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The p53 tumor suppressor protein has a critical role in the cellular response to
stress, and when activated, functions to transactivate genes which induce
apoptosis or growth arrest. The hdm?2 oncoprotein is the most significant regulator
of p53 activity, and it achieves this partly through inhibition of p53 transactivating
ability. Hdm2 also interacts with other non-p53 proteins and through its many
protein-protein interactions, influences diverse cellular pathways. Work by our
group previously identified a putative protein-protein interaction between hdm?2
and the redox-sensitive transcriptional co-repressor CtBP2. Based on this
observation, the objectives of the current study were:

(i) To verify that hdm2 and CtBP2 interact,

(11) To characterise the physical nature of the interaction,

(iii) To determine the functional consequences of the interaction and how it

may be regulated.

The interaction between hdm?2 and CtBP2 was verified using in vitro and in vivo
protein binding assays. Deletion mutants were used to identify the interacting
domains in the proteins, and the effect of the interaction on p53 activity assessed
using reporter gene assays.

Hdm?2 participates in a novel protein-protein interaction with CtBP2 both in vitro
and in vivo. The acidic domain of hdm2 and the N-terminus of CtBP2 are
necessary and sufficient for this interaction. CtBP proteins undergo an NADH-
induced conformational change, which we show results in a loss of its hdm2
binding ability. This negative regulation is dependant on the conserved NADH-
binding GXGXXG motif in CtBP2.

The recruitment of CtBP2 by hdm?2 results in a promoter selective repression of
p53-dependant transcription. Furthermore, hypoxia-mimicking conditions which
increase intracellular NADH levels abolish this repression, thus enhancing p53
activity.

In conclusion, I have identified a novel protein-protein interaction between hdm?2
and CtBP2 and show that this interaction helps to keep p53 activity in check. I
also demonstrate a mechanism by which this interaction is regulated through
changes in cellular redox. This pathway represents a novel mechanism whereby
p53 activity can be enhanced by hypoxia, and suggests that inhibition of the
hdm2-CtBP2 interaction may prove a useful target in p53 wild-type tumors.
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The molecular apparatus of the cell cycle tightly controls the ability of
cells in the body to increase in numbers. In the normal cell, this machinery is
responsible for precisely integrating the positive and negative growth regulating
signals that arise from outside and within each cell, and determines whether the
cell should pass through its replicative cycle. In order to safeguard this
fundamental process, a number of vital surveillance systems have evolved which
act at so-called checkpoints, and the loss of checkpoint control is an essential
ingredient of the formula for cancer (Sherr 1996; Sherr 2000; Paulovich et al.
1997).

An overwhelming amount of evidence indicates that the protein product of
the murine mdm2 gene (human Adm?2) has a number of crucial roles to play in the
regulation of cell cycle checkpoints and that its aberrant activity in cells can
confer a powerful oncogenic capability. The importance of ~dm?2 in normal
cellular physiology and carcinogenesis has fuelled considerable advances in our
understanding of its function and purpose, however it is apparent that significant
gaps remain in our knowledge of this molecule. The current study describes a new
molecular interaction involving the hdm2 protein and aims to define the role of

this interaction in vivo.

1.1 hdm2

Mdm2 (Murine Double Minute 2) is a phylogenetically conserved gene
first cloned during work on abnormal regions of chromatin called double minutes
in the 3T3DM mouse cell line. Double minutes are anomalous regions of
chromatin containing genes which have been amplified many fold. The rationale
for studying these sections of DNA is that they commonly contain key oncogenes
and indeed in the case of the 3T3DM double minutes were noted to contain two
such genes the second of which was named mdm2 (Cahilly-Snyder et al. 1987).
The oncogenic potential of the latter gene was further confirmed when it was
shown that overexpression of the gene in NIH3T3 cells and Rat2 cells conferred
high tumorigenicity in nude mice (Fakharzadeh et al. 1991). The human
homologue was subsequently cloned and mapped to chromosome 12q13-14, and
the Adm2 gene was found to be overexpressed in a wide variety of human tumours

(Oliner et al. 1992). However it was not until the demonstration that the hdm2
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protein interacted with the p53 tumour suppressor protein and that it may be

involved in the regulation of p53 function (Momand et al. 1992) that interest

levels in hdm2 became heightened and the gene became propelled from obscurity

into the limelight (summarised in Table 1.1).

For ease of description, the term "hdm?2" is used throughout this

introduction to refer to all the interspecies forms of mdm?2, unless a precise

species-specific characteristic of the relevant gene or protein homolog is being

described. This is in keeping with
other published work and is
possible because of the tremendous
structural and functional
similarities that exist between the
different homologues (Momand et
al. 1998; Freedman et al. 1999;
Buschmann et al. 2000; Zhu et al.
2002).

1.2 From DNA to protein
The mdm?2 gene 1s

composed of 12 exons distributed
over approximately 25 kb of DNA
(Oca Luna et al. 1996), and
transcription of this gene is guided
through two promoters termed P1
and P2. The P1 promoter exhibits a
constitutive low-level activity while
the P2 promoter, which is located
within the first intron, is highly
inducible (Juven et al. 1993). In

Table 1.1: Milestones in hdm2
history

1987  Cloned from transformed mouse cell line
{Cahilly-Snyder et al. 1987).

1992 Human gene cloned and found to be
overexpressed in human cancer (Oliner et
al. 1992).
mdm2 shown to interact with p53 and
inhibit its activity (Momand et al. 1992).

1993  hdm2-p53 negative feedback loop model
put forward (Oliner et al. 1993).

1995  First pS3 independent activity identified
(Xiao et al. 1995).
mdm2/p53 single and double knockout
mice generated (Jones et al. 1995).

1996  Crystal  structure  of  mdm2-pS3
interaction determined (Kussie et al.
1996).
mdmX identified as a homolog (Shvarts
et al. 1996).

1997  hdm?2 is regulated by kinases (Mayo et al.
1997).

1999  Anti-tumour cytotoxics may act through
hdm2 dependent mechanisms (Arriola et
al. 1999).

2001  First in vivo use of anti-hdm2 approaches
in mice shows successful anti-tumour

activity (Wang et al. 2001).

murine cells, P2 activity was shown to be responsive to both transfected p53 and

stabilised endogenous p53 after ionising radiation (Barak et al. 1994), and

subsequently two adjoining p53 response elements were identified in the human

gene. Both are believed to be necessary to p53-mediated transactivation of the P2
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promoter (Zauberman et al. 1995). Further regulation of P2 activity occurs
through Thyroid Hormone receptors (Qi et al. 1999) and the Ras controlled
Raf/MEK/MAP kinase pathway (Ries et al. 2000). Low level expression of
multiple mRNA transcripts in both adult and embryonic tissues has been
demonstrated by several groups (Freedman et al. 1999), while in tumours,
alternatively spliced variants have also been noted and shown to confer
transforming ability to NIH3T3 cells (Sigalas et al. 1996). This variety in mRNA
combined with the presence of multiple translation start sites within the sequence,
predicts significant diversity in the possible protein products from this gene, a
feature that has been duly noted by several workers (Olson et al. 1993; Haines et
al. 1994; Sigalas et al. 1996). The dominant protein form however is a 491 amino
acid protein in humans, which has several regions that are highly conserved
amongst all species examined (figure 1.1). Of these regions, the best studied
represents the p53 binding domain in the N-terminus of the molecule (discussed

further in section 1.4.2), while comparatively less is known about the roles of the

other domains.

P53 binding NLS/NES  Acidic domain  Zinc finger RING finger
region domain domain

Figure 1.1: hdm2 domain structure

Schematic diagram of hdm2 domains. The regions of highest homology are

highlighted.

How are hdm2 protein levels and activity regulated in cells? hdm?2 has a
short half-life in cells of approximately 20 minutes (Olson et al. 1993), and is
degraded by the ubiquitin-proteasome pathway. This pathway is a commonly used
mechanism for protein degradation in which multiple ubiquitin residues are
covalently attached to lysine residues in the targeted protein, and this poly-
ubiquitination subsequently acts as a molecular label that directs the protein to the
proteasome for break down. Interestingly, hdm?2 itself functions as a ubiquitin
ligase enzyme and targets specific proteins for degradation. Hdm? is also capable
of auto-ubiquitination, and directs its own degradation as well. The ubiquitin

ligase activity of the hdm?2 protein is dependent on an intact and functional RING
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finger domain of the protein and mutations in this region abrogate this activity as
does the chelation of zinc cations (Fang et al. 2000). hdm?2 auto-ubiquitination is
antagonised by sumoylation of hdm?2, a process that involves the covalent
attachment of a small ubiquitin like modifier protein (SUMO-1) to the lysine
residue at position 446 of hdm2. This modification not only stabilises the hdm2
molecule itself, but it potentiates hdm2 mediated degradation of other molecules
(Buschmann et al. 2000).

In addition to the regulation of protein levels, the activity and functions of
hdm?2 are also subject to regulation. hdm2 is susceptible to a number of post-
translational modifications other than ubiquitination and sumoylation that alter its
activity and interactions dramatically. Phosphorylation of serine residues is one
such modification and three kinases which have been implicated in this process
are DNA dependent Protein Kinase (DNA-PK), Ataxia Telangiectasia Mutated
(ATM), and Akt which phosphorylate serines 17, 395, and 186 on hdm?2
respectively (Mayo et al. 1997; Maya et al. 2001; Ogawara et al. 2002). Since the
majority of the activity of hdm2 is brought about through making protein-protein
contacts with other molecules, phosphorylation may regulate the activity of the
protein through altering the contacts it can make (Mayo et al. 1997, Hay & Meek
2000).

Yet another mechanism by which the activities of hdm2 are regulated
takes place by altering its subcellular localisation. The tumour suppressor protein
ARF, which is one of the alternate products of the INK4A gene locus, binds to
hdm2 and among other effects on hdm2 function sequesters it away from the
nucleoplasm, the main site of its activity (Olson et al. 1993), and into the
nucleolus (Pomerantz et al. 1998; Tao & Levine 1999). As will be described later,
this change in localisation has dramatic effects on the interaction between hdm?2
and p53.

Thus it is apparent that hdm?2 is regulated at all possible levels, from the
transcription of the DNA to the post-translational modifications and localisation of
the protein. Why are so many levels of control necessary? One possible
explanation lies in the tremendous diversity of different signals that can trigger the
hdm?2 "network" of proteins. A wider range of response is possible when control is
exerted through multiple regulatory points than if only one point of control

existed. The wider range of response equips the cell to better integrate and deal
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with the ever-changing internal and external signals it receives and may lead to a
survival advantage.

Over the course of the last decade, enormous advances have been made in
our understanding of the hdm2 network of interacting proteins and the
mechanisms by which hdm2 over expression may lead to oncogenesis. The
emerging view is one of a complex series of interconnected molecular pathways,
linked through hdm2 and other proteins. Hdm?2 mediates its effects on these
pathways primarily through direct protein-protein interactions and the
consequences of these interactions may be conveniently divided into p53-

dependent and p53-independent activities and will be discussed separately here.

1.3 p53-dependent activities of hdm2

1.3.1 p53 helps maintain genomic stability

The p53 tumour suppressor protein is a 393 amino acid protein that acts as
a potent G1-S cell cycle checkpoint regulator. In response to a wide variety of
cellular stressors such as ionising radiation (IR), ultraviolet light (UV), hypoxia,
and aberrant growth signals, p53 becomes activated and in turn is responsible for
either blocking cell cycle progression and activating repair pathways, or
instigating programmed cell death (Janus et al. 1999). This role is crucial to the
survival of the organism as a whole as such stressed cells are more liable to
contain mutations in their DNA which if passed on to their progeny, could have
disastrous consequences. It is because of this critical role that p53 is the most
commonly inactivated gene in all human cancers (May & May 1999; Wallace-
Brodeur & Lowe 1999).

Once activated, p53 operates as a sequence specific DNA binding protein
to transcriptionally transactivate a host of genes that bring about its ultimate effect
(figure 1.2). Exactly how p53 is converted from an inactive transcription factor to
an active one has been the subject of intense research, and from this work it has
become clear that although several levels of regulation exist, the most important
mechanism by which p53 activity is controlled is through alterations in the
stability of the p53 protein. Moreover, hdm2 has emerged as the main regulator of

p53 degradation through physically interacting with p53.
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Figure 1.2: The p53 network

A variety of cellular stressors activate this network through the action of
signal transduction kinases and the tumour suppressor protein ARF. These
mediators bring about modifications to p53 or its negative regulator hdm?2,
ultimately leading to the stabilisation and activation of p53. p53
subsequently co-ordinates the transcription of a number of target genes
(including hdm?2), which serve a protective role in the maintenance of
genomic stability. The negative feedback loop between p53 and hdm?2
dampens down the response once the activating stimulus has ended. P21 is a
cyclin dependent kinase inhibitor involved in G1 growth arrest; GADD45
protein product is also involved in checkpoint control; 14-3-3«¢is involved
in initiating a G2 arrest; Bax is a pro-apoptotic member of the BCL2 family;
NOXA is a mitochondrial protein which when overexpressed contributes to
apoptosis; p53-R2 is a ribonucleotide reductase; and p48 is a DNA excision-
repair enzyme (Vogelstein et al. 2000; Zhou & Elledge 2000). For other

abbreviations see list on page 4.
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1.3.2 The interaction between hdm2 and p53

The first evidence of an interaction between p53 and hdm2 came when a
90kD cellular protein was noted to co-purify with p53 in immunoprecipitation
reactions from cell extracts containing both mutant and wild type p53 (Hinds et al.
1990). Since protein function is mediated to a large extent by direct physical
interactions, identification of this p90 protein became an important priority as a
potential mediator or regulator of p53. In a landmark study, the p90 protein was
purified and subjected to proteolytic digestion to obtain amino acid sequence
information about it. From this it became clear that this p90 protein was indeed
the product of the ~dm2 gene. Furthermore, to test how this interaction may
modulate p53 function the same workers demonstrated that hdm?2 was able to
down regulate the level of activation of a p53 responsive reporter. The authors
thus postulated that since the over expression of wild type p53 in cells leads to the
cessation of cell proliferation while hdm2 over expression enhances their
tumorigenic potential, that the two proteins may play reciprocal roles in regulating

one another (Momand et al. 1992).

Further characterisation of this interaction revealed that residues 19-102 in
the N-terminus of hdm2 and 14-154 of mdm2 interact with the first 52 amino
acids in the N-terminus of p53. Furthermore, residues outside of these regions also
play a role in helping to stabilise the interaction (Chen et al. 1993; Leng et al.
1995b). Using overlapping 15 amino acid partial peptide libraries, other groups
were able to establish that the amino acid residues 18-23 form the minimal
binding site on p53, and that antibodies that recognise this epitope can effectively
inhibit the hdm2-p53 interaction (Picksley et al. 1994). Subsequently, the 3
dimensional crystal structure of the N-terminus 109 amino acids of the Xenopus
mdm?2 molecule bound to a p53 peptide was determined and revealed that the p53
region in question forms a two and a half turn amphipathic o helix which nestles

into a deep hydrophobic cleft on the N-terminus of the hdm2 molecule (Kussie et

al. 1996).

1.3.3 Functional consequences of the hdm2-p53 interaction
Momand and colleagues provided the first clue to the biological
consequences of the hdm2-p53 interaction in 1992 with the demonstration that

hdm2 was able to down regulate the level of activation of a p53 responsive
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reporter. Since then, a large body of data has accumulated which point to a crucial
role for hdm?2 as the main negative regulator of cellular pS3 levels and protein
activity. The best illustration of the importance of this negative regulation comes
from work on knockout mice models. In these models, it was demonstrated that
homozygous deletions of the mdm2 gene (mdm2 -/-), resulted in early embryonic
lethality unless combined with additional deletions of the pS3 gene (mdm2 -/-, p53
-/-). Hence p53 is lethal in the absence of its negative regulator hdm?2 in the
developing mouse embryo (Jones et al. 1995; Montes de Oca et al. 1995).

Additional evidence for this negative regulation comes from work showing
that overexpressed hdm2 can overcome the described biological functions of p53.
Hence, exogenously transfected hdm2 can overcome p53-mediated suppression of
transformed rat embryo fibroblasts (Finlay 1993), and abolish p53 mediated
growth arrest and apoptosis in cultured cells (Haupt et al. 1996; Chen et al. 1996).

How does the hdm2 protein negatively regulate p53? Evidence has
accumulated that at least four separate mechanisms contribute to this activity.
Firstly, hdm2 directly interferes with the ability of p53 to function as a
transcription factor. In eukaryotic cells, gene specific transcription is a tightly
controlled process requiring the combined actions of positive and negative
transcription factors, transcriptional co-activators and co-repressors, and
chromatin remodelling complexes (Goodrich et al. 1996; Kadonaga 1998; Tyler &
Kadonaga 1999). Protein-protein contacts between transcription factors, co-
activators and the general transcription machinery are critical for transcription
initiation, and it is at this point that hdm?2 acts to inhibit p53-mediated
transactivation. The interaction of hdm?2 and p53 has been demonstrated to map to
the N-terminus domain of p53 necessary for contacting the general transcription
machinery and thus it has been suggested that by effectively concealing this p53
activation domain hdm?2 is able to inhibit the initiation of transcription (Chen et al.
1993). Moreover, hdm?2 also prevents p53 contacting the transcriptional co-
activator CREB-binding protein (CBP), which is normally necessary for p53
mediated transactivation (Wadgaonkar & Collins 1999).

A second means by which hdm2 inhibits p53 activity is through actively
repressing transcription initiation at p53 responsive promoters. Thus by fusing
portions of hdm?2 to a heterologous DNA-binding domain to allow p53-

independent promoter recruitment, Thut and colleagues have localized a putative
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inhibitory domain in hdm2, which can repress transcription (Thut et al. 1997).
Hence, a dual mechanism for inhibition of p53-responsive promoters by hdm?2 has
been proposed in which not only does hdm?2 mask the activation domain of p53
and prevent it from interacting with its co-activator, but hdm?2 directly inhibits
transcription initiation as well.

The third method by which hdm?2 inhibits p53 activity is through
controlling the level and stability of p53 in cells. Like hdm2, p53 levels are also
regulated through control of degradation by the ubiquitin-proteasome pathway.
Hdm?2 by acting as a ubiquitin ligase enzyme, poly-ubiquitinates p53 and rapidly
targets it for degradation (Kubbutat et al. 1997). As with the auto-ubiquitination of
hdm2, the RING finger domain of the protein is necessary for this effect and
mutations in this region abolish hdm?2 directed p53 degradation (Argentini et al.
2000). More recently, the acidic domain of hdm2 has also been identified as being
necessary for this function, although the exact means by which this may occur
remain unclear (Argentini et al. 2001).

Finally, similar to the regulation of hdm2 by the ARF protein, which
sequesters hdm?2 in the nucleolus and away from its main site of activity, a series
of elegant experiments have revealed that hdm?2 also changes the subcellular
localisation of p53. Thus, hdm2 by virtue of its NLS and NES can shuttle between
the nucleus and cytoplasm (Roth et al. 1998), and this activity has been found to
be essential for the degradation of p53 as the inhibition of the nuclear export
capability of hdm2 by mutational inactivation or the use of specific inhibitors
blocks p53 degradation. This has led to a model in which hdm?2 poly-ubiquitinates
p53 and transports it out of the nucleus before targeting it to proteasomal

degradation (Freedman & Levine 1999; Alarcon-Vargas & Ronai 2002).

1.3.4 Regulation of the hdm2-p53 interaction

The functional consequences of p53 over or under activity represents a
powerful evolutionary selection force which may be responsible for the
development of the complex regulatory circuits that respond rapidly to internal
and external signals and either promote p53 stabilisation and hence its activity, or
lead to p53 degradation. Because of the critical role of the hdm?2 protein in
regulating p53 stability and activity, many of these pathways act on one or both

molecules to ultimately bring about their effect.
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The cellular response to DNA damage from 1onising radiation is one of the
best studied examples of this regulation. In this pathway, DNA damage such as
double strand breaks is "sensed" by as yet unclear mediators, and the damage
signal is transduced to two protein kinases, ATM and CHK2. ATM can
phosphorylate both p53 and hdm2 on serines 15 (on p53) and 395 (on hdm?2)
(Ashcroft & Vousden 1999; Khosravi et al. 1999). CHK2 phosphorylates serine
20 on p53; a critical residue in the interaction between p53 and hdm2, and by
doing so can abrogate the hdm2-p53 interaction. As stated previously, the
inhibitory effects of hdm2 on p53 necessitate a physical interaction, and so the
disruption of this interaction leads to a substantial increase in p53 stability and
thereby bring about p53 mediated transcription of pro-apoptotic and cell cycle
inhibitory genes (Chehab et al. 1999; Hirao et al. 2000). DNA-PK is yet another
kinase which influences this pathway and through phosphorylation of serine 17 on
hdm?2 can abolish the hdm2-p53 interaction (Mayo et al. 1997). Sumoylation of
hdm?2, which leads to its increased stability, is also responsive to the effects of
lonising radiation. Thus, following exposure to ionising radiation, the degree of
hdm?2 sumoylation undergoes a dose and time related reduction, thereby reducing
the level of hdm?2 and serving to activate p53 (Buschmann et al. 2000).

An alternative pathway exists for the activation of p53 in response to
aberrant growth signals. Such signals would lead rapidly to clonal proliferation of
cells and strongly predispose to cancer formation, and so the molecular machinery
necessary to counteract these signals has developed. Excessive or sustained
growth promoting signals emanating from cellular oncogenes such as Ras and
Myec or the viral oncogene E1A have been shown to promote the transcription of
the INK4A gene locus to increase the levels of the ARF tumour suppressor. The
INK4A gene locus encodes two separate and powerful tumour suppressor proteins
known as pl6INK4A and p19ARF (ARF) by taking advantage of alternative
splicing and alternative reading frames. hdm?2 was initially identified as an ARF
interacting protein using a screening system based on the yeast two-hybrid
technique and since then, substantial evidence has accumulated implicating ARF
as an important regulator of hdm2. ARF achieves this negative control on hdm2
activity through several methods, including inhibiting the ubiquitin ligase function
of hdm?2 and sequestering hdm?2 in the nucleolus thereby releasing p53 from hdm?2
mediated restraint (Palmero et al. 1998; Zindy et al. 1998; de Stanchina et al.
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1998). Thus 1t can be seen that when performing appropriately, the interaction
between ARF and hdm? plays a key role in diverting incipient cancer cells to
undergo a p53 dependent fate.

A further level of regulation of the hdm2-p53 interaction occurs as a result
of the transactivation of the hdm2 gene by p53 itself, thus generating a negative
feedback loop. In this loop, stress signals that stabilise p53 lead to p53-mediated
enhancement of hdm2 transcription, and the increased levels of hdm?2 then shut
down the p53 pathway. This model provides an explanation for the high levels of
mutant p53 that is frequently observed in cancer cells. In these tumours, the
mutant p53 is frequently unable to bind DNA and so cannot help initiate the

transcription of hdm2, its own negative regulator (Momand et al. 2000).

While the important p53-dependent activities of hdm2 have received much
attention, p53-independent activities have been comparatively less studied. In the
next section the evidence indicating that hdm2 has p53-independent functions are
presented, and as much of protein function is conducted through direct physical
interaction of molecules, some of the non-p53 protein interactions that hdm?2 takes

part in are also discussed.

1.4 p53 independent activities of hdm2

1.4.1 Evidence for the existence of p53 independent activities of

hdm2

The first clues to the existence of non-p53 related activities of hdm2 came
when 1t was noted that the hdm?2 gene gives rise to multiple mRNA transcripts and
protein products, many of whom are unable to interact with p53 (Olson et al.
1993; Baraket al. 1994; Haines et al. 1994). Moreover, alternative splice products
are also present in human gynaecological, urological, and neurological cancers
that are frequently of the high grade and late stage variety, and when transfected
into NIH3T3 cells have the ability to transform them (Sigalas et al. 1996;
Matsumoto et al. 1998). Other groups have subsequently demonstrated that the
full length protein is able to overcome a G1 cell cycle arrest and pass on growth

promoting ability in the absence of p5S3 (Dubs-Poterszman et al. 1995).
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Perhaps the most compelling evidence for p53-independent functions of
hdm?2 comes from two key studies on transgenic mice models. In one study, an
mdm2 neo-gene under the control of the bovine lactoglobulin promoter was over-
expressed in the mammary gland of mice that were wildtype or null for p53. This
overexpression led to the deregulation of mammary gland development by
promoting multiple rounds of DNA synthesis without concomitant cell division.
The resulting polyploidy and multinucleated giant cells formed resulted in
significant tumour susceptibility in the transgenic animals, and demonstrates the
oncogenic ability of mdm2. As these findings applied to both wildtype and p53
null transgenic animals, it is possible to conclude that this represents a p53-
independent function of mdm?2 (Lundgren et al. 1997).

A second study investigated the effects of amplification of the mdm2 gene
under the control of its own promoter. This work demonstrated that 100 % of mice
overexpressing mdm2 developed tumours. Moreover, this occurred in a dose-
dependent fashion such that the rate of tumorigenesis was accelerated with greater
amplification of mdm2. This study also compared the spectrum of tumours that
resulted from mdm2 amplification both in p53 null and p53 wildtype cells. The
results demonstrated a more than 4 fold increase in the incidence of soft tissue
sarcomas in the p53 null group, indicating a p53 independent role for mdm2 in
soft tissue carcinogenesis (Jones et al. 1998). This finding correlates well with the
many studies that have shown a striking link between overexpressed mdm?2 and

human soft tissue sarcomas (Oliner et al. 1992; Cordon-Cardo et al. 1994; Bartel

et al. 2001).

Collectively, this data strongly supports the notion that hdm?2 has
important p53-independent activities, and that when overexpressed can mediate
cancer formation through these pathways as well as through p53 dependent
pathways. In order to properly dissect out the molecular machinery behind these
effects, 1dentification of other hdm?2 interacting protein partners has been
paramount and in the following section a number of these interactions are

presented and discussed.
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1.4.2 hdm2 interacts with the p53 related protein p73

Two proteins, p63 and p73, share a high degree of structural and functional
similarity to p53, and have been identified in recent years. Similar to p53, these
proteins function as sequence specific transcription factors and recognise p53
DNA binding sites and can induce apoptosis and growth arrest (Kaelin, Jr. 1999).

Preliminary work on these molecules has revealed that whereas p53 and
p73 interact with hdm2, p63 does not (Balint et al. 1999; Kojima et al. 2001). The
interaction with p73 has been demonstrated in vifro and in vivo, however some
controversy remains as to the consequences of this interaction. Thus one study has
demonstrated that hdm?2 can effectively suppress p73 mediated transactivation
similar to its role in interacting with p53 (Wang et al. 2001), however others have
found that hdm?2 in fact stabilises p73 and positively enhances p73-mediated
transactivation. It is possible that these differing results may reflect variations in
cell lines used or growth conditions, and clearly further work is needed to help

resolve this issue.

1.4.3 hdm2-pRb and hdm2-E2F interactions

The Retinoblastoma susceptibility gene, mutation of which is responsible
for childhood retinal malignancy, was the first human tumour suppressor gene
identified and its crucial role in cell cycle regulation has been extensively studied.
The RB protein (pRB), binds to a family of sequence specific DNA binding
transcription factors known as the E2F/DP family. This family of transcription
factors regulate the expression of genes necessary for S phase entry and DNA
synthesis. In quiescent cells, hypophosphorylated pRB binds E2F and represses
transcription of E2F responsive genes, thus exerting a "gatekeeping" effect on the
cell cycle. Mitogenic signals, by activating cyclin dependent kinases for which
pRB is a substrate, free E2F and thereby initiate cell cycle transition through the
G1-S checkpoint (Sherr 2000).

hdm?2 has been shown to physically interact with pRB both in vitro using
Glutathione S-transferase (GST)-pRB fusion proteins, and more importantly in
vivo in untransfected cells by co-immunoprecipitation studies. Moreover, this
interaction takes place with the C-terminus "pocket” domain of pRB, which is
required for its secure interaction with E2F. A functional role for this physical

interaction is supported by experiments in which transfection of hdm?2 with an
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E2F reporter gene into an RB+/+ cell line lead to significantly increased E2F
transactivation of the reporter, suggesting that hdm?2 promotes progression
through the G1-S checkpoint by liberating E2F from pRB mediated restraint (Xiao
et al. 1995).

hdm?2 has also been shown to interact with E2F1 and DP1 directly. This
interaction takes place between the activation domain of E2F1 and the N-terminus
of hdm2, in a manner very similar to how hdm?2 contacts p53. But unlike the
association with p53, this interaction has a strong, concentration dependent,
positive transactivating effect on E2F responsive genes. This effect is independent
of RB as cell lines lacking RB are similarly affected (Martin et al. 1995).

Therefore the available evidence supports a p53 independent role for hdm?2
in driving cells through the G1-S checkpoint by direct interactions with both pRB
and E2F/DP1 transcription factors.

1.4.4 hdm2 interacts with MTBP

MTBP (Mdm2 Binding Protein) is a recently discovered protein first
identified through a yeast two-hybrid screen that employed hdm?2 as bait. MTBP
is homologous to two yeast proteins involved in cell cycle regulation, and It has
been determined that MTBP also has significant growth suppressive properties,
bringing about a G1 growth arrest. Although similar in effect to the action of p53,
this activity of MTBP is p53 independent and can be seen in p53 null cell lines.
hdm2 has been shown to bind the C-terminal 300 amino acids of MTBP through
its central region encompassed by residues 167-304, and this interaction leads to a
potent inhibition of MTBP mediated G1 cell cycle arrest. Thus, this represents
another key regulatory pathway that hdm?2 participates in and exerts control over
the G1-S checkpoint. Although the details of this pathway and its response to
different stresses remains to be elucidated, the prevalence of MTBP in rapidly
proliferating tissues suggest it may be of importance in the steady state control of

G1-S transition (Boyd et al. 2000).

1.4.5 hdm2 interacts with the Estrogen receptor ERa
ERa and hdm2 have been shown to physically interact with one another
both in vitro and in vivo (Liu et al. 2000; Saji et al. 2001). Interestingly, when the

in vivo interaction was tested using a mammalian 2-hybrid system, the interaction
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could be identified only in the presence of Estrogen. In the in vitro experiments
however, binding of ERa to hdm2 was ligand independent, suggesting that further
modifications to one or other of the two proteins takes place in vivo which confers
a ligand dependent sensitivity to the interaction.

This interaction may offer an explanation for the increased ERc dependent
transcription seen in MCF 7 cells over-expressing hdm2, and the selective growth
advantage these cells acquire on exposure to Estrogens. As this enhancement of
ERa dependent transcription is also witnessed in p53 null cell lines, this activity

of hdm?2 is also p53-independent (Saji et al. 2001).

1.4.6 hdm2 interactions with the general transcription apparatus

Hdm2 also cooperates with a number of components of the transcription
machinery, although the exact role of these interactions remains to be fully
elucidated. Thus hdm2 can bind with the general transcription factor TFIID both
in vitro and in vivo. This is a specific interaction, as hdm2 does not bind other
similar factors. TFIID is in fact a large multi-protein complex made up of at least
nine protein subunits, TATA Binding Protein (TBP), and 8 or more TBP
Associated Factors (TAF's), and hdm2 contacts two specific subunits namely the
TBP, and TAFII250 subunits (Leng et al. 1995a; Leveillard & Wasylyk 1997).
Gene specific transcription is tightly controlled by the action of activators and
repressors mediated through their contacts with the general transcription
machinery, and so one can postulate that the specific nature of the interaction of
hdm2 with TFIID may play an important role in gene expression. Indeed, the
increased expression of Cyclin A, required for S phase progression, G2-M
transition, and mitosis, has been linked to hdm2 mediated transcriptional

activation at the Cyclin A promoter by just such a mechanism, hence driving cells

into proliferation once more (Leveillard & Wasylyk 1997).

1.4.7 hdm2 interacts with the differentiation promoting factors Sp1

and Numb

One of the first transcription factors characterised in mammalian cell is
known as Spl. Spl is one of the many members of the Zinc finger domain
containing transcription factors and has been widely associated with

differentiation of various phenotypes through specific gene expression (Corbi &
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Lopez-Rodriguez 1997). Recently it has been demonstrated that hdm2 can bind
Sp1 both in vitro and in vivo in non-transfected cell lines. This interaction takes
place between the central region of hdm2 and the zinc finger domain of Sp1
necessary for contacting DNA (Johnson-Pais et al. 2001). Theoretically therefore
this interaction may have important functional consequences for Sp1 gene
expression.

Two lines of evidence currently support the hypothesis that hdm2 can
silence Sp1 activity. Firstly, in hdm2 over expression systems, transcription of an
Sp1 responsive promoter construct is greatly diminished, and secondly, using gel
mobility shift assays, it has been demonstrated that hdm2 can inhibit the specific
DNA binding ability of Sp1 in a dose dependent fashion. Moreover, it has been
known for some time that pRB increases Spl transactivating ability although how
this is achieved has not been clear. As the pRB interaction with hdm?2 is with the
same domain of hdm?2 that binds Sp1, this raises the possibility that pRB may
increase Spl mediated transactivation by competing with it for the same binding
site on hdm2, and so releasing Sp1 to bind to its promoter elements. Early results
seem to confirm this model as Spl bound to hdm2 can be freed by the addition of

pRB in cell free systems (Johnson-Pais et al. 2001).

Yet another protein involved in differentiation and cell fate regulation
shown to interact with hdm2 is the Numb protein (Juven-Gershon et al. 1998).
Numb is a membrane-associated protein involved in the process of asymmetric
cell division in which a cell divides into two daughter cells of different
developmental potentials. Although Numb is initially distributed fairly uniformly
on the cell surface, it becomes asymmetrically localised in a cell cycle dependent
manner by as yet unclear mechanisms. The amount of Numb determines the cell
fate, hence in loss of function Numb mutants, both daughter cells develop in the
same way (Jan & Jan 1998). During a search for potential hdm?2 interacting
proteins, Numb was identified as a likely candidate, a result further confirmed by
the demonstration of the interaction both in cell free systems and in transfected
cells. Despite enormous differences between p53 and the Numb protein in terms
of structure and function, striking parallels exist between them in their interaction
with hdm2. Thus, Numb binds to the N-terminus of hdm2, and Numb levels are

significantly reduced when co-expressed with hdm2. In addition, the subcellular
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localisation of Numb becomes altered in an acute manner when co-expressed with
hdm2, leading to significantly higher levels of expression in the nucleus. The
exact upshot of this finding remains obscure at the present time however it may
prove to be part of the link between how asymmetric localisation of cell fate

determinants is coupled to the cell cycle, a problem that has defied understanding

for some time.

1.5 Summary of background leading to initial observation

It is therefore apparent that the oncoprotein hdm?2 is a multi-functional
molecule, able to participate in a number of significant p53-dependent and p53-
independent functions through protein-protein contacts. These interactions
influence key cellular systems such as the maintenance of genomic integrity and
differentiation, and accordingly can be hijacked in carcinogenesis. To date, much
work has focused on exploring the p53-dependent activities of hdm2 and this has
provided us with valuable insights into the approaches used by hdm?2 to keep p53
in check. Yet, it is clear that hdm?2 has equally important pS3-independent
functions, and currently little is understood about the mechanisms by which hdm?2
exerts these effects. Although we have uncovered vital clues about these
mechanisms through the identification of non-p53 proteins that interact with
hdm?2, our understanding in this area is clearly limited. Therefore, in an effort to
address this issue, our group has tried to identify novel hdm?2 interacting proteins,
in the hope that they may shed more light on the hidden talents of this molecule.
To this end, we have previously screened a cDNA expression library for hdm2
binding proteins and in this process identified an interaction with the
transcriptional co-repressor known as CtBP2 (unpublished results). This study has

sought to confirm and further characterise this interaction.
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1.6 CtBP proteins

CtBP proteins were first identified as a result of studies on the tumorigenic
abilities of adenovirus proteins. Being limited by size, viruses utilise their
genome, transcriptome, and proteome perhaps more efficiently than any other
organisms, and the study of viral proteins has frequently been a rewarding venture
in understanding normal cellular mechanisms. Thus, the discovery of the p53
protein came about when it was identified as a binding partner for the Simian
virus 40 regulatory protein SV40LT (Lane & Crawford 1979; Linzer & Levine
1979).

Adenoviruses are DNA viruses that depend absolutely on the host cell for
their lifecycle. They achieve their goals by coding for highly efficient and
economic proteins that target cellular pathways at key points that are susceptible
to regulation. Over the last few decades it has become clear that adenoviral
proteins are composed of multiple, at times completely independent, short
sequence domains through which they bring about their effects in the most
economic fashion (Mymryk 1996; White 1998). It was in the setting of studies on
the adenoviral E1A protein that CtBP proteins were first discovered. The E1A
protein serves a number of functions for the infecting virus such as transcriptional
activation and repression, suppression of apoptosis, and induction of
transformation in co-operation with activated Ras or the adenovirus E1B protein.
E1A has no identifiable enzymatic activity and shows no sequence specificity for
DNA, and so the above activities all appear to be a consequence of E1A protein
interactions with other cellular and viral proteins. In this context, E1A has been
shown to interact with critical cellular proteins including CREB binding protein
(CBP), p300, pRB, p130, TBP, and various other components of the basic
transcriptional apparatus (Arany et al. 1995; Whyte et al. 1988; Geisberg et al.
1994).

While studying E1A protein domains, Chinnadurai and colleagues made
the interesting observation that whereas the wild type (wt) E1 A protein was
capable of inducing a certain degree of transformation of baby rat kidney cells,
mutants lacking the C-terminus 61 amino acids of E1A displayed enhanced
transformation abilities, and such cells were less adherent, had aggressive growth

properties, and were highly tumorigenic and metastatic in syngenic rats and
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athymic mice (Subramanian et al. 1989).This group thus postulated that the C-
terminus of E1A was able to negatively modulate transformation, tumorigenesis,
and metastasis. Subsequently, in an effort to identify the mechanisms behind this
effect of E1A, they screened for cellular proteins that interact with the C-terminus
of E1A and identified a 48 KD phosphoprotein which was named C-terminus (of
ETA) binding protein (CtBP) (Boyd et al. 1993). Shortly thereafter the CtBP gene
was cloned and characterised by the same group (Schaeper et al. 1995), and the
protein product shown to have transcriptional repressive activities (Sollerbrant et
al. 1996).

CtBP2 is the second member of what is now regarded as the CtBP family,
and was identified through data bank analysis of Expressed Sequence Tag's
(EST's) from human chromosome 21 (Katsanis & Fisher 1998). Soon after, the
mouse CtBP2 (mCtBP2) gene was cloned and characterised, and the protein
product shown to be structurally and functionally homologous to CtBP1 (Turner
& Crossley 1998). Since then, several members of the family have been cloned
from a variety of mammalian sources, and more recently, two groups have
separately identified a plant version of CtBP (Kim et al. 2002; Folkers et al.
2002). These findings have served to confirm the notion that this phylogenetically

conserved family of proteins have a vital role to play in normal cellular processes.

1.7 CtBP protein structure

The genes for human CtBP1 and CtBP2 (hCtBP1 and hCtBP2) are found
on chromosomes 4 and 21 respectively, and code for proteins of 440 and 445
amino acids respectively (Boyd et al. 1993; Katsanis & Fisher1998). These
proteins have 83% similarity with one another at the amino acid level, and are
capable of homo and heterodimerisation (Turner & Crossley1998; Sewalt et al.
1999). They are present in most adult and embryonic tissues examined to date,
and are predominantly, but not exclusively, located in the nucleus (Sewalt et al.
1999). Furthermore, the subcellular localisation of CtBP proteins is dynamically
regulated allowing them to shuttle between the nucleus and cytoplasm, although
the mechanisms behind this observation are currently unclear (Criqui-Filipe et al.

1999).



CtBP proteins are phosphoproteins and are differentially phosphorylated
during the cell cycle, with peak levels occurring at the time of mitosis, and the
lowest levels at approximately the G1-S transition point (Boyd et al. 1993). Given
the critical role played by kinases in activating the molecular machinery of the cell
cycle, it is tempting to speculate that CtBP proteins have important functions
during the process of cellular replication. However, since the original description
of CtBP phosphorylation, little data has been forthcoming on this subject.

Several highly conserved regions have been noted in CtBP proteins among
different species (figure 1.3), however the most striking feature about these
proteins has been the ubiquitous presence of a central region with remarkable
sequence similarity to a family of NAD/NADH-binding D-isomer specific 2-
hydroxy acid Dehydrogenase enzymes (D-2HADH). This sequence conservation
includes the NAD'/NADH binding motif GXGXXG, and a putative catalytic
Histidine residue, strongly suggesting an enzymatic function for CtBP proteins
(Chinnadurai 2002). However, the role of this domain defied understanding for
some time as no significant NAD'/NADH binding to CtBP proteins was
demonstrable, and likewise several groups failed to show any dehydrogenase
enzymatic activity by either CtBP1 or CtBP2 (Schaeper et al. 1995; Turner &
Crossley 1998).

Unique N- Dehydrogenase Unique C-
terminus homology domain terminus 445

) k Conserved catalytic

GXGXXG Histidine residue
consensus NAD

Homo- and hetero
dimerisation region

Figure 1.3: CtBP protein domains

Schematic representation of CtBP protein domains.

More recently however, Zhang and colleagues have elegantly shown that
while the dehydrogenase region does not necessarily impart enzymatic activity to
CtBP proteins; in response to changes in cellular redox the dehydrogenase

homology domain is critical in regulating the interaction of CtBP proteins with



many of their binding partners. Thus, nicotinamide adenine dinucleotides have
been shown to positively increase the interaction between CtBP proteins and
several of their binding partners (Zhang et al. 2002).

The increase in CtBP-protein interaction appears to be a consequence of a
conformational change in CtBP molecules in response to interacting with NAD" or
NADH, and in support of this, Zhang and colleagues have demonstrated that
limited proteolytic digestion of CtBP proteins by trypsin treatment led to protein
fragments of varying gel mobility depending on the presence or absence of
nicotinamide adenine dinucleotides.

NADH is far more potent in its ability to regulate CtBP protein
interactions, and enhances CtBP-E1A interactions by up to 3 orders of magnitude
more than NAD". Furthermore, stimuli such as hypoxia and Cobalt Chloride
(CoCly) exposure that are capable of increasing cellular NADH levels also have
the same effect (Zhang et al. 2002). Therefore, a model has been put forward
suggesting that the dehydrogenase homology domain of CtBP proteins evolved
from the NAD"-binding D-2HADH enzymes in a manner that resulted in retention
of their ability to interact with and be regulated by nicotinamide adenine
dinucleotides, but which led to a loss of their dehydrogenase enzymatic activity.
This model has been challenged however by the more recent findings of other
groups who have noted significant dehydrogenase activity by CtBP proteins. Thus
Kumar and colleagues have reported that CtBP effectively catalysed the
conversion of Pyruvate to Lactic acid by coupling the reaction with the oxidation
of NADH to NAD" (Kumar et al. 2002). This result has been further confirmed in
the laboratories of Chinnadurai and colleagues who also noted that mutation of the
putative catalytic Histidine residue in CtBP (Histidine 315 to Valine) abrogated
the dehydrogenase activity (Balasubramanian et al. 2003). The CtBP-mediated
Dehydrogenation activity observed by both these groups has been slow, and has
led to the suggestion that the exact substrate for CtBP proteins has yet to be
identified, and other substituted substrates (such as Pyruvate) result in sub-optimal
catalysis, and indeed this may account for the lack of success by other groups to
demonstrate any dehydrogenase activity by CtBP proteins (Schaeper et al. 1995;
Turner & Crossley 1998; Zhang et al. 2002).

An additional function conferred by the dehydrogenase domain is the

ability to form homo and heterodimers. Thus Sewalt and colleagues have



demonstrated that this ability of CtBP proteins maps to a 112 amino acid region
buried within the dehydrogenase homology domain (Sewalt et al. 1999). This
result has been further confirmed through crystallographic studies, visually
demonstrating the interaction of two monomeric CtBP molecules (Kumar et al.
2002).

Unlike the central domain, the N- and C-termini on either side of the
dehydrogenase homology domain bear no resemblance to known protein
sequences and appear to be unique. No clear functions have yet been ascribed to
the C-terminus region, but the N-terminus has been linked with some of the
protein-protein interactions that CtBP proteins take part in. Thus, a number of
groups have localised the region of CtBP proteins that interacts with other proteins
to the N-terminal domain (Criqui-Filipe et al. 1999; Koipally & Georgopoulos
2000).

Comparatively more attention has been given to the molecules that CtBP
proteins interact with, than CtBP proteins themselves, and this has led to
significant advances in our understanding of the site recognised by this N-
terminus of CtBP. As pointed to earlier, the first protein-protein interaction
established for CtBP was with the adenovirus E1A protein (Boyd et al. 1993).
This interaction was mapped to a 6 amino acid PLDLSC C-terminal sequence in
E1A that is highly conserved amongst different adenovirus serotypes, and
mutation of these residues was shown to abolish the interaction (Schaeper et al.
1995). Since then, the situation has been further resolved and it has become clear
that CtBP proteins specifically recognise the consensus sequence PXDLSX, and
the vast majority of the proteins they interact with bear this motif (Turner &
Crossley 2001). Using an ELISA based assay, amino acids neighbouring the
consensus have been shown to be influential in the physical interaction as well
(Molloy et al. 1998). Moreover, these flanking amino acids are important in
regulating the interaction between CtBP and E1A, as acetylation of an adjoining
lysine residue in E1A by the acetyltransferase activity of p300 or p/CAF proteins
can greatly diminish the interaction (Zhang et al. 2000). To date, many cellular
proteins have been identified that interact with CtBP proteins (table 1.2), and the
vast majority of these utilise the PXDLSX motif to recruit CtBP proteins.

Moreover, different PXDLSX motif bearing proteins can compete with one
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another for CtBP recruitment, with adenoviral E1A being one of the most

successful at this contest (Sundqvist et al. 1998).

Organism CtBP interacting PXDLSX: | Reference
protein motif
Knirps + (Nibu et al. 1998)
Snail + (Nibu et al. 1998)
Kruppel + (Nibu et al. 1998)
Drosophila Hairy + (Poortinga et al. 1998)
Zth-1 + (Postigo & Dean 1999)
Brinker + (Hasson et al. 2001)
Giant + (Nibu & Levine 2001)
Xenopus Polycomb + (Sewalt et al. 1999)
Tcf-3 + (Bramnon et al. 1999)
Zebrafish Kheper + (Muraoka et al. 2000)
BKLF + (Turner & Crossley 1998)
Evi-1 + (Turner & Crossley1998)
Mouse IKAROS + (Koipally & Georgopoulos 2000)
EOS +/- (Perdomo & Crossley 2002)
TRPS-1 + (Perdomo & Crossley 2002)
NET + (Criqui-Filipe et al. 1999)
AP-2 + (Schuierer et al. 2001)
MITR + (Zhang et al. 2001)
CtlP + (Schaeper et al. 1998)
ZEB 1 + (Postigo & Dean 1999)
ZEB 2 + (Postigo et al. 2003)
FOG-2 + (Holmes et al. 1999)
HDAC 1 - (Sundgvist et al. 1998)
HDAC?2 - (Koipally & Georgopoulos 2000)
Human HDAC3 + (Sundgvist et al. 2001)
HDAC4 + (Zhang et al. 2001)
HDACS - (Zhang et al. 2001)
HPC2 + (Sewalt et al. 1999)
Sin 3A - (Koipally & Georgopoulos 2000)
Evi-1 + (Izutsu et al. 2001)
Virus ElIA + (Boyd et al. 1993)
EBNA3C + (Touitou et al. 2001)

Table 1.2: Proteins that interact with CtBP




1.8 CtBP proteins are transcriptional co-repressors

The regulation of transcription by means of transcriptional activation and
repression is perhaps the most fundamental factor in the control of gene
expression. Current models of transcription suggest that sequence specific DNA
binding transcription factors recruit co-activator and co-repressor molecules which
can themselves recruit further protein subunits, ultimately leading to the formation
of'a complex of proteins on intronic or exonic DNA. The balance of activators
against repressors ultimately determines whether a positive or negative signal is
transduced to the RNA Polymerase Il Holoenzyme (RNA Pol II), and it is
suggested that this signal then impacts on the stability and or the function of RNA
Pol II (Mannervik et al. 1999).

The first evidence that CtBP proteins could function as transcriptional co-
repressors came once again from the E1A system when Sollerbrant and colleagues
demonstrated that the transactivating ability of the N-terminus of E1A could be
effectively silenced by the recruitment of CtBP proteins to the promoter via the C-
terminus PLDLS motif of E1A (Sollerbrant et al. 1996). Moreover, this
anomalous recruitment of cellular CtBP by E1A can de-repress cellular promoters
which CtBP is already actively involved in repressing, and may constitute part of
the mechanism by which E1A moderates transformation and tumorigenesis.
Subsequently, CtBP proteins have been found to interact with a host of DNA
binding transcriptional repressors that recruit CtBP to promoter or enhancer
elements and bring about repression (Turner & Crossley 1998).

Work in Drosophila on the mechanisms of transcriptional repression has
shown that repressors can broadly be divided into short and long-range repressors.
Short-range repressors function over distances of <100 base pairs and exert their
effect either through "quenching" the effect of upstream activators, or by directly
influencing the assembly or function of RNA Pol II. Long-range repressors
function over distances as great as 1000 base pairs through as yet elusive means
(Mannervik et al. 1999; Gray et al. 1995). The Dorsal and Hairy proteins are
examples of long-range repressors in Drosophila, whilst Snail, Knirps, and
Kruppel function as short-range repressors, and the collaborative activity of these
repressors in the Drosophila embryo is responsible for the establishment of

localised stripes, bands, and tissue specific patterns of gene expression during
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development (Poortinga et al. 1998; Nibu et al. 1998). Abundant evidence in
Drosophila has implicated CtBP proteins as potent short-range transcriptional co-
repressors. CtBP1 and CtBP2 have been shown to interact with Snail, Knirps, and
Kruppel, through recognition of the consensus PXDLSX motifin the transcription
factors (Turner & Crossley 2001). Through this interaction, transcriptional
repression is achieved in a CtBP dependent fashion as mutations in the PXDLSX
motif of these proteins prevents interaction with CtBP and has been shown to
decrease the ability of several of these proteins to repress transcription both in
vivo and in vitro (Turner & Crossley 1998; Sewalt et al. 1999; Nibu et al. 1998;
Poortinga et al. 1998; Koipally & Georgopoulos 2000).

The methods by which CtBP proteins are recruited to DNA appear to be
quite flexible. Thus, in the vast majority of cases, a sequence specific transcription
factor protein with a PXDLSX motif attracts CtBP to the appropriate section of
DNA and achieves repression (Turner & Crossley1998). In rare instances
however, CtBP has been found to connect to the DNA binding protein through a
linker protein with a PXDLSX motif (Meloni et al. 1999; Yu et al. 1998; Li et al.
2000). In both direct and indirect instances however, the available evidence points
to a specific role of CtBP in the repression process as recruitment of CtBP
proteins to DNA without any intermediary proteins leads to the same effect.
Hence fusion of CtBP proteins to heterologous DNA binding domains such as
Gal4 can also bring about repression of transcription in Gal4 responsive synthetic
promoters(Criqui-Filipe et al. 1999; Koipally & Georgopoulos 2000; Turner &
Crossley 1998).

How do CtBP proteins exert their effect? Currently the available data
points to two modes of action. Firstly, CtBP proteins have been shown to interact
with the Histone Deacetylase proteins (HDAC) HDACI, 2, 3, 4, and 5 (Sundqvist
et al. 1998; Sundqvist et al. 2001; Zhang et al. 2001). HDAC proteins are believed
to bring about transcriptional repression through the deacetylation of Histone tails,
thereby altering the structure of chromatin into a more condensed form that does
not allow the RNA Pol II enzyme to interact with DNA. Further evidence for an
HDAC dependent mechanism of action of CtBP proteins comes from studies
showing that the HDAC inhibitor Trichostatin A (TSA), is capable of abrogating
CtBP mediated repression (Criqui-Filipe et al. 1999; Izutsu et al. 2001). However,

not all CtBP mediated repression occurs through interaction with HDAC proteins
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as several groups have noted TSA insensitive CtBP mediated repression as well
(Meloni et al. 1999; Koipally & Georgopoulos 2000).

A second possible mechanism of CtBP mediated repression has been
suggested based on the interaction between CtBP proteins and Polycomb proteins.
Polycomb proteins are a family of well-conserved proteins present in invertebrates
and vertebrates, which are involved in the repression of large numbers of genes.
The exact method by which they achieve repression is not understood at the
present time. Both CtBP1 and CtBP2 have been found to interact with Polycomb
proteins, and mutations in Polycomb proteins that abrogate this interaction lead to
a noticeable fall in Polycomb mediated repression (Sewalt et al. 1999). A further
potential mechanism by which CtBP proteins may bring about repression is
through direct contacts with the general transcription machinery, and in this
respect CtBP proteins have been found to contact at least two constituents of the
basal transcription machinery (Koipally & Georgopoulos 2000).

Therefore, the available evidence supports a model in which CtBP proteins
utilise HDAC-dependent and independent means to achieve transcriptional
repression in a manner analogous to other well known co-repressors such as pRB
(Meloni et al. 1999; Zheng & Lee 2001) and Net (Criqui-Filipe et al. 1999).
Unlike these traditional co-repressors however, CtBP proteins are unique as CtBP
interactions with DNA binding transcription factors are positively regulated by
nicotinamide adenine dinucleotide cofactors. Even more intriguing is the potential
for CtBP enzymatic activity in modulating transcriptional repression

(Balasubramanian et al. 2003).

Although the overwhelming body of evidence to date suggests that CtBP
proteins are dedicated transcriptional co-repressors, some evidence has also
emerged suggesting that they may have activating functions as well depending on
the cellular context. Thus Phippen and colleagues have shown that Drosophila
CtBP (DCtBP) can have weak transactivating ability in 293 cells (Phippen et al.
2000). Although the exact significance of this dual role of CtBP remains
uncertain, it demonstrates the tremendous versatility of CtBP proteins and

highlights the need for further investigations into this area.
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Figure 1.4: CtBP proteins are short-range co-repressors of

transcription

Proposed model for the mechanism of action of CtBP proteins in
transcriptional repression (adapted from Chinnadurai 2002). CtBP proteins
are recruited to DNA through interactions with PXDLSX motif containing
proteins and bring about direct repression of the promoter; or "quench" the
activity of nearby activator complexes. Repression is subsequently effected

through recruitment of HDAC or Polycomb proteins or as yet unidentified

mechanisms.

1.9 CtBP proteins: Tumour suppressors or Oncogenes?
Multiple lines of evidence have implicated CtBP protein involvement in

tumorigenesis. These can be conveniently subdivided into evidence from CtBP

protein interactions with known transforming viral oncoproteins, and involvement

in cellular tumour suppressive and oncogenic signalling pathways.

1.9.1 CtBP proteins interact with transforming viral oncogenes
The interaction between CtBP1 and E1A was brought to light as a result of
observations that the C-terminus of E1A can negatively modulate transformation,

tumorigenicity, and metastatic ability. Thus, E1A mutants lacking the C-terminal
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61 amino acids were found to display an enhanced ability to transform rat
epithelial cells in co-operation with activated Ras or the adenoviral E1B
oncoprotein. Cells transformed in this manner are highly tumorigenic in syngenic
animals and athymic mice, and have highly metastatic characteristics in vivo.
Thus, the intravenous injection of transformed cells in athymic mice leads to far
greater metastatic potential when the cells are transformed with C-terminus E1A
mutants than wildtype E1A, with the former giving rise to innumerable pulmonary
nodules within 10 days and death usually at 14 days, whilst in the latter case,
animals survived for periods longer than two months (Subramanian et al. 1989).
This in vivo observation correlates with an in vitro cellular phenotype
characterised by reduced adhesion to plastic and increased invasive properties as
judged by the ability to invade a reconstituted basal membrane. Furthermore,
these cells are defective in the down regulation of matrix metalloproteases
(MMP), as exhibited by far greater levels of stromelysin I expression (Linder et al.
1992). Based on these observations, studies were conducted to fine-map the
region of E1A that is necessary for these effects, and this led to the discovery that
the C-terminus PLDLS sequence of E1 A which mediates the interaction with
CtBP is the essential sequence necessary.

Three possible models have been proposed to help explain these findings
(Chinnadurai 2002). In the first model, the recruitment of CtBP by E1A may lead
to a de-repression of cellular genes already under active repression by CtBP
whose subsequent expression can directly contribute to tumour suppressive
abilities. Thus in this model, the loss of CtBP mediated repression would
potentially result in the activation of genes for tumour suppressor proteins and so
CtBP would be acting as an oncogene itself. Consistent with this model, the C-
terminus of E1A has been shown to activate transcription of a number of genes
under CtBP repression which may be involved in tumour suppressive pathways
(Sundgvist et al. 2001; Schuierer et al. 2001). In the second model, E1A may
actively recruit CtBP to bring about repression of genes not previously under
CtBP regulation. In this model, CtBP recruitment to, and repression of oncogenes
would contribute to the negative modulation of tumorigenesis observed in the
E1A studies. The third model predicts that the interaction of CtBP with the C-
terminus of E1A would restrain the tumour promoting abilities of the N-terminus

of E1A, and thus E1 A mutants unable to interact with CtBP would have a greater
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tumorigenic potential. These models are not mutually exclusive, and a
combination of the three may operate in different settings.

An additional viral oncogene that CtBP has been shown to interact with is
the Epstein Barr Virus (EBV) protein EBNA3C. Expression of this protein is
necessary for immortalisation of human B cells by EBV, and similarly to E1A,
EBNA3C can bring about transformation of epithelial cells in co-operation with
activated Ras. The overexpression of EBNA3C disrupts the regulation of the cell
cycle and allows the emergence of multinucleated cells, and these effects of
EBNA3C are believed to be mediated, at least in part, by its transcriptional
repressive abilities. Recently, CtBP1 has been found to interact with EBNA3C
through a PLDLS domain on the former molecule. Importantly, deletion mutants
of EBNA3C lacking the PLDLS motif, or substitution mutants (ALDLS), are
impaired in their transforming abilities of rat epithelial cells, in a manner directly

in contrast to the interaction of E1A and CtBP.

1.9.2 CtBP involvement in oncogenic and tumour suppressive
cellular pathways

Germline mutations in the tumour suppressor BRCAT1 carry a lifetime risk
of up to 85% for breast cancer, and somatic mutations of this gene have been
implicated in sporadic cancers to a lesser extent (Wooster & Weber 2003).
BRCA1 performs a number of key functions and mediates part of its activity
through regulating the transcription of vital control genes such as the cyclin
dependent kinase inhibitor p21, and the checkpoint and DNA repair regulator
GADD45. The question of how BRCA1 becomes activated in response to DNA
damage to bring about transactivation of GADD45 and p21 has recently received
much attention. From this work it has become apparent that in the absence of
damage signalling, BRCA1 transactivating capacity is under strict repression by
CtBP proteins, which associate with BRCA1 through a linker protein termed CtIP.
Upon exposure to ionising radiation, the ATM kinase is activated and brings about
the phosphorylation of CtIP. This phosphorylation correlates with a dissociation
of the CtIP-CtBP complex from BRCA1, and relieves the repression previously
imposed on BRCA1 gene targets (Li et al. 2000). Furthermore, the CtIP-CtBP
repressor complex interacts with BRCA1 through a well-conserved region of the

molecule termed the BRCA1 C-terminal (BRCT) domain (Yu et al. 1998). The
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BRCT domain has been shown to be crucial to BRCA1's tumour suppressive
activity, and tumour-associated mutations in this region abolish the BRCA1 CtIP-
CtBP interaction (Li et al. 1999). It is therefore possible that tumour associated
genetic and epigenetic mechanisms may operate to interfere with this pathway in a
way that can ultimately promote tumorigenesis.

A second critical tumour suppressor protein that uses the CtIP-CtBP
repressor complex is pRB. pRB has a fundamental role in regulating the G1-S
checkpoint through control of the activity of the E2F transcription factor. RB 1s
itself a repressor of transcription and utilises HDAC-dependent and independent
mechanisms to inhibit the transcription of E2F responsive genes. In trying to
identify HDAC independent means by which RB achieves this repression, Meloni
and colleagues have demonstrated that RB and the related protein p130, are able
to recruit the CtIP-CtBP repressor complex (Meloni et al. 1999). CtIP contains a
LECEE motif that is recognisable by RB, and deletion of this motif abolishes the
recruitment of the repressor complex.

CtBP proteins have also been implicated in regulating the wnt-signalling
pathway. Abnormal activity of this pathway has a significant role in the
development of a number of human cancers including colorectal tumours, thyroid
cancers, melanomas, and cancers of the prostate. A family of highly conserved
secreted growth factors called the wnt proteins activate this pathway and begin the
signal transduction process upon interacting with their cell surface receptors. The
signal is transduced through several cytoplasmic elements before finally activating
the key component of this pathway, the S-catenin protein. S-catenin subsequently
translocates to the nucleus and through interaction with the Tcf family of
transcription factors stimulates the transcription of multiple target genes whose
overexpression have been strongly linked to tumorigenesis such as c-myc, c-jun,
cyclin D, and MMP enzymes (Polakis 2000). Normally the activity of 3-catenin is
kept in check by the potent tumour suppressor protein APC, mutation of which is
strongly linked with colorectal cancer formation. CtBP proteins are involved in
the wnt pathway through interacting with Tcf transcription factors. This
interaction is mediated through a PXDLSX motif, and brings about repression of
Tcf target genes. Thus in this model, CtBP proteins would function as tumour
suppressors, downregulating the wnt pathway and the oncogenic capacity of (-

catenin and the Tcf transcription factors. CtBP mediated repression of Tcf
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regulated genes is likely to be an important function in cells as a number of
primary colorectal carcinomas and cancer cell lines have been found which have
specific mutations that alter this motif. Furthermore, many of these tumours
contain abnormal Tcf transcripts that code for proteins without this motif. Thus,
bypassing the negative regulation of the wnt target (onco-) genes by CtBP may
prove to be an important step for many cancers. Intriguingly, the PXDLSX motif
that Tcf proteins use to recruit CtBP has adjoining lysine residues, leading to a
seductive model in which abnormal acetylation of these residues may also
promote cancer development through imitating the mutations in the Tcf gene

(Chinnadurai 2002).

The preceding sections have served to highlight the importance of two
cellular proteins, namely hdm2, and the CtBP family member, CtBP2. The current
study was devised to confirm or refute an in vitro observation made in our
laboratory that these two proteins interact with one another; and if confirmed what
the outcome of such an interaction might be. In particular, we hoped to address
whether an interaction with CtBP2 represents a p53-dependent or independent role
for the hdm2 oncoprotein. However it is clear from the previous sections that both
these proteins and particularly hdm?2, participate in multiple protein-protein
interactions and this raises the question of how all these associations can be put
into context? One method that helps in the understanding of the hdm2 (or p53
(Vogelstein et al. 2000)) network is to compare it to the Internet. In such a system,
a small cluster of highly interconnected protein molecules or "hubs" controls the
activity of a much wider subset of proteins or "nodes", most of whom make only
one or two other connections in their designated pathway. The overall function of
this system is not altered greatly by amputation of one or more of the modestly
linked proteins, however major problems can arise when the maximally connected
"hubs" are knocked out. The data presented in the previous section clearly
supports the notion that hdm2 is just such a cellular "hub", and highlights the need
for as full an understanding of its network as possible. In the following chapters,
we present convincing evidence that hdm2 and CtBP2 do indeed interact and

attempt to address how this interaction impacts this particular network.
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2- Aims and objectives

2.1 Background observations

The hdm?2 oncoprotein exerts powerful regulatory forces on the
performance of key cellular systems such as the cell cycle and differentiation, and
its aberrant activity is implicated in the development of human cancers. In the
previous chapter, evidence has been put forward that outlines how some of these
effects of the hdm2 oncoprotein are brought about through direct physical
interaction with both p53 and p53-unrelated proteins, however it is obvious that
our current understanding of the p53-independent activities of hdm?2 is limited.

In an effort to identify novel pathways and activities that hdm2 participates
in, Dr. Blaydes previously screened a human ¢cDNA expression library for new
hdm?2 interacting proteins. Several candidates were identified in this screen, one of
which was the transcriptional co-repressor protein known as CtBP2. CtBP2, is a
relatively recently identified protein (Katsanis & Fisher 1998) and a member of
the phylogenetically well conserved CtBP family of transcriptional co-repressors.
Since the discovery of this protein family, information has accumulated
highlighting their influential involvement in several key cellular processes
including differentiation, DNA damage responses, and as yet undefined pathways
towards an increased metastatic potential of tumours. Their increasing importance
is underscored by the growing number of proteins they interact with which include
BRCAI, CtIP, RB, and a host of other transcription factors.

Thus if a physical and functional link between these two key proteins can
be confirmed, it is likely to significantly enhance our understanding of normal
cellular pathways and how they are disturbed in cancer. The current study was

therefore formulated to address this issue.
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2.2 Hypothesis
Based on the above observations, the following hypothesis was formulated

and tested for the purposes of this study:

The hdm?2 and CtBP2 proteins interact physically and this
interaction has important functional consequences for

pathways that one or both proteins participate in.

This blanket hypothesis is subsequently dissected into a number of more

concise subcomponents in order to address the objectives described below.

2.3 Objectives
To enable testing of our hypothesis, the work presented here attempts to
address the following objectives:
1. To demonstrate that hdm2 and CtBP2 interact physically
both in vitro, and more importantly in vivo.
2. To determine the regions of the two proteins that are necessary
for this interaction.
3. To determine the functional consequences of this
interaction for hdm2 and/or CtBP2 function.
CtBP2 specific antibody is a necessary reagent to help address these
objectives and as no such reagent was available at the commencement of this
study, the fourth objective below was also added.

4. To produce a CtBP specific polyclonal antibody.

During the course of this study, increasing information has become
available on the CtBP family of proteins and how the protein-protein interactions
they participate in may be regulatable through changes in the cellular redox state
(Zhang et al. 2002). In response to this extra information, we therefore chose to

add the fifth objective noted below.
5. To determine the regulation of the hdm2-CtBP2 interaction.
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3 - Materials and Methods

Overview
3.1 Reagents
3.1.1 General reagents
3.1.2 Bacteriology reagents
3.1.3 Mammalian cell culture reagents
3.1.4 Protein analysis reagents
3.2 DNA manipulations
3.2.1 In silico DNA manipulations
3.2.2 Restriction endonuclease digestion
3.2.3 Polymerase chain reaction (PCR)
Table 3.1 Primers used in this study
3.2.4 Ligation reactions
3.2.5 Agarose gel electrophoresis
3.2.6 Gel extraction of DNA
3.2.7 Bacterial transformation
3.2.8 Mutagenesis
3.2.9 Small-scale preparation of plasmid DNA
3.2.10 Large-scale preparation of plasmid DNA
3.2.11 Ethanol precipitation and DNA sequencing
3.3 Mammalian cell culture techniques
3.3.1 Cell lines, culture conditions and cell passage
Table 3.2 Cell lines used in this study
3.3.2 Cryopreservation and thawing of cells
3.3.3 Transfection method
3.3.4 Preparation of cell pellets
3.3.5 Cell lysis techniques
3.3.5.1 Urea Whole cell lysis
3.3.5.2 Lysis of cells for protein-protein interaction studies
3.3.6 Reporter gene assays
3.3.7 Hypoxia induction and Cobalt Chloride treatment

3.3.8 Fluorescence microscopy technique
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3.4 Protein manipulations

3.4.1
3.4.2

3.4.3
3.4.4
3.4.5

In silico protein manipulations

Recombinant protein production and purification
3.4.2.1 Small scale production

3.4.2.2 Large scale production

In vitro coupled transcription and translation
Protein quantification

Sodium Dodecyl Sulphate Polyacrylamide Gel

Electrophoresis

3.4.6
3.4.7

3.4.8

3.4.9

Coomassie staining

Western blotting

Table 3.3 Antibodies used in this study
Farwestern analysis

Glutathione S Transferase pulldown assays

3.4.10 Immunoprecipitation and co-Immunoprecipitation

experiments
3.4.11 Affinity purification of polyclonal antibodies
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3.1 Reagents
Sterilisation of reagents was carried out by autoclaving or filtration (0.2um

filter).

3.1.1 General reagents
Tris-acetate-EDTA (TAE):

50X concentrate ( 11)

242 g/l Tris base

57.1 ml glacial acetic acid

100ml1 0.5 M EDTA pH &

Tris-borate-EDTA Buffer (TBE):
5X concentrate (11)
54 g/1 Tris base
27.5 g/l boric acid
20ml 0.5 M EDTA pH 8

Phosphate Buffered saline (PBS):
30X concentrate (2.51)
600 g NaCl
15 g KCl
108 g Na;HPOy4
18 g KH,PO,
2.51H,0

Dithiothreitol (DTT):
1M stock solution made in 0.01M Sodium Acetate pHS.2

2X O-Nitrophenyl-Beta-D-Galactopyranoside (ONPG) assay buffer:

Final concentration

Na,HPO,12H,0 120mM
NaH,PO,2 H,O 80mM
MgClL,6 H,O 2mM
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2-Mercaptoethanol 100mM
ONPG (Sigma) 1.33mg/ml

3.1.2 Bacteriology reagents
Luria-Bertani (LB) broth
25 g/1 LB-Broth powder (Merck)

LB plate media
37 g/l LB-Agar powder (Merck)

SOC media:
20 g/l Tryptone
5 g/l Yeast extract
0.5 g/l NaCl
2.5 mM KCl
10 mM MgCl,
20 mM Glucose

Bacterial lysis buffer:
50 mM Tris-HCI pH 8.0

10% Sucrose

3.1.3 Mammalian cell culture reagents and equipment

Greiner, UK supplied all tissue culture plastic ware.

From Invitrogen life technologies, UK:

Hank's Balanced Salt Solution (HBSS) Cat. No. 14170088

- (1X) Liquid without Calcium and Magnesium

Dulbecco's Modified Eagle Medium (DMEM) Cat. No. 41966029
- (1X) Liquid with 4500 mg/l D-Glucose with Sodium Pyruvate

Trypsin-EDTA Cat. No. 25300054
- (1X) Liquid with 0.5g/l Trypsin and 0.2 g/l EDTA in HBSS
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Penicillin-Streptomycin-Glutamine Cat. No. 10378016
- (100X) Liquid with 10,000U Penicillin, 10,000ug Streptomycin,
and 29.2g L-Glutamine/ml

From Clonetics Media Systems:

Mammary Epithelial Growth Medium (MEGM) Cat. No. CC-3051

From Autogen Bioclear UK:
Foetal Bovine Serum Cat. No. 12230687

Freezing mixture:

20 % Dimethyl Sulphoxide (DMSO) in Foetal Bovine serum.

Reporter assay lysis buffer:

Final concentration

IGEPAL CA-630 0.65 %
Tris-HCI1 pH 8.0 10 mM
EDTA pH 8.0 1 mM’
NaCl 150 mM
pH 8.0

3.1.4 Protein analysis reagents

Urea Lysis buffer:
Final concentration
Urea 7™M
Triton X-100 0.05 %
NaCL 25 mM
HEPES pH7.6 20 mM
IMDTT 100 mM
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NETS buffer:

Final concentration

Tris-HCI 50mM
NaCL 150 mM
EDTA 5 mM
IGEPAL CA-630 1%

Protease Inhibitor Mix (PIM)
Protease inhibitor cocktail tablets (Roche) Cat. No. 1697498

4X SDS-PAGE sample buffer

Final concentration

EDTA 10 mM
SDS 4 %
Glycerol 20 %
Tris pH 6.0 20 mM
Bromophenol Blue to colour
DTT 200 mM

10X concentrate Running Buffer

Tris Base 30 g
Glycine 144 ¢
SDS 10g
H,O to 11

10X Tris-Glycine (TG)

Tris Base 29¢g

Glycine 145 ¢

H,O to 11
Transfer Buffer

10X TG 100 ml

H,0O 700 ml

Methanol 200 ml
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Coomassie Blue stain

Coomassie Brilliant Blue 2¢g
Glacial Acetic Acid ~ 100ml
H,O 400 ml
Methanol 500 ml
Destain 1
Glacial Acetic Acid 100 ml
H,0 400 ml
Methanol 500 ml
Destain 2
Glacial Acetic Acid 100 ml
H,O 825 ml
Methanol 75 ml

Bicarbonate buffer (pH 9) for dialysis

Na,CO; 12¢g
NaHCO:; 74¢g
NaCl 23 ¢
H,0 to 11

3.2 DNA manipulations
3.2.1 In silico DNA manipulations
All computer aided DNA manipulations were conducted with a
combination of two software packages:
- Genetool lite v1.0 from the DoubleTwist application server
provider (www.doubletwist.com)

- Clone Manager V4.01

3.2.2 Restriction endonuclease digestion
A variety of restriction enzymes (from Promega and New England

Bio-labs) were employed during the course of this work.
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A typical reaction would be:

Target DNA 1 ug
Restriction Enzyme(s) 1 ul
10X buffer 1 pl
+/- 1X Bovine Serum Albumin (BSA) 1 pl
DH,0O to 10 ul

Reactions were conducted according to the manufacturers’
specifications for each enzyme, taking into account the necessary buffer,

the need for BSA, and the incubation temperature and duration.

3.2.3 Polymerase Chain Reaction (PCR)

New England BioLabs (NEB) supplied the components for PCR
reactions. NEB's Deep Ventg DNA Polymerase was selected for PCR
reactions as it is a particularly useful high-fidelity thermophilic enzyme
with an integral 3" -> 5" proofreading exonuclease activity.

A typical PCR reaction would be:

5-10 ng DNA template

20 pmol of each Oligonucleotide primer

1X Deep Vent buffer

1 u Deep Vent DNA polymerase

1 ul ANTP mix (25 mM each nucleotide, final concentration
200 uM each nucleotide)

DH;0 to 50 ul

The PCR parameters below were adapted to most reactions

performed:

Initial denaturation 94 °C for 2 minutes

Denaturation 94 °C for 30 seconds

Annealing 45-65 °C for 30 seconds 25 cycles
Extension 72 °C for 1 minute

Final extension 72 °C for 2 minutes
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Following amplification, the product was confirmed by restriction

endonuclease digestion and agarose gel electrophoresis. The amplified

product was then subjected to gel extraction.

Details of all oligonucleotide primers used in this study are

illustrated in Table 3.1. All primers were synthesised by MWG Biotech,

Germany.

Primer Sequence (5'-3") Orientation
CT1 CGG GAT CCA TGG CCC TTG TGG ATA AG Sense
CT2 CGA ATT CTA TTG CTC GTT GGG GTG CT Antisense
CT3 GGG GTA CCTTGC TCGTTG GGG TGC T Antisense
CT4 CGA ATT CTA GTT GTC ATA GCC ACT GCCTA Antisense
CTs5 CGG GAT CCA TAG GCA GTGGCTATGACA A Sense
CTo6 CGG GAT CCG AATTCTTTG TCA CAT CAG CG Sense

mdm trunclf A TCA TCG GAC TGA TCA GGT ACA T Sense
mdm trunclr A TGT ACC TGA TCA GTC CGA TGA T Antisense
mdm trunc2f T GAA AGA AGCTGA TCA AGT AGC AGTG Sense
mdm trunc2r CACT GCT ACT TGA TCA GCTTCT TTC A Antisense
mdm trunc3f G AAA TGC ACT TGA TCA TGC AATG Sense
mdm trunc3r CATT GCATGA TCA AGT GCATTTC Antisense
mdm trunc4f A CTG GAAAACTGATCAACACAAG Sense
mdm truncér C TTG TGT TGA TCA GTT TTC CAG T Antisense
NADH mutf CTC ATT GGC TTT GCG CGC ACG GGG CAG Sense
NADH mutr CTG CCC CGT GCG CGC AAA GCC AAT GAG Antisense

Table 3.1 Primers used in this study for PCR based generation of

mutants
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3.2.4 Ligation reactions
The enzyme T4 DNA ligase (Promega) was used for all ligation

reactions. A typical reaction mix would be:

2 ul gel extracted PCR insert

2 jl gel extracted and linearised plasmid vector

5 ul of 2X DNA ligase buffer

1 ul of T4 DNA ligase

DH,0 to 10 pl

For control, a separate reaction would also be set up as above but

with distilled water replacing the PCR insert.

3.2.5 Agarose Gel electrophoresis

Agarose gel electrophoresis was employed to size fractionate DNA
which could then be eluted from the gel. 0.8-1% agarose gels were
prepared in TAE buffer. For preparative gels, low melting point agarose
was used. Ethidium Bromide was included in the gel matrix at 0.05 pg/ml
to enable fluorescent visualization of the DNA fragments under ultraviolet
light (UV). Agarose gels were submerged in TAE buffer in a horizontal
electrophoresis apparatus. Samples were mixed with agarose gel loading
dye and loaded into the sample wells. A 100bp DNA Ladder was used for
determining the size of DNA fragments from 100 to 1,500 base pairs, and
a 1kb DNA ladder for DNA ranging from 250 to 10,000 base pairs
(Promega). Electrophoresis was conducted at 50 - 100 mA for 0.5-1 hours
at room temperature. After electrophoresis, gels were placed on a UV light

box for visualisation of the DNA separation pattern.

3.2.6 Gel Extraction of DNA
The extraction and purification of plasmid and insert DNA was
conducted from low melting point agarose gels using the QIAquick Gel

Extraction Kit (Qiagen, UK) according to manufacturer's instructions.
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3.2.7 Bacterial Transformation

The following procedure was adopted for all bacterial
transformations with plasmid DNA. Preparation of competent cells was
kindly performed by Dr. J.P. Blaydes and Mr. M. Darley.

50 ul of competent cells were thawed on ice. 0.5-2 pg of plasmid
DNA were added and the mixture incubated on ice for 40 minutes. The
samples were heat shocked to 42 °C for 45 seconds. 800 uls of SOB was
then added to the mixture and the whole incubated with shaking at 37 °C
for 1 hour. Samples were then centrifuged at 3000 rpm for 3 minutes using
a microcentrifuge, and the bacterial cell pellet resuspended in 200 pl of
supernatant. This volume was then spread onto 90 mm LB agar plates
supplemented with the appropriate selection antibiotic. Plates were then
inverted and incubated at 37 °C overnight. Colonies of transformed

bacteria were selected the following day.

3.2.8 Mutagenesis
Deletion mutants of hCtBP2 were generated in this study by PCR

using the oligonucleotide primers outlined in table 3.1.

hdm?2 deletion mutants were constructed by inserting stop codons
into the coding sequence of the hdm2 bacterial expression vector. This
mutagenesis was conducted by Dr. Blaydes with the QuikChange XL Site-
Directed Mutagenesis Kit (Stratagene, UK), according to the
manufacturers’ instructions. Oligonucleotide primers used for this purpose

are also outlined in table 3.1.

3.2.9 Small-scale preparation of plasmid DNA (minipreps)

Selected colonies were picked in sterile conditions and used to
inoculate 3-5ml of LB medium containing the appropriate selective
antibiotic. The samples were incubated at 37 °C overnight with vigorous
shaking (=220 rpm). The QIAprep Miniprep Kit (Qiagen, UK) was then
used for small-scale purification of high copy plasmid DNA as per

manufacturers' instructions.
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3.2.10 Large-scale preparation of plasmid DN A (maxipreps)
The QTAGEN Plasmid Maxi kit (Qiagen, UK) was used for large-
scale purification of plasmid DNA from bacterial cultures (typically 100ml

cultures). The concentration of DNA in the sample was then determined by

standard UV spectrophotometry.

3.2.11 Ethanol precipitation of DNA and sequencing

Ethanol precipitation of DNA was conducted by adding 10 pg of
the relevant plasmid DNA to 90 pl of distilled water and 10 pl of 3M
Sodium Acetate pH 5.2. The sample is mixed before adding 2.5 volumes
of'ice cold 100% ethanol. The solution is then incubated for 1 hour or
overnight at -20 °C. The solution is then microcentrifuged at 13000 rpm
for 10 minutes and the pellet washed with ice cold 70% ethanol and then
allowed to air dry.

Sequencing of plasmid DNA was commercially conducted by

MWG-BIOTECH using their standard vector primers.
3.3 Mammalian cell culture techniques

3.3.1 Cell lines, culture conditions and cell passage

Table 3.2 illustrates the cell lines that were used as part of this
study. All of these (except the MCF10A cell line) were already in use in
our laboratory at the time of this work. Cells were cultured at 37 ‘Cina
humidified atmosphere containing 10% CO,, with DMEM supplemented
with 10% foetal bovine serum and 1% penicillin / streptomycin /
glutamine. MCF10A cells were cultured in MEGM supplemented with
100ng/ml of Cholera Toxin (Calbiochem). All media was pre-warmed to
37 °C before use, and the culture medium was renewed every 48 hours.

Cell passage was conducted by removing the existing culture
medium and washing the cells gently with a Calcium and Magnesium free
solution of HBSS. Following this, the cells were treated with a solution of

Trypsin / EDTA (typically 1ml for a 75 cm? flask) and allowed to incubate
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at 37 °C for 3-5 minutes or until all cells had detached. Fresh growth

medium was then added and the cells re-plated at the required density.

Name T ECACC No. | £ ATCC No. Tissue

MCEF-7 86012803 - Human breast adenocarcinoma

ZR-75-1 87012601 - Human breast adenocarcinoma

T47D 85102201 - Human breast adenocarcinoma

BT-474 - HTB-20 Human breast adenocarcinoma

MDA-MB-231 92020424 - Human breast adenocarcinoma

SK-Br-3 - HTB-30 Human breast adenocarcinoma

293 85120602 - Transformed human embryo
kidney

MCF10A - CRL-10317 | Non-tumorigenic human breast
epithelium

Table 3.2 cell lines used in this study.

T European Collection of Cell Cultures (ECACC)

1 American Type Culture Collection (ATCC)

3.3.2 Cryopreservation and thawing of cells

Cultured cells are fed the day before or on the morning of the

procedure. Monolayers are dissociated by trypsinisation as described

earlier, and the cells resuspended in complete growth medium. Cells are

then pelleted by gentle centrifugation at 1000 rpm for 3-5 minutes, and the

supernatant discarded. The cell pellet is resuspended in 2 ml of culture

medium and an equal volume of freezing mixture is added slowly in a

dropwise fashion. 1 ml aliquots are then transferred to labelled cryovials

and the vials placed in an insulated Styrofoam box, which is wadded with

tissue paper and subsequently sealed and stored at -80 °C. 24-48 hours

later, the vials were transferred to liquid nitrogen for long-term storage.

Cryopreserved cells were thawed by removing cell vials from

liquid nitrogen and rapidly warming them in a water bath to 37 °C. The

contents of the vial were then diluted slowly in a dropwise fashion into 10

ml of complete growth medium. Cells were then pelleted by centrifugation



at 1000 rpm for 3-5 minutes, and the supernatant discarded. Fresh media
was used to resuspend cells, which were then plated into an appropriate

tissue culture flask and transferred to the incubator.

3.3.3 Transfection method

A cationic liposome-mediated transfection method was applied for
both transient and stable transfections using the TransFast  Transfection
Reagent (Promega, UK).

Cells are plated 24 hours prior to transfection, typically in 6 well
plates or 90mm dishes. At the same time the TransFast ~ Transfection
Reagent is suspended in nuclease free water as per manufacturers'
instructions, and then kept overnight at -20 °C.

The following day, the transfection reagent is thawed and added to
the desired amount of DNA and serum free medium. A lipid to DNA
charge ratio of 3:1 was used in all transfections. The mixture is vortexed
and incubated at room temperature for 15 minutes. All growth medium
covering the cells is then removed and replaced with the transfection
mixture. Cells are then returned to the incubator for 2 hours. At the end of
the incubation period, a further Sml of complete growth medium was
added.

The cells were then assayed 24-48 hours later.

3.3.4 Preparation of cell pellets

This method can be performed on multiple dishes, providing they
are kept cold, and do not dry out. The plates of cells are removed from the
incubator and placed on ice. The growth medium covering the cells is
discarded, and the cells are gently washed with ice-cold PBS 1X. The
wash is repeated once more taking care so as to not dislodge the cells. 1 ml
of cold PBS 1X is then pipetted onto each dish, and using a cell scraper,
the cells are scraped off the plastic and transferred to a pre-cooled
eppendorff. This is then centrifuged at 4° C for 4 minutes at 1000 rpm to
pellet the cells. The supernatant is then discarded, and the pellets snap

frozen immediately for storage or subjected to the appropriate assay at the
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time. For long-term storage, pellets are snap frozen in liquid nitrogen and

subsequently kept at —70° C.

3.3.5 Cell lysis techniques

3.3.5.1 Urea whole cell lysis

This method was used for mammalian cells where the samples
were to be used for western blotting only and is unsuitable for the study of
protein: protein interactions as the proteins become denatured and lose
their binding partners.

Cell pellets are prepared as described previously. These are then
resuspended in 2 volumes (typically 40 — 100 ul for a 90 mm dish) of Urea
lysis buffer and cell lysis allowed to take place for 15 minutes on ice. The
mixture is then centrifuged at 11000 rpm for 10 minutes at 4 °C and the
supernatant transferred to a separate tube. This cell lysate is then analysed
immediately or snap frozen in liquid nitrogen and kept at -80° C for later

use.

3.3.5.2 Lysis of cells for protein-protein interaction
studies

A milder form of cell lysis buffer was used for confirmation of
protein-protein interactions in cell. Cell pellets were prepared as described
previously. Lysis was conducted with 2-3 volumes of NETS buffer with
freshly made and added DTT to a final concentration of 5 mM, and PIM to
1X. Lysis was conducted on ice for 15 minutes. Samples were then
centrifuged at 11000 rpm for 10 minutes at 4 °C and the supernatant
transferred to a separate tube. Cell lysates were then analysed immediately

or snap frozen in liquid nitrogen and kept at -80° C for later use.

3.3.6 Reporter gene assays

Reporter gene assays were all based on the transfection of the
firefly luciferas gene under the control of a test promoter, and

subsequently measuring the changes in light production as a result of
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alterations in the promoter, or alterations in other transcription influencing
molecules.

Cells were plated in 60mm dishes or 6 well plates, and
subsequently transfected the following day or when the desired cell density
was reached. The total amount of plasmid transfected was normalised by
using empty vector constructs such as pcDNA 3.1+. A suitable amount of
an expression plasmid for the enzyme § Galactosidase was included in
each transfection to control for transfection efficiency and any non-
specific effects on transcription. 48 hours post transfection, cells were
harvested as described above and lysed in reporter lysis buffer for 2 min at
room temperature before centrifuging at 13,000 g for 3 min. Lysates were
then assayed for luciferase and B Galactosidase activity. Luciferase activity
was measured using a bioluminescent reagent system called LucLite
(Perkin Elmer Lifesciences), and a TopCount microplate luminometer
(Perkin Elmer Lifesciences). 8 Galactosidase activity was evaluated using

ONPG reagent and absorbance read at 405 nm on a microplate reader

(Dynatech MR-500).

3.3.7 Hypoxia induction and Cobalt Chloride treatment

The effects of hypoxia and hypoxia mimicking Cobalt Chloride
(CoCly) treatment were tested on cultured cells.

For hypoxia induction, the OXOID AnaeroGen system (Oxoid,
UK) was used. This system allows cells to be cultured in a custom
designed sealed jar. When an AnaeroGen sachet is added to this, the
atmospheric oxygen within the jar is absorbed with the simultaneous
production of carbon dioxide, giving on average an oxygen level of 1%
and a carbon dioxide level of 9-12% for cell culture. As a positive control
for hypoxia generation and maintenance during any experiment, a visual
indicator of oxygen levels was also used (Oxoid Anaerobic indicator BR-
55).

For CoCl, treatment, cultured cells were treated with 200 uM
CoCl, for 2-3 hours before analysing the effects on protein-protein
interactions by co-immunoprecipitation studies. To assess the effects of

CoCl; on reporter gene assays, cells were transfected with the desired
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combinations of plasmid vectors and subsequently treated with 200 uM
CoCl, 30 hours post-transfection. The duration of treatment was for 16
hours before assaying as this length of exposure has been previously
shown to alter CtBP transcriptional effects in reporter gene assays (Zhang

et al. 2002).

3.3.8 Fluorescence microscopy

Cultured cells transfected with Enhanced Green Fluorescent
Protein (EGFP) were visualised using a Zeiss Axiovert 200 microscope
(Zeiss, UK). In order to merge fluorescent images and normal phase
contrast images, digital image analysis was performed using the
OpenLab™ software package (Improvision).

When quantitative analysis of visualised cells was performed, 5
random fields of view were analysed for each plate of cultured and
transfected cells. To avoid accidental experimenter generated bias, the
experimenter was blinded to the treatment of dishes by covering the dish
labels with a blank sticker until all plates had been counted, and
subsequently removing the blank labels to allow identification of the

treatment that the cells had received.

3.4 Protein manipulations

3.4.1 in silico protein manipulations
The ExPASy (Expert Protein Analysis System) proteomics server
(http://www.expasy.ch/) and the SWISS-PROT database

(http://www.expasy.ch/sprot/) were used in this study to aid with virtual

protein analyses. The NetPhos v2.0 software package was used to predict
protein phosphorylation sites (Blom et al. 1999).

Multiple sequence alignments were conducted using the Clustal W
software package at the European Bioinformatics Institute

(http://www.ebi.ac.uk). The BLOSUM matrix was used in all alignments.

3 dimensional protein analyses were conducted using version 3.7 of

DeepView/Swiss-Pdb Viewer (www.expasy.org/spdbv/).
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3.4.2 Recombinant protein production and purification
E. Coli BL21 competent cells were used for production of
recombinant GST fusion proteins as they give high-level expression and

are a particularly protease-deficient strain.

3.4.2.1 Small-scale production

Competent cells transformed with the appropriate vector were
cultured overnight at 37 °C with vigorous shaking in 5-10 ml of LB media
supplemented with ampicillin. The following day 50 pl of the cultured
cells were transferred to 5 ml of media giving a 1:100 dilution. The sample
was then returned to the incubator for a further 2 hours. To induce
recombinant protein production, Isopropyl-beta-D-thiogalactopyranoside
(IPTG, Sigma) was added to a final concentration of 0.3 mM, and the
bacteria incubated for a further 3 hours at 30 °C with shaking.

The bacteria were then pelleted by centrifugation at 3000 rpm at 4
°C for 15 minutes and the supernatant discarded. The pellet was
subsequently resuspended in ice-cold S0mM Tris-HCI pH 8 to wash the
cells and then re-pelleted by further centrifugation. 150 pul of Bacterial
lysis buffer, 30 ul of Lysozyme (10mg/ml), and 75 pl of 4M NaCl were
then added and the sample was mixed gently by inversion. Bacterial cell
lysis was allowed to proceed on ice for 45 minutes. The sample was then
removed from ice and warmed to 37 °C for 1 minute before returning to
ice again. 1X Protease Inhibitor Mix (PIM) and DTT to a final
concentration of 5mM were added. The mixture was then sonicated for
approximately 20 seconds whilst on ice. The sample was then centrifuged

at 3000 rpm at 4 °C for 15 minutes, and the supernatant containing the

recombinant protein collected.

3.4.2.2 Large-scale production

A large-scale version of the above method was employed for the
production of sufficient recombinant GST fusion protein to allow Rabbit
immunisation and the preparation of polyclonal anti-sera. The reagents
used were in the same proportions as those described in the small-scale

experiment.
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3.4.3 In vitro expression of eukaryotic proteins

The Promega TNT Coupled Reticulocyte Lysate System was
utilised for the in vitro expression of eukaryotic proteins from mammalian
expression vectors. This system offers a simple to use single-tube coupled
transcription and translation reaction for the rapid generation of
recombinant proteins.

The manufacturers' recommendations were followed for the set up
of each reaction, and a typical reaction involved:

1 pg DNA template

12.5 ul TNT Rabbit Reticulocyte Lysate

1 ul TNT reaction buffer

0.5 ul TNT RNA polymerase

TNT Amino acid mix (not including methionine) to 1mM

1 ul of S labelled methionine (>1000 Ci/mmol at 10 mCi/ml)

0.8 ul of RNAsin Ribonuclease inhibitor (40u /ul)

Nuclease-free water to a final volume of 50 pl

The reaction mix was then incubated at 30 °C for 90 minutes and

the product assayed as required.

3.4.4 Protein quantitation

Bio-Rad's protein assay reagent, which provides a simple
colorimetric assay for measuring total protein concentration in a sample,
was used (Bio-Rad, UK). This involved making a 1:5 dilution of the
reagent in water, and aliquoting 1 ml volumes into disposable plastic
cuvettes (BDH Laboratory supplies). 0.8 pl of the protein sample is then
added to each cuvette and thoroughly mixed with the diluted reagent.
Duplicates are made for each sample, and all samples are then assayed by
a spectrophotometer to read their absorbance at 595 nm. Protein
concentration can then be calculated using a standard curve of known

Bovine Serum Albumin concentrations against absorbance.
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3.4.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel

Electrophoresis (SDS-PAGE)
Protein separation was conducted by SDS-PAGE prior to further

analysis. Bio-Rad Mini-gel apparatus (0.75mm spacers) were used (Bio-
Rad, UK). The gel apparatus were assembled and an 8-12% resolving gel

prepared as outlined below.

Resolving gel 8% 10% 12%
40% Acrylamide-Bis (29:1) 2 ml 2.5ml 3.0 ml
Water 4.4 ml 4.8 ml 5.4 ml
1.5M Tris pH 8.8 2.5ml 2.5ml 2.5ml
20% SDS 50 ul 50 ul 50 ul
10% Ammonium Persulphate 100 pl 100 ul 100 ul
TEMED 5ul 5l 5l

3.2 mls of the resolving gel was poured and allowed to polymerise
after overlaying with water. Once polymerised, the overlay was decanted
before preparing the stacking gel. The latter was then poured and an
appropriate comb inserted, taking care not to trap air bubbles under the
teeth of the comb. The stacking gel was then allowed to polymerise before

use.

Stacking gel

40% Acrylamide-Bis stock (29:1) 1.0 ml
Water 6.4 ml
0.5M Tris pH 6.8 2.5ml
20% SDS 50 ul
10% Ammonium Persulphate 100 pl
TEMED 10 pl

Where the amount of protein in different samples was to be
compared, the quantity of protein in each sample is estimated using Bio-
Rad's protein assay reagent as described above. SDS-PAGE sample buffer

can then be added to each sample to allow equalisation of the amount
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loaded. This mixture is then heated to 95 °C for up to 5 minutes before
loading into individual wells.
Electrophoresis is then conducted at 180V for approximately 1

hour or until the dye front has reached the bottom of the gel.

3.4.6 Coomassie staining

Coomassie Blue staining is based on the binding of the dye
Coomassie Brilliant Blue (Promega) to proteins. This dye binds non-
specifically to all proteins and is a widely used and convenient method of
revealing protein bands on polyacrylamide gels. Because the dye binds to
proteins approximately stoichiometrically, it also provides quantitative
information.

For this procedure, the mini gels are removed from the Bio-Rad
SDS-PAGE apparatus and soaked for 10 minutes in Destain 1 solution.
Following this, the gel is bathed in Coomassie Blue stain solution for 20
minutes. The gel is then washed with Destain 1 again before being
transferred to Destain 2. The Destain solution covering the gel is changed
a number of times and a piece of sponge incubated in the solution until the

bands are seen with minimal background.

3.4.7 Western blotting

Proteins fractionated by SDS-PAGE were transferred onto a
nitrocellulose membrane (Hybond-c; Amersham) using a mini-protean II
transfer unit at 100 V for 1 hour (Bio-Rad, UK) according to the
manufacturers' recommendations. The transfer buffer used is described
under the reagents for protein analysis section. The membrane was then
incubated for 1 hour at room temperature with gentle shaking in 5% non-
fat milk (Marvel) in Tween 0.1% / PBS 1X to block any non-specific
binding. The blocking mixture is then discarded and the membrane
incubated with the primary antibody at the recommended dilution in 5%
Milk / Tween 0.1% / PBS 1X. This step may be conducted at room
temperature for 1 hour or overnight at 4 °C. Following this the membrane
is washed 3 times for 5 minutes in Tween 0.1% / PBS 1X. The membrane

is then incubated for a further hour with the appropriate peroxidase

70



conjugated secondary antibody at room temperature. The membrane is
then washed in Tween 0.1% / PBS 1X, once for 15 minutes and
subsequently twice for 10 minutes. The blot is then lightly dried using
tissue paper and incubated for 5 minutes in SuperSignal West Pico
Substrate Chemiluminescent working solution (Pierce) for enhanced
detection of peroxidase. Detection of chemiluminescence was achieved by
the Bio-Rad Fluor-S Multimager hardware and Quantity One software
(version 4.3.0, Bio-Rad).

Certain immunoblots were subjected to re-probing with an
additional primary antibody after the above procedure. For this purpose the
blot was first washed again for 0.5-1 hour in Tween 0.1% / PBS 1X, and
then incubated with the desired antibodies as before.

Details of all antibodies used in this study are summarised in table

3.3.

3.4.8 Farwestern analysis

The procedure adopted for farwestern analysis was identical to that
described for western blotting except that as a substitute to the primary
antibody, bacterial lysate containing the recombinant fusion protein GST-
hCtBP2 (1-110 residues) was used as a probe. The bacterial lysate was
used at a 1 in 10 dilution in PBS / Milk 5% / Tween 0.1%, and the
incubation period was either overnight at 4 °C or for 1 hour at room
temperature. Secondary detection was against GST using the mouse
monoclonal antibody 3G10 at the manufacturers' recommended dilution of
1:1000; and tertiary detection was with peroxidase conjugated rabbit anti-
mouse antibody (Dako) at a 1:2000 dilution.

Further treatment of the membrane was identical to that for western

blotting.
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Antibody Antigen Antibody type Dilution Source Product
code
2A9 hdm?2 Mouse monoclonal 1:500 t ChenJ -
2A10 hdm2 Mouse monoclonal 1:1000 1 ChenJ -
3G5 hdm2 Mouse monoclonal 1:1000 T ChenJ -
4B2 hdm?2 Mouse monoclonal 1:1000 1 Chen J -
TF-2 (Ab-1) hdm?2 Mouse monoclonal 1:1000 Calbiochem, USA | OP46-
100UG
SMP14 hdm?2 Mouse monoclonal 1:1000 1 Moravian -
Biotechnology,
Czech Republic
3G10 GST Mouse monoclonal 1:1000 Abcam, UK Ab92
E1l6 CtBP2 Goat polyclonal 1:1000 Santa Cruz Sc-5966
Biotechnology,
USA
E12 CtBP1 &2 | Mouse monoclonal 1:1000 Santa Cruz Sc-17759
Biotechnology,
USA
CM1 P53 Rabbit polyclonal 1:1000 T Moravian -
Biotechnology,
Czech Republic
DO1 P53 Mouse monoclonal 1:1000 T Moravian -
Biotechnology,
Czech Republic
MDMX MDMX/4 Rabbit polyclonal 1:2000 1 Moravian -
Biotechnology,
Czech Republic
ab290 GFP Rabbit polyclonal 1:2500 Santa Cruz ab290
Biotechnology,
USA
Mch?2 Caspase 6 Goat polyclonal 1:1000 Santa Cruz Sc-1232
Biotechnology,
USA
Rabbit Mouse Ig Rabbit polyclonal 1:2000 Dako P0260
anti-mouse
Goat anti- Rabbit Ig Goat polyclonal 1:2000 Dako P0448
rabbit
Donkey Goat Ig Donkey polyclonal 1:2000 Santa Cruz Sc-2020
Biotechnology,
anti-goat USA

Table 3.3 Antibodies used in this study.

+ These antibodies were obtained through Professor A. J. Levine (Chen et al.

1993).

$ These antibodies were obtained from Moravian biotechnology, via Dr. B.

Vojtesek, Masaryk Memorial Cancer Institute, 656 53 Brno, Czech Republic.
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3.4.9 Glutathione S Transferase (GST) pulldown assays

A 50% slurry of Glutathione Sepharose 4B beads (Amersham
Pharmacia Biotech, UK) was prepared at the outset by washing the beads 3
times in 5 volumes of NETS buffer, and subsequently resuspending the
beads in 1 volume of NETS. This slurry was then used for all subsequent
work unless otherwise stated. For each pulldown, 5-15 pul of beads slurry
were typically used.

Bacterial lysate containing recombinant GST fusion proteins were
incubated with the beads overnight at 4 °C (typically 50-100 pl of cell
lysate was used). The following day the mixture was washed 3 times with
NETS /5mM DTT / PIM 1X, and subsequently hdm?2 containing bacterial
lysate was added to the mixture and the whole incubated at room
temperature for 1 hour on a rotating wheel. At the end of this time the
beads were spun down at 1000 rpm for 1 minute and the supernatant
discarded. The beads were then washed 3-5 times again with ice cold
NETS /5mM DTT / PIM 1X, and after the final wash all supernatant
carefully removed and discarded. SDS sample buffer was added to the
beads and the mixture boiled at 95 °C for 3 minutes. The sample was then
spun down once more, and the supernatant used for western blotting for
any hdm?2 pulled down by the GST fusion protein.

This method was adapted at times to allow testing of the strength of
the interaction between hCtBP2 and hdm?2 by attempts at disrupting the

interaction with varying salt concentrations or other proteins.

3.4.10 Immunopreclpitation (IP) and co-immunoprecipitation
reactions

To test for interactions between proteins in cells as opposed to in
vitro, immunoprecipitation and co-immunoprecipitation studies were
conducted. Cells were plated in 90 mm dishes and for some experiments
transfected with the appropriate expression vectors when the desired
density was achieved (usually when 70-80% confluent). 48 hours later
cells were harvested and lysed with NETS lysis buffer containing 5 mM
DTT and PIM 1X as described previously. Due to the relatively short half-
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life of hdm2, in some IP's cells were pre-treated with the proteasome
inhibitor MG132 (Promega) to a final concentration of 20 um.

10% of the cell lysate was usually retained as a whole cell lysate,
whilst the remainder was divided and used for the IP.

Early attempts at [P and co-IP experiments involved a different
method of protein G sepharose (Amersham Pharmacia Biotech, UK)
preparation to the technique used later in this study. In the early work,
protein G beads were pre-blocked with NETS / SmM DTT / PIM 1X /3%
BSA and then coated with the appropriate antibody (typically at 1 ng
antibody per 5 ul packed protein G sepharose beads) by incubation
overnight at 4 °C. The following day, the lysate was added to the beads
and the mixture incubated for 3 hours at 4 °C. In later work however, the
beads were pre-blocked with bacterial lysate before incubating with a cell
lysate-antibody mixture for 1 hour at room temperature.

In both cases subsequent treatments were identical. Beads were
spun down, washed 5 times with ice cold NETS / 5mM DTT / PIM 1X,
and the final supernatant removed and discarded. SDS sample buffer was
then added to the beads and the mixture boiled at 95 °C for 3 minutes. The
sample was then spun down once more, and the supernatant used for

western blotting.

3.4.11 Affinity purification of polyclonal antibodies

A rabbit polyclonal serum against hCtBP2 was generated in this
study for use in western blotting, immunoprecipitation, and
immunofluorescence studies. In order to diminish cross-reactivity of the
serum against other antigens, part of the serum was further purified by
affinity chromatography using Reactigel 6X (Pierce Chemicals, IL, USA)
coupled hCtBP2.

2 mg of purified and thrombin cleaved hCtBP2 was initially
dialysed into a Bicarbonate buffer in order to remove all traces of Tris
buffers which can inactivate the Reactigel matrix. Dialysis was conducted
against 3 changes of 1 litre Bicarbonate buffer over a 24-48 hour period.

2 ml of Reactigel bead slurry was then prepared by

microcentrifugation in order to remove the acetone they are suspended in.
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50 ml of Bicarbonate buffer was added to the beads to activate them and
the beads were immediately mixed and microcentrifuged at 2000 rpm for 2
minutes. The buffer was removed and the previously dialysed hCtBP2
added to the Reactigel beads. The volume was made up to 40 ml using
more Bicarbonate buffer and the mixture incubated at 4 °C with mixing for
40 hours. Following this incubation period, the mixture was
microcentrifuged to sediment the hCtBP2 coupled beads, and the
supernatant discarded. The beads were then washed in 10 ml of 1M Tris
pH 8.8, and subsequently incubated for a further 18 hours with a fresh 10
ml volume of Tris pH 8.8. After this incubation period, the beads were
washed 3 times in Tween 0.1% / PBS 1X, before being finally resuspended
in 5 ml of Tween 0.1% / Azide 0.02 % / PBS 1X and stored at 4 °C.
Before any use, the required amount of beads were washed twice in 1 ml
volumes of PBS 1X. Coupling efficiency was checked by SDS-PAGE and
coomassie analysis of 50 ul samples taken from the hCtBP2 solutions
before and after coupling to the Reactigel matrix.

Affinity purification of the polyclonal serum was subsequently
conducted firstly by depleting the serum of any antibodies reacting to
GST, and subsequently by specific purification of hCtBP2 reactive
antibodies using the Reactigel-protein matrix prepared above.

For the initial step of depleting the GST reactive antibodies, a 50%
slurry of Glutathione Sepharose 4B beads were prepared as described
previously, and incubated with recombinant GST containing bacterial
lysate overnight at 4 °C with mixing. The beads-GST mixture was then
washed with NETS buffer 3 times before adding 1 ml of the polyclonal
rabbit serum and 4 ml of PBS 1X. This mixture was then incubated at
room temperature for 2 hour.

For the specific extraction of hCtBP2 reactive antibodies, the beads
were spun down and the supernatant was subsequently incubated with 200
ul of hCtBP2 coupled Reactigel beads and incubated overnight at 4 °C on
a tumbler. The following day the beads were spun down and the
supernatant discarded. The beads were washed 5 times with 15 ml of
Tween 0.1% / PBS 1X, and antibody reactive to hCtBP2 eluted with 250
ul of 0.1 M Glycine pH 2.5. Three elutions were conducted, each lasting

75



30 minutes at room temperature, and after each elution the supernatant was
transferred to a fresh tube and immediately mixed with 25 ul of 1M Tris
pH 8.0 buffer for neutralisation of pH. The different elutions were then
confirmed for their ability to detect hCtBP2 in cell lysates by western

blotting.
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4.1 Introduction
In order to test the hypothesis that hdm2 and CtBP2 interact in a
biologically viable way, antibodies to CtBP2 are a useful reagent and can be

employed in a variety of techniques including:

- Western blotting,

- Co-immunoprecipitation reactions,

- Enzyme-Linked Immunosorbent Assays (ELISA),
- Immunofluorescence labelling,

- Immunohistochemistry,

However, it was apparent at the instigation of this study that such a reagent
was scarcely available. Of the groups involved in working in the CtBP field, only
two attempts at generation of antibodies had been documented, and neither
product was suitable for our study or commercially available (Schaeper et al.
1995; Criqui-Filipe et al. 1999).

The first use of antibodies to CtBP proteins was by Professor Chinnadurai
and colleagues. Using the full length CtBP protein, they generated a rabbit
polyclonal anti-serum and used this successfully for the immunoprecipitation of
overexpressed CtBP1 (Schaeper et al. 1995).

Subsequently, two rabbit polyclonal anti-sera were produced to mCtBP1.
Although these were useful for immunoprecipitation studies and
immunofluorescence of transiently transfected and overexpressed mCtBP1, they
were unhelpful in the detection of endogenous CtBP proteins by western blotting

or for immunofluorescence (Criqui-Filipe et al. 1999) .

For the present study, a sensitive and readily available immunospecific
reagent was of paramount importance for use in several commonly used
laboratory techniques. Detection of proteins by Western blotting is a sensitive, and
widely employed technique for demonstration of protein-protein interactions and a
technique which we would need to apply to address our objectives in the current
study. Likewise, co-immunoprecipitation of proteins from cell lysates is another

powerful tool we hoped to apply for the study of hdm2-hCtBP2 protein-protein
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interactions and how they may be regulated in cells (Schaeper et al. 1995; Turner
& Crossley 1998; Zhang et al. 2002).

Immunofluorescence labelling of tissue culture cells is a further technique
reliant on immunospecific reagents and useful in demonstrating subcellular co-
localisation of proteins as an indirect guide to their interaction with one another.
Furthermore, since both hdm?2 and hCtBP2 are capable of dynamically shuttling
between the nucleus and cytoplasm (Roth et al. 1998; Chinnadurai 2002),
immunofluorescence could prove a powerful tool for the study of where in the cell
this interaction may take place and what iz vivo treatments can regulate it.

Finally, we also hoped that our reagent might prove a useful tool for
immunohistochemical detection of CtBP proteins. The availability of normal and
tumour derived human tissue could feasibly allow the study of hCtBP expression
in these specimens with later correlation against hdm2 expression patterns and

prognosis.

Therefore, in order to be able to meet the needs of this study, a polyclonal
antibody to hCtBP2 was developed. Given the similarity at the amino acid level
between hCtBP1 and hCtBP2 (Chinnadurai 2002), we recognised that it was likely
that our Ig would detect both, but for the purposes of this particular work this was
not deemed to be a deterrent, especially as the two proteins are distinguishable on
the basis of their differing molecular weights and gel mobility (Katsanis & Fisher
1998).
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4.2 Results

4.2.1 Overview

To facilitate production of antiserum specific to hCtBP2, it was necessary
to generate and purify recombinant hCtBP2 protein for use in rabbit
immunisation. The pGEX-2TK vector (Amersham Biosciences) was chosen for
high-level inducible expression of hCtBP2 as a fusion protein with the naturally
occurring 26 kD enzyme Glutathione S-transferase (GST), in bacterial systems.
Such fusion proteins can then be purified from bacterial lysates by utilising the
affinity of GST for Glutathione to affinity purify the fusion structure; and the
purified protein subsequently cleaved of its GST label by the proteolytic enzyme
thrombin.

The purified recombinant hCtBP2 thus produced was then used for rabbit
immunisation using standard techniques (Moravian Biotechnology). The rabbit
sera obtained were then tested for immunoreactivity to hCtBP2, and optimised for

western blotting and immunoprecipitation.

4.2.2 Cloning of hCtBP2 into the pGEX-2TK bacterial expression

vector

The initial screen for hdm2 interacting proteins yielded the full-length
cDNA of hCtBP2 in a pBluescript vector (Stratagene, UK). This was then used as
the template for a PCR reaction using primers CT1 and CT2 (table 3.1) outlined

below:

Bam HI cleavage site
5-CGGGATCCATGGCCCTTGTGGATAAG-3'
5-CGAATTCTATTGCTCGTTGGGGTGCT-3'

Eco RI cleavage site

The product of this reaction (hCtBP2) was then subjected to enzymatic
digestion with Bam HI and Eco RI restriction endonucleases. It was noted at the
outset that the hCtBP2 coding sequence included a restriction site for Eco RI at

position 1078 base pairs (bp) and so in order to get the full length sequence and
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avoid complete digestion it was necessary to perform a partial Eco RI digest
reaction by diluting the concentration of Eco RI used and terminating the reaction
prematurely with EDTA after 30 minutes. The products were then separated by
gel electrophoresis and both fragments corresponding to the full length and the
truncated mutant were separately gel extracted.

The pGEX-2TK vector was also subjected to a standard double digest
reaction with Bam HI and Eco RI to give compatible ends for cloning of the
hCtBP2 cDNA into this vector. The initial attempt at cloning the hCtBP2 cDNA
was unsuccessful probably because Eco RI does not efficiently cut at its restriction
site if there are insufficient flanking base pairs. To eliminate this problem, the
PCR products were first subcloned into the pGEM-T Easy vector (Promega) and
endonuclease digestion reattempted. This second strategy proved more successful,
and two vectors were thus generated by this method, pGEX-2TK hCtBP2 (1-445);
and pGEX-2TK hCtBP2 (1-359), corresponding to full-length hCtBP2 in pGEX-
2TK (encoding the full length protein containing 445 amino acid residues), and
the truncated version of hCtBP2 in pGEX-2TK (encoding a truncated protein
containing the first 359 amino acids). Both vectors were subsequently used to
transform £. Coli BL21 cells and tested for protein expression by SDS-PAGE and
Coomassie staining. As a control, the empty vector pGEX-2TK was also used to
transform £. Coli BL21 cells.

These experiments confirmed the production of recombinant proteins
(figure 4.1A & B) and also established that greater amounts of the truncated form
of hCtBP2 were being produced than the full length. Given the requirement for
high-grade high-yield protein production for the immunisation protocol, we
selected the better expressing truncated form (hCtBP2 (1-359)) for further

purification and immunisation rather than the full-length protein.
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Figure 4.1: Recombinant protein production

BL21 E. Coli were transformed with 0.5 pug of pPGEX-2TK hCtBP2 (1-
445), pGEX-2TK hCtBP2 (1-359) (A), and pGEX-2TK empty vector (B),
and the cultures expanded. Protein production was induced by IPTG and
5ul of cell lysates from induced and non-induced samples fractionated by

SDS-PAGE. Coomassie staining of the gel was then conducted.

4.2.3 Small-scale affinity purification and optimisation of yield

Glutathione Sepharose 4B (Amersham Biosciences), which consists of

Glutathione, linked to Sepharose beads, was used to affinity purify the

recombinant fusion protein. Bacterial lysate was therefore prepared (see section

3.4.2) from E.Coli BL21 transformed with the vector GST-hCtBP2 (1-359). Based

on the manufacturers' guidelines on volumes of lysate to Glutathione Sepharose

4B, 500 pl of induced lysate was mixed with 20 pul of beads, and incubated for 1

hour at room temperature. The suspension was then centrifuged at 1000 rpm for 1

minute to spin down the beads, the supernatant discarded, and the beads washed 3
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times with DTT (5mM) / PIM 1X / NETS buffer before proceeding to elution. For
elution, a Glutathione Elution buffer was prepared as described by Amersham
Biosciences, and 4 bead volumes of this were added to the sedimented beads. The
suspension was incubated at room temperature with mixing for 10 minutes and the
tube then spun again to sediment the beads. This process of elution was repeated 3
times in total, and 10% of the eluate at each stage used for analysis by SDS-PAGE
and Coomassie staining to estimate the amount of recombinant fusion protein
pulled down. This revealed that only a small fraction of the input could be affinity
purified and eluted by this process (figure 4.2). Of the three elutions, elution 1

gave the best yield of recombinant fusion protein.
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Figure 4.2: Affinity purification and elution of GST-hCtBP2 (1-
359) protein

Bacterial lysates from pGEX-2TK hCtBP2 (1-359) transformed and
induced E. Coli BL21 cells were affinity purified for GST fusion proteins

as described in section 4.2.3.

In order to be able to generate enough recombinant protein to use for
rabbit immunisation, it was decided to optimise the above method as much as
possible to enhance the protein yield. The first modification to the standard
protocol involved increasing the bead volume used. Figure 4.3A reveals that this
resulted in a substantial increase in the quantity of protein eluted. By doubling the
amount of lysate added and incubating the beads-lysate mixture overnight at 4 °C,

it was possible to further improve this method for our purposes (figure 4.3B).
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Figure 4.3: Optimisation of affinity purification
A. Affinity purification of GST-hCtBP2 (1-359) was conducted as
described in section 4.2.3 but using 80 ul of Glutathione Sepharose 4B.

10% of each eluate was used for analysis by SDS-PAGE and
Coomassie staining.

B. Further modifications to the affinity purification process were made by
doubling the amount of lysate used and increasing the incubation step

with Glutathione Sepharose 4B to overnight.

4.2.4 Small-scale thrombin cleavage

Thrombin (Amersham Biosciences) was prepared as per the manufacturers'
recommendations. As an initial test, cleavage of the recombinant GST-hCtBP2 (1-
359) protein while bound to the Glutathione Sepharose matrix was compared to
cleavage after eluting the protein off the matrix. The result of this test
demonstrated that cleavage whilst bound to beads was effective, whereas cleavage
after elution was unsuccessful. One possible explanation for this latter finding is
that the Glutathione elution buffer inactivates the thrombin enzyme.

As a result of this test, it was elected to cleave the GST fragment of the
recombinant GST-hCtBP2 (1-359) whilst still bound to the beads. An added

advantage perceived with this method was that thrombin cleavage would release
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the hCtBP2 component of the protein while the GST fragment would still remain
bound to the Glutathione Sepharose 4B beads, thus eliminating the need for
elution with Glutathione elution buffer.To this end, three separate cleavage
experiments were set up, testing three different thrombin concentrations (0.04u,
0.4u, and 4u). Equal amounts of lysate containing GST-hCtBP2 (1-359) were
mixed with the optimum amount of beads (80 pl), and the mixture incubated at 4
°C overnight. The following day the beads were spun down, washed 3 times in
DTT (5mM) / PIM 1X / NETS as before, and then subsequently washed again for
15 minutes in Tris-HCL pH 8.0 / 150 mM NaCl /2.5 mM CaCl,. Thrombin was
then added to a final concentration of 0.04u, 0.4u, or 4u, and the mixture
incubated at room temperature for 2 hours, and then at 4 °C overnight. The
supernatants of the samples were then subjected to SDS-PAGE and Coomassie
staining for analysis as before. Sedimented beads were boiled in SDS sample
buffer and also subjected to SDS-PAGE and Coomassie staining to determine how
much un-cleaved fusion protein remained bound to the beads. Figure 4.4 shows
the result of this experiment. This figure reveals that although increasing amounts
of thrombin efficiently cleave GST-hCtBP2 in a dose dependant way, the cleaved
protein remains bound to the beads and fails to come off in the supernatant. One
possible explanation for the failure to obtain the cleaved fraction in the
supernatant may be due to the dimerising ability of CtBP proteins (Sewalt et
al.1999), thus un-cleaved GST-hCtBP2 (1-359) bound to the beads could
potentially pool the cleaved fraction and prevent its release into the supernatant.
Whatever the mechanism, it seemed plausible that the interaction holding
the cleaved fraction onto the beads would be a relatively weak non-covalent
variety of interaction, and so an experiment was designed to test whether this
interaction could be disrupted by an increasing salt gradient. As demonstrated in
figure 4.4B, a 0.15 M NaCl concentration (figure 4.4B lane 1) eluted a satisfactory
amount of hCtBP2. Although a large amount of cleaved protein still remains
bound to the matrix, it was felt that the eluted fraction would prove sufficient for
the purposes of this study and therefore no further attempts were made to release
the bead-bound GST-hCtBP2 (1-359). Since a significant fraction of protein was
also eluted with a 0.4 M concentration of NaCl (lane 2, figure 4.4B), a0.3 M

NaCl solution was opted for in the final bulk preparation.
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Figure 4.4: Optimisation of thrombin cleavage and elution of

cleaved protein

A. Three samples of induced bacterial lysate derived from E. Coli BL21
transformed with pGEX-2TK-hCtBP2 (1-359) were affinity purified as
described previously and subjected to thrombin cleavage while bound
to Glutathione Sepharose 4B beads. Three different thrombin
concentrations were compared (0.04u, 0.4u, and 4u). Following

cleavage, 10% of supernatants and 50% of samples derived from
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boiling the beads in SDS sample buffer were subjected to fractionation
by SDS-PAGE and subsequent Coomassie visualisation. As thrombin
concentration is increased, the amount of GST-hCtBP2 (1-359) that is
cleaved is also increased in a dose dependant fashion, and
consequently the cleavage products increase (lanes 1b-3b). However,
the entire cleaved fraction remains bound to the beads and so none is
released into the supernatant (lanes 1s-3s).

B. Part of the cleaved fraction can be released from the beads by exposure
to NaCl. Affinity purified and thrombin cleaved recombinant protein
was incubated with 0.15M (lane 1), 0.4M (lane 2), 1M (lane 3), and
2M (lane 4) NaCl for 30 minutes, and the supernatant reserved after
each incubation period. After the last elution, the beads were boiled in
SDS sample buffer before analysis (Boiled Beads) as before. The most
effective elution of hCtBP2 (1-359) takes place in a 0.15 M NaCl

concentration.

4.2.5 Bulk production of purified recombinant protein

Moravian Biotechnology protocol suggests that 4 mg of recombinant
protein is the optimum amount necessary for immunisation per rabbit. In order to
further our likelihood of producing a successful immunoreactive serum, protein
amplification and purification were planned to allow immunisation of two rabbits
by this technique. As a first step, the quantity of purified recombinant protein
produced by the small-scale method was estimated by direct comparison of serial
dilutions of the product, against standard dilutions of Bovine Serum Albumin
(BSA) on a Coomassie gel. From this, it was possible to estimate the volume of
bacterial culture necessary to produce the required level of protein amplification.
The quantity of all reagents used in the subsequent production of the bacterial
lysate, affinity purification, cleavage, and elution of recombinant protein were

calculated as a simple ratio of the small-scale preparation.

Figure 4.5 shows that large amounts of recombinant cleaved protein were
obtained by this technique. Since the uncleaved product significantly contaminates

the first elution, this was discarded and the later elutions pooled and used for
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rabbit immunisation. This was in the hope of minimising any immunoreactivity in
the final serum due to GST contamination.
Pooled products were quantitated as described previously and 1 mg

aliquots snap frozen in liquid nitrogen and shipped on dry ice to Moravian

Biotechnology.
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Figure 4.5: Bulk protein production and purification

Affinity purification and thrombin cleavage were conducted as described
previously. Elution of the cleaved product off the beads was performed
with a 0.3 M NaCl solution of NETS buffer. 4 such elutions were
conducted, each for a period of 20 minutes at room temperature (lanes 1-
4). At the end of each elution, the beads were spun down and the
supernatant removed. A fraction of each successive supernatant was tested
by SDS-PAGE and Coomassie staining and after the final elution the beads
were boiled in SDS sample buffer (Boiled Beads). Large amounts of
cleaved recombinant protein were eluted at each step. However, the first
elution is significantly contaminated with the uncleaved protein GST-
hCtBP2 (1-359), and so only the second, third and fourth elutions were
pooled.
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4.2.6 Testing of serum

Test bleeds were taken from the animals after the first immunisation and
tested for immunoreactivity by western blotting. The results were compared with
pre-immune sera from the same animal to check for early evidence that an
antibody response was being mounted. As the results suggested immunoreactivity
in both cases, the immunisation protocol was continued until each animal had
been immunised a total of 4 times.

Following the final booster, sera from both rabbits were obtained from
Moravian biotechnology and subjected to testing by western blotting. The initial
investigation compared the ability of pre-immune and immune sera from both
rabbits to detect affinity purified and thrombin cleaved recombinant hCtBP2 (1-
359), and endogenous full-length hCtBP2 in 293 cell lysates.

Figure 4.6 shows that both rabbits have mounted a substantial antibody
response to hCtBP2 as demonstrated by the strong immunoreactivity to
recombinant hCtBP2 (1-359) in the immune sera; however, only the immune
serum from rabbit 41 is able to detect a protein which migrates at a size that could
represent the full length endogenous hCtBP2. Although this initial result showed
only weak immunoreactivity, the appearances were consistent with the presence
of a protein doublet at approximately the 50 kD level, consistent with the findings

of other workers (Boyd et al. 1993).

To test if the p50 band detected by the immune sera from rabbit 41 (R41)
indeed represents hCtBP2, human 293 cells were transfected with a mammalian
expression vector for Myc tagged hCtBP2 (1-445). Cell lysates from transfected
cells and from untransfected controls were subjected to SDS-PAGE and tested for
immunoreactivity using R41 and 9E10, a monoclonal antibody that is capable of
recognising the Myc tag (Figure 4.7A). The result demonstrates that R41 clearly
identifies a doublet just below the 50 kD level in the untransfected cells, while
three bands can be identified in the transfected cells. This is consistent with R41
recognition of CtBP1 (47.5 kD) and CtBP2 (48.9 kD) in the untransfected cells,
whilst CtBP1, CtBP2, and CtBP2.Myc are identified in the transfected cells. In
accordance with this, it is noted that the band believed to correspond to
CtBP2.Myc in the R41 immunoblot, co-migrates with the band identified in the
9E10 immunoblot corresponding to CtBP2.Myc. Transfected CtBP2.Myc appears
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as a stronger reacting band due to the potent activity of the CMV promoter that
drives its transcription. In all western analyses conducted, it was noted that two

proteins of ~60 kD and ~30 kD were also identified with R41.

Further confirmation that the doublet recognised by R41 in untransfected
cells represents hCtBP1 and hCtBP2 was obtained by immuno-depleting the
serum with either GST or GST-hCtBP2 (1-445) pre-adsorbed onto Glutathione
Sepharose 4B. Figure 4.7B demonstrates that by depleting R41 of
immunoglobulin that can bind GST-CtBP2 (1-445), the doublet noted before is
transformed to a solitary weakly immunoreactive band only. As this effect is not
observed when R41 is depleted of GST binding antibodies, the effect must be
specific to the presence of CtBP2, signifying that at least one of the bands of the
doublet must be CtBP2. The diminished signal intensity of the other component of
the doublet suggests that this second protein shares much sequence homology to

hCtBP2 and supports the assertion that it is likely to be hCtBP1.
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Figure 4.6: Testing sera from rabbit 41 and 42

Affinity purified and thrombin cleaved hCtBP2 (1-359) and human 293 cell
lysates (lanes 1 and 2 respectively) were tested for immunoreactivity by
probing with pre-immune serum (left panel) or immune serum (right panel).
A dilution factor of 1:1000 was used for all immunoblots. Despite the
presence of some lane spill during the loading of samples, it can be seen that
there is strong immunoreactivity to purified recombinant protein post
immunisation in both rabbits, however only the immune serum of rabbit 41
seems to have detected any immunoreactivity that may correspond to full-

length endogenous hCtBP2 in 293 cells.
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Figure 4.7: R41 detects both endogenous and transfected

CtBP2

A. 293 cells were transiently transfected with the vectors pcDNA 3.1 (lane
1) or pcDNA 3.1 hCtBP2.Myc (lane 2) and cell lysates prepared as
described previously. 20 pg of protein was loaded in each lane and
SDS-PAGE and western blotting analysis conducted. Blots were probed
with R41 (at 1:1000 dilution) and 9E10 (1:100) primary antibodies.
9E10 antibody has identified a strongly reacting band in the transfected
cells migrating at 50 kD corresponding to the transfected hCtBP2.Myc.
This band co-migrates with an equally strong band identified in the R41
immunoblot. Furthermore, R41 has identified a doublet both in the
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