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Abstract

This study evaluates the functional interplay of two diverse families of proteins, 

both of which have critical roles in regulating cell proliferation and differentiation. The 

Id family, of which there are four known members (Idl-Id4), are helix-loop-helix 

(HLH) proteins that act as dominant negative inhibitors of basic HLH (bHLH) 

transcription factors by forming heterodimers that are unable to bind DNA. However, it 

has recently been recognised that they also influence the activity of the Ets family of 

transcription factors. Moreover, Id2 and Id3 have been shown to undergo 

phosphorylation in late G/early S phase of the cell cycle on a serine residue (Ser5) 

within a consensus target site for cyclin-dependent kinases (CDKs). The initial phase of 

this work extended the observation to Id4 and examined the functional consequences of 

phosphorylation. In a model electrophoretic mobility shift assay, phosphorylation on 

Ser5 either negates or alters the specificity of competitive interactions between Id 

proteins and bHLH homo- or heterodimers.

The second family of proteins are the INK4 cyclin-dependent kinase inhibitors 

which act on CDK4 and CDK6, the kinases that initiate phosphorylation of the 

retinoblastoma protein (pRb) during the transition from Gj to S phase. The prototype of 

this family, is implicated in replicative senescence either in response to

telomere exhaustion or as a consequence of oncogenic challenge. In a collaborative 

study, it was established that the Ras/Raf/MEK signalling pathway activates pi 

expression via the Ets2 transcription factor and that this effect is counteracted by Id 

proteins. Although Idl appears to be the major player in vivo, Id2 is equally effective in 

vitro. A model is proposed in which the phosphorylation of Id2 by CDK2 overrides its 

ability to oppose Ets binding to pl6^"^^ promoter.

A role in senescence may explain why p i 6̂ "̂ ® is an important tumour 

suppressor. As well as being a frequent target of mutations in sporadic cancers, 

germline mutations of p i a r e  associated with predisposition to malignant 

melanoma. As part of an ongoing survey of germline alterations, a patient was identified 

that had inherited separate missense mutations on each allele of CDKN2A, the locus that



encodes p i B o t h  mutations affect the amino acid sequence of but only

one changes the sequence of p l 4 ^ ,  the alternative product specified by CDKN2A. 

Biochemical and functional analyses indicated that the two variants are either

totally or partially defective whereas the p l4"^  variant remains fully functional. These 

data reinforce the view that is the critical tumour suppressor in malignant

melanoma and establish that HDFs from this individual are specifically defective for 

pl6iNK4a Yhese HDFs were used to extend the analyses of Ets-mediated induction of 

pl6iNK4a cellular transformation by oncogenic Ras,



New opinions are always suspected, and usually opposed, without 

any other reason but because they are not already com m on”

John Locke (1632-1704)

“ Everything should be as simple as possible, but not sim pler’

Albert Einstein (1879-1955)
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Chapter 1 

Introduction

In multicellular organisms, the balance between cellular proliferation and 

differentiation is critical for tissue homeostasis and alterations in this balance can lead 

to neoplastic growth and cancer. Thus, cancer cells generally show enhanced 

proliferative capacity and the most aggressive and fastest growing neoplasms are 

characterised by the loss of differentiated features. Knowledge of how these processes 

are controlled is therefore pivotal to understanding the molecular basis of cancer, and 

little is currently known about the mechanisms that govern the balance between 

proliferation and differentiation.

The research described in this thesis concerns the functional interplay of two 

diverse families of proteins, the Id helix-loop-helix family and the INK4 cyclin- 

dependent kinase inhibitors, both of which appear to have critical roles in regulating cell 

proliferation and differentiation.

1.1 .The Cell Cycle

The cell division cycle is the universal process by which cells reproduce, 

providing the basis of the growth and development of all living organisms. The process 

of eukaryotic cell division, the so-called “cell cycle”, is a highly ordered series of events 

that results in the duplication and transmission of genetic information from one cell 

generation to the next. The cellular DNA must be accurately replicated during the DNA 

synthesis or S phase and identical chromosomal copies must be distributed to two 

daughter cells during mitosis or M phase. These events are separated by gap phases Gi 

andG^. Cells in multicellular organisms also have the capacity to temporarily withdraw 

from the cell cycle and enter a state of quiescence, Gq (reviewed in Nurse et al., 1998 

and Nurse, 2000) (Figure 1.1).

21



Chapter 1 -  Introduction

DNA synthesis and mitosis must be temporally ordered, so that the many 

different macromolecular processes occurring during the cell cycle require strict 

coordination. Mechanisms are therefore in place to ensure that the events in each phase 

are complete before initiating the next, are coordinated with cellular growth, and are 

corrected for errors in their execution. In cells, the surveillance systems that are 

responsible for monitoring the proper completion of events are called ‘checkpoints’ 

(Hartwell and Weinert, 1989 and Nurse et al., 1998). Hartwell et al. proposed that 

checkpoint controls are intracellular transduction systems, which must be capable of 

detecting the failure of an early event and inhibiting the later events of the cell cycle 

(Hartwell and Weinert, 1989). Thus, checkpoints for monitoring the integrity of DNA 

are strategically positioned in late Gi and at the G2 /M boundary to prevent progression 

and propagation of mutated or damaged cells (Figure 1.1). Failure of checkpoints may 

result in programmed cell death (apoptosis), infidelity in the distribution of 

chromosomes or other organelles, or increased susceptibility to environmental 

perturbations such as DNA damaging agents.

Normal animal cells possess a unique regulatory mechanism that enables them 

to switch between proliferative and quiescent ( G q)  states. Indeed, normal cells usually 

cease to proliferate by arresting in Gj or entering quiescent state (Go) after depletion of 

serum growth factors (Pardee, 1974) or nutrients (Prescott, 1976), or after cell 

crowding. However, in response to growth or mitotic signals (i.e. when supplemented 

with complete medium), cells can re-enter the cell cycle and proliferate. The ability of 

normal cells to switch between quiescence ( G q)  and proliferation is determined in the 

latter third of Gj, at the checkpoint referred to as the ‘restriction point’ (R) (Pardee, 

1974) at which cells become committed to division and refractory to extracellular 

regulatory signals (Pardee, 1989) (Figure 1.1).

Finally it is important to recognise that most animal cells in vivo rarely divide 

and exist in a non-proliferating state in which they remain metabolically active, unless 

they receive appropriate extracellular regulatory signals from the environment. 

Moreover, decisions taken at the ‘restriction point’ (R) may also determine whether the 

cell can exit from the proliferative state and enter into a postmitotic, differentiated state.
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GO

G2/M
checkpoint

0 2

Restriction point (R)

Figure 1.1 Mammalian cell division cycle.
See text for details. The duration of the phases of the cell cycle are not drawn to 
scale.
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1.2. Oncogenes and tumour suppressor genes

Mutations in genes that encode components of the cell cycle control mechanisms 

could lead to cells with increased tumorigenic capacity (Hartwell and Kastan, 1994). In 

mammalian cells, most of the mutations associated with unrestrained cell proliferation 

have been shown to occur in two classes of genes: the proto-oncogenes and the tumour 

suppressor genes. The products of cellular proto-oncogenes function in signal 

transduction pathways that promote cell proliferation. The genetic alterations affecting 

proto-oncogenes are gain-of-function mutations that result in either constitutive or 

aberrant activation of these genes, whereas the genetic alterations affecting tumour 

suppressor genes are loss-of-function mutations that result in the loss of negative 

regulation of cellular proliferation. Unlike gain-of-function mutations, loss-of-function 

tumour suppressor mutations are genetically recessive. One hallmark of tumour 

suppressors is that mutant alleles occur in the germ line of cancer prone families. As 

originally proposed by Knudson et al., the disease will develop only if the remaining 

wild type allele is inactivated by a somatic mutation. In the case of sporadic tumours, 

both alleles have to be inactivated by somatic mutations (Knudson, 1971).

As discussed in more detail in later sections, these considerations apply to the 

pl6iNK4a gene^ which is implicated in both familial and sporadic cancer. To establish a 

basis for discussing pl6°^"^  ̂function and regulation, it is first necessary to review some 

of the key features of cell cycle control. Since the present study deals exclusively with 

mammalian cells, the introduction will focus on higher organisms.

13. Cyclins and CDKs: regulators of the cell cycle

The basic machinery that regulates cell cycle progression has been studied in 

many systems, but it was the pioneering genetic studies in yeast that identified the key 

regulatory proteins. The analysis of cell division cycle (cdc) mutants led to the 

identification of a single protein kinase, designated in Schizosaccharomyces

pombe and p34™̂ *̂ in Saccharomyces cerevisiae, essential for the progression through 

both Gj/S and Gj/M transitions (Nurse and Bissett, 1981; Murray and Kirschner, 1989).
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The cdc2 gene is highly conserved through evolution, such that the human homologue 

designated CDC2 was cloned by complementation of a fission yeast cdc2^ mutant strain 

(Lee and Nurse, 1987). A biochemical approach to understanding cell cycle regulation 

also demonstrated that mitosis was regulated by the so-called M-phase promoting factor 

(MPF) (Masui and Markert, 1971; Nelkin et al., 1980). Later, by microinjection 

experiments using Xenopus oocytes, was shown to be a molecular component

and catalytic subunit of MPF (Lohka et al., 1988; Dunphy et al., 1988; Nurse, 1990). 

The other component of MPF was a cyclin, a class of proteins with an important 

regulatory function, whose levels fluctuate during the cell division cycle (Evans et al., 

1983; Dunphy et al., 1988).

Orthologues and homologues of p34‘̂‘*‘̂  ̂have been isolated in many different 

eukaryotes and these serine/threonine protein kinases are generally referred to as cyclin- 

dependent kinases (CDKs) provided that a relevant cyclin partner has been identified.

Higher eukaryotes have evolved multiple CDKs that are closely related in size 

(35-40 kDa) and sequence (> 40% identity) (Morgan, 1995; Pines, 1996). The typical 

CDK contains a 300 amino acid catalytic core that is completely inactive when 

monomeric and unphosphorylated. CDK activation requires cyclin binding and the 

phosphorylation of a conserved threonine by the CDK-activating kinase (CAK). In turn, 

the cyclin-CDK complexes are modulated by other protein kinases or phosphatases, and 

by binding specific inhibitor proteins (reviewed in Pines, 1999).

To complement this large set of catalytic subunits (CDK 1-9) there is an even 

larger and more divergent family of cyclins in mammalian cells, ranging in size from 

about 35 to 90 kDa (reviewed in Pines, 1995). To date, at least nine different cyclin 

classes, named cyclins A-I, some with multiple members, have been identified in higher 

eukaryotes, based on sequence similarity and association with the different stages of the 

cell cycle. Sequence and mutational studies identified a region of about 100 amino acid 

residues, termed the ‘cyclin box’, that exhibits sequence similarities in the different 

cyclins and is responsible for binding to the CDKs (Kobayashi et al., 1992). Although 

the precise mechanism by which cyclins exert their control over the kinase catalytic
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subunit remains unclear, physical association with a cyclin moiety is essential for kinase 

activity (Lees and Harlow, 1993).

Cell cycle regulation by cyclin proteolysis: In general, cell cycle transitions are 

controlled by cyclin-CDK complexes (Figure 1.2). Temporal activation of the different 

CDKs during the cell cycle is broadly determined by oscillations in the availability of 

the specific cyclin partners through mechanisms involving gene transcription, 

subcellular localisation and proteolysis. Recent studies have revealed that cyclin levels 

are controlled significantly by regulated proteolysis involving a ubiquitination cascade 

that targets proteins for degradation by the 26S proteasome (reviewed in Ciechanover, 

1994 and Hershko and Ciechanover, 1998). Cyclins can in fact be categorised into two 

broad classes: those that are unstable and degraded throughout the cell cycle (such as 

cyclins D and E), and those that are only degraded at a specific point in the cell cycle 

(such as cyclins A and B).

Cyclin D and cyclin E contain PEST sequences in the carboxy-terminal third of 

the protein. PEST motifs are rich in proline, serine and threonine and are 

characteristically found in unstable proteins with a rapid turn-over (reviewed in 

Rechsteiner and Rogers, 1996). Phosphorylation of these sequences has been proposed 

to provide the signal for ubiquitination by specific ubiquitin ligase complexes (Hershko 

and Ciechanover, 1998). It has been reported that autophosphorylation of cyclin E- 

CDK2 on residue Thr380 of the cyclin regulates cyclin E degradation by promoting the 

disassembly of the cyclin E-CDK2 complex. Thus, activation of the latter complex is 

coupled to cyclin E turn-over via site-specific phosphorylation, which acts as a signal 

for ubiquitination and proteasome processing (Won and Reed, 1996).

The activities of cyclin D-dependent kinases serve to integrate extracellular 

signaling during Gj phase with the cell cycle machinery. Therefore, the ability of D- 

type cyclins to act as growth-factor sensors depends not only on their rapid induction by 

mitogens but also in their inherent instability. It has been shown that phosphorylation of 

cyclin D1 on a single threonine residue, Thr286, of the PEST motif positively regulates 

proteasomal degradation of the cyclin (Diehl et al., 1997). It has also been demonstrated
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Cyclins D1/D2/D3- 
CDK4/CDK6

Cyclin B-CDK1

Cyclin E-CDK2

G 2"

Cyclin A-CDK2

Figure 1.2 Major cyclin-CDK complexes throughout the cell division 
cycle.
D-type cyclins, which are continually expressed in response to serum and growth 
factors, form complexes with CDK4 and CDK6 and the respective kinase activity 
is manifest from mid Gj increasing towards the G /S  boundary. Cyclin E exhibits 
periodic expression. It associates with CDK2 and its kinase activity is paramount 
at the Gj/S transition. Once cells have entered S phase, cyclin A replaces cyclin E 
in CDK2 complexes, being responsible for CDK2 activity during S phase. Later 
in complexes with CDKl, cyclin A may also contribute to the onset of M phase. 
B-type cyclins peak at M phase and in association with CDKl are responsible for 
mitosis. The duration of the phases of the cell cycle are not drawn to scale.
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that glycogen synthase kinase-3(3 (GSK-SP) phosphorylates cyclin D1 specifically on 

Thr286 residue, thereby triggering cyclin D1 turn-over (Diehl et al., 1998).

Cyclin A and cyclin B are stable throughout most of interphase but are rapidly 

degraded once cells enter mitosis (Hunt et al., 1992). Cyclin degradation is the key step- 

governing exit from mitosis and progress into the next cell cycle. This property is 

dependent on a sequence motif in the amino terminus, termed the destruction box 

(Glotzer et al., 1991), that is the signal for ubiquitination by a large multiprotein 

complex variously called the anaphase promoting complex (APC) or the cyclosome. 

Furthermore, in the case of mitotic cyclins, there are strong indications that 

ubiquitination is essentially regulated by modulation of the specific ubiquitin ligase 

activity of the APC (reviewed in Hershko and Ciechanover, 1998).

An additional mechanism to influence cyclin availability is subcellular 

localisation. Cyclin D1 progressively accumulates in the nucleus during Gi phase and 

exits into the cytoplasm during S phase (Baldin et al., 1993). Conversely, GSK-3P is 

predominantly cytoplasmic during Ĝ  phase, but a significant fraction enters the nucleus 

during S phase (Diehl et al., 1998). Therefore, phosphorylation and proteolytic turn

over of cyclin D1 and its subcellular localisation during the cell cycle are linked through 

the action of GSK-3p.

Unlike the cyclins, cellular CDK levels tend to remain in constant excess 

throughout the normal cell cycle, but their activity is regulated by complex mechanisms 

(Figure 1.3). This means that CDK activity can be regulated by controlling the amounts 

of its partner cyclin (Lees and Harlow, 1993; Connell-Crowley et al., 1993). Since the 

determination of the crystal structure of cyclin A as a monomer (Brown et al., 1995) 

and in complex with CDK2 (Jeffrey et al., 1995), we have a better understanding of the 

regulation of CDK activity by cyclin binding. Indeed, cyclin A binding imposes major 

structural changes within the PSTAIRE region of CDK2. Thus, cyclin changes the 

conformation in which ATP is bound, and moves an extended loop of the CDK2, 

termed the ‘T-loop’, away from a position blocking access to the substrate binding site. 

The full activity of CDK is conferred when the conserved Thrl60 residue (Thrl61 in
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human CDC2, Thrl60 in CDK2, Thrl72 in CDK4) in the T-loop is phosphorylated 

(Desai et al., 1995; Krek and Nigg, 1991; Solomon et at., 1992). Phosphorylation of this 

residue is carried out by CAK (Solomon et at., 1993). CAK activity is attributed to a 

complex between CDK7 (Fesquet et at., 1993; Poon et at., 1993; Solomon et al., 1993) 

and cyclin H (Makela et at., 1994; Fisher et al., 1995). The association of CDK7 with 

cyclin H is enhanced by the MATl assembly factor (Devault et al., 1995; Tassan et al., 

1995). Interestingly, the CDK7-cyclin H-MATl complex has been identified as a 

component of the basal transcription complex TFIIH, playing critical roles in both 

transcription initiation and in nucleotide excision repair (Feaver et al., 1994; Roy et al., 

1994; Shiekhattar et al., 1995; Svejstrup et al., 1996). During the normal mammalian 

cell cycle, phosphorylation of Thrl60/161 tends to rise and fall in parallel with cyclin 

binding. However, CAK activity does not appear to change during the cell cycle (Poon 

et al., 1993) implying that other mechanisms must contribute, such as 

dephosphorylation.

An additional level of complexity in cyclin-CDK regulation is that as well as 

being activated by threonine phosphorylation, CDKs are also negatively regulated by 

phosphorylation on residues within their ATP-binding region. In mammalian CDC2 and 

CDK2, these residues are Thrl4 and Tyrl5 (Krek and Nigg, 1991; Norbury et al., 

1991). Phosphorylation of these residues is particularly important in the control of 

CDC2 activation at mitosis. Indeed, like Thrl60/161 phosphorylation, phosphorylation 

of Thrl4 and Tyrl5 tends to parallel the rise in cyclin B levels occurring as cells 

approach mitosis (Morgan, 1997). Thus, prior to mitosis, cyclin B-CDC2 complexes are 

maintained in an inactive state by phosphorylation of Thrl4 and Tyrl5 residues carried 

out by the WEEl and MYTl kinases (Mueller et al., 1995; Liu et al., 1997). At the end 

of Gz, rapid dephosphorylation of both sites, by dual specificity phosphatases of the 

CDC25 family, prompts CDC2 activation and mitosis (reviewed in Draetta and 

Eckstein, 1997) (Figure 1.3).

29



Chapter I -  Introduction

Ubiquitin-mediated 
proteolysis

cyclin
synthesis

Cyclin

phosphorylation
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T14 Y15
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^_______  complex
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WEE1/MYT1 CDC25

Figure 1.3 Principles of CDK regulation.
A simplified model of the major mechanisms used to regulate CDK activity both 
positively (arrowheads) and negatively. The CDK2 enzyme is used as a reference 
for sites of phosphorylation: T14 and Y 15 (within the active site) and T160 
(within a regulatory loop). With regard to phosphorylation, the name of the 
enzyme responsible for a phosphorylation event is given below the event 
described (see text for further details).
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1.4. CDK-inhibitor families

A further level of regulation of CDK activity is imposed by specific inhibitory 

proteins, termed the CDK-inhibitors (CKIs). CKIs are negative regulatory proteins that 

bind to cyclin-CDK complexes or directly to CDKs and inhibit their catalytic activity 

(Sherr and Roberts, 1995) (Figure 1.3). In mammalian cells there are at least are two 

classes of CKIs based on primary sequence comparisons and probable modes of action. 

The first class includes p21 '̂̂  ̂ (Harper et al., 1993), p27 '̂^  ̂ (Toyoshima and Hunter, 

1994), and p57^^^ (Lee et at., 1995b), which have significant homology to one another 

in their amino termini and are able to bind both to cyclin and CDK subunits (reviewed 

in Sherr and Roberts, 1999). This conserved domain, which contains the LFGPV motif, 

is necessary and sufficient to bind and to inhibit cyclin-CDK complexes (Harper et al., 

1995; Matsuoka et al., 1995; Lee et al., 1995b; Luo et al., 1995). The latter class 

includes the INK4 proteins (inhibitors of CDK4), so named for their ability to 

specifically inhibit CDK4 and CDK6 , the catalytic partners of the D-type cyclins. The 

INK4 proteins are mostly comprised of ankyrin repeats and include plb”̂ "*̂  (Serrano et 

al., 1993), p l 5 ™  (Hannon and Beach, 1994), p l 8 °^'^ (Guan et al., 1994), and

al., 1995; Quelle et al., 1995), and bind directly to CDK4 and 

CDK6 . The INK4 proteins can be contrasted with more broadly acting inhibitors of the 

Cip/Kip family whose actions affect the activities of cyclin D-, E-, and A-dependent 

kinases.

1.4.1. The Cip/Kip family of CDK-inhibitors

The Cip/Kip family of CDK-inhibitors are small proteins (20-27 kDa) that bind 

tightly to Thrl60/161-phosphorylated cyclin-CDK complexes and directly inhibit 

kinase activity. p2 1 ^̂  ̂was cloned via a number of approaches, implicating it in a wide 

range of cellular activities, such as checkpoint control (Harper et al., 1993; Gu et al., 

1993; Xiong et al., 1993a), differentiation (Halevy et al., 1995; Steinman et al., 1994), 

senescence (Noda et al., 1994; Zhang et al., 1994; Tahara et al., 1995) and apoptosis 

(el-Deiry et al., 1993; el-Deiry et al., 1994). p27™̂  ̂ appears to be primarily responsible
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for regulating CDK activity in response to extracellular growth inhibitory signals 

(Polyak et al., 1994b; Toyoshima and Hunter, 1994) and restricting cellular 

proliferation during the course of development (Fero et at., 1996; Kiyokawa et at., 

1996; Nakayama et at., 1996). p21*̂ °’̂ and p27™’̂ are widely expressed in tissues, unlike 

p57™^ which is highly tissue specific (Lee et al., 1995b; Matsuoka et al., 1995). There 

is a good correlation between p57™’̂  expression and the differentiated state of cells, 

suggesting that p57*̂ ^̂  ̂ plays a role in cell cycle exit associated with terminal 

differentiation during mouse development (Matsuoka et al., 1995).

Polyak et al. reported that p27’̂ '̂  ̂ and p21 '̂^  ̂ share significant amino acid 

homology in their amino-terminal domains (Polyak et al., 1994b). A 60-amino-acid 

segment at the N-terminus of human p27^*^ is 44% identical to the corresponding 

sequence of human p21^'^\ suggesting that they may bind and inhibit cyclin-CDK 

complexes in a similar way. Cip/Kip proteins also have nuclear localisation signals near 

the carboxy-terminus, but outside these regions, the three proteins have no resemblance 

except for a short segment of similarity near the C-terminus of p27 '̂^  ̂ and p57^^^ 

(Toyoshima and Hunter, 1994; Chen et al., 1995; Luo et al., 1995).

In vivo overexpression studies have shown that the Cip/Kip proteins prevent 

normal fibroblasts from entering S phase (Harper et al., 1993; Lee et al., 1995b; 

Matsuoka et al., 1995; Polyak et al., 1994a), suggesting a role as inhibitors of Gi cyclin- 

CDK complexes. More recent work has revealed that although the Cip/Kip proteins are 

potent inhibitors of cyclin E- and A-dependent CDK2, they can act as positive 

regulators of cyclin D-dependent kinases (LaBaer et al., 1997; Cheng et al., 1999). 

However, the exact mechanism by which p21̂ '^̂  inhibits cyclin-CDK kinase activity is 

not clear, although it does not appear to affect the phosphorylation state of the CDK. 

Analyses of p21 '̂̂  ̂mRNA in growing, quiescent, and senescent cells suggest a role for 

p21*̂ 'P̂  in negatively regulating the entry into S phase. p21 '̂^  ̂mRNA is up-regulated 

after serum stimulation of quiescent cells, dropping away as cells enter S phase. 

Moreover, p21^'^’ mRNA levels are also markedly increased at cellular senescence 

(Noda et al., 1994) (discussed later in section 1.7). Interestingly, p21 '̂^  ̂ can also 

influence cell cycle progression independently of its effects on cyclin-CDK complexes.
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Thus, by binding to PCNA, the auxiliary subunit of DNA polymerase-ô, p21^^ is able 

to inhibit PCNA-dependent DNA replication directly (Waga et al., 1994). The crystal 

structure of bound to cyclin A-CDK2 revealed that interacts with a large

surface area of the cyclin A-CDK2 complex (Russo et at., 1996). p27'*̂ '̂  ̂has separate 

binding sites on the cyclin and CDK subunits consistent with cooperative binding. The 

part of that contains the LFGPV conserved sequence motif, binds to cyclin A in

a groove formed by conserved cyclin box residues. On CDK2, the inhibitory domain of 

p2 7 Kipi yields to and rearranges the amino-terminal lobe and also inserts into the catalytic 

cleft, mimicking ATP (Russo et al., 1996). Unlike p21^'^\ which is regulated at the 

transcriptional level, p27^^  ̂ transcription is constant throughout the cell cycle but the 

protein is more stable in quiescent cells (Toyoshima and Hunter, 1994). p27 '̂^  ̂ is 

regulated in part by proteolysis through the ubiquitin/proteasome pathway, and it has 

been suggested that quiescent cells contain lower amounts of ubiquitinating activity 

compared to proliferating cells (Pagano et al., 1995).

1.4.2. The INK4 family of CDK-inhibitors

Another class of CDK inhibitors, the so-called INK4 proteins, named for their 

ability to h^ibit CDK4, specifically target the cyclin D-dependent kinases and are 

structurally unrelated to Cip/Kip family (reviewed in Sherr and Roberts, 1995). By 

sequestering CDK4/6 into binary CDK-INK4 complexes, INK4 proteins liberate bound 

Cip/Kip proteins, and thereby indirectly inhibit cyclin E-CDK2 to ensure cell cycle 

arrest in Gi phase.

Members of the INK4 family of inhibitors are structurally unrelated to the 

Cip/Kip family. Moreover, the genomic organisation of each locus suggests that all four 

INK4 genes evolved from a common ancestor. These proteins share a common 

structural feature - the presence of multiple copies of ankyrin repeats (a series of four 

ankyrin-like repeats), first identified in the eponymous erythrocyte protein (Lux et al.,

1990). The ankyrin repeat is a 32- or 33-residue sequence motif that forms a 

consecutive P-hairpin-helix-loop-helix (j3(2)a(2)) fold (Zhang and Peng, 2000). This 

generates an overall shape described as that of an extended L, with the long arm
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comprising a-helices that pack against each other in an antiparallel fashion whereas the 

base is formed by the extended strand and (3-hairpins. Most ankyrin repeat proteins 

consist of four or more complete repeats, which provide stabilizing interactions between 

adjacent modules (Boice and Fairman, 1996; Venkataramani et al., 1998). p l 6 °̂ "̂  ̂ is 

one of the smallest ankyrin repeat proteins with a known structure. It consists of four 

complete repeats plus short N and C-terminal flanking regions that are unstructured in 

solution. (Boice and Fairman, 1996).

In humans, the p i 6 ’“̂ ’̂'̂® and p i5^^^^ genes are closely linked on chromosome 

9p21 (reviewed in Ruas and Peters, 1998), whereas maps to chromosome

1 and pl9°^’̂'̂ ‘‘ gene maps to chromosome 19. The p i5^^^ and p l 6 "̂*  ̂proteins share 

80% similarity at the primary sequence levels (Hannon and Beach, 1994), whereas 

pjgiNK4 c pĵ QiNK4 d pj-Qteins are only 40-50% identical to p l 6 ^'‘̂'‘̂  and to each other. 

However, the four INK4 family proteins are indistinguishable biochemically, all being 

able to impose a arrest when overexpressed in various cell lines, by inhibiting cyclin 

D-associated kinase activity (reviewed in Sherr and Roberts, 1999). Generally, INK4 

proteins compete with D-type cyclins for binding to the CDK subunit (Parry et al., 

1995; Parry et al., 1999; McConnell et al., 1999). Support for this hypothesis comes 

from observations that in cells with high levels of endogenous p l 6 '̂*̂ '‘% CDK4 is only 

associated with p l 6 "̂̂ ® and not with cyclin D (Xiong et al., 1993b; Li et al., 1994; 

Hirai et al., 1995; Parry et al., 1995; Parry et al., 1999; McConnell et al., 1999) and in 

vitro, p i 6 ^^^ prevents the binding of CDK4/6 to cyclin D (Parry et al., 1995; Lukas et 

al., 1995; Guan et al., 1996). However, it has also been reported that p l 6 ’“̂ '*® can bind 

to and inhibit preassembled cyclin D-CDK4/6 complexes in vitro, without dissociating 

cyclin D (Serrano et al., 1993; Hirai et al., 1995; Koh et al., 1995). In addition, after 

overexpression of pl5^^“'̂ '‘‘’ or p l9’‘̂ ’'̂ '‘‘‘, it is apparently possible to detect ternary 

complexes between cyclin D, CDK4 and INK4 proteins (Hirai et al., 1995; Adachi et 

al., 1997; Reynisdottir and Massague, 1997). Moreover, several lines of evidence 

support the notion that arrest induced by INK4 proteins directly depends on an 

interaction of Cip/Kip family members with cyclin E-CDK2. Indeed, ectopic expression 

of INK4 inhibitor proteins can affect cyclin E-CDK2 activity due to displacement of
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Cip/Kip inhibitors from CDK4/6 complexes onto CDK2 complexes (Reynisdottir et al., 

1995; McConnell et al., 1999). As well as preventing association with the cyclin 

partner, INK4 proteins may also contribute to inhibition of CDK4/6 by preventing other 

CDK activation steps.

The signals that lead to the synthesis of these proteins remain poorly understood. 

It is clear that p i i s  induced by TGF-P and contributes to its ability to induce Gj 

phase arrest (Hannon and Beach, 1994; Reynisdottir and Massague, 1997), and that 

p l 6 iNK4 a accumulates specifically in cells expressing viral oncoproteins and in some 

tumour cells devoid of the tumour suppressor protein pRb (Serrano et al., 1993; Parry et 

al., 1995). Much less is known about p i ( G u a n  et al., 1994; Hirai et al., 1995) and 

pjçiNK4 d gf al., 1995; Guan et al., 1996). They are closely related and

preferentially bind to CDK6 , and their expression patterns are differentially regulated 

during development (Roussel, 1999).

Despite the structural and biochemical similarities of the 1NK4 family members, 

only p i 6 ^'*^ can be classified as a tumour suppressor (reviewed in Ruas and Peters, 

1998). This may be related to the observation that p l 6 ^̂ "̂  ̂levels increase significantly 

as primary cells reach the end of their finite lifespan in culture (Alcorta et at., 1996; 

Hara et at., 1996a; Loughran et at., 1996; Reznrkoff et at,, 1996; Wong and Riabowol,

1996). This topic is discussed in more detail in Chapters 4 and 5 of the present work. 

Thus, this would be consistent with a role for p l 6 °̂ "*̂  in establishing the Gj arrest 

associated with senescence, and a need to escape senescence would provide a strong 

selection for the inactivation of p i 6 ’'^’̂ '̂ “ during the emergence of an immortal clone. 

The final confirmation that p l 6 °̂ "̂  ̂was indeed a tumour suppressor came from the 

generation of plb'^^^-null mice. p l 6 °̂ ’‘̂'̂  ̂proved non-essential for viability and proper 

development (Serrano et al., 1996).

15. The G /S transition

Whereas much is known about the expression and regulation of Gj CDK 

complexes, little is known about their likely substrates. Among the few recognised 

targets for these kinases is, the product of the retinoblastoma susceptibility gene, pRb
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(Lee et a l, 1987; DeCaprio et a l, 1989), and the related proteins p i07 (Ewen et a l,

1991) and pl30 (Hannon et a l, 1993; Li et a l, 1993) termed ‘pocket proteins’. A 

common relevant biological activity shared by the three members of this family is the 

ability to negatively control the cell cycle (Goodrich et a l,  1991). In fact, they 

negatively modulate the G /S  transition of the cell cycle, using mechanisms mostly 

related to inactivation of transcription factors, such as those of the E2F and DP families 

(Shirodkar et a l, 1992), that promote the cell entrance into S phase (reviewed in Ewen,

1994).

1.5.1. pRb pathway

The retinoblastoma protein inhibits cell cycle progression from the Gj to the S 

phase of the cell cycle. It acts through its ability to interact with cellular target 

molecules such as members of the E2F family of transcription factors. The 105 kDa 

pRb protein is expressed at reasonably constant levels through the cell cycle, but it 

becomes extensively modified by phosphorylation (reviewed in Weinberg, 1995 and 

Sherr, 1996). Thus, the protein is underphospohorylated in Gq/Gi and becomes highly 

phosphorylated in mid- and late-G^ (Buchkovich et a l,  1989; DeCaprio et al,, 1989; 

Mihara et a l, 1989). Several observations indicate that the active form of the protein is 

the hypophosphorylated form of pRb, since it is the hypophosphorylated form of pRb 

that interacts with its physiological targets. The current data imply that pRb is 

phosphorylated in early/mid-Gj by cyclin D-CDK4/6 complexes and subsequently by 

cyclin E-CDK2 complexes in late-G/S phase of the cell cycle (DeCaprio et a l, 1992). 

Thereby, pRb inactivation is reported to be a key molecular event leading to the S-phase 

commitment at the Ĝ  restriction point in the cell cycle.

Thus, pRb allows communication between the cell cycle machinery and the 

transcription machinery. Therefore, E2F transcription factor provides a good example of 

such cell cycle-mediated regulation of transcription.

1.5.2. Control of transcription by E2F transcription factors

The cellular transcription factor E2F was originally identified through its role in 

transcription activation of the adenovirus E2A promoter (Kovesdi et a l, 1986). E2F-
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consensus binding sites have been found upstream of cellular genes that are likely to 

affect proliferation in the early phases of the cell cycle. E2F transcription factors consist 

of heterodimers composed of any one of six E2F subunits (E2F1-E2F6) in combination 

with a DP polypeptide (DP1-DP2). These E2F heterodimers are capable of activating 

transcription when overexpressed, with the exception of E2F6 that functions as a 

repressor (Johnson and Schneider-Broussard, 1998). Thereby, E2F transcription factors 

play a critical role in the Gi to S transition regulating the expression of a series of genes 

required for S phase of the cell cycle, including DNA polymerase a , thymidylate 

synthase, PCNA, ribonucleotide reductase, cyclin E and cyclin A (Helin, 1998).

The activity of E2F is primarily regulated by the association with the pocket 

proteins pRb, p i07 and p i30. Although "free" E2F dimers can be detected in cells, a 

major proportion of the E2F occurs in complexes with pocket proteins (Bagchi et al., 

1991; Bandara and La Thangue, 1991; Chellappan et at., 1991; Gao et at., 1992; Devoto 

et at., 1992; Shirodkar et al., 1992). pRb, pl07 and pl30 bind to different E2F 

molecules at various times during the cell cycle, antagonising the transcriptional activity 

of the otherwise free E2F (Sardet et at., 1995). pRb binds to E2F-1 through E2F-4, 

while p i07 and p i30 preferentially bind E2F-4 and E2F-5. pRb-E2F complexes are 

found mostly during Gj phase, while pl07-E2F-4 complexes persist throughout the cell 

cycle and contain cyclin E or cyclin A at different cell cycle phases. Complexes of E2F- 

4 and E2F-5 with p i30 predominate in quiescent cells.

pRb has been shown to repress transcription by masking E2F transactivation 

domain and by inhibiting surrounding enhancer elements. Moreover, several reports 

revealed that active transcriptional repression by pRb might involve the modification of 

the chromatin structure, through the recruitment of histone deacetylase HDACl to E2F. 

Such an active repression could be crucial for the proper control of progression through 

the cell cycle (Brehm et at., 1998; Magnaghi-Jaulin et al., 1998). Furthermore, this 

complex regulation of transcription by E2F transcription factors might explain the role 

of E2F1 as both oncogene and tumour suppressor (Figure 1.7). Thus, deregulated 

inactivation of pRb in Gi phase may be a universal mechanism underlying cellular 

transformation.

37



Chapter 1 -  Introduction

Recent discoveries have shed light on another aspect of the regulation of the 

G /S  transition. Id2, a member of the Id family of helix-loop-helix proteins, has been 

shown to be able to bind pRb and abolish its growth-suppression activity (lavarone et 

a l,  1994; Lasorella et a l, 1996; Lasorella et a l, 2000). Moreover, this effect was not 

associated with changes in the state of pRb phosphorylation.

1.6. Basic-Helix-Loop-Helix proteins: regulators of transcription in eukaryotes

The basic-helix-loop-helix (bHLH) family of transcriptional regulators are key 

players in many developmental pathways (reviewed in Jan and Jan, 1993 and Olson and 

Klein, 1994). Over 200 bHLH transcription factors have been identified to date in 

organisms ranging from the yeast Saccharomyces cerevisiae to humans (reviewed in 

Atchley and Fitch, 1997 and Littlewood, 1998). In multicellular organisms, bHLH 

proteins are intimately involved in the coordinate regulation of gene expression, cell 

cycle progression, cell lineage commitment and cell differentiation (reviewed in Norton, 

2000).

The bHLH proteins are characterized by a highly conserved bipartite domain for 

DNA binding and protein-protein interaction. The dimerization domain contains about 

50 amino acids and forms two amphipathic a-helices separated by a loop of variable 

length and sequence, whilst the adjacent DNA-binding domain is rich in basic amino 

acids (Murre et a l, 1989b; Murre et a l, 1989a; Davis et a l, 1990; Lassar et a l, 1991; 

Ellenberger et a l,  1994; Ma et a l,  1994) (Figure 3.1). Additionally, some bHLH 

proteins contain a leucine zipper (LZ) dimerization motif characterized by heptad 

repeats of leucines, immediately C-terminal to the HLH motif, while others have a PAS 

domain.

There are two main categories of bHLH proteins. The so-called A class are 

ubiquitously expressed proteins, also known as the E proteins, such as those encoded by 

differentially spliced transcripts from the E2A (E l2, E47 and E2-5), E2-2 and HEB 

genes (Murre et al., 1989b; Henthom et a l, 1990; Zhang et a l, 1991; Hu et a l, 1992; 

Skerjanc et a l, 1996), and are capable of forming either homo- or heterodimers (Murre 

et al., 1989b). Class B comprises tissue-specific bHLH proteins such as MyoD (Olson,
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1990; Weintraub et aL, 1991), Myf5, Myogenin, NeuroD (Lee et al., 1995a; Nay a et at.,

1995), Mash (Johnson et at., 1990), Hand (Srivastava et at., 1995), Hen (Begley et at., 

1989; Begley et at., 1992; Brown et at., 1992; Brown and Baer, 1994) and Tal (Begley 

et al., 1989; Mellentin et a l, 1989; Chen et a l, 1990) (reviewed in Green and Begley, 

1992 and Littlewood, 1998). These proteins do not form homodimers and preferentially 

heterodimerize with the E proteins (Shen and Kadesch, 1995).

Dimerization is essential for DNA binding and transcriptional activity in vivo 

(Lassar et al., 1991; Shen and Kadesch, 1995). In so doing, they enable the expression 

of specific genes carrying some variant of the E-box (CANNTG) motif (Ephrussi et a l, 

1985; Kiledjian et a l, 1988; Lassar et a l, 1989) or the related N-box (CACNAG) 

(Klambt et a l ,  1989; Tietze et a l,  1992) and drive cell lineage commitment and 

differentiation in diverse cell types.

1.6.1. Id helix-loop-helix proteins

One additional category of HLH protein has been identified in mammalian cells, 

typified by the four known members of the Id family, Idl-Id4 (Benezra et a l, 1990; 

Christy et a l, 1991; Sun et a l, 1991; Biggs et a l, 1992; Ellmeier et a l, 1992; Deed et 

a l,  1993; Hara et a l, 1994; Riechmann et a l,  1994; Pagliuca et a l,  1995). The 

prototype of this sub-family was appropriately designated ‘Id’ (subsequently renamed 

Idl), a term which alludes to its function as both an ‘inhibitor of DNA binding’ and 

‘inhibitor of dfferentiation’. Id helix-loop-helix proteins function at a general level as 

positive regulators of cell growth and as negative regulators of cell differentiation 

(Benezra et al., 1990; Christy et al., 1991; Sun et al., 1991). They resemble bHLH 

proteins in that they have highly homologous HLH domains but they lack the basic 

DNA-binding region (Figure 3.1).

The Id proteins are all of similar size (13-20kDa). In humans, the four known Id 

proteins are encoded by individual genes, which are located on chromosomes 2 0 q ll  

(Idl), 2p25 (Id2), lp36.1 (Id3) and 6p21-22 (Id4) respectively (reviewed in Norton et 

al, 1998) (Figure 3.1).
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1.6.2. Id-bHLH protein interactions

Since they lack the basic DNA-binding region, Id proteins act as dominant- 

negative antagonists of the bHLH transcription factors by forming ‘non-functional’ 

heterodimers that are unable to bind DNA (Figure 1.4). The variable loop region of Id 

proteins also appears to be critical for heterodimerization (Pesce and Benezra, 1993). 

Moreover, class A bHLH proteins tend to associate strongly with Id proteins, whereas 

the class B proteins bind poorly. Consequently, the dominant-negative Id proteins can 

regulate the available pool of active bHLH dimers in cells. Indeed, the mammalian Id 

genes appear to antagonise the activity of bHLH proteins involved in many 

developmental processes as well as in cell cycle progression (reviewed in Hara et al., 

1997 and Norton, 2000).

1.63. Id gene expression profile

The expression of Id mRNA has been studied most extensively in mouse and in 

man using both in vitro cell line models, and in vivo tissue sections and isolated organs. 

All lineages appear to express at least one, and more commonly multiple Id genes 

(Christy et al., 1991; Deed et al., 1993; Riechmann et al., 1994; Jen et al., 1997). In cell 

lines, expression is generally highest in proliferating cells and low or absent in 

quiescent and/or terminally differentiated cells. In order to determine precise regions of 

overlap or differences in the patterns of expression of this gene family, adjacent sections 

have been examined by in situ hybridisation. The results suggest that Idl, Id2 and Id3 

are expressed in multiple tissues at the sites which undergo active morphogenic 

alterations, whereas Id4 expression is mainly detected in neuronal tissues as well as in 

more differentiated regions of several other tissue types (Jen et al., 1996; Evans and 

O'Brien, 1993). These results suggest that there is likely to be specificity in the homo- 

or heterodimeric bHLH proteins targeted by different Id proteins and in the genes 

affected by these events.

Thus, Id proteins appear to play a critical role in the complexity of mammalian 

cell fate determination (Carmeliet, 1999; Norton, 2000).
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Figure 1.4 Cell cycle-dependent expression of an E-box complex sensitive 
to Id protein.
A typical bHLH dimer is shown bound to DNA. Competition by Id disrupts the 
formation of the DNA bound complex in early Gj, but the complex is restored in 
late Gj when Id levels decline. At G /S, increased expression of Id is 
counterbalanced by phosphorylation (adapted from Hara et a i  (1997)).
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1.6.4. Id proteins in cell cycle control

In many cases, cellular differentiation is accompanied by cell cycle arrest. Since 

they are able to inhibit differentiation, Id helix-loop-helix proteins may also be involved 

in cell cycle control. Indeed, there are a number of reasons to suspect a link between Id 

function and cell cycle progression.

In general terms, ectopic expression of Id proteins favours cell proliferation at 

the expense of differentiation, whereas overexpression of bHLH proteins is associated 

with cell cycle arrest. More specifically, the expression of Id genes is markedly and 

rapidly increased when quiescent cells are stimulated with serum growth factors 

(Christy et al., 1991; Deed et al., 1993; Hara et al., 1994; Barone et al., 1994), whereas 

abrogation of Id expression using antisense oligonucleotides prevents the re-entry of 

arrested cells into the cell cycle (Hara et al., 1994; Barone et al., 1994). Furthermore, Id 

expression declines as senescent fibroblasts lose their proliferative activity (Hara et at., 

1996b). Thus, it was demonstrated that Id function is required for the G/S transition of 

the cell cycle (Hara et al., 1994; Peverali et at., 1994).

Recent studies have revealed that Id proteins can directly interact with other 

factors involved in the cell cycle regulation that are not bHLH proteins. More 

specifically, Id2, but not Idl or Id3, is capable of binding to pRb and the related ‘pocket 

proteins’ p i07 and p i30, and can alleviate cell cycle arrest induced by these three 

pocket proteins (lavarone et al., 1994; Lasorella et al., 1996). This interaction is thought 

to promote S phase progression by attenuating pRb suppression of E2F-DP1 

transcription factors, facilitating expression of genes required for S phase progression. 

In addition to binding directly to pRb, Lasorella et al., 2000 have shown that Id2 is a 

transcriptional target for N-Myc and c-Myc, suggesting that Myc oncoproteins may 

override pRb cell cycle arrest and drive cell cycle progression by inducing Id2 

(Lasorella et al., 2000).

Accumulating evidence indicates that Id proteins can also affect pRb activity in 

an indirect manner. For example, it has been reported that p21 '̂̂  ̂expression is induced 

by overexpression of MyoD (Halevy et al., 1995), possibly mediated by
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heterodimerization with E2A (Halevy et al., 1995). This binding of Idl to E2A could 

promote the G/S transition by downregulating p21 '̂^  ̂expression (Prabhu et al., 1997), 

alleviating the inhibition of cyclin A/E-CDK2 activity, leading to phosphorylation of 

pRb.

1.6.5. Regulation of Id function

More recently, several studies have revealed a further mechanism through which 

Id proteins are integrated in cell cycle control. It has been noted that some Id proteins 

contain consensus phosphorylation sites for a variety of kinases. In particular, the N- 

terminal homology region of Id HLH family members contains an amino-acid sequence, 

SPVR that conforms to the consensus for phosphorylation by CDKs. This motif is 

conserved in Id2, Id3 and Id4 but not in Id l.

It was also reported that both Idl and Id2 mRNAs were coordinately induced 

following mitogenic stimulation of serum starved early passage human diploid 

fibroblasts (HDFs) (Hara et al., 1994). Thus, following an initial increase, the 

expression levels of Idl and Id2 declined only to increase again as cells progressed 

through Gi into the S-phase of the cell cycle. Interestingly, it was observed that at least 

two members of the Id family, Id2 and Id3, become phosphorylated in the late Gj phase 

of the cell cycle and that the phosphorylation occurs on a serine residue (Ser5) within 

the consensus target site for CDKs (Hara et al., 1997; Deed et at., 1997). The timing 

would be consistent with activation of cyclin E-CDK2 (or cyclin A-CDK2) and it was 

confirmed that these kinases will specifically phosphorylate Id2 and Id3 (Hara et al., 

1997; Deed et al., 1997). Importantly, this phosphorylation either negates or alters the 

specificity of their competitive interaction with bHLH protein complexes and also 

abolishes their early Ĝ  to S phase cell cycle regulatory function (Hara et al., 1997; 

Deed et al., 1997). In addition of regulation by phosphorylation. Id proteins undergo a 

rapid turnover during the cell cycle. Thereby, intracellular levels of Id proteins are 

regulated by the ubiquitin-proteasome degradation pathway (Bounpheng et at., 1999) 

(Figure 1.4). Another level of regulation that Id proteins have in common with several 

other regulators of cell cycle progression is their subcellular localisation. Acting in
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concert with their nuclear chaperoning function, members of the class A bHLH protein 

family are thus able to attenuate the rapid elimination of cellular pools of Id proteins 

while themselves being more rapidly eliminated in the presence of the inhibitor protein 

(Deed et al., 1996).

Taken together these data suggest that the activity of bHLH transcription factors 

might be subject to the cell cycle regulation by both the abundance and the 

phosphorylation status of the Id proteins (Figure 1.4). A fuller discussion of the role of 

Id and bHLH proteins in the cell cycle control is developed in Chapter 3 of this work.

1.7. Cellular senescence and transformation

As alluded to briefly in previous sections, one of the physiological processes in 

which Id levels declines (and p i l e v e l s  increase) is the phenomenon known as 

senescence.

Cellular senescence was first recognized more than 40 years ago as a mechanism 

that prevented HDFs from growing indefinitely in culture (Hayflick and Moorhead, 

1961). The phenomenon is known as replicative senescence (Campisi, 1996; Campisi,

1997) because it has commonly been viewed as a cellular manifestation of ageing of the 

organism in vivo. However, several recent studies have cast doubt on the notion that 

there is an inverse correlation between donor age and the replicative lifespan of 

fibroblasts in culture (Cristofalo et al., 1998).

1.7.1. The M1/M2 model of senescence

Normal human fibroblasts undergo what appears to be a pre-determined number 

of divisions in culture and eventually enter a nonreplicative state designated as 

senescence or mortality stage 1 (Ml). Thus, fibroblasts from embryonic sources 

typically achieve 60-80 population doublings (PDs) before arresting irreversibly in the 

Gi phase of the cell cycle, losing their ability to respond to physiological mitogens, and 

with pRb in its hypophosphorylated state (Stein et al., 1990; Stein et al., 1991). This 

block in cell cycle progression is not associated with apoptosis (Wang, 1995) and the 

cells remain metabolically active (Matsumura et al., 1979). Senescent cells also undergo
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morphological changes that include enlargement and flattening of the cells, a granular 

appearance and an increased production of extracellular matrix and matrix remodelling 

enzymes (Sedivy, 1998). They also express an endogenous P-galactosidase activity 

detectable at pH 6.0 (Dimri et a l, 1995). These criteria are few, in part because many 

changes that occur in senescence are also observed in the reversible quiescent state. The 

senescence-associated (3-galactosidase (SA-^-gal) activity is therefore used as a 

biomarker for senescent cells because it is not detected in either quiescent or terminally 

differentiated cells.

Both p53 and pRb have been shown to play important roles in establishing and 

maintaining cellular senescence. Thus, it is well documented that by introducing either 

the SV40 large T antigen protein, the adenovirus ElA and ElB proteins, or the human 

papilloma virus (HPV) E6  and E7 proteins, it is possible to bypass Ml and cause a 

significant extension of in vitro lifespan (Wright et al., 1989). This extended lifespan in 

HDFs has been shown to be caused by the interference of the viral proteins with the p53 

and pRb pathways, as analogous effects can be achieved by down regulation of p53 and 

pRb protein expression using anti-sense oligonucleotides (Hara a/., 1991). At the end 

of the extended lifespan phase, which is of the order of 20-30 PDs, a second type of 

growth arrest is observed that is independent from Ml and has been designated as crisis 

or mortality stage 2 (M2) (Shay et at., 1991). At M2 there is no net increase in cell 

number since there is a balance between cell division and cell death (Shay and Wright, 

1989; Wright and Shay, 1992; Wei and Sedivy, 1999). As described by Wynford- 

Thomas, Ml and M2 phases can be considered as lifespan checkpoints operating as 

barriers to immortalisation (Wynford-Thomas, 1997). A small, but significant 

proportion of cells in M2 become immortalized, by avoidance of the M2 mechanism 

(Figure 1.5).

1.7.2. The role of telomeres in cellular senescence

As individual strains of HDFs reach Ml and M2 after characteristic numbers of 

PDs, cellular senescence must involve a process that counts each cell division. The 

prevailing hypothesis for the nature of this “molecular clock” is the attrition of

45



Chapter 1 -  Introduction

telomeres (Harley et a l, 1990; Allsopp et a l, 1992). Telomeres, the repetitive DNA 

sequences (TTAGGG), that cap the ends of linear chromosomes are essential for 

chromosomal integrity (Colgin and Reddel, 1999). Telomerase is a multimeric enzyme 

that adds telomeric repeats to chromosome ends de novo (Blackburn, 2001). Telomerase 

is comprised of an essential catalytic component, TERT (Telomerase Reverse 

Transcriptase) (Nakamura et a l, 1997), and an RNA component, TR (Telomerase 

RNA) (Feng et a l, 1995). Most human somatic cells do not express telomerase and as a 

consequence their telomeres shorten with each cell cycle (Campisi, 1997). It has been 

demonstrated that in the absence of telomerase, mammalian cells telomeres shorten by 

about 50 base pairs per PD (Blasco et a l, 1997). Telomeres form loop structures and are 

bound by specialized proteins so that linear ends are not recognised as damaged DNA. 

However, when telomeres get short or damaged, assumed that triggers DNA-damage 

response resulting in the Ĝ  arrest (Ml). If M l is bypassed, continued telomere erosion 

inevitably leads to genomic instability, and thus hypermutability. The most dramatic 

consequence of telomere dysfunction is the appearance of chromosomal fusions, which 

in turn lead to the gain or loss of entire chromosomes (Hande et a l, 1999; Artandi et a l, 

2000). Supporting evidence for the telomere hypothesis includes the observation that 

ectopic expression of hTERT enables HDFs to bypass M l and M2. Moreover, most 

cancer cells express telomerase or have adopted alternative mechanisms to stabilize 

their telomeres and hence avoid replicative senescence (reviewed in Chiu and Harley, 

1997, Campisi, 1997 and Bodnar et a l, 1998).

1.7.3. The role of and Idl during cellular senescence

Although it is clear that the p53 and pRb proteins can be regarded as the 

gatekeepers of senescence (Carnero et a l, 2000; Campisi, 2000), the associated Ĝ  

phase arrest is primarily implemented by the p21 '̂^  ̂ and p l 6 ^̂ "̂  ̂CDK inhibitors, both 

of which accumulate as cells approach senescence (Hara et al., 1996a; Alcorta et al., 

1996; Reznikoff et al., 1996). For example, p l 6 ^"^“ levels can be at least 40-fold greater 

in senescent HDFs than in early passage cells (Alcorta et al., 1996). Ectopic expression
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of p i i n  young or immortal HDFs can induce phenotypic changes reminiscent of 

senescent cells (McConnell et al., 1998; Zhu et at., 1998; Vogt et al., 1998).

According to the telomere hypothesis, it is the attrition of telomeres that triggers 

the onset of replicative senescence in somatic cells (Allsopp et al., 1992). It is therefore 

possible that the accumulation of may be linked to telomere shortening.

However, accumulation of p i i s  also observed in mouse cells, which senesce after 

only 10-20 PDs despite exceptionally long telomeres (Palmero et al., 1997; Kipling and 

Cooke, 1990). Thus, p i e x p r e s s i o n  is likely to be regulated by another mechanism, 

such as mitogenic stress. Indeed, several studies have revealed that in primary human 

and mouse primary fibroblasts intense mitogenic signals or the expression of oncogenes 

such as activated Ras or Raf, induce the accumulation of p l 6 ’'^‘̂ '̂  ̂ and trigger an 

irreversible arrest that resembles senescence (Dimri et al., 2000; Serrano et al., 1997; 

Zhu et al., 1998; Lin et al., 1998). This phenomenon has been referred to as “premature 

senescence”, or culture shock (Sherr and DePinho, 2000) (Figure 1.5).

It is also intriguing that loss of Id function has been linked to cellular senescence 

in HDFs (Hara et al., 1994). Conversely, a number of recent studies have reported 

delayed senescence of primary human kératinocytes that constitutively express Idl 

(Alani et al., 1999; Nickoloff et al., 2000). It has been proposed that Idl regulation of 

cellular growth and senescence might function through a direct impact on the p l 6 ° '̂ ‘̂‘- 

Rb tumour suppressor pathway, or on telomerase expression. In earlier work, Hara et al. 

reported that Idl and a pRb binding mutant of SV 40 large T antigen synergize to 

reactivate DNA synthesis in senescent human fibroblasts (Hara et al., 1996b), implying 

that the functions of pRb or other components of the signaling pathway, including 

p l 6 iNK4 â  could be antagonized by Idl. More recently, Nickoloff et al. have shown that 

p l 6 iNK4 a jgygis decreased following Idl overexpression, reinforcing the suggestion that 

Idl controls pRb activity through the regulation of p l 6 ^̂ "̂*̂  (Nickoloff et al., 2000). 

These observations are consistent with the fact that MEFs derived from Idl-deficient 

mice express high levels of p l 6 °̂ "̂  ̂(Lyden et al., 1999).
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Figure 1.5 The M1/M2 model of replicative senescence in human 
fibroblasts.
HDFs normally arrest with a characteristic senescence phenotype after 30-80 
PDs, depending on the source, and this M 1 stage is largely attributed to telomere 
erosion. Inactivation of pRb and p53, using DNA tumour virus oncoproteins (e.g. 
SV40 T-Ag), enables cells to bypass Ml and proceed to M2 (crisis) where cell 
division is counterbalance by cell death. This is attributed to chromosome end-to- 
end fusions and aneuploidy, rare cells escape M2 by reactivating telomerase or 
alternative mechanisms of telomere stabilization (Shay et al. (1991)).
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Thus, the induction of senescence in response to a potent oncogene such as Ras 

indicates that senescence is a programmed cellular response that can be triggered not 

only by accumulation of population doublings but also by some proliferative stresses, 

further reinforcing the anti-tumorigenic role of senescence.

1.8. as a tumour suppressor

1.8.1. Evidence for a tumour suppressor on chromosome 9p21

Several lines of genetic evidence pointed to the existence of a major tumour 

suppressor gene on human chromosome 9p21 (reviewed in Ruas and Peters, 1998). 

Homozygous loss of the interferon gene cluster had been noted in some cancer cell lines 

and primary tumours, and LOH at 9p21 is commonly observed for example in sporadic 

melanoma and bladder cancer (Pollock et al., 2001). However, the major impetus for 

positional cloning of the candidate gene came from linkage data associating 9p21 

markers with familial predisposition to melanoma. Approximately 10% of melanoma 

cases occur in melanoma-prone kindreds, defined as those with two or more affected 

individuals. Estimates vary but up to 50% of these cases appear to be attributable to 

mutations on 9p21 (reviewed in Dracopoli and Fountain, 1996 and Hayward, 1996).

When the genomic locus was eventually characterized in 1994 (Kamb et al., 

1994; Nobori et al., 1994) it was found to contain two highly related genes, 

subsequently designated as CDKN2A and CDKN2B (Figure 1.6). The tandem 

arrangement of these genes is conserved on mouse chromosome 4 and rat chromosome 

5, and their primary gene products are more commonly referred to as p i 6 ’“̂ '̂ ® (Serrano 

et al., 1993) and p i ( H a n n o n  and Beach, 1994), respectively. Significantly, 

inherited predisposition to melanoma has been irrefutably linked to germline mutations 

in the CDKN2A gene that impair the ability of plb^ '̂^® to interact with CDK4 and 

CDK6 , to inhibit their associated kinase activities, and to inhibit cell proliferation 

(MacGeoch et al., 1994; Ruas and Peters, 1998).
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1.8.2. Alternative product encoded by CDKN2A

The situation is complicated, however, by the unusual ability of the CDKN2A 

locus to encode two quite distinct proteins. This results from the existence of an 

additional exon, designated exonlp that lies between CDKN2B and CDKN2A and 

becomes spliced to exons 2 and 3 of CDKN2A. Thus, two separate transcripts are 

produced (a and P) depending on whether transcription initiate at exon ip or at exon la  

(Duro et al., 1995; Mao et al., 1995; Stone et al., 1995) (Figure 1.6). Whereas the a  

transcript encodes p l 6 °̂ "̂ ,̂ the P transcript specifies a small, highly basic protein that 

bears no structural or functional resemblance to INK4 proteins because the shared exon 

2 sequences are translated in an alternative reading frame (Quelle et al., 1995). This 

feature led to the acronym ARP, and the resultant mouse and human proteins are 

referred to as p i9"^ and p i4 ^  respectively.

1.83. Tumour specific alterations affecting CDKN2A

The existence of two distinct products and sharing of a common exon raises the 

possibility that mutations in the CDKN2A locus could affect either or both proteins. The 

credentials of ARP as a tumour suppressor are discussed in the next section, but the 

patterns of tumour specific alterations observed in human cancers are intriguing. By far 

the commonest scenario is homozygous loss of the entire locus, encompassing exons l a  

and ip and frequently extending to CDKN2B and beyond. However, a significant 

proportion of tumours have more specific deletions that remove exons la ,  2 and 3 

leaving exon ip  intact, while other rare cases show the opposite, namely specific 

removal of exon ip. The confounding issue is that several studies have indicated that 

the 64 amino acids encoded by exon ip are able to perform all the known functions of 

P I 4 ARF (2 /., 1998; Weber et al., 2000; Llanos et al., 2001). In contrast, amino

and carboxy terminal truncations of plb^^’̂ '̂  ̂severely affect its ability to fold properly, 

by disrupting the ankyrin repeat structure (Yang et al., 1995; Parry and Peters, 1996; 

Lilischkis et al., 1996).

The same considerations apply to mutations in CDKN2A exon 2 that can impact 

on both products. While some alter the primary sequence of p l4"^  but not p i 6 ^̂ '̂ % it is
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difficult to demonstrate that they have any impact on ARF function. A much higher 

proportion affect and not p i4^^^, and here it is possible to demonstrate

functional impairment. Significantly, some germline CDKN2A mutations associated 

with familial melanoma occur in exon l a  or in the distal portion of exon 2  that does not 

contribute to ARF (reviewed in Ruas and Peters, 1998). In contrast, mutations in exon 

1(3 are relatively rare (Randerson-Moor et al., 2001; Rizos et al., 2001). Two clear 

examples have been described recently, one germline deletion of exon Ip, the other an 

insertion and frameshift that appears to functionally compromise p i4"^  ̂ (Gmis et al., 

1995; Harland et al., 1997; Brookes et al., 2002). What has yet to be established is 

whether these latter mutations have an indirect effect on the expression or regulation of 

p l 6 ™ \

Finally, in some tumour types and derived cell lines, the expression of plb^'^^ is 

repressed by de novo méthylation on the CpG rich promoter region. In most instances 

reported thus far, méthylation is specific for exon la  but it is clear that the méthylation 

can extend to exon Ip as well. Curiously, in some tumour types, it is the neighbouring 

CDKN2B gene that appears to be the primary target of méthylation (reviewed in Ruas 

and Peters, 1998).

These observations in naturally occurring human cancers have to be set against 

the results obtained by specific ablation of the Cdkn2a exons in transgenic mice 

(Serrano et al., 1996). Mice in which either exon la  or exon 2 has been targeted are 

tumour prone, with many of the hallmarks of p53 nullizygous animals (see below). In 

contrast, two recent reports have shown that mice that are specifically defective for 

p l 6 iNK4 a outwardly normal and show no significant predisposition to spontaneous 

tumours (Krimpenfort et al., 2001; Sharpless et al., 2001).

Taken together, the published data imply that while plb^'^^ is a major tumour 

suppressor in human cancers, ARF is the more significant player in mice. The next 

section considers possible reasons and briefly summarises what is known about ARF 

function.
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Figure 1.6 Genomic organisation of 9p21 and alternative products 
encoded by the INK4a locus.
a, The map of the and loci shows the positions of the coding
exons, the direction of transcription (arrowheads) and the position of the 
alternative first exon (Eip) of p l 6 ^^"^. b. The exons of the INK4a locus are 
shown as boxes and identified as exons la .  Ip, 2 and 3. Alternative splicing 
occurs as illustrated to generate two distinct transcripts, designated a  and p and 
corresponding to plb*^'^ and p i4 ^ ^  respectively. The sequence corresponding 
to exon 2  in the p transcript is represented by a different colour.
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1.9. The ARF/p53 pathway

Soon after the realisation that the CDKN2A locus had the capacity to encode an 

alternative product, ARF, it was demonstrated that ectopic expression of ARF would 

induce a Gj/Gj phase cell cycle arrest that was dependent on the status of the p53 gene 

(Quelle et al., 1995; Stott et al., 1998; Zhang et al., 1998; Llanos et al., 2001) (Figure 

1.7).

p53 is a DNA-binding transcription factor that is capable of inhibiting cell cycle 

progression or inducing apoptosis in response to DNA damage or stress (reviewed in 

Ko and Prives, 1996, Levine, 1997 and Ryan et at., 2001). p53 is also a well 

characterised tumour suppressor and its loss or mutation occurs in over 50% of human 

cancers (Hollstein et al., 1994). Numerous p53-dependent target genes have been 

identified that play a role as downstream effectors of p53 function (Vogelstein et al., 

2000). Among those is the CKI p21^'^\ which is the major executor of the Gj cell cycle 

arrest (el-Deiry et al., 1993; el-Deiry et al., 1994; Xiong et al., 1993a). Another key 

target is MDM2 (murine double minute), which can both inhibit the transcriptional 

activity of p53 and target p53 for degradation (Barak et al., 1993; Wu et al., 1993; 

Haupt et al., 1997; Kubbutat et al., 1997). The MDM2 gene product binds directly to 

p53 and since the interaction takes place via the transcriptional activation domain of 

p53, it prevents p53 from acting as a transcription factor (Chen et al., 1995; Momand et 

al., 1992; Oliner et al., 1993). In addition, MDM2 can function as an E3 ubiquitin 

ligase, and therefore promotes the turn-over of p53 by targeting it for ubiquitination and 

proteasome-mediated degradation (Haupt et al., 1997; Honda et al., 1997; Kubbutat et 

al., 1997). Moreover, due to the presence of a nuclear export signal, a feature that is 

required for MDM2-mediated p53 degradation, MDM2 continuously shuttles between 

the nucleus and cytoplasm (Freedman and Levine, 1998). Thus, MDM2 and p53 

participate in a feedback loop that enables the levels of the two proteins to be tightly 

balanced (Wu et al., 1993) (Figure 1.7).
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Figure 1.7 Connection of pRb and p53 pathways through the lNK4a
locus.
The alternative exons and gene products encoded by the INK4a locus are shown. 
Whereas prevents the phosphorylation and inactivation of pRb by CDK4
and CDK6 , p i4 '^^ prevents the MDM2-mediated degradation of p53. The release 
of E2F by the phosphorylation or ablation of pRb leads to upregulation of ARF, 
providing a direct connection between the pRb and p53 pathways (adapted from 
James and Peters (1999)).
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In normal cells, p53 has a short half-life and is expressed at very low levels but 

it is stabilised and accumulates when cells are exposed to genotoxic stress. Interestingly, 

the balance of p53 and MDM2 can be altered by ARF. Several studies have suggested 

that ARF physically interacts with MDM2, and in so doing prevents MDM2-mediated 

p53 degradation (Kamijo et al., 1998; Pomerantz et al., 1998; Stott et al., 1998; Zhang 

et al., 1998). However, exactly how ARF impinges on the p53-MDM2 feedback loop 

remains a matter of debate. For example, it has been proposed that ARF is able to form 

ternary complexes with both MDM2 and p53 (Zhang et al., 1998), and such complexes 

are indeed detectable in vitro and in transfected cells (reviewed in James and Peters, 

2000). This has proven difficult to reconcile with the consistent observation that ARF is 

predominantly localised in the nucleolus (Stott et al., 1998; Quelle et al., 1995; Weber 

et al., 1999; Zhang and Xiong, 1999; Lindstrom et al., 2000; Rizos et al., 2000), 

whereas MDM2 and p53 are generally nucleoplasmic but shuttle in and out of the 

nucleus in order to deliver ubiquitinated p53 to the cytoplasmic proteasome (Roth et al., 

1998; Freedman and Levine, 1998; Tao and Levine, 1999). Recently, Llanos and co

workers have clarified these issues by proposing that nucleolar localisation is not 

essential for p i4 ^  function but may contribute to its availability to antagonise MDM2 

(Llanos et al., 2001).

From these considerations, it is evident that ARF has the potential to act as a 

tumour suppressor. Ectopic expression of ARF results in the stabilisation of p53 by 

protecting it from MDM2-mediated destruction, leading to up-regulation of the p21̂ '^̂  

CDK-inhibitor and cell cycle arrest. As discussed in section 1.8.3, ARF “knockout” 

mice are indeed tumour prone and there is considerable body of data attesting to a 

pivotal role for ARF in monitoring oncogenic stress. Perhaps the most persuasive is the 

fact that ARF is transcriptionnally activated by E2F1. Thus, any agents, such as DNA 

tumour virus oncoproteins, that disrupt the function of pRb will inevitably induce ARF, 

resulting in p53 response. Not only does ARF act as a link between the pRb and p53 

tumour suppressor pathways, but a number of activated oncogenes also cause up

regulation of ARF, by as yet undefined mechanisms. Prominent examples are the Myc,
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Abl and Ras oncogenes (Zindy et aL, 1998; Brookes et al., 2002; Ferbeyre et al., 2000; 

Wei et al., 2001).

Curiously, while Ras activates ARF in mouse embryo fibroblasts, it does not 

appear to do so in HDFs (Brookes et al., 2002; Huot et al., 2002). As described in 

section 1.7 and discussed in more detail in subsequent chapters of this thesis, activated 

Ras also induces expression of plb^ "̂*  ̂in both species. It will therefore be interesting to 

determine whether species or cell type differences in the relative effects of Ras 

signaling on exon la  and exon ip promoters underlie the relative contributions of 

p l 6 iNK4 a ARP to tumour suppression.

1.10. Salient features of the Ras/Raf/MEK signaling pathway

The small GTP-binding 21-kilodalton Ras protein plays a central role in the 

regulation of various cellular processes and functions as a molecular switch in 

intracellular signal transduction pathways activated by a large variety of extracellular 

stimuli. The Ras proteins (Ha-Ras, Ki-Ras and N-Ras) are encoded by a closely related 

set of genes the prototypes of which were initially identified in acutely transforming rat 

sarcoma viruses (Weinberg, 1989). Activation of the cellular Ras proteins has been 

implicated in the development of several forms of human cancer (reviewed in Bourne et 

al., 1990 and Bos, 1989). The transforming Ras oncogenes are activated by point 

mutation of the normal proto-oncogenes, resulting in a protein that is locked in the 

active, GTP-bound state. Thus, the biological activity of Ras is controlled by a 

GDP/GTP cycle. Guanine nucleotide exchange factors promote the formation of the 

active, GTP-bound form of Ras, whereas GTPase -activating proteins accelerate the 

intrinsic GTP hydrolytic activity of Ras to promote formation of the inactive, GDP- 

bound form of Ras (Bourne et al.,\99\).

Ras proteins have been shown to activate multiple signaling pathways and bind 

to at least three types of effector protein: kinases of the Raf family, phosphoinositide 

(PI) 3-kinases and RalGDS proteins (reviewed in Downward, 1998 and references 

therein) (Figure 1.8). Moreover, Ras is a key regulator of cell growth in all eukaryotic 

cells.
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Figure 1.8 Signalling downstream of Ras.
Once in its active, GTP-bound state, Ras will interact will several families of 
effector proteins, resulting in stimulation of their catalytic activity. The main 
effectors are shown here.
Among the different signalling pathways activated by Ras, it is the Ras/Raf/MEK 
pathway that is the most significant for the work presented in this thesis. Thus, 
Raf protein kinases initiate the mitogen activated protein (MAP) kinase cascade, 
which leads to ERK activation. This kinase has numerous substrates both in the 
cytoplasm and in the nucleus, including Ets family transcription factors that 
regulates cell cycle progression (see text for details) (adapted from Shields et al. 
(2000)).
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Among the different signaling pathways activated by Ras, it is this Ras/Raf/MEK/Ets 

pathway that is the most significant for the work presented in this thesis. Thus, p21 Ras 

mediates its effects on cellular proliferation, at least in part, by activation of a protein 

kinase cascade consisting of a Raf protein kinase (c-Raf-1, A-Raf, or B-Raf), MEK 

(mitogen-activated protein (MAP)kinase kinases 1 or 2), and MAP kinase, A linear 

pathway where Ras functions downstream of receptor tyrosine kinases and upstream of 

a cascade of these serine/threonine kinases provides a complete link between the surface 

of the cell and the regulation of gene expression in the cell nucleus. The activated MAP 

kinase translocates to the nucleus, where it phosphorylates and stimulates the activity of 

various transcription factors, including members of the Ets family, which includes Etsl, 

Ets2, PEA3, SAPl and Elkl (Graves and Petersen, 1998).

Overexpression of oncogenic forms of Ras leads to induction of cell cycle 

progression, causing exit of quiescent cells from Gq and passage through Gj-S phase 

(Downward, 1997). Furthermore, activated Ras has been shown to induce cyclin D1 

levels and shorten Gj phase (Filmus et al., 1994; Liu et al., 1995; Winston et al., 1996). 

Several studies have suggested that Ras has multiple effects on cyclin Dl: the 

Ras/Raf/MAP kinase signal-transduction pathway regulates transcription of the gene 

encoding cyclin Dl (Lavoie et al., 1996) and the PI 3-kinase signal-transduction 

pathway affects the stability of the cyclin Dl protein, through the action of PKB and of 

glycogen synthase kinase 3p (Diehl et al., 1998). Therefore, Ras clearly appears to be 

required for the mitogen induction of cyclin Dl leading to pRb phosphorylation (Aktas 

et al., 1997), and significantly pRb-null cells no longer require Ras activity to cycle 

(Leone et al., 1997; Mittnacht et al., 1997; Peeper et al., 1997) (Figure 1.8).

Interestingly, oncogenic Ras causes morphological / neoplastic transformation of 

most immortal rodent cell lines but fails to transform primary cells (Newbold et al., 

1993). Transformation of primary cells requires either a cooperating oncogene, such as 

Myc, adenovirus ElA, SV40 T-antigen, human papilloma virus E7, or HTLV-1 Tax 

(Weinberg, 1989; Ruley, 1990) or the inactivation of tumour suppressors such p53 or 

ARF (Gallimore et al., 1986; Tanaka et al., 1994; Serrano et al., 1996). Thus, primary
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MEFs lacking either p53 or ARF are transformed by oncogenic Ras alone and are easily 

established into immortal cell lines (Tanaka et al., 1994; Harvey et al., 1993; Serrano et 

al., 1996). In contrast, plb'^^^'^Weficient MEFs undergo premature senescence when 

challenged with Ras (Krimpenfort et al., 2001; Sharpless et al., 2001), further 

underscoring the importance of ARF in these processes in mouse cells.

The experiments described in this thesis explore the signaling pathways between 

Ras and p i i n  primary human fibroblasts, the impact of the Id proteins on these 

signals, and exploit a unique strain of pl6^^’‘̂ '*®-deficient HDFs to establish the 

importance of pl6 °̂ "*® in Ras-induced senescence.
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M aterials and Methods

2.1 .General

2.1.1. Laboratory organisation

All cell culture media, autoclaved glassware, pipettes and a number of 

commonly used solutions were provided by the ICRF Central Services. Further 

solutions, some plasmid DNAs and competent bacteria were generated and maintained 

as laboratory stocks for general use. All water used was purified by a Millipore reverse 

osmosis system and autoclaved.

Chemicals were obtained either from Sigma or BDH, unless otherwise indicated.

2.1.2. Solutions

The commonly used reagents and buffers are listed below;

Solutions Composition

10x A garose gel 
loading buffer

Annealing buffer

Blocking solution  

C hip Lysis buffer

C hip  High salt buffer

C hip  Sonication buffer 

C hip  CsCI solutions

60%  (w/v) sucrose; 0.1%  (w/v) brom ophenol blue

10 mM Tris-HCI (pH 7.5); 1 mM EDTA; 5 mM MgClg;
200  mM NaCI

PBSA; 0.2%  (v/v) T w een-20; 5% (w/v) dried milk (Marvel)

50  mM HEPES (pH 7.5); 140 mM NaCI; ImM EDTA;10% glycerol; 
0 .5  % NP40; 0.25%  Triton X -100 and proteinase inhibitors SET A

200  mM NaCI; 1 mM EDTA; 0 .5  mM EGTA;
10 mM Tris-HCI (pH 8)

1 m M EDTA; 0 .5  mM EGTA and 10 mM Tris-HCI (pH 8.0)

For o n e  ultra-centrifuge tube (Beckm an):
2.1 ml of 0 .4 4  g/ml of CsCI (the seco n d  layer)
2 .7  ml of 0 .8 0  g/ml of CsCI (the third layer)
3 .6  ml of 1 .33 g/ml of CsCI (the bottom layer)
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Solutions Composition

C hip D ialysis buffer #1 

D ialysis buffer #2

C hip IP buffer

C hip W ash buffer

C hip Elution buffer 

Denaturing solution  

Electroblotting buffer 

1x D enhardt’s  reagent

D estain  / Fix solution  

1x DNA binding buffer

2x MBS

HiSg tag binding buffer 

HiSe tag elution buffer 

HiSg tag strip buffer 

HiSg tag w ash  buffer 

HTM buffer

Hybridisation buffer 
(Church and Gilbert)

In vivo K inase a ssa y  
buffer

In vitro K inase a ssa y  
buffer

1x Laemmli sam p le  
buffer

10 mM Tris-HCI (pH 8.0); 1 mM EDTA; 10% glycerol and 
proteinase inhibitors SE T  A
10 mM Tris-HCI (pH 8.0); 1 mM EDTA; 150 mM NaCI;
10% glycerol and proteinase inhibitors SE T  A

10 mM Tris-HCI (pH 8.0); 1 mM EDTA; 150 mM NaCI;
10% glycerol; 0.05%  SD S; 1% Triton X -100 and inhibitors SET A

0.1%  Triton X-100; 10 mM Tris-HCI (pH 8.0); 1 mM EDTA;
150 mM NaCI

1% SD S; 50  mM NaHCOg; 50 0  pg/rr\\ P roteinase K

0 .5  M NaOH; 1.5 M NaCI

2 mM Tris-HCI (pH 8.0); 0.1 mM EDTA

0.02%  (v/v) ficoll; 0.02%  (w/v) polyvinylpyrrolidone;
0.02%  (w/v) BSA

25%  (v/v) methanol; 7% (v/v) acetic  acid

20  mM HEPES-KOH (pH 7.6); 50 mM KCI; 1 mM DTT;
1 mM EDTA; 5% glycerol

280  mM NaCI; 10 mM KCI; 1.5 mM NagHPO^; 12 mM dextrose; 
50  mM HEPES (pH 7.0)

20  mM Tris-HCI (pH 8.0); 50 0  mM NaCI; 5 mM imidazole;
6 M urea

20  mM Tris-HCI (pH 8.0); 5 0 0  mM NaCI; 1 M imidazole;
6 M urea

20 mM Tris-HCI (pH 8.0); 5 0 0  mM NaCI; 100 mM EDTA;
6 M urea

20  mM Tris-HCI (pH 8.0); 5 0 0  mM NaCI; 50  mM imidazole;
6 M urea

500  mM HEPES (pH 6.6); 125 mM Tris-HCI (pH 8.0);
12.5  mM MgClg; 20  mM p-m ercaptoethanol

200  mM sodium  phosphate buffer (pH 7.2); 1 mM EDTA;
7% (w/v) SD S; 1% (w/v) BSA; 15% (v/v) formamide;
20  |xg/ml denatured DNA; 50  pg/ml y ea st RNA

50 mM HEPES (pH 7.5); 10 mM MgClg; 2 .5  mM EGTA;
1 mM DTT

500 mM HEPES (pH 7.8); 0 .5  M MgClg

62 .5  mM Tris-HCI (pH 6.8); 2% (w/v) SD S; 10% (v/v) glycerol; 
5% (v/v) 2-m ercaptoethanol; 0.02%  (w/v) brom ophenol blue
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Solutions Composition

L-Broth 

lOx MEN

Neutralising solution  

NETN

N P 40 lysis buffer

N uclear extracts buffer 
(Buffer A)

N uclear extracts buffer 
(Buffer C)

PBSA

P h osp h ate w ash  buffer

P ro tease  / p h osp h atase  
inhibitors

P roteinase inhibitors 
S E T A

Protein electrophoresis  
buffer

Protein transfer buffer

S A -B -galactosid ase  
activity reagent 
(Fix buffer)

SA -B -ga lactosid ase  
activity reagent 
(Stain solution)

20x  S S C  
1x S S P E

Stain solution

TAE buffer 

TBE buffer 

TBS

1% (w/v) NaCI; 0.5%  (w/v) y ea st extract; 1% (w/v) bacto-tryptone 

200  mM MOPS (pH 7.0); 50  mM sodium  acetate; 1 mM EDTA

1.5 M NaCI; 1 M Tris-HCI (pH 7.5)

20  mM Tris-HCI (pH 8.0); 100 mM NaCI; 1 mM EDTA;
0.5%  (v/v) N P40

20 mM Tris-HCI (pH 8.0); 150 mM NaCI; 1% (v/v) N P40  
(500 mM for high-salt N P40 lysis buffer)

10 mM HEPES-KOH (pH 7.8); 1.5 mM MgClg; 10 mM KCI;
0 .5  mM DTT; 0 .2  mM PM SF

20 mM HEPES-KOH (pH 7.8); 25%  glycerol; 42 0  mM NaCI;
1.5 mM MgClz; 0 .2  mM EDTA; 0 .5  mM DTT; 0 .2  mM PM SF

8 .0 6  mM NagHPO^; 0.8%  (w/v) NaCI; 1 .47 mM KHgPO^;
0.025%  (w/v) KCI (pH 7.2)

40  mM sodium  ph osphate buffer (pH 7.2); 1 mM EDTA;
1% (w/v) S D S

0.1 mM sodium  fluoride; 0.1 mM sodium  orthovanadate;
2 [Lig/ml aprotinin; 100 fxg/ml PM SF

1 mM AEBSF; 1 mM benzam idine; 50  /vg/ml TLCK;
10 fxg/ml aprotinin; 1 ^ig/ml leupeptin; 1 ^g/ml pepstatin A

25 mM Trizma b ase; 192 mM glycine; 0.1%  (w/v) S D S

25 mM Trizma b ase; 192 mM glycine; 0.1%  (w/v) SD S; 
20%  (v/v) methanol

20%  form aldehyde; 0.2%  glutaraldehyde

1 mg/ml X-gal; 0 .2  M citric acid /N a2P 0 4  buffer (pH 6.0);
100 mM potzassium  ferrocyanide; 100 mM potassium  ferricyanide; 
5 m NaCI; 1 M MgClg

3 M NaCI; 300  mM tri-sodium citrate
10 mM sodium  p hosphate buffer (pH 7.7); 0 .1 8  M NaCI;
1 mM EDTA

0.05%  (w/v) PAGE Blue 83; 50% (v/v) methanol;
10% (v/v) acetic acid

40  mM T ris-acetate (pH 7.6); 5 mM sodium  acetate; 1 mM EDTA 

450  mM Trizma base; 45 0  mM boric acid; 1 mM EDTA (pH 8.0)

25  mM Tris-HCI (pH 8.0); 0.8%  (w/v) NaCI; 0.02%  (w/v) KCI
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Solutions Composition

TE

T 1 0 N 2 0 0 E 1

Trypsin

T w een lysis buffer

V ersen e

10 mM Tris-HCI (pH 7.8); 1 mM EDTA

10 mM Tris-HCI (pH 7.5); 200  NaCI; 1 mM EDTA

0.25%  (w/v) trypsin 1:250; 25  mM Tris-HCI (pH 7.7);
0.8%  (w/v) NaCI; 0.038%  (w/v) KCI; 0.1%  (w/v) D-Glucose; 
0.01%  (w/v) NagHPO^; 0 .0015%  (w/v) phenol red;
0.01%  (w/v) Streptomycin; 0.006%  (w/v) Penicillin

50  mM HEPES (pH 8.0); 0.1%  (v/v) T w een 20; 150 mM NaCI;
1 mM EDTA; 2 .5  mM EGTA; 10% (v/v) glycerol; 1 mM DTT

0.02%  (w/v) EDTA in PBSA  (pH 7.7); 0 .0015%  (w/v) phenol red

2.13. Bacterial strains

The bacterial strains used for production of plasmid DNA, single-stranded DNA 

and production of recombinant proteins are listed below:

£. coll 
strains

Genotype Description/ applications Antibiotic
resistance

Source

BL21 F  o m p T h s d S d r B ' m B )  general host 
gal dcm

BL21(DE3) F  ompT/7SC/Se(rB'me ) high stringency  
pLysS p a /d cm (D E 3 )p L y sS  exp ression  host

none Stratagene

40  [xg/ml Stratagene  
chloram phe
nicol

X LI-blue recA1 endA1 gyrA96 
thi-1 hsdR 17 supE44  
relA 1 lac  [F' proAB  
lacr^ZMVI15Tn10]

2.1.4. Vectors

Blue-white colour screen ing  
of co lon ies, preparation of 
plasm id DNA, preparation of 
single-stranded DNA

10 ^ig/ml 
tetracyclin

Stratagene

The vectors used in cloning steps or for eukaryotic and bacterial expression of 

recombinant proteins are listed on the next page:
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Plasmids Description/ applications
. f - .

Drug
resistance

Source

pB abe Derived from M oloney murine leukaem ia virus;
recom binant exp ression  from the viral long 
terminal repeat region; hygro" (or puro”); Amp"

U sed  for production of recom binant retroviruses

pBSK S pU C 19 derived, colEI and f1 origin of replication;
Amp"; multiple cloning s ite s  within !a c Z g e n e  for 
a-com plem entation; recombinant exp ression  from 
T7 or T3 promoters

U sed  for production of single-stranded DNA; blue- 
white screen ing of colon ies; in wYro transcription / 
translation

pcDNA3 p U C l9  derived, colE t and f1 origin of replication;
Amp", Neo"
R ecom binant expression  from CMV, T7 or Sp6  
promoters; SV 40 origin of replication

U sed  for in v/Yro transcription/translation and 
eukaryotic expression

pGEM-T Linear plasmid with 3'-thymidine overhangs;
multiple cloning s ite s  within lacZ g e n e  for a -  
com plem entation; colEI and f1 origin of 
replication; Amp"
R ecom binant exp ression  from T7 or Sp6  
prom oters

U sed  for cloning of PCR products, and blue-white 
screen in g  of colonies; in vitro transcription / 
translation

pGEX-2T R ecom binant expression  from tac promoter;
Internal /acP gen e; Gluthatione S-transferase  
domain; Amp"

U sed  for bacterial production of G ST -tagged  
recom binant proteins

pR SET pUC derived, colEI and f1 origin of replication;
Amp"
R ecom binant exp ression  from T7 promoter; 
hexahistidine metal binding domain;

U sed  for in v/Yro transcription/translation and 
bacterial production of HiSg-tagged recom binant 
proteins

50  |xg/ml (M orgenstern
ampicillin; and Land,
hygromycin 1990) 
or puromycin

50  |Lig/ml 
ampicillin

Stratagene

50  ^ig/ml 
ampicillin;

G 418

50  fxg/ml 
ampicillin

Invitrogen

P rom ega

50 ng/ml 
ampicillin;

A m ersham  / 
Pharm acia

50 |Lig/ml 
ampicillin;

Invitrogen
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2.2.MammaIiaii Cell Culture

2.2.1. General

All cells used (listed below) were grown as monolayers in DMEM (Dulbecco's 

modification of Eagle's medium) supplemented with 10% (v/v) foetal calf serum (ECS, 

Gibco) (from now on DMEM + 10% (v/v) ECS will be referred to as medium). Cells 

were grown in humidified air containing 5% C02, and incubated at ?>TC with the 

exception of PCI2 cells (see Chapter 3 for details).

When confluent, cells were washed once in warmed versene and incubated with 

1:1 verseneitrypsin mix for approximately 5 min at BTX to detach cells. The 

resuspended cells were diluted with medium to inactivate the trypsin. Cells were seeded 

into new flasks or dishes at appropriate densities, typically 1:4 or 1:8 dilutions.

Cell strain / Cell type 
line

Description Origin

B O SC 23 AdS-transformed human em bryonic 
kidney 29 3  cell line

packaging cell line (Pear et al., 
1993)

COS-1 m onkey ce lls  SV 40 transformed SV 40 transform ed, p i 6' ICRF

C O S-7 CV-1 m onkey ce lls  transformed by an 
origin-defective mutant SV 40

SV 40 transform ed, p i 6' ICRF

R as(V 12)
GP-^E

stably transfected GP+E cells  
exp ressin g  R as(V 12)

R as(V 12) exp ressing  cell 
line

ICRF

Leiden adult skin diploid fibroblasts pRb^, p53^, p i 6-deficient (B rookes et 
al., 2002)

TIG3 em bryonic lung diploid fibroblasts p R b \ p 5 3 \  p i 6^ (M atsuo et 
al., 1982)

TIGer em bryonic lung diploid fibroblasts 
exp ressin g  the ecotropic receptor

p R b \ p 5 3 \  p i 6^ our group

U 2 0 S osteo sa rco m a  cell line p R b \ p 5 3 \  p i 6' ICRF

U 2 0 S e r U 2 0 S  ce lls  expressing  the ecotropic  
receptor

p R b \ p 5 3 \  p i 6" our group

P C 12 rat pheochrom ocytom a cell line (G reene et 
al., 1976)

H s68 neo-natal foreskin fibroblasts p R b \ p 5 3 \  p i 6^ our group
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Cell strain/ Cell type 
line

Description * Origin

H s68er neo-natal foreskin fibroblasts 
exp ressin g  the ecotropic receptor

p R b \ p 5 3 \  p i 6^ our group

SV ts8 SV 40-transform ed derived of TIG3 
human diploid fibroblasts

(Tsuyam a  
etal., 1991)

Q 34 adult dermal fibroblasts pRb^, p53^, p i 6-deficient this study

Q 34er adult dermal fibroblasts expressin g  the  
ecotropic receptor

pRb^, p53^, p i 6-deficient this study

2.2.2. Storage and recovery of cells

Exponentially growing cells were harvested by release with trypsin. Cells were 

collected by centrifugation at 1500 xg for 5 min, washed in PBSA and gently 

resuspended in 90% PCS plus 10% DMSO, at approximately 1x107 cells/ml. 1 ml 

aliquots were dispensed into freezing vials (Nunc) and frozen slowly in a freezing 

container (Nalgene) at -70°C overnight before long term storage in liquid nitrogen.

Cells were recovered by rapid thawing to 37°C followed by diluting 1:10 with 

pre-warmed medium. Cells were seeded at high density (>2x 106/ml) in a 75 cm2 flask. 

Cells were left to adhere and the medium was replaced in order to remove non-viable 

cells. All cells were thawed into medium and if the cells were usually maintained in 

selective medium, the medium was replaced the following day with fresh medium plus 

the relevant antibiotics.

2.23. Proliferation assays

The proliferation rate of cells was monitored by staining viable cells at different 

time intervals. 5x10  ̂cells were plated into each well of a 24-well plate with three wells 

per time point. For each time point, cells were washed twice with 1 ml PBSA, fixed in 

500 pi of 10% (v/v) formaldehyde for 5 min at room temperature and rinsed twice with 

1 ml of water. Cells were stained with 250 pi of 0.1% (w/v) crystal violet for 30 min 

and washed four times with 1 ml of water. Cell-retained stain was extracted with 1 ml of 

10% (v/v) acetic acid and diluted with an equal volume of water. values were
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determined and normalised to the at day zero or day 1. Day zero was determined 

after cells had adhered to the plate, generally 4-5 h after plating.

2.2.4, Flow cytometric analysis for DNA content

The distribution of cells throughout the different phases of the cell division cycle 

was monitored by staining cells with propidium iodide and analysis by flow cytometry, 

giving a measure of DNA content per cell. Three labelled populations of cells were 

typically revealed by this analysis: cells with a 2N DNA content (Gq/Gi phases), those 

with a 4N DNA content (G2 /M phases) and those intermediate between 2N-4N (S 

phase). Briefly, cells were released with trypsin and washed with PBSA. The cells were 

pelleted by centrifugation, fixed by the addition of 1 ml of 70% (v/v) ethanol and stored 

at 4°C. From this point forward, samples were processed by the ICRF Fluorescence 

Activated Cell Sorting Laboratory. Fixed cells were treated with 100 pil of 100 fxg/ml 

RNase A (NBL) for 5 min at room temperature and the nuclei were labelled with 400 jxl 

of 50 p,g/ml propidium iodide. Cells were then analysed by flow cytometry using 488 

nm excitation, gating out doublets and clumps using pulse processing and collecting 

fluorescence above 620 nm.

2.2.5. Flow cytometric analysis for bromodeoxyuridine incorporation

Cell cycle kinetics can be monitored by measuring the incorporation of 

bromodeoxyuridine (BrdU), an analogue of thymidine over a period of time. The 

medium was removed from subconfluent cell cultures and replaced with fresh medium 

containing 10 piM BrdU. After incubation for 4 h, cells were released with trypsin and 

washed with PBSA. The cells were pelleted by centrifugation, fixed by the addition of 1 

ml of 70% (v/v) ethanol and stored at 4°C. From this point forward, samples were 

processed by the ICRF Fluorescence Activated Cell Sorting Laboratory. Fixed cells 

were treated with 2M hydrochloric acid for 20 min at room temperature with frequent 

mixing. Cells were washed twice in PBSA and once in PBSA containing 0.5% (v/v) 

Tween plus 0.05% (w/v) BSA. 2 p,l of anti-BrdU antibody (Becton Dickinson) were 

added directly to the cell pellet and left for 15 min at room temperature. After 

incubation with the primary antibody, cells were washed twice in PBSA containing
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0.5% (v/v) Tween plus 0.05% (w/v) BSA. 50 pil of FITC-conjugated rabbit anti-mouse 

immunoglobulins (1:10, F313 DAKO) were added to the cell pellet and left for 15 min 

at room temperature. After incubation with the secondary antibody, cells were washed 

once in PBSA containing 0.5% (v/v) Tween plus 0.05% (w/v) BSA. Cells were then 

analysed by flow cytometry using 488 nm excitation, gating out doublets and clumps 

using pulse processing and collecting fluorescence above 620 nm.

22.6, Transient transfection of eukaryotic cells

Two different methods were used for transient transfections: lipofection (using 

LipofectAmine reagent from GibcoBRL) or standard calcium phosphate precipitation.

(/) Lipofection

LipofectAmine reagent is a liposome formulation of the polycationic lipid 

DOS?A and the neutral lipid DOPE. Transfections by this method were performed on 

COS-1 or U20S cells. Cells were plated at 3 x 10^cells per 10 cm dish and transfected 

the following day with 10 pg of DNA mixed with 25 pi of LipofectAmine reagent in a 

total volume of 5 ml of serum-free medium. The mixture was pre-incubated for 30 min 

at room temperature to allow DNA-liposome complexes to form. Cells were washed 

with PBSA and incubated with the medium containing the DNA for 5 h. After 

incubation, the medium was removed and replaced with fresh medium plus serum. Cells 

were assayed 24 h after transfection.

(ii) Calcium phosphate precipitation

Standard calcium phosphate transfection was used to obtain retroviral stocks 

from BOSC23 packaging cells. Transfections by this method were also performed on 

U20S cells. Approximately 5.5x10^ cells were plated in 10 cm dishes and the following 

day the medium was replaced with 5 ml of fresh medium containing 25 pM 

chloroquine. 10 pg of pBabe DNA in 440 pi of water were mixed with 60 pi of 2 M 

CaClg and 500 pi of 2x HBS were added while bubbling the solution. The total mixture 

was transferred into the medium above the cell monolayer and after a 7-8 h incubation 

the transfection medium was replaced by fresh medium.
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2.2.7. Retroviral infection of mammalian cells

To obtain retroviral stocks, BOSC23 cells transfected with pBabe vectors were 

placed in 5 ml of fresh medium, and 24 h later the supernatant was recovered and 

filtered through a 0.45 pm filter. This retroviral stock was either used directly or in 

some cases was stored at -70°C.

To infect cells with retroviral stock, recipient cells were plated in 75 cm  ̂flasks 

at an appropriate density to reach 50% confluency the following day. The culture 

medium was replaced with 5 ml of fresh viral stock plus 3 ml of fresh medium and 

incubated overnight in the presence of 8 pg/ml polybrene. When pre-frozen retroviral 

stocks were used, cells were infected with 10 ml of stock to compensate for an 

anticipated drop in retrovirus titre of about 50%. After 24 h, the medium was replaced 

and, after a further 24 h, the infected cells were selected in medium containing the 

appropriate selective drug (generally 4 days in either 2.5 pg/ml puromycin or 75 pg/ml 

hygromycin or for 2 weeks in 300 pg/ml G418).

2.2.8. Anchorage-independent assays

The transformation status of cells was assessed by their ability to grow in soft 

agar. Agarose solutions (0.4% and 2%) were prepared, autoclaved and held molten at 

42“C. 2 ml of a 1:1 mixture of 2x E4 supplemented with 20% PCS (v/v) and 2% agarose 

was poured into each well of a 6-well plate, constituting the feeder layer. lO'^cells were 

suspended in 1 ml 2x E4 supplemented with 20% PCS (v/v) in a 15 ml tube (Palcon) at 

37°C. 1 ml of 0.4% agarose (42°C) was mixed with the cells and the agarose/cell 

mixture was poured onto the feeder layer. The 6-well plate was incubated at the 

appropriate temperature in a standard C02-incubator. After 7 days, the cells were fed 

with 2 ml of a 1:1 mixture of 2x E4 supplemented with 20% PCS (v/v) and 0.4% 

agarose and the plates incubated for an additional 7 days. After 14 days the number of 

colonies present were counted.
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22.9. Detection of senescence-associated P-galactosidase activity

Cells were stained for senescence-associated P-galactosidase activity as 

previously described (Dimri et at., 1995). Cells were washed twice with PBSA, fixed in 

2% formaldehyde and 0.2% glutaraldehyde in PBSA for 3-5 min at room temperature 

and rinsed twice with PBSA. Cells were stained with staining solution (1-2 ml per 35 

mm dish) and incubated at 3TC  in an incubator without carbon dioxide for 16 hours. 

Cells expressing SA-(3-gal stained blue.

22.10. [̂ Ŝ] labelling of cellular proteins

To metabolically label cellular proteins, COS-7 cells approximately 50% 

confluent, were incubated for 30 min in medium minus cysteine and methionine. The 

cells were then labelled for 2 h in the same medium containing 50 pCi of [̂ Ŝ] 

methionine-cysteine (Promix; Amersham) per ml. After incubation, the radioactive 

medium was carefully aspirated and discarded and the cells were washed in ice-cold 

PBSA and lysed by the addition of 1 ml of NP40 lysis buffer containing protease 

inhibitors. Cell extracts were collected and debris was pelleted by centrifugation at

14.000 xg for 10 min. Cleared lysates were used for subsequent immunoprécipitations 

with rabbit polyclonal antibodies against Id2 (sc-489) or Id4 (sc-491).

2.2.11. [̂ P̂] labelling of cellular proteins

To phospho-label cellular proteins, COS-7 cells approximately 50% confluent, 

were incubated in DMEM medium supplemented with 10% (v/v) PCS containing 0.5 

mCi of [^^P]-labelled orthophosphate per ml for 2 h. After incubation, the radioactive 

medium was carefully aspirated and discarded and the [^^P]-labelled cells were washed 

in ice-cold PBSA and lysates prepared in 1 ml of NP40 lysis buffer containing protease 

inhibitors. Cell extracts were collected and debris was pelleted by centrifugation at

15.000 xg for 30 min. Lysates were pre-cleared by addition of protein A/G beads 

(Pierce) for 1 h at 4°C. Immunoprécipitations were performed with anti-Id2 (sc-489) or 

anti-Id4 (sc-491) antibodies for 1 h at 4°C and the immune complexes recovered on 

protein A/G beads and washed four times with NP40 lysis buffer. The precipitated
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proteins were resuspended in sample buffer, boiled for 2 min and fractionated by SDS- 

PAGEona 12% gel.

23.Protein biochemistry

23.1. Antibodies

The antibodies used in this study are listed below. All 

human proteins.

Name__________ Antibody type Immunogen /  epitope

antibodies are against 

Origin_____________

CDK2 M2 rabbit polyclonal IgG 0D K 2 carboxy term inus Santa Cruz s c -163

CDK4 H22 rabbit polyclonal IgG 0D K 4 carboxy term inus Santa Cruz sc-601

CDK6 C21 rabbit polyclonal IgG 0D K 6 carboxy term inus Santa Cruz s c - 177

LB01 rabbit polyclonal serum 0D K 6 carboxy term inus our group

4C 6/4 m ou se m onoclonal P I 4 A R F our group (J. R owe)

D CS 50 .2 unpurified m ouse  

m onoclonal
p i 6 carboxy term inus Jiri Bartek / ICRF

D PA R 12 rabbit polyclonal serum HiSe-p16 our group

JC 8 unpurified m ou se  

m onoclonal
amino terminal half of p i 6 J. Koh and E. Harlow

p16 0 2 0 rabbit polyclonal IgG p i s  carboxy term inus Santa Cruz sc -4 6 8

p18 M l68 rabbit polyclonal IgG m p18 San ta  Cruz s c -1208

p21 0 1 9 rabbit polyclonal IgG p21 carboxy term inus San ta  Cruz sc -3 9 7

pRb purified m ouse  

m onoclonal
pRb PharM ingen 1 4 0 0 1 A

DO-1 m ou se m onoclonal p53 Santa Cruz s c -126

O P 115/2A 10 m ou se m onoclonal Mdm2 O n cogen e  R esearch  

Products

E ts l 0 2 0 rabbit polyclonal IgG E tsl carboxy term inus Santa  Cruz sc -3 5 0

E ts2 0 2 0 rabbit polyclonal IgG Ets2 carboxy term inus Santa Cruz sc-351

E ts l /2  # 5 7 rabbit polyclonal serum E ts1/2 J. G hysdael

SEI-1 rabbit polyclonal serum SEI-1 carboxy term inus M. Sugim oto
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Name . J iitlbod y  type Immunogen /  epitope Origin#

Flag M2 rabbit polyclonal IgG Flag probe S igm a A-1205

MEK1/2 rabbit polyclonal IgG NEB no. 9122

P h osph o-

MEK1/2

phospho-specific rabbit 

polyclonal IgG

NEB no. 9 1 2 1 8

R as m ou se m onoclonal R as (pan Ras) C albiochem  Ab-4

Idl C 20 rabbit polyclonal IgG Idl carboxy term inus San ta  Cruz sc -4 8 8

Id2 C 20 rabbit polyclonal IgG Id2 carboxy term inus S an ta  Cruz sc -4 8 9

Ids C 20 rabbit polyclonal IgG Ids carboxy term inus San ta  Cruz sc -4 9 0

Id4 C 20 rabbit polyclonal IgG Id4 carboxy term inus S anta Cruz sc-491

MyoD rabbit polyclonal IgG MyoD MS18 Santa Cruz sc -7 6 0

M yogenin rabbit polyclonal IgG M yogenin M225 Santa  Cruz sc -5 7 6

E2A (E l 2/47) 

C 20

rabbit polyclonal IgG E2A carboxy term inus Santa  Cruz sc-S 04

E 47 N 649 rabbit polyclonal IgG E 47 am ino term inus S anta Cruz sc-76S

HEB rabbit polyclonal IgG HEB carboxy term inus this study

E 2-2 rabbit polyclonal IgG E2-2 carboxy term inus this study

23.2. Generation of antisera

The generation of HEB and E2-2 antisera for this thesis was realised using 

synthetic peptides as immunogens.

(i) Synthetic peptides as immunogens

The C-terminal of HEB and E2-2 proteins was identified as area though likely to 

generate a good immune response. These areas were then synthesised as peptides by the 

ICRF Peptide Synthesis Laboratory and HPLC purified. N-terminal cysteine residues 

were added to allow affinity purification on Sulfolink gel (Pierce).

(ii) Coupling of peptides to Keyhole Limpet Haemocyin

To maximise the immune response, synthetic peptides were coupled to KLH 

prior to injection. This was carried using a Pierce Imject Activated Immunogen 

Conjugaison Kit (Pierce). 2 mg synthetic peptide was dissolved in 500 pi conjugaison
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buffer (83 mM sodium phosphate buffer pH 7.2, 0.1 M EDTA, 0.9 M NaCI, 0.02% 

sodium azide), and 2 mg KLH was dissolved in 200 fxl HjO. The peptide and the KLH 

solutions were mixed and incubated for 2 h at room temperature. The gel filtration 

column provided in the kit was equilibrated with 15 ml purification buffer (38 mM 

sodium phosphate buffer pH 7.2, 0.9 M NaCI) and the peptide KLH mixture was 

applied to the column. The peptide-KLH conjugate was eluted with 10 ml purification 

buffer. Fractions of 1 ml were collected and absorbence measured at 280 nm. Fractions 

containing the first peak of protein eluted were pooled and store at 4°C prior to 

injection.

(Hi) Immunisation

Immunisation protocols were devised and performed by D. Watling and 

colleagues at the ICRF Animal Unit, Clare Hall. Peptide conjugates were injected into 

rabbits subcutaneously and at multiple sites. For the primary inoculation, 200 p,l of 

antigen plus 200 p,l of Freund’s complete adjuvant were used. Subsequently, boosts 

were performed at four week intervals using 100 p,l of antigen plus 100 fxl of Freund’s 

incomplete adjuvant. Testbleeds were taken 2 weeks after each boost, clotted to remove 

the blood cells, and the resulting serum shipped on ice. Sodium azide (0.02%) was 

added as a preservative and the serum was dispensed as 1 ml aliquots. A working stock 

was maintained at 4°C; long term storage of sera was at -20°C.

(iv) Affinity purification of anti-peptide sera

Antisera raised against peptides containing N-terminal cysteine residues were 

affinity purified using the Sulfolink method (Pierce). Peptides were first coupled to 

Sulfolink gel by virtue of the free sulphydryl group on the cysteine residue. 10 mg of 

peptide was dissolved in 2-3 ml of coupling buffer (50 mM Tris-HCI pH 8.5, 5 mM 

FDTA). This solution was applied to the top of a column containing 2 ml Sulfolink gel 

equilibrated in coupling buffer. The column was capped at the bottom to prevent mn- 

through of the sample. The top of the column was then capped and the contents mixed 

gently at room temperature for 15 min. The column was then clamped upright and 

incubated for a further 30 min at room temperature without mixing. The caps were 

removed and the column washed with 10 ml of coupling buffer. Non-specific sites were
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then blocked by mixing the gel with 2 ml of 0.05 mM cysteine in coupling buffer for 15 

min followed by 30 min upright as before. The column was then washed with 4 x 4ml 

of 1.0 M sodium chloride and then equilibrated with 10 ml of PBSA. Serum (0.5 ml), 

diluted in an equal volume of PBSA, was applied to the top of the affinity column and 

allowed to enter the gel bed. The bottom and top caps were replaced and the column 

incubated at room temperature for 1 h. The caps were removed and the column washed 

with 20 ml of PBSA prior to elution of the bound antibodies in 6 ml of Pierce 

Immunopure IgG Elution Buffer. Fractions (950 p,l) were collected into 50 p,l of 1 M 

Tris-HCI pH 8.0 and the optical density of each fraction at 280 nm was measured to 

allow identification of the peak of absorbence corresponding to the eluted antibodies. 

The majority of antibodies were eluted in fractions 2 to 5. These fractions were pooled 

and dialysed against 500 ml PBSA overnight at 4°C. Storage of affinity purified 

antibodies was at 4°C with 0.02% sodium azide. Columns were washed with 25 ml of 

PBSA containing 0.02% sodium azide and stored at 4°C. The same column was used up 

to five times before disposal.

2 3 3 .  Preparation and standardisation of total cell lysates

Cells were grown to 50-75% confluency. The culture medium was removed and 

the monolayer washed with PBSA. Alternatively cells were trypsinised, collected by 

centrifugation and washed with PBSA. Different lysis buffers were used depending on 

the final application.

(i) For western blotting

Cells were lysed by the addition of 96 mM Tris-HCI (pH 6.8) plus 3% (w/v) 

SDS, and boiled for 10 min. Protein concentrations were determined using the BCA 

protein assay reagent (Pierce) according to the manufacturer’s instructions. After 

protein quantification, samples of cell lysate were diluted 2:1 with 28% (v/v) glycerol, 

7% (v/v) mercaptoethanol, 0.6% (w/v) bromophenol blue to achieve Ix Laemmli 

sample buffer. Before SDS-PAGE, samples were boiled once more to completely 

denature the proteins.
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(it) For immunoprécipitations followed by western blotting

Cells were lysed by the addition of NP40 medium-salt lysis buffer containing 

protease inhibitors. After at least 1 h at 4°C, cell extracts were collected and debris was 

pelleted by centrifugation at 4,000 xg for 10 min, at 4°C. Protein concentrations in the 

cleared lysate were determined as before.

(iiij For kinase assays

Cells were lysed by the addition of Tween lysis buffer containing protease 

inhibitors and frozen on dry ice. Cell lysates were thaw and incubated for 1 h on ice 

with occasional mixing. Debris was pelleted by centrifugation at 4,000 xg for 10 min, at 

4“C. Protein concentrations in the cleared lysate were determined as before.

23.4. Immunoprécipitation from cell lysates

Cleared cell lysates corresponding to 0.2 to 1 mg of protein were mixed with 5 

to 10 pi of rabbit polyclonal antiserum (or 0.5 to 1 pg of purified rabbit IgG) plus 25 pi 

of a 50% slurry of protein A sepharose beads (Pierce). For mock immunoprécipitations, 

pre-immune serum or purified non-specific rabbit IgG was used. The mixture was then 

placed on a rotating wheel at 4“C for at least 4 h. The beads were then pelletted in a 

microfuge by spinning for 30 sec and washed four times in 1 ml of ice-cold lysis buffer, 

followed by one wash with 1ml of cold 50 mM Tris-HCl (pH 8). Immune complexes 

were released from the beads by boiling for 5-10 min in 25 pi of 2x Laemmli sample 

buffer. Samples were generally analysed immediately by SDS-PAGE but occasionally 

they were stored at -70°C until required.

2 3 3 . SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to standard protocols using Hoeffer HSI 

vertical slab gel units. Acrylamide resolving gels of varying percentages were prepared 

by diluting a 30% (37.5:1 acrylamideibis-acrylamide, Anachem) stock solution in 400 

mM Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.1% (v/v) TEMED and 0.1% (w/v) 

ammonium persulphate. 13 x 14 x 0.075 cm (15ml) or 7 x 14 x 0.075 cm (7.5 ml) 

resolving gels were employed. Cast gels were overlaid with distilled water and allowed
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to polymerise for at least 15 min. Immediately prior to use, a 4 ml stacking gel was 

poured (5% acrylamide, 125 mM Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) 

ammonium persulphate and 0.1% (v/v) TEMED), into which a comb was placed to 

generate wells. [̂ “̂C]-labelled, coloured size markers (Rainbow Markers, Amersham) 

were loaded to one side of the gel, to allow the estimation of apparent molecular 

weights and to orientate the samples. Electrophoresis was performed at 30-40 mA with 

unlimited voltage in Ix protein electrophoresis buffer, with a water cooling system.

When visualisation of resolved proteins was required, gels were incubated in 

stain solution for approximately 1 h and excess dye was removed by extensive washing 

in destain / fix solution. Gels were dried onto 3MM filter paper (Whatman) at 80“C 

under vacuum.

Gels containing -labelled samples were fixed in destain / fix solution for 15 

min and treated with a fluorography reagent (Amplify, Amersham) for a further 15-30 

min before drying as above. Autoradiography was performed using Hyperfilm MP 

(Amersham) at -70°C.

Gels for Western blotting were not fixed.

23.6. Western blotting

Following SDS-PAGE, proteins were blotted onto polyvinylidene fluoride 

(PVDF) membranes (Millipore). Typically, twelve pieces of 3MM paper and one piece 

of Immobilon-P PVDF membrane were cut to the size of the gel. The 3MM was soaked 

in protein transfer buffer while the membrane (PVDF) was briefly treated with 

methanol (5 sec) and water (1 min) before incubating in protein transfer buffer for 5 

min. The gel was then placed in direct contact with the membrane (with the gel at the 

cathode side of the membrane) in a sandwich of 3MM. Bubbles were removed by gently 

rolling the stack with a disposable plastic pipette. Proteins were transferred for 60 min 

at 1.5 mA/cm^ using a semi-dry Western blotting apparatus (Atta). Transfer was 

confirmed by the presence of coloured markers on the membrane as opposed to the gel. 

Blots were rinsed with PBSA and incubated in blocking solution for 1 h at room 

temperature.
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Antibodies were diluted in blocking solution, to an appropriate concentration. 

The primary antibody was generally used at a dilution of 1:1000-1:2000. Unpurified 

mouse monoclonals were used at a dilution of 1:5. Blots were incubated with the 

primary antibody for 1 hour at room temperature, in sealed plastic bags. Membranes 

were then given one wash of 15 min and three washes of 5 min with 200 ml of 0.2% 

(v/v) Tween-20 in PBSA at room temperature to remove excess antibody. HRP-linked 

secondary antibodies (Amersham), or HRP-linked protein A (Amersham) were used at a 

1:2000 dilution. Blots were incubated for one hour at room temperature and washed as 

above. Proteins were detected by enhanced chemiluminescence (ECL) using the 

detection reagents (Amersham) mixed 1:1 to generate active substrate. Blots were 

exposed to these reagents for 1 min. The presence of active HRP was observed by 

exposing the blot to Hyperfilm ECL (Amersham) at room temperature for between 1 to 

60 min depending on the primary antibody and target protein.

23.7. Bacterial expression and purification of His^-proteins

Hisg-fusion proteins were generated by sub-cloning the relevant cDNA into the 

pRSET vector in the correct frame to allow amino terminal fusion with the His6- 

encoding domain.

The Hisg-tag system exploits the fact that hexahistidine tracts have a strong 

affinity for divalent metal ions such as Nî "", allowing purification of the fusion protein 

on chelating sepharose. The system has the added advantage that this interaction is 

stable under denaturing conditions making it applicable to the purification of proteins 

that are insoluble in bacteria.

Expression from pRSET is driven by a T7 promoter. The pRSET constructs 

were used to transform E. colt BL21 (DE3) pLysS cells. This host strain has the T7 

RNA polymerase gene under the control of the lacUVS promoter, integrated as a 

lysogen of bacteriophage DE3, which is inducible by IPTG. The strain carries a 

plasmid, pLysS, that produces T7 lysozyme, thereby reducing basal expression of target 

genes.
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Single colonies of transformed bacteria were used to set up 10 ml overnight 

cultures of L-broth containing 50 pg/ml ampicillin and 40 jig/ml chloramphenicol (the 

latter maintained selection for pLysS). The overnight cultures were then used to 

innoculate 500 ml cultures in L-broth with 50 pig/ml ampicillin. After vigorous shaking 

at 37°C until mid-log phase (Agoonm 0.4-0.6) was reached, expression of T7 polymerase 

and hence the fusion protein was induced by the addition of IPTG to 1 mM. The culture 

was then incubated for a further 3 to 4 h. Cells were harvested by centrifugation at

5,000 xg for 15 min at 4°C in a pre-cooled JA-10 rotor (Beckman) and resuspended in 

50 ml of ice-cold His  ̂ tag binding buffer without urea. The bacterial cells were 

disrupted by freeze thawing three times and lysates were treated with 10 pg/ml DNase I 

(Boehringer Mannheim) in the presence of 8 mM MgClj for 30 min at 4°C. Insoluble 

material was pelleted by centrifugation at 12,000 xg for 30 min in a JA-20 rotor, at 4°C. 

Since His^-tagged proteins generally formed insoluble inclusion bodies, the pellet of 

insoluble material was solubilised in 25 ml of ice-cold His  ̂ tag binding buffer (6 M 

urea), at 4°C for at least 4 h and sometimes overnight. Occasionally, a second sonication 

step was required to disrupt the pellet and aid solubilisation. The solubilised protein was 

then centrifuged at 12,000 xg for 30 min to remove any remaining insoluble debris.

A 5 ml bed-volume of fast-flow chelating sepharose was "charged" with Nî '̂  

ions by passing 15 ml of 0.4 M nickel sulphate through the column. The column was 

then washed with 15 ml of water and equilibrated with 25 ml of ice-cold Hisg tag 

binding buffer. The cleared supernatant containing the His^-tagged fusion protein was 

then applied to the column and allowed to slowly enter the bed volume under gravity. 

The column was then washed; first with 25 ml of ice-cold Hisg tag binding buffer and 

then with 25 ml of medium stringency His  ̂ tag wash buffer to remove any non- 

specifically interacting proteins. The bound protein was then competed from the column 

with 15 ml of His  ̂tag elution buffer. The eluted protein was collected and step-dialysed 

using Spectra/For dialysis membrane (MWCO 6-8,000) against 3 M, 2 M and 1 M urea 

in TBS, before a final overnight dialysis against TBS plus 50% (v/v) glycerol at 4°C. 

The column was cleaned by the addition of 25 ml of His6 tag strip buffer, followed by 

25 ml of water. Columns were stored at 4°C in 25% ethanol.
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Protein concentration was assessed using the BCA assay (Pierce). When 

checked using SDS-PAGE, the His^-tagged proteins were generally ^-95% pure as 

judged by visual inspection. The addition of a His^-tag domain typically added ~5kDa 

to the expected molecular weight of the protein concerned. Proteins were stored at 

-20°C in the presence of 0.1% (v/v) 2-mercaptoethanol.

23.8. Bacterial expression and purification of GST-fusion proteins

GST-fusion proteins were generated by sub-cloning the relevant cDNA into the 

pGEX-2T vector in the correct frame to allow amino terminal fusion with the GST tag. 

Expression of recombinant protein was performed in E. colt BL21 cells. Expression 

from pGEX-2T is driven by a tac promoter under the control of the lac repressor and is 

inducible by the addition of IPTG. The transfected E. colt BL21 cells were plated onto 

selective medium and a single colony picked into 50 ml of L-broth containing 50 pg/ml 

ampicillin. After overnight growth, 40 ml of the culture was added to 400 ml of L-broth 

containing 50 pg/ml ampicillin and incubated for 2 h (till mid-log phase) at 37°C. IPTG 

was then added to a final concentration of 0.2 mM to induce expression of the GST 

construct. After a further 3 h of shaking at 37°C, cells were harvested by centrifugation 

at 5,000 xg for 15 min at 4°C in a pre-cooled JA-10 rotor (Beckman), resuspended in 40 

ml of ice-cold NETN and transferred to 30 ml Corex glass centrifugation tubes. The 

bacterial cells were then disrupted by sonication (4 x 30 second pulses at maximum 

amplitude, with 60 sec on ice between pulses) and when the lysate was no longer 

viscous, it was centrifuged at 12,000 xg for 10 min in a JA-20 rotor at 4°C to remove 

debris and provide a clear supernatant. GST-fusion proteins were soluble in NETN and 

the cleared supernatant was added to glutathione-sepharose beads (Pharmacia) that had 

been equilibrated in NETN plus 0.5% (w/v) dried milk (Marvel). Typically 250 pil of 

beads were used per 10 ml of lysate. The mixture was rotated overnight at 4°C to allow 

specific binding of the fusion protein to the glutathione beads via the GST domain. The 

beads were then pelleted by centrifugation at 1,000 xg for 3 min and washed four times 

with 5 ml of ice-cold NETN to remove proteins that were bound non-specifically. A 

final wash with ice-cold Tween lysis buffer was then performed for preparing the beads
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for GST-fusion proteins’ elution. GST-fusion proteins were eluted from the beads by 

adding 2mM glutathione in Tween lysis buffer and rocking for 2 h at 4°C. Typically 2.5 

ml of glutathione solution were used per 20 ml of original cell lysate. The elution step 

was repeated and the total amount of eluate was transferred into Spectra/Por dialysis 

membrane (MWCO 6-8,000) and dialysed in PBSA, 0.1% (v/v) Tween, 1 mM DTT, 

50% (v/v) glycerol with stirring overnight at 4°C.

23.9. In vitro transcription and translation

In vitro translation products were generated using the TnT coupled 

transcription/translation system (Promega). Standard reactions used Ipig of supercoiled 

plasmid DNA carrying the appropriate T7 polymerase promoter, added to a 50 \x\ 

reaction buffer containing 50 % (v/v) rabbit reticulocyte lysate, 20 \iM amino acids 

minus methionine, 40 pCi [^^SJmethionine/cysteine (Promix, Amersham), 40 units of 

RNasin and 40 units of T7 polymerase. The mixture was incubated at 30°C for 90 min. 

When unlabelled translation products were required, [^^SJmethionine/cysteine was 

replaced by 20 piM methionine. Translation was confirmed by denaturing a sample in an 

equal volume of 2x Laemmli sample buffer and separation by SDS-PAGE. The 

[^^SJmethionine-labelled proteins were visualised by autoradiography at -70°C using 

Hyperfilm MP.

23.10. In vitro binding assays

Equal amounts (typically 5 pil) of two in vitro translated proteins were mixed 

and incubated at the appropriate temperature (30°C-40°C). At least one of the 

components was labelled with [^^SJmethionine/cysteine. Alternatively, one of the in 

vitro translated binding partners was replaced by purified His^-tagged protein. After 30 

min, the mixture was diluted with 1 ml of NP40 high-salt buffer containing 3% ESA 

and protease inhibitors. Antibody against one of the binding partners was then added to 

the mixture. The sample was then processed in the same way as normal 

immunoprécipitation, except that high salt NP40 buffer was used to wash the beads.
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23.11. Kinase assays using baculovirus infected Sf9 lysates

Lysates of baculovirus-infected Sf9 cells were used to perform in vitro kinase 

assays. The Sf9 cells were lysed by adding 600 \i\ of Sf9 lysis buffer and transferred to 

a microfuge tube. The lysate was then frozen on dry-ice for 15 min, thawed at room 

temperature and store on ice for a further 2 h. Debris was removed by centrifugation in 

a microfuge and the cleared lysate was used for kinase assays. Typically, 5 p.1 of lysate 

was added to 11 p-1 of kinase assay buffer and 20 p,l of kinase substrate (a 1:1 slurry of 

the GST-fusion protein on glutathione beads) that had been equilibrated in kinase assay 

buffer. 4 p-1 of a 10 X ATP mix containing 250 mM ATP, 10 mM magnesium chloride 

and 10 fiCi of [y^^Pj-labelled ATP was added. The complete reaction was incubated at 

the appropriate temperature for a further 15-30 min and stopped by the addition of ice- 

cold NETN. The GST beads were pelleted by centrifugation, resuspended in 20 p,l of 2x 

sample buffer and boiled for 10 min. The products of phosphorylation were then 

separated by SDS-PAGE and the fixed, dried gel exposed to a film.

23.12. Electro-mobility shift assay (EMSA)

Unlabelled proteins were synthesized by coupled transcription and translation of 

plasmid DNA using the TNT expression system (Promega) with either T7 or SP6 RNA 

polymerase. Samples (5 |il) of the different translation reactions were mixed and used 

for DNA-binding assays. Whole-cell extracts were prepared according to published 

procedures (Andrews and Faller, 1991).

An E-box consensus sequence (CANNTG) was used in the DNA-binding reactions. 

Therefore, two complementary oligonucleotides were annealed and labelled with [a- 

^^P]dCTP using the Klenow fragment of E. coli DNA polymerase. Two equivalent 

oligonucleotides containing a mutated E-box sequence were used as competitors in 

some experiments. DNA-binding reactions were done in a total volume of 20 yd 

containing 20 mM HEPES pH 7.6, 50 mM KCl, 1 mM dithiothreitol (DTT), 1 mM 

EDTA, 5% glycerol, 1 \ig of double-stranded poly(dLdC) and 0.2 ng of labelled double

stranded probe. The mixtures were pre-incubated without the labelled probe, at room 

temperature for 10 min, and for a further 15 min at room temperature after addition of
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the labelled probe. The binding reactions were then subjected to electrophoresis in a 6% 

polyacrylamide gel in 0.5 x TBE at 150 V for 2 hours at room temperature. The gels 

were dried and the labelled complexes detected by autoradiography.

2.4.DNA techniques

2.4.1. Oligonucleotides

All oligonucleotides used in this study were made by the ICRF Oligonucleotides 

Service and are listed below. Oligonucleotides were supplied with -OH groups at both 

the 5’ and 3’ ends (unless otherwise indicated). The melting temperature of the 

oligonucleotides (T^) was calculated by the suppliers using a formula based on a 

published calculation (Baldino et al., 1989). Oligonucleotides were either used as 

probes for EMSA or as primers for PCR amplification or DNA sequencing.

Name Oligonucleotide sequence

Human p16 PR0-U1 5 ’-

Human p16 PR0-D1 5'-

pGEX-5' 5 '-

pGEX-3’ 5 ’-

pBabe(puro)-REV 5'-

Ets-1(Bglll)-S 5 '-

Ets-1(Sall)-AS 5'-

Ets2-S 5 ’-

Ets2-AS 5'-

P16V59G -FO R 5'-

p16 V59G-REV 5'-

p16V 115G -FO R  5'-

P16V115G -REV 5 ’-

p16M 53T-FOR 5 ’-

P16M 53T-REV 5 ’-

p16 D108N-FOR 5 ’-

AAGGTACCATTCAAGAGCTAACAGGTA -3 '  

AAGGATCCGGCAAGGGTTTCTCAGAC - 3 ’ 

GGGCTGGCAAGCCACGTTTGGTG -3 '  

CCGGGAGCTGCATGTGTCAGAGG -3 '  

CTTGAACCTCCTCTTTCGAC -3 '  

AAAGATCTATGAAGGCGGCCGTCGATCTC - 3 ’ 

AAGTCGACTATTCACTCGTCGGCATCTGG -3 '  

AAGAATCCGCCACCATGGACTACAAGGACG -3 '  

AAGTCGACCGATCAGTCTTCTGTATCAGGC -3  ' 

GATGGGCAGCGCCCGAGGGGCGGAGCTGCTGCTGC -3  ' 

GCAGCAGCAGCTCCGCCCCTCGGGCGCTGCCCATC -3  ' 

CTGGGGCCGTCTGCCCGGGGACCTGGCTGAGGAGC -3  ' 

GCTCCTCAGCCAGGTCCCCGGGCAGACGGCCCCAG -3  ’ 

GCCGATCCAGGTCATGACGATGGGCAGCGCCCGAG - 3 ’ 

CTCGGGCGCTGCCCATCGTCATGACCTGGATCGGC -3 ’ 

GCGGCTGGACGTGCGCAATGCCTGGGGCCGTCTGC -3  '
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Name Oligonucleotide sequence

p16 D108N-REV

ld1M-S 

ld1M-AS 

Id2wt-S 

ld2wt-AS 

ld2Ala5-S  

ld2Asp5-S  

Id3wt-S 

ld3wt-AS 

Id4wt-S 

ld4wt-AS 

Id4-Ala5-S 

Id4-Asp5-S  

MCK-S (E-box) 

MCK-AS (E-box) 

mut MCK-S (E-box) 

mut MCK-AS (E-box) 

(xE2-S (E-box) 

|xE2-AS (E-box) 

mut (xE2-S (E-box) 

mut nE2-AS (E-box) 

pE 5-S (E-box) 

piE5-S (E-box) 

mut |iE 5-S (E-box) 

mut (xE5-AS (E-box) 

HEN1-S (E-box) 

HEN1-AS (E-box) 

mut HEN1-S (E-box)

5 ’- GCAGACGGCCCCAGGCATTGCGCACGTCCAGCCGC - 3 ’ 

5 ’- GGTGGATCCACCATGAAGGTCGCCAGTG - 3 ’

5 ’- GGTGGATCCGTCCATCTGGTCCCTCAGTGC - 3 ’

5 ’- AAGGATCCATGAAAGCCTTCAGTCCCGTG -3 '

5 ’- AACTCGAGTATTCAGCCACACAGTGCTTTG -3 '

5 ’- AAGGATCCATGAAAGCCTTCGCTCCCGTGAGG - 3 ’

5 ’- AAGGATCCATGAAAGCCTTCGATCCCGTGAGG - 3 ’

5 ’- AAGGATCCCCCAGCATGAAGGCGCTGAGC - 3 ’

5 ’- AAGAATTCGGGCCATCAGGTCCAGGGGCT - 3 ’

5 ’- AAGGATCCGCGATGAAGGCGGTGAGCCCGGTGCGCCC -3 ’ 

5 ’- AAGAATTCGCGGCCGCACACCTGGACAGCGCGGCTC - 3 ’ 

5 ’- AAGGATCCGCGATGAAGGCGGTGGCTCCGGTGCGCCC -3 ’ 

5 ’- AAGGATCCGCGATGAAGGCGGTGGATCCGGTGCGCCC -3 ’ 

5 ’- GGATCCCCCCAACACCTGCTGCCTGA -3 '

5 ’- TCAGGCAGCAGGTGTTGGGGGGAT -3 '

5 ’- GGATCCCCCCAAACTGGTCTGCCTGA - 3 ’

5 ’- TCAGGCAGACCAGTTTGGGGGGAT- 3 ’

5 ’- GCTGGCAGCAGCTGGCAGCAGCTGGC - 3 ’

5 ’- GGGCCAGCTGCTGCCAGCTGCTGCCAGC -3 '

5 ’- GCTGGCAGACTGGTGCAGCAGCTGGC -3 '

5 ’- GGGCCAGCTGCTGCACCAGTCTGCCAGC -3 '

5 ’- TGCAAGAACACCTGCAAACACCTGCA - 3 ’

5 ’- GGTGCAGGTGTTTGCAGGTGTTCTTGCA - 3 ’

5 ’- TGCAAGAAACTGGTCAAACACCTGCA - 3 ’

5 ’- GGTGCAGGTGTTTGACCAGTTTCTTGCA - 3 ’

5 ’- GGTCGAAGGACGCAGCTGATCCCC -3 '

5 ’- GGGGATCAGCTGCGTCCTTCGA - 3 ’

5 ’- GGTCGAAGGACGCCGCTTATCCCC - 3 '

83



Chapter 2 -  Materials and methods

Name_________________ Oligonucleotide ^ q u en ce

mut HEN1-AS (E-box) 5 ’- GGGGATAAGCGGCGTCCTTCGA - 3 ’

hybr HEN1 -S  (E-box) 5 ’- GGAATTAACAGCTGCGTCCC -3 ’

hybr HEN1-AS (E-box) 5 ’- GGGACGCAGCTGTTAATT - 3 ’

2.4.2. Polymerase chain reaction (PCR)

DNA was routinely amplified using the following 50 pi PCR reaction mixture: 5 

pi 1 X Pfu buffer (Stratagene), 5 pi 2 mM dNTPs (Pharmacia Biotech), 1 pi 25 pM 

Primer 1, 1 pi 25 pM Primer 2, 5 pi 10 ng/pl DNA, 1 pi Pfu polymerase (Stratagene) 

and 32 pi H2 O. If amplifying cDNA from reverse transcription reactions, 2 pi DNA was 

used. The reaction mixture was heated as follows in a thermal cycler (MJ Research): 

94°C for 4 minutes, followed by 30 cycles of 94°C for 30 seconds, T^„„(primers) for 1 

minute and 72°C for 2 minutes. The reaction mixture was then cooled to 4°C. The 

annealing temperature of the primers (T^^J can be approximated as 3-4°C less than the 

melting temperature (T^) of the primers. The elongation time of the reaction at 72°C can 

be adjusted according to the length of the desired product. 2 minutes, as suggested, is 

sufficient for products of l-2kb in length. Products of ~500bp require only 30-60 

seconds elongation time, which allows the total reaction time to be significantly 

reduced.

2.43. In vitro mutagenesis

(i) QuickChange™ system (Stratagene)

Point mutations were generated in double stranded plasmid (pBSKS+) template 

DNA using the QuickChange™ system (Stratagene) following the manufacturer’s 

instructions. Pairs of mutant oligonucleotide primers (as detailed in the above Table), 

complementary to opposite strands of the vector, were annealed and extended by 

thermal cycling by the action of Pfu polymerase. On incorporation of the 

oligonucleotide primers, a mutated plasmid containing staggered nicks was generated. 

Treatment with Dpn I endonuclease was then used to digest the parental DNA template, 

relying on the fact that DNA isolated from almost all E. coli strains is dam methylated
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and thus susceptible to digestion by Dpn I (target sequence: 5’-G“^ATC-3’), which is 

specific for methylated and hemimethylated DNA. Newly synthesised DNA would 

remain unmethylated and resistant to Dpn I. Following Dpn I treatment, a portion of the 

reaction mixture was then used to transform E. coli XL 1-blue. Colonies were picked 

and plasmid DNA isolated and sequenced. Plasmids with inserts carrying the required 

mutation were digested and inserts subcloned into the appropriate vectors.

2.4.4. Automated DNA sequencing

DNA sequencing was carried out using the ABI PRISM BigDye Terminator 

Cycle Sequencing kit (Applied Biosystems). This method uses the polymerase chain 

reaction to incorporate dye-labelled dNTPs into the DNA to be sequenced. Following 

removal of unincorporated dye-labelled terminators by ethanol precipitation, the DNA 

of interest is run through a gel where the dye-labelled terminators are monitored passing 

through a laser beam. The information is automatically entered onto a computer and 

processed. For double-stranded DNA, 200-500 ng of template was used. For gel- 

purified PCR product, 1-100 ng of template was used depending on the length of the 

product, as indicated in the manufacturer’s handbook. Samples of DNA template were 

mixed with 3.2-5 pmol of primer and 8 p,l Terminator Ready Reaction Mix in a 0.6ml 

microcentrifuge tube. The volume was made up to 20 pil with water and the tubes placed 

into a DNA Thermal Cycler (MJ Research). Thermal cycling was conducted for 25 

cycles as follows: rapid thermal ramp to 96°C for 30 seconds (denaturing), rapid 

thermal ramp to required annealing temperature (48°C to 60°C) for 15 seconds 

(annealing), rapid thermal ramp to 60“C for 4 minutes (extending).

For double-stranded DNA template, excess dye-labelled terminators were removed by 

adding 80 p-1 water to the 20 p.1 PCR reaction, transferring the entire volume to a 1.5 ml 

microcentrifuge tube and ethanol precipitating the synthesised DNA by adding 5 \i\ of 

3M sodium acetate (pH 5.2) and 300 p,l of 95% (v/v) ethanol at room temperature. After 

15 minutes, the mixture was centrifuged at 18,000g for 20 minutes and the ethanol 

solution aspirated as completely as possible. The pellets were rinsed with 300 pi of 70% 

ethanol at room temperature, vortexed and incubated at room temperature for 15
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minutes. The mixture was centrifuged at 18,000g for 5 minutes, supernatant removed, 

spun again and remaining supernatant removed. The pellet was air-dried for about 20 

minutes. Ethanol precipitation was performed at room temperature to minimise salt 

precipitating with the DNA. For PCR product template, sequencing reactions were 

purified by centrifugation at 750g for 3 minutes in spin columns (Qiagen DyeEx 2.0 

Spin Kit) followed by drying in a vacuum centrifuge.

From this stage onward, samples were processed and analysed by the staff of the 

ICRF Equipment Park. Briefly, samples were resuspended in loading buffer (deionised 

formamide and 25 mM EDTA (pH 8.0) with 50 p,g/ml Blue dextran), mixed and spun. 

Samples were heated to 90°C for 2 minutes to denature the DNA and loaded onto the 

ABI Prism 377 DNA Sequencer (Applied Biosystems).

2A3. Restriction enzyme digestion and agarose gel electrophoresis

DNA was digested using excess restriction enzyme in reactions containing the 

appropriate restriction buffer, supplied by the manufacturer. Digestion of DNA was at 

37“C for 1 h or overnight at room temperature. Samples were analysed using horizontal 

0.8-1.2% (w/v) agarose (Seakem) gels in TAE buffer containing 0.5 fxg/ml ethidium 

bromide which were electrophoresed at 30 to 100 V in TAE buffer. Hind Ill-digested X 

DNA was used to provide size markers (NBL). The digested DNA was visualised using 

an UV transilluminator and when required, fragments of interest were excised for 

further purification.

2.4.6. Purification of DNA from agarose

DNA was routinely purified using QIAquick spin columns (Qiagen) following 

manufacturer’s instructions. Briefly, the gel slice containing the fragment of interest 

was solubilised and applied to the reservoir of a silica-gel membrane column. During 

centrifugation the DNA becomes attached to the silica membrane and agarose and other 

impurities pass through the column. Bound DNA was washed and then eluted with 10 

mM Tris-HCl (pH 8.5) or water. All buffers used were provided in the kit.
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2.4.7. Ligation of DNA

1 pig of digested vector DNA was mixed with an excess of purified insert DNA 

in a 10 pi volume. In some cases the mixture was warmed to 42°C for 5 min to denature 

any annealed termini. After cooling to 4“C, 1 pi of lOx DNA ligase buffer and 4 units of 

T4 DNA ligase (NBL) were added. Ligations were performed at 16°C for 2-16 h.

2.4.8. Transformation of bacteria by heat shock

Epicurian Coli XL-1 Blue (Stratagene) or ToplO One Shot (Invitrogen) 

chemically competent bacteria were thawed on ice and 50 pi aliquots were transferred 

into prechilled 15 ml tubes (Falcon). 10-50 ng DNA in a total volume of 5 pi was added 

to the bacteria and flicked to mix. Bacteria were incubated on ice for 30 minutes then 

incubated at 42°C for 30-45 seconds and immediately returned to ice for 2 minutes. 500 

pi L-Broth or 250 pi SOC medium (provided) was added to the bacteria which were 

incubated shaking at 37°C for 30-60 minutes. Various volumes (typically 50 pi and 250 

pi) of bacteria were spread on LB agar plates containing selective drug (typically 50- 

100 pg/ml ampicillin) and incubated overnight at 37“C.

2.4.9. Small scale preparation of plasmid DNA (minipreps)

High purity plasmid DNA was prepared using the QIAprep Spin Miniprep kit 

(Qiagen) following the manufacturer’s instructions and using solutions provided. 

Bacterial cells were lysed under alkaline conditions, and the lysate was subsequently 

neutralised and adjusted to high-salt binding conditions in one step. Lysates were 

cleared by centrifugation and applied to the reservoir of a silica-gel membrane column 

in buffers that adsorbed DNA but not RNA, cellular proteins, and metabolites. Salt was 

removed by a brief wash step with buffer containing 80% (v/v) ethanol. Pure plasmid 

DNA was then eluted with 50 pi 10 mM Tris-HCl (pH 8.5) or water.

2.4.10. Large scale preparation of plasmid DNA (maxipreps)

Large scale preparation of plasmid DNA was performed using the QIAfilter 

Plasmid Maxi kit (Qiagen) according to the manufacturer’s instructions. Bacterial cells
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were lysed under alkaline conditions and the lysate was subsequently neutralised. The 

precipitated debris was removed by use of a QIAfilter cartridge (Qiagen) and the 

remaining solution was loaded onto a pre-equilibrated QIAGEN-tip by gravity flow. 

The salt and pH conditions of the lysate and the properties of the anion-exchange resin 

ensured that only DNA was adsorbed. The QIAGEN-tip was then washed with 

medium-salt buffer, which removed any remaining contaminants. The low 

concentration of alcohol in the wash buffer eliminated non-specific hydrophobic 

interactions. The plasmid DNA was then eluted with high-salt buffer. The eluted 

plasmid DNA was desalted and concentrated by isopropanol precipitation and washed 

with 70% (v/v) ethanol at room temperature. The purified DNA was briefly air-dried 

and redissolved in 250 pl-1 ml of TE. The plasmid concentration was determined by 

measuring the absorbance of 260 nm wavelength light in a spectrophotometer.

2.4.11. Radiolabelling DNA probes

^^P-labelled DNA fragments for hybridisation probes were generated using the 

RediPrimell random prime labelling system (Amersham Pharmacia Biotech) following 

the manufacturer’s instructions. A 25-50 ng sample of the appropriate DNA fragment in 

45 pil TE was denatured by boiling for 5 min followed by snap cooling on ice for 5 min. 

This denatured, single-stranded DNA was used as a template for second strand synthesis 

by priming with random primers in a labelling reaction mixture (provided) containing 

buffered solution of dATP, dGTP, dTTP, exonuclease free Klenow DNA polymerase 1 

enzyme and random primers. 5 p-1 of [y^^P]dCTP (ICN 3901IX) was added, mixed and 

the reaction incubated at 37°C for 20-30 min. The reaction was stopped by addition of 5 

pil of 0.2 M EDTA and the labelled DNA product denatured by boiling for 5 min and 

snap cooling on ice for 5 min. Unincorporated dCTP was removed by gel filtration on 

Sephadex G-50 spin columns. The probe was eluted in 60-70 pi TE and scintillation 

activity of 1 pi probe in --2 ml H2 O measured on a Beckman LS6500 Multi-purpose 

Scintillation Counter. Generally all of the probe was used immediately but, 

occasionally, half of the probe was stored at 4°C for later use.
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2.4.12. Chromatin immunoprécipitation (ChIP)

Chip assays were performed using a modification of a published protocol 

(Takahashi et al., 2000). ChIP assay is a 7 days’ experiment organised as follow.

On day 1, cells are prepared (4 large flasks, cells 70% confluent). The medium (10% 

PCS) is changed to medium containing 1% (final concentration) of formaldehyde. Cells 

are then incubated for 10 min at room temperature. 2 M Glycine is added to the 

formaldehyde medium; and cells are incubated for a further 15 min at room 

temperature. Cells are then washed 3 times with PBS prior to addition of 2 ml trypsine 

(10 to 15 min incubation at room temperature). 8 ml of 20% PBS/PBS solution is added 

to inactivate the trypsine, after what cells are scraped and collected into 50 ml tubes. 

The tubes are spin at 1000 rpm for 5 min, and the pellets are then resuspended in 5 ml 

Lysis Buffer (rotate 10 min at 4°C). 200 fxl from the lysate is used to determine the 

protein concentration. Thereafter, the lysates are spin at 4000 rpm for 10 min at 4°C 

(supernatants are kept). Pellets are resuspended in 5 ml High Salt Buffer, incubated for 

10 min at room temperature and then spin at 4000 rpm for 10 min at 4°C. Resulting 

pellets are resuspended in 3 ml Sonication Buffer and sonicated on ice for 2 x 50 sec. 

The sonicated samples are collected into one 15 ml tube. CsCl solutions are prepared 

(0.44 g/ml CsCl second layer fraction, 0.8 g/ml CsCl third layer fraction and 1.33 g/ml 

CsCl bottom layer fraction) and the sonicated samples added into ultra-centrifuge tubes. 

Ultracentrifugation at 27,000 rpm for 20 to 24 hours at 20°C using a swinging rotor.

On day 2, fractions of 1 ml are taken out fom the top of the ultracentrifuge tubes into 15 

ml tubes. Tractions containing the chromatin (fractions 10-14) are collected and put into 

dialysing membrane. The chromatin fraction is dialysed in 500 ml Dialysing Buffer at 

4°C (the buffer is changed after 4 hours and left over night). In the meanwhile. Protein 

A beads for the ChIP assay are prepared.

On day 3, the dialysed chromatin is collected into a 50 ml tube (addition of SDS and 

Triton X-100). The mixture is aliquoted into four 1.5 ml tubes. Protein A beads (30 \x\) 

are then added to each tube. Tubes are then slowly rotated for 2 hours at 4°C (pre

clearing step). The tubes are spin (full speed for 10 sec) and the supernatants are
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collected. The corresponding antibodies are then added and tubes are slowly rotated 

overnight at 4°C.

Day 4 -7 steps are performed as described in the published protocol (Takahashi et al.,

2000). After immunoprécipitation with a polyclonal antiserum against Etsl or Ets2 (#57 

from J. Ghysdael) or an irrelevant control protein (SEI-1), the recovered DNA was 

analysed by PCR with primers flanking the putative Ets site. The products were then 

analysed by gel electrophoresis and southern blotting with a genomic probe.

2.4.13. Southern blotting

DNA was digested with restriction enzymes, fractionated by electrophoresis in 

an agarose gel and photographed under UV light. The gel was soaked in 0.25 N HCl for 

10 min, then DNA was denatured by soaking the gel in 0.4 N NaOH for 30 min. The gel 

was then placed on a wick of 3MM (Whatman) filter paper in contact with a buffer 

reservoir of 0.4 N NaOH. GeneScreen Plus (DuPont) membrane was cut to the size of 

the gel, pre-wetted in water and then equilibrated in 0.4 N NaOH for 10-15 min. The 

membrane was placed on top of the gel and overlaid with two pieces of 3MM paper pre

wetted in 0.4 N NaOH and two pieces of dry 3MM paper. The assembly was gently 

rolled with a plastic pipette to remove air bubbles after each addition of paper. Parafilm 

(American National Can) was used to separate the wick from the membrane to prevent 

any non-capillary transfer of buffer. A stack of paper towels was placed on top of the 

assembly, creating an upper wick. A weight was placed on top on a flat plastic surface 

which was levelled using a spirit level to ensure even transfer. Transfer took place 

overnight for between 16 and 18 h. The membrane was removed and rinsed in 2x SSC 

for 1 minute and air-dried (DNA side up) on 3MM filter paper.

2.4.14. Hybridisation of DNA probes

Membranes were pre-hybridised by rolling in 15-20 ml warm Church and 

Gilbert hybridisation buffer at 59°C for 4-8 h in a cylindrical glass bottle. The pre

hybridisation buffer was replaced with 10 ml fresh Church and Gilbert buffer containing 

the denatured and labelled probe. After overnight incubation at 59°C, the membrane 

was washed in 100 ml phosphate wash buffer in the glass cylinder at 59°C to remove
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excess probe. The membrane was then removed and washed four times in phosphate 

buffer at 59°C by shaking in a tray for 15 min, whilst occasionally monitoring the 

membrane for radioactivity. The membrane was briefly dried on 3MM filter paper, 

wrapped in Saran Wrap and exposed to Hyperfilm MP (Amersham Pharmacia Biotech) 

with intensifying screens or a Phosphorlmager (Molecular Dynamics) at room 

temperature. When required, membranes were stripped of probe by shaking for 15-30 

min in DNA stripping buffer heated to 95°C. Membranes were then exposed to film or 

Phosporlmager to assess the level of residual signal.

91



Chapter 3

The role of Id and bHLH proteins in cell cycle control

The Id family (Idl-Id4) of helix-loop-helix (HLH) proteins plays a critical role 

in the balance between cell growth and differentiation by negatively regulating the 

function of basic-helix-loop-helix (bHLH) transcription factors (reviewed in Norton et 

al., 1998 and Norton, 2000). Dimerization is essential for DNA binding and 

transcriptional activity in vivo (Lassar et al., 1991) and in general, tissue-specific bHLH 

proteins form heterodimers with the ubiquitously expressed bHLH proteins, although 

the latter can also operate as homodimers (Shen and Kadesch, 1995). In so doing, they 

enable the expression of specific genes carrying an E-box (CANNTG) (Ephrussi et al., 

1985; Kiledjian et al., 1988; Lassar et al., 1989) regulatory motif and drive cell lineage 

commitment and differentiation in diverse cell types (reviewed in Jan and Jan, 1993, 

Weintraub et al., 1991 and Olson and Klein, 1994). Id proteins act as dominant-negative 

antagonists of the bHLH transcription factors by forming heterodimers that are unable 

to bind DNA.

There are also several pieces of evidence linking Id function and cell cycle 

progression. Thus, the functions of Id proteins are integrated with cell-cycle regulatory 

pathways orchestrated by cyclin-dependent kinases (CDKs) and the retinoblastoma 

protein (pRb). Eiji Hara, a previous postdoctoral fellow in the laboratory, had shown 

that at least two members of the Id family (Id2 and Id3) become phosphorylated in the 

late Gi phase of the cell cycle and that the phosphorylation occurs on a serine residue 

(Ser5) within a consensus target site for CDKs. The timing would be consistent with 

activation of cyclin E-CDK2 (or cyclin A-CDK2) and he confirmed that these kinases 

will specifically phosphorylate Id2 and Id3 in vitro (Hara et al., 1997; Deed et al., 

1997).

Our working hypothesis, therefore, is that modulation of Id function by CDK- 

dependent phosphorylation could alter the patterns of bHLH-dependent gene expression
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during cell cycle progression. Id proteins could represent key substrates for cyclin E- 

CDK2 that co-ordinate the expression of genes needed for lineage determination and 

genes required for cell division. The ultimate aims of this study are to investigate the 

biological rationale for Id phosphorylation and to identify relevant target genes. This 

chapter describes attempts to extend the concept to other Id proteins and cell models.

3.1 .Consensus targets for CDK-dependent phosphorylation in Id proteins

Figure 3.1 shows an alignment of the amino acid sequences of the four known 

human Id proteins. Id proteins are all of similar size (13-20kDa) (reviewed in Norton,

2000). In all Id family members characterised thus far in different species, the HLH 

domain is highly conserved (homology box 2). Outside of the HLH motif their 

sequences are largely divergent except for three regions that show some degree of 

homology (designated boxes 1,3 and 4) that might be indicative of additional conserved 

functional determinants. In particular, box 1 contains a sequence, SPVR that conforms 

to the consensus for phosphorylation by CDKs. This motif is conserved in Id2, Id3 and 

Id4 but is not present in Id l.

Although the presence of the SPVR motif suggests that Id4 should also be a 

target for CDK-mediated phosphorylation, this has not been formally confirmed.

3.2.Phosphorylation of Xd4 in vitro by cyclin E-CDK2 and cyclin A-CDK2

To determine whether Id4 is also a target for phosphorylation by CDKs, the 

cDNA encoding human Id4 was transferred into the pGEX-6P-l vector (Amersham 

Biosciences) to enable the synthesis of a GST-Id4 fusion protein. Similar constructs 

were available for other Id proteins. The bacterially expressed GST fusion proteins were 

recovered on glutathione-sepharose beads and incubated with extracts from baculovirus- 

infected Sf9 cells expressing different combinations of cyclins and CDKs. The activity 

of each kinase complex was confirmed by the phosphorylation of GST-Rb, which is a 

substrate for all of the cyclin-CDK complexes tested and contains multiple CDK 

consensus sites (data not shown). As shown in Figure 3.2, GST-Id4 and GST-Id2 were 

both phosphorylated by CDK2 in association with either cyclins E or A but not by the
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P

Id1 MKVASGSTATAAAGPSCALKAGKTASGAGEWRCLSEQSVAISRCRGAGARLPALLDEQQ 60
I I

Id2 MKAFSPVRSVRKNSLSDHSLGISRSKTPVDDP------------------------------------------------------------  32

Id3 MKALSPVRGCYEAVCCLSERSLAIARGRGKGP-------------------------------------------- AAEEP—  37

Id4 MKAVSPVRPRPLRPSGCGGGELALRCLAEHGHSLGGSQAAAAAAAARCKAAEAAADEPA- 59
I J

Box 1 
Box 2

Id1 VNVLLYDMNGCYSRLKELVPTLPQNRKVSKVEILQHVIDYIRDLQLELNSESEVG 115

Id2 MS-LLYNMNDCYSKLKELVPSIPQNKKVSKMEILQHVIDYILDLQIALDSHPTIV 86

Id3 LS-LLDDMNHCYSRLRELVPGVPRGTQLSQVEILQRVIDYILDLQWLAEPAPG- 90

Id4 LC-LQCDMNDCYSRLRWL-PTIPPNKKVSKVEILQHVIDYILDLQLALETHPALL 117
L i ^ ______________

Helix Loop Helix
Box 3 Box 4

I-------------------------------------------------- 1 I I
Id1 -------------------------TPGGRGLPVRAPLSTLNGEISALTAEAACVPADDRI-------------LCR 154

I I I I

Id2  SLHHQRPGQNQASRTPLTTLNTDISILSLQASEFPSELM-SNDSKALCG 134
I I I I

Id3 -------------------------PPDGPHLPIQ--------------------------- TAELAP------ELVISNDKRSFCH 119
I I I I

Id4 RQPPPPAPPHHPAGTCPAAPPRTPLTALNTDPAGAVNKQGDS------------------------ ILCR 158
I_________________________________ I I---------------------- 1

Figure 3.1 Amino acid sequence alignment of the four known human Id 
proteins.
The predicted amino acid sequences of Idl, Id2, Id3 and Id4 are shown in a single 
letter code and regions of similarity are boxed (designated Boxes 1-4). The highly 
conserved HLH region (Box 2) is depicted in blue and green. The red bold lines 
in Box 1 identify consensus sites for phosphorylation by CDKs that are present in 
ld2, ld3 and ld4, but not in Idl.
The sequences in this figure are based on the data in Biggs et al, (1992), Deed et 
al, (1993), Hara et al, (1994) and Pagliuca et al, (1995).
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cyclin D-dependent kinases, CDK4 and CDK6 (Figure 3.2b and 3.2c). As previously 

shown (Hara et al., 1997), GST-Idl, which lacks a consensus CDK site, was not 

phosphorylated by any of the cyclin-CDK complexes tested (Figure 3.2a). 

Phosphorylation of GST-Id3 by CDK2 was reported by (Deed et al., 1997).

33Jn vivo phosphorylation of Id4

To investigate whether phosphorylation of Id4 occurs in vivo, site directed 

mutagenesis was used to construct a mutant version of Id4 in which the predicted 

phospho-acceptor residue, Ser5, was changed to Ala. Expression constructs encoding 

either Id4Wt or the phospho-ablating Id4Ser5Ala mutant were transiently transfected 

into COS-7 cells and the cells were radiolabelled with either -methionine or ^̂ P- 

orthophosphate for 2 hours. Lysates were immunoprecipitated with a polyclonal 

antiserum against Id4. Only the wild-type Id4 protein was ^^P-labelled, whereas both the 

SerSAla mutant and Wt proteins were -methionine-labelled (Figure 3.3a and 3.3b). 

Therefore, Id4 can be phosphorylated on Ser5 in vivo as previously reported for Id2 

(Hara et al., 1997) and for Id3 (Deed et al., 1997).

3.4.CDK2-dependent phosphorylation of Id2 and Id4 affects bHLH antagonism in 

vitro

In the earlier work, phosphorylation of Id2 by cyclin A- and E-CDK2 was 

shown to abrogate its ability to antagonise bHLH protein binding to a consensus E-box 

oligonucleotide sequence in a model in vitro bandshift assay (Hara et al., 1997). The 

same assay system was therefore used to evaluate the consequences of phosphorylation 

of Id4. The assay employs bHLH proteins synthesised in vitro by coupled transcription 

and translation of plasmid DNAs. The sizes and yields of the various translated products 

were verified by ^^S-methionine labelling and SDS-PAGE (data not shown). To 

facilitate the discrimination of homo- and heterodimers, AE12 (Staudinger et al., 1993), 

which includes the bHLH region (residues 508-654) was used in place of the full length 

E12 protein. As shown in Figure 3.4a (lane 2), AE12 shifted the mobility of the ^̂ P- 

labelled DNA probe consistent with the formation of a AE12 homodimer.
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GST-ld2
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Figure 3.2 Phosphorylation of GST-Id4 in vitro by cyclin CDK2 
complexes.
Sf9 insect cells, either uninfected or co-infected with baculovirus vectors 
encoding a cyclin (Dl, D2, D3, E or A) and a kinase (CDK2, CDK4 and CDK6) 
were used to assemble the indicated cyclin-CDK complexes. The relevant cell 
lysates were then incubated with GST-Idl (a), GST-Id2 (b), or GST-Id4 (c) in the 
presence of [y-^^P]ATP. Labelled proteins were then analysed by SDS-PAGE in a 
12% acrylamide gel and visualised by autoradiography.
In control reactions, the different complexes were all shown to be active using 
GST-Rb as a substrate (data not shown).
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Figure 3.3 In vivo phosphorylation of Id4 protein.
COS-7 cells transiently transfected with expression vectors encoding either Wt or 
the Ser5Ala mutants of Id2 (a) or Id4 (b) respectively were radiolabelled with 
either p^S]methionine or [^^P]orthophosphate. Id2 or Id4 proteins were 
immunoprecipitated from cell-lysates and analysed by SDS-PAGE.
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A much weaker bandshift was detected using MyoD alone (Figure 3.4a, lane 3) 

consistent with its reduced ability to form homodimers as opposed to heterodimers with 

other bHLH proteins. A 1:1 mixture of AE12 and MyoD proteins produced an 

additional DNA-binding complex, presumably a heterodimer, that migrated at an 

intermediate position between the AE12-AE12 and MyoD-MyoD homodimer 

complexes (Figure 3.4a, lane 4).

As controls for the specificity of these interactions, an excess of unlabelled 

oligonucleotide completely abolished the formation of complexes on the labelled probe 

wheïeas an oligonucleotide containing a mutated E-box sequence did not (Figure 3.4a, 

lanes 5 and 6). Moreover, addition of a polyclonal antiserum against MyoD decreased 

the mobility of the MyoD-MyoD complexes (Figure 3.4a, lanes 7 and 8) but had no 

affect on the AE12-AE12 homodimer complex (lanes 9 and 10). Surprisingly, the 

presumed AE12-MyoD heterodimer did not appear to be affected by the MyoD 

antiserum (Figure 3.4a, lanes 9 and 10) in contrast to previous results (Hara et al.,

1997). A possible explanation would be that the earlier work employed a polyclonal 

MyoD antibody provided by H.Weintraub’s laboratory while the antibody used here 

was obtained from a commercial source (Santa Cruz, sc-760). Another consideration is 

that a higher concentration of antibody may be required to super-shift or disrupt the 

AE12-MyoD heterodimer as compared to the MyoD homodimer (see Hara et al., 1997). 

Preliminary data suggest that greater amounts of the sc-760 MyoD antibody (5 fxl) can 

affect the mobility of the presumptive AE12-MyoD heterodimer (data not shown).

Recombinant Id proteins were then added to determine whether they could 

interfere with the formation of the E-box complexes. Increasing the inputs of GST-Id4 

and GST-Id2 proteins gave qualitatively similar results, causing loss of the AE12 

homodimer but having little effect on the AE12-MyoD heterodimer complex (Figure 

3.4b). In this respect, the data for Id2 differ from those obtained by Hara et al. who 

showed competition of both complexes. One explanation might be that the previous 

work used His-tagged rather than GST-tagged Id2 protein and therefore had a higher 

effective concentration of Id. However, the His-tagged proteins have proved difficult to 

produce in bacteria and have to be recovered from inclusion bodies by dénaturation and
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Figure 3.4a The AE12 form of E12 and MyoD were synthesised by in vitro 
translation and tested for the ability to bind to the MCK promoter E-box 
oligonucleotide in an electrophoretic mobility shift assay.
The position of the free ^^P-labelled probe and the homo- and heterodimeric 
complexes are indicated on the right. Lane 1 shows the rabbit reticulocyte lysate 
control and lanes 2-10 contain the indicated combinations of AE12 and MyoD. In 
lane 5, an excess of the unlabelled oligonucleotide probe and in lane 6, a mutated 
version of the oligonucleotide were added as a competitor. In lanes 7-10, either 
0.2 or 2pl of MyoD anti serum was added to the reaction mixture.
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Figure 3.4b A mobility shift assay was performed as in Figure 3.4a using 
AE12 and MyoD together with increasing amounts of hacterially expressed, 
wild-type (Wt) GST-Id2 (lanes 2-4), or wild-type GST-ld4 (lanes 6-9).
Lanes 5 and 10 contained preparations of GST-Id2 or ld4 that had been 
preincubated Sf9 cell lysate containing active cyclin A-CDK2 complex. Lane 1 
shows combination of AE12 and MyoD with hacterially expressed GST protein 
alone (control). The different amounts of protein added are indicated above each 
lane.
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refolding. Phosphorylation of GST-Id4 by cyclin A-CDK2 reduced significantly its 

ability to compete the AE12 homodimers, as judged by the relative effects of 25 ng of 

protein (Figure 3.4b, lanelO). In retrospect, it should have been possible to reinforce this 

result by showing that phosphatase treatment could restore the ability of Id4 to compete. 

However, these data suggest that CDK2-dependent phosphorylation of Jd4 either 

negates or alters the specificity of its competitive interactions with bHLH proteins in a 

model mobility shift. Inconsistencies between the observations in Figure 3.4 and those 

reported by Hara et al. and Deed et al. suggested that this model EMSA produced 

highly variable results. And that the apparent specificity of the effects on different 

complexes was influenced by the composition of different batches of reticulocyte lysate 

as well as the provenance of the recombinant Id proteins. Attempts to resolve these 

problems were eventually abandoned.

35.1d4 sensitive DNA-binding complexes in PC12 cells

Having confirmed the phosphorylation of Id4 in vitro and in vivo, it was 

necessary to find a relevant system to determine the effects of phosphorylation on Id4 

function.

Id4 protein has a restricted expression pattern and is not expressed in fibroblasts. 

Id4 is differentially expressed in adult organs and is up regulated during embryogenesis 

(Riechmann et al., 1994; Riechmann and Sablitzky, 1995; Jen et al., 1996). Expression 

of Id4 in adult organs of the mouse is highest in brain, testis and kidney and moderate in 

thymus, and preliminary work has confirmed that Id4 is expressed in PC12 cells (data 

not shown). These cells have the advantage that they can be synchronised by serum 

deprivation (Rudkin et al., 1989) and can be induced to differentiate, as judged by 

neurite outgrowth, following addition of nerve growth factor (NGF) (Greene and 

Tischler, 1976; Greene, 1978). The published protocols for synchronisation by serum 

deprivation for 3 days and stimulation with 6% donor horse serum and 6% foetal calf 

serum (Rudkin et al., 1989) have been tested and flow cytometric analysis indicated that 

the cells began to enter S phase after about 14 h. Thus, we used PC 12 cells to ask
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whether DNA-binding complexes form on a typical E-box (CANNTG) and whether 

they vary during cell cycle progression (Figure 3.5a).

E-box binding proteins have already been defined in PCI2 cells. For example, 

Brown et al. identified a subgroup of bHLH genes, HENl and HEN2, which encode 

lineage-specific polypeptides that function during development of the mammalian 

nervous system (Brown et al., 1992). HENl gene is activated upon the induction of 

neural differentiation in PC 12 cells by NGF and encodes a 20-kDa protein that forms 

dimeric bHLH complexes either by self-association or by heterologous interaction with 

E2A gene products (Brown and Baer, 1994). The resultant HENl-HENl homodimers 

and El 2-HEN 1 heterodimers bind DNA in a sequence-specific manner. The cyclic 

amplification and selection of targets (CASTing) experiments yielded a consensus 

sequence for DNA recognition by HENl that includes the core E-box element 

CAGCTG (Brown et al., 1992; Brown and Baer, 1994). This 18-bp consensus HENl 

oligonucleotide probe was used in EMSA assays with PC 12 whole-cell extracts 

prepared at various times after addition of serum. A very robust bandshift was observed 

(Figure 3.5a) and the pattern of the protein-DNA complexes changed during the 

progression from Go to S phase (Figure 3.5a, lanes 2-8). Quiescent cells showed a 

single, relatively low molecular weight complex, which declined upon serum addition 

and became undetectable by about 12 hours (Figure 3.5a, lanes 2 to 4). Flow cytometric 

analyses indicated that the cells enter S phase at around 14-16 hours (data not shown). 

By this time, two higher molecular weight complexes were very prominent and 

remained so over the next 12 hours (Figure 3.5a, lanes 5 to 8). The smaller of these two 

complexes was apparently non-specific because it could be competed with both wild 

type and mutant oligonucleotide (Figure 3.5a, lanes 9-10). However, the specificity of 

the larger high molecular weight protein-DNA complex (using 24 h cell extract) was 

confirmed by its sensitivity to competition by an excess of unlabelled oligonucleotide 

but not by an equivalent oligonucleotide containing a mutation in the E-box (Figure 

3.5a, lanes 9-10).

We next asked whether the addition of Id4 protein could interfere with the 

formation of the specific protein-DNA complexes in PC 12 cells and whether the
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Figure 3.5a Cell cycle-dependent expression of an E-box complex in PC 12 
cells.
Cells were synchronised by serum starvation for 3.5 days. Whole-cell extracts 
were prepared at the indicated times after serum addition. The extracts were used 
in EMSA assays using the 18-bp consensus HENl oligonucleotide probe (Brown 
and Baer, 1994). The specificity of the complex (24h cell extract) was confirmed 
by competition by excess of Wt oligonucleotide and not by excess of Mut 
oligonucleotide. Flow cytometric analysis of parallel cell cultures indicated that 
the cells began to enter S phase after «14 h.
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Figure 3.5b An EMSA was performed using PC 12 whole-cell extracts 
prepared at 24 hours after serum addition.
The specific high molecular weight complex (arrowed) was competed by 25 ng of 
hacterially expressed GST-Id4 (lane 2), but not by the same amount of GST-ld4 
that had been preincubated with Sf9 cell lysate containing active cyclin A-CDK2 
complex (lane 3).
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phosphorylation of Id4 by CDK2 alters its activity. Therefore, mobility shift assays 

were performed using whole-cell extracts prepared from PC 12 cells at 24 h after serum 

addition together with hacterially expressed GST-Id4 that had or had not been pre

incubated with Sf9 cell lysate containing active cyclin A-CDK2 and unlabelled ATP. 

The addition of 25 ng of GST-Id4 was enough to inhibit the formation of the specific 

high molecular weight protein-DNA complex (Figure 3.5b, lane 2). In contrast, 

incubation of GST-Id4 with cyclin A-CDK2 completely abolished its ability to disrupt 

the specific protein-DNA complex (Figure 3.5b, lane 3). These data imply that Id4 is 

unable to compete specific bHLH DNA-binding complexes following phosphorylation 

by cyclin A-CDK2.

3.6.E-box DNA-binding complexes in serum stimulated human fibroblasts

Three of the four Id proteins are clearly phosphorylated by cyclin-CDK 

complexes in vitro and at least in the case of Id2 and Id3, there is evidence that the 

proteins become phosphorylated on Ser5 in vivo as cells progress from Go into S phase. 

This issue was previously examined in human diploid fibroblasts (TIG-3 cells), which 

are known to express both Idl and Id2 as well as E2A-related products, and which 

respond predictably in classical serum depletion and addition experiments. It was also 

possible to correlate Id2 expression and phosphorylation with the transient disruption of 

an E-box DNA-binding complex formed on a standard E-box oligonucleotide from the 

MCK promoter (Hara et al., 1997). Interestingly, the levels of this complex fluctuated as 

the cells progressed from Gq to S phase and it could be competed with Id2 but not with 

phosphorylated Id2. The transient disruption of the complex coincided with the initial 

peak of Id2 synthesis in early Ĝ  whereas the re-establishment of the complex in late Gi 

and S-phase was consistent with the quantitative phosphorylation of the Id2 expressed 

at this stage. These data suggested that the activity of bHLH transcription factors might 

be subject to cell cycle regulation by both the abundance and phosphorylation status of 

the Id proteins (Hara et al., 1997; Deed et al., 1997).

Figure 3.6 reproduces Fiji Hara’s findings in TIG-3 cells. The abundance of this 

high molecular weight protein-DNA complex changed significantly during the
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progression from Gq to S phase. Low levels of the complex were formed with extracts 

from quiescent cells (Figure 3.6, lane 1) but it became barely detectable after 4 h of 

serum stimulation (lane 2). However the complex was re-established by 16 h and 

reached a maximum between 24 and 36 h after serum addition (Figure 3.6). Flow 

cytometric analysis of parallel cell cultures indicated that the cells began to enter S 

phase after about 24 h. In this respect, the timing differs from that described by Hara et 

al. who showed that the cells began to enter S phase after only 16 h. Moreover, they 

were able to observe slightly higher levels of the protein-DNA complex with extracts 

from quiescent cells (Hara et al., 1997). A possible explanation for these differences is 

that the previous analyses used younger TIG-3 cells (30-35 PD) rather than older stocks 

(40-45 PD) that are in current use in the laboratory.

The problem with using HDFs, however, is that they do not express MyoD and 

the use of a MCK-based oligonucleotide is therefore artificial. The open question is 

which bHLH proteins participate in this complex and two approaches have been used to 

try to address this issue.

3.7.Identification of the components of the E-hox DNA-binding complexes in HDFs

The first approach was to use antisera against class A bHLH proteins to 

determine whether they super-shift or disrupt the complex. Preliminary indications were 

that a commercial anti serum against E2A (Santa Cruz, sc-416) did not quantitatively 

affect the complex, in line with unpublished findings of Fiji Hara (Figure 3.7a).

Since there are few dependable antisera available to other members of the E2A 

family (antisera against E2-2 and HEB proteins were not available from commercial 

services), polyclonal rabbit antisera to the C-terminal peptides of human E2-2 and HEB 

were generated and evaluated for their ability to recognise the cognate proteins 

synthesised in vitro or in labelled cell lysates (data not shown). For example, it was 

important to show that these sera specifically affect the E2-2 and HEB homodimers 

formed in the model in vitro bandshift assay (Figures 3.8 and 3.9). Full length cDNAs 

for E2-2 and HEB, obtained from Tom Kadesch and Robert Kingston respectively, were 

transferred into appropriate vectors for coupled in vitro transcription and
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Figure 3.6 Cell cycle-dependent expression of an E-box complex in HDFs.
Quiescent TIG-3 cells were stimulated by the addition of serum and whole-cell 
extracts were prepared at the indicated times after serum addition. The whole cell 
extracts were used in EMSA assays using a 26bp oligonucleotide E-box probe 
from the MCK promoter. The specific high molecular weight protein-DNA 
complex is arrowed. Flow cytometric analysis of parallel cell cultures indicated 
that the cells began to enter S phase after «24 h.
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Figure 3.7 Identification of the components of the E-box DNA-binding 
complex in human primary diploid fibroblasts (TIG-3 cells).
a, Electrophoretic mobility shift assays were performed using extracts prepared 
from TIG-3 cells (at 16 h after serum addition). In lane 1, the specific high 
molecular weight complex (arrowed) was competed by 20 ng of hacterially 
expressed Id2. In lanes 3 and 4, either 0.2 pi or 2 p 1 of E2A anti serum was added 
to the reaction mixture, b, A similar assay was performed using, in lane I, 2 pi of 
HEB anti serum and, in lane2, 2 pi of E2-2 anti serum added to the reaction 
mixture. The specific high molecular weight complex is arrowed.
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translation. The corresponding human HEB (Hu et a l, 1992) and B2-2 (Bain et a l, 

1994) proteins were synthesised in reticulocyte lysates and their sizes and yields were 

verified by ^^S-methionine labelling and SDS-PAGE (data not shown). Equivalent 

amounts were then used for EMSA experiments, either individually or in combination 

with MyoD, with two different oligonucleotide probes containing respectively the pE2 

site and the pE5 site from the human IgH gene enhancer region (Figures 3.8 and 3.9). 

Preliminary experiments have indicated a modest binding preference for HEB on the 

pE2 site and for E2-2 on the pE5 site (Henthom et a l, 1990; Ruezinsky et a l, 1991; Hu 

et al., 1992; Bain et a l, 1993). Full-length HEB protein formed a complex on the pE2 

^^P-labelled DNA probe consistent with the formation of an HEB homodimer (Figure 

3.9, lane 2). As previously described, a bandshift was detected using MyoD alone 

(Figure 3.9, lane 3). A 1:1 mixture of HEB and MyoD proteins produced an additional 

DNA-binding complex, presumably a heterodimer, that migrated at an intermediate 

position between the HEB-HEB and MyoD-MyoD homodimer complexes (Figure 3.9, 

lane 4). As a control for the specificity of these interactions, an excess of unlabelled 

oligonucleotide completely abolished the formation of complexes on the labelled probe 

whereas an oligonucleotide containing a mutated pE2 site did not (Figure 3.9, lanes 5 

and 6). As previously described, addition of MyoD anti serum decreased the mobility of 

the MyoD-MyoD complexes (Figure 3.9, lanes 7 and 8) as well as affecting the mobility 

of the presumed HEB-MyoD heterodimer whereas the HEB-HEB homodimer complex 

was unaffected by the MyoD antiserum (Figure 3.9, lanes 9 and 10). Addition of the 

polyclonal anti serum against human HEB was able to super-shift the HEB-HEB 

homodimer complex (Figure 3.9, lanes 11 and 12) as well as affecting the mobility of 

the presumed HEB-MyoD heterodimer. As anticipated, the MyoD-MyoD complexes 

were unaffected even by a higher concentration (2 pi) of HEB antibody (Figure 3.9, 

lanes 13 and 14).

Similar results were obtained for E2-2 and MyoD binding to the pE5 E-box 

oligonucleotide (Figure 3.8, lanes 2-10). A polyclonal antibody against human E2-2 that 

we have generated was again able to super-shift the presumed E2-2 homodimer 

complex (Figure 3.8, lanes 11 and 12) as well as affecting the mobility of the E2-2-
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MyoD heterodimer, leaving the MyoD-MyoD complexes unaffected (Figure 3.8, lanes 

13 and 14).

Having validated HEB and B2-2 antibodies in model in vitro EMSA using HEB 

and E2-2 bHLH proteins and pE2 and pE5 E-box oligonucleotides, we then asked 

whether these antibodies would super-shift the specific E-box in HDFs. However, the 

specific E-box DNA binding complex observed in human primary fibroblasts did not 

seem to be affected by either antisera against HEB or antisera against E2-2 (Figure 

3.7b). Either the in vivo complexes contain additional proteins that mask the epitopes 

recognised by the antibodies, or not enough antibody has been used. An alternative but 

rather surprising explanation would be that none of the known class A proteins are 

involved in the fibroblast-specific complex.

3.8.Cell-cycle dependent expression of an E-box DNA-binding complex in Wt and 

in E2A^ mouse embryo fibroblasts

An alternative approach was to determine whether the E-box complexes are 

conserved in mouse embryo fibroblasts (MEFs) that are nullizygous for different bHLH 

proteins. E2A'^' MEFs were obtained from C.Murre (Bain et a i, 1997) and equivalent 

cells from E2-2 and HEB knockout mice are available from Y.Zhuang (Zhuang et a l, 

1994; Zhuang et a l, 1996).

As a first step, however, it was necessary to confirm whether the DNA binding 

complex on the MCK oligonucleotide could be identified in mouse cells. Therefore, 

wild-type MEFs were rendered quiescent in medium containing 0.2% serum for 3.5 

days and subsequently induced to re-enter the cell cycle by addition of 20% serum. 

Whole-cell extracts were prepared at various times after addition of serum and used in 

electrophoretic mobility shift assays with an oligonucleotide probe from the MCK 

enhancer. A high molecular weight protein-DNA complex was observed whose 

abundance changed significantly during the progression from Gq to S phase (Figure 

3.10a), with a pattern roughly analogous to that seen in human TIG3 cells. In fact, the 

pattern was more akin to the data of Hara et a l  (Hara et al., 1997) than the 

corresponding experiment in HDFs in Figure 3.6. Moreover, the formation of the
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Figure 3.8 E2-2 and MyoD were synthesised by in vitro translation and
tested for the ability to bind to the pE5 E-box oUgonncleotide in an 
electrophoretic mobUity shift assay.
The position of the free ^^P-labelled probe and the homo- and heterodimeric 
complexes are indicated on the right. Lane 1 shows the rabbit reticulocyte lysate 
control and lanes 2-10 contain the indicated combinations of E2-2 and MyoD. In 
lane 5, an excess of the unlabelled oligonucleotide probe and in lane 6, a mutated 
version of the oligonucleotide were added as a competitor. In lanes 9-10, either 
0.2 or 2 pil of MyoD antiserum, and in lanes 13-14, either 0.2 or 2 p,l of E2-2 
antiserum was added to the reaction mixture (as indicated).
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Figure 3.9 HEB and MyoD were synthesised by in vitro translation and 
tested for the ability to bind to the |iE2 E-box oligonucleotide in an 
electrophoretic mobility shift assay.
The position of the free ^^P-labelled probe and the homo- and heterodimeric 
complexes are indicated on the right. Lane 1 shows the rabbit reticulocyte lysate 
control and lanes 2-10 contain the indicated combinations of HEB and MyoD. In 
lane 5, an excess of the unlabelled oligonucleotide probe and in lane 6, a mutated 
version of the oligonucleotide were added as a competitor. In lanes 9-10, either 
0.2 or 2 pi of MyoD anti serum, and in lanes 13-14, either 0.2 or 2 pi of HEB 
anti serum was added to the reaction mixture (as indicated).
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specific protein-DNA complex was inhibited by the addition of human Id2 and Id4 

proteins, expressed as GST-fusion proteins in bacteria (Figure 3.10b).

Data presented in Figure 3.11 indicate that the complex persists in E2A' '̂ MEFs, 

(although less obvious and bands are different). This result clearly suggests that E12, 

E47 and E2-5 proteins (spliced transcripts from the E2A gene) are not involved in the 

fibroblast-specific complex. This conclusion is in line with preliminary findings that the 

antiserum against E2A does not quantitatively affect the E-box DNA-binding complex 

in primary fibroblasts.
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Figure 3.10a Cell cycle-dependent expression of an E-box complex in Wt 
mouse embryo fibroblasts.
Quiescent MEFs were stimulated by the addition of serum and whole-cell extracts 
were prepared at the indicated times after serum addition. The whole-cell extracts 
were used in EMSA assays using 26 bp oligonucleotide E-box probe from the 
muscle creatine kinase (MCK) promoter. Flow cytometric analysis of parallel cell 
cultures indicated that the cells began to enter S phase after «12 h.
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Figure 3.10b
EMSA was performed using whole-cell extracts prepared at the indicated times 
after serum addition. The specific high molecular weight complex (arrowed) was 
competed by 25 ng of hacterially expressed GST-Id2 or GST-Id4.
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Figure 3.11 Cell cycle-dependent expression of an E-box complex in E2A^ 
mouse embryo fibroblasts.
Quiescent E2A  ̂ MEFs were stimulated by the addition of serum and whole cell 
extracts were prepared at the indicated times after serum addition. The whole cell 
extracts were used in EMSA assays using 26 bp oligonucleotide E-box probe 
from the muscle creatine kinase (MCK) promoter. Flow cytometric analysis of 
parallel cell cultures indicated that the cells began to enter S phase after «14 h.
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In conclusion, identifying the components of the specific E-box DNA-binding 

complex in primary fibroblasts has proved very difficult. Consequently, the results 

obtained so far in this study did not provide further insights to identify genes relevant to 

the Gq to S phase transition that are either positively or negatively regulated by Id- 

sensitive transcription factor complexes. However, the work described in this chapter 

clearly establish the universality of CDK-dependent phosphorylation of Id proteins and 

that this phosphorylation modulates their functions. Therefore, Id2, Id3 and Id4 proteins 

represent key substrates for cyclin E-CDK2 that co-ordinate the expression of genes 

required for cell cycle regulation. Clearly, Id proteins are strongly implicated in cell 

cycle control. In addition to binding to members of the bHLH family to mediates its 

biological effects. Id proteins have also been implicated as acting with other factors 

involved in cell cycle regulation (lavarone et al., 1994; Lasorella et al., 1996; Lasorella 

et al., 2000). Moreover, recent studies have revealed that Id proteins (Idl-Id3) also bind 

to other factors which control the response of cells to mitogenic stimulation, such as 

ternary complex factors (TCP Ets-domain transcription factors) (Yates et al., 1999).
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In addition to binding to and modulating the effects of bHLH proteins, as 

discussed in the previous chapter, Id proteins have also been implicated in other 

interactions involved in cell cycle regulation (lavarone et al., 1994; Lasorella et al., 

1996; Lasorella et al., 2000). Id proteins have been shown to act as positive regulators 

of cell growth and their functions are required for the Gq to S-phase transition of the cell 

cycle. Indeed, it has been reported that Id2 and Id4, but not Idl or Id3, are able to 

physically associate with the retinoblastoma gene product (pRb), resulting in a loss of 

pRb-mediated growth suppression (Lasorella et al., 1996; lavarone et al., 1994). 

Moreover, another pathway couples Id function to positive regulation of the cell cycle 

machinery during mid-late Gj phase. Prabhu et al. have found that overexpression of 

Idl can inhibit the E2A-regulated expression of the CKI p21'^'^\ By antagonizing the 

function of E2A, Idl can promote cell growth by relieving p21̂ '̂  ̂ suppression of cyclin 

A/E-CDK2 activity, resulting in the phosphorylation of pRb (Prabhu et al., 1997).

Interestingly, loss of Id function has been linked to replicative senescence (Hara 

et al., 1994) and recently it has been reported that Idl plays a role in regulating cellular 

lifespan (Hara et al., 1996b; Alani et al., 1999; Nickoloff et al., 2000). For example, Idl 

expression is significantly decreased when cells approach senescence (Hara et al., 1994) 

and Idl is able to cooperate witii a pRb binding mutant of SV40 large T to reactivate 

DNA synthesis in senescent human fibroblasts, suggesting that Idl can antagonize the 

functions of pRb or of other members of this tumour-suppressor pathway, including 

pl6iNK4a et al., 1996b). More recently, it has been reported that forced

overexpression of Idl was capable of delaying the onset of senescence in primary 

human kératinocytes (Alani et al., 1999; Nickoloff et al., 2000) and that mouse embryo 

fibroblasts (MEFs) derived from Idl null mice express high levels of pl6^"^^ (Lyden et 

a l, 1999).
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Recent studies have revealed that Id proteins also bind to other factors that 

control the response of cells to mitogenic stimulation, such as the ternary complex 

factor (TCP) (Yates et a l,  1999). Members of the TCP subfamily of Ets-domain 

proteins have key functions in regulating immediate-early gene expression in response 

to mitogenic stimulation. By binding to the Bts DNA-binding domain, Id proteins have 

been shown to disrupt the formation of DNA-bound complexes between TCPs and SRP 

on the c-fos serum response element (SRE).

This chapter describes experimental evidence for the functional interplay 

between Idl and Etsl and Ets2 transcription factors in regulating p i e x p r e s s i o n .  In 

a collaborative study with Eiji Hara’s laboratory, it has been established that the 

Ras/Raf/MEK signalling pathway activates expression via the Ets2

transcription factor and that this effect is counteracted by Id proteins (Ohtani et a l,

2001). Por clarity of presentation, several key figures from this published manuscript 

are reproduced that were performed by other individuals. These are identified as 

appropriate.

4.1.Modulation of promoter activity in response to activated Ras or MEK

During his time in the laboratory, Eiji Hara had characterised several human 

pĵ iNK4a pi-Qjnoter constructs (Hara et a l, 1996a).

The responsiveness of these constructs to activated Ras or activated MEK was tested. 

As shown in Pigure 4.1a, the luciferase activity of the reporter plasmid containing 869 

nucleotides upstream of the p i6*̂ "̂̂ “ translation start site (designated -869) was 

stimulated 5-fold by H-RasV12 or activated MEK in SVts8 cells, an immortalized line 

derived from TlG-3 human primary fibroblasts expressing SV40 large T-Ag (Tahara et 

a l ,  1995). This effect was completely blocked by PD98059, a specific inhibitor of 

MEK, but was barely affected by Wortmannin, an inhibitor of Pl-3 kinase (Ohtani et al.,

2001). Sequential deletions of the p i 6̂ "̂̂ “ promoter reduced the basal luciferase 

activity, as previously reported (Hara et al., 1996a). However, the shortest promoter 

construct (designated -247) still responded to Ras/MEK signalling (Pigure 4.1a) in 

SVts8 cells, suggesting that it retained at least one of the responsive elements targeted
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by the Ras/MEK signalling pathway. Although p i6^^"^ promoter sequences are not well 

conserved between mouse and human, a sequence analysis revealed that both include 

putative binding sites for Ets-family transcription factors (Figure 4.1b). Members of the 

Ets family, which includes Etsl, Ets2, PEA3 and TCP (SAPl, Elkl), are known to be 

downstream targets of the Ras/Raf/MEK signalling pathway and can be activated by 

MAPK-mediated phosphorylation (Dittmer and Nordheim, 1998; Graves and Petersen,

1998). Different Ets-family transcription factors were therefore assessed for their 

capability to stimulate plb̂ *̂ "̂  ̂ promoter activity in SVts8 cells. Both Etsl and Ets2 

significantly increased the activity of the -869 promoter construct by 5- to 10-fold, and 

these effects were further enhanced by co-expression of activated MEK or Ras (data not 

shown). Moreover, the DNA-binding domain of Ets2 (E2DBD), which acts as a 

dominant negative inhibitor for Etsl and Ets2 (Poos et a l, 1998), completely negated 

the activation observed with Etsl and Ets2, with or without MEK.

Pigure 4.1b illustrates the two mutations that were introduced in the putative 

Ets-binding site in the human plô̂ ^̂ "̂  ̂promoter, by site-directed mutagenesis. Mutl, in 

which four nucleotides in the two overlapping Ets consensus sites were changed, 

significantly reduced the responsiveness to Ets2 (Pigure 4.1b). In Mut2, two additional 

residues were changed to remove a third potential binding site at -117 to -122, only 

present in the human p i p r o m o t e r ,  however there was no further loss of 

responsiveness to Ets2 (Pigure 4.1b). All these promoter assay experiments were 

performed by Naoko Ohtani, a post-doctoral fellow in Eiji Hara’s laboratory (Ohtani et 

al., 2001).

Taken together, these results implied that Etsl and Ets2 transcription factors can 

activate the p i p r o m o t e r  through the conserved Ets-binding site.
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Figure 4.1a Modulation of p l6"̂*̂"‘“ promoter activity by Ras and MEK.
Activation of the promoter (-869 construct) by H-RasV12 or activated
MEK in SVtsS cells. And progressively deleted promoter constructs
assayed with or without H-RasV12 or activated MEK.
These experiments were performed by Naoko Ohtani.
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Figure 4.1b Effects of Ets proteins on promoter activity.
Sequence alignment of the human and mouse p i6^^"^ promoters. Identification 
of a potential binding site for Ets-family transcription factors. And effects of 
Mutl and Mut2 mutations in the human promoter (-247 construct) in SVtsS cells. 
These experiments were performed by Naoko Ohtani.
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4.2.Effects of Ets proteins on the endogenous p l6 * promoter in HDFs

Although the data on Ras regulation of the exogenous p i p r o m o t e r  

constructs were persuasive, it was important to provide evidence of direct binding of 

Etsl and Ets2 to the endogenous pl6’‘̂ ’̂'*“ promoter. Therefore, young primary HDFs 

(Hs68) were infected with a recombinant retrovirus encoding H-RasV12 (Figure 4.2, 

lanes 5 and 6) or the corresponding control vector (Figure 4.2, lanes 3 and 4). After 7 

days of selection, cross-linked chromatin was prepared and chromatin 

immunoprécipitation assays were preformed using a polyclonal antiserum (#57) that 

recognise both Etsl and Ets2 (kindly provided by J. Ghysdael) or an irrelevant control 

protein (SEI-1) (Sugimoto et al., 1999) (see Chapter 2 for the ChIP methodology). The 

recovered DNA was analysed by polymerase chain reaction (PGR) (Figure 4.2, upper 

panel) with primers flanking the putative Ets site: 5’- TGCTCGGGGTTAATAGCACC 

- 3 ’ and 5’- CTCCATGCCCCGCCG - 3 ’. The products were analysed by gel 

electrophoresis and by Southern blotting with a p i6°^"  ̂ genomic probe (Figure 4.2, 

lower panel). The results obtained gave clear evidence for an increased interaction 

between Etsl/Ets2 and the relevant binding domain of the p i6^'^^ promoter in young 

HDFs expressing ectopic oncogenic Ras (Figure 4.2, lane 6). Moreover, Etsl/Ets2 

binding to the p i p r o m o t e r  could also be demonstrated in senescent HDFs (Ohtani 

et al., 2001).

To further confirm the influence of Ets proteins on endogenous p i y o u n g  

HDFs were infected with either a recombinant retrovirus encoding Fts2 or the 

corresponding empty vector. An up-regulation of endogenous p i w a s  observed in 

Fts2-expressing fibroblasts (Figure 4.3a). Conversely, retroviral delivery of F2DBD, 

which inhibits both Etsl and Fts2, significantly reduced the level of endogenous 

pl6iNK4a young HDFs without affecting the level of MEK, used as an internal control 

in this experiment (Figure 4.3b). In addition to increased levels of endogenous pl6°^"^\ 

primary HDFs that were infected with a recombinant retrovirus encoding Fts2 also 

showed characteristics resembling those of senescent human fibroblasts (Hara et al., 

1996a). Indeed, within 3-5 days cells stopped dividing, appeared enlarged and flattened
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Fifiore 4.2 Effects of Ets proteins on endogenous promoter in
HDFs (Hs68).
Young HDFs were infected with a recombinant retrovirus encoding H-RasV12 
(lanes 5 and 6) or the corresponding control vector (lanes 3and 4). After 7 days, 
cross-linked chromatin was prepared and chromatin-immunoprecipitation (ChIP) 
analysis was performed with a polyclonal antiserum against Etsl or Ets2 (#57) or 
an irrelevant control protein (SEI-1). Chromatin-immunoprecipitates were 
analysed by PCR using primers flanking the Ets sites in the promoter (5’-
TGCTCGGGGTTAATAGCACC-3 ’ and 5 ’-CrCCATGCTGCCCCGCCG-3 ’) 
(upper panel) and hybridized with a pl6^^"^ specific probe (lower panel).
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Figure 4.3 Effects of Ets2 protein on endogenous in HDFs (Hs68).
a, Up-regulation of endogenous in early passage HDFs (Hs68) that were
infected with a recombinant retrovirus encoding human Ets2 (lane2) or with 
vector control (lane 1). After 7 days, the levels of p i6^^"^ and Ets2 were 
analysed by immunoblotting. MEK was used as a loading control, b, Down- 
regulation of endogenous p i6^^"^ in primary HDFs (Hs68) by a retrovirus 
encoding dominant negative E2DBD. c. Photomicrographs of HDFs (Hs68) 
infected with either empty vector or Ets2 retrovirus at 10 days after infection.
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and never reached confluence (Figure 4.3c). Taken together, these data clearly implied 

that Ets2 has a direct role in Ras/Raf/MEK-induced premature senescence.

Similar experiments were done with primary HDFs infected with a retrovirus 

encoding Etsl. Control cells infected with empty vector grew normally and reached 

confluence within 5-7 days, whereas the Etsl-expressing cells rapidly arrested (Figure 

4.4b). The arrested cells appeared enlarged and flattened and when maintained in this 

state for 10 days they began to express senescence-associated p-galactosidase activity, a 

characteristic marker of senescence histochemically detectable at pH 6.0 (Dimri et al., 

1995). Over 80% of the cells expressing Etsl stained positively for senescence- 

associated (3-galactosidase activity (Figure 4.4a). Thus, Etsl has the potential to induce 

pl6iNK4â  cell cycle arrest and senescence in HDFs.

43.1dl interacts with Ets2 and inhibits promoter activity via an Ets site

Since it has been shown that the Ets family of transcription factors can be 

negatively regulated by members of the Id family of HLH proteins (Yates et al., 1999) 

and loss of Id function has been linked to replicative senescence (Hara et al., 1994; 

Lyden et al., 1999), a plausible explanation for these observations would be that Idl and 

Ets have antagonistic influences on p i6°^^  ̂expression. To explore this possibility, it 

was first determined whether Idl can bind to Ets2. In an experiment realised by Julie 

Stinson in Andrew Sharrocks’ laboratory, [^^S]methionine labelled Ets2 was shown to 

directly bind to a GST-Idl fusion protein in vitro, but not to GST alone (Figure 4.5a). 

Secondly, the -869 promoter construct was transfected into SVts8 cells together with 

Ets2 and/or MEK and increasing amounts of Idl. It was evident that Idl reduced the 

activation of pl6^'*^ promoter by Ets2 and/or MEK in a dose dependent manner 

(Figure 4.5b). These data would be consistent with Idl directly opposing Ets2 activity 

or its binding to the putative Ets site.

To explore these ideas, recombinant retroviruses were used to express different 

combinations of ectopic Idl and/or H-RasV12 in primary HDFs. After 7 days of 

selection, cross-linked chromatin was prepared and chromatin immunoprécipitation 

assays were preformed, as previously described in this chapter. The precipitated DNA
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Figure 4.4 Effects of Etsl protein on HDFs (Hs68).
a, p-galactosidase assay. Early passage HDFs (Hs68) were infected with a 
recombinant retrovirus encoding human Etsl or with vector control. After 10 
days, cells were washed twice in PBS A, fixed in 2% formaldehyde and 0.2% 
glutaraldehyde, and viable cells were assayed for in situ SA-^-galactosidase 
activity (% of blue stained cells), a characteristic marker of senescent cells, b. 
Photomicrographs of HDFs (Hs68) infected with either empty vector or Etsl 
retrovirus at 10 days after infection.
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was analysed for the presence of p i p r o m o t e r  sequences by PCR (Figure 4.5c, 

upper panel) and by Southern blotting with a plb^"*® genomic probe (Figure 4.5c, lower 

panel). As shown previously in Figure 4.3, introduction of H-RasV12 substantially 

increased Etsl/Ets2 binding to the endogenous promoter (Figure 4.5c, lane 4 and 6). 

However, prior expression of Idl markedly reduced the binding of Etsl/Ets2 to the 

promoter both in the absence or presence of H-RasV12 (Figure 4.5c, lanes 8 and 10). 

However, when the PCR was continued for 35 cycles, some residual Etsl/Ets2 binding 

was detectable (Figure 4.5c, lane 12), suggesting that Idl could reduce but not 

completely inhibit the effects of oncogenic Ras.

Taken together, these data implied that Idl, by interacting with Etsl/Ets2, is 

capable of disrupting the protein-DNA binding complex formed on the Ets site of the 

endogenous pl6°̂ '*̂ '‘“ promoter. Therefore, Id l, by opposing Ets2 function, might 

counterbalance the activation of the p i p r o m o t e r  mediated by Ras/Raf/MEK 

pathway.

4.4.Opposing effects of Ras and Id proteins on endogenous expression in

HDFs

As a further demonstration of the opposing effects of Idl and Ets proteins on 

endogenous p i e x p r e s s i o n ,  young HDFs (Hs68 cells) infected with a recombinant 

retrovirus encoding Idl (Figure 4.6a, lanes 3 and 4) or empty vector (Figure 4.6a, lanes 

1 and 2) were subsequently superinfected with a retrovirus encoding oncogenic H- 

RasV12 (Figure 4.6a, lanes 2 and 4) or the corresponding control vector (Figure 4.6a, 

lanes 1 and 3). After 7 days in appropriate drug selection, lysates were prepared and 

analysed by immunoblotting, with MEK as a loading control. As illustrated in Figure 

4.6a and previously described (Serrano, 1997; Lin et al., 1998; Zhu et al., 1998; Wei 

and Sedivy, 1999), the levels of endogenous p i6^"^  ̂increased significantly in the Ras 

infected cells (Figure 4.6a, lane 2), compared to the vector only control (Figure 4.6a, 

lane 1). However, prior expression of Idl markedly reduced the magnitude of this 

response (Figure 4.6a, lane 4), without affecting MEK. Moreover, whereas over 80% of 

the HDFs expressing H-RasV12 underwent a senescence-like growth arrest, manifest by
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Figure 4.5 Idl interacts with Ets2 and blocks its effects on the endogenous 
pl^iNK4a promoter.
a. Binding of ̂ ^S-labelied Ets2 to GST (lane 2) or GST-Idl fusion protein (lane 3) 
(experiment performed by Julie Stinson), b, Dose-dependent ability of Idl to 
block activation of the p i6^^^  promoter by Ets2 and activated MEK in SVtsS 
cells (promoter assay performed by Naoko Ohtani). c, ChIP assays in primary 
HDFs (Hs68) infected with control or recombinant retroviruses encoding Id 1 and 
H-RasV12. After 30 cycles (lanes 1-10) and 35 cycles (lanes 11-12), PCR 
products were run on a 1% agarose gel (upper panel) and blotted (lower panel).
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Figure 4.6 Effects of Idl on endogenous levels in HDFs (Hs68).
a, Early passage HDFs (Hs68) infected with a recombinant retrovirus encoding 
Idl (lanes 3 and 4) or empty vector (lanes 1 and 2) were superinfected with a 
retrovirus encoding H-RasV12 (lanes 2 and 4) or the corresponding control 
vector. After 7 days, the levels of plô*^"^, Ras and Idl were analysed by 
immunoblotting. MEK was used as a loading control, b and c, p-galactosidase 
assay. Early passage HDFs (Hs68) were infected with a recombinant retrovirus 
encoding Idl or with vector control (b) and superinfected with a retrovirus 
encoding H-RasV12 (c). After 10 days, cultures were assayed for SA-p- 
galactosidase activity (% of blue stained cells).
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expression of SA-P-galactosidase activity (Figure 4.6c), cells pre-infected with Idl 

continued to proliferate for a few extra population doublings (PDs), with basal levels of 

SA-P-galactosidase activity (Figure 4.6c and b). These findings are in line with 

previously made observations that Idl has the ability to delay, but not prevent, 

senescence in primary kératinocytes (Nickoloff et al., 2000).

45,Effects of Id2 expression on endogenous levels in HDFs

A number of studies have suggested that other members of the Id family are 

implicated in replicative senescence (Hara et al., 1994; Alani et al., 1999). Thus, Alani 

et al. reported that the ectopic expression of Idl, Id2 and Id3 extended the life span of 

primary human kératinocytes. Moreover, Id2 has the capacity to bind the TCF sub

family of Ets-domain proteins (Yates et al., 1999). Therefore, it was decided to look at 

the impact of ectopic expression of Id2 on endogenous levels of p i6°̂ "*̂  in HDFs, using 

the same approach as for Id l.

Pools of primary HDFs (Hs68) infected with recombinant retroviruses encoding 

Idl (Figure 4.7, lanes 3 and 4), Id2 (Figure 4.7,lanes 5 and 6) or empty vector (Figure 

4.7, lanes 1 and 2) were superinfected with a recombinant retrovirus encoding 

oncogenic H-RasV12 (Figure 4.7, lanes 2, 4 and 6) or control vector (Figure 4.7, lanes 

1, 3 and 5). After 7 days of selection, lysates were prepared and assessed by 

immunoblotting, using MEK as a loading control. As expected (Figure 4.6c), 

introduction of H-RasV12 resulted in a substantial increase in the amount of plb̂ *̂ "̂ ® 

expressed in the control cells (Figure 4.7, lane 2) but prior expression of Id2 reduced the 

magnitude of this response (Figure 4.7, lane 6), as observed previously with Idl. 

Although young HDFs express relatively small amounts of pl6°̂ "̂̂ ,̂ ectopic expression 

of Id2 caused a significant reduction in basal p i6°̂ "̂  ̂levels (Figure 4.7, compare lanes 

5 and 1).
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Figure 4.7 Effects of Id2 on endogenous levels in HDFs (Hs68).
Early passage HDFs (Hs68) infected with recombinant retroviruses encoding Idl 
(lanes 3 and 4), Id2 (lanes 5 and 6) or empty vector (lanes 1 and 2) were 
superinfected with a retrovirus encoding H-RasV12 (lanes 2, 4 and 6) or the 
corresponding control vector. After 7 days, the levels of pl6*^"^, Ras and MEK 
were analysed by immunoblotting. MEK was used as a loading control.
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4.6.Phosphorylation of Id2 overrides its ability to oppose Ets binding to the
pl6iNK4a promoter

Although Idl appears to be the major influence on expression in vivo

(Alani et ah, 1999; Nickoloff et al., 2000), Id2 seemed equally effective in vitro. 

Moreover Xd2 has the same capacity as Idl to bind to Ets transcription factors, and more 

specifically to Bts2 (Eiji Hara personal communication). A plausible scenario therefore 

would be that the CDK-dependent phosphorylation of Id2 (extensively discussed in 

Chapter 3) might override the effects of Id2 on p i in vivo.

To explore these ideas, we asked whether cyclin A/E-CDK2-dependent 

phosphorylation of Id2 could alter its ability to oppose Ets binding to endogenous 

pl6iNK4a promoter. Primary HDFs (Hs68) were infected with recombinant retroviruses 

encoding Id2Wt, the phospho-ablating Id2Ser5Ala mutant or the phospho-mimicking 

Id2Ser5Asp mutant, and H-RasV12. After 7 days drug selection, cross-linked chromatin 

was prepared. Chromatin immunoprécipitation assays were performed, as described 

previously, using the polyclonal antiserum (#57) that recognizes both Etsl and Ets2 and 

the precipitated DNA was examined for the presence of pl6^^^^“ promoter sequences by 

PCR (Figure 4.8). As previously observed, ectopic expression of H-RasV12 increased 

Etsl/Ets2 binding to the endogenous pl6^^"^  ̂promoter (Figure 4.8, lane 6). Moreover, 

prior expression of Id2Wt (Figure 4.8, lane 8) and phospho-ablating Id2Ser5Ala mutant 

(Figure 4.8, lane 10) prevented Etsl/Ets2 binding to the promoter. More interestingly 

some residual Ets binding to plb^'^^ promoter was observed when the system was 

challenged by prior expression of phospho-mimicking Id2Ser5Asp mutant (Figure 4.8, 

lane 12).

These data confirmed that Id2 might also be involved in the regulation of 

pl6iNK4a induction in Ras-mediated senescence. Thus, a model is proposed in which the 

phosphorylation of Id2 by CDK2 overrides its ability to oppose Ets binding to p i 

promoter. However, the difficulties in looking at the effects of Id2 phosphorylation on 

endogenous plb̂ ^̂ "*** protein in HDFs precluded any conclusions regarding the 

biological relevance of this regulation.
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Figure 4.8 Phosphorylation of Id2 overrides its ability to oppose Ets 
binding to endogenous p l6*̂ *̂ '*“ promoter.
Chip assays in primary HDFs (Hs68) infected with control or recombinant 
retroviruses encoding H-RasV12 and Id2 variants (Id2Wt, Id2Ser5Ala and 
Jd2Ser5Asp). After 30 cycles, PCR products were run on a 1% agarose gel.
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Taken together, the data obtained in this chapter and the associated collaboration 

pointed to critical roles for Ets and Id proteins in regulating p i e x p r e s s i o n  in 

response to different oncogenic stimuli and draw a distinction between the mechanisms 

operating in young and old HDFs. Unless provoked by oncogenic Ras, young HDFs 

express relatively low levels of p i6°^^% presumably because signalling via the 

predominant Ets protein, Ets2, is counterbalanced by Idl. Introduction of oncogenic Ras 

would over-ride this steady state by promoting the phosphorylation of Ets2. In 

senescent cells, however, where Ras/Raf/MEK signalling is attenuated and Ets2 levels 

are low, up-regulation of pl6°^"^  ̂depends on the increased expression of Etsl, in the 

absence of any interference by Idl. These ideas are consistent with recent reports that 

Idl could collaborate with viral oncoproteins in the bypass of senescence (Hara et al., 

1996b) and that Idl could extend the lifespan of primary kératinocytes (Alani et al.,

1999). However, it was clear that all aspects of pl6°^^^  ̂regulation can not be explained 

by the effects described in this study and that the promoter is subject to multiple levels 

of control, for example status of pRb (Hara et al., 1996a), regulation by BMI-1 (Jacobs 

et al., 1999) or regulation by Myc (Sarah Drayton personal communication). As well as 

establishing the hierarchy and interplay of these regulatory mechanisms, it will be 

important to determine whether additional proteins are involved in the regulation of 

pl6iNK4a and Ets2. Moreover, the biological rationale of the regulation for

pl6iNK4a expression by Id2 remains unclear and warrants further investigations.
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Functional assessm ent o f and pl4^*^ in an individual carrying

m issense m utations in both CDKN2A alleles

Through collaborations with groups studying the genetics of familial melanoma, 

the laboratory has obtained HDFs from members of melanoma-prone kindreds carrying 

specific pl6’“̂ '̂̂ ‘* deficiencies. These cells provide a unique opportunity to explore the 

roles of and p i4"^ in senescence.

The results in Chapter 4 revealed the opposing effects of Ets and Id proteins on 

pl6iNK4a expression during cellular senescence. A role in senescence could explain the 

importance of pl6°^’‘̂'̂ “ as a tumour suppressor. Indeed, as well as being a frequent target 

of mutations in sporadic cancers, germline mutations of are associated with

predisposition to malignant melanoma (MM).

5.1.BialIelic CDKN2A mutations in the germline of a melanoma patient

As part of an ongoing survey of melanoma kindreds in the UK (Harland et al., 

1997; Newton Bishop et at., 1999; Harland et al., 2000) by the ICRF Genetic 

Epidemiology Division in Leeds and the ICRF Skin Tumour Laboratory at the Royal 

London Hospital, a patient was identified who has inherited independent missense 

mutations on the paternal and maternal alleles of CDKN2A.

The subject was bom in Britain to European parents who were unrelated but had 

a strong family history of cancer. In addition to melanoma in both parental lines, family 

members had a history of other cancers as illustrated in Figure 5.1. Mark Harland (at the 

ICRF Genetic Epidemiology Division in Leeds) analysed all four exons of CDKN2A by 

PCR-based sequencing, as previously described (Harland et al., 1997; Newton Bishop et 

al., 1999). Two single base changes were identified: T to C at nucleotide 158, which is 

predicted to cause a Met to Thr change at amino acid 53, and G to A at nucleotide 322, 

which changes Asp to Asn at residue 108 of plb*̂ '̂ ® (numbered as in Ruas and Peters,
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1998). Interestingly, the patient carries at least one normal pl4"^^ allele since the 

T158C mutation has no effect on p i4"^, while the G322A change would substitute Gin 

for Arg at residue 122. The G322A nucleotide change was detected as the only mutation 

in one parent, suggesting that the T158C mutation was independently inherited from the 

other parental line (Figure 5.1). However, it remains formally possible that the T158C 

mutation arose de novo in the patient, as it has not feasible to do genotype analysis on 

this branch of the family.

5.2.Interaction of Met53Thr and AsplOSAsn variants of with CDKs

The Met53Thr variant of p i h a s  been previously described in a primary 

chronic lymphocytic leukaemia (Haidar et al., 1995) and the Aspl08Asn variant was 

reported in a French melanoma family (Soufir et al., 1998) but neither has been 

functionally evaluated until now. A simple and direct test for function is

whether it can bind efficiently to CDK4 and CDK6 in an in vitro association assay 

(Ruas et al., 1999). The relevant single nucleotide changes were therefore introduced 

into wild type p i c D N A  by site-directed mutagenesis (QuickChange^” system, 

Stratagene). The coding region of wild type plb'̂ ^̂ '̂  ̂ subcloned as a BamHl-EcoRl 

fragment in pBSKS vector (Stratagene) was used as the starting material for 

mutagenesis. DNA from the mutagenesis reaction was used to transform E. coli XL- 

blue by electroporation and miniprep DNA, from selected colonies, was subject to 

automated DNA sequencing. The efficiency of the QuickChange™ mutagenesis system 

was generally greater than 80%. Resultant variant plb'̂ ^̂ '̂  ̂ coding regions were 

subcloned in the pRSET vector (Stratagene) and used to produce His^-tagged versions 

of each protein by coupled transcription and translation in reticulocyte lysates (TnT ™ 

system, Promega). Since it was important to check if the amino acid changes introduced 

in the wild type pl6°^’̂'̂  ̂ sequence would affect the translation levels, all the variant 

proteins were translated in vitro in the presence of [^^Sjmethionine, analysed by SDS- 

PAGE and visualised by autoradiography (Figure 5.2b). The levels of CDKs translated 

from the pBSKS vector were also checked (Figure 5.2a). Incorporation of 

[^^Sjmethionine confirmed that all the variants were produced at equivalent levels.
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Ca Rectum Ca Breast and 
Ca Stomach

Melanoma @ 34 Ca Lung 
Met 53 Thr

Melanoma @ 57  Ca ? site 
Asp 108 Asn

Ca ? site

Melanomas @ 23 & 28
Met 53 Thr 
Asp 108 Asn

Figure 5.1 Family pedigree.
The proband is indicated with an arrow and the shaded symbols refer to 
individuals diagnosed with cancer as follows: melanoma (filled symbol), lung 
cancer (left half shaded), breast cancer (top half shaded) and cancer at unspecified 
site (lower half shaded). To preserve the confidentiality of the patient and the 
family, genders are not specified in the pedigree. This genetic analysis was 
carried out by Mark Harland and Julia Newton-Bishop.
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Binding assays were performed by mixing labelled with similar

reticulocyte lysates containing CDK2, CDK4 or CDK6 produced in the presence of 

[^^Sjmethionine and the mixtures were immunoprecipitated with a polyclonal antibody 

(DPAR12) raised against full-length p i T h e  precipitated proteins were analysed 

by SDS-PAGE (Figure 5.3). Under these conditions, wild type p i c o - p r e c i p i t a t e d  

with both CDK4 and CDK6, but not with CDK2 (Figure 5.3). Of the two variants 

present in the patient, Met53Thr did not show any detectable binding to CDKs in this 

assay, and in this respect resembled Ala20Pro, a proven non-binding mutant included 

here as a control (Ruas et al., 1999). However, the AsplOSAsn variant was 

indistinguishable from wild type in this in vitro assay (Figure 5.3). Thus, Met53Thr was 

identified as a definite loss-of-function mutant, but no unequivocal conclusions could be 

drawn for the AsplOSAsn mutant at this point.

53Jn vivo interaction between the Met53Thr and AsplOSAsn variants of 

with endogenous CDKs

As previously discussed in Ruas et al., the in vitro assay does not reproduce the 

conditions in which p i o p e r a t e s  in vivo and while capable of identifying complete 

loss-of-function mutants, it may not reveal subtle defects in the protein (Ruas et al.,

1999). Thus, it was necessary to study the behaviour of these plb^ '̂^^ mutants in vivo. 

Recombinant retroviruses were used to express the variant pl6̂ ^̂ "*̂  sequences in 

primary human diploid fibroblasts (HDFs). The use of recombinant retroviruses for 

infection of primary cells circumvents the variability associated with DNA transfection 

and uncertainties related to the genetic background of established cell lines. In this 

experiment, the TIG-3 strain of normal primary HDFs was used. However TIG-3 cells 

express detectable levels of endogenous pl6°^'^\ In transferring the relevant pl6°^"^  ̂

sequences into the retroviral vector pBABEpuro,  two copies of the influenza 

haemagglutinin (HA)-epitope tag were added to the amino terminus of the protein, so 

that exogenous and endogenous plb^ '̂^^ could be conveniently distinguished (Ruas et 

al., 1999).
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Figure 5.2 In vitro translation of CDKs and variant forms.
[^^S]methionine-labelled CDKs proteins were translated in vitro from pBSKS 
vector (a) and p i6^^^  variant proteins from pRSET vector (b) using the Promega 
TnT coupled transcription/translation system. The products were separated by 
SDS-PAGE in a 12% acrylamide gel and detected by autoradiography.
HiSf^-pl6 corresponds to full-length His^-tagged pl6^^^^, p l6  corresponds to a 
product presumed to initiate at the first methionine in the p i6’̂ "^  coding region, 
resulting in a protein without the Hiŝ , tag.
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Figure 5.3 Binding of variants to CDK4 and CDK6 in vitro.
Wild type (Wt) and variant forms of p l6 ‘̂ ^  were synthesized in vitro by 
coupled transcription and translation in rabbit reticulocyte lysates in the presence 
of P^S]methionine. Equivalent amounts were mixed with p^Sjmethionine- 
labelled CDKs and immunoprecipitated with a polyclonal antiserum against full- 
length p i P r e c i p i t a t e d  proteins were analysed by SDS-PAGE in a 12% 
acrylamide gel and labelled products were visualized by autoradiography.
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Infectious viruses were produced by transient transfection of the BOSC-23 packaging 

cell line, and viral supernatants were used to infect young TlG-3 fibroblasts 

(approximately 40 PDs), which had been rendered susceptible to ecotropic retroviruses 

by introduction of the mouse basic amino acid transporter, so-called TlGer cells 

(Serrano, 1997; McConnell et al., 1998). As judged by the percentage of cells surviving 

selection in puromycin, infection efficiencies were between 70 and 90%. After selection 

of the infected cell pools, cell lysates were prepared and immunoprecipitated with 

polyclonal antibodies against CDK4 and CDK6. The amount of p i c o - p r e c i p i t a t i n g  

with each CDK was assessed by western blotting with a monoclonal antibody (JC8) that 

is known to be capable of detecting all the pl6°^‘̂'̂ ‘‘ variants under study. As illustrated 

in Figure 5.4, the endogenous p i p r e s e n t  in TIGer cells was readily detected in all 

the CDK4 and CDK6 immunoprecipitates, serving as an internal control. Of the 

exogenous HA-tagged versions of pl6°^’‘̂'̂ ,̂ only the wild type and Aspl08Asn variants 

appeared in the immunoprecipitates (Figure 5.4, lanes 2 and 5). pl6'“̂ ‘̂ ^-Ala20Pro, a 

proven non-binding mutant, was also included in this experiment as an internal control. 

While confirming the results of the in vitro binding assays, these data clearly showed 

that the in vivo association of Asp 108Asn with CDK4 and CDK6 was significantly 

reduced compared to that of wild type p l6^“‘̂ '̂ \

5.4.1mpact of the Met53Thr and AsplOSAsn variants of on cell

proliferation

Since the retrovirally infected TIGer cell pools appeared to be expressing 

equivalent and physiologically relevant levels of the different variants, it was of

interest to know what impact Met53Thr and Asp 108Asn variants of p i m i g h t  have 

on cell proliferation. Wild type pl6°^"^  ̂has been shown to inhibit the phosphorylation 

of pRb in these cells and to cause a severe growth arrest in a proliferation assay 

(McConnell et al., 1998). Thus, the growth of pools of TIGer cells expressing the 

different pl6°^"^  ̂ variants was monitored over a period of 10 days, immediately 

following the initial puromycin selection, using a simple colorimetric assay.
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Figure 5.4 Co-precipitation of p l6*'̂ *̂'*“ variants with CDK4 and CDK6 in
human diploid fîbroblasts.
TIGer cells (TlG-3) were infected with recombinant retroviruses encoding 2HA- 
tagged variants and selected in 2.5|xg/ml puromycin. 7 days after
infection, cell lysates were prepared and equivalent amount (300pg) of protein 
were immunoprecipitated with antibodies against CDK4 (a) and CDK6 (b). 
Immunoprecipitated proteins were fractionated by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with a monoclonal antibody against the 
amino-terminal region of plb^^'*^ (JC8). The positions of exogenous (2x HA 
p i6) and endogenous plb^^'^ (Endo-pl6) are indicated.
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Figure 5.5 Effects of variants on ceil proliferation.
TIGer cells (TlG-3) were infected with recombinant retroviruses encoding 2HA- 
tagged proteins, as in Figure 5.4, and 7 days after drug selection, cells
were transferred into 24 well plates (5x10^ cells/well) and their proliferation 
monitored for 10 days. At each time point, cells were fixed in 10% formaldehyde 
and viable cells stained with crystal violet. Relative numbers of cells were 
determined by measurements of the OD at 590nm. The data present the averages 
of triplicate measurements.
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Cells infected with the empty vector or with the Met53Thr and Ala20Pro variants grew 

rapidly, increasing 15 to 20-fold in number over the monitoring period (Figure 5.5), in 

agreement with the complete loss of function of these variants. In contrast, cells infected 

with wild type showed markedly reduced proliferation, only increasing about 2-

fold in 10 days. Significantly, the AsplOSAsn variant produced an intermediate effect 

on cell proliferation (Figure 5.5). This would be consistent with the partial reduction in 

CDK binding seen in Figure 5.4. As previously discussed (Ruas et al., 1999), this 

intermediate phenotype could reflect destabilisation of the protein, improper folding, 

altered sub-cellular distribution, or other facets of plb'̂ ^̂ '̂  ̂ behaviour that are not 

manifest in vitro. In comparison to previous mutants surveyed by these methods, 

Met53Thr would score as a complete loss of function mutant, and AsplOSAsn as a 

partial loss of function mutant.

55.Effects of the Argl22GIn mutation on p l4 ^  function

Only one of the mutations carried by this patient affects the sequence of pl4"^, 

the alternative product specified by CDKN2A, resulting in the substitution Argl22Gln, 

implying at least haplo-sufficiency for p l4"^  function. Previous studies have suggested 

that p i4"^  ̂ function is largely attributable to the 64 amino acids encoded by exon ip 

(Stott et al., 1998; Zhang and Xiong, 1999; Llanos et al., 2001) or even smaller peptides 

(Midgley et al., 2000; Lohrum et al., 2000; Rizos et al., 2001; Llanos et al., 2001). It 

was therefore of interest to determine whether the Argl22Gln alteration, which occurs 

near the carboxy terminus of the protein, had any impact on p i4"^  ̂function. To test 

this, the Argl22Gln mutation was introduced into wild type p i4"^ cDNA sequence by 

site-directed mutagenesis to determine if the resultant protein was capable of interacting 

with MDM2 and p53. The U20S osteosarcoma cell line, which contains wild type pRb 

and p53, was transiently co-transfected with plasmids encoding MDM2 and either wild 

type p i4 ^  or the Argl22Gln variant. After immunoprécipitation with a polyclonal 

antibody against p i4^’’̂  ̂ (JR14), the immune complexes were western blotted with 

monoclonal antibodies against MDM2 (IF2) and p53 (DO-1). Similar amounts of 

MDM2 and endogenous p53 were present in the p l4 "^  immunoprecipitates suggesting
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that within the limits of this assay, there was no significant difference between the 

Argl22GIn variant and wild type p i4 ^  (Figure 5.6a).

As well as having the ability to activate a p53 response in the cells by forming a 

three-way complex with MDM2 and p53, wild type p l4 "^  has been shown to protect 

p53 from MDM2-mediated ubiquitination and degradation (Stott et al., 1998; Midgley 

et al., 2000; Honda and Yasuda, 1999). This can be readily demonstrated by co

transfection of various combinations of plasmids encoding p53, MDM2, and p l4"^  into 

U20S cells. In the absence of p l4"^ , the p53 signal is significantly reduced by the co

transfection of MDM2, but this MDM2-induced turnover of p53 was completely 

abrogated in the presence of p i4"^ (Figure 5.6b). A similar effect was also observed 

with the p 14^^-Arg 122Gln mutant (Figure 5.6b). Thus, pl4^^-Argl22Gln mutant 

protein appeared capable of stabilising p53 by protecting it from its MDM2-mediated 

degradation. Significantly, the Argl22Gln variant again proved to be indistinguishable 

from wild type in this assay.

With the caveat that these assays are based on over-expression of p i4"^, Figure 

5.6 provided strong evidence that the p 14^^-Arg 122Gln variant is not significantly 

compromised.

5.6.Resistance of Q34 HDFs to Ras/MEK/Ets-medlated arrest

Taken together, the functional assays implied that the compound heterozygous 

patient is effectively p i6°^“*“ negative and p l4"^  positive.

In the view of the rarity and experimental potential of this genetic background, 

dermal fibroblasts were cultured from a clinical skin biopsy obtained from the patient 

(at the ICRF Skin Tumour Laboratory in London). These fibroblasts, designated Q34 

cells, were used to further investigate Ras/Raf/MEK signalling to pl6"^"^\

Young Q34 HDFs (at 31 PDs) and control primary Hs68 HDFs (at 34 PDs) were 

infected with a recombinant retrovirus encoding H-RasV12 or the corresponding empty 

vector (Figure 5.7). Cell lysates were prepared after 7 days of selection of the infected 

cell pools in zeomycin. The levels of endogenous pl6^"^^ and exogenous Ras proteins 

were analysed by immunoblotting, with MEK serving as a loading control.
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Figure 5.6 MDM2 binding and p53 stabilisation by the Ai^l22Gln variant 
of PI4ARF
U20S cells were transfected with plasmids encoding p53, MDM2 and p l4 ^ ^  as 
indicated. In a, cell lysates were immunoprecipitated with a polyclonal antibody 
against p l4 ^ ^  (JR14) and immunoblotted with antibodies against pl4^*^‘ 
(4C6/4), MDM2 (IF2) and p53 (DO-1). In b, p53 and MDM2 levels were 
analysed by direct immunoblotting of cell lysates.
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As expected, the levels of endogenous increased markedly in the H-RasV12

infected cells. Similar increases were observed in Hs68 HDFs (Figure 5.7a, lane 2) and 

Q34 HDFs (Figure 5.7b, lane 2).

However, whereas the Ras infected Hs68 control HDFs underwent a senescence

like growth arrest (Figure 5.8a), the Ras infected Q34 HDFs continued to proliferate 

(Figure 5.8b). Indeed, in addition to showing increased levels of endogenous plb'^ '̂^  ̂

(Figure 5.7a, lane 2), Ras infected Hs68 HDFs also adopted many of the phenotypic 

characteristics associated with senescence (Hara et al., 1996; McConnell et al., 1998; 

Vogt et al., 1998) such as a reduced proliferative capacity, an altered size and shape 

(Figure 5.8a, right panel) and the appearance of senescence-associated p-galactosidase 

(SA-P-gal) activity (see Figure 4.6b). Control cells infected with the corresponding 

empty vector grew normally and reached confluence within 5-7 days (Figure 5.8a, left 

panel). On the other hand, when infected with H-RasV12, Q34 primary fibroblasts 

showed comparable increases p i6’“̂ *̂'’̂  levels (Figure 5.7b, lane 2) but due to their 

pl6iNK4a notations, they avoided cell cycle arrest and continued to proliferate, reaching 

confluence within 5-7 days (Figure 5.8b, right panel), equivalent to the control cells 

infected with empty vector (Figure 5.8b, left panel).
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Figure 5.7 Oncogenic Ras provokes increased expression in Q34
HDFs.
a. Early passage Hs68 HDFs were infected with a recombinant retrovirus 
encoding H-RasV12 (lane 2) or the corresponding control vector (lane 1). After 7 
days, the levels of p i6^^"^ and Ras were analysed by immunoblotting. MEK was 
used as a loading control, b, Early passage Q34 HDFs were infected with a 
recombinant retrovirus encoding H-RasV12 (lane 2) or the corresponding control 
vector (lane 1). After 7 days, pi^i^K^a and MEK levels were analysed by 
immunoblotting.
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Figure 5.8 Resistance of Q34 HDFs to Ras/MEK/Ets mediated arrest.
a. Phase contrast photomicrographs of Hs68 HDFs infected with either empty 
vector or H-RasV12 retrovirus, at 10 days after infection, b. Phase contrast 
photomicrographs of Q34 HDFs infected with either empty vector or H-RasV12 
retrovirus, at 10 days after infection.
Note that Ras-infected Hs68 fibroblasts, unlike Ras-infected Q34 fibroblasts, 
adopt a senescence-like phenotype.
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5.7.Resistance of Q34 HDFs to Ras/MEK/Ets-mediated arrest

As previously established (Chapter 4 of this study and Ohtani et al., 2001), the 

Ras/Raf/MEK signalling pathway activates p i e x p r e s s i o n  via the Ets2 

transcription factor, whereas Etsl appears to assume this role in senescent HDFs when 

the Ras/Raf/MEK signalling pathway is shut down. Furthermore, primary HDFs 

expressing Ets2 contained increased levels of endogenous p i a n d  adopted a 

premature senescence phenotype.

It was therefore of interest to look at the effects of Ets proteins on endogenous 

pl6iNK4a Q3 4  HDFs. To address this question, pools of young Q34 HDFs (at 32 PDs) 

were infected with recombinant retroviruses encoding Etsl or Ets2. After selection for 5 

days in puromycin, the levels of endogenous pl6°^"^  ̂and p53, and exogenous Etsl and 

Ets2 were analysed by immunoblotting (Figure 5.9). Again MEK was used as a loading 

control. As illustrated in Figure 5.9, both Etsl and Ets2-expressing cells contained 

markedly increased levels of endogenous p i t h e  effect was more pronounced with 

Ets2 (Figure 5.9b).

However, whereas Etsl and Ets2 were both able to cause a senescence-like 

growth arrest in normal HDFs (see Chapter 4), the Ets-infected Q34 HDFs continued to 

proliferate (Figure 5.10). Indeed, even though they showed increased levels of 

endogenous p i ( F i g u r e  5.9), Q34 HDFs were resistant to an Ets 1 /Ets2-mediated 

arrest (Figure 5.10).

Taken together, these results strongly suggest that the ability of Ras, Etsl and 

Ets2 to induce a senescence-like growth arrest in HDFs is exclusively dependent on 

p l6^ ^ \

151



Chapter 5 -  Functional assessment of and in an
individual carrying missense mutations in both CDKN2A alleles

Q 34 HDFs Q 34 HDFs

p16 —  p16

Ets1 Ets2

MEK  MEK

Figure 5.9 Effects of Ets proteins on endogenous in Q34 HDFs.
a, Up-regulation of endogenous in Q34 HDFs infected with retrovirus
encoding Etsl (lane 2). b, Up-regulation of endogenous pl6^^"^ in Q34 HDFs 
infected with retrovirus encoding Ets2 (lane 2).
After 7 days of drug selection, levels of endogenous pl6^^"^, p53 and exogenous 
Etsl or Ets2 were analysed by immunoblotting. MEK served as a loading control.
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Figure 5.10 Resistance of Q34 HDFs to Ets 1/Ets2-mediated arrest.
a. Phase contrast photomicrographs of Q34 HDFs infected with either empty 
vector or Etsl retrovirus, at 10 days after infection, b. Phase contrast 
photomicrographs of Q34 HDFs infected with either empty vector or Ets2 
retrovirus, at 10 days after infection.
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5.8.Morphological transformation of Q34 HDFs by Ras but not by Ets proteins

A recent study showed that ectopic expression of the telomerase catalytic 

subunit (hTERT) in combination with two oncogenes (SV40-T oncoprotein and an 

oncogenic allele of H-Ras) resulted in tumorigenic conversion of normal HDFs (Hahn 

et al., 1999). Since Q34 cells were resistant to Ras-mediated arrest, it seemed possible 

that they be sensitive to morphological transformation by oncogenic Ras.

To explore this possibility, pools of young Q34 HDFs (at 32 PDs) were infected 

with recombinant retroviruses encoding H-RasV12, Etsl or Ets2 respectively and the 

corresponding control vectors. These experiments were carried out with the assistance 

of Janice Rowe, scientific officer in the laboratory. After a period of selection (2 to 3 

weeks generally), cells were seeded in semi-solid agarose (Figure 5.11). Ectopic 

expression of oncogenic H-Ras resulted in morphological transformation of Q34 HDFs, 

enabling them to grow to a higher saturation density. Moreover, a significant proportion 

of these cells appeared capable of growing as anchorage independent colonies in semi

solid medium (Figure 5.11a, right panel), whereas control cells did not form 

multicellular colonies in such conditions (Figure 5.11a, left panel). Significantly, neither 

Etsl (Figure 5.11b, right panel) nor Ets2 (Figure 5.11c, right panel enabled Q34 HDFs 

to form anchorage independent colonies.

Furthermore and in contrast to what has been suggested by others, hTERT was 

not absolutely required in the Q34 cells transformation assays. Q34 HDFs have an 

extended natural lifespan (up to 82-86 PDs, Janice Rowe unpublished observations), 

enabling them to proliferate sufficiently to form multicellular colonies in semi-solid 

medium without encountering a telomere-dependent arrest.
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Figure 5.11 Morphological transformation of Q34 HDFs by H-RasV12 but 
not by Ets proteins.
Young Q34 HDFs infected with recombinant retroviruses encoding H-RasV12 
(a), Etsl (b) or Ets2 (c) respectively, or corresponding control vector were 
selected over 7 days and then seeded into soft agar. After 2 to 3 weeks, foci were 
photographed by phase contrast microscopy (experiments realised by Janice 
Rowe). Q34 cells expressing H-RasV12 formed macroscopically visible colonies 
in soft agar (a, right) whereas Q34 HDFs expressing Etsl (b, right) or Ets2 (c, 
right) did not. No significant agar growth was observed with control vector.
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One aspect of the work described in this chapter was to assess the impact on 

pl6iNK4a p i4 ^  of the biallelic mutations found in Q34 cells.

The Met to Thr change at amino acid 53 caused a significant loss of 

function. Based on the crystallographic coordinates for (and related INK4a

proteins) bound to CDK6, it is apparent that Met53 is located on the surface of the 

protein participating in the interaction with CDK4 and CDK6 (Brotherton et al., 1998; 

Russo et al., 1998 and Neil McDonald personal communication). As this single base 

change at nucleotide 158 did not affect p i4"^ sequence, it is clear that pl6°^’‘̂'̂ “ rather 

than p i4"^, is the target of the mutation in this arm of the family tree (Figure 5.1).

Conversely, the G322A alteration, inherited from the other side of the family 

(Figure 5.1), affected both p i a n d  p i4^^ sequences, causing the Aspl08Asn 

mutation in plb̂ *̂̂ "̂  and the Glnl22Arg in pl4"^. As previously shown (McDonald and 

Peters, 1998), plb™̂ '̂̂  ̂ protein belongs to the ankyrin superfamily whose members 

contain typically at least four copies of the so-called ankyrin repeat. Also, it was noted 

that the side-chain of Asp 108 plays an important structural role in the fourth ankyrin 

repeat of p i b y  making a contact to a main chain amide group and forming a 

hydrogen bond to Argl 12 (McDonald and Peters, 1998). Interestingly, despite the likely 

destabilization of the structure of the ankyrin repeat, the pl6’“̂ '^“-Aspl08Asn mutant 

protein retained some capacity to bind to CDKs in vivo (Figure 5.4) and remained 

capable of impairing cell proliferation (Figure 5.5). Moreover, the Argl22Gln mutation 

did not seem to affect the functions of p l4"^  (Figure 5.6). Indeed, the data presented in 

this chapter led to the conclusion that the Argl22Gln variant is not functionally 

compromised, reinforcing the arguments that p i r a t h e r  than p i4"^  ̂ is the critical 

tumour suppressor in human MM.

Both mutations affected the amino acid sequence of pl6°̂ "̂̂ ,̂ whereas only one 

changed the amino acid sequence of pl4"^. Functional testing revealed that both forms 

of pl6°^"^  ̂were compromised, though to different extend, whilst this variant of p i4"^  ̂

retained the ability to bind to MDM2 and protect p53 from MDM2-mediated 

degradation.
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individual carrying missense mutations in both CDKN2A alleles

The identification of this individual has provided a unique opportunity to study 

the physiological consequences of p i d e f i c i e n c y .  Thus, the data obtained 

reinforced the arguments that p i6°^^  ̂ rather than p i4^^^ is the critical tumour 

suppressor in human MM. Moreover, the subject of this study appeared to be the first 

reported example of an individual who is compound heterozygous for independent 

mutations in CDKN2A. It was therefore of considerable interest to assess the impact of 

these mutations on plô^ '̂^^ and pl4"^.

Furthermore, the data obtained in the second part of this chapter implied that 

conversely to Etsl or Ets2 oncogenic Ras alone is capable of morphologically 

transforming young Q34 HDFs that are p 16°^"^^-deficient but retain an unaffected p53 

response. Thus, it could be concluded that Ras-induced senescence and Ras-induced 

transformation operate through different signalling pathways.
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Discussion

Through The initial aims of this thesis were to investigate phosphorylation of Id 

proteins during the cell cycle and to try to assess the functional significance of such 

phosphorylation. These aims were later modified in part because of the lack of reliable 

assays for bHLH specificity and because of a previously unrecognised connection 

between the Id family and pl6^ '*\

6.1 .The role of Id and bHLH proteins in cell cycle control

Since their discovery over a decade ago, the Id family of proteins have been 

recognised as potential inhibitors of differentiation and by corollary as positive 

regulators of cell growth, yet the physiological roles of individual family members and 

the mechanisms underlying their specificity and function remain largely unknown. In 

general terms. Id gene expression decreases shortly after the induction of differentiation, 

is barely detectable in quiescent cells, and declines as senescent fibroblasts lose their 

proliferative potential (reviewed in Norton, 2000). Conversely, ectopic expression of 

bHLH genes is usually associated with cell cycle arrest.

Several lines of evidence also suggest that Id proteins play an important role in 

the Go to S phase transition of the cell cycle: stimulation of quiescent fibroblasts with 

serum or growth factors induces the transcription of Id genes (Christy et al., 1991; Deed 

et al., 1993; H ara et al., 1994; Barone et al., 1994); antisense oligonucleotides that 

inhibit Id protein synthesis prevent cells for entering S phase (Barone et al., 1994; Hara 

et al., 1994); and over expression of Id proteins can shorten the Gj phase and reduce the 

serum requirement for cell growth (Hara et al., 1994). Although the levels of bHLH 

proteins remain essentially constant (Hara et al., 1997; Loveys et al., 1996), the 

activities of bHLH dimers, as assessed by the binding of cellular protein extract to E- 

box oligonucleotides in vitro, are transiently depressed during early Gj at a time
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coincident with the peak of induction of Id proteins (Hara et al., 1997; Deed et al., 

1997; and see Chapter 3). Expression of Id proteins persists into late and throughout 

S phase, but there is a second peak of induction during late Gi that is not mirrored by a 

decrease in E-box binding complexes (Hara et al., 1994; Hara et al., 1997). This 

paradox was in part resolved by recent results from the laboratory demonstrating that 

Id2 and Id3 undergo cell cycle dependent phosphorylation at a serine residue (Ser5) 

within a consensus CDK target sequence, SPVR. The timing of phosphorylation in the 

late Gi phase correlates with the activation of CDK2 by cyclin E and/or cyclin A (Hara 

et al., 1997; Deed et al., 1997). Furthermore, this phosphorylation negates or alters the 

specificity of the competitive interactions of Id2 and Id3 with E2A homodimers or E2A- 

MyoD heterodimers on a model E-box sequence (Hara et al., 1997; Deed et al., 1997 

and Figure 3.6).

The experiments described in Chapter 3 provide the first demonstration that Id4 

can also be phosphorylated in vivo on a serine residue (Ser5) within the conserved 

SPVR consensus. When expression constructs encoding either wild-type Id4 or the 

phospho-ablating SerSAla mutant of Id4 were transfected into COS-7 cells, only the 

wild-type protein was ^^P-labelled, whereas both mutant and wild-type proteins were 

^^S-methionine-labelled (Figure 3.3). Analogous phosphorylation of endogenous Id4 

protein was also observed in serum-stimulated F9 embryonal teratocarcinoma cells at a 

time in late Gj consistent with the appearance of active cyclin E-CDK2. Moreover, it 

was confirmed that cyclin E-CDK2 and cyclin A-CDK2 will specifically phosphorylate 

Id4 in vitro (Figure 3.2).

Whereas unphosphorylated Id4 was shown to abrogate the AE12 homodimer 

complex but not the AE12-MyoD heterodimer complexes in a model E-box mobility 

shift assay, phosphorylation of Ser5, by exposing Id4 protein to active cyclin A-CDK2, 

was found to negate the competitive interactions of Id4 with AE12 homodimers (Figure

3.4). Although broadly comparable to previous findings with Id2, we did not observe 

the altered specificity reported for phosphorylation of Id3 where substitution of SerS 

with a charged aspartate resulted in abrogation of the AE12-MyoD heterodimer complex 

(Deed et al., 1997). Thus, it has proven difficult to have a reliable biological readout for
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the importance of CDK-dependent phosphorylation of Id proteins, as the specificity of 

the model EMSA appears highly dependent on the composition of different batches of 

reticulocyte lysate as well as on the provenance of the recombinant Id proteins.

Given these observations and reservations about the model EMSA, we sought a 

relevant biological system to investigate the effects of phosphorylation on Id4 function. 

As illustrated in Figure 3.5, serum stimulated PCI2 cells provided evidence for specific 

bHLH DNA-binding complexes that are sensitive to competition by Id4, and 

importantly that the inhibitory effects of Id4 are reduced following phosphorylation by 

cyclin A-CDK2. Together with the earlier observations by Hara and co-workers (Hara 

et al., 1997) and Deed and co-workers (Deed et al., 1997), these findings with Id4 fully 

support the notion that cyclin A- and cyclin E-CDK2-dependent phosphorylation of Id 

proteins could have important functional consequences. For example, Id2, Id3 and Id4 

may have to be phosphorylated in order for the cells to progress through the cell cycle. 

An obvious corollary would be that phosphorylation of Id proteins in late Gj could 

dramatically alter the patterns of gene expression, but the temporally ordered and 

transient nature of these events make them difficult to analyse by standard approaches.

As an alternative strategy, it was considered important to determine the identity 

of the E-box-binding proteins observed in serum-stimulated human fibroblasts (Hara et 

al., 1997). On the assumption that they would contain a class A bHLH protein, a 

commercial antiserum against human E2A and polyclonal antisera against human E2-2 

and HEB - specifically generated for this work - were tested for their ability to super

shift or disrupt the complex in electrophoretic mobility shift assays (EMSA). However, 

the specific E-box DNA-binding complex observed in human primary fibroblasts did 

not seem to be affected by any of these antisera (Figure 3.7a and b). Another approach 

was to determine whether analogous complexes are present in mouse embryo fibroblasts 

(MEFs) that are nullizygous for different bHLH proteins. The data obtained indicated 

that a specific E-box DNA binding complex persists in E2A’'’ MEFs (Figure 3.11), in 

line with the preliminary findings using E2A antiserum. The intention was to repeat 

these investigations using cells from E2-2 and HEB nullizygous mice and arrangements 

were put in place to gain access to the relevant knockout mice (Zhuang et al., 1996;
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Zhuang et al., 1998). However, the corresponding primary MEFs have apparently 

proved difficult to propagate in culture and would only have been available for 

experimentation in the source laboratory.

Future challenge remains to identify genes relevant to the Gq to S-phase 

transition that are either positively or negatively regulated by Id-sensitive transcription 

factor complexes.

62.1d and in cellular senescence

When the present work was initiated, it was assumed that Id HLH proteins 

mainly function as dominant negative regulators of class A and class B bHLH 

transcriptional factors but a growing body of evidence has revealed that Id proteins can 

interact with a variety of proteins other than the bHLH family. These include the 

retinoblastoma protein (pRb) and the related pocket proteins p i07 and p i30 (lavarone et 

al., 1994; Lasorella et at., 1996; Lasorella et at., 2000), MIDAl (mouse Id-associated 

protein 1) (Shoji et at., 1995; Inoue et at., 2000), Pax2, Pax5 and PaxS (Roberts et at., 

2001), and Elkl (Yates et at., 1999).

The latter interaction came to light when it was shown that Idl-IdB can modulate 

the response of cells to mitogens that activate so-called ternary complex factors (TCFs) 

(Yates et al., 1999). The TCFs are a subfamily of Ets-domain transcription factors (such 

as Elkl, SAPl and SAP2) that play a pivotal role in regulating immediate-early genes 

such as c-fos and egr-1 in response to signalling via the ERK-MAPK pathway (Cahill et 

at., 1996; Yates et al., 1999). (reviewed in Treisman, 1994). Yates et al. showed that Id 

proteins bind to and inhibit DNA binding by the TCF component of the ternary TCF- 

SRF-SRE complex (Yates et al., 1999). Interactions between the Id proteins and the 

TCFs are mediated by the Ets-domain of the TCF component and the HLH motif in the 

Id proteins. As the Id genes are also activated early after mitogenic stimulation, it was 

proposed that Id proteins might act to limit the duration of the immediate early response 

(Yates et al., 1999).

This ability of Id proteins to counteract Ras-ERK-MAPK signalling could of 

course apply to the growth arrest as well as the growth promoting functions of the Ras

161



Chapter 6 -  Discussion

pathway and the experiments described in Chapter 4 provide evidence to this effect. The 

pl6iNK4a gene jg progressively upregulated in HDFs by the accumulation of population 

doublings (Alcorta et a l, 1996; Hara et a l, 1996a; Loughran et a l, 1996; Reznikoff et 

a l, 1996; Serrano, 1997; Huschtscha and Reddel, 1999), reaching peak levels when the 

cells are in M l. However, it is now recognised that a senescence-like growth arrest 

phenotype can be induced when primary HDFs are challenged by an activated Ras 

oncogene or its downstream effectors Raf and MEK, identifying the MAP kinase signal 

transduction pathway as critical for Ras-induced senescence (Serrano, 1997; Lin et a l, 

1998; Zhu et a l,  1998). There is therefore considerable interest in delineating further 

details of the signalling pathways that regulate pl6̂ ^̂ "*̂  expression in young and 

senescent HDFs.

The responsiveness of human p lb ”̂ "̂̂  ̂promoter (using constructs characterised 

by Fiji Hara during his time in the laboratory (Hara et al., 1996a)), to activated Ras was 

found to reside in the first 247 residues upstream of the translation start site, and was 

mapped to potential binding sites for Ets-family transcription factors (Figure 4.1b). 

Both Etsl and Ets2 increased the activity of pl6°̂ "̂̂  ̂ promoter and the effects were 

further potentiated by co-expression of activated MEK or Ras (data not shown), 

whereas PEA3, SAPl and ELKl caused a reduction in pl6*̂ "̂̂  ̂promoter activity (data 

not shown), which suggests that they might act as negative competitors. In addition, 

E2DBD, the DNA-binding domain of Ets2, which acts as a dominant negative inhibitor 

for both Etsl and Ets2 (Foos et a l, 1998), completely negated the activation observed 

with Etsl and Ets2, with or without MEK. Taken together, these data implied that Etsl 

and Ets2 transcription factors can activate the human p i 6̂ *̂ "̂ “ promoter through the 

conserved Ets-binding site (Ohtani et a l, 2001).

To substantiate these findings, chromatin-immunoprecipitation assays (ChIP) 

were performed and the resulting data provided clear evidence for an increased 

interaction between Etsl/Ets2 and the relevant binding domain of the endogenous 

pl6iNK4a promoter in young HDFs expressing ectopic oncogenic Ras (Figure 4.2). 

Moreover, direct binding of Etsl/Ets2 to the pl6°^ '̂^  ̂ promoter was also observed in 

senescent HDFs (Ohtani et al., 2001). As a further proof of the in vivo consequences of
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the influence of Ets proteins on endogenous p i6^^% primary HDFs were infected with 

a recombinant retrovirus encoding either Etsl or Ets2. In addition to increased levels of 

endogenous p i6^^% Ets-expressing cells showed characteristics resembling those of 

senescent HDFs (Figures 4.3 and 4.4), Conversely, when E2DBD sequences were 

expressed in young HDFs they caused a significant reduction in the level of endogenous 

pl6iNK4a without affecting the level of MEK (Figure 4.3). Therefore, these results clearly 

suggest that Ras/Raf/MEK kinase signals promote Ets-mediated activation of pl6^^"^^ 

and that Ets2 has a direct role in oncogene-induced premature senescence.

Given the evidence that Id and Ets proteins can interact, a direct effect on 

pl6iNK4a expression could account for the apparent involvement of Id proteins in 

replicative senescence. Thus, Idl was shown to reduce the activation of p l6^"^ by Ets2 

and/or MEK in a dose dependent manner (Figure 4.5). Moreover, chromatin 

immunoprécipitation assays in primary HDFs confirmed that whereas H-RasVI2 

substantially increased Etsl/Ets2 binding to the endogenous plb̂ ^̂ "̂ "* promoter, prior 

expression of Idl markedly reduced the binding (Figure 4.6). However, Idl could not 

completely inhibit the effects of H-RasV12 (Figure 4.6).

To more accurately reflect the in vivo context, primary HDFs were infected with 

recombinant retroviruses encoding Idl or Id2 and H-RasV12. Although early passage 

HDFs express relatively modest amount of ectopic Idl caused a significant

reduction in basal plb̂ *̂ '̂  ̂ levels. As others have shown (Serrano et al., 1997), 

introduction of H-RasV12 resulted in a substantial increase in the amount of pl6^"^^ in 

the cells, but prior expression of Idl reduced significantly the magnitude of this 

response (Figure 4.7). Interestingly, comparable results were obtained with ectopic 

expression of Id2 (Figure 4.7). Although Idl appears to be the major influence on 

pl6iNK4a expression in vivo (Hara et al., 1994; Alani et a l, 1999; Nickoloff et a l, 2000 

and Chapter 4), it seems that Id2 also has this capacity. However, previous work from 

the laboratory (Hara et al., 1997) and the experiments outlined in Chapter 3 have 

indicated that Id2 undergoes CDK-dependent phosphorylation, which might override its 

ability to oppose Ets binding to the endogenous plb^ '̂^® promoter in vivo. The results of 

the Chip assays performed using primary HDFs infected with recombinant retroviruses
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encoding wild-type Id2, the phospho-ablating or the phospho-mimicking Id2 mutant 

and H-RasV12 would be consistent with this scenario (Figure 4.8). However, the 

biological rationale for this additional level of control over p i e x p r e s s i o n  remains 

unclear.

Whilst these data are consistent with opposing roles for Ets and Id proteins in the 

transcriptional regulation of induction in Ras-induced senescence, it is

important to consider whether the endogenous levels of these proteins are compatible 

with such a model. As predicted from previous studies (Hara et a i, 1996b; Alcorta et 

al., 1996; Lin et al., 1998; Zhu et al., 1998; Lyden et a l, 1999), Id l protein levels 

decreased significantly in senescent HDFs, whereas pl6^^'^^ levels increased 

substantially (Figure 6.1a). Interestingly, the Ets2 levels also declined in senescent 

HDFs and no phosphorylated form of MEK could be detected in these cells, suggesting 

that Ras/Raf/MEK-mediated activation of Ets2 has been attenuated and cannot be 

responsible for pl6^^"^  ̂ accumulation observed in senescent HDFs (Figure 6.1a). In 

contrast, Etsl was barely detectable in young HDFs, whereas Etsl expression was 

induced in senescent HDFs (Figure 6.1a). Thus, it seems likely that Etsl expression is 

responsible for the induction of plb^^ '̂̂  ̂expression in replicative senescence, which is 

provoked by cumulative cell divisions. A model for p i6°̂ '̂̂ '' induction has been 

proposed in which Ras/Raf/MEK signalling activates pl6^^"^  ̂ expression via the Ets2 

transcription factor in young cells, whereas Etsl assumes this role in senescent HDFs 

when the Ras/Raf/MEK pathway is shut down, correlated with the down-regulation of 

Idl (Figure 6.1b).
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A plausible rationalisation of the data presented in Chapter 4 is therefore that the 

balance between Ets 1/2 and Idl acts as a sensor that detects aberrant growth signals 

(such as mitogenic stress/oncogenic stress). This scenario is consistent with recently 

published results reporting that MEFs derived from Idl-deficient mice express high 

levels of (Lyden et al., 1999). Nickoloff and co-workers also reported that the

level of p i e x p r e s s i o n  decreased following overexpression of Idl (Nickoloff et al., 

2000), and increased levels of phosphorylated, inactive pRb were observed in Idl 

expressing kératinocytes (Alani et al., 1999). In primary human kératinocytes, these 

effects have been shown to extend replicative lifespan (Alani et al., 1999; Nickoloff et 

al., 2000) but in HDFs we found that ectopic expression of Idl and Id2 had very 

marginal effects on cellular lifespan (data not shown). Nevertheless, to gain further 

insights into p i r e g u l a t i o n ,  it is important to consider additional factors involved in 

this regulation. For example, it has been reported that Bmi-1 (Jacobs et al., 1999), JunB 

(Passegue and Wagner, 2000), 14-3-3a (Dellambra et al., 2000), LMPl (Yang et al., 

2000) and Myc (Sarah Drayton personal communication) all regulate pl6°^^^  ̂

expression. Moreover, Id3 expression is induced by the Ras-MEK-MAPK cascade 

(Bain et al., 2001). Perhaps the most intriguing issue is how the switch from Ets2 to 

Etsl occurs as cells reach Ml senescence. A recent report has shown that a dominant 

negative version of the telomere binding protein TRF2 will activate p i e x p r e s s i o n  

(Smogorzewska and de Lange, 2002), providing a possible experimental route to trace 

the signals that link plô̂ *̂̂ "̂  ̂with telomere status. Another unsolved mystery is the delay 

between Ras signalling, which could potentially happen within minutes or hours, and 

the measurable increase in pl6°̂ *̂ ‘’̂  protein levels, which is only apparent after several 

days. As first step, it would be interesting to look at transcription effects, for example 

by using real time PCR coupled to regulatable signal, such as Raf-ER or Ras-ER.

Taken together, the results described in Chapter 4 provide insight into the 

transcriptional regulation of which is an important tumour suppressor linked to

cellular senescence. Understanding pl6°^’’̂'’̂  regulation might help to find a way of 

controlling its expression and inducing senescence in cancer cells. Furthermore, Alani et 

al. have recently suggested that Idl transcriptional repression of p i m a y  represent

166



Chapter 6 -  Discussion

a mechanism for early dysregulation of p i e x p r e s s i o n  in human tumours (Alani et 

al., 2001). Interestingly Idl expression has also been noted to be up-regulated in 

pancreatic tumours that, like familial and sporadic melanomas, frequently demonstrate 

inactivation of the tumour suppressor pl6^"^^ (Maruyama et al., 1999). It would 

therefore be interesting to undertake further studies to determine the precise role of Id l, 

and the other Id family members, in the regulation of p i e x p r e s s i o n  and their 

functional significance in regulating cell growth, senescence and tumorigenesis.

63.1d and in cellular senescence

The idea of suppressing p i6°^^  ̂expression in cultured cells is very attractive as 

it would open up the possibility of extending cellular lifespan and perhaps of avoiding 

Ras induced senescence. During the course of this thesis, other members of the 

laboratory had been investigating the behaviour of dermal HDFs (designated Leiden 

cells) from a rare individual who is homozygous for an intragenic 19 bp deletion in the 

second exon of CDKN2A (Gruis et al., 1995; Brookes et al., 2002). Analyses of the 

resultant gene products implied that Leiden cells are p i d e f i c i e n t  but express 

physiologically relevant levels of a frameshift protein that retains the known functions 

of pl4"^^ .̂ Although they have a finite lifespan, Leiden cells are resistant to arrest by 

oncogenic Ras. Indeed, ectopic expression of Ras and telomerase (hTERT) results in 

outgrowth of anchorage-independent colonies that have essentially diploid karyotypes 

and functional p53 (Brookes et al., 2002).

As part of an ongoing survey of melanoma kindreds in the UK by the ICRF 

Genetic Epidemiology Division in Leeds and the ICRF Skin Tumour Laboratory at the 

Royal London Hospital (Harland et al., 1997; Newton Bishop et al., 1999; Harland et 

al., 2000), another individual was identified who has inherited two different sequence 

variants of CDKN2A. To our knowledge, this patient is the first example of a compound 

heterozygote carrying distinct germline alterations in each allele of CDKN2A (Huot et 

al., 2002). As reported in Chapter 5, the T158C alteration results in the Met53Thr 

substitution in plb™*̂ "̂  ̂but leaves the ARF sequence unchanged. By several criteria, it 

was evident that the Met53Thr alteration, which has been recorded once before in a
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sporadic leukaemia (Haidar et al., 1995) causes severe disruption of function

(Figure Figure 5.4 and Figure 5.5). Moreover, it has been previously shown that the 

Met53Ile variant, which is a more common germline mutation among UK melanoma 

families, also represents a non-functional allele (Ruas et al., 1999). The situation with 

the second mutation was less clear-cut because it causes amino acid substitutions in 

both p 1  p i4^^. The AsplOSAsn alteration in p i i s  relatively conservative

and only partially impairs the function of the protein (Figure 5.1, Figure 5.4 and Figure

5.5). The corresponding Argl22Gln mutation in ARF is unlikely to affect the function 

of the protein as most studies conclude that the known functions of are

attributable to the 64 amino acids encoded by exon ip (Zhang et al., 1998; Stott et al., 

1998; Midgley et al., 2000; Lohrum et al., 2000; Llanos et al., 2001). The data 

presented in Figure 5.6 provide evidence to this effect and it was therefore concluded 

that both of the CDKN2A variants in the patient impact specifically on p i6̂ '̂ '̂  ̂function 

(Huot et al., 2002). The dermal HDFs derived from this patient (designated Q34 cells) 

have the advantage that the missense mutations are more subtle than the frameshift 

caused by the Leiden mutation, enabling a direct detection of the mutants forms of 

pl̂ iNK4a Western blots (see Chapter 5). The Q34 cells also have a longer proliferative 

life span than Leiden cells (Janice Rowe personal communication), making it possible 

to conduct experiments without the need to add telomerase, to distinguish Ras-induced 

from lifespan-based events.

In agreement with the findings with Leiden HDFs, the Q34 cells were found to 

be resistant to Ras-MEK-Ets-mediated arrest. Thus, levels of oncogenic Ras that are 

sufficient to up-regulate pi  ̂senescence-like arrest in normal HDFs but not

in Q34 cells (Figure 5.7 and Figure 5.8). Likewise, the Etsl and Ets2 transcription 

factors, that were previously demonstrated to activate the p i6'̂ '̂ '̂  ̂promoter (Chapter 4 

and Ohtani et al., 2001), can induce senescence in normal HDFs but not in Q34 cells 

(see Figures 5.9 and 5.10). As there was no reason to suspect Q34 cells carry additional 

genetic defects, the results obtained in this study imply that the ability of Ras, Etsl and 

Ets2 to induce growth arrest in HDFs is solely dependent on pl6^'^'’L
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Importantly, the Q34 cells that resume proliferation despite expressing 

oncogenic Ras were able to form small anchorage independent colonies in soft agar; 

colonies were not observed in cells expressing Etsl and Ets2 (Figure 5.11). However, 

the agar colonies were relatively small and when replated in monolayer culture they 

showed limited proliferative potential culminating in Ml like replicative senescence. 

Note that the long lifespan of Q34 cells (up to 80 PDs) enabled us to do these 

experiments without addition of hTERT, demonstrating that immortalisation and 

transformation are separable events. Ectopic expression of hTERT rescued the cells 

from senescence and permitted recovery of agar colonies for further analyses. 

Significantly, these colonies showed a normal p53 response to DNA damaging agents 

(Figure 5.11 and Huot et al., 2002) (note that the soft agar experiments described in 

these Figures were conducted by Janice Rowe).

6.4.Concluding remarks

There is now compelling evidence that the CDKN2A locus operates a front-line 

defence mechanism against chronic mitogenic or oncogenic stresses, properties that 

presumably underlie its role in tumour suppression. Thus, the demonstration that Q34 

cells fail to arrest in response to oncogenic Ras, despite retaining apparently normal 

ARF and p53 functions, reinforces the view that plb^^’̂'̂ ® is the critical tumour 

suppressor in malignant melanoma and the principal effector of premature senescence in 

HDFs. A very different situation prevails in MEFs where Ras induced senescence is 

indisputably linked to the up-regulation of ARF and p53 (Krimpenfort et al., 2001; 

Sharpless et at., 2001). Although at present, it is not clear whether these differences 

reflect biases in the regulation of the INK4a/ARF locus in different cell lineages 

(Randle et al., 2001) or in different species and further work will be needed to 

distinguish between these possibilities.

Evidence from our lab and others (Brookes et al., 2002; Wei et al., 2001) 

indicates that oncogenic Ras does not induce ARF in HDFs, in striking contrast to the 

reported observation with MEFs (Palmero et al., 1998; Groth et al., 2000). Similarly, 

Myc appears to induce p i i n  HDFs but not in MEFs (Sarah Drayton personal
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communication). It will therefore be important to establish whether these differences 

reflect different wiring of the signal transduction mechanisms or differences in the 

organization of regulatory elements in the genomic loci.

Thus, work described in this thesis on the regulation of p i b y  Ets and Id 

proteins lays the foundation for future studies in this direction.
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