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ABSTRACT

AP-2 transcription factors are highly conserved basic helix-span-helix proteins whose

members (o, B, v, 6 and €) are crucial regulators of gmbryonic development. They also

play an important role in human neoplasia. ochemical studies have detected

high levels of AP-2y expression in primary tumo - of breast cancer patients. This high

expression has been correlated with reduced survival in all patients and reduced survival

in an ERo positive subset treated with hormone therapy. In breast cancer cell lines, AP-

2 factors have been implicated in the regulation of the ERBB2 proto-oncogene and ERa.

In an effort to further understand the role of AP-2y in breast carcinoma, this study has

sought to identify additional AP-2 activated cellular pathways and ultimately novel

transcriptional targets for AP-2 through the use of gene expression profiling.

RNAI using three independent AP-2y targeting sequences, has been used to deplete AP-
2y levels in the ERa positive MCF-7 breast carcinoma cell line, chosen as it exclusively

expresses the AP-2y family member. Microarrays were then utilised to create an AP-2y

dependent transcription profile. Statistical comparisons between non-silencing control

siRNA and AP-2y targeting siRNA groups identified a total of 162 gene expression
changes (p<0.01). These changes implicate AP-2y in the control of cell cycle

progression and developmental signalling. Indeed a role for AP-2y in the control of cell |

cycle, in particular at the G1/S transition, has been verified using flow cytométry.

Several of these gene expression changes, including IGFBP3, Transgelin and

KIAA1324, have been confirmed using gPCR and immunoblotting.

Finally, elevated levels of p21 mRNA and protein have been observed following AP-2y
silencing in MCF-7 cells. Additionally, the activity of a p21 promoter reporter is

repressed following transfection with an  AP-2y expression construct in HepG2 cells.
These results coupled with ChIP experiments showing AP-2y occupancy at the proximal
promoter region of p21 in cycling MCF-7 cells, implicate AP-2y in the repression of

p2l transcription and suggest a role for AP2y in' the control of cell cycle in breast

carcinoma in part through the transcriptional repression of p21.
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Changes in the abundance and activity of specific transcription factors are fundamental
to faithful execution of the processes__'_control growth and differentiation in the life of an
organism. Of further interest and greater clinical importance is their involvement in
growth related diseases such as cancer. Research presented herein will focus upon the
AP-2 family of transcription factors and their involvement in a disease that causes the

premature death of more than 14,000 women a year in the UK, breast cancer.

1.1. The AP-2 family of transcription factors

Activator protein-2 (AP-2) is the term given to a family of five related DNA-binding
transcription factors: AP-2a, AP-2p3, AP-2y, AP-26 and AP-2¢ (Williams ef al., 1988;
Moser et al., 1995; Bosher et al., 1995; Zhao et al., 2001; Feng er al., 2003). These
closely related mammalian family members are transcribed from different genes and

each has a molecular weight of approximately S0kDa. A generalised protein structure is

outlined in Figure 1.1.

Dimerisation
_

Activation Basic Helix Span Helix

NH2
COOH

COOH
NH2

Figure 1.1. A representation of AP-2 protein structure. AP-2 proteins share highly conserved C-
terminal basic DNA binding and helix-span-helix dimerisation domains. The less conserved proline rich

transactivation domain is located toward the N-terminus. Detailed amino acid sequence alignments are

shown in Figurel .2.

All AP-2 proteins can homo- and hetero- dimerise through a unique C-terminal helix-
span-helix motif and bind DNA through a basic domain that lies immediately N-
terminal of the dimerisation motif (Mohibullah er al., 1999). A third less conserved
region toward the N-terminus contains residues critical for modulation of AP-2 activity.

The remarkable degree of amino acid conservation across these regions is shown for the

human AP-2 family members in Figure 1.2. Very high amino acid sequence

16
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conservation is observed across the DNA binding and dimerisation regions; it is
therefore unsurprising that, with the exception of AP-25, family members show
identical DNA binding specificity in vitro (McPherson & Weigel, 1999). AP-20
contains three amino acid changes in its basic domain that are thought to cause an
altered binding specificity (Zhao et al., 2001). The other AP-2 proteins have been
shown in vitro to bind the consensus sequence palindrome 5’-GCCN3;4GGC-3’
(Mohibullah ez al., 1999). PCR-assisted binding site selection and competitive gel shift

assays for AP-20. and AP-2y have refined this consensus and these family members

showed optimal binding to the 5’-SCCNNVRGB-3’ sequence (McPherson & Weigel,
1999).

AP-2 consensus sequences exist in promoters and enhancers of AP-2 target genes and in
vitro studies have shown that these sequences are important for AP-2 transactivation
and some examples include SV40 5’-CCCCAGGC-3’ (Mitchell et al., 1987), ERBB2
' 5°- CTGCAGG-3’, ERBB3 5’-GCCTCTGGC-3’ (Skinner & Hurst, 1993), and Bcl-2 5°-
CTCTCCCCGC-3’ (Wajapeyee et al., 2006). However, due to its GC-rich nature the

AP-2 consensus sequence occurs very frequently in the human genome especially

within promoter sequences (Bajic et al., 2004), it is likely therefore, that constraints

other than DNA sequence alone must regulate AP-2 DNA binding specificity.

AP-2 family members are remarkably conserved throughout evolution, homologues
exist in Chicken (Gallus gallus), Frog (Xenopus laevis), Fruit Fly (Drosophila

melanogaster), Zebrafish (Danio rerio) and even in the invertebrate Caenorhabditis
elegans (Shen et al., 1997, Winning et al., 1991; Bauer et al., 1998; Monge & Mitchell,
1998; Knight et al.,, 2003). A phyloge@g\tic analysis, conducted by Eckert and
colleagues, summarising the amino acid conservation of family members across these
species is shown 1n Figure 1.3 (Eckert et al., 2005). In particular, the DNA-binding and
dimerisation requirements of AP-2 proteins have been evolutionarily conserved. Within
this region Drosophila melanogaster AP-2 contains a stretch of 107 amino showing
92% identity with the vertebrate AP-2 proteins (Bauer ef al., 1998). Given that no AP-2

family members have been found in yeast, and that the AP-2 proteins of C. elegans and
D. melanogaster show the weakest relationship with the vertebrate and protochordate

AP-2 family members (Figure 1.3), it has been suggested that AP-2 proteins originated
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at this stage in evolution and subsequently expanded to give the five members known in

higher species (Eckert et al., 2005). In both human and mouse the genes are spatially

located in a similar pattern on their respective chromosomes, shown in Table 1.1.

L L R s
) TFAP2A | TFAP2B | TFAP2C | TFAP2D | TFAP2E

] s | o | | | s
tfap2a tfap2b tfap2c tfap2d tfap2e

Table 1.1 Gene Names and chromosomal locations of each of the AP-2 family members in human
and mouse. Table adapted from Feng & Williams, 2003.
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Figure 1.3. A phylogenetic tree of the AP-2 family (Adapted from Eckert et al., 2005). This
phylogenetic analysis was based on amino acid sequence alignments. A scale bar indicates the number of

amino acid residue changes and asterisks indicate where predicted proteins have been included.
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1.2. AP-2 and Gene Transcription

As described in the section above, AP-2 transcription factors can bind specific DNA
sequences within promoter or enhancer regions of their target genes through their highly
conserved basic domains. However, until relatively recently it was unclear how AP-2

factors were able to regulate gene transcription.

1.2.1. Mechanisms of Gene Transcription

In eukaryotes, genomic DNA exists as highly compacted repeating nucleosome arrays
called chromatin. Each nucleosome is comprised of 147bp stretches of DNA wrapped
around an octamer of the four basic histone proteins (H2A, H2B, H3 and H4). The
linker histone (H1) and other non-histone proteins bind between nucleosomes and
facilitate the higher organisation and further compaction of the chromatin fibre within
the nucleus. The packaging of the DNA in this manner results in a stable chromatin
state, where DNA is inaccessible to the transcriptional machinery. Thus, it has become
apparent that chromatin structure forms the physiological substrate for all DNA
dependent pathways and not just the DNA sequence itself. Chromatin has been shown

to affect transcription through multiple mechanisms including: histone modification,

chromatin remodelling, histone variant incorporation and histone eviction (reviewed by

the following: Li et al., 2007; Kouzarides, 2007; Bemstein et al., 2007).

1.2.1.1. Histone modifications
The majority of histone modifications occur in the N-terminal tail domains which

protrude from the nucleosome surface where modifications at approximately 60
different residues have been described to date. Some of the better understood include
the acetylation (ac) and methylation (me) of lysine (K) residues. Acetylation of lysines
on H3 and H4, facilitated by histone acetyltransferase (HAT) enzymes, is commonly
associated with chromatin in the process of active transcription. Acetylation occurs on
multiple lysines and is thought to act cumulatively to alter the net electrostatic charge of
histones, through the neutralisation of the positive lysine charges. A consequence of

this 1s a destabilisation of histone-DNA interactions and an increased propensity of
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histones to be displaced by chromatin remodelling enzymes (described below), thus

making the DNA more accessible for transcription. Histone deacetylatases (HDACS)

can reverse this process and their activity is therefore often associated with

transcriptional repression.

Histone modifications can also recruit specific non-histone proteins to chromatin. For
example, Heterochromatin Protein 1 (HP1) is specifically recruited to methylated
H3K9, via its chromodomain. HP1 binding is associated with de@e activity
leading to transcriptional repression. HP1 binding also facilitates further H3K9

met@ting acttiyitykarbd is thought to transmit H3K9me to adjacent nucleosomes and in
bl ate : :
this way is i nplied in the establishment and maintenance of a global heterochromatin

environment (reviewed by Grewal & Jia, 2007).

1.2.1.2. Chromatin remodelling
In vitro studies have shown that nucleosomes exist in equilibrium between a fully

wrapped state and a set of partially unwrapped states. The propensity of nucleosomes to

rewrap 1s negatively regulated by ATP-dependant chromatin remodelling complexes,

which actively alter the histone-DNA contacts. This activity is also necessary for

displacement (or sliding) of nucleosomes away from conformationally stable positions
on the DNA.

1.2.1.3. Transcription factor recruitment and Pre Initiation Complex
(PIC) Assembly.

It 1s generally thought that spontaneous unwrapping of nucleosomal associated DNA is
sutficient to reveal buried DNA consensus-binding sequences required for the
recruitment of specific transcription factors like AP-2. Histone modifications like those
discussed above affect the inclination of a nucleosome to remodel and thus specific
transcription factors may only be able to access their DNA consensus binding sites
given an appropriate chromatin context. Indeed, recently a genome-wide study showed
that high levels of acH3 and H3K4/79me were prerequisite for recognition of any target
site by the Myc transcription factor (Guccione et al., 2006).. Additional genome-wide
studies in yeast have shown that nucleosome density at promoter regions is typically

lower than that at adjacent coding regions (reviewed by Li et al., 2007). This would
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suggest that DNA consensus binding sequences within promoter regions are more
amenable to specific transcription factors. Conversely, increased nucleosome density
outside of promoter regions might serve to mask spurious recognition sequences that

occur coincidently in large genomes.

Once bound to a promoter or enhancer, sequence specific transcription factors have
been suggested to stimulate transcription via multiple mechanisms. Firstly, this might

Involve recruitment of coactivator complexes that include the HAT and chromatin

remodelling actitvities described above. These facilitate the further binding of specific

transcription factors but also act to adjust chromatin structure sufficiently to

accommodate the recruitment and positioning of the PIC. Given a favourable chromatin

environment, a second mechanism might involve transcription factors directly

Interacting with components @ PIC stimulating its positioning within the core

promoter or indeed stimulating its activity once positioned.

1.2.2. Mechanisms for transcriptional regulation by AP-2 family
members |

1.2.2.1 AP-2, CITED and CBP/p300
AP-2 proteins were generally considered to be weak activators of transcription when

analysed in reporter gene assays. However, it is now known that AP-2 proteins can be
co-activated by the recruitment of the p300 and CREB-binding protein (CBP) to their
target gene promoter and that this recruitment is mediated by the CITED (CBP/p300

interacting transactivators with ED-rich termini), family of proteins (Bamforth et al.,

2001; Braganca et al., 2002; Braganca et al., 2003).

CBP and p300 are two homologous proteins that were first identified through their
ability to activate gene transcription (reviewed in Chan & La Thangue, 2001;
Kalkhoven, 2004). Subsequent studies have shown that this activity is depz@m the
coactivation of a wide variety of gene specific transcription factors, including AP-2
family members. CBP and p300 have been shown to interact with gene specific
transcription factors, which then guide them to their target genes. Transcriptional

activation by CBP. and p300, involves multiple domains of these proteins (shown for
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p300 in Figure 1.4). Once the target gene has been accessed the intrinsic HAT activity
is required for the acetylation of target lysine residues on the histone tails. Within the
region required for p300 HAT aétivity, two functionally important domains have been
characterised. A PHD type zinc finger (CH2) is important for HAT activity whilst the
preceding bromodomain (B) has been shown to tether p300 to chromatin through
~ binding to acetylated lysines, which is thought to stabilise its interaction with
chromatin. In addition to histones, CBP/p300 can also acetylate other non-histone

chromatin associated proteins, including transcription factors. Interestingly, auto-

acetylation has been shown to be important in controlling p300 activity. The basal
catalytic activity of p300 was shown to be stimulated by autoacetylation of several key
lysine sites within an activation loop motif (Thompson et al., 2004). In addition to this
activity, recent work has shown that the autoacetylation activity of p300 is required for
ordered PIC assembly. It was shown that TFIID and p300 compete for binding to
Mediator (a general coactivator complex) at promoters, with p300 autoacetylation
tipping the balance in favour of TFIID (reviewed by Pugh, 2006). TFIID is a general
transcription factor which, in cooperation with Mediator directs rapid and efficient PIC

assembly. Both CBP and p300 have the ability to bind TBP and TFIIB and/or form a

complex with RNA pol II, through N- and C-Terminal activation domains (reviewed in
Kalkhoven 2004). In summary, it has been suggested that CBP and p300 form a bridge

between gene specific transcription factors and the general transcription machinery.

Their intrinsic HAT activity is important for establishing a favourable chromatin
environment for both specific and general transcription machinery, indeed p300 can

interact with components of this machinery and this interaction is important for the

subsequent ordered assembly of the PIC.

The majority of DNA binding transcription factors that bind CBP/p300 do so by direct
interaction. AP-2 factors however need an adapter protein, CITED. AP-2 transcription
factors were first linked to CITED proteins after the observation that the embryonic
lethal phenotype of CITED2 knockout mice displayed cardiac malformation and neural
crest defects remarkably similar to those seen in AP-20 null mice (described below) and
Indeed those seen in the human condition Rubinstein-Taybi syndrome caused by CBP

mutations (Bamforth et al., 2001). In parallel, a Far-Western screen identified CITED?
as an interacting partner for AP-2a,, AP-2f and AP-2y (Bamforth, et al. 2001). In order
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to determine the functional significance of the CITED2/AP-2 interaction, the reporter
activity of an AP-2 depe reporter construct (p3XAP2-Bluc) was compared in

Cited2+/+ or Cited2-/- mouse embryonic fibroblast cells following transfection of AP-

20, AP-2P or AP-2y. A considerable decrease in reporter activity was observed in the
CITED2 null cells and this decrease could not be rescued by increasing level@P-Z

family member expression. However, expression of exogenous CITED2 was able to
restore the activating potential of AP-2 (Bamforth, et al. 2001). Subsequent work has
shown that CITED4 can also pote@e the activation of AP-2 reporter constructs
(Braganca et al., 2002; Braganca et al., 2003). These studies suggested that CITED
proteins might act as adaptér proteins bringing CBP/p300 to AP-2 factors and thus
allowing co-activation of AP-2 target genes. Indeed all three proteins were

immunoprecipitated together from U2-OS cells, indicating that they interact with each
other in vivo. The nature of the AP-2, CITED and CBP/p300 interaction has been

further characterised to understand how these proteins interact to mediate transcription

activation and is summarised in Figure 1.4 (Braganca et al., 2003).

Recent Chromatin Immuno Precipitation (ChIP) experiments in our lab, conducted by

Karsten Friedrich, have shown that ERBB2 transcriptional activation by endogenous

AP-2y 1s accompanied by an increase in AP-2y occupancy of the ERBB2 enhancer

region and concurrently, an increase in o;wy of the AP-2 associated transcriptional
machinery: CITED2 and CBP/p300. This data suggestj that AP-2y can also recruit

these factors in vivo (Helen Hurst, personal communication).
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Figure 1.4. Interactions between AP-2, CITED and CBP/p300 (from Braganca ef al., 2003). The
interactions between AP-2, CITED and CBP/p300 are have been determined using co-

immunoprecipitation and yeast two-hybrid techniques (Bamforth et al., 2001; Braganca et al., 2002;
Braganca et al., 2003). ColP experiments have demonstrated that AP-2 family members, CITED2 and
p300 can interact physically in vivo. This interaction required the presence of the CR2 domain of

CITED?2 and an intact binding site on p300 for CITED proteins (the CH1 domain). CITED?2 interacts with
the residues contained within the first dimerisation helix of AP-2a and AP-2y (DIM). AP-20 was also
shown to interact with p300 independently of CITED2, via the N-terminal residues that make up its
activation domain. Therefore, it was suggested that that CITED proteins act as a bridge between AP-2

family members and p300 permitting their proximity and thus allowing them to interact via the N-

terminal domain of AP-2. Evidence suggests that some of the AP-2/p300 interaction may be direct,
although the N terminus of AP-2 has also been shown to recruit other co-activators and these could also
be important for this interaction. Finally a HAT deficient p300 mutant (D1399Y) was unable to activate
full length AP-2 mediated transcription despite being able to interact with CITED2 suggesting that this

activity is necessary for AP-2 transcriptional activation.

Protein domains are labelled as follows:

p300: CH1-3, Cysteine- Histidine-rich 1-3; B, Bromodomain; Q-Rich, Glutamine-rich.
AP-2: AD, Activation Domain; DBD, DNA Binding Domain; DIM, Dimerisation Domain.
CITED: CR1-3, Conserved Region 1-3.
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Several other proteins have been reported to interact with AP-2 factors and the more
intriguing are summarised below. However, many of these are highly abundant proteins
and the functional significance of their interaction with AP-2 remains to be established.

The AP-2, CITED, p300 interaction is therefore the only example with a genetically

verified functional role.

1.2.2.2 AP-2, PC4 and PARP1
Work by Kannan and Tainsky has identified two further potential transcriptional

cofactors of AP-2 using a GST-AP-2 fusion protein to identify AP-20. interacting

proteins in human teratocarcinoma cells (Kannan & Tainsky, 1999). One of these PC4
was shown to interact with the N-terminal domain of AP-2 in yeast two hybrid assays
and increase transcriptional activation in luciferase reporter assays. The second AP-2

interacting protein identified in this study was poly-ADP-ribose polymerase 1 or PARP-

1 (Kannan et al., 1999). PARP-1 was shown to interact with the C-terminal domains of

AP-20. and was also implicated in coactivation of AP-2a 1n luciferase reporter assays.

Although this study requires further validation, the interaction of these cofactors with
AP-2 provides evidence for additional mechanisms that AP-2 family members may

employ to activate transcription. PC4 is thought to promote transcription through direct

interactions with components of the general transcription machinery (Fukuda et al.,

2004), whereas PARP-1 plays multiple and diverse roles in transcription, including the

ADP-ribosylation of core histones and chromatin associated proteins, which acts to

promote chromatin decondensation and nucleosome dissociation (Reviewed in
Schreiber et al., 20006).

1.2.2.3 AP-2 and GAS41
A recent study has identified a physical and functional interaction of AP-2f3 with an

additional known transcriptional coactivator, GAS41 (also known as YEATS4) (Ding et
al., 2006). An in vivo interaction was demonstrated by their coimmunoprecipition in
HeLa cells and GST pull downs showed that the C terminal portion, encompassing the

DNA binding and dimerisation domains of AP-2f3, was required for this interaction in

vitro.  Although the functional significance of this interaction requires further

elaboration, in cotransfection experiments GAS41 acted to enhance transcriptional
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activation by AP-2p in reporter gene assays (Ding et al., 2006). Interestingly, GAS41
has been shown to interact with INI1 a component of the human SWI/SNF chromatin
remodelling complex (Debernardi et al., 2002), suggesting that via GAS41, AP-2p

could function by recruiting these complexes to enhance gene transcription.

1.2.2.4 AP-2 and SUMO modification

As well as activating gene transcription, AP-2 family members have also been reported

to act as/d/repressors of transcription; notably AP-2a. represses EGFR expression during

epidermal differentiation in mice (Wang et al., 2006) and AP-200 represses

transcriptional of Bcl-2 in colon carcinoma cells (Wajapeyee et al., 2000).

It is thought that the conjugation of the small ubiquitin-like modifier, SUMO to AP-2

proteins might lead to such modification of transcriptional activity. Indeed the AP-2q,

AP-2 and AP-2y family members have been shown to be modified by SUMO

polypeptides. Work in our lab has shown that AP-2a, AP-2f3 and AP-2y can interact
with the E2 SUMO conjugating enzyme UBC9. This interaction results in SUMO

conjugation at the conserved lysine residue (lys 10) in the N-terminal region of AP-2,

and was shown to reduce the ability of AP-2 to activate transcription when analysed 1n
reporter gene assays (Eloranta et al., 2002). This lysine is part of a SUMO modification
motif QKXE (where ¢ is any hydrophobic amino acid), conserved between AP-2¢, AP-
23 and AP-2y (shown in Figure 1.2.). The transcriptional mechanism of this effect is at

present uncertain but SUMO modification of other transcription factors is known to

modulate their function. In particular, SUMO modification of CBP and p300 allows
them to recruit histone deacetylases which lead to transcriptional repression (Girdwood,
et al. 2003). Whilst sumolation reduces the activating potential of AP-2, there are no

reports that this modification alters the function of AP-2 to a transcriptional repressor,

such that it recruits known co-repressors or repression complexes.

1.2.2.5 AP-2 and WW domain containing proteins
Another mechanism of regulating the transcriptional potential of AP-2 family members

is thought to be through the interaction with WW domain containing proteins. With the
exception of AP-20, AP-2 family members possess the highly conserved PY (XPPXY)
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motif required for such interactions, these residues are marked by a dotted underline 1n
Figure 1.2. Mutation of the PY motif from FPPPY to FAPPY reduced the

transactivating potential of AP-2ct by approximately 35% (Wankhade et al. 2000).
Early work showed that the WW domain containing YES associated protein (YAP) was
able to interact with peptides corresponding to the PY motif of AP-2a. (Yagi et al.,
1999). More recently, the WW domain containing protein Wwox was shown to directly

interact with AP2y via the highly conserved PY motif. Interestingly, cotransfection of

AP-2y and Wwox reduced the ability of AP-2y to activate transcription in reporter

assays, and confocal microscopy suggested that the AP-2y-Wwox interaction facilitated
the redistribution of AP-2y to the cytoplasm limiting its transcriptional potential

(Aqgeilan et al., 2004). However, these experiments involved the over expression of

tagged AP-2y and WWox in a cell line where both proteins are already expressed

endogenously at high levels. Therefore the physiological relevance of this interaction

and the functional consequence of redistribution of AP-2y are difficult to interpret.
Subsequent work in our laboratory by Amelie Morin, has shown that endogenous AP-2y

and WWox can interact in breast cancer cell lines, although the functional consequences
of this interaction still remain unclear. Additionally an interaction was also observed
for endogenous AP-2y and other WW domain proteins including YAP and ITCH (Helen
Hurst, personal communication). Although further work is required, YAP and ITCH
appear to affect the protein stability of AP-2y. YAP promotes AP-2y stability whereas

ITCH promotes AP-2y degradation. In reporter assays YAP clearly enhances AP-2y
transactivation and ITCH appears to antagonise the effect of YAP. A role for WWox in

this fashion was not determined. Interestingly, YAP and ITCH have also been shown to

effect the stability of the p73 transcription factor. YAP binds p73 on the same epitope as
ITCH and prevents ITCH mediated ubiquitination (Levy er al, 2007). A similar

mechanism could be controlling stability of AP-2y.

1.2.2.6 AP-2 and phosphorylation
AP-20. has been reported to be phosphorylated both in vitro and in vivo by cAMP-

dependent protein kinase A (PKA) (Park & Kim 1993; Garcia, et al. 1999) at Ser239.
Mutation of the Ser239 to Ala abolished phosphorylation of AP-2 by PKA in vitro,

however, the protein was still able to bind to DNA. Luciferase reporter assays using the
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APOE promoter, a potential AP-20 target gene in neuroectodermal cells, were utilised
to look at the effects of phosphorylation of AP-20 on gene activation. HepG2 cells,
which do not express AP-2a., were co-transfected with the catalytic subunit of PKA and
either wild type AP-2a or AP-2a0 S239A. The results showed that phosphorylation of
AP-20 appreciably enhanced the reporter activity, suggesting that cAMP is able to
modulate the activity of AP-2a through phosphorylation by PKA, and not through
increased transcription of the endogenous AP-200 gene (Garcia et al. 1999). The

significance of these observations to AP-2 function however remains uncertain as these

data have never been repeated.

1.2.2.7 AP-2 and other gene specific transcription factors
As well as the interactions described above, AP-2 has been shown to cooperate or

antagonise the activity of other sequence specific transcription factors through direct
protein-protein interactions. These include pS53, Myc, and SP1 and are discussed with

reference to their cellular contexts later in the study.

30



1.3. AP-2 and embryogenesis

AP-2 family members are widely expressed during vertebrate embryogenesis, showing
overlapping and distinct patterns of expression. In particular AP-2 proteins are
expressed in neural crest, neural tube and epidermal structures which all develop from
the primitive ectoderm during embryogenesis. Table 1.2 summarises the expression of
AP-2a, AP-2[3 and AP-2y family members during early mouse embryogenesis (Mitchell
et al., 1991; Chazaud et al., 1996; Moser et al., 1997a). In particular, AP-2a, AP-2[3 and

AP-2y are recognised markers of the migratory neural crest and developing neural tube
in mice. These family members are also co-expressed in the central and peripheral
nervous systems (derivatives of the neural crest), as well in limb buds, epidermal, facial,
kidney and placental tissues (Mitchell et al., 1991; Chazaud et al., 1996; Moser et al.,

1997a). Considering the significant homology between these proteins, particularly

within their DNA binding and dimerisation domains (Figure 1.3) and the remarkable

degree of overlap in expression patterns, early studies of AP-2 mutants in mice,

zebrafish, frog and chicken revealed surprisingly little redundancy between family

members in their overall function.

1.3.1 AP-2c

Mice containing homologous gene disruptions of tfap2a die just before birth from

multiple defects in neural tube and body wall closure, in limb morphogenesis and in the
development of neural crest-derived tissues of the cranio-facial skeleton, cranial ganglia

(Schorle et al., 1996, Zhang et al., 1996, Nottoli et al., 1998; Brewer & Williams, 2004
Brewer et al., 2004) and the outflow tract of the heart (Brewer et al., 2002).

Interestingly, early neural crest cell migration appeared largely unaffected (Schorle et
al., 1996).

This role is supported by analyses of the lockjaw mutation in Zebrafish, Caused by a
truncation of the DNA binding domain of AP-2a., lockjaw zebrafish display defects in

cranio-facial skeleton, pigment cells and peripheral nervous system development, a

phenotype that could be recapitulated using anti-sense directed to AP-2a. (Holzschuh, et

31



Days post coitum Tissue AP-2a AP-2(3 AP-2y

Neural fold o
Lateral Head Mesenchyme
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I LT O N R
N I N

I N N
B I N R
L I I
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I I O
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M N A

Table 1.2. Expression patterns of three different AP-2 transcription factors during murine

embryogenesis. /n situ hybridisation was scored on the strength of signal as follows; no signal -, weak

+/-, +, moderate ++, strong +++, n.d not determined. An asterisk indicates distinct spatial distribution

within this tissue type. Figure adapted from Chazaud et al.1996 and Moser et al. 1997a.
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al. 2003; Knight et al., 2003; Knight et al., 2004; Knight et al., 2005). Similarly to

mice lacking AP-20, neural crest cell migration in zebrafish also appeared largely

unaffected (Knight et al., 2005).

Ablation of AP-2a during chicken embryogenesis also produced embryos showing
critical defects in cranio-facial structures and limb bud formation (Shen et al., 1997).

Supporting this data, AP-2a0 has been shown to negatively regulate chondrocyte
differentiation (Haung et al., 2004), a process that occurs in the limb buds of developing

embryos and is the first step in bone formation. Levels of AP-2a were shown to decline
during normal chondrocyte differentiation. The forced expression of AP-2a inhibited

differentiation, via the suppression of key chondrocyte matrix genes including type 11

collagen, aggrecan, and fype X collagen and the suppression of transcription factors

Sox5 and Sox6. The multiple skeletal/cartilage defects found in the AP-2a knockout

mice are postulated to be a result of premature chondrogenic differentiation in the

absence of AP-2a regulation.

Another interesting feature of AP-20¢ expression with respect to embryonic

development is the activation of its expression following Retinoic Acid (RA) treatment

(Liischer et al., 1989; Mitchell et al., 1991; Holzschuh et al., 2003). Congenital
malformations resulting from aberrant levels of RA show similar phenotypes to those

described above and it has been suggested that AP-2a may be an integral component of

the response of an organism to RA signalling (Nottoli et al., 1998; Holzschuh et al.,
2003).

In an effort to identify potential genes that are controlled by AP-2o during this

developmental programme a subtractive cloning and differential screening approach

was conducted to compare expression changes in an ffap2a knockout mouse embryo

heads compared to embryo heads from a control animal at 8.75 d.p.c. (Pfisterer, et al.
2002). Although these results require validation and follow up, a set of genes repressed
by AP-2a0 were identified with known roles in the inhibition of cellular proliferation,

activation of differentiation and apoptosis. These included KLF4 (Kruppel-like factor
4), mEFEMP1 (epidermal growth factor-containing fibulin-like extracellular matrix
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protein 1), Mtd (matador) and Stral3 (stimulated by retinoic acid 13) (Pfisterer et al.
2002).

1.3.2 AP-24

Mice containing homologous gene disruptions of tfap2b displayed fewer gross

phenotypic defects than those observed in mice lacking tfap2a. Nevertheless, mice
lacking tfap2b died shortly after birth due to kidney failure (Moser ez al., 1997b). In the
normal developing mouse AP-2a is expressed in proximal tubular kidney epithelial
cells compared to the distal tubular kidney epithelial cell expression observed for AP-
2B. AP-20. is down regulated after birth while AP-2f3 expression persists (Moser et al.,
1997a). The study of tfap2b null mice showed that this factor is required only for

normal adult kidney function. At the end of a largely normal embryonic renal

development, distal tubular kidney epithelial cells of tfap2b null mice undergo enhanced
apoptosis preceded by down-regulation of anti-apoptotic genes of the BCL gene family.
This leads to failure to form vital structures for water retention and homeostasis and
death of tfap2b null mice after birth. Of direct relevance to this phenotype is recent
work in human cell lines implicating AP-2a in the direct transcriptional repression of
BCL2 (Wajapeyee et al., 2000). It 1s tempting to speculate that BCL2 expression may
also be influenced by AP-2f3, perhaps the imbalance of AP-2c0 with respect to AP-2[3

expression may contribute to BCL2 down regulation and to the enhanced apoptotic

phenotype seen in these mice.

Mutations of TFAP2B have been implicated in the human condition Char Syndrome
(Satoda et al., 2000; Zhao et al., 2001). The main characteristics of this condition
include abnormal heart development and facial dysmorphism. Interestingly they share
similarities with phenotypes observed following tfap2a ablation in mice (described

above). This suggests that, rather than producing a non-functional AP-2f protein, these

mutations are able to modulate the activity of other AP-2 family members, perhaps

through their capacity to form non-productive heterodimers (so-called dominant

negative factors).
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1.3.3 AP-2y

Generation of mice lacking tfap2c showed it is vital for embryonic survival during early
post-implantation development (Auman et al., 2002 and Werling & Schorle, 2002).
AP-2y deficient mice died at 7 to 9 d.p.c. due to failure of the cells derived from

trophoectoderm (the first specialised cells which arise from the fertilised egg) and the
ectoplacental cone to proliferate. Failure of the placenta to develop and subsequent

nutrient deprivation caused the early embryonic lethality (Werling and Schorle, 2002).
In contrast to AP-20. and AP-23, it was suggested that AP-2y does not appear to play an

autonomous role within the embryo proper (Auman et al., 2002). Chimeras madg form

tfap2c null ES cells injected in to wild type blastocytes survived beyond birth with no

obvious defects, although the authors admit a detailed histological analysis was not
conducted (Auman ez al., 2002; Koster et al., 2006). Consistent with these findings AP-
2Y has been reported to positively regulate genes involved in early placental
development in vitro. These include amongst others: adenosine deaminase, chorionic

gonadotrophin beta, placental lactogen gene and placental leucine aminopeptidase (Shi

& Kellens 1998, Jin et al., 2004, Richardson et al., 2000 and Ito et al., 2002).

1.3.4 AP-26 and AP-2¢

The more recently described, AP-20 and AP-2¢€ genes seem be more temporally and
spatially restricted in their expression patterns. AP-28 is expressed in the central

nervous system, retina, and the déveloPing heart (Zhao et al., 2003) whereasy AP-2¢ is

expressed in the developing olfactory bulb (Feng & Williams, 2003). Compared to the

other family members these expression patterns are distinct and non-overlapping. This

1s perhaps reflective of the reduced sequence homology of AP-28 and AP-2¢ compared

to the other members.

1.3.5 Drosophila AP-2 protein

Expression pattern analysis of the single Drosophila AP-2 protein shows expression in

discrete regions of neuroectoderm, brain, ventral nerve cord, and maxillary segment
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during Drosophila embryogenesis. In the third instar larvae, expression is seen in the

brain, optic lobes, ventral nerve cord, antennal-maxillary complex, and antennal and leg

imaginal disks (Monge & Mitchell, 1998). This is consistent with the work described

above and implies that AP-2 has been structurally and functionally conserved during

metazoan evolution.

1.3.6 Redundant activities of AP-2 Family Members

The studies of mutant AP-2 family members described above suggest that there is little
redundancy in their overall function. However, studies examining mouse and zebrafish
with mutations in two AP-2 family members provide evidence that at least some
redundant activity of these proteins is occurring. For example, AP-2o0 and AP-2y are
co-expressed in early extra-embryonic placental tissues, but only tfap2c knockout mice
display placental defects dying at 8.5 d.p.c., whereas tfap2a knockout mice show no
placental defects and die shortly before birth. Recent work by Winger and colleagues,
however, highlights their redundant activity by generating mutants knocked out for both
tfap2c and tfap2a. These mice die at 3.5 d.p.c., even earlier than tfap2¢ knockout mice,

demonstrating that a level of genetic redundancy of these factors exists within these

extra embryonic tissues (Winger et al., 2000).

An additional example of redundancy has been shown in zebrafish embryos. Despite

the co-expression of AP-200 and AP-2 in the hindbrain of zebrafish embryos, anti-
sense directed to AP-2a caused severe craniofacial defects, whereas anti-sense directed
to AP-2P had no visible effect. However, simultaneous anti-sense directed to AP-20
and AP-2[ resulted in far more severe defects in craniofacial cartilage than for AP-20

alone. Again this suggests a redundant activity of these factors in cranial epidermal
development (Knight et al., 2005; Li & Cornell, 2007).

Most recently a redundant activity of AP-2 family members has been shown to be

important for their role in neural crest induction. Neural crest induction refers to the
specification of ectoderm cells to the neural crest lineage. Despite AP-2 expression in

carly stages of neural crest induction, the single mutant studies above describe defects

only in cells derived from the neural crest, with early stages of neural crest cell
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migration largely unaffected (Schorle et al., 1996; Knight et al., 2005). It is interesting

therefore that recent work by Li and Cornell showed the failure of neural crest induction
altogether in zebrafish embryos deficienf in both AP-2a0 and AP-2y, but no induction
defect in embryos singly deficient in either gene (Li & Cornell, 2007). Additional
phenotypes observed in the double AP-2a and AP-2y mutants but not single mutants

included abnormal epidermal, lens, ear, and olfactory placode development and

highlight further redundant activities for these two proteins.

Together these three examples suggest AP-2 family members can compensate for each
other’s absence 1in many contexts during mouse and zebrafish development and when
considered with single AP-2 mutant phenotypes, suggest that AP-2 family members

function both separately and in tandem to coordinate the development of ectoderm

derivatives during embryogenesis.
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1.4 AP-2 and tissue specific development

The embryological defects described in #fap2 null mice clearly implicate a role for AP-2
in the regulation of differentiation and proliferation during embryogenesis. However,
the severe perinatal defects observed in #fap2 null mice have precluded much of the
analysis of their involvement in postnatal tissues. Recent studies have revealed an

important role for AP-2 family members in other ectoderm lineages particularly in the

self-renewing tissue of mammalian skin epidermis, and differentiating mammary gland

tissue but also during gonocyte development.

1.4.1 AP-2 and gonocyte development

Initial work by Jager and colleagues showed that targeted over expression of AP-2y to
the testis of male mice resulted in increased cell proliferation counter balanced by

enhanced apoptosis in the epithelial structures of the seminal vesicles (Jager et al.,
2003). Differentiation was also impaired in these cells marked by the lack of androgen

receptor expression. A more detailed analysis of AP-2y expression in human seminal
vesicles revealed high AP-2y levels in immature undifferentiated germ foetal cells
(Pauls et al 200S5), and gradual down regulation of AP-2y was observed with Increasing
differentiation of foetal testis. Authors suggested that AP-2y expression might be

required for the suppression of differentiation and the promotion of proliferation in

germ cells (Pauls et al 2005). In support of this role, AP-2y expression is found in germ

cell tumours which share characteristics with early germ cells (Hoei-Hansen et al., 2004
and Pauls et al., 2005).

1.4.2 AP-2 and skin epidermis

Normal development of skin epidermis is first characterised by a single-layered surface

ectoderm, which eventually forms the basal regenerating layer in developed skin.
Subsequent commitment to stratification is dictated largely by the balance of p63

transcription factor isoforms and results in multiple layers of supra-basal differentiated

epithelial cells characterised by the expression of specific keratins (reviewed by Koster
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et al., 2004a). Importantly, AP-2 family members have been implicated in the

regulation of transcription from keratin promoters in cultured keratinocytes, outlining a

role for these factors in differentiated cells of the skin (Leask et al., 1991; Magnaldo et
al., 1993; Wanner et al., 1997; Chen et al., 1997; Dunn et al., 1998; Talbot et al., 1999;

Maytin et al., 1999; Kaufman et al., 2002). Furthermore, frog embryos show a loss of

epidermal character following injection of AP-20t anti-sense oligonucleotides (Luo e?

al., 2002). Recent work by Wang and colleagues has shown that, with the exception of

AP-20, expression of all the AP-2 family members was observed in normal mouse skin

epidermis. In particular, AP-2a0 was expressed at high levels in the supra-basal nuclei

and to a lesser extent in the basal nuclei of skin epidermis, whereas high levels of AP-2y

were restricted to basal nuclei (Wang et al., 2000).

A conditional tfap2a null mouse, targeting AP-20t ablation to the skin epidermis
resulted in hyperproliferation of the suprabasal cells caused in part by an increase in
EGFR expression (Wang et al., 2006). The effect of AP-2¢ ablation was less dramatic
in the basal cells of the epidermis where high levels of AP-2y were present, suggesting
AP-20. independent mechanisms control proliferation in these cells. EGFR promoter
occupancy by AP-2a in wildtype cultured primary keratinocytes but not keratinocytes
null for AP-2a, suggested that AP-2a functions in the epidermis by repressing EGFR

gene transcription as cells exit the basal layer and commit to terminal differentiation.

In parallel to these findings for AP-2a, two recent studies have identified a role for AP-
2y in earlier, p63-depen<@t events of epidermal morphogenesis. Studies in p63 null
mice have shown that the transactivating (TA) isoforms of p63 are required for the
commitment to 1mtiate epithelial stratification in surface ectoderm (Koster et al., 2004a:
Koster et al., 2004b). Subsequent work by Koster and colleagues showed, by
Chromatin IP, that transcriptional activation of AP-2y by TAp63 was fundamental to
this process (Koster et al., 2006). In the absence of AP-2y, TAp63 failed to induce
Keratin 14 gene transcription, highlighting a role for AP-2y in the transcription of this
early epidermal marker (Koster et al., 2006). As epidermis differentiates, the levels of

AN p63 isoforms (forms without transactivation domains that act to inhibit transcription

activation), increase with respect to TAp63 isoforms. This p63 isoform balance has

been suggested to be important for commitment to terminal differentiation in epidermis
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(Koster et al., 2004a). ANp63 was shown to inhibit AP-2y transcriptional activation, in
a concentration dependent manner and this may be important for the loss of AP-2y

expression observed in differentiated supra-basal cells of the epidermis (Koster et al.,
2006). A further level of complication has been revealed by the fact that AP-2 family
members together with p63 are important in the maintenance of transcription from the
p63 promoter, via an epidermis specific distal enhancer region (Antonini et al., 20006).
Together these two studies suggest the presence of a possible control loop between AP-

2 family members and p63. Based on these findings a role for AP-2 factors in

epidermis is suggested in Figure 1.5.

In summary AP-2a is important for the control of signalling and proliferation in

differentiating supra-basal cells of the skin epidermis. Although the function of AP-2y

requires further elaboration, its carefully controlled and restricted basal expression

suggests 1t may be of some importance in the aetiology of the basal cell type.

1.4.3 AP-2 and mammary morphogenesis.

Two major tissue types constitute the mammary gland. Firstly, the stroma, which

predominately consists of adipocytes but also contains fibroblasts, vasculature and
cic cells. The second compartment is the mammary epithelium, which
forms the milk producing alveoli and associated ducts for milk transport. Following the

Initial embryonic stages of development these tissues undergo a sequence of hormonally

controlled developmental stages termed puberty, pregnancy, lactation and regression or
involution (Reviewed by Hennighausen & Robinson, 2001, Robinson, 2004 and
Hennighausen & Robinson, 2005). These stages are summarised in Figure 1.6. The

binding of ligands such as EGF, TGFa and Amphiregulin to members of the epidermal
growth factor receptor family (EGFR, ErbB2 and ErbB3), activates EGFR endogenous

tyrosine kinase activity and further stimulates growth and branching of the epithelium in

the virgin and pregnant mouse mammary gland (Sternlicht et al., 2006).

AP-2 family members were first implicated in the control of growth and differentiation

of cells of the mammary gland through early studies showing the association of AP-20
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Figure 1.5. A proposed role for AP-2 and p63 in the differentiation of skin epidermis. First

expression of TA isoforms of p63 initiate the differentiation of the surface ectoderm and up-regulate AP-
2y. AP-2y and p63 can then act together to maintain p63 transcription and thus commit the surface
ectoderm to differentiate. As differentiation progresses the ratio of ANp63 isoforms increases with
respect to TAp63 isoforms, perhaps inhibiting AP-2y and TAp63 expression and committing cells to

terminally differentiate. An accompanying increase in AP-2a expression acts to repress EGFR

expression and prevents proliferation in these differentiating cells. The time line of p63 expression was

adapted from Koster et al., 2006 (E8.5 and E15.5 are d.p.c. and PO corresponds to birth).
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Figure 1.6. Mammary gland development during embryogenesis, puberty, pregnancy, lactation and
regression. Embryogenesis: The first stage of mammary development (reviewed by Robinson, 2004)
occurs in the embryo where a small placode in the ectoderm develops into a bud. At the base of the bud,
rapid epithelial proliferation leads to formation of an elongated single duct that grows towards a fat pad.
Finally, mesenchyme derived structures form the nipple. Puberty: During puberty cyclical production
of ovarian oestrogen and progesterone accelerate epithelial duct outgrowth. Terminal end buds (TEB),
consisting of an outer layer of cap cell (myoepithelial progenitors) and an inner layer of body cells
(luminal progenitors) are rapidly cycling and facilitate ductal outgrowth. In the mature gland ductal side
branches form and disappear with each oestrogen cycle. Pregnancy: At pregnancy placental lactogens,
prolactin, and progesterone stimulate cell proliferation, alveolar bud (AB) formation and alveolar
expansion. Lactation: During lactation luminal cells of mature alveoli synthesise milk (characterised by
the expression of milk genes and milk fat production), which is transported through the ducts to the nipple
for feeding. Regression or Involution: Upon cessation of feeding, apoptosis occurs in the secretory
epithelium and the surround stroma is remodelled to replace apoptosed cells. Finally, a cyclical

production of ovarian oestrogen and progesterone returns. This diagram is based on information

reviewed by Hennighausen and Robinson (Hennighausen & Robinson, 2001; Hennighausen & Robinson,
2005).
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and AP-2y expression with breast carcinoma (discussed in detail in Section 1.5, Bosher

et al., 1995: Turner et al., 1998). Subsequent work by Zhang and colleagues, displayed
in Figure 1.7 A, has shown that AP-2a, AP-2f3 and AP-2y share similar temporal

expression patterns during mouse mammary gland morphogenesis (Zhang et al., 2003).

Furthermore, immunohistochemical analysis has shown that the expression of AP-20

and AP-2y is restricted to the epithelial compartment of the mouse mammary gland. In

the developing structures of the terminal end buds during puberty, AP-2y showed the

strongest staining in the highly proliferative outer layer of cap cells and additional AP-
2y staining was observed in discrete cells within the area containing body cells. A i
reciprocal pattern was observed for AP-2a., with the stroﬁgest staining in all of the body L

cells and a weaker, sparser pattern of staining in the outer layer of cap cells (Zhang et

al., 2003). Consistent with this pattern, Zhang and colleagues observed strong AP-2y

staining in myoepithelial cells (cap cell derivatives) and some weaker staining in

luminal cells (body cell derivatives) of mature virgin mouse mammary ducts. In
contrast, AP-2a was seen in both cell types. A similar pattern of expression was also

seen in the alveolar tissue of pregnant mice (Zhang et al., 2003).

),
Subsequent studies looking at AP-2a0 and AP-2y staining maturelin human mammary

ducts tend to support the findings in mouse. In particular, work from our lab (shown in

Figure 1.7 B) and others shows strong myoepithelial AP-2y staining with additional

weaker luminal staining (Hurst, personal communication and Hoei-Hansen et al., 2004).

However, work byand colleagues showed more restricted staining: AP-2a

stained only the luminal cells of mature human mammary ducts while AP-2y staining
was present only in discrete cells within the myoepithelial layer (Friedrichs et al 2005).
All of these studies demonstrated the AP-2 family member specificity of the antibodies

used for immunohistochemistry. Therefore, the slight differences between the data from

and colleagues compared to others might reflect a difference in antibody

avidity.

Unfortunately, gene knockout studies, in mice described 1n the previous sections could
not provide a direct analysis of the role of AP-2 factors in breast development, due to

the perinatal death caused by the severe embryological phenotypes. However, separate

transgenic mouse studies targeted AP-2a or AP-2y over expression to the mouse
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Figure 1.7. Expression of AP-2 family members in the mammary gland. (A) Figure from Zhang ef

al., 2003. An RNase protection analysis of AP-2 family members during various stages of mouse
mammary gland maturation (as indicated V, virgin; Preg, pregnant; Lact, lactation; Reg, regression or
involution). (B) Immunohistochemical analyses of AP-2y protein levels in transverse sections of normal

adult human mammary tissue. Inset: Enlargement of a single duct shows strong staining of AP-2y in
myoepithilial cells (arrow head) of the outer (basal) layer. A weaker staining in some of the luminal

epithelial cells (arrow), the inner layer of the duct lining is also observed. Staining is absent from the

surrounding stroma. (Helen Hurst, personal communication).



mammary gland, using a transgene under the control of the long terminal repeat of the

mouse mammary tumour virus (Zhang et al., 2003; Jiger et al., 2003).

In AP-2a0 over expressing mice, the initial embryonic stages of development were
unaffected and during puberty the outgrowth and branching of ducts, which occurs in
response to oestrogen (See Figure 1.6), appeared normal (Zhang et al., 2003).
However, the ductal network of AP-2a over expressing pregnant mice was slightly
sparser and with fewer alveolar buds. Alveolar bud development was also impaired.
The buds failed to undergo expansion and showed abnormal morphology. Despite these
abnormalities these mice were able to produce milk and to nurse their young, indicating

that the differentiation required for lactation occurs in the presence of AP-20. over
expression. A closer examination revealed a significant decrease in the number of
proliferating cells of the AP-2a over expressing transgenic epithelial tissue during
pregnancy, coupled with an increase in apoptosis (Zhang ef al., 2003). This implies that
loss or reduction of AP-2a expression in alveolar bud development is required for
proliferation of these structures during normal pregnancy, despite some level of AP-2«

expression being maintained until the end of pregnancy (Figure 1.4).

Interestingly, a similar study targeting AP-2y over expression to the mammary gland
revealed different results (Jiger et al., 2003). Similar to AP-20 over expression in

mice, the embryonic and puberty stages of development were unaffected. But

contrastingly, in AP-2y over expressing pregnant mice, the ductal network and number
of alveolar buds appeared similar to those of wild type mice. However, at later stages of
pregnancy, these alveolar buds failed to develop into mature alveoli in AP-2y over

expressing mice and these mice were unable to nurse their young. A closer examination
revealed that impaired alveolar development was due to hyperproliferation of cells

within these structures, counterbalanced by enhanced apoptosis.  Analysis of

differentiation markers (Whey Acidic Protein and P-casein) showed that the forced
expression of AP-2y prevented these cells form terminally differentiating. This implies

that loss or reduction of AP-2y expression in later stages of alveolar bud development is

required for cessation of proliferation and for terminal differentiation.
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In summary, these studies emphasise the apparent opposite effects of the two family

members on cell proliferation in the mammary gland. Forced AP-2a expression inhibits

epidermal proliferation in developing alveolar buds whereas forced AP-2y expression

appears to promote proliferation in the same structures. Based on these observations, it
is reasonable to consider AP-2 family members may also play a role in the balance of
proliferation and differentiation of TEBs, developing structures in which they are also

expressed. Indeed, recent unpublished work by Hubert Schorle and colleagues

examining the phenotype of targeted ablation of AP-2y to mammary epithelial tissue

supports this hypothesis (Helen Hurst, personal communication). In tfap2c null

mammary glands a severe impairment in ductal elongation was observed during puberty

despite the presence of TEB structures.

It 1s important to stress that despite the hyperproliferative effect observed in AP-2y over

expressing mice, no mammary tumourigenesis was observed, but the observed epithelial
hyperplasia is thought to be a typical initiating event in breast tumourigenesis
(Beckmann et al., 1997). The authors postulated that overcoming the pro-apoptotic

mechanisms in these cells, a common occurrence during tumourigenesis (section 1.4),

might permit tumours to form in these animals.

Indeed both AP-2a0 and AP-2y have been implicated in tumourigenesis and their

proposed roles in human cancers reflect their apparently opposing roles in post-
embryonic mammalian development. AP-20. expression suppresses proliferation and
promotes differentiation and therefore is often lost in cancer. Contrastingly, AP-2y
expression has often been found in tumours, and although further research is necessary,
evidence suggests AP-2y might be driving proliferation and suppressing differentiation
« 1n these tumours. Before the association of AP-2 and cancer is discussed, I will first
provide a brief introduction into the common mechanisms that are thought to promote

carcinogenesis in humans. Particular attention is placed on the regulation of cell

proliferation in which AP-2 factors have been suggested to play a role.
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1.5 Human Cancer

The evolution of cancer is a considerably complex process, since specific interactions
between tumour cells and host tissues are necessary for tumour angiogenesis, tissue
invasion, and metastasis. Yet, despite the existence of many forms of cancer it has been
suggested that relatively few essential alterations are common to most if not all

tumours, shown in Figure 1.8 (reviewed by Hanahan & Weinberg, 2000).

Sustained Tissue invasion
angiogenesis & metaslasis

Figure 1.8 The Hallmarks of Cancer (from Hanahan & Weinberg 2000). Hanahan and Weinberg

have suggested that all human cancers are a symptom of six essential alterations in cell physiology that

collectively dictate tumour progression.

Over expression or inappropriate activation of growth promoting signals, by so-called
oncogenes 1S significant in promoting a cancerous state. Cell surface receptors that
normally relay extra cellular growth stimulatory signals into the cell are oncogenic
targets for deregulation in cancer. For example, receptor over expression, such as

occurs for ErbB2 in mammary carcinomas (Slamon et al., 1998) enable a cancer cell to
become over-responsive to ambient levels of growth factor that might not normally

trigger cell proliferation. Equally, mutations in growth factors receptors can alter them

to become constitutively activated in the absence of ligands.

A second important event is insensitivity to anti-growth signals. Within a normal
developed tissue the potential of a cell to proliferate is held in check by the absence of

growth signals, via soluble growth inhibitors or inhibitors present on the surfaces of
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contacting cells and in the extra cellular matrix. Cells can be held in a quiescent state

and are prevented from cell cycle entry_or.they can undergo terminal differentiation into

' il

@state where they permanentl @ ere potential to proliferate. Most of the

machinery that facilitates a response to antigrowth signals in a normal cell is associated
with the mitotic cell cycle; in particular these pathways tend to converge on transition
from G1 phase to S phase (shown in Figure 1.9.). Disruption of this pathway can render
cells insensitive to anti-growth signals that normally operate at this checkpoint and thus
unleash the activity of E2F transcription factors and allow _inappropriate cell
proliferation. Mutations in the INK4a family of Cyclin Dependant) Kinase Inhibitors
(CDKIs) are commonly observed in many cancer types and are thought to be important
early events in transformation. In virus-mediated cancers, viral proteins bind and
sequester specific proteins in this pathway, including p53 and Rb, inhibiting normal
function and allowing unchecked proliferation of the host cell. The key transcription
factors in this pathway are themselves prime targets for mutation given that their
structures consist of very specific domains related to their functions, such as DNA
binding, transcription regulation and dimerisation. The function of RB can become

disrupted through genetic mutations that render it unable to interact with E2F.

Mutations have been described in p53 and are common to all types of cancer cells. It a
normal cell p53 becomes stabilised in response to upstream kinases that are activated by

DNA damage in the cell (see Figure 1.9.). This in turn leads to cell cycle arrest and

apoptosis via the transcriptional . activation of the CDKI, p21 and additional pro-

apoptotic genes. Mutations in p53 render cells unresponsive to DNA damage signals

which in turn will exacerbate the cancer phenotype.
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Figure 1.9. Overview of the control of cell cycle progression from G1 phase to S phase. Central to
the progression from G1 phase to S phase of the cell cycle is the control of phosphorylation of
Retinoblastoma Protein (Rb). In its hypophosphorylated state, Rb and its associated HDAC repressor
complex bind to the E2F-DP1 transcription factors, inhibiting downstream transcription of E2F target
genes required for DNA synthesis and subsequent cell cycle phases. In response to upstream signals, the
Cyclin Depend;m Kinases (CDKs) and their associated Cyclin proteins sequentially phosphorylate Rb. In
turn this leads to dissociation of the RB repressor complex permitting the transcription of E2F target
genes and thus promoting cell cycle progression. Cyclin/CDK complexes are regulated at the level of
transcription by the Myc transcription factor, or via the inhibition of their activity by upstream INK4 or
Kip/Cip families of CDKIs, shown in green. TGFp signalling, DNA damage, contact inhibition and
replicative senescence all act to inhibit cell cycle progression by inducing members of the INK4 or
Kip/Cip families of CDKIs. TGFp also inhibits the transcription of cdc25A, a phosphatase required for
CDK activation. Growth factor withdrawal can activate GSK-3, which in turn phosphorylates cyclinD,
leading to its rapid ubiquitination and proteosomal degradation (Reviewed by Sherr & Roberts 1999:

Caldon ef al., 2006). Solid lines indicate direct interactions, Dashed lines indicated indirect interactions

and crooked lines indicate transcriptional interactions. Kinases are shown in Red, CKI in Green and

transcription factors in blue.
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1.6 AP-2 and Cancer
1.6.1. AP-2c0 and Melanoma

Loss of AP-2a function has been shown to be an important molecular event in
 melanoma progression. Work in melanoma cell lines has suggested that loss of AP-2a

increases metastatic potential in part through the transcriptional up regulation of

MUCI18, MMP-2, and PAR-1 genes (Reviewed in Bar-Eli, 2001), proteins that are
known to promote tumour cell adhesion to endothelial cells in blood vessels and support
migration to metastatic sites (Jean et al., 1998; Tellez et al., 2003a; Tellez et al.,

2003b). A reduction in c-KIT expression is also correlated with the loss of AP-2¢, thus

rendering cells more resistant to apoptosis (Huang et al., 1998). Three independent‘

studies examining AP-2a expression in melanomas from patients have shown that loss
of nuclear AP-200 expression is associated with malignant transformation and

progression of melanoma as well as being a predictor)jpoor patient prognosis

(Karjalainen et al., 1998; Berger et al., 2005; Zhuang et al., 2007).

1.6.2. AP-2ca and prostate cancer

A similar role for AP-2a has been suggested in prostate carcinoma. AP-2a. is expressed

in normal differentiating prostate epithelium but expression is lost early in prostate

cancer development (Ruiz et al., 2001). Interestingly, forced AP-2ax expression in AP-

2-negative prostate cancer cell lines, caused reduced tumourigenicity and was correlated
with down regulation of the growth promoting VEGF (Ruiz et al., 2004). This study

suggested that AP-2a can repress VEGF gene transcription via direct interaction with

its promoter (Ruiz et al., 2004). Interestingly, work by others in keratinocytes

implicates AP-20. in the transcriptional activation of VEGF (Gille et al., 1997:

Brenneisen et al., 2003). This highlights the importance of cellular context in the
regulation of AP-2 target genes.
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1.6.3 AP-2a and ovarian cancer

Over expression of AP-20 in AP-2-negative ovarian cancer cells, caused reduced cell

proliferation, invasion and tumourigenicity when assessed following injection in nude
mice (Sumigama et al., 2004). This is in agreement with a tumour suppressing role for

AP-20.. However, this was inconsistent with the examination of AP-20. expression in

ovarian tumours, where low cytoplasmic expression accompanied by high nuclear
expression predicted poor patient prognosis (Anttila et al., 2000). The inconsistency

may be due to the antibody used in this study, which failed to discriminate between AP-

20, and AP-2y family members.

1.6.4 AP-2a and colon cancers

AP-2a expression has also been inversely correlated with colon carcinoma grade

(Ropponen et al., 2001). Recently, the expression of AP-2a in AP-2-negative colon

cancer cells was shown to suppress their tumourigenicity when assessed following
injection in nude mice (Schwartz et al., 2007). In the same study, RNAi mediated

silencing of endogenous AP-2a in AP-2a-positive colon cancer cells, was shown to

Increase migration in invasion assays. The transcriptional regulation of E-cadherin and

MMP-9, by AP-2a, via direct interaction with their promoters, was implicated in the

observed AP-2c depehenotypes (Schwartz et al., 2007).

1.6.4 AP-2c and Gliomas

In addition to the examples described above, expression of AP-2¢ in gliomas associated

with MMP-2 and VEGF expression has been inversely correlated with glioma grade
(Ropponen et al., 2001).

Broadly, in the examples described above, the reduction or loss of nuclear AP-20

expression in tumours appears to be correlated with increased proliferation, increased

disease progression and poor patient prognosis.
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1.6.5 AP-2y and cancer

In contrast to AP-2a, high levels of AP-2y have often been found in tumours and

although further research is necessary AP-2y in some cases been correlated with

increased disease progression. High levels of AP-2y are associated with testicular

cancer (Hoei-Hansen et al., 2004), germ cell tumours (Hoei-Hansen et al., 2004; Pauls

et al., 2005), advanced s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>