rid ise d to d iffe re n t sized tra n s c rip ts . T he g en u in e tra n s c rip ts
w ith arrow s.
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Figure 38. Genomic Southern blots with brn-3a and brn-3c probes.
Rat k id n e y genom ic DNA w as d ig e ste d w ith (from left to rig h t) F c o R l,

BamRl, Hindlll a n d Xhol, S o u th ern b lo tte d a n d th e n p ro b e d as d escrib e d w ith
A) a B rn-3a-specific p ro b e a n d C) a B rn-3c-specific p ro b e. M olecular w eight
m arkers are show n on th e left.

140

Chapter 6
General Discussion
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Discussion:
CNS development involves an intricate program of gene expression that
leads to the establishm ent of a vast diversity of neuronal and glial cell
phenotypes. The fact that POU-domain proteins are expressed with distinct
spatial and temporal patterns during establishment of the nervous system (He
et al., 1989) has raised the possibility that these proteins play specific roles in
specifying neuronal phenotypes. This is supported by the data in this thesis,
showingthat POU-III and POU-IV class proteins are expressed in developing
neurons and glial cells. POU-domain genes are expressed at all rostro-caudal
levels of the nervous system, including the developing and m ature forebrain
(eg. members of the POU-III class), in contrast to classical homeodomain (Hox)
proteins which are expressed at defined levels in the anterior-posterior axis.
This suggests th at th eir encoded proteins may function in developm ental
events subsequent to body axis specification, for example, in the development
of neuronal phenotypes. In this thesis I have shown that POU-domain proteins
are present in both proliferating (eg. 0-2A progenitor cells) and differentiated
cells (eg. neurons). It may be that POU-domain proteins (like some Drosophila
hom eodom ain proteins) play one role early in developm ent, when cell
lineages are established, and another one later in development, when the
mature cell phenotype are specified (see Chapter 5).
The role o f POU-III
oligodendrocyte lineage

p ro tein s

in

the

d evelop m en t

of

the

In an attem pt to understand some of the molecular events involved in
the development of neural cells, I have studied the 0-2A lineage. All members
of the POU-III class are expressed in the 0-2A lineage, but the function of these
is unknown. SCIP is expressed in proliferating 0-2A progenitor cells, but is
dow n-regulated w hen these cells are induced to stop dividing and
differentiate. One possibility is th at SCIP is involved directly in regulating
expression of myelin genes (Monuki et al., 1990; Monuki et al., 1993). However,
it is also possible that SCIP might play a role in m aintaining the cells in a
proliferative state, controlling myelin gene expression indirectly (Collarini et
al., 1992) (see Chapter 4). This could be tested by manipulating SCIP expression
or activity in proliferating 0-2A progenitors in vitro. For example, downregulating SCIP (or other POU-III factors) using antisense oligonucleotides
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against the mRNA, or antibodies against the protein might, if SCIP is required
for proliferation, force 0-2A progenitor cells to differentiate prem aturely.
Alternatively, over-expression of SCIP mRNA might be expected to maintain O2A progenitor cells in a proliferative state even in the absence of growth
factors. These approaches might help to determ ine w hether the downregulation of SCIP during oligodendrocyte development is instrum ental in O2 A progenitor cell differentiation or merely a consequence of differentiation
The generation of knockout mice in which individual POU-domain
genes are disrupted, would help to determine the role of POU-111 class proteins
during development. Oct-2 has recently been knocked out in embryonic stem
cells, and homozygous Oct-2 null mice have been generated (Feldhaus et al.,
1993).
There is evidence (unpublished) that SCIP expression in Schwann cells
is regulated by axons. W hether the same is true for oligodendrocytes is not
known. Myelin gene expression in oligodendrocytes and Schwann cells differs
in its requirem ent for axons; oligodendrocytes can express high levels of
myelin gene products even in the absence of axons, while Schwann cells
cultured in the absence of axons express low levels of myelin-related mRNAs
and lose their myelinating phenotype. During normal development Schwann
cells rem ain associated with axons, yet SCIP expression falls in vivo. It is
possible that Schwann cells become unresponsive to some factor secreted by or
associated with axons, in a way that is reminiscent of the way 0-2A progenitor
cells lose their resposiveness to PDGF during oligodendrocyte development.
Regulation of POU-III factor gene expression
Little is known about the factors th at regulate POU-domain gene
expression. A mitogen produced by axons appears to have a role in SCIP
expression in Schwann cells, perhaps by raising the intracellular cyclic AMP
(cAMP) levels. SCIP is known to be induced by cAMP (Monuki et al., 1990;
Monuki et al., 1993), and indeed the acronym SCIP reflects this fact
(su p p re ss e d , cy clic A M P-inducible iiro te in ). SCIP e x p re ssio n in
oligodendrocytes may be controlled by PDGF or other growth factors, and Oct-2
is up-regulated by NGF; it would be of interest to determine how growth factors
regulate expression of these transcription factors. The expression of SCIP and
oth er POU-111 factors seem to be independently regulated during 0-2A
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progenitor differentiation. SCIP and Brn-1 mRNAs are rapidly down-regulated
when 0-2A progenitors are triggered to differentiate in vitro; SCIP mRNA
rem ains low, while Brn-1 mRNA levels subsequently recover. There is
evidence that SCIP, at least, is regulated post-transcriptionally (see below).
oct-3/4 expression is inhibited by retinoic acid early in development
and in embryonic stem cells. Pit-1 expression is regulated by cyclic AMP
response element binding protein (CREB) (Chen et al., 1990; McCormick et al.,
1990), which binds in association with Pit-1 to the prolactin prom oter (Chen et
al., 1990; Li et al., 1990). It is possible that other POU-domain proteins could also
be controlled in p art by CREB. These examples suggest that POU factors are
controlled by extracellular signals, and might even be p art of the signaltransduction cascade.
Post-transcriptional regulation of POU factor expression
Transcription factors are only required in a cell when the genes they
regulate are to be activated or repressed. One means of regulating the
expession of transcription factors themselves is at the level of transcription.
However, transcriptional regulation would require the regulation of other
transcription factors, and would, therefore, set the problem of gene regulation
one stage back. Some tran sc rip tio n factors a p p ea r to be regulated
posttranscriptionally; for example, alternatively spliced forms of CREB are
found, of which one form lacks the activation domain; although both forms
can bind to the cyclic AMP response element (CRE) only one form can activate
transcription in response to cAMP. Other transcription factors are regulated
posttranslationally; for example, phosphorylation of Oct-1 or Pit-1 protein
alters their DNA-binding activity (Segil et al., 1991; Boseman Roberts et al.,
1991; Kapiloff et al., 1991). It has been suggested from nuclear run-on
experiments and half-life m easurements in vitro, that SCIP mRNA is regulated
p o sttran scrip tio n ally at the level of mRNA stability (Collarini et aL,
unpublished data). It would be interesting to determ ine w hether this is a
general property of POU factors; for example, sim ilar experiments on Brn-1
mRNA would determ ine whether its transient down-regulation during 0-2A
differentiation is also controlled by mRNA stability. mRNAs that are controlled
at the level of stability have characteristic AU rich regions at their 3' ends.
These regions are present in SCIP. Full length cDNA clones encoding other
POU-111 class proteins may help to determ ine whether these genes are also
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controlled at the level of mRNA stability. This is not incompatible with the
suggestion that POU-domain gene expression is controlled by growth factors;
the activity of a protein involved in mRNA stability might be controlled by
growth factors such as PDGF.
The Brn-3-like POU factor family
Members of the POU-IV class appear to play roles in the development of
the sensory neuron phenotype. mRNA encoding Brn-3c, a member of the POUIV class of POU-domain proteins is expressed in a subset of neurons in the DRG,
that possibly correspond to mechanosensory neurons, and a subset of neurons
in the spinal cord (Ninkina et al., 1993). M echanosensory DRG neurons
synapse in the spinal cord with neurons that lie at the approximate position of
the Brn-3c-positive cells. Thus it is possible that cells expressing brn-3c in the
peripheral and central nervous systems might be functionally related. A
functional relationship has also been suggested for cells in the retina and
superior colliculus th at express brn-3b (Xiang et al., 1993); retinal ganglion
neurons send axons down the optic nerve to synapse with cells in the superior
colliculus. If there is some functional, it could be that POU-IV expressing cells
form connections because they express POU-IV proteins, or alternatively the
expression of POU-IV proteins might be a consequence of the connections
formed between cells. The timing of POU factor expression in DRG and spinal
cord neurons during development might allow some models to be ruled out. For
exam ple, if Brn-3 expression in DRG neurons depen d ed on synaptic
connections being formed with Brn-3c-expressing neurons in the spinal cord,
one would expect to be able to detect Brn-3c mRNA earlier in the spinal cord
than in the DRG.
Finding the target genes of b rn -3 c and b rn -3 a, might help us to
determ ine the cell types that express these transcription factors. Unc-86 , the
closely related nematode POU factor, plays a role in the expression of mec-3, a
homeobox-containing gene necessary for differentiation of m echanoreceptor
neurons. Other POU-factors may function in regulating the expression of
neurotransm itters; Cfl-a regulates the expression dopa decarboxylase which is
the last enzyme in a pathway leading to the synthesis of the neurotransm itters
dopamine and serotonin. Target genes could be determ ined in a num ber of
ways; for example, screening a genomic library with the Brn-3 c or Brn-3 a
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p ro tein , or mixing genom ic DNA and Brn-3c or Brn-3a followed by
immunoprécipitation with a Bm-3c or Bm-3a specific antibody.
In order to make progress in understanding the role of Brn-3c (and
Brn-3a) (and to determ ine w hether cells expressing these transcription
factors do indeed make connections), it will be necessary to determine the cell
types that express brn-3c (brn-3a). 1 have suggested that brn-3c is expressed
in the large light neurons of the DRG, which correspond to mechanoreceptors.
Large light DRG neurons are characterized by uneven staining because of
clumps of Nissl substance (aggregations of ribosomes and rough endoplasmic
reticulum ) interspersed with lightly staining regions of the cytoplasm that
contain microtubules and large amount of neurofilam ent (NF). These can be
distinguished from the small dark DRG neurons using an antibody to
phosphorylated neurofilam ent (RT97) which only labels neurofilam ents in
large light neurons. Small dark neurons have more even and darkly-staining
cytoplasm because of a more even, denser distribution of organelles, fewer
neurofilam ents, and a greater num ber of Golgi bodies. These cells can be
labelled with antibodies to peripherin which is an interm ediate filam ent
protein found in neurons in, or projecting to, the periphery. These antibodies
detect neuronal processes strongly, and neuronal cell bodies only lightly,
while POU-domain proteins are confined to the cell bodies. However, combined
im m unohistochem istry and in situ hybridisation studies on cultured DRG
neurons, using one of these antibodies and b r n -3a or brn-3c probes, might
allow a designation of the Brn-3c-expressing cells in the DRG. Small dark
neurons can also be distinguished by cell surface determ inants recognised by
the lectin Griffonia simplicifolia isolectin I-B4 (GSA I-B4 ) and the monoclonal
antibody LA4, which recognises a unique surface oligosaccharide.
Studies of peptide expression suggest th a t th ere are num erous
subdivisions of the large light and small dark neurons. Co-localization of
peptides further complicates classification. Peptides are prim arily detected in
fine fibers arising from small cells.

The chemical phenotype of prim ary

afferents is characteristic of the proposed targ et they innervate; the
biochemical characteristics of sensory neurons innervating muscle, viscera,
or joint are different from those innervating skin. Enzymes detected in large
and small cells also provide a means of identifying cells; for example, carbonic
anhydrase is found m ostly in large cells, while fluoride-resistant acid
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phosphotase (FRAP) intensely labels a population of small sensory cells (it
appears that small DRG cells transport FRAP proximally and distally in their
processes).
In conclusion, if it turns out that their is some functional link between
cells that express Brn-3 a or Bm-3c in the spinal cord and DRG, this might turn
out to be the most interesting off-shoot of the work described in this thesis.
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