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Abstract

Normal diploid cells have a limited lifespan in culture culminating in a 

process known as replicative senescence. Since tumour cells have an extended or 

indefinite lifespan, senescence is viewed as a mechanism for tumour suppression. 

Senescent cells arrest in the late G1 phase of the cell cycle with the retinoblastoma 

protein in a predominantly unphosphorylated state. They also accumulate high 

levels of the cyclin-dependent kinase inhibitors, plb̂ '̂̂ *̂  and p21^^\ both of which 

are likely to contribute to the arrest.

To dissect the different contributions and p21^“** make to replicative

senescence cyclin-CDK-CKI complexes have been examined in senescent human 

diploid fibroblasts and fibroblasts whose lifespan has been extended by DNA virus 

oncoproteins. The latter proteins, such as SV40 T-antigen or the E6 and E7 proteins 

of human papilloma virus, interfere with the functions of p53 and pRb. Abrogating 

pRb renders cells insensitive to p i w h e r e a s  abrogating p53 diminishes the 

expression of p21^^\ One strain of human diploid fibroblasts, SVts8, have been 

analysed in detail. These cells express a temperature sensitive form of SV40 T- 

antigen and are immortal when grown at the permissive temperature but upon 

inactivation of T-antigen the cells arrest immediately with the characteristics of 

senescence.

Analysis of the cyclin-CDK complexes by gel filtration has shown that 

while cyclin D1-CDK4 complexes remain intact in senescent cells, the cyclin Dl- 

CDK6 complexes are completely disrupted, indicating a potential difference 

between CDK4 and CDK6 in fibroblast senescence. R24P a variant of p i6^"^“ able 

to interact with/CDK6 but not ^DK4 was utilised to dissect the effects of CDK4 

and CDK6.

The data confirm the critical roles of p lb ”̂ '̂̂  ̂ and p21̂ *̂** in the 

implementation of senescence and has provided important insights into different 

cell cycle regulators in this process.
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Chapter 1 

Introduction

Cell division is fundamental to all living organisms and is subject to tight 

regulatory controls. Accurate cell division is dependent on the correct order of 

events, mechanisms to guard against errors and the ability to respond to the 

changing environment. In multicellular organisms, it is necessary to control cell 

numbers and limit the proliferative capacity of cells (i.e. senescence). Failure to 

control these processes can result in aberrant division, aneuploidy, and unrestrained 

proliferation, characteristics associated with cancer cells. This thesis describes 

experiments relating to cell cycle control and investigates the mechanism of 

senescence.

1.1. The Cell Cycle

The process of eukaryotic cell division, the cell cycle, is divided into four 

phases. DNA replication (S phase) and mitosis (M phase; i.e. the division of the 

nucleus into daughter nuclei) are the two key events and are separated by so-called 

gap phases (G1 and G2). G1 occurs prior to S phase, and G2 prior to M phase. 

DNA synthesis and mitosis are strictly ordered events, and their respective onsets 

and completions are carefully orchestrated, indicating that specific control 

mechanisms dictate the strict sequential order of events. These control mechanisms 

or checkpoints are generally feedback mechanisms ensuring that the next phase of 

the cell cycle is not initiated before the preceding step is completed (Hartwell, 

1989). Checkpoint mechanisms also ensure the accurate transmission of genetic 

information, which is essential for the long-term survival of the organism. At the 

Gl/S checkpoint, the cell integrates positive and negative environmental signals, as 

well as internal signals, to determine whether or not it should become committed to 

enter a round of DNA replication. The second major checkpoint, the G2/M
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checkpoint ensures the cell only divides if DNA synthesis is complete. At this point, 

the cell also integrates signals resulting from DNA repair, so that it only divides 

once the errors in the DNA have been repaired. If the cellular DNA is damaged by 

external agents, entry into S phase can be delayed or the cell may undergo 

programmed cell death (apoptosis). There are also mechanisms that limit the 

proliferative capacity of somatic cells protecting against the unrestrained 

proliferation of individual cells, as well as potentially contributing to the ageing of 

the organism.

Normal animal cells possess a unique regulatory mechanism that enables 

them to switch between proliferative and quiescent states. When conditions are sub- 

optimal, for example, if cell density is high or serum or nutrients are insufficient, 

cells will cease proliferating and enter a state termed quiescence or GO. When 

conditions become more favourable and cells are supplemented with complete 

medium, they can re-enter the cycle and proliferate, first synthesising their DNA 

before dividing. The ability to switch between quiescence and proliferation is 

determined at a stage in Gl, the restriction point, after which the cell no longer 

requires serum and protein synthesis to enter S phase (Pardee, 1974). Once the cell 

has traversed the restriction point, it can complete the remainder of the cell cycle in 

the absence of further exposure to mitogens. Alternatively, if the signals received 

during this period have not been propitious for growth, the cell may arrest and re

enter GO, or may commit itself to enter into a postmitotic, differentiated state. The 

manunalian cell division cycle is summarised in Figure 1.1. Most animal cells in 

vivo exist in a non-proliferating state in which they remain viable and metabolically 

active. These cells arise from proliferating cells whose metabolic patterns are 

switched to quiescence at some time during differentiation.

Mutations in genes that encode components of the cell cycle checkpoints are 

often associated with cancer (Hartwell and Kastan, 1994). These genes fall in two 

broad categories: proto-oncogenes or tumour suppressor genes. Cellular proto

oncogenes generally function in signal transduction pathways to promote cell 

proliferation, and when mutated, sustain dominant mutations that result in either

21



GO

Restriction point
G2/M

checkpoint

02

Figure 1.1. Mammalian cell division cycle
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constitutive or aberrant activation. Tumour suppressor genes, as their name implies, 

are negative regulators of cellular proliferation and their inactivation by mutation 

results in the loss of a crucial brake on tumour growth. One hallmark of a tumour 

suppressor is that recessive mutant alleles occur in the germ line of cancer prone 

families. As originally proposed by Knudson, the disease develops if the remaining 

wild type allele is inactivated by somatic mutation or chromosome loss (Knudson, 

1971). The same genes can also be involved in the formation of sporadic tumours if 

both alleles are disrupted by somatic mutations.

1.2. Cyclins and cyclin-dependent kinases

Our present knowledge of cell cycle regulation stems largely from genetic 

analyses in fission yeast {Schizosaccharomyces pombe) and budding yeast 

{Saccharomyces cerevisiae), and a biochemical analysis using various invertebrate 

and vertebrate oocytes and eggs. In both types of yeast, a large collection of cell 

division cycle (cdc) mutants were isolated that arrested the cell cycle at specific 

points, including START, a point in Gl analogous to the restriction point in 

mammalian cells. The analysis of these mutants led to the identification of a kinase, 

designated in budding yeast and p34‘̂‘‘‘"̂ in fission yeast, essential for

passage through START and mitosis (Murray and Kirschner, 1989). The human 

homologue designated CDC2 was cloned by complementation of a fission yeast 

cdc2^' mutant strain (Lee and Nurse, 1987). As with the yeast proteins, human 

p3 4 CDC2 found to be phosphorylated and to have protein kinase activity (Draetta

etal., 1987).

The biochemical approach to understanding cell cycle regulation led to the 

identification of so-called, maturation promoting factor, or MPF, in Xenopus (Masui 

and Markert, 1971). Injection of the contents of an egg into an oocyte induces entry 

into M phase and maturation into an egg, and when highly purified, the active 

factor, MPF, was found to be composed of two proteins, of 32 kDa and 45 kDa 

(Nurse, 1990). The former was subsequently identified as the Xenopus equivalent of 

p3 4 cdc2 other component of MPF was a cyclin, a class of proteins originally
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identified in sea urchin eggs whose levels cycle because they are abruptly degraded 

at mitosis (Evans et al., 1983).

Since the cloning of a number of closely related mammalian

kinases have been identified. These kinases are named cyclin-dependent kinases 

(CDKs) because their activity requires association with a regulatory subunit, or 

cyclin, and function as serine/threonine protein kinases that target critical substrates 

required for cell cycle progression. The major transitions in the cycle are regulated 

by the sequential activation of CDKs, which themselves are tightly controlled by 

complex mechanisms.

Although yeast cell cycle transitions are governed by a single kinase, higher 

eukaryotes have evolved multiple CDKs to regulate different stages of their cell 

cycle (Meyerson and Harlow, 1994). These different CDKs are highly conserved, 

being closely related in size (35-40 kDa), and sequence (>40% identity) (Morgan, 

1995). The typical CDK catalytic subunit contains a 300 amino acid catalytic core 

that is completely inactive when monomeric and unphosphorylated. The crystal 

structure of human CDK2, like other protein kinases, reveals a smaller N-terminal 

lobe, dominated by a beta sheet and the large PSTAIRE (single letter amino acid 

code) helix, and C-terminal lobe that is primarily helical (De Bondt et al., 1993; 

Morgan, 1996). Monomeric CDK2 is inactive because of two structural constraints, 

the substrate binding site is blocked by an extended flexible loop (the T-loop) and a 

number of key residues involved in ATP-phosphate binding are unfavourably 

positioned for efficient phosphate transfer (De Bondt et ah, 1993; Morgan, 1996). 

The structure of CDK2 is altered upon cyclin binding and phosphorylation.

The cyclins are a remarkably diverse family of proteins, ranging in size from 

about 35 to 90 kDa. The sequence homology within the family is concentrated in a 

100-residue region known as the cyclin box, which is necessary for CDK binding 

and activation (Kobayashi et ah, 1992; Lees and Harlow, 1993). The structure of 

cyclin A has been determined as a monomer (Brown et ah, 1995) and in a complex 

with CDK2 (Jeffrey et ah, 1995b). The two structures are essentially the same 

indicating that CDK2 binding does not alter the structure of cyclin A. The structure 

of a cyclin consists of two characteristic folds, each represented by five a-helical
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bundles connected to one another by a short linker peptide (Brown et al., 1995). 

The cyclin box is composed of the first five-helix core. The second five-helix 

bundle does not show sequence similarities despite having the same structure. In 

mammalian cells nine cyclins have been identified to date, designated A-I, and have 

been divided into a number of classes based on sequence similarity and 

physiological function.

1.2.1. Regulation of CDK activity

The levels of CDKs remain relatively constant throughout the cell cycle but 

their activity is regulated by complex mechanisms (Figure 1.2.). The most 

significant is the binding of the regulatory cyclin (Connell-Crowley et al., 1993). 

For example, cyclin A binding to CDK2 increases kinase activity by several orders 

of magnitude (Connell-Crowley et al, 1993). The reason for this becomes apparent 

when the cyclin A-CDK2 crystal structure is compared to monomeric CDK2 

(Jeffrey et al., 1995b). Cyclin A binding imposes major structural changes within 

the PSTAIRE region of CDK2. The T-loop no longer blocks the substrate binding 

site, and the critical Thr 160 residue within the loop is further exposed making it 

more accessible for phosphorylation by the CDK activating kinase, CAK (see 

below). Full CDK activation requires phosphorylation at this conserved threonine 

(Thr 161 in human CDC2, Thr 160 in CDK2, Thr 172 in CDK4) (Desai et a l, 1995; 

Gould et a l, 1991; Krek and Nigg, 1991; Solomon et a l, 1992). The effect of 

phosphorylation is to stabilise the cyclin-CDK interaction, and possibly improve 

binding to the protein substrate (Connell-Crowley et a l, 1993; Russo et a l, 1996).

CAK activity is attributed to a complex between CDK7 (Fesquet et a l, 

1993; Poon et a l, 1993; Solomon et a l, 1993) and cyclin H (Fisher and Morgan, 

1994; Makela et a l, 1995). The association of CDK7 with cyclin H is enhanced by 

an assembly factor MATl (Devault et a l, 1995; Fisher et a l, 1995; Tassan et a l, 

1995). Interestingly, the mammalian CDK7-cyclin H-MATl complex is a 

component of the basal transcription complex IFllH, having critical roles in
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Figure 1.2. 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 Y15 (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.



transcription initiation and in nucleotide excision repair (Feaver et a l, 1994; Roy et 

al., 1994; Serizawa et al., 1995; Shiekhattar et al., 1995; Svejstrup et al., 1996). In 

line with this more general role, CAK is a nuclear enzyme with constitutive activity 

during the cell cycle (Poon et al., 1993; Tassan et al., 1995). Thr 160 is 

dephosphorylated by KAPl phosphatase (Poon and Hunter, 1995).

As well as being activated by Thr phosphorylation CDKs are negatively 

regulated by phosphorylation at a conserved tyrosine, (Tyr 15 in CDC2 Gould et 

al., 1991) and in some cases at the adjacent threonine, Thr 14, (Krek and Nigg, 

1991; Norbury et al., 1991). These residues are hidden beneath the T-loop in 

monomeric CDK2, but when cyclin A is bound to CDK2 they are relatively 

accessible. It is likely that the phosphorylation of these residues hinders substrate 

access to the catalytic site of the enzyme (Morgan, 1997). This inhibitory 

phosphorylation contributes to the timing of mitosis in many organisms (Dunphy, 

1994; Lew and Kombluth, 1996). Prior to mitosis, CDC2-cyclin B complexes are 

held in an inactive state by phosphorylation at these sites. At the end of 02, rapid 

dephosphorylation prompts CDC2 activation and mitosis. Phosphorylation of Thr 

14 and Tyr 15 is carried out by the WEEl and MYTl phosphatases (Liu et al., 

1997; Mueller et a l, 1995). Déphosphorylation of both sites is carried out by dual

specificity phosphatases of the CDC25 family (Draetta and Eckstein, 1997).

Most cyclin-CDK complexes interact with high affinity without the need for 

assembly factors (Connell-Crowley e ta l, 1993; Desai et a l, 1995; Morgan, 1995). 

The CAK complex, CDK7-cyclin H, is an obvious exception since it requires the 

presence of MATl (see above). The assembly of cyclin D-CDK4 complexes 

appears to be mediated by a molecule(s) whose activity is regulated by growth 

factors, because quiescent fibroblasts engineered to constitutively express cyclin D 

do not assemble cyclin D-CDK4 complexes (Matsushime et a l, 1994). A possible 

candidate is the human homologue of CDC37 which interacts with CDK4 in vivo 

(Dai et al., 1996; Stepanova et al., 1996). In budding yeast CDC37 positively 

regulates CDC28-cyclin binding (Gerber et a l, 1995). In conjunction with HSP90, 

CDC37 acts as a chaperone protein that contributes to the proper folding and 

stabilisation of the kinase (Dai et al., 1996; Stepanova et al., 1996). The CIP/KIP
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family of CDK inhibitors are also likely to be involved in cyclin D-CDK4 assembly 

(discussed in section 1.3.).

1.2.2. Regulation of cyclins

Each cyclin has a unique expression pattern and the timing of expression is a 

key determinant of the phase of the cell cycle at which their associated CDK is 

active (Figure 1.3.). A variety of cyclin-CDK complexes are formed during the cell 

cycle, and each is presumably dedicated to the phosphorylation of a precise set of 

target proteins. D-type cyclins are induced during early Gl, and they bind and 

activate CDK4 and CDK6. Cyclin E-CDK2 and cyclin A-CDK2 complexes form 

later in Gl as cells approach S phase. Cyclin B is synthesised during S phase and 

binds to CDC2 (CDKl), to activate it during G2 and M.

Expression of the D-type cyclins depends on the continuous presence of 

growth factors and growth factor withdrawal leads to rapid cyclin D destruction, 

regardless of the position of the cell in the cell cycle (Lukas et aL, 1996; 

Matsushime et al 1991). However, after entering S phase the cell can complete cell 

division without cyclin D expression (Ajchenbaum et at., 1993; Matsushime et al., 

1991). Growth factor signalling via the Ras-Raf-Mek pathway leads to increased 

expression of cyclin D1 (Filmus et al., 1994; Liu et a l, 1995; Lloyd et al., 1997; 

Sewing et al., 1997; Winston et a l, 1996). Although the level of D-type cyclins 

fluctuate little during the remainder of the cell cycle, the expression of cyclin A 

(Pines and Hunter, 1990), cyclin E (Dulic et al., 1992; Koff et al., 1992; Ohtsubo et 

al., 1995) and cyclin B (Pines and Hunter, 1990) is highly periodic.

In addition to transcriptional mechanisms, cyclin levels are controlled 

significantly by regulated proteolysis. Degradation of mitotic cyclins, the key event 

governing the exit from mitosis, is mediated through a conserved amino-terminal 

‘destruction box’ that targets the proteins for degradation via the ubiquitin pathway 

(Glotzer et al., 1991). In contrast, yeast Gl and human D-type cyclins lack 

destruction boxes but instead contain PEST sequences, rich in proline, serine, 

threonine and acidic amino acids. PEST motifs are found in a number of unstable
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Figure 1.3. 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 Gl increasing towards the G 1/S boundary. 
Cyclin E exhibits periodic expression. It associates with CDK2 and its kinase 
activity is paramount at the G 1/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.



proteins and have been proposed to target these proteins for rapid turnover (Rogers 

et a l, 1986). Cyclin E lacks both a destruction box and a strong PEST sequence. It 

is targeted for degradation via autophosphorylation of cyclin E-CDK2 on residue 

Thr 380 of cyclin E (Clurman et a l, 1996; Won and Reed, 1996). Cyclin D1 is 

targeted for degradation by phosphorylation on Thr 286 (Diehl et a l, 1997) by 

glycogen synthase kinase-313 (GSK-3p) (Diehl e ta l, 1998).

The third mechanism to influence cyclin levels is subcellular localisation. 

During G l, cyclin D1 progressively accumulates in the nucleus, but during S phase 

cyclin D1 relocalises to the cytoplasm (Baldin et al, 1993). In direct contrast to 

cyclin D l, GSK-3p is predominantly cytoplasmic during Gl phase, but a significant 

proportion enters the nucleus during S phase. A highly stable cyclin Dl mutant, 

with an alanine substituted for threonine at position 286 (T286A), is unable to be 

phosphorylated by GSK-3p, and remains in the nucleus throughout the cell cycle 

(Diehl e ta l, 1998).

1.3. CDK inhibitor families

An additional level of cell cycle regulation is achieved through expression 

of CDK inhibitor (CKI) proteins. CKIs are negative regulatory proteins that bind to 

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

(Sherr and Roberts, 1995). There are two distinct families of CKI based on primary 

sequence comparisons and probable modes of action.

1.3.1. The CIP/KIP family

The CIP/KIP family includes p21^^  ̂ (El-Deiry et a l, 1993; Gu et a l, 1993; 

Harper et a l, 1993; Noda et a l, 1994), p27^^^ (Hengst et a l, 1994; Polyak et a l, 

1994a; Polyak et al, 1994b; Toyoshima and Hunter, 1994) and p57*̂ “’̂  (Lee et a l, 

1995; Matsuoka et a l, 1995). p21̂ ^̂  ̂ was cloned via a number of approaches, 

implicating it in a wide range of cellular activities, such as checkpoint control (Gu 

et a l, 1993; Harper et a l, 1993; Xiong et al, 1993), differentiation (Halevy et a l.
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1995; Jiang and Fisher, 1993; Steinman et al., 1994), senescence (Noda et al. 1994; 

Tahara et a l, 1995; Zhang et a l, 1994) and apoptosis (El-Deiry et a l, 1994; El- 

Deiry et a l, 1993). p27™*̂  appears to be primarily responsible for regulating CDK 

activity in response to extracellular growth inhibitory signals (Polyak et a l, 1994b; 

Slingerland et a l, 1994; Toyoshima and Hunter, 1994) and restricting cellular 

proliferation during the course of development (Fero et a l, 1996; Kiyokawa et a l, 

1996; Nakayama et a l, 1996). p21^^  ̂ and p27^* are widely expressed in tissues, 

unlike p57^^^ which is highly tissue specific (Lee et a l, 1995; Matsuoka et a l, 

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 a l, 1995).

The proteins are grouped together largely because they share a 60 amino 

acid domain of similarity (39% to 47%) in the amino-terminal half of each protein 

which is necessary for cyclin binding and CDK inhibitory functions. They 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 

carboxy-terminus of p27̂ ^̂  ̂ and p57̂ ^̂  ̂ (Chen et a l, 1995; Luo et a l, 1995; 

Toyoshima and Hunter, 1994).

The CIP/KIP proteins exhibit a broad specificity for cyclin-CDK complexes 

in vitro, binding efficiently to cyclin A-CDK2, cyclin E-CDK2, cyclin D-CDK4 

and less efficiently to cyclin B-cdc2 (El-Deiry et a l, 1993; Harper et a l, 1993; Lee 

et a l, 1995; Matsuoka et a l, 1995; Polyak et a l, 1994b; Toyoshima and Hunter, 

1994). p21^“’* and p27̂ ^̂  ̂ bind to cyclin-CDK complexes, making contacts with 

both subunits but do not associate with kinase subunits unless a cyclin is present 

(Chen et a l, 1995; Hall et a l, 1995; Harper et al, 1995). CKI association with 

cyclin-CDK complexes in vitro is correlated with a reduction in CDK kinase 

activity (Harper et a l, 1993; Lee et a l, 1995; Matsuoka et a l, 1995; Polyak et a l, 

1994a; Polyak et a l, 1994b; Toyoshima and Hunter, 1994; Xiong et a l, 1993). The 

overexpression of CIP/KIP proteins in normal fibroblasts results in a Gl arrest 

(Harper et a l, 1993; Lee et a l, 1995; Matsuoka et a l, 1995; Polyak et a l, 1994a; 

Polyak et a l, 1994b; Toyoshima and Hunter, 1994; Xiong et a l, 1993) suggesting a
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role as inhibitors of G l cyclin-CDK complexes. However, cell lines engineered for 

inducible expression of p21^“’* elicit both a Gl and a G2/M arrest (Bates et al., 

1998b; Cayrol et al., 1998; Medema et al., 1998), and recent reports have indicated 

other functional activities for the CIP/KIP proteins apart from CDK inhibition (see 

below).

Surprisingly for a protein which blocks cell cycle progression, p21̂ ^̂  ̂

expression was also shown to be induced when quiescent cells were stimulated to 

proliferate (Li et al., 1994a; Noda et al., 1994), and cyclin-CDK complexes in 

proliferating cells have been reported to include p21̂ °*̂  (Harper et al., 1995; Zhang 

et al., 1994). This apparent paradox led to the suggestion that p21^*^ can exist in 

active and inactive cyclin complexes depending on the concentration of p21̂ ^̂  ̂

(Zhang et al., 1994). It was proposed that cyclin-CDK complexes are active when 

associated with one molecule of p21^^  ̂ and inactive when they contain multiple 

p21^^^ molecules, at least for cyclin D-CDK4 complexes (Harper et a l, 1995; 

Zhang et al., 1994). These results run contrary to the crystallographic data on cyclin 

A-CDK-p27*̂ ^̂ * ternary complexes (Russo et al., 1996). The structure reveals that 

p2 7 Kipi separate binding sites on the cyclin and CDK subunits consistent with 

cooperative binding, but indicates that complexes containing multiple p27^* 

molecules would be thermodynamically unstable (Russo et al., 1996). Subsequent 

in vivo data confirmed the structural indications, that cyclin A-CDK2 complexes are 

fully inhibited by one molecule of p21 (Hengst et al., 1998).

However, it may not be appropriate to extrapolate data for cyclin A-CDK2 

complexes to cyclin D-CDK4 complexes. The association of cyclin D with CDK4 

may require an assembly factor (Kato et a l, 1994; Matsushime et al., 1994) and 

there is evidence that the CIP/KIP proteins may perform such a function promoting 

kinase activity at low concentrations and inhibiting kinase activity at higher 

concentrations (LaBaer et al., 1997). p21^^' and p27™’* appear to target cyclin Dl- 

CDK4 to the nucleus (Cheng et a l, 1999; LaBaer et a l, 1997; Reynisdôttir and 

Massagué, 1997) and in the absence of p2l‘̂ °’* and p27^^’’\  the majority of the 

cyclin Dl remains in the cytoplasm during the cell cycle (Cheng et a l, 1999). The
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current data indicate that although CIP/KIP proteins can exist in both CDK4 and 

CDK2 complexes the latter are the prime targets for inhibition.

Although there have been reports that p21̂ ^̂  ̂ expression during the cell 

cycle is controlled by the E2F family of transcription factors (Hiyama et al., 1998; 

and see later in section 1.4.3.) the major regulator of p21^“** is believed to be the 

p53 tumour suppressor (see section 1.6.). Thus, p53 binding sites are present in the 

p21^^^ promoter and it was cloned in a screen for p53 responsive genes (El-Deiry et 

al. 1993; El-Deiry gr a/. 1995).

In contrast, p27’“ ’* transcription is constant throughout the cell cycle but the 

protein is more stable in quiescent cells. 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 etal., 1995).

1.3.2. The INK4 family

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

CIP/KIP family, plb”̂*̂"*® is the prototype and the other family members (Serrano et 

a l, 1993), include p l5 ™  (Hannon and Beach, 1994), plB'^*'^ (Hirai et a l, 1995) 

and pi9°̂ K4d (Quan et a l, 1996; Hirai et a l, 1995). p i 6̂ ^̂ "̂ “ was first identified 

through its association with CDK4 in a two-hybrid assay system (Serrano et a l, 

1993). It specifically binds CDK4 and CDK6, and because of its specificity as an 

inhibitor of CDK4 (and CDK6), the protein was designated INK4.

The homology among the INK4 proteins is restricted to a region containing 

a series of four ankyrin-like repeats. The ankyrin repeat comprises 32- or 33-amino 

acids that structurally form p-strand helix-turn-helix extended strand P-strand 

elements with adjacent repeats contributing to the formation of p-tums that link the 

elements together (Luh e ta l, 1997; Venkataramani e tal, 1998). This generates an 

overall shape described as that of an extended L, with the long arm comprising a- 

helices that pack against each other in an antiparallel fashion whereas the base is 

formed by the extended strand and P-hairpins. A minimum number of repeats is
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presumably required to provide stabilising interactions between the helices and P- 

strands of adjacent modules. The genes encoding pl6°̂ *̂ '̂ “ and pl5^^"^  ̂are tandemly 

linked on human chromosome 9p21 and the proteins share 80% similarity at the 

primary sequence levels (Hannon and Beach, 1994). It is therefore clear that 
pl6iNK4a pĵ iNK4b have arisen from a relatively recent gene duplication. 

pjgiNK4c p2çiNK4d̂  Qn thc othcr hand, are only 40-50% identical to plb”̂ *̂"̂® and to 

each other, and are found on different chromosomes.

However, the four proteins are indistinguishable biochemically, all being 

specific inhibitors of CDK4 and CDK6 and able to impose a Gl arrest when 

overexpressed in various cell hues (Guan et al., 1994; Lukas et al., 1995; Serrano et 

al., 1995; Sherr and Roberts, 1995). They bind directly to CDK4 and CDK6 in 

vitro, and there is no evidence that they associate with other CDKs (Guan et al., 

1994; Guan et al., 1996; Hara et al., 1996; Hirai et al., 1995; Parry et a i, 1995; 

Serrano et al., 1993). The INK4 proteins are thought to induce a Gl arrest by 

forming binary associations with CDK4 and CDK6, preventing the D cyclins from 

interacting with CDK4/6. Support for this hypothesis comes from observations that 

in cells with high levels of endogenous p l6 ^ ^ \  CDK4 is only associated with 

pl6iNK4a not with cyclin D (Hirai et al., 1995; Li et al., 1994b; McConnell et al., 

1999; Parry et al., 1995; Parry et al., 1999; Xiong et al., 1993) and in vitro, 

prevents the binding of CDK4/6 to cyclin D (Guan et al., 1996; Lukas et al., 1995; 

Parry et al., 1995). However, it has also been reported that p i 6̂ "̂̂ “ can bind to and 

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

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

overexpression of pl5” ’̂̂ '‘‘’ or pl9^'*^, it is apparently possible to detect ternary 

complexes between cyclin D, CDK4 and INK4 proteins (Adachi et a l, 1997b; Hirai 

et a l, 1995; Reynisdôttir and Massagué, 1997). This topic is discussed in more 

detail in Chapter 5. Although the INK4 proteins are specific inhibitors of CDK4 and 

CDK6, they can indirectly inhibit CDK2 activity (McConnell et a l, 1999; 

Reynisdôttir and Massagué, 1997) by influencing the redistribution of p27™"̂  from 

cyclin D-CDK4 complexes to CDK2 complexes.

34



The structure of the INK4 proteins does not change significantly upon 

binding to CDK6 (Brotherton et a l, 1998; Russo et a l, 1998). plô" '̂*® and pl9”̂ *̂'“ 

bind to one side of the catalytic cleft, opposite where the cyclin would bind, 

interacting with both the N- and C-lobes of CDK6. However, the structure of CDK6 

is distorted upon INK4 binding, principally affecting the ATP-binding site and 

indirectly blocking cyclin binding (Brotherton et al., 1998; Russo et al., 1998). The 

binding of an INK4 protein to CDK4/6 would effectively preclude a CIP/KIP 

protein binding to the same complex.

Despite the biochemical and structural similarities of the INK4 family 

members, only pl6̂ ^̂ "̂  ̂ has the attributes of a tumour suppressor. This may be 

related to the observation that p i l e v e l s  increase significantly as primary cells 

reach the end of their finite lifespan in culture (Alcorta et al., 1996; Hara et al., 

1996; Loughran et al., 1996; Reznikoff et al., 1996; Wong and Riabowol, 1996). 

This would be consistent with a role for pl6^^’̂ '‘‘* in establishing the Gl arrest 

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

selection for the inactivation of plb̂ ^̂ '̂ '* during the emergence of an immortal clone. 

The final confirmation that p i6”̂ *̂ '̂  was indeed a tumour suppressor came from the 

generation of plb^^^'^-null mice, p i6’̂ ’̂ '̂ “ proved non-essential for viability and 

proper development (Serrano et al., 1996).

1.3.3. One locus two proteins: and ARF

The plĥ *̂̂ "̂ ® locus has the unusual capacity to give rise to two distinct 

transcripts from two different promoters (Figure 1.4.). p i6̂ "̂̂ “ is encoded by exons 

la , 2 and 3, and an entirely unrelated protein pl4"^, is encoded by exons ip, 2 and 

3 with the shared exon 2 being encoded by an alternative reading frame (ARF) from 

that of p lb^ ’̂ '̂  ̂ (Duro et al, 1995; Quelle et al., 1995a; Quelle et al., 1995b; Stone 

et al., 1995). When over expressed, p i4^*’ induces a cell cycle arrest in both Gl 

and G2, through mechanisms distinct from the INK4 family of inhibitors (discussed 

in section 1.6.3.) (Quelle et al, 1995b; Stott eta l, 1998).
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alternative first exon (Eip) of plô^* '̂^  ̂ B) The exons of the INK4a locus are 
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corresponding to p i6̂ "̂̂  ̂and p i4̂ *̂  ̂respectively. The sequence corresponding 
to exon 2 in the p transcript is represented by a different colour.



1.4. The Gl/S transition

The transition from a serum dependent state to a serum independent state 

coincides with the cell traversing the restriction point. The controls governing the 

restriction point have been the focus of attention for a number of years, leading to 

the identification of the retinoblastoma tumour suppressor protein as a key player in 

the Gl/S transition.

1.4.1. The retinoblastoma protein

The retinoblastoma susceptibility gene, RB-1 on chromosome 13ql4, 

encodes a ubiquitously expressed 928 amino acid (110 kDa) nuclear 

phosphoprotein designated pRb (Friend et al., 1987; Lee et al., 1987a; Lee et al., 

1987b). There is a wealth of genetic evidence implicating pRb as a tumour 

suppressor, with the RB-1 gene being mutated in 30% of human tumours 

(Weinberg, 1995). Individuals that inherit a mutant copy of the gene are 

predisposed to the development of childhood retinoblastoma and, in later life 

sarcoma. Furthermore, when wild-type pRb is re-introduced into retinoblastoma or 

osteosarcoma cell lines that do not express pRb, cellular proliferation is inhibited 

(Huang etal., 1988).

pRb is the prototype of a family of proteins that include p i07 (Ewen et al., 

1991) and pl30 (Hannon et al., 1993; Li et al., 1993; Mayol et al., 1993), known 

collectively as the pocket proteins. This name arose from the identification of a 

minimal region of pRb, termed the ‘pocket’, that is required for viral oncoprotein 

binding and is conserved within the family (Hu et al., 1990; Huang et al., 1990; 

Kaelin et al., 1990). The pRb pocket, spanning approximately 400 amino acids at 

the carboxy terminus of the protein, is split into subdomains A and B with an 

intervening spacer. pRb also uses this pocket region to bind the cellular 

transcription factor B2F (Bandara et al., 1991; Chellappan et al., 1992), thereby 

repressing the transcription of E2F target genes (discussed in section 1.4.3.).
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1.4.2. Control of pRb phosphorylation

The levels of pRb do not vary substantially during the cell cycle, although 

levels decline in quiescent or arrested cells. The major regulation of pRb function is 

by cell cycle dependent phosphorylation (Buchkovich et al., 1989; Chen et al., 

1989; DeCaprio et al., 1992; DeCaprio et al., 1989; Mihara et al., 1989). These 

phosphorylation events change the mobility of pRb in denaturing acrylamide gels. 

Hyperphosphorylated forms of pRb migrate considerably slower than 

hypophosphorylated pRb. Analysis of pRb in serum stimulated cells revealed that it 

exists in a hypophosphorylated state in GO and early Gl phase but undergoes rapid 

phosphorylation in late Gl and remains in a hyperphosphorylated state until the end 

of mitosis where it is dephosphorylated by protein phosphatase type 1 (Durfee et 

al., 1993). Suppression of cellular proliferation by serum starvation is associated 

with the dephosphorylation of pRb (Stein et al. 1990) and DNA viral oncoproteins 

bind preferentially to the hypophosphorylated form of pRb (DeCaprio et al., 1988; 

Dyson et al., 1989; Ludlow et al., 1989; Whyte et al., 1988), suggesting that this 

form is normally active in growth suppression. The hyperphosphorylated form is 

conversely the inactive form. DNA viral oncoproteins bind to pRb through a 

specific motif, LxCxE (in the single letter code for amino acids, where x is any 

amino acid) and this motif is necessary for cellular transformation (Dowdy et al., 

1993). The LxCxE motif is conserved in a number of viral oncoproteins, as well as 

in several cellular pRb-binding proteins (Dowdy et a l, 1993).

There are sixteen consensus phosphorylation sites for CDKs in the primary 

sequence of human pRb (Connell-Crowley et al., 1997; Lees et al., 1991; 

Zarkowska and Mittnacht, 1997). It is not clear whether pRb is phosphorylated on 

all these sites in vivo and differentially phosphorylated forms of pRb are observed 

(DeCaprio et a i, 1992; Mittnacht et al., 1994). Furthermore, the contribution of 

individual phosphorylation sites to the inactivation of pRb remains controversial. 

Both Ser 608 and Ser 780 have been identified as among the sites that are initially 

phosphorylated (Kitagawa et al., 1996; Zarkowska and Mittnacht, 1997), and the 

latter site is believed to be specifically targeted by cyclin D-CDK4 complexes
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(Kitagawa et al., 1996). The phosphorylation of different sites on pRb affects its 

ability to interact with various partner proteins. For example, Ser 780 

phosphorylation prevents pRb from binding E2F (Kitagawa et al., 1996); Ser 

780/811 phosphorylation prevents pRb binding to the transcription factor c-abl 

(Knudsen and Wang, 1996); while phosphorylation of Thr 821/826 abolishes pRb 

binding to LxCxE-containing proteins such as SV40 T-antigen (Knudsen and 

Wang, 1996; Zarkowska and Mittnacht, 1997).

Purified cyclin D1-CDK4/6, cyclin E-CDK2 and cyclin A-CDK2 complexes 

are all capable of phosphorylating pRb in vitro. Cyclin E and Dl regulate different 

rate-limiting events in the Gl/S transition. When overexpressed concurrently they 

accelerate the Gl/S transition (Resnitzky et al., 1994), but their individual 

expression has different outcomes (Resnitzky and Reed, 1995). The overexpression 

of cyclin Dl leads to the immediate appearance of hyperphosphorylated pRb, while 

cyclin E overexpression does not (Resnitzky and Reed, 1995). Furthermore, only 

overexpression of cyclin E, and not cyclin Dl, is capable of overcoming a Gl arrest 

imposed by p i 6̂ ’̂ ’̂'̂ “ or a non-phosphorylatable form of pRb (Lukas et al., 1997). 

Cyclin E remains both rate-limiting and essential for the Gl/S transition in pRb- 

positive and pRb-negative cells (Ohtsubo et al., 1995; Wimmel et al., 1994). These 

results implicate pRb as the exclusive target of cyclin D-associated kinases, while 

cyclin E-associated kinases probably target additional factors necessary for cell 

cycle progression.

The current data imply that pRb is phosphorylated in early/mid Gl by cyclin 

D-CDK4/6 complexes and subsequently by cyclin E-CDK2 complexes in late Gl/S. 

There are numerous lines of evidence to support this model. Full phosphorylation of 

human pRb ectopically expressed in yeast requires both cyclin D and E associated 

kinase activity or the activity of analogous yeast cyclins (Hatakeyama et al., 1994). 

When cyclin Dl is expressed alone in the yeast expression system, only partially 

phosphorylated pRb is observed (Hatakeyama et al., 1994). In phytohemagglutinin- 

stimulated T-cells, the initial forms of phosphorylated pRb appear at a point in time 

when only cyclin D-associated kinase activity can be detected, while fully 

phosphorylated pRb does not appear until after cyclin E is active (DeCaprio et al..
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1992; Meyerson and Harlow, 1994; Moberg et a l, 1996). Inhibition of CDK2 

kinase activity, through use of a dominant negative CDK2, results in partially 

phosphorylated pRb (Lundberg and Weinberg, 1998). This result not only suggests 

that cyclin D-CDK4/6 complexes are unable to fully inactivate pRb in vivo but they 

also indicate that D-type cyclin-directed phosphorylation of pRb is restricted to a 

subset of sites on pRb (Lundberg and Weinberg, 1998). Furthermore, cyclin E- 

CDK2 is unable to phosphorylate pRb in the absence of prior phosphorylation by 

cyclin D-CDK4/6 complexes (Lundberg and Weinberg, 1998).

1.4.3. Regulation of E2F transcription factors

The transcription factor E2F was originally identified as a cellular protein 

whose DNA-binding activity was responsible for the activation of the adenovirus 

E2A promoter (Kovesdi et a/., 1987; La Thangue and Rigby, 1987; Yee et al., 

1987). E2F turns out to be a series of heterodimers (Helin et at., 1993b) composed 

of any one of six E2F subunits (E2F 1-6), in combination with either of two DP 

polypeptides, DP-1 or DP-2 (Dyson, 1998). E2F 1-5 act predominantly as 

transcriptional activators, having both a DNA-binding domain and transcriptional 

activation domain (Dyson, 1998; Helin, 1998). E2F-6, on the other hand, only has a 

DNA-binding domain and is therefore likely to repress transcription by binding to 

E2F sites in promoters, preventing access to other members of the family (Morkel 

et at., 1997; Trimarchi et at., 1998). When overexpressed, E2F 1-5 induce the 

expression of different patterns of E2F target genes to differing degrees (DeGregori 

etal., 1997).

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; Cao et al., 1992; Chellappan et al., 1991; Chittenden et al., 

1991; Cobrinik et al., 1993; Devoto et al., 1992; Shirodkar et al., 1992). pRb, pl07 

and p i30 bind to different E2F molecules at various times during the cell cycle, 

antagonising the transcriptional activity of the otherwise free E2F (Sardet et al.,

1997). pRb binds to E2F-1 through E2F-4, while p i07 and p i30 preferentially bind
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E2F-4 and E2F-5. pRb-E2F complexes are found mostly during Gl 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.

E2F binding sites are found in the promoters of several genes that encode 

proteins necessary for DNA synthesis, such as dihydrofolate reductase (DHFR), 

thymidine kinase and DNA polymerase a, and E2F binding is required to activate 

transcription of these genes (DeGregori et a l, 1995a). The current model of Gl 

progression suggests that, in early Gl, pRb binds the transactivation domain of E2F, 

directly inhibiting transactivation by E2F (Flemington et al., 1993; Helin et al, 

1993a; Hiebert et a l, 1992). This is achieved because pRb blocks the formation of 

the preinitiation complex, a key step in commencing transcription (Ross et a l, 

1999). The phosphorylation of pRb relieves E2F-1, resulting in E2F-1 dependent 

activity and the transcription of genes required for S phase (DeGregori et a l, 

1995b; Hollingsworth Jr et a l, 1993; Weinberg, 1995). In support of this model, 

ectopic expression of E2F-1 blocks cells from entering quiescence, and can induce 

already quiescent cells to enter S phase (Johnson et a l, 1993; Qin et a l, 1994). The 

control of the Gl/S transition is summarised in Figure 1.5.

E2F binding sites can also act as repressor elements during Gl, for example 

in the B-my/?, E2F-1, E2F-2, cyclin E and cdc2 genes (Dyson, 1998; Helin, 1998). 

These genes appear to be most highly transcribed when the E2F sites are 

unoccupied (Huet et a l, 1996; Tommasi and Pfeifer, 1995; Zwicker et a l, 1996), 

implying that the critical regulatory step is the recruitment of pRb in repressive 

complexes in Gl. E2F sites are also found in the promoters of several cellular 

proto-oncogenes including c-myc, N-wyc, erb-E, c-myb, and in the gene encoding 

cyclin A (Helin, 1998).
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Figure 1.5. Regulation of the Gl/S transition

The retinoblastoma gene product (pRb) is phosphorylated by a combination of 
the D-type cyclins (Dl, D2 and D3) and their associated kinases CDK4 and 
CDK6. Additional phosphorylation is performed by cyclin E-CDK2. 
Phosphorylation of pRb relieves its growth suppressive effect on the E2F 
transcription factor. The CIP/KIP family of CDK inhibitors (p21, p27 and p57) 
target both cyclin D and cyclin E containing complexes where as the INK4 
family (pl5, pl6, pl8 and pl9) specifically inhibit CDK4 and CDK6.



Surprisingly, E2F-1 can function as a tumour suppressor or an oncogene. 

E2F-1 knockout mice exhibit a broad range of tumours (Field et al., 1996; 

Yamasaki et al., 1996), yet overexpression of E2F-1 in transgenic mice promotes 

tumorigenesis (Pierce et al., 1998). Deregulated expression of E2F-1 can lead to the 

transformation of an established rat embryo fibroblast cell line (Singh et al., 1994), 

or, in cooperation with an activated Ras oncogene, can lead to transformation of 

primary rat embryo cells (Johnson et al., 1994). It is likely that the tumour 

suppressive qualities of E2F-1 are due, at least in part, to its ability to repress gene 

expression in conjunction with pRb (Dyson, 1998; Yamasaki et al., 1998). 

Additionally, when overexpressed in normal cells, E2F-1 causes high levels of 

apoptosis (Kowalik et al., 1995; Qin et al., 1994; Shan and Lee, 1994; Wu and 

Levine, 1994). Exactly how E2F-1 induces apoptosis is unclear", but this will be 

discussed in greater detail in section 1.6.4. Direct interaction of pRb with E2F does 

prevent E2F-induced apoptosis. Since the transactivation and apoptotic functions of 

E2F-1 are separable, the ability of pRb to inhibit E2F-induced apoptosis is not due 

to suppression of the E2F-1 transactivation function (Hsieh et al., 1997).

1.4.4. Exogenous signals affecting pRb phosphorylation

As discussed in section 1.1., extracellular signals affect the decision to 

traverse the restriction point and this decision involves the phosphorylation of pRb. 

Mitogens induce the expression of the D-type cyclins (Matsushime et a l, 1991), 

which enable CDK4/6 to initiate the phosphorylation, and subsequent inactivation, 

of pRb. Mitogen-dependent induction of cyclin Dl is usually mediated by the Ras- 

Raf-MAP kinase signal transduction cascade (Filmus et al., 1994; Liu et al., 1995). 

This has led to suggestions that each of the D-type cyclins respond to a distinct set 

of extracellular signals. Once expressed, the action of the three D-type cyclins 

appear to converge on pRb.
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1.5. The cyclin Dl-pl6 -pRb pathway in human cancer

Cancer cells frequently show some degree of dysregulation of restriction 

point control. Indeed, since a high proportion of tumours have alterations in at least 

one of the main regulators of this transition, particularly pRb, CDK4, cyclin Dl and 

pl6iNK4a (pigure 1.6.) (Hall and Peters, 1996; Ruas and Peters, 1998; Sherr, 1996), 

that it has been extrapolated that all cancers may have defects in this regulatory 

mechanism.

1.5.1. Inverse correlation of cyclin Dl, pl6*'̂ ’̂ ‘*“ and pRb mutations

The functional links between cyclin Dl, CDK4, plb^ '̂ '̂  ̂ and pRb make it 

possible to build a simple rationale for these observations. Thus, loss of pRb 

function would be expected to result in unrestrained proliferation. This is not 

entirely true as evidenced by cells from RbV^' nullizygous mouse embryos which 

show normal development up to day 4 and then die due to a failure in erythropoiesis 

(Jacks et al, 1992). The overexpression of cyclin Dl and CDK4, which occurs as a 

consequence of DNA amplification and other mechanisms, would promote the 

phosphorylation and hence inactivation of pRb, again leading to uninhibited 

growth. However, ectopic expression of cyclin Dl has quite varied outcomes, 

depending on the host cell and levels of expression achieved. Finally, loss of 

pl6iNK4a fujiQtion would permit unrestrained phosphorylation of pRb by CDK4.

Despite its naivety, this simple model can in part account for the fact that 

alterations in components of the pathway tend to be mutually exclusive. This is 

most readily apparent with p lb^ ’̂'̂® and pRb, where there is an inverse correlation in 

their expression/mutation (lung cancers) (Okamato et al., 1995; Otterson et al., 

1994; Shapiro et al., 1995). Since the ability of to arrest cells is dependent

on pRb (Fâhraeus et al., 1996; Guan et a l, 1994; Koh et al., 1995; Lukas et al., 

1995; Medema et al., 1995; Serrano et al., 1995), there is no additional selection 

against pl6^’̂ ’̂ '̂  ̂ in pRb-negative cells. Indeed pRb-negative cells generally have 

abnormally high levels of plb*̂ *̂ '̂  ̂(Hara et al., 1996; Li et al., 1994b). This is partly
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explained by a feedback loop through which pRb negatively regulates to a

fairly modest degree (Hara et a l, 1996), and partly by the accumulation of p i6^"^“ 

that accompanies replicative senescence (see later) (Alcorta et a l, 1996; Hara et al, 

1996; Wong and Riabowol, 1996). In such settings, there can be enough to

sequester all the available CDK4 and CDK6 so that cyclin D-CDK4 complexes are 

no longer detectable (Bates et a l, 1994; Parry et a l, 1995; Tam et al, 1994; Xiong 

e ta l, 1993).

1.6. The p53 tumour suppressor pathway

p53 is a well characterised tumour suppressor gene that is mutated or lost in 

over 50% of human cancers (Hollstein et a l, 1994). In addition to the frequent 

somatic mutations of p53 in sporadic cancers, germline mutations of one allele of 

the human gene are associated with an inborn predisposition to cancer, called Li- 

Fraumeni syndrome (Malkin et a l, 1990). Individuals with Li-Fraumeni syndrome 

are highly prone to the development of sarcomas and a variety of other tumour 

types, including carcinoma of the breast and brain. p53 null mice also develop 

tumours at an early age (Donehower et a l, 1992; Jacks et a l, 1994). p53 null 

mouse embryo fibroblasts fail to arrest in Gl following DNA damage, consistent 

with other indications that p53 is as a critical regulator of this checkpoint 

(Donehower et a l, 1992; Jacks et a l, 1994).

1.6.1. p53: structure and function

p53 functions as a transcription factor, capable of regulating the expression 

of a number of downstream genes. It is a modular protein consisting of five 

domains with distinct but inter-dependent functions. The core of p53 is a sequence 

specific DNA-binding domain that is resistant to proteases and contains a Zn^  ̂ion 

that is necessary for DNA binding activity (El-Deiry et a l, 1992). Greater than 90% 

of the documented missense mutations in p53 occur in the DNA binding domain 

(Hollstein et a l, 1994). The native protein binds DNA as a tetramer, a consequence
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of intermolecular interaction of the tetramerisation domain in the carboxy-terminal 

half of the protein (Jeffrey et al.y 1995a). The carboxy-terminal domain, which is 

protease sensitive, and highly basic, is also subject to post-translational 

modifications, but the significance of these modifications remains uncertain. The 

DNA binding domain is separated from the activation domain by a series of 

repeated proline residues forming an SH3 binding domain. This region can interact 

with signal transduction molecules containing SH3 domains such as the c-abl 

oncogene (Yuan et al., 1996). The acidic transcriptional activation domain near the 

amino terminus enables p53 to interact with the basal transcription machinery, 

positively activating gene expression. This region is also involved in regulating the 

stability and activity of p53 via interactions with MDM2 (see later) (Haupt et al., 

1997; Kubbutat etal., 1997).

Under normal circumstances, p53 is expressed at low levels and has a short 

half life. In response to cellular stress, such as DNA damage (Hartwell, 1992), 

hypoxia (Graeber et al., 1996), nucleotide deprivation (Linke et al., 1996), loss of 

adhesion and oncogene imbalance (Serrano et al., 1997), the p53 protein is 

stabilised, resulting in either cell cycle arrest or apoptosis depending on the context 

and target genes activated (Giaccia and Kastan, 1998; Gottleib and Oren, 1995; Ko 

and Prives, 1996; Levine, 1997). The cell cycle arrest occurs in both the Gl and G2 

phases. The major executor of the Gl arrest is p21^^ '̂ which is directly controlled 

by p53 through two specific response elements in the p21^^' promoter (El-Deiry et 

al., 1993; El-Deiry et al., 1995). p21^^  ̂ also binds to PCNA and may contribute to 

the arrest by inhibiting the processivity of DNA replication. Inducible expression of 

p2 icipi recently been demonstrated to elicit a Gl and G2/M arrest, probably 

through the inhibition of cyclin B-CDKl activity as well as the cyclin-CDK 

complexes operating in the Gl and S phases of the cell cycle (Bates et al., 1998b; 

Cayrol etal., 1998; Medema et al., 1998). Additional p53 responsive gene products 

may contribute to the G2 arrest, including GADD45 (growth arrest and DNA 

damage inducible gene 45) which is able to bind and inhibit cyclin B-cdc2 (Zhan et 

al., 1999), and 14-3-3 <J which binds phosphorylated CDC25 sequestering its

47



phosphatase activity and preventing the activation of cyclin B-cdc2 (Hermeking et 

al, 1997).

p53 plays a critical role mediating apoptosis in response to adverse cellular 

signals. Over-expression of wild-type p53 can elicit apoptosis in a wide variety of 

cell types (Yonish-Rouach et a l, 1991). Normal thymocytes undergo apoptosis in 

response to DNA damage, whereas thymocytes from p53 null mice are resistant to 

apoptosis in these circumstances (Lowe et a l, 1993). Two p53-dependent genes 

favour apoptosis: Bax and IGF-BP3 (insulin-like growth factor-binding protein 3) 

(Buckbinder et a l, 1995; Miyashita and Reed, 1995). Overexpression of BCL2 can 

block p53-mediated apoptosis whereas Bax binds to BCL2 and opposes its effects. 

IGF is a potent survival factor, protecting cells from apoptosis and IGF-BP3 blocks 

the IGF signalling pathway, by binding to IGF and preventing its interaction with 

its receptor.

1.6.2. Activation of p53: covalent modifications

The activation of p53 occurs via post-transcriptional mechanisms, increasing 

its stability and capacity to bind DNA in a sequence specific manner (Giaccia and 

Kastan, 1998; Gottleib and Oren, 1995; Ko and Prives, 1996; Levine, 1997). 

Several kinases have been shown to phosphorylate p53, and many potential target 

sites have been identified. After DNA damage, the first site to be phosphorylated is 

Ser 15 (Shieh et a l, 1997; Siciliano et a l, 1997) which is targeted by DNA- 

dependent protein kinase (DNA-PK) or the product of the ATM gene (Banin et a l, 

1998; Canman et a l, 1998; Woo et a l, 1998). The significance of these kinases in 

modulating p53 function upon DNA damage is confirmed by the fact that cells 

defective for DNA-PK and ATM fail to activate p53 and show reduced levels of 

phosphorylation (Kastan et a l, 1992; Siciliano et a l, 1997; Woo et a l, 1998). 

Furthermore, the activity of the ATM kinase is significantly increased when cells 

are subject to DNA damage. Amino terminal phosphorylations of p53 are likely to 

result in conformational changes within the protein, reducing specific contacts
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between p53 and other proteins. This has been confirmed in vitro, with 

phosphorylated p53 showing a reduced ability to bind MDM2 (Shieh et a l, 1997).

The MDM2 (murine double minute) oncogene product is both a 

transcriptional target and a negative regulator of p53 (Barak et al., 1993; Wu et at., 

1993). Its effects on p53 are apparent at several levels (Haupt et at., 1997; Kubbutat 

et at., 1997). Thus MDM2 binds directly to the transactivation domain of p53, 

preventing it from functioning as a transcription factor (Giaccia and Kastan, 1998; 

Gottleib and Oren, 1995; Ko and Prives, 1996; Levine, 1997; Wu et at., 1993). 

Recent experiments have shown that MDM2 has intrinsic E3 ubiquitin ligase 

activity that conjugates ubiquitin to p53 (Honda et at., 1997; Honda and Yasuda, 

1999), promoting the rapid turnover of p53 by targeting it for ubiquitination and 

proteasome-mediated degradation (Haupt et at., 1997; Kubbutat et at., 1997). 

Moreover, mutations that prevent the two proteins from interacting can lead to 

stabilisation of p53. MDM2 continuously shuttles p53 from the nucleus to the 

cytoplasm by virtue of a nuclear export signal (Roth et at., 1998; Tao and Levine, 

1999a) presumably to allow degradation by the cytoplasmic proteasome (Freedman 

and Levine, 1998). p53 and MDM2 therefore participate in an autoregulatory loop 

that enables the levels of the proteins to be delicately balanced. Any increase in p53 

activity will result in its repression and degradation via the up-regulation of MDM2, 

and conversely any increase in MDM2 levels will down-regulate the transcription 

factor on which its synthesis depends. Interestingly, the balance of p53 and MDM2 

can be altered by ARF, the alternative product of the p i l o c u s  (see below).

p53 can be further regulated through covalent and non-covalent 

modifications of its carboxyl terminus For example, carboxy-terminal 

phosphorylation (Hupp et al., 1992) or acétylation (Gu and Roeder, 1997) can 

stimulate DNA binding. The mechanism is not fully understood but two possible 

models currently prevail. The first hypothesises that the carboxyl terminus 

allosterically regulates the conversion of p53 from an inert ‘latent’ form to an active 

form required for DNA binding (Halazonetis et al., 1993; Hupp and Lane, 1994). 

The second model postulates that sequence specific DNA binding is hindered by the
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interactions of the carboxyl terminus with non-specific DNA (Anderson et al., 

1997; Bay le et al., 1995).

1.6.3. Activation of p53 by ARF

ARF, designated pl4**^ in humans and p i9^^ in the mouse, is a highly 

basic nuclear protein that can induce a G1 and a G2 arrest (Kamijo et al., 1997; 

Stott et al., 1998). In contrast to plb^'^^^ which induces a G1 arrest dependent on 

functional pRb, the ARF induced arrest is p53 dependent and pRb independent 

(Arap et al., 1997; Liggett et al., 1996; Quelle et al., 1995a; Stott et al., 1998). The 

portion of ARF encoded by exon ip is sufficient to induce the arrest (Quelle et al., 

1995a; Stott etal., 1998; Zhang e ta l, 1998).

ARF-mediated arrest is accompanied by functional activation of p53 

(Pomerantz et al., 1998; Stott et al., 1998; Zhang et a l, 1998) and an increase in 

p53 dependent gene expression, with increased levels of both MDM2 and p21̂ ^̂  ̂

(Stott et a l, 1998). It is now clear that ARF interacts directly with MDM2 and can 

participate in ternary complexes with p53 (Kamijo et a l, 1998; Pomerantz et a l, 

1998; Stott et a l, 1998; Zhang et a l, 1998), but there are conflicting views as to 

how this brings about the stabilisation of p53. Several models have been proposed 

based on nucleolisation studies and the observation that in vivo, ARF is 

predominantly localised in the nucleolus with MDM2 (Weber et a l, 1999; Zhang et 

a l, 1999). Consequently, ARF may prevent the nuclear export of MDM2-p53 

complexes, protecting p53 from ubiquitination and proteasome-mediated 

degradation in the cytoplasm (Tao and Levine, 1999; Zhang et a l, 1999), or causes 

the segregation of MDM2 from its ubiquitination substrate. However, since ARF 

can directly inhibit the E3 ubiquitin ligase activity of MDM2 in vitro there is no 

need to postulate physical separation of MDM2 from p53 (Honda et a l, 1999; 

Midgley et a l, 2000).
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1.6.4. Signals to ARF

ARF is evidently able to activate p53 but whether ARF participates in any of 

the known stress response pathways that activate p53 is uncertain. The response to 

DNA damage seems relatively unimpaired in ARF null cells (Kamijo et al., 1997; 

Stott et al., 1998). Instead, ARF is induced in response to oncogenic stimuli. These 

include cell derived genes such as c-myc (Zindy et al, 1998), Ras (Palmero et al.,

1998) v-abl (Radfar et al., 1998) and viral oncoproteins such as SV40 T-antigen, 

HPV16 E6 and E7 and adenovirus El A (De Stanchina et al., 1998). T-Ag, E7 and 

El A proteins ail inactivate pRb (see below) and release E2F, and E2F-1 activates 

transcription from the exon Ip promoter (Bates et al., 1998a). The regulation of 

ARF by E2F-1 represents a functional link between the pRb and p53 pathways 

(Figure 1.7.). In normal cells, the activity of E2F-1 is confined to late G1 and early 

S phase and activation of ARF during this time would act as a sensor for pRb 

inactivation and may prime the p53-MDM2 feedback loop in readiness for 

monitoring the fidelity of DNA replication (James and Peters, 2000). It is not clear 

whether cellular oncogenes signal independently to ARF or via the release of E2F. 

Another level of control is a feedback loop through which p53 represses ARF 

expression (Kamijo et al., 1998; Stott et a l, 1998). Abrogation of p53 by E6 (see 

below) can induce ARF, and there is generally an inverse correlation between ARF 

levels and p53 status in human cell lines (Stott et al., 1998).

The activation of ARF by E2F represents a functional link between the pRb 

and p53 pathways. Numerous experimental observations have pointed to a 

connection between pRb and p53, particularly DNA tumour viruses, that target pRb 

to promote viral DNA replication and target p53 to avoid p53-mediated defence 

mechanisms. For example, SV40 T-antigen binds to both tumour suppressors 

(DeCaprio et al., 1988; Vousden and Jat, 1989), whereas adenovirus and the human 

papilloma viruses encode two individual proteins which target p53 and pRb 

separately. The HPV E6 protein binds to p53 and promotes its degradation through 

the ubiquitin pathway (Scheffner gf a/., 1990; Wemess et al., 1990), whereas the
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The alternative exons and gene products encoded by the INK4a locus are shown. 
Whereas p i p r e v e n t s  the phosphorylation and inactivation of pRb by 
CDK4 and CDK6, pl4^^^ 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).



HPV E7 protein binds to hypophosphorylated pRb (Dyson and Harlow, 1992; 

Dyson et al., 1989; Vousden and Jat, 1989) targeting pRb for degradation (Jones et 

ah, 1997). The adenovirus El A protein binds to pRb and the ElB protein binds p53 

blocking its transcriptional activity (Samow et al, 1982; Yew et a l, 1994). The 

inactivation of pRb by any of these DNA tumour viruses relieves the effects pRb 

has over E2F (Chellapan et a l, 1992).

A striking example of the pRb and p53 connection is the excessive apoptosis 

observed in specific tissues of pRb null mice, particularly the lens and central 

nervous system (Clarke et al, 1992; Jacks et al, 1992; Lee et a l, 1992; Lee et a l, 

1994; Morgenbesser et a l, 1994). As expected mouse embryo fibroblasts derived 

from pRb null mice express relatively high levels of ARF (Zindy et a l, 1998) and 

are susceptible to apoptosis (Almasan et al, 1995). Furthermore, apoptosis can be 

alleviated if the mice are also rendered nullizygous for p53 (Macleod et a l, 1996; 

Morgenbesser et a l, 1994; Williams et a l, 1994). Similar observations occur in 

mice transgenic for HPV E7 or a mutant allele of SV40 T-antigen, that selectively 

targets pRb, with the apoptotic phenotype being rescued by the introduction of HPV 

E6 or the disruption of either E2F-1 or p53 (Fromm et a l, 1994; Howes et a l, 

1994; Pan and Griep, 1994; Pan and Griep, 1995; Pan et a l, 1998; Symonds et a l, 

1994; Tsai e ta l, 1998).

1.7. Cellular senescence

Normal human cells have a limited proliferative capacity when placed in 

tissue culture (Hayflick and Moorhead, 1961). After a specified number of 

population doublings they undergo an irreversible growth arrest referred to as 

replicative senescence (Campisi, 1996; Campisi, 1997; Hayflick and Moorhead, 

1961). In contrast, many populations of tumour cells exhibit an immortal 

phenotype. The replicative lifespan of cells reflects the number of cell divisions 

they undergo and not the length of time spent in culture (chroaological time) 

(DeirOrco, 1973; Hayflick, 1965). The initial description of senescence was 

reported in fibroblasts but other cell types have since been shown to senesce,
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including epidermal kératinocytes, smooth-muscle cells, lens epithelial cells, glial 

cells, endothelial cells, melanocytes, T lymphocytes and adrenocortical cells 

(Berube et al., 1998). Although it is now becoming clear that some aspects of the 

mechanisms underlying senescence may differ between fibroblasts and other cell 

types, the information gained from studying fibroblasts has provided important 

insights into the process. Two distinct mechanisms have been proposed to account 

for senescence (discussed in section 1.7.2 and 1.7.3.).

Although senescence describes an in vitro phenomenon, it is commonly 

associated with ageing of the organism. Three classical observations support this 

view: the negative correlation of in vitro lifespan with the age of the donor (Allsopp 

et at., 1992; Goldstein et a l, 1978), the correlation of in vitro lifespan with the 

average life expectancy of the species (Rohme, 1981) and the reduced in vitro 

lifespan of cells from patients afflicted with premature ageing syndromes, such as 

Werner Syndrome (Norwood et al., 1979). However, some of these correlations are 

relatively loose and Cristofalo et al. did not observe a convincing association 

between replicative lifespan and donor age when they established multiple cell 

cultures from the same donors at different ages (Cristofalo et al., 1998).

At the cellular level, senescence is genetically dominant. In both rodent and 

human cell fusion studies, hybrid cells produced from the fusion of immortal cells 

with normal cells eventually cease dividing (Norwood et al., 1974; Pereira Smith 

and Smith, 1988). This suggests that the immortal cells lack or are defective for the 

product of a senescence-related gene and that this defect is complemented by the 

normal cell (Norwood et al., 1974; Pereira Smith and Smith, 1988). By fusing 

different combinations of immortal cells, four 'complementation groups' that are 

thought to reflect the existence of genes that confer mortality/senescence in the 

heterokaryon have been identified (Smith and Pereira-Smith, 1996).
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1.7.1. The M1/M2 model of cellular senescence

Experimental observations of senescence in human diploid fibroblasts 

(HDFs) led to the formulation of a two stage model that distinguishes mortality 

phases Ml and M2 (Shay and Wright, 1989; Shay et a l, 1991b; Wright et al., 

1989). When normal HDFs reach the end of their natural lifespan, they arrest 

irreversibly in the G1 phase of the cycle (Harley et al., 1990) with pRb in its 

hypophosphorylated state (Futreal and Barrett, 1991; Stein et al, 1990). In this Ml 

state, the cells adopt a number of phenotypic characteristics associated with 

senescence (Sedivy, 1998) including increased size and granularity, increased 

production of extracellular matrix and matrix remodelling enzymes, and the 

expression of senescence associated 6-galactosidase (SA- 6-gal) activity (pH6.0) 

(Dimri et a l, 1995). Importantly, the cells remain metabolically active for several 

months (Matsumura et a l, 1979) and are resistant to both mitogenic stimulation and 

apoptosis (Wang, 1995). Attempts to transform fibroblasts with DNA tumour 

viruses showed that while it is possible to bypass Ml, there is a second proliferative 

barrier termed M2 (mortality stage 2) or crisis (Shay and Wright, 1989; Stein et a l, 

1985). At M2 there is no net increase in cell number because there is a balance 

between cell growth and cell death. The majority of cells will eventually die after a 

prolonged period in crisis but rare immortal clones can arise at a frequency 

estimated to be of the order of 3x10'^ (Shay and Wright, 1989). HDFs typically 

reach Ml after 60 to 80 population doublings. Bypass of Ml permits an additional 

20-30 population doublings until crisis ensues (Figure 1.8.) (Wynford-Thomas, 

1997).

The ability of DNA tumour vims oncoproteins to bypass Ml implicated 

both pRb and p53 in the process (Shay and Wright, 1989; Stein et a l, 1985; Wright 

et a l, 1989). Further support came from experiments showing that the down- 

regulation of p53 and pRb protein expression with anti-sense oligomers extends the 

lifespan of HDFs (Hara et al. 1991). Moreover, HDFs, immortalised with a 

temperature sensitive form of SV40 T-antigen are dependent on the continued 

expression of functional T-antigen for their immortality (Fujii et a l, 1999). A shift
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Figure 1.8. M1/M2 model for immortalisation of HDFs

The figure represents the Ml and M2 lifespan checkpoints operating as barriers 
to the immortalisation of HDFs. See text for details.



to the non-permissive temperature results in a senescent like growth arrest (Fujii et 

al, 1999). Abrogation of individual tumour suppressors, using HPV 16 E6 or E7 or 

T-antigen mutants to specifically target either p53 or pRb, allows cells to escape 

M l, but confers a more limited proliferative advantage than that obtained with the 

full combination (Bond et al., 1999; Shay et al., 1993). This has also been 

demonstrated using a dominant negative form of p53 (Bond et al., 1995) and by 

observations of Li-Fraumeni syndrome fibroblasts, which spontaneously lose wild- 

type p53 (Rogan et a l, 1995).

1.7.2. The telomere hypothesis

Although both p53 and pRb are implicated in M l, it now seems almost 

certain that the principal trigger for replicative senescence is telomere loss. Human 

telomeres consist of tandem arrays of a short DNA sequence (TTAGGG), which are 

synthesised by telomerase (Colgin and Reddel, 1999; Greider, 1998). Telomerase is 

comprised of an essential catalytic component TERT (telomerase reverse 

transcriptase) (Meyerson et al., 1997; Nakamura et al., 1997) and an RNA 

component TR (telomerase RNA) (Feng et al., 1995). The RNA subunit provides 

the template for telomere repeat synthesis (Feng et al., 1995). In the absence of 

telomerase, the conventional DNA replication machinery is unable to synthesise 

telomere ends, so that in mammalian cells telomeres shorten by about fifty base 

pairs per generation (Blasco etal., 1997). The telomere hypothesis holds that since 

somatic cells do not express telomerase, the relentless erosion of chromosome ends 

at each S-phase will eventually trigger growth arrest (Harley, 1991). Telomere 

shortening has thus been proposed to constitute the mitotic clock by which cells 

count the number of elapsed cell divisions (Harley, 1991).

Supporting evidence for the telomere hypothesis includes the observation 

that telomere attrition does not occur in tumour cells or established cell lines, due 

either to the re-activation of telomerase (Counter et a l, 1992; Kim et a l, 1994; 

Shay and Bacchetti, 1997) or the stabilisation of telomeres by recombination (Bryan 

et a l, 1995; Murnane et a l, 1994; Rogan et a l, 1995; Whitaker et a l, 1995).
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However, there are several pieces of evidence that make it hard to reconcile the G1 

senescent arrest solely with telomere attrition. First, mouse cells have exceptionally 

long telomeres and yet they still senesce after only 10-20 population doublings 

(Kipling and Cooke, 1990). Second, after the introduction of DNA tumour viruses 

into human diploid fibroblasts telomeres continue to shorten during the extended 

lifespan (Counter et al., 1992; Counter et al., 1994a). Third, in human and rodent 

cell fusion studies, the senescent phenotype is dominant over either the 

presenescent or the immortal phenotype (Pereira Smith and Smith, 1988). Fourth, 

microinjection of mRNA from senescent cells can cause a growth arrest consistent 

with the existence of negative regulator(s) capable of imposing senescence (Noda et 

al., 1994).

Several mechanisms have been proposed to explain how shortened 

telomeres cause the G1 arrest (Campisi, 1997). It is conceivable that telomeric 

DNA acts as a sink for transcription factor binding. Telomere erosion would lead to 

the release of these factors which would be able to activate or repress the 

transcription of specific genes implicated in senescence. A second suggestion is that 

the continuous erosion of telomeres may provoke a DNA damage response, but the 

level of p53 expression is not itself increased during senescence to the extent that it 

is during the DNA damage response. A gene silencing mechanism has also been 

proposed, whereby telomeres maintain the surrounding DNA as heterochromatin 

(Wright and Shay, 1992). If this region of heterochromatin is of a minimum size, 

the region it spans has the potential to include increasing extents of sub-telomeric 

DNA as the telomeres are eroded. A gene, for example one capable of repressing 

the senescent phenotype and located near to a telomere therefore has the potential to 

be silenced as the DNA is converted from an euchromatic state into a 

heterochromatic state.

Telomerase activity can be reconstituted by the expression of hTERT and 

hTR in vitro (Beattie et al., 1998; Weinrich et al., 1997). Transfection of the 

catalytic subunit alone is sufficient to reconstitute telomerase activity in fibroblasts, 

enabling them to enter a period of extended and possibly infinite lifespan (Bodnar et 

al., 1998; Vaziri and Benchimol, 1998). The aforementioned fibroblasts do not have
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any cancer-associated changes suggesting that ectopic expression of telomerase 

does not confer tumorigenicity (Morales et al., 1999; Vaziri et al., 1999). In 

contrast, telomerase expression and maintenance of telomere integrity may confer 

genomic stability and prevent accumulation of cytogenetic abnormalities (Morales 

etal., 1999; Vaziri etal., 1999).

However, telomerase expression is not sufficient to immortalise all cell 

types (Kiyono et al., 1998). Immortalisation of epithelial cells requires the 

expression of telomerase and the inactivation of the pRb/pl6°̂ *̂ '̂ “ pathway (Kiyono 

etal., 1998). Epithelial cell senescence does not fit the classical M1/M2 model, and 

an additional proliferative barrier, termed MO, has been proposed. MO occurs after 

only a few population doublings and appears to be controlled by the pRb/plb^^"^® 

checkpoint (Kiyono et al, 1998).

Telomerase positive fibroblasts remain susceptible to growth arrest by an 

activated Ras oncogene (Wei et a l, 1999). However, recently it has been shown 

that a combination of telomerase, SV40 T-antigen and oncogenic Ras can transform 

HDFs and enable them to grow as tumours in nude mice (Hahn et al., 1999).

1.7.3. The role of pl6 and p21 during senescence

An alternative model to the telomere hypothesis invokes the accumulation 

of soluble DNA synthesis inhibitors in senescent cells. The levels of p21*̂ ^̂ * 

increase with population doublings, reach a peak as HDFs approach M l and then 

decline once the cells have ceased dividing (Alcorta et al., 1996; Noda et al., 1994; 

Stein et al., 1999; Wong and Riabowol, 1996). In contrast to p21^^\ pĵ iNK4a jgyejg 

continue to accumulate in senescent cells (Alcorta et al., 1996; Hara et al., 1996; 

Stein et al., 1999; Wong and Riabowol, 1996), suggesting that the two proteins may 

cooperate in the induction and maintenance of Ml (Stein et al., 1999). Consistent 

with this hypothesis, pi6̂ NK4a p21^^ '̂ are capable of causing a sustained G1 

arrest and can induce facets of senescence when ectopically expressed in young 

HDFs (McConnell etal., 1998).
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The involvement of and in the Ml arrest would explain why

Ml can be bypassed by interfering with the pRb and p53 tumour suppressors (Hara 

et al., 1991; Shay e ta l, 1991a). The disruption of both alleles of p21^^^ in normal 

HDFs is sufficient to bypass senescence (Brown et al., 1997). Consistently, the loss 

of functional p53, either by the introduction of a dominant negative mutant of p53 

(Bond et al., 1995) or the microinjection of p53 specific antibodies (Gire and 

Wynford-Thomas, 1998), delays the senescent arrest. The total levels of p53 do not 

change in senescent cells but the DNA binding and transactivation activities of p53 

increase significantly (Atadja et al., 1995; Bond et al., 1996). Since, p21̂ ***‘ is 

encoded by a p53-responsive gene (El-Deiry et al, 1994; El-Deiry et ai, 1993), this 

increase in p53 activity can account in part for the increase in p21^^''\ However, in 

cells in which p53 function is ablated by SV40 T-antigen, p21^“** is still observed to 

increase with population doublings, but to a much lesser extent than when p53 

function is intact (Tahara et al., 1995). This indicates that p21^^' accumulation can 

depend on both p53-dependent and p53-independent mechanisms.

p l 6 iNK4a strong claims as the executor of the senescent arrest, evident by 

the strong selection against p l 6 °̂ ’̂ '‘“ function during escape from senescence. This 

would explain why the frequency of p l 6 °̂ "̂̂ “ alterations is higher in tumour-derived 

cell lines than in primary malignancies (Ruas and Peters, 1998). Loss of p l 6 ^̂ "̂*̂  

expression is associated with extended in vitro lifespan, but it is not sufficient for 

immortalisation (Noble et al., 1996). An alternative mechanism that accounts for 

p l 6 iNK4a inactivation in human tumours is the de novo méthylation of the CpG island 

present within the p l 6 ”̂ '̂‘“ promoter and first exon resulting in transcriptional 

silencing of the p i 6 *̂̂"̂ “ gene (Merlo et al., 1995; Huschtscha et al., 1998). The 

senescence-like G1 arrest evoked by an activated Ras oncogene in HDFs is also 

associated with the up-regulation of p i 6 '̂ K4a (Se^rano et al., 1997). Furthermore, the 

bmi-1 oncogene, a member of the polycomb-group of transcriptional regulators, has 

been shown to regulate cellular proliferation and senescence through the INK4a 

locus (Jacobs et al. 1999). Bmi-1 deficient mouse embryo fibroblasts proliferate at a 

slower rate than their wild-type counterparts, and they prematurely enter senescence 

with a markedly elevated level of p i6 N̂K4a Conversely, overexpression of bmi-I
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results in down-regulation of expression and delayed entry into senescence

(Jacobs et al. 1999).

1.8. Aims of this thesis

The initial aim of this thesis was to investigate the different contributions 

p l 6 iNK4a p2 1 ^̂ ^̂  make to senescence by examining the composition of the 

cyclin-CDK-inhibitor complexes in senescent human diploid fibroblasts. The 

hypothesis was that accumulation of plô̂ ^̂ '*® would cause the disruption of cyclin 

D-CDK4/6 complexes. The aforementioned complexes were analysed using gel 

filtration chromatography. The optimum conditions for gel filtration were 

determined using a fibroblast cell line expressing a temperature sensitive form of T- 

Ag (Chapter 3). As the levels of p l 6 °̂ ’̂ '‘“ and p21^”’* alter during senescence it was 

desirable to examine complexes in early and late senescence, to see if the changing 

levels of inhibitors were reflected by changes in the composition of the cyclin-CDK 

complexes (Chapter 4). Both pRb and p53 have been implicated in senescence and 

they were targeted individually, through the use of viral oncoproteins, to examine 

the effects on the cyclin-CDK complexes (Chapter 4).

In senescent cells cyclin D-CDK4 complexes were maintained, possibly due 

to the assembly functions of p21^^% but cyclin D-CDK6  complexes were disrupted, 

indicating a potential difference between CDK4 and CDK6 . R24P a variant of 

p l 6 iNK4a to interact with CDK6  but not CDK4 was utilised to dissect the effects 

of CDK4 and CDK6  (Chapter 5).
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Chapter 2

Materials 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 :

lOx agarose gel loading buffer 60% (w/v) sucrose

0 .1 % (w/v) bromophenol blue

blocking solution PBSA

0.2% (v/v) Tween-20 

5% (w/v) dried milk (Marvel)

denaturing loading dye formamide

0.025% (w/v) bromophenol blue 

0.05MEDTA(pH8.0)
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destain/fix solution 25% (v/v) methanol 

7% (v/v) acetic acid

Geimsa stain 0.75% (w/v) Geimsa 

50% (v/v) glycerol 

50% (v/v) methanol

2xHBS 280 mM NaCl 

lOmMKCl

1.5 mM Na2 HP0 4  

12 mM dextrose 

50mMHEPES(pH 7.0)

kinase assay buffer 50 mM HEPES (pH 7.5) 

10 mM MgCli

2.5 mM EGTA 

1 mMDTT

Ix Laemmli sample buffer 62.5 mM Tris-HCl (pH 6 .8 )

2% (w/v) SDS 

1 0 % (v/v) glycerol 

5% (v/v) 2-mercaptoethanol 

0 .0 2 % (w/v) bromophenol blue

L-Broth 1% (w/v) NaCl 

0.5% (w/v) yeast extract 

1 % (w/v) bacto-tryptone
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NETN 20 mM Tris-HCl (pH 8.0) 

100 mM NaCl 

1 mM EDI A 

0.5% (v/v) NP40

NP40 lysis buffer 20 mM Tris-HCl (pH 8.0) 

150 mM NaCl 

1% (v/v) NP40

PAGE Blue Stain 0.05% (w/v) PAGE Blue 83 

50% (v/v) methanol 

1 0 % (v/v) acetic acid

paraformaldehyde solution 3% (v/v) paraformaldehyde in PBSA

PBSA 8.06 mM Na^HPO^

0.8% (w/v) NaCl 

1.47 mM KH2PO4  

0.025% (w/v) KCl (pH 7.2)

protease/phosphatase inhibitors 0.1 mM sodium fluoride 

0.1 mM sodium orthovanadate 

2  |ig/ml aprotinin 

100 ng/ml PMSF

protein electrophoresis buffer 25 mM Tris base 

192 mM glycine 

0.1% (w/v) SDS
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protein transfer buffer 25 mM Tris base 

192 mM glycine 

0.1% (w/v) SDS 

2 0 % (v/v) methanol

staining solution for SA-6 -gal 

activity

20 mg/ml X-gal

0.2 M citric acid/NazPO^ buffer (pH 6.0) 

100 mM potassium ferrocyanide 

100 mM potassium ferricyanide 

5 M NaCl 

IMMgClz

TAB buffer 40 mM Tris-acetate (pH 7.6) 

5 mM sodium acetate 

1 mM EDTA

TBE 450 mM Tris base 

450 mM boric acid 

1 mM EDTA (pH 8.0)

TE 10 mM Tris-HCl (pH 7.8) 

1 mM EDTA

TRAP assay denaturing gel 40% polyacrylamide solution (19.1)

5xTBE

10.5% urea

1 0 % ammonium persulfate 

10% TEMED
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trypsin 0.25% (w/v) trypsin 1:250

25 mM Tris-HCl (pH 7.7) 

0.8% (w/v) NaCl 

0.038% (w/v) KCl 

0.1% (w/v) D-Glucose 

0 .0 1 % (w/v) Na^HPO  ̂

0.0015% (w/v) phenol red 

0.01% (w/v) Streptomycin 

0.006% (w/v) Penicillin

Tween lysis buffer 50 mM HEPES (pH 8.0) 

0.1% (v/v) Tween-20 

150 mM NaCl;

1 mM EDTA

2.5 mM EGTA 

1 0 % (v/v) glycerol 

1 mMDTT

versene 0.02% (w/v) EDTA in PBSA (pH 7.7) 

0.0015% (w/v) phenol red
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2.2. Mammalian Cell Culture

2.2.1. General

All cells used (Table 2.1.) were grown as monolayers in DMEM 

supplemented with 10% (v/v) foetal calf serum (PCS, Gibco) (from now on DMEM 

+ 10% (v/v) PCS will be referred to as medium). Cells were grown in humidified 

air containing 5% CO2 , and incubated at 37°C with the exception of SVts8  cells 

which were grown in humidified air containing 1 0 % CO2 , and incubated at either 

34°C or 38.5°C.

When confluent, cells were washed once in warmed versene and incubated 

with 1:1 versene:trypsin mix for approximately 5 min to detach cells. The 

resuspended cells were diluted with complete medium to inactivate the trypsin. 

Cells were seeded into new flasks or dishes at appropriate densities, typically 1:4 or 

1 : 8  dilutions.

2.2.2. Inducible cell lines

Inducible cell lines were generated in the LAC-SWITCH™ vector system 

(Stratagene) with the desired gene of interest under the control of an IPTG- 

inducible promoter. The system utilises two plasmids, the p3'SS plasmid expresses 

the IPTG sensitive lac repressor under the control of a constitutive promoter and the 

pOPRSVI plasmid containing the gene of interest. The lac repressor protein binds to 

a specific DNA sequence (the operator) in the pOPRSVI vector blocking 

transcription of the gene of interest. On addition of IPTG to the medium, the 

binding affinity of the lac repressor protein to the operator sequences are decreased, 

triggering transcription and expression of the inserted gene.

Inducible clones were maintained in medium containing 150 pg/ml 

hygromycin and 300 |ig/ml geneticin, but to ensure that the cells were not 

metabolically challenged during various assays, the antibiotics were removed from 

the medium 24 h prior to initiation of experiments. To induce expression, cells were
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Table 2.1. Cell lines

Cell strain Cell type Origin

AM-12 amphotropic packaging cell line expressing 

gag, pol and env

ICRF

BOSC23 Ad5-transformed human embryonic kidney 

293 cell line

(Pear er a/., 1993)

293 Ad5-transformed human embryonic kidney 

cell line

(Harrison etal., 1977)

EHl U20S cell line expressing plô̂ *̂ "̂ ® under 

the control of an IPTG-inducible promoter

(McConnell et al., 1998)

Leiden adult skin diploid fibroblasts, plb^̂ '̂ ® null our group

Leiden-ER Leiden fibroblasts expressing the ecotropic 

receptor

our group

MCF7 Breast carcinoma cell line (Soule etal., 1973)

Ras (V12) 

GP+E

stably transfected GP+E cells expressing 

Ras (V12)

ICRF

SVtsS S V40-transformed derivative of TIG3 

human diploid fibroblasts

(Tsuyama et a l, 1991)

SVts8 -ER SVts8  fibroblasts expressing the ecotropic 

receptor

this study

TIG3 embryonic lung diploid fibroblasts (Matsuo etal., 1982)

TIGER TIG3 fibroblasts expressing the ecotropic 

receptor

our group

U20S Osteosarcoma cell line (Ponten and Saksela, 

1964)

All cell lines were of human origin.
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seeded in medium at a ratio of 1:4 and 1 mM IPTG was added to fresh medium the 

following day.

2.2.3. 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 1x10  ̂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 (>2x1 OV ml) in a 75 

cm  ̂ 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.

2.2.4. Proliferation assays

The proliferation rate of cells was monitored by staining viable cells at 

different time intervals. 2.5x10^ cells were plated into individual wells of a 24-well 

plate with three wells per cell type. One plate per time point was required. 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. Ajponm values were 

determined and normalised to the Ajçonn, at day 1 , which was taken to be the day 

after plating.
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2.2.5. 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 analysing 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 (GO/Gl 

phases), those with a 4N DNA content (G2/M phases) and those intermediate 

between 2N and 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 |xl of 100 pg/ml RNase A (NBL) for 5 min at room 

temperature and the nuclei were labelled with 400 |Lil of 50 pg/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.

2.2.6. Flow cytometric analysis for bromodeoxyuridine incorporation

Cell cycle kinetics can be monitored by measuring the incorporation of 

bromodeoxyuridine (BrdU), an analogue of thymidine into cell DNA over a period 

of time. The medium was removed from subconfluent cell cultures and replaced 

with fresh medium containing 10 |iM 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 2 M hydrocholoric 

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-20 plus 0.05% (w/v) 

BSA. 2 |xl 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
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antibody, cells were washed twice in PBSA containing 0.5% (v/v) Tween-20 plus 

0.05% (w/v) BSA. 50 |xl of FTTC-conjugated rabbit anti-mouse inununoglobulins 

(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-20 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.

2.2.7.j Transfection of eukaryotic cells

Two different methods were used for transient transfections: lipofection 

(using LipofectAmine reagent from GibcoBRL) or standard calcium phosphate 

precipitation.

(i) Lipofection

Lipofection transfections were used for colony formation assays. 

Transfections by this method utilised pcDNA3 (Invitrogen) based plasmids for 

eukaryotic expression. LipofectAmine reagent is a liposome formulation of the 

polycationic lipid DOSPA and the neutral lipid DOPE. Cells were plated at a 

density that would achieve 50% confluency the following day. The cells were 

washed once with serum-free medium (minus antibiotics and antimycotics) and 

incubated in 5 ml (per 90 nun dish) or 2 ml (per 50 nun dish) fresh serum-free 

medium (minus antibiotics and antimycotics) for 2 h. The cells were transfected 

with 10 |ig of DNA (per 90 mm dish) or 2.5 |ig DNA (per 50 mm dish) mixed with 

25 |xl (per 90 mm dish) or 7.5 p.1 (per 50 mm dish) LipofectAmine reagent in a total 

volume of 5 ml (per 90 mm dish) or 2 ml (per 50 mm dish) medium (minus 

antibiotics and antimycotics). The mixture was pre-incubated for 45 min at room 

temperature to allow DNA-liposome complexes to form. The cells were incubated 

with the total mixture for 5 h, after which 5 ml (per 90 mm dish) or 2 ml (per 50 

mm dish) medium (minus antibiotics and antimycotics) were added to the cells.
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After 24 h, the medium (minus antibiotics and antimycotics) was replaced with 

medium containing antibiotics. After a further 48 h the cells were seeded at a 1:10 

dilution in selective medium, medium containing 500 pg/ml G418, for 3 weeks. To 

count colonies, 90 mm dishes were washed twice with PBSA and fixed with 5 ml 

methanol for 5 min. Plates were stained with 5 ml of Giemsa solution for 5 min, 

rinsed with water and allowed to dry.

(ii) Calcium phosphate precipitation

Standard calcium phosphate transfection was used to obtain retroviral stocks 

from BOSC23 packaging cells. Approximately 5.5x10^ cells were plated in 90 mm 

dishes and the following day the medium was replaced with 5 ml of fresh medium 

containing 25 pM chloroquine. 10 pg of pBabe (Morgenstern and Land, 1990) 

DNA in 440 pi of water were mixed with 60 pi of 2 M CaClj 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 with fresh medium.

2.2.8. Retroviral infection of mammalian cells

To obtain retroviral stocks, BOSC23 cells transfected with pBabe vectors 

(Morgenstern and Land, 1990) were placed in 5 ml of fresh medium, and 24 h later 

the supernatant was recovered and filtered through a 0.45 pm nitrocellulose filter. 

This retroviral stock was either used directly or was stored at -70°C.

To infect cells with retroviral stocks, 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 10% PCS and 

incubated overnight in the presence of 8  pg/ml polybrene. When pre-frozen 

retroviral stocks were used, cells were infected with 1 0  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

72



containing the appropriate selective drug (generally 4 days in 2.5 |Xg/ml puromycin 

or 2 weeks in 300 |ig/ml G418).

2.2.9. 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. 10"̂  cells were suspended in 1 ml 2x E4 supplemented with 20% PCS (v/v) in 

a 15 ml tube (Falcon) 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 COz-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.

2.2.10. Detection of senescence-associated p-galactosidase activity

Cells were stained for senescence-associated |3-galactosidase activity as 

previously described (Dimri et al., 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 37°C in an incubator without carbon 

dioxide for 16 hours. Cells expressing SA-p-gal stained blue.

2.2.11. p̂ S] labelling of cellular proteins

To metabolically label cellular proteins, EHl 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 jxCi of p^S]
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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 CDK4 (sc-601) or
p l 6 i N K 4 a  (DPAR12).

2.3. Protein biochemistry

2.3.1. Antibodies

The antibodies used in this study are shown in Table 2.2.

2.3.2. 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-HCl (pH6 .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 proteins.
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Table 2.2. Antibodies

Name Antibody Type Antigen Origin

CDK2

(M2)

rabbit polyclonal IgG CDK2 C-terminus Santa Cruz 

(sc-163)

CDK4

(H22)

rabbit polyclonal IgG CDK4 C-terminus Santa Cruz 

(sc-601)

CDK4

(DCS31-2)

mouse monoclonal IgG CDK4 NeoMarkers

(MS-469-PO)

CDK6

(LBOl)

rabbit polyclonal serum CDK6  C-terminus Laura Bonetta

CDK6

(C21)

rabbit polyclonal IgG CDK6  C-terminus Santa Cruz 

(sc-177)

CDK6

(DCS83)

mouse monoclonal 

supernatant

CDK6 Jiri Bartek/ICRF

Cyclin D1 

(287.3)

rabbit polyclonal serum cyclin D1 C-terminus David MacAllan

Cyclin D1 

(DCS6 )

mouse monoclonal IgG cyclin D 1 NeoMarkers

(MS-210-P)

Cyclin D1 

(M20)

rabbit polyclonal IgG cyclin D1 C-terminus Santa Cruz 

(sc-718)
pl6iNK4a

(DCS50.2)

unpurified mouse 

monoclonal

pl îNK4a C-terminus Jiri Bartek/ICRF

pl6iNK4à

(DPAR12)

rabbit polyclonal serum Hisg-plb^"""' David Parry

pl6lNK4a

(JC8 )

unpurified mouse 

monoclonal

p 1 N-terminus Jim Koh and Ed 

Harlow

75



Table 2.2 continued

Name Antibody Type Antigen Origin

p2ic™

(C19)

rabbit polyclonal IgG p 2 i c i p i Santa Cruz 

(sc-397)

p27"*'

(C19)

rabbit polyclonal IgG P 2 7 K I P 1  (]_teiYninus Santa Cruz 

(sc-528)

pRb purified mouse 

monoclonal

pRb PharMingen

(14001A)

Anti-pRb

Ser780

rabbit polyclonal IgG phospho-pRb Ser 780 

peptide

Stratech Scientific 

Ltd. (555)

Actin goat polyclonal IgG actin C-terminus Santa Cruz 

(sc-1615)

All antibodies used were raised against human proteins.
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(ii)  F o r  im m u n o p r é c ip ita tio n s  fo l lo w e d  b y  w e s te rn  b lo tt in g

Cells were lysed by the addition of NP40 medium-salt lysis buffer 

containing protease inhibitors. Cell lysates were frozen at -20°C thawed and the 

debris was pelleted by centrifugation at 14,000 xg for 10 min, at 4°C. Protein 

concentrations in the cleared lysate were determined as above.

(Hi) For kinase assays

Cells were lysed by the addition of Tween lysis buffer containing protease 

inhibitors and frozen on dry ice. Cell lysates were thawed and incubated for 1 h on 

ice with occasional mixing. Debris was pelleted by centrifugation at 14,000 xg for 

10 min, at 4°C. Protein concentrations in the cleared lysate were determined as 

above.

(iv) For gel filtration analysis

Cells were lysed as for kinase assays and the lysates frozen rapidly on dry 

ice before storage at -70°C. When required, the lysates were freeze/thawed three 

times followed by clarification by centrifugation at 14000 xg for 10 min and the 

protein concentration determined as above.

2.3.3. Immunoprécipitation from cell lysates

Cleared cell lysates corresponding to 0.3 to 1 mg of protein were mixed with 

5 to 10 (xl of rabbit polyclonal antiserum (or 0,5 to 1 [ig of purified rabbit IgG) plus 

25 pi of a 50% slurry of protein A sepharose beads (Pierce). For mock 

immunoprécipitations purified non-specific rabbit IgG (sc-2027, Santa Cruz) was 

used. The mixture was placed on a rotating wheel at 4°C for at least 4 h. The beads 

were then pelleted 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 1 ml of cold Ix TE. Immune

77



complexes were released from the beads by boiling for 5-10 min in 25 |il of 2x 

Laemmli sample buffer (Harlow and Lane, 1988). Samples were generally analysed 

immediately by SDS-PAGE but occasionally they were stored at -20°C until 

required.

2.3.4. 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 to polymerise for a minimum of 15 min. 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) anunonium 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 

PAGE-blue 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 p^S]-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.
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2.3.5. 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 protein transfer buffer (5 sec). 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 PB SA and incubated in blocking solution for 1 h at 

room temperature.

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 four washes of 10 min with 200 ml of 

0.2% (v/v) Tween-20 in PB SA at room temperature to remove excess antibody. 

HRP-linked secondary antibodies (Amersham) or HRP-linked protein A 

(Amersham) were generally used at a dilution of 1:1000-1:4000. Blots were 

incubated for 45 min at room temperature and washed as above followed by a final 

wash in PB SA for 10 min. 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 5 sec to 60 min depending on the primary antibody and 

target protein.
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2.3.6. Bacterial expression and purification of GST-pRb

GST-pRb was used as a substrate for cyclin-dependent kinase assays. The 

large pocket region of pRb cloned in the pGEX-2T vector was generously provided 

by Dr. Li-Huei Tsai and Ed Harlow. The plasmid encodes a truncated pRb with an 

amino terminal GST tag (Meyerson and Harlow, 1994). Expression of recombinant 

protein was performed in E. coli BL21 cells (Stratagene). 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. coli 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 |Xg/ml ampicillin and incubated for 2 h (till mid-log 

phase) at 2>TC. IPTG was then added to a final concentration of 0.2 mM to induce 

expression of the GST construct. After a further 3 h 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). The lysate, which was no longer viscous, 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-pRb was 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 |il 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 performed preparing the beads for GST- 

pRb elution. GST-pRb was eluted from the beads by the addition of 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
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was repeated and the total amount of eluate was transferred into Spectra/Por 

dialysis membrane (MWCO 6-8,000) and dialysed in PBS A, 0.1% (v/v) Tween-20, 

1 mM DTT, 50% (v/v) glycerol with stirring overnight at 4°C.

2.3.7. Cyclin-dependent kinase assays

Two methods were used for cyclin-dependent kinase assays. A radioactive 

method which detects phosphorylation of the whole substrate, and a non-radioactive 

method (Debbie Riley personal communication) which detects phosphorylation at 

specific sites on the substrate.

(i) Radioactive method

Cyclin-dependent kinase assays were carried out essentially as described by 

Matsushime et al. using GST-pRb C-terminal fusion protein as a substrate 

(Matsushime et at., 1994). Cells were lysed in Tween lysis buffer as described in 

section 2.3.2. Samples corresponding to 500 pg of protein were immunoprecipitated 

with an antibody against CDK2 (sc-163, Santa Cruz) or normal rabbit IgG (sc-2027, 

Santa Cruz) using 20 pi of a 50% slurry of protein A sepharose beads (Pierce) for 3 

h at 4°C. Immune complexes were washed four times with Tween lysis buffer and 

twice with kinase assay buffer. Beads were resuspended in 20 pi of kinase assay 

buffer plus 1 pi GST-pRb, 10 pCi[y-^^P]ATP and 25 pM ATP and incubated for 30 

min at 30°C with occasional mixing. The kinase reaction was stopped by the 

addition of 20 pi of 2x Laemmli sample buffer. The products of phosphorylation 

were then separated by SDS-PAGE and the fixed dried gel exposed to Hyperfilm 

MP.

(ii) Non-radioactive method

Samples were prepared as described above and 1 mg of protein 

immunoprecipitated with an antibody against CDK6  (LBOl) or normal rabbit IgG
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(sc-2027, Santa Cruz) using 20 |xl of a 50% slurry of protein A sepharose beads 

(Pierce) for 3 h at 4°C. Inunune complexes were washed four times with Tween 

lysis buffer and twice with kinase assay buffer. Beads were resuspended in 20 \i\ of 

kinase assay buffer plus 1 pg GST-pRb (Santa Cruz) and 1 mM ATP and incubated 

for 30 min at 30°C with occasional mixing. The kinase reaction was stopped by the 

addition of 20 pi of 2x Laemmli sample buffer. The products of phosphorylation 

were then separated by SDS-PAGE and analysed by immunoblotting with a 

phospho-specific antibody.

2.3.8. Gel filtration chromatography

Cell lysates were analysed by gel filtration chromatography to separate 

protein complexes according to differences in their size. A Superdex 200 HR 10/30 

column (Pharmacia) with a fast protein liquid chromatography system (BioLogic 

system, Bio-Rad) were used. Samples (2.5 mg) of cell lysate in 300 pi of Tween 

lysis buffer were loaded onto the column and separated at a flow rate of 0.4 ml per 

min. The molecular mass standards (Sigma) used to calibrate the column were 

alcohol dehydrogenase (150 kDa), bovine serum albumin ( 6 6  kDa), carbonic 

anhydrase (29 kDa) and cytochrome C (12.4 kDa). Consecutive 400 pi fractions 

from the desired size range were used for subsequent immunoprécipitations and 

Western blotting. For each 400 p i fraction, 350 p i  was used per 

immunoprécipitation and the remainder diluted 1:1 with 2x Laemmli sample buffer. 

Samples (40 pi) of this 1:1 mixture were analysed by SDS-PAGE and subsequent 

Western blotting. In order to compare different lysates after gel filtration 

chromatography, lysates were analysed sequentially on the same column followed 

by a subset of molecular mass standards to ensure that the efficiency of separation 

and calibration of the column was maintained.
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2.3.9. Immunofluorescence

Approximately 5x10"̂  cells were seeded on glass coverslips in a 24-well plate 

and incubated at either 34°C or 38.5°C for 48 h. Cells were washed in warm PB SA 

(37°C) and fixed in 300 |il paraformaldehyde solution for 15 min at room 

temperature before washing twice with 1 ml PB SA. The cells were incubated on ice 

in 0.1% Triton in PBS A for 4 min, to permeabilise them, washed twice with PBS A 

and incubated in 0.2% fish skin gelatine (Sigma) in PB SA for 10 min. For 

immunofluorescence staining of cyclin Dl, the 287.3 antibody was diluted 1:200 in 

0 .2 % fish skin gelatine and the cells incubated with this antibody for 2 0  min before 

three washes of 10 min with PBSA at room temperature to remove excess antibody. 

A fluorescein-conjugated secondary antibody (Alexa 488, Molecular Probes) was 

diluted 1 : 2 0 0  in 0 .2 % fish skin gelatine and incubated with the cells for 2 0  min at 

room temperature in the dark before three 10 min washes in PBSA, again in the 

dark. The coverslips were then mounted onto slides with a drop of Citiflour. To 

view the cells a Zeiss Laser scanning microscope LSM 510 (Zeiss) was used with 

the Argon 488 laser.

2.4. DNA techniques

2.4.1. Oligonucleotides

All oligonucleotides used in this study were made by the ICRF 

Oligonucleotide Service and are listed in Table 2.3.
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Table 2.3. Oligonucleotides

Name Oligonucleotide sequence

SP6 5'-catacgatttaggtgacactatag-3 '

T7 5'-gtaatacgactcactatagg-3'

p l 6  (10-30) 5'-cggcggggagcagcatggagcc-3'

p l 6  (465-445) 5 '-gggatgtctgagggaccttccg-3'

All oligonucleotides were used for sequencing and were supplied with -OH groups 

at both the 5’ and 3’ ends.

2.4.2. Automated DNA sequencing

DNA sequencing was carried out using the ABI prism dye terminator cycle 

sequencing kit (Perkin Elmer). This method uses the polymerase chain reaction to 

incorporate dye labelled ddNTPs 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 the 

computer and processed. Briefly, samples (300 to 500 ng) double-stranded DNA 

template were mixed with 3.2 pmole of primer and 8  pi Terminator Ready Reaction 

Mix (Perkin Elmer), in a 0.6 ml double snap cap microcentrifuge tube. The volume 

was made up to 20 pi with water and the tubes placed into a DNA Thermal Cycler 

(Perkin Elmer). Thermal cycling was conducted for 25 cycles as follows: rapid 

thermal ramp to 96°C for 30 sec denaturing, rapid thermal ramp to required 

annealing temperature (48°C to 60°C) for 15 sec annealing, rapid thermal ramp to 

60°C for 4 min extending. Excess dye labelled terminators were removed by 

transferring the entire 20 pi volume to a 1.5 ml microcentrifuge tube and ethanol 

precipitating the synthesised DNA by addition of 2 pi of 3 M sodium acetate and 50 

pi 95% (v/v) ethanol. The mixture was vortexed and placed on ice for 10 min 

followed by centrifugation at 14,000 xg for 30 min and the ethanol solution
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aspirated as completely as possible. The pellets were rinsed with 250 pi 70% 

ethanol and air-dried. From this stage onward, samples were processed and 

analysed by the ICRF staff of the Equipment Park. Briefly, samples were 

resuspended in loading buffer (deionised formamide and 25 mM EDTA (pH 8.0) 

with 50 pg/ml Blue dextran), mixed and spun. Samples were heated to 90°C for 2 

min to denature the DNA and loaded onto the ABI Prism 310 Genetic Analyser.

2.4.3. FOR based TRAP assay

To detect telomerase activity in cells, the T P A Peze Telomerase Detection 

Kit (Intergen) was used following the manufacturer’s instructions and using 

solutions provided. Briefly, 10̂  cells were lysed in 200 pi Ix CHAPS lysis buffer 

and stored at -70°C. Telomerase in frozen cells is stable for at least 1 year at -70°C. 

The cell suspension was thawed and incubated on ice for 30 min prior to pelleting 

the debris by centrifugation at 14,000 xg for 10 min at 4°C. Protein concentrations 

in the cleared lysates were determined as before. The TS primer supplied in the kit 

was end-labelled by incubating 10 pi TS primer with 25 pCi[y-^^P]-ATP, lOx 

polynucleotide kinase buffer and 5 units of T4 polynucleotide kinase for 20 min at 

37°C and 5 min at 85°C. Telomerase is a heat sensitive enzyme and as a negative 

control samples of each extract, equivalent to 1(X)0 cells, were placed at 85°C for 10 

min to inactivate telomerase prior to the assay. The analysis of each sample, 

therefore consisted of two assays, one with untreated extract and one with heat- 

treated extract. Cell extracts equivalent to 1000 cells (untreated and heat-treated 

extracts) were mixed with a single buffer solution containing the end-labelled TS- 

primer, a second unlabelled primer, excess dNTPs, Taq polymerase and a control 

template. The samples were incubated in a Perkin Elmer Cetus thermal cycler at 

30°C for 30 min, followed by 30 cycles of a two-step polymerase chain reaction 

(PCR), 94®C for 30 sec and 59°C for 30 sec. During the first incubation period, 

telomerase adds a number of telomeric repeats onto the 3’ end of the labelled TS 

primer. During the second step of the reaction the extended products are amplified 

by PCR using the TS primer and the second primer, present in the buffer, to
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generate a ladder of products with 6  base pair increments. An internal control is 

included in each assay and the primers and control template generate a 36 base pair 

PCR product in each reaction. 5 |xl of each PCR reaction was diluted 1:1 with 

denaturing loading dye. The ladder of products was then separated on an 18% 

denaturing polyacrylamide urea gel and the dried gel exposed to Hyperfilm HP.

2.4.4. 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 to 3 h. Samples were analysed using horizontal 0.8-1.2 % (w/v) 

agarose (Seakem) gels in TAB buffer containing 0.5 pg/ml ethidium bromide and 

electrophoresis was performed at 30 to 100 V in TAB buffer. Hind Hi-digested X 

DNA was used to provide size markers (NBL). The digested DNA was visualised 

using a UV transilluminator and when required, fragments of interest were excised 

for further purification.

2.4.5. 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 water. All buffers used were provided in the kit.

2.4.6. Ligation of DNA

1 pg of digested vector DNA was mixed with an excess of purified insert 

DNA in a 10 pi volume. After cooling to 4°C, 1 pi of lOx DNA ligase buffer and 4
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units of T4 DNA ligase (NBL) were added. Ligations were performed at room 

temperature for 1 h or overnight at 4°C.

2.4.7. Preparation of competent bacteria

Two E. coli strains were used to generate competent bacteria, BL21 

(Stratagene) and XL-1 (Stratagene). BL21 cells were used for recombinant 

expression of the GST-pRb construct for cyclin-dependent kinase assays. XL-1 

cells were used for the preparation of plasmid DNA and were maintained in 10 

pg/ml tetracycline for the generation of competent bacteria. A 10 ml overnight 

culture of the desired E. coli strain was prepared from a single colony. This was 

used to inoculate 500 ml of L-broth and grown at 37°C. When the culture reached 

the middle of exponential growth phase (Agoonm 0.4-0.6 ), the cells were chilled 

rapidly to 4°C and collected by centrifugation in a pre-cooled JA-10 rotor at 4,000 

xg for 10 min. The cell pellet was resuspended in 400 ml of ice-cold water, spun 

again and resuspended in 200 ml of ice cold water. The cells were washed in 5 ml 

of 10% (v/v) glycerol in water and finally resuspended in 0.5 ml of 10% (v/v) 

glycerol. The cell suspension was dispensed into 40 pi aliquots and stored at -70°C.

2.4.8. Transformation of bacteria using electroporation

Ligated and supercoiled DNA were both introduced into bacteria by 

electroporation following standard protocols. 40 pi of competent bacteria were 

thawed to room temperature and placed on ice. 1 pi of a ligation mix diluted 1 / 1 0  in 

water or 10 pg of supercoiled plasmid DNA was then added and the mixture 

transferred to a pre-cooled electroporation cuvette (Flowgen, 0.1 cm electrode). 

Electroporation was performed at 1800 V, 25 mF and a resistance of 200 D using a 

Biorad electroporator (Gene Puiser). Bacteria were immediately diluted with 1 ml 

of L-broth and plated out on L-broth agar containing the correct antibiotic selection 

(generally 50 pg/ml ampicillin). Colonies were allowed to develop for 16-20 h at 

3TC.
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2.4.9. Small scale preparation of plasmid DNA (minipreps)

High purity plasmid DNA was prepared using the QIAprep miniprep kit 

(Qiagen) following the manufacturer’s instructions and using solutions provided. 

Briefly, 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. The buffers provided ensured that only DNA will be adsorbed, 

while RNA, cellular proteins, and metabolites are not retained on the membrane but 

are found in the flow-through. Salt was removed by a brief wash step with buffer 

containing 80 % (v/v) ethanol. Pure plasmid DNA was then eluted with 50 pi of 

water.

2.4.10. Large scale preparation of plasmid DNA (maxipreps)

Large scale preparation of plasmid DNA was performed using the QIAGEN 

plasmid Maxi purification kit according to the manufacturer’s instructions. Briefly, 

bacterial cells were lysed under alkaline conditions and the lysate was subsequently 

neutralised. The precipitated debris was removed by use of a QIAfilter cartridge 

(Qiagen) and loaded onto a pre-equilibrated QIAGBN-tip by gravity flow. The salt 

and pH conditions of the lysate and the properties of the anion-exchange resin 

ensure that only DNA will be adsorbed. The QIAGEN-tip was then washed with 

medium-salt buffer, which removes any remaining contaminants. The low 

concentration of alcohol in the wash buffer eliminates 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. The purified DNA was briefly air-dried and 

redissolved in 1 ml of TE. The plasmid concentration was assessed by measuring 

the A 250n m  •
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Chapter 3

Collaboration of and in senescence-like arrest of

conditionally immortalised human fîbroblasts.

Interestingly, both and were first described as proteins

whose participation in cyclin-CDK complexes was altered in HDFs that had been 

“transformed” by SV40 virus (Xiong et a l, 1993). At the time this study was 

initiated, it had been observed that in pRb-negative human tumour cell lines and 

HDFs transformed with SV40 large T-antigen there were high levels of plb^^'^^'and 

no detectable cyclin D1-CDK4 interactions (Bates et al, 1994b; Parry et al., 1995; 

Xiong et al., 1993). An hypothesis was put forward that the high levels of p l 6 ^̂ "*̂  

sequestered all the available CDK4 preventing cychn D1-CDK4 interactions.

p2 1 ^̂ * and p l 6 "̂ ’̂ '‘“ have both been implicated in causing the cell cycle 

arrest associated with replicative senescence (Alcorta et al, 1996; Kara et al, 1996; 

Stein et a l, 1999; Wong and Riabowol, 1996). Both proteins are found to 

accumulate in senescent cells. Upon the observation of high levels of plb̂ ^̂ '̂̂ în 

senescent cells, it was initially assumed that there would be no cyclin D1-CDK4 

interactions in such cells. However, cyclin D1-CDK4 interactions have been found 

to persist in senescent human fibroblasts (Stein et al. 1999; this study and 

unpublished observations).

Telomere attrition is also thought to have a role in the senescent arrest. 

Since somatic cells lack telomerase, around 50-100 base pairs are lost from 

chromosome ends at each cell division (Allsopp et al, 1992; Counter et a l, 1992) 

and it has been hypothesised that cells will eventually arrest when the loss of DNA 

reaches critical proportions (Harley, 1991; Olovnikov, 1973; Wright and Shay, 

1992; Wynford-Thomas e ta l, 1995).

In this study, the SVtsS strain of HDFs conditionally immortalised by a 

temperature sensitive form of SV40 T-Ag, were used to assess the relative 

importance of sub-unit rearrangement and telomere attrition in the implementation
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of Ml senescence. At the permissive temperature for T-Ag function, SVtsS cells 

grow as an immortal line but when shifted to the non-permissive temperature they 

undergo a cell cycle arrest and adopt phenotypic characteristics typical of cells at 

Ml (Fujii et al., 1999; Hara et al., 1996; Tsuyama et al., 1991).

3.1. Telomerase activity in SVtsS cells at permissive and restrictive 

temperatures.

SVtsS cells were originally derived by expressing a temperature sensitive 

allele of SV40 T-Ag in the TIG3 strain of human diploid fibroblasts (Ide et al., 

1984; Tsuyama et al., 1991). They grow as an immortal line at 34°C presumably 

due to the combined effects of T-Ag on the pRb and p53 pathways, and some 

mechanism for escaping crisis. When SVtsS cells are placed at the restrictive 

temperature, 3S.5°C, the thermolabile T-Ag is disabled within about 6 h and the 

cells subsequently arrest with characteristics resembling those of senescent human 

fibroblasts (Fujii et al., 1999; Hara et al., 1996; Tsuyama et al., 1991). After the 

temperature switch, the SVtsS cells appeared enlarged and flattened and when 

maintained in this state for 10 days they began to express senescence-associated p- 

galactosidase activity (Figure 3.1.), a characteristic marker of senescent cells. The 

arrested SVtsS cells showed little evidence of cell death and were typical of cells in 

Ml rather than M2 (Wei and Sedivy, 1999).

Tumour cells and established cell lines generally have stable telomeres, due 

either to the re-activation of telomerase or to some alternative mechanism (Bryan et 

al, 1995b; Counter er a/., 1992; Counter er a/., 1994a; Counter gr a/., 1994b; Kim et 

ai, 1994; Morin, 19S9; Nilsson et a l, 1994; Vaziri et a l, 1993). Therefore it was 

important to determine how SVtsS cells had stabilised their telomeres.

To determine whether SVtsS cells expressed telomerase at either 

temperature, lysates from the equivalent of 1000 cells were subjected to the PCR- 

based TRAP assay (Kim et a l, 1994). The assay is a one buffer, two enzyme 

system utilising the polymerase chain reaction. In the first step of the reaction.
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Figure 3.1. Arrested 
galactosidase activity.

SVtsS cells express senescence-associated p-

SVtsS cells were incubated at either 34°C or placed at 38.5°C for 10 days. The 
cells were fixed in 2% formaldehyde and 0.2% glutaraldehyde and viable cells 
were assayed for in situ SA-p-galactosidase activity. Cells were photographed at 
lOx magnification and enlarged 10-fold.



telomerase adds a number of telomeric repeats (GGTTAG) onto the 3’ end of a 

substrate oligonucleotide (TS), which has been end-labelled with [y-^^P]ATP. In the 

second step, the extended products are amplified by PCR using the end-labelled TS 

and RP (reverse) primers generating a ladder of products with 6 base pair 

increments starting at 50 nucleotides. Additionally, each reaction mixture contains a 

third primer and a template for amplification of a 36 base pair internal standard. 

Incorporation of this internal positive control identifies false-negative samples that 

contain Taq polymerase inhibitors.

Proliferating and arrested SVtsS cells expressed active telomerase at 

indistinguishable levels as reflected by similar intensities of the ladder of products 

from lysates at 34°C and 38.5°C (Figure 3.2.). The positive control cells (293) had 

readily detectable telomerase activity whereas the parental TIG3 fibroblasts scored 

negative in this assay as expected. The 36 base pair internal standard was readily 

detectable in each reaction. Telomerase is a heat sensitive enzyme and additional 

negative controls were included where the cell extract had been heat treated prior to 

the assay as telomerase activity for each positive result was readily destroyed upon 

heating.

The continued expression of telomerase activity in the arrested cells and the 

speed and conditional nature of the growth arrest were incompatible with the idea 

that the arrest was brought about by telomere attrition.

3.2. Rearrangement of cyclin D-CDK complexes in SVtsS cells at permissive 

and restrictive temperatures

A more likely explanation for the rapid arrest of the SVtsS cells would be 

through the action of the p i 6̂ "̂̂ “ and the p21^"’* inhibitors. To investigate this 

possibility the G1 cyclin-CDK complexes present in SVtsS cells at both the 

permissive and non-permissive temperatures were compared by a combination of 

immunoprécipitation and immunoblotting. Cell lysates, prepared in Tween lysis 

buffer from cells grown at 34°C or placed at 3S.5°C for 4S h, were 

immunoprecipitated with antibodies against cyclin D l, CDK4, p21^“*‘ and pl6^^^^“
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Figure 3.2. SVtsS cells express telomerase at both the permissive and non- 
permissive temperatures.

10̂  cells were lysed in CHAPS lysis buffer and lysates equivalent to 1000 cells 
were used in each TRAP assay. A lysate from 293 cells served as a positive 
control and heat-treatment (-/+) was shown to abolish this activity. The other 
cell lysates are as indicated. TRAP assays were analysed by SDS-PAGE in an 
18% denaturing acrylamide gel. Telomerase products were visualised by 
autoradiography. The internal control refers to a 36 base pair PCR product 
generated independently of telomerase expression.



and the amounts of these four proteins co-inununoprecipitating with one another 

were determined by Western blotting (Figure 3.3.).

SVtsS cells grown at 34°C expressed very low levels of p21^“** (Figure 3.3., 

lanes 1 and 4) due to the inactivation of p53 by T-Ag, whereas SVtsS cells placed at 

3S.5°C for 4S h expressed substantial levels of p21^^^ (Figure 3.3., lanes 6 and 9). 

The expression of p21^“*‘ is partly dependent on p53 (El-Deiry et al., 1993; Tahara 

et al., 1995). The levels of the other components remained essentially unchanged at 

the two temperatures, although there was a slight reduction in 38.5°c.

This was due to the restoration of the previously described feedback loop between 

pRb and p i ( H a r a  et al., 1996).

There was however a striking difference in the protein-protein interactions 

observed at the two temperatures. At 34°C, CDK4 was not detectable in the cyclin 

Dl immunoprecipitate and vice versa (Figure 3.3., lanes 2 and 3), whereas CDK4 

and p i w e r e  reciprocally co-precipitated with the respective antisera (lanes 3 

and 5). These results recapitulate the original identification of plb̂ *̂̂ "*” in SV40- 

transformed cells and previous findings from the laboratory (Parry et al., 1995; 

Xiong et al., 1993). When the cells were shifted to 38.5°C for 48 h, it became 

possible to detect CDK4 and p21̂ ^̂  ̂ co-precipitating with cyclin Dl (Figure 3.3., 

lane 7), and these interactions were confirmed by immunoprecipitating through 

CDK4 and p21^^^ (lanes 8 and 9). A significant fraction of the CDK4 remained 

bound to pl6*̂ "̂̂ “ but as previously noted (McConnell et al., 1999; Parry et al., 

1995; Parry et al., 1999), there was no evidence for any association between cyclin 

Dl and plô̂ ^ '̂^̂  (lanes 7 and 10). Taken together, these data implied that subunit 

rearrangement was reversible.
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Figure 3.3. Cyclin-CDK-CKI interactions in SVtsS cells cultured at 34°C 
and 38.5°C.

Lysates of SVtsS cells were prepared in Tween lysis buffer and samples (300 
pg) of protein were immunoprecipitated with antibodies to cyclin Dl (2S7.3), 
CDK4 (sc-601), pZl^iPi (sc-397) or pl6^^^ (DPAR12). Immunoprecipitated 
proteins were analysed by SDS-PAGE in a 12% acrylamide gel and 
immunoblotted with antibodies to cyclin Dl (2S7.3), CDK4 (sc-601), p21̂ ^̂  ̂
(sc-397) and p i6̂ "̂̂  ̂ (DCS50.2). Samples (30 pg) of total cell lysate were 
analysed directly (Lysate).



3.3. Analysis of cyclin D-CDK complexes in proliferating and arrested SVtsS 

cells

To gain further insights into the subunit rearrangements taking place upon 

temperature shift, cell lysates were subjected to gel filtration to separate complexes 

of different size. Prior to running any samples on the column protein standards were 

run to determine the molecular weights of the eluted fractions. The protein 

standards were prepared in Tween lysis buffer and applied to the column in pairs. 

The elution profile of the protein standards was determined by measuring the 

absorbance (Azsonm) of each fraction (Figure 3.4.A), and the linear relationship 

between elution profile and molecular weight was confirmed (Figure 3.4.B). In 

order to compare different lysates after gel filtration chromatography, lysates were 

analysed sequentially on the same column followed by a subset of protein standards 

to ensure that the efficiency of separation and calibration of the column was 

maintained.

Cell lysates were prepared, in Tween lysis buffer, from SVtsS cells grown at 

34°C or placed at 38.5°C for 48 h. These lysates were subjected to gel filtration and 

18 consecutive fractions were analysed by direct immunoblotting.

The overall protein distribution was similar for both the growing and 

arrested SVtsS cells with the exception of p2l‘̂“*‘ and cyclin Dl (Figure 3.5.). 

Consistent with the results in Figure 3.3, p21^^^ was not detectable in the cells at 

34°C (Figure 3.5.A) but was readily detectable in the cells at 38.5°C. However, in 

the arrested cells p21^^  ̂ was only found in complexes greater than 150 kDa and 

never as a monomer (Figure 3.5.B).

In normally growing cells, the D-type cyclins are predominantly found in 

complexes of 150-200 kDa that include CDK4, CDK6 and members of the CIP/KIP 

family of proteins (Della Ragione et al., 1996; Mahony et al., 1998; McConnell et 

al., 1999; Musgrove et al., 1998; Parry et a l, 1999; Poon et al., 1995). Cyclin D- 

associated kinase activity also elutes in this size range (Mahony et al., 1998; 

McConnell et a l, 1999; Parry et al, 1999). However, in SVtsS cells proliferating at
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Figure 3.4. Elution profile of gel filtration protein standards.

A) Gel filtration of protein standards on Superdex 200 HR 10/30 column. The 
molecular weight standards were dissolved in Tween lysis buffer and pairs of 
standards run consecutively on a Superdex 200 HR 10/30 column. Alcohol 
dehydrogenase (ADH; 150 kDa) and carbonic anhydrase (CA; 29 kDa) were 
followed by bovine serum albumin (BSA; 66 kDa) and cytochrome C (CC; 12.4 
kDa). The protein concentration of each fraction was determined by
measurements of A280nm* B) Molecular weights of protein standards (kDa)
plotted logarithmically against fraction number.
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Figure 3.5. Size fractionation of SVtsS cell lysates cultured at the 
permissive and non-permissive temperatures.

Lysates of SVtsS cells cultured at 34°C (A) and 38.5°C (B) were prepared in 
Tween lysis buffer and samples (2.5 mg) of protein were separated by gel 
filtration chromatography. Samples (20 pi) of each fraction were analysed by 
SDS-PAGE in a 12% acrylamide gel and immunoblotted with antibodies to 
cyclin Dl (287.3), CDK2 (sc-163), CDK4 (sc-601), CDK6 (LBOl), (sc-
397) and p i6°̂ "̂̂  ̂(DCS50.2). Samples (25 pg) of total cell lysate were analysed 
directly (Lysate). The elution positions of molecular weight standards are 
indicated at the top in kDa. CDK2 denotes inactive CDK2 and CDK2* denotes 
active CDK2.



the permissive temperature, the peak of cyclin Dl eluted at around 60-100 kDa 

(Figure 3.5.A). Upon transfer to the non-permissive temperature, there was a shift 

in the peak of cyclin Dl which now eluted in higher molecular weight complexes of 

around 100-200 kDa (Figure 3.5.B).

The size distribution of CDK4 and CDK6 did not change appreciably 

between the two temperatures, both were predominantly in a single peak 

corresponding to about 50 kDa in size. The distribution of CDK2 was in two 

distinct peaks at both temperatures. The smaller peak at approximately 30 kDa, was 

predominantly the inactive form of CDK2, consistent with monomeric CDK2, 

whilst the larger relatively broad peak ranged from 100 kDa to 200 kDa. In the 

growing cells at 34®C the faster migrating active form of CDK2 (phosphorylated on 

Thr 160) predominated whilst in the arrested cells this peak was marginally larger 

and contained primarily inactive CDK2 (upper band), plb̂ *̂ "̂ ® was detectable in two 

peaks of similar sizes at both temperatures, one peak around 50 kDa and the other 

20 kDa. The latter peak was consistent with monomeric plb̂ *̂ "̂̂ ® and the former 

with binary complexes of p i6^’̂'̂ “ with CDK4/6.

3.4. Composition of cyclin D-CDK complexes in proliferating and arrested 

SVtsS cells

Whilst direct immunoblotting of cell lysates, after gel filtration, gave 

insights into the overall protein distribution at the two temperatures, it did not 

provide any information regarding the components of the individual complexes. To 

confirm that the 150-200 kDa cyclin Dl complexes observed at the non-permissive 

temperature reflected ternary associations with CDKs and CIP/KIP proteins, the 

lysates were subjected to further analysis through a series of immunoprécipitations 

and immunoblotting.

After gel filtration of SVtsS cell lysates, prepared from cultures at 34°C and 

38.5°C, consecutive fractions corresponding to those in Figure 3.5. were 

immunoprecipitated with an antibody against cyclin D l (287.3) and the 

immunoprecipitated complexes analysed by SDS-PAGE and immunoblotting. As in

99



Figure 3.5.A the peak of cyclin Dlin growing cells eluted at around 60-100 kDa 

and none of the CDK, CIP/KIP or INK proteins tested were found to be present in 

this complex (Figure 3.6.A). In cells transferred to the non-permissive temperature, 

there was a noticeable shift in the peak of cyclin D1 now eluting in higher 

molecular weight complexes (150-200 kDa) coincident with CDK4, CDK2 

(inactive form only) and p21^^‘ (Figure 3.6.B).

To confirm these interactions equivalent fractions were immunoprecipitated 

with an antibody against CDK4 (sc-601). As anticipated, cyclin D1 was present in 

the relevant CDK4 immunoprecipitates from SVts8 cells placed at 38.5°C and not 

from cells grown at 34°C (Figures 3.7.A and B). It was also apparent from this 

analysis that at 38.5°C a minor fraction of the CDK4 now co-eluted with cyclin D1 

in the 150-200 kDa size range. However, most of the CDK4 remained associated 

with p i i n  complexes of around 50 kDa, consistent with a binary association, 

whether the cells were held at 34°C or 38.5°C (Figure 3.7.A and B).

p21^^^ immunoprecipitates further confirmed the association between cyclin 

D l, CDK4 and p21^^^ in the arrested cells and the lack of this association in the 

growing cells (Figure 3.8.A and B). All three were present in 150-200 kDa 

complexes and there was no evidence of any monomeric p21̂ ^̂  ̂ (Figure 3.8.B). 

Some of the 150-200 kDa p21̂ *̂** complexes also contained CDK2 which was 

predominantly, in its inactive form, consistent with earlier findings (Figure 3.8.B).

A further series of immunoprécipitations through plb^ '̂^® confirmed that 

pl6iNK4a present in two peaks at both temperatures (Figure 3.9.A and B). The 

smaller peak was consistent with monomeric plb̂ *̂ "̂ ® and the larger peak consistent 

with binary complexes between p i a n d  CDK4/6. There was a slight reduction 

in the amount of CDK4 and CDK6 precipitating with p i i n  the arrested cells 

compared to the growing cells. This was presumably due to the lower levels of 

pl6iNK4a arrested cells due to the restoration of the negative feedback loop 

between pRb and pl6°^^"^^(Hara et a l, 1996). However, the levels of monomeric 

pl6iNK4a remained essentially unchanged between the two temperatures.
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Figure 3.6. Size fractionation of cyclin Dl complexes in SVtsS cells cultured 
at 34°C or 38.5°C .

Lysates of SVtsS cells cultured at 34°C (A) or 38.5°C (B) were prepared in 
Tween lysis buffer and samples (2.5 mg) of protein were separated by gel 
filtration chromatography. Samples (350 pi) of each fraction were 
immunoprecipitated with an antibody against cyclin Dl (287.3). 
Immunoprecipitated complexes were analysed by SDS-PAGE in a 12% 
aery 1 amide gel and immunoblotted with antibodies to cyclin Dl (287.3), CDK2 
(sc-163), CDK4 (sc-601) and p21^^^ (sc-397). Samples (25 pg) of total cell 
lysate were analysed directly (Lysate). The elution positions of molecular 
weight standards are indicated at the top in kDa. CDK2 denotes inactive CDK2 
and CDK2* denotes active CDK2.
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Figure 3.7. Size fractionation of CDK4 complexes in SVtsS cells cultured at 
34°C or 38.5°C .

Lysates of SVtsS cells cultured at 34°C (A) or 38.5°C (B) were prepared in 
Tween lysis buffer and samples (2.5 mg) of protein were separated by gel 
filtration chromatography. Samples (350 pi) of each fraction were 
immunoprecipitated with an antibody against CDK4 (sc-601). 
Immunoprecipitated complexes were analysed by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with antibodies to cyclin Dl (287.3), CDK4 
(sc-601) and p i6̂ "̂̂  ̂(JC8). Samples (25 pg) of total cell lysate were analysed 
directly (Lysate). The elution positions of molecular weight standards are 
indicated at the top in kDa.
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Figure 3.8. Size fractionation of complexes in SVtsS cells cultured
at 34°C or 38.5°C .

Lysates of SVtsS cells cultured at 34°C (A) or 38.5°C (B) were prepared in 
Tween lysis buffer and samples (2.5 mg) of protein were separated by gel 
filtration chromatography. Samples (350 pi) of each fraction were 
immunoprecipitated with an antibody against p21̂ *̂’̂  (sc-397).
Immunoprecipitated complexes were analysed by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with antibodies to p21̂ ^̂  ̂ (sc-397), cyclin 
Dl (287.3), CDK2 (sc-163) and CDK4 (sc-601). Samples (25 pg) of total cell 
lysate were analysed directly (Lysate). The elution positions of molecular 
weight standards are indicated at the top in kDa. CDK2 denotes inactive CDK2 
and CDK2* denotes active CDK2. Because the Western blots were probed 
sequentially with different antibodies, (CDK2) indicates a residual CDK2 signal 
that remained from a previous ‘probing’.
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Figure 3.9. Size fractionation of complexes in SVtsS cells cultured
at 34°C or 38.5°C .

Lysates of SVtsS cells cultured at 34°C (A) or 38.5°C (B) were prepared in 
Tween lysis buffer and samples (2.5 mg) of protein were separated by gel 
filtration chromatography. Samples (350 pi) of each fraction were 
immunoprecipited with an antibody against pi6^K4a (DPAR12). 
Immunoprecipitated complexes were analysed by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with antibodies to CDK4 (MS-469-PO), 
CDK6 (DCS83) and p i ( J C 8 ) .  Samples (25 pg) of total cell lysate were 
analysed directly (Lysate). The elution positions of molecular weight standards 
are indicated at the top in kDa.



The reduced size of the cyclin Dl complexes in SVtsS cells growing at 34°C 

and the absence of detectable interactions with CDK4 or CDK6 made it

interesting to ask whether the sub-cellular distribution of cyclin D l was also 

different. Under normal conditions, cyclin Dl accumulates in the cell nucleus 

during G1 but localises to the cytoplasm during S phase (Baldin et al., 1993). To 

address the question of cyclin Dl localisation immunofluorescence staining with a 

polyclonal antibody to cyclin Dl (287.3) was carried out. A noticeable shift in the 

intracellular location of cyclin Dl was observed between the growing and arrested 

cells. In SVtsS cells grown at the permissive temperature, the majority of cyclin Dl 

appeared to be cytoplasmic (Figure 3.10.A). This was in striking contrast to the 

situation in normal fibroblasts where cyclin Dl is predominantly nuclear (Baldin et 

al., 1993; Cheng et al., 1999; Diehl and Sherr, 1997). However, when shifted to the 

non-permissive temperature, the nuclear location of cyclin Dl was restored (Figure 

3.10.B). The change in localisation of cyclin Dl from the permissive to non- 

permissive temperature correlated with a change in the expression of p21^^\ p21^“’* 

contains both cyclin and CDK binding sites, as well as a nuclear localisation signal 

in its C-terminal domain. Overexpression of p21^“** has been reported to influence 

the nuclear import of cyclin D-CDK complexes consistent with these results (Baldin 

et al., 1993; Cheng et al., 1999; Diehl and Sherr, 1997).

3.5. Ectopic expression of CIP/KIP proteins inhibits proliferation of SVtsS cells 

at the permissive temperature

Since the CIP/KIP proteins are reputed to act as assembly factors for cyclin- 

CDK complexes in some circumstances (Cheng et al., 1999; LaBaer et a i, 1997; 

Parry et a i, 1999; Zhang et a i, 1994), the subunit rearrangement observed upon 

temperature shift in SVtsS cells would be readily explained by the restoration of 

p21^^  ̂ expression. To explore this possibility, recombinant retroviruses were used 

to express ectopic p21̂ ^̂  ̂ or p27̂ ^̂  ̂ in SVtsS cells growing at the permissive 

temperature.
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Figure 3.10. Subcellular location of cyclin Dl in SVtsS cells cultured at the 
permissive and non-permissive temperatures.

SVtsS cells were seeded at the appropriate density at either 34°C (A) or 38.5°C 
(B) for 48 hours prior to fixing in 3% paraformaldehyde. Cyclin Dl was 
localised by staining with a polyclonal antibody (287.3) before viewing with a 
Zeiss laser scanning microscope. Left panels: 63x magnification, right panels: 5- 
fold enlargement of left panels.



To permit uptake of ecotropic retroviruses, SVtsS cells were infected with 

an amphotropic retrovirus (pWXL-neo-Eco) encoding the mouse basic amino acid 

transporter, which serves as the cell surface receptor for mouse ecotropic 

retroviruses (McConnell et al., 1998; Serrano, 1997). The amphotropic retrovirus 

(pWXL-neo-Eco) was produced from AM-12 cells stably expressing the retrovirus 

and the supernatant from these cells was added directly to growing SVtsS cells. 

Infected SVtsS cells were selected in 300 pg/ml geneticin for two weeks and pools 

of resistant cells (named SVtsS-ER^^J were used for subsequent infections with 

pBabe/7MTO ecotropic retroviruses.

Infectious viruses, encoding empty vector (pBabepwm), p21^^  ̂ or p 2 7 ^ \ 

were produced by transient transfection of the BOSC-23 packaging cell line, and 

the supernatants were added directly to the SVtsS-ER^g  ̂cells. The retroviral vector 

conferred resistance to puromycin, enabling the rapid selection of pools of infected 

cells. Infection efficiencies were approximately 50% as judged by the percentage of 

cells surviving in puromycin.

In order to determine the relative expression levels of p2l‘̂ °’* and p 2 7 ^ \ 

cell lysates were prepared 6 and 12 days post-infection and analysed by direct 

immunoblotting with the respective antisera (Figure 3.11.). By six days post

infection, the cells were expressing substantial levels of either p21^^^ or p 2 7 ^ \ In 

the case of p21^^% the ectopic expression levels were comparable to those of 

endogenous p21^^ in SVtsS cells at the non-permissive temperature (Figure 3.11.). 

With p27*“ ’\  endogenous levels were extremely low and gave no appreciable signal 

under the conditions used.

It was of interest to see whether the ectopic expression of p21̂ °"̂  or p27™** 

had an effect on cellular proliferation of SVtsS cells at the permissive temperature. 

At 6 days post-infection, 2.5x10^ cells expressing empty vector, p21^^^ or p27*^* 

were seeded in 24 well plates and their proliferation followed for 6 days. The assay 

measured the uptake of crystal violet into viable cells (Materials and Methods) and 

was validated by confirming the linear relationship between absorbance of eluted 

stain (Ajçonm) and cell number (Figure 3.12.A). Both p21^^  ̂ and p27^^^  ̂ had a 

pronounced effect on cell proliferation, and by 12 days post-infection, cell numbers
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Figure 3.11. Ectopic expression of CIP/KIP proteins in SVtsS cells 
cultured at the permissive temperature.

SVts8-ER cells were infected with recombinant ecotropic retroviruses encoding 
p21̂ ^̂  ̂ and p27*̂ ^̂  and selected in 2.5 pg/ml puromycin. Six and twelve days 
after infection, lysates were prepared in NP40 lysis buffer and samples (30 pg) 
of protein were separated by SDS-PAGE in a 12% acrylamide gel and 
immunoblotted with antibodies against p21̂ ^̂  ̂ (sc-397) and p27^^^ (sc-528). 
Endogenous p21̂ ^̂  ̂ and p27^^^ from SVts8-ER cells at 34°C and 38.5°C were 
also analysed.
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Figure 3.12. Growth arrest of SVtsS cells at 34°C following ectopic expression 
of p21̂ ***'and p27'̂ ****

A) SVts8-ER cells were seeded into 24 well plates at increasing densities. For each 
specified cell number, cells were fixed in 10% formaldehyde and viable cells 
stained with crystal violet. The eluted stain was determined by measurements of 
A5 9 0nm- A Calibration curve was plotted of against increasing cell number. B) 
SVts8-ER cells were infected with pBabepwm viruses encoding p21^^^ or p27^^^ 
and selected in 2.5 pg/ml puromycin for 6 days. After selection, cells were 
transferred to 24 well plates (2.5x10  ̂cells/well) and followed for 6 days. For each 
time point cells were treated as in A. Values were normalised against cell number 
at day one. Values were determined in triplicate and error bars represent standard 
deviations.



were less than 20% of the vector only controls (Figure 3.12.B). Since these were 

pools of infected cells, there was likely to be some variation in expression levels 

and not all the cells were arrested.

A similar partial effect was observed in a BrdU incorporation assay (Figure 

3.13.). BrdU is an analogue of thymidine and it can be incorporated in the DNA of 

cells as they go through S phase. The percentage of cells incorporating BrdU in a 

given time period gives an indication of the proliferative state of that cell 

population. For this assay, sub-confluent cells were labelled with 10 |iM BrdU for 4 

hours, at 6 days after infection, i.e. immediately prior to plating for the proliferation 

assay. 27.5% of the cells in the pool infected with vector alone (pBabepwm) 

incorporated BrdU compared to only 11% of the cells infected with p21^^' and 8% 

of the cells infected with p27“ ‘̂ (Figure 3.13.). As judged by SA-P-galactosidase 

expression (not shown), a proportion of the infected cells arrested with a 

senescence-like phenotype reminiscent of SVtsS cells at the non-permissive 

temperature.

3.6. Reassembly of cyclin Dl-CDK complexes by ectopic expression of CIP/KIP 

proteins

Cell lysates were prepared, in Tween lysis buffer, from SVts8-ER„g  ̂cells 

expressing p21^°’* and p 2 7 ^ ‘ 20 days post-infection and subjected to gel filtration 

analysis. At this time the p21̂ *̂’* and p27’̂ *̂’* expressing cells were growing at 

similar rates as the vector only control cells, presumably because the lower p21^“** 

and p27^^^‘ expressers in the culture had outgrown the arrested cells. At earlier 

times there were insufficient cells to prepare lysates for gel filtration. However, 

when the cyclin-CDK complexes were examined by gel filtration and 

immunoprécipitation it was clear that the ectopic expression of p21^^' and p27^^^ 

had indeed promoted the re-association of cyclin Dl and CDK4 (Figures 3.14. and

3.15.). As shown in Figure 3.14.A, the ectopically expressed p21^“** was found 

exclusively in 150-200 kDa complexes and co-precipitated with cyclin Dl, CDK2 

and CDK4, reminiscent of the situation in SVts8 cells placed at 38.5°C. The active
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Figure 3.13. Ectopic expression of and p27*̂ ***̂
proliferation of SVtsS cells at the permissive temperature

inhibits

Six days after retroviral infection, SVts8-ER cells expressing p21^^\ p27^^^ or 
vector only (pBabe^wro), were labelled with 10 \iM BrdU for 4 h and the 
percentage of BrdU positive cells determined by flow cytometry. The 
percentage of BrdU positive cells were determined in triplicate, with three 
individual dishes being labelled with BrdU for each infection. Error bars 
represent standard deviations.
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Figure 3.14. Presence of ectopically expressed p21̂ *̂ * in large complexes 
with reassembled cyclin D1/CDK4.

SVts8-ER cells at 34°C were infected with recombinant retroviruses expressing 
Lysates were prepared in Tween lysis buffer 20 days post-infection and 

samples (2.5 mg) of protein were separated by gel filtration chromatography. 
Samples (350pl) of each fraction were immunoprecipitated with antisera against 
p2 iciPi (sc-397) (A) or cyclin Dl (287.3) (B). Immunoprecipitated complexes 
were analysed by SDS-PAGE in 12% acrylamide gels and immunoblotted with 
antibodies to cyclin Dl (287.3), CDK2 (sc-163), CDK4 (sc-601) and p21̂ ^̂  ̂(sc- 
397). Samples (20 pg) of total cell lysate were analysed directly (Lysate). The 
elution positions of molecular weight standards are indicated at the top in kDa. 
CDK2 denotes inactive CDK2 and CDK2* denotes active CDK2. The results 
presented in A and B represent the only occasion when samples were not run 
sequentially on the same column. A new column was employed for the samples 
in B and the standards positioned in B represent the calibrations of the new 
column.
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Figure 3.15. Presence of ectopically expressed p27"̂ ^̂  ̂ in large complexes 
with reassembled cyclin D1/CDK4.

SVts8-ER cells at 34°C were infected with recombinant retroviruses expressing 
p2 7 KiPi Lysates were prepared in Tween lysis buffer 20 days post-infection and 
samples (2.5 mg) of protein were separated by gel filtration chromatography. 
Samples (350 pi) of each fraction were immunoprecipitated with antisera 
against p27^^^ (sc-528) (A) or cyclin Dl (287.3) (B). Immunoprecipitated 
complexes were analysed by SDS-PAGE in 12% acrylamide gels and 
immunoblotted with antibodies to cyclin Dl (287.3), CDK2 (sc-163), CDK4 
(sc-601) and p27^^^ (sc-528). Samples (20 pg) of total cell lysate were analysed 
directly (Lysate). The elution positions of molecular weight standards are 
indicated at the top in kDa. CDK2 denotes inactive CDK2 and CDK2* denotes 
active CDK2.



and inactive forms of CDK2 were present in almost equal amounts. Upon 

expression of p21^^\ a significant proportion of the cyclin Dl now co-eluted with 

p21^^  ̂ and CDK4 (Figure 3.14.B). Analogous results were observed with 

ectopically expressed p27™*‘ (Figure 3.15.), where p27™*̂  was found exclusively in 

150-200 kDa complexes co-precipitating with cyclin Dl, CDK2 and CDK4 (Figure

3.15.A). Upon expression of p27™**, again a significant proportion of the cyclin Dl 

was found to co-elute with p27^^ and CDK4 (Figure 3.15.B)

3.7. pRb phosphorylation in SVtsS cells at 34“C and 38.5°C

The analyses of the cyclin-CDK-inhibitor interactions in SVtsS cells 

suggested a paradoxical situation in which the cell cycle arrest was occurring 

concomitantly with the reassembly of the cyclin D-CDK complexes that are thought 

to promote G1 progression via phosphorylation of pRb. To investigate this further, 

cell lysates were prepared from SVtsS cells at 34°C and cells placed at 3S.5°C for an 

increasing number of days, and the phosphorylation status of pRb was determined 

by direct immunoblotting. At 34°C, a substantial proportion of the pRb migrated 

with the slower mobility associated with hyperphosphorylation (Figure 3.16.A). 

This occurred despite the presence of SV40 T-Ag, which is reputed to interact 

preferentially with hypophosphorylated pRb (Ludlow et a l, 19S9), and the absence 

of detectable cyclin D-CDK complexes. Upon shifting to 3S.5°C, there was a 

dramatic change in the ratio of hyper- to hypophosphorylated pRb and over time, 

the faster migrating, hypophosphorylated form predominated (Figure 3.16.A).

It was therefore important to establish whether the reassembled cyclin D- 

CDK-p21^^^ complexes in observed in Figures 3.3., 3.6., 3.7. and 3.8. were active. 

Given the technical difficulties associated with measuring cyclin D-dependent 

kinase activity in human cell lysates, and the possibility that these kinases remained 

inactive at both temperatures, the phosphorylation status of the Ser 780 residue in 

pRb was examined by direct immunoblotting of cell lysates. Ser 780 is regarded as 

a specific target for cyclin D-CDK complexes (Kitagawa et a l, 1996). A polyclonal 

antibody specific for the phosphorylated form of Ser 780 detected two bands within
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Figure 3.16. Inhibition of pRb phosphorylation when T-Ag is inactivated.

SVtsS cells were grown at 34°C or 3S.5°C and lysates were prepared in NP40 
lysis buffer on different days after temperature shift as indicated. A) Samples 
(30 pg) of total protein were separated by SDS-PAGE in an 8% acrylamide gel 
and immunoblotted with an antibody against pRb (14001A). The positions of 
hyperphosphorylated (ppRb) and hypophosphorylated (pRb) forms of pRb are 
indicated. B) Samples (250 pg) of protein were separated by SDS-PAGE in a 
12% acrylamide gel and immunoblotted with an antibody specific for pRb 
phosphorylated at Ser 780 (Stratech Scientific Ltd. 555). The samples were also 
immunoblotted for actin (sc-1615) as a loading control.



the pRb isoforms from logarithmically growing TIG3 cells (Figure 3.16.B). 

Surprisingly, SVtsS cells grown at the permissive temperature also showed 

evidence for Ser 780 phosphorylation, despite lacking detectable cyclin D-CDK 

complexes. Analogous results were obtained using polyclonal and monoclonal 

reagents from different suppliers (data not shown). Upon shifting to the non- 

permissive temperature, phosphorylation of Ser 780 remained detectable at 48 h, 

when the cyclin D-CDK-p2l‘̂“’* complexes had reassembled, but then diminished 

over time as the total phosphorylation of pRb declined (Figure 3.16.B).

3.8. Mechanism of G1 arrest in SVtsS cells shifted to the restrictive 

temperature

Due to the confusing nature of the results obtained with respect to the cyclin 

D-associated kinase activity in SVts8 cells it was important to determine what 

effect the temperature shift was having on CDK2 kinase activity. CDK2, like CDK4 

and CDK6, is also responsible for promoting G1 progression via phosphorylation of 

pRb. To measure CDK2 activity, lysates were prepared in Tween lysis buffer from 

SVts8 cells growing at 34°C or placed at 38.5°C for 48 h and immunoprecipitated 

with the sc-163 CDK2 antibody. Kinase activity assessed by the incorporation of [y- 

ATP using GST-pRb as a substrate was readily detectable in the growing SVts8 

cells but this activity was markedly inhibited when the cells were shifted to the non- 

permissive temperature (Figure 3.17.A). Non-specific IgG (Santa Cruz, sc-2024) 

immunoprecipitates were included as negative controls (Figure 3.17.A).

It seemed likely the inhibition of CDK2 kinase activity would be through 

the incorporation of p21^°'  ̂ into the CDK2 complexes. To test this hypothesis, a 

further series of immunoprécipitations were carried out with antibodies specific to 

CDK2 (sc-163) and p21^^  ̂ (sc-397) and the relative amounts of these proteins co- 

precipitating with each other assessed by immunoblotting. The CDK2 immune 

complexes acquired substantial amounts of p21^^  ̂ when the cells were shifted to 

38.5°C. Similarly the p21^“’* immune complexes, which were only detectable at 

38.5°C, contained substantial amounts of inactive CDK2 (Figure 3.17.B).
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Figure 3.17. Inhibition of CDK2 kinase activity when T-Ag is inactivated.

A) Lysates from SVtsS cells grown at 34°C and 38.5°C were prepared in Tween 
lysis buffer and samples (500 jxg) of protein were immunoprecipitated with an 
antibody against CDK2 (sc-163) or a control non-immune serum (IgG, sc-2027). 
Immunoprecipitated complexes were used to phosphorylate GST-pRb in the 
presence of [y-^^PJATP. Phosphorylated products were analysed by SDS-PAGE 
in a 12% acrylamide gel. Labelled proteins were visualised by autoradiography.
B) Equal amounts of cell lysate (300 pg) from SVtsS cells grown at 34°C and 
38.5°C were immunoprecipitated with antisera against CDK2 (sc-163) and 
p2 iciPi (sc-397) as indicated. Immunoprecipitated proteins were separated by 
SDS-PAGE in a 12% acrylamide gel and immunoblotted with antibodies 
against CDK2 (sc-163) and p21^^^ (sc-397). CDK2 denotes inactive CDK2 and 
CDK2* denotes active CDK2.



3.9. SVtsS cells at the permissive temperature are transformed by Ras

During the course of this study it was reported that ectopic expression of 

telomerase (hTERT) would immortalise HDFs (Bodnar et al., 1998; Vaziri and 

Benchimol, 1998); and that such cells could be transformed by the SV40 T-Ag and 

an oncogenic allele of Ras (Hahn et a i, 1999). These results imply that changes in 

four regulatory pathways are sufficient to render a cell tumorigenic: the signal 

transduction pathway activated by Ras, the telomere maintenance pathway, and the 

pRb and p53 pathway. Because SVts8 cells are conditionally transformed with T- 

Ag and express endogenous telomerase (Figure 3.2.), it was of interest to determine 

whether oncogenic Ras would enable them to grow in soft agar.

SVts8 cells were infected with an amphotropic virus encoding the cell 

surface receptor for mouse ecotropic retroviruses in a vector conferring resistance to 

puromycin instead of neomycin. The SVts8-ERp„,.o cells were selected in 2.5 pg/ml 

puromycin for 4 days and a pool of resistant cells used for the subsequent infection 

with a retrovirus encoding the Y12 allele of Ras (H-raj). The Ras retrovirus was 

produced from stably transfected GP+E cells and the supernatant from these cells 

was added directly to growing SYtsS-ERpuro cells. The retroviral vector for Ras 

conferred resistance to geneticin, and pools of infected cells were selected for 2 

weeks in 300 pg/ml geneticin.

10"̂  SVts8 cells, with and without ras, were seeded in soft agar and 

incubated at either 34°C or 38.5°C for 14 days after which the colonies present were 

counted (Figure 3.18.). An equivalent number of TIG3 cells without Ras were 

seeded as a negative control. No colonies grew in the TIG3 control plates as 

expected. Surprisingly approximately 5% of the SVts8 cells without Ras were able 

to grow in soft agar at 34°C. However, approximately 90% of SVts8 cells 

expressing Ras at 34°C were able to grow in soft agar, consistent with the published 

results (Hahn et at., 1999). As predicted SVts8 cells without ras did not form 

colonies in soft agar at 38.5°C consistent with the growth arrest observed in Figure

3.1. Approximately 25% of the Ras-expressing SVts8 cells did grow in soft agar at 

38.5°C, but these colonies were significantly smaller than their counterparts at 34°C.
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Figure 3.18. SVtsS cells at 34°C are transformed by ras.

SVtsS cells were infected with recombinant ecotropic viruses encoding ras V12 
and selected in 300 pg/ml geneticin for 14 days. 10̂  cells were seeded in soft 
agar and incubated at 37°C (TIG3), 34°C or 3S.5°C (SVtsS) for 14 days. The 
number of colonies per field of view was counted and expressed as a percentage 
of the number of cells seeded. The results are representative of 3 independent 
experiments.



This can be explained by the fact that the Ras expressing cells had to be selected at 

34°C, to maintain proliferation, before seeding in agar and shifting to the non- 

permissive temperature.

In conclusion, SVtsS cells grow as an immortal line at the permissive 

temperature but when shifted to the non-permissive temperature they undergo a cell 

cycle arrest and adopt phenotypic characteristics typical of cells at Ml. Under the 

permissive conditions there are no detectable cyclin D1-CDK4 complexes and low 

levels of p21^^^\ Cyclin D1-CDK4 complexes assemble upon a shift to the non- 

permissive temperature and the cells arrest. The cell cycle arrest is coincident with 

the inhibition of CDK2 kinase activity, due to the restoration of p21*̂ ^̂ ‘ levels. 

p2 icn>i -g functioning as an assembly factor and an inhibitor in the senescent like 

cells. The data presented here implied that subunit rearrangement is reversible.

Significantly, SVtsS cells contain active telomerase at both temperatures 

indicating that telomerase alone is insufficient to bypass Ml senescence.

Ectopic expression of p21^”*‘ and p 2 7 ^ ‘ in SVtsS cells at the permissive 

temperature imposes a partial cell cycle arrest and is accompanied by the 

reassembly of cyclin D1-CDK4 complexes, further confirming the role of the 

CIP/KIP proteins as assembly factors.

SVtsS cells at the permissive temperature are transformed by Ras and 

acquire the ability to grow in soft agar.
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Chapter 4

Dynamics of cyclin-CDK-CKI associations during the 

implementation and bypass of M l phase senescence

The previous chapter utilised a cell line, SVtsS, to analyse subunit 

rearrangements during the implementation of Ml upon inactivation of T-Ag. The 

results obtained indicated an assembly role for p21̂ °*̂  in the formation of cyclin D- 

CDK4 complexes but questioned the relevance of these complexes in the switch 

from proliferation to growth arrest. The data also reinforced the idea that pi 

and p21̂ °** collaborate in senescence while exerting opposing effects on the 

integrity of cyclin D-CDK complexes. These findings prompted a re-examination of 

the events associated with Ml in normal HDFs that have reached the end of their 

finite lifespan. Ml is characterised by a transient increase in p21̂ ***‘ levels and a 

delayed accumulation of pl6^"^“ (Alcorta et a l, 1996; Kara et al., 1996; Stein et 

al., 1999; Wong and Riabowol, 1996). Paradoxically, there is a rise in cyclin Dl 

levels and a reduction in the total amount as well as hyperphosphorylation of pRb. 

The balance of components therefore changes substantially during the period in 

which cell division is ceasing and the cells are adopting the physical characteristics 

of senescence, such as increased size, granularity, SA-p-galactosidase activity and 

many other changes in gene expression that have been likened to differentiation 

(Dimri etal., 1995; Stein etal., 1999).

4.1. Accumulation of and as HDFs approach senescence

TIG3 cells were harvested at various stages of their lifespan, regarded as 

young (PD 49), early senescent (two weeks since their final division at PD 71), and 

late senescent (six weeks since their final division at PD 71). When assayed for SA- 

P-galactosidase activity, approximately 60% of the early senescent cells were
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positive and this increased to approximately 95% in the late senescent cells. Less 

than 5% of the young cells were positive in this assay (data not shown).

Senescent cells appear much larger than proliferating cells and cell volume 

increases substantially as cells approach senescence (Stein et al. 1999; and 

unpublished results of Janice Rowe). Therefore, it could be argued that a 

comparison of protein levels and interactions in young and senescent cells should 

be based on an equal number of cells rather than an equal amount of total protein. 

However, since it has been estimated that senescent TIG3 cells contain 

approximately 15 times more protein than their young counterparts (Janice Rowe 

personal communication), a comparison based on equal cell number would be 

technically difficult. For example, gel filtration analysis is limited by the amount of 

protein that can be applied to the column and if the maximum amount were applied 

for senescent cells, loading 15 times less protein from young cells would make the 

separated complexes almost impossible to detect. It was therefore decided to 

analyse equal amounts of protein from each cell population. It should be noted that 

if an equal number of cells were compared, the effects observed would be more 

dramatic.

A direct comparison of plb”̂ '̂̂ ® and pZl*̂ *̂** protein levels in the young (Y), 

early senescent (ES) and late senescent (LS) TIG3 cells by immunoblotting is 

shown in Figure 4.1.A. As previously shown (Stein et a l, 1999), p21^“** levels were 

highest in early senescence and had declined significantly by late senescence. The 

level of p21^“** in the late senescent cells was slightly lower than in the young cells. 

pl6iNK4a igygig increased during senescence, and were substantially higher in the late 

senescent cells than the early senescent cells (Figure 4.1.A). Of the remaining cell 

cycle proteins analysed, the expression of CDK4 remained constant in all three 

samples, whereas CDK6 was slightly higher in both the senescent cell samples than 

in the young cell sample (Figure 4.1.A). Cyclin Dl followed a similar pattern of 

expression to p21^“**, peaking in early senescence, but the decline in late senescence 

was less pronounced than that of p2l‘̂“’* (Figure 4.1.A). These changes in cyclin Dl 

level are reinforced by the immunoprécipitation data shown below (Figure 4.1.B).
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Figure 4.1. Association of CDK4 and CDK6 with cyclin Dl in TIG3 
fibroblasts.

A) Lysates of young (Y, PD 49), early senescent (ES, PD 71, senescent for 2 
weeks) and late senescent (LS, PD 71, senescent for 6 weeks) TIG3 cells were 
prepared in NP40 lysis buffer and samples (30 pg) of protein were separated by 
SDS-PAGE in a 12% acrylamide gel and immunoblotted with antibodies against 
CDK6 (sc-177), CDK4 (sc-601), cyclin Dl (MS-210-P), p2lciPi (sc-397) and 
pl6iNK4a (JC8) B) Samples (1 mg) of protein were immunoprecipitated with an 
antibody against cyclin Dl (sc-718). Immunoprecipitated proteins were 
separated by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies against CDK6 (sc-177), CDK4 (sc-601), cyclin Dl (MS-210-P), and 
p2lciPi (sc-397).



4.2. Association of CDK4 and CDK6 with cyclin D l in TIG3 fibroblasts

As well as monitoring the overall changes in levels of these proteins, it was 

of interest to examine the composition of cyclin-CDK complexes in the young, 

early and late senescent cells. Equivalent amounts of protein were 

immunoprecipitated with an antibody against cyclin Dl (Figure 4.1.B). Cyclin Dl- 

CDK4 interactions were readily detectable in each sample. However, the greatest 

abundance of cyclin D1-CDK4 was in the early senescent cells when the level of 

p21^^^ was at its highest. This would be consistent with the ability of p21̂ ^̂  ̂ to 

promote assembly of the complex. Cyclin D1-CDK6 interactions were readily 

detectable in the young and early senescent cell lysates but this interaction was 

barely detectable in the late senescent cells. The cyclin D1-CDK4 and cyclin Dl- 

CDK6 interactions were confirmed in reciprocal immunoprécipitations (data not 

shown). The amount of p21̂ ^̂  ̂ co-precipitating with cyclin Dl followed the same 

pattern as its expression level with the most p21̂ °** being present in the early 

senescent sample.

4.3. Analysis of cycbn D-CDK complexes in young and senescent HDFs

The observed differences in the integrity of cyclin D1-CDK4 and cyclin D l- 

CDK6 complexes are probably due to the changing levels in CKIs as the cells 

senesce. To investigate the effect of the transient increase in p21^“** and continued 

increase in p 16^^43 cell lysates from young, early and late senescent TIG3

fibroblasts were subjected to gel filtration analysis. As previously described, the gel 

filtration column was calibrated with standards and for each sample, 2.5 mg of 

protein were applied to the column and 18 consecutive fractions analysed.

The distribution of the various proteins in differently sized complexes was 

broadly similar in young, early senescent and late senescent cells, although there 

were some notable exceptions (Figure 4.2.). For example, most of the cyclin Dl in 

young cells eluted in a single peak of 150-200 kDa in size (Figure 4.2.A), whereas 

in the early and late senescent cells, the peak was distinctly broadened and showed
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Figure 4.2. Size fractionation of cyciin-CDK-CKI complexes from young, 
early senescent and late senescent TIG3 fibroblast cell lysates.

Lysates of A) young, B) early senescent and C) late senescent TIG3 cells, as 
previously defined, were prepared in Tween lysis buffer and samples (2.5 mg) 
of protein were separated by gel filtration chromatography. Samples (20 pi) of 
each fraction were analysed by SDS-PAGE in a 12% acrylamide gel and 
immunoblotted with antibodies to cyclin D1 (MS-210-P), CDK4 (sc-601), 
CDK6 (sc-177), p2lciPi (sc-397) and plb^^^a (jcg). Samples (25 pg) of total 
cell lysate were analysed directly (Lysate). The elution positions of molecular 
weight standards are indicated at the top in kDa.



evidence of additional cyclin D1 complexes in the 50-150 kDa size range (Figure

4.2.B and C). There was also an increase in the total amount of cyclin D1 so that 

much of the cyclin D1 remained in the 150-200 kDa complexes, which in other 

studies have been associated with kinase activity. CDK4 was detectable in two 

peaks of 150 and 50 kDa (Figure 4.2.) and there was a notable shift in the 

distribution of CDK4 from the former complex to the latter complex as the age of 

the cells increased. This would be consistent with the disruption of a proportion of 

the cyclin Dl-CDK4-p21^^^ complexes and the formation of binary CDK4-pl6°^* '̂^“ 

complexes as the levels of p lb ”̂*̂'̂ * increased. In contrast, CDK6 was predominantly 

found in 50 kDa complexes regardless of the age of the cells (Figure 4.2.), although 

a minor fraction was detectable in >150 kDa complexes in young cells. As 

previously shown in Chapter 3, p21^^  ̂was confined to a single peak of around 150- 

200 kDa, whereas p i w a s  distributed in two peaks consistent with binary 

associations with CDK4 or CDK6 and monomeric p i ( F i g u r e  4.2.). As the 

expression of p i i n c r e a s e d ,  the amount of monomeric increased

substantially.

4.4. Persistence of cyclin D1-CDK4 complexes in senescent TIG3 fibroblasts

The fractionated samples from young, early and late senescent cells were 

subjected to immunoprécipitations using antibodies to CDK4 and CDK6. 

Unfortunately the data obtained for the CDK4 immunoprécipitations were of a 

lower standard than other results presented in the thesis, but nevertheless support 

the conclusions drawn from Figures 4.1. and 4.2. CDK4 was distributed in two 

peaks, at 150-200 and 50 kDa, in the samples from Y, ES and LS cells (Figure 4.3.). 

The larger peak contained cyclin Dl, although below detection levels in the young 

cells, we presume that p21^“’* is also present in this complex since it became readily 

detectable in the senescent cells (Figure 4.3.). The cyclin Dl-CDK4-p21*^^^* 

interactions were most abundant in the early senescent sample, reproducing the 

result in Figure 4.2. As expected, p i6^"^ co-precipitated with CDK4 in the 50 kDa
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Figure 43. Size fractionation of CDK4 complexes in young, early senescent 
and late senescent TIG3 fibroblast cell lysates.

Lysates of A) young B) early senescent and C) late senescent TIG3 cells, as 
previously defined, were prepared in Tween lysis buffer and samples (2.5 mg) of 
protein were separated by gel filtration chromatography. Samples (350 pi) of 
each fraction were immunoprecipitated with an antibody against CDK4 (sc- 
601). Immunoprecipitated complexes were analysed by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with antibodies to cyclin Dl (287.3), CDK4 
(MS-469-PO), p2lciPi (sc-397) and p l6^^a (jcg). Samples (25 pg) of total cell 
lysate were analysed directly (Lysate). The elution positions of molecular 
weight standards are indicated at the top in kDa.



peak, and the amount of this complex increased in the senescent cells. However, the 

important issue is that the increase in plô^ '̂^^ was insufficient to disrupt the cyclin 

D1-CDK4 interactions, presumably because of the presence of p21^^\

4.5. Reduction in cyclin D1-CDK6 complexes in senescent cells

The distribution of CDK6 differed substantially from that of CDK4, with 

CDK6 being concentrated in one peak of around 50 kDa, in both the young and late 

senescent cells. Unfortunately there was insufficient lysate from the early senescent 

cells to analyse CDK6 complexes after gel filtration. The 50 kDa peak was 

consistent with the formation of binary complexes between CDK6 and members of 

the INK4 family. While the amount of p i p r e s e n t  in the binary complex was 

greatly elevated in the late senescent cells compared to the young cells, the 

substantial amount of the 50 kDa complex in young cells, despite the low level of 

pl6iNK4a time, implies that CDK6 was interacting with other members of the 

INK4 family (Mahony et al., 1998). Cyclin Dl was detectable in CDK6 

immunoprecipitates from the young cells (Figure 4.4.A) in the small fraction of 

CDK6 eluting in the 150-200 kDa size range, but this interaction was undetectable 

in the late senescent cells (Figure 4.4.B). Presumably, the increase in plb^^’̂'̂® 

expression was sufficient to disrupt the cyclin D1-CDK6 interactions. p21^^* was 

not detected in any CDK6 immunoprecipitates (data not shown). However, the 

small proportion of CDK6 eluting in larger complexes (see Figure 4.2. and 4.4. A) 

coincided with fractions containing p21^^\ Although not formally proven, it is 

likely that a small amount of a cyclin Dl-CDK6-p21^^^^ complex is present in 

young cells. The inability to detect p21^^  ̂ in total lysates suggest that the antibody 

used in these analyses was sub-optimal. Unfortunately, the time required to generate 

further pools of Y, ES, LS cells precluded an appraisal of this issue.
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Figure 4.4. Size fractionation of CDK6 complexes in young and late 
senescent TIG3 fibroblast cell lysates.

Lysates of A) young and B) late senescent TIG3 cells were prepared in Tween 
lysis buffer and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (350 pi) of each fraction were immunoprecipitated 
with an antibody against CDK6 (sc-177). Immunoprecipitated complexes were 
analysed by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies to cyclin Dl (287.3), CDK6 (DCS83) and pl6°^K4a (JC8). Samples 
(25 pg) of total cell lysate were analysed directly (Lysate). The elution positions 
of molecular weight standards are indicated at the top in kDa.



4.6. Rearrangement of cyclin D-CDK-CKI complexes in TIG ER fibroblasts 

expressing the HPV-16 E6 or E7 gene products

Chapter 3 described HDFs immortalised with a temperature sensitive T-Ag, 

which are dependent on the continued expression of T-Ag for their immortality 

(Fujii et al., 1999; Tahara et al., 1995; and Chapter 3). To try to gain further 

insights into the mechanisms underpinning Ml the E6 and E7 proteins of human 

papilloma virus-type 16 (HPV-16) were used to selectively target p53 and pRb 

respectively in TIG3 cells. E6 binds to p53 and promotes its degradation through 

the ubiquitin pathway (Scheffner et a l, 1990; Wemess et al., 1990) and since the 

expression of p21^^^ is in part dependent on p53 (El-Deiry et a l, 1993; Tahara et 

al., 1995), loss of p53 function results in a dramatic reduction in p21^^  ̂ levels. E7 

on the other hand binds to hypophosphorylated pRb resulting in the inactivation of 

pRb (Dyson and Harlow, 1992; Dyson et al., 1989). However, it has been reported 

that E7 has several additional effects on the cell cycle machinery, resulting in 

elevated levels of a number of cyclins, CDKs and both the p i 6̂ ^̂ '*“ and p21^°'\ 

CDK inhibitors (Jones et al., 1997). Moreover, E7 has been found to interact with 

p21^°’\  and alleviate its ability to inhibit cyclin A and E associated kinase activities 

(Jones et al., 1997).

As described in the previous chapter, the pBabepwm vector system was used 

to infect TIG3 cells expressing the mouse ecotropic receptor (TIG-ER cells) with 

retroviruses encoding E6 or E7. The TIG-ER fibroblasts were infected at PD 43 by 

Sharon Brookes in the laboratory, and infected cells selected in 2.5 |ig/ml 

puromycin. The cells expressing E6 and E7 are referred to as TIG/E6 cells and 

TIG/E7 cells from this point forward.

Cell lysates, prepared in Tween lysis buffer from TIG/E6, TIG/E7 and 

empty vector control cells, all at PD 54, were immunoprecipitated with antibodies 

against cyclin Dl, CDK4, p21^^ ‘̂ and pi6̂ NK4a the amounts of these four 

proteins co-precipitating with one another were determined by western blotting 

(Figure 4.5.). Samples of total lysate were also analysed directly to gain an 

impression of the relative levels of each protein in the three cell populations.
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Figure 4.5. Cyclin-CDK-CKI interactions in TIG/pBabe, TIG/E6 and 
TIG/E7 cells.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabepwm viruses 
encoding E6, E7 or vector only control were prepared in Tween lysis buffer and 
samples (300 pg) of protein were immunoprecipitated with antibodies to cyclin 
Dl (287.3), CDK4 (sc-601), pll^iPi (sc-397) or (DPAR12).
Immunoprecipitated proteins were analysed by SDS-PAGE in a 12% acrylamide 
gel and immunoblotted with antibodies to cyclin Dl (287.3), CDK4 (sc-601), 
p2 iciPi (sc-397) and p i6̂ "̂̂  ̂(JC8). Samples (30 pg) of total cell lysate were 
analysed directly (Lysate).



The outstanding differences in total protein levels (Figure 4.5., lanes 1, 6 

and 11) was the reduced expression of p21̂ ^̂  ̂ in TIG/E6 cells, due to the 

inactivation of p53 by E6 and the marked elevation of p21^^‘ levels in the TIG/E7 

cells, presumably due to inactivation of pRb and ARF-mediated stabilisation of p53, 

although other mechanisms may contribute. CDK4 and cyclin Dl were expressed at 

a similar level in the three cell populations (lanes 1, 6 and 11). expression

appeared to be elevated in the TIG/E6 and TIG/E7 cells (lanes 6 and 11), consistent 

with recently published results for cells expressing HPV E7 (Martin et al., 1998).

In TIG/E6 cells, CDK4 was barely detectable in the cyclin D l 

immunoprecipitate and vice versa (lanes 7 and 8), whereas CDK4 and pl6^^"^  ̂were 

reciprocally co-precipitated with the respective antisera (lanes 8 and 10). The lack 

of cyclin D1-CDK4 association was reminiscent of the situation in SVts8 cells at 

the permissive temperature where both p53 and pRb are inactivated by T-Ag. The 

likely explanation, therefore, is that the age related accumulation of pl6^* '̂‘“ in the 

TIG3 cells coupled to the reduced expression of p21^“*‘ in the presence of E6, 

disrupted the formation of cyclin D1-CDK4 complexes.

In control and TIG/E7 cells, CDK4 and p21^^  ̂ co-precipitated with cyclin 

Dl (lanes 2 and 12), and these interactions were further confirmed in reciprocal 

immunoprécipitations with antisera against CDK4 (lanes 3 and 13) and p21̂ **’’ 

(lanes 4 and 14). The most notable difference between TIG/E7 and control cells was 

the increased association between CDK4 and p i ( F i g u r e  4.5. compare lanes 13 

and 15 with lanes 3 and 5).

4.7. Analysis of cyclin D-CDK complexes in control and TIG/E6 cells

To gain further insights into the composition of cyclin-CDK complexes in 

the TIG/E6 and TIG/E7 cells, samples of cell lysate corresponding to 2.5 mg of 

total protein were subjected to gel filtration analysis, as described in the previous 

chapter. Consecutive fractions were analysed by direct immunoblotting or by 

immunoprécipitation followed by immunoblotting. Since the control, TIG/E6 and 

TIG/E7 samples were run on the same column, and the analyses were performed
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under identical conditions, it was possible to make direct comparisons between the 

samples.

Figure 4.6. compares the overall protein distribution in the control and 

TIG/E6 cells. As anticipated (see Figure 4.5.), p21‘̂°*‘ was not detectable in the cells 

expressing E6 (Figure 4.6.B), whereas in the control cells (Figure 4.6.A), p21^^ ’̂ 

was found exclusively in complexes greater than 150 kDa, as previously observed 

(Figure 3.6. and 4.3.). Cyclin Dl was less abundant in the TIG/E6 cells, compared 

to the controls (Figure 4.6. and data not shown) and showed a different distribution. 

In the control cells there was one broad peak of cyclin D l, ranging from 60-200 

kDa (Figure 4.6.A) but in the E6 cells cyclin Dl was distributed in two peaks, 150- 

200 kDa and approximately 60 kDa (Figure 4.6.B). Similarly, CDK4 which was 

distributed in two peaks in the control cells, (150-200 kDa and approximately 50 

kDa) see Figure 4.6. A, was predominantly in a single peak of around 50 kDa in the 

TIG/E6 cells (Figure 4.6.B). Little change was noted in the distribution of CDK6 

being in a single peak around 50 kDa in both the control and TIG/E6 cells (Figure

4.6.). In the control and TIG/E6 cells pi6°̂ K4a detectable in two peaks, around 

20 kDa and 50 kDa, representing monomeric plb^^'^ and binary complexes of 

pl6iNK4a CDK4/6 respectively. The E6 cells contained substantially more 

monomeric pl6^^"^“ than the control cells (Figure 4.6.B).

4.8. Composition of cyclin D-CDK complexes in control and TIG/E6 cells

To obtain further information regarding the composition of the various 

complexes, samples of each gel filtration fraction were subjected to 

immunoprécipitation followed by immunoblotting. Immunoprécipitations of CDK4 

confirmed the difference in the distribution of CDK4 between the control and 

TIG/E6 cells (Figure 4.7.). After gel filtration, the majority of the CDK4 in the 

control cells was in a 150-200 kDa peak coincident with cyclin Dl and p21^^\ with 

a small proportion of CDK4 in a 50 kDa complex with pl6°^’̂ '‘“ (Figure 4.7.A). This 

distribution was reversed in the TIG/E6 cells, with the majority of CDK4 being in 

the 50 kDa complex with pl6^^"^\ In the TIG/E6 cells, the larger CDK4 complex
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Figure 4.6. Size fractionation of cyciin-CDK-CKI complexes in TIG/pBabe 
and TIG/E6 cells.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabepuro viruses 
encoding E6 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (20 pi) of each fraction were analysed by SDS- 
PAGE in a 12% acrylamide gel and immunoblotted with antibodies to cyclin Dl
(287.3), CDK4 (sc-601), CDK6 (LBOl), (sc-397) and plô^^^a (jcg).
Samples (25 pg) of total cell lysate were analysed directly (Lysate). The elution 
positions of molecular weight standards are indicated at the top in kDa.
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Figure 4.7. Size fractionation of CDK4 complexes in TIG-ER cells 
expressing E6.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabe/?wro viruses 
encoding E6 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (350 pi) of each fraction were immunoprecipitated 
with an antibody against CDK4 (sc-601). Immunoprecipitated complexes were 
analysed by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies to cyclin Dl (287.3), CDK4 (sc-601), (sc-397) and pl6^*^^^
(JC8). Samples (25 pg) of total cell lysate were analysed directly (Lysate). The 
elution positions of molecular weight standards are indicated at the top in kDa.



that included cyclin Dl eluted in 100-150 kDa size range and clearly lacked 

detectable (Figure 4.7.B). The size difference between the large CDK4

complexes in control and TIG/E6 cells could be accounted for by the presence of 

p21̂ °** in the control cells and its absence in the TIG/E6 cells, but it remains unclear 

what other components participate in these complexes.

A further series of immunoprécipitations were performed using antiserum 

against p i T h e s e  confirmed that the majority of the p i p a r t i c i p a t e d  in 

binary complexes with CDK4 or CDK6, although monomeric p i w a s  also 

detectable, particularly in the TIG/E6 cells (Figure 4.8.). The plb”̂ '̂̂  levels were 

substantially higher in TIG/B6 cells than control cells which presumably 

contributed to the reduction of cyclin D1-CDK4 complexes in TIG/E6 cells. 

However, the reason for the increase in pl6̂ ^̂ "̂  ̂ levels remains obscure and 

warrants further investigation.

4.9. Analysis of cyclin D-CDK complexes in control and TIG/E7 cells

A similar analysis was performed with TIG/E7 cells, to determine what 

effect inactivation of pRb might have on the G1 cyclin-CDK complexes. Note that 

the data for the control cells are duplicated from the analogous comparisons with 

TIG/E6 cells. Surprisingly, the protein distribution in the TIG/E7 cells was 

remarkably similar to that in the control cells (Figure 4.9.). The protein expression 

levels were also similar, with the exception of p i a n d  p21^^^\ which were 

significantly elevated in TIG/E7 cells. On gel filtration cyclin Dl eluted in a single 

broad peak of 60-200 kDa in the TIG/E7 and control cells. CDK4 was distributed in 

two peaks in TIG/E7 cells (Figure 4.9.B), which were more distinct than in the 

control cells (Figure 4.9.A). In contrast, CDK6 was primarily in a single peak of 

around 50 kDa (Figure 4.9.). However, the ability to detect cyclin D1-CDK6 

associations in TIG3 cells implies that a minor fraction exists in the 150-200 kDa 

size range. Unfortunately, the difficulties in detecting this fraction precluded any 

conclusions regarding its status in TIG/E7 cells. p21̂ ^̂ * was only detectable in 

complexes greater than 150 kDa, whilst pl6^ "̂^  ̂was distributed evenly between
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Figure 4.8. Size fractionation of complexes in TIG-ER cells
expressing E6.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabe/?«ro viruses 
encoding E6 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (350 pi) of each fraction were immunoprecipitated 
with an antibody against p i ( D P A R 1 2 ) .  Immunoprecipitated complexes 
were analysed by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies to CDK4 (sc-601), CDK6 (LBOl) and (JC8). Samples (25
pg) of total cell lysate were analysed directly (Lysate). The elution positions of 
molecular weight standards are indicated at the top in kDa.
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Figure 4.9. Size fractionation 
TIG/pBABE and TIG/E7cells.

of cyciin-CDK-CKI complexes in

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabe/?«ro viruses 
encoding E7 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (20 pi) of each fraction were analysed by SDS-PAGE 
in a 12% acrylamide gel and immunoblotted with antibodies to cyclin Dl
(287.3), CDK4 (sc-601), CDK6 (LBOl), p2lciPi (sc-397) and pl6^"^^ (JC8). 
Samples (25 pg) of total cell lysate were analysed directly (Lysate). The elution 
positions of molecular weight standards are indicated at the top in kDa.



two peaks of 50 and 20 kDa in TIG/E7 cells, consistent with previous results 

(Figure 4.9.B).

4.10. Composition of cyclin D-CDK complexes in control and TIG/E7 cells

Additional analysis of the cyclin D1-CDK4 complexes in TIG/E7 cells, by 

immunoprécipitation and immunoblotting, confirmed that these complexes were 

abundant and persisted in the TIG/E7 cells (Figure 4.10.B and data not shown). 

However, CDK4 was distributed evenly between two peaks in TIG/E7 cells (Figure

4.10.B) and the larger > 150 kDa peak, which was coincident with cyclin Dl and 

p21^^  ̂ as expected, was approximately 50 kDa larger than the equivalent CDK4 

peak in the control cells (Figure 4.10.). This result was further confirmed in p21^^  ̂

immunoprécipitations, which revealed a complex of p21‘̂“’*, cyclin Dl and CDK4 

which was approximately 50 kDa larger than the corresponding peak in the control 

cells (data not shown). These results are consistent with the hypothesis that multiple 

molecules of p21^^  ̂ can associate with cyclin-CDK complexes and that inactive 

complexes can contain more than one molecule of p2l‘̂°*‘ (Harper et al., 1995; 

Zhang et al., 1994). The second peak of CDK4 was around 50 kDa, representing 

binary CDK4-pl6^^'^^ complexes (Figure 4.10.B). This was further confirmed by 

immunoprécipitation of plb”̂*̂'̂® . As expected, p i w a s  present in two peaks 

representing binary complexes with CDK4 and CDK6 and monomeric pi 

(Figure 4.1 l.B). There was substantially more free plb^ '̂ '̂* in TIG/E7 cells (Figure

4.11.B) than in control cells (Figure 4.11.A) consistent with the increased 

expression of pl6°̂ ^̂ “̂ in the former cells (Hara et al., 1996; Martin et al., 1998; 

Parry et al., 1995).
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Figure 4.10. Size fractionation of CDK4 complexes in TIG-ER ceils 
expressing E7.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabepwro viruses 
encoding E7 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (350 pi) of each fraction were immunoprecipitated 
with an antibody against CDK4 (sc-601). Immunoprecipitated complexes were 
analysed by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies to cyclin Dl (287.3), CDK4 (sc-601), (sc-397) and pl6^^a
(JC8). Samples (25 pg) of total cell lysate were analysed directly (Lysate). The 
elution positions of molecular weight standards are indicated at the top in kDa.
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Figure 4.11. Size fractionation of complexes in TIG-ER cells
expressing E7.

Lysates of TIG-ER fibroblasts (PD 54) infected with pBabepwm viruses 
encoding E7 (B) or vector only control (A) were prepared in Tween lysis buffer 
and samples (2.5 mg) of protein were separated by gel filtration 
chromatography. Samples (350 pi) of each fraction were immunoprecipitated 
with an antibody against p i ( D P A R 1 2 ) .  Immunoprecipitated complexes 
were analysed by SDS-PAGE in a 12% acrylamide gel and immunoblotted with 
antibodies to CDK4 (sc-601), CDK6 (LBOl) and pl6̂ *̂ "̂  ̂ (JC8). Samples (25 
pg) of total cell lysate were analysed directly (Lysate). The elution positions of 
molecular weight standards are indicated at the top in kDa.



4.11. Human papillomavirus E6 extends the lifespan of HDFs

In the TIG-ER cells expressing E6, at PD 54, there was a marked reduction 

in the association of cyclin Dl with CDK4 (Figure 4.5., lanes 7 and 8, and Figure

4.7.B) but these complexes remained detectable by immunoprécipitation and 

western blotting. The levels of expression were very low, due to the

degradation of p53 by E6, and the expression levels of were also relatively

low, as the cells were in mid lifespan. Since is known to accumulate as

primary diploid fibroblasts reach the end of their finite lifespan (Alcorta et al., 

1996; Hara et a l, 1996; Stein et a l, 1999; Wong and Riabowol, 1996), it was 

therefore of interest to see if the remaining cyclin D1-CDK4 complexes in E6 cells 

were disrupted by the increase in p i6”̂ "̂̂“ expression as the cells approached 

senescence.

To address this issue, young TIG-ER cells (PD 47) were infected with 

pBabepwro retroviruses encoding empty vector (control cells) or E6 (TIG/E6 cells). 

After infection, the cells were maintained in 2.5 |ig/ml puromycin and they were 

followed until the end of their proliferative life. Each time the cells became 

confluent, they were passaged at a dilution of 1 to 4, equivalent to 2 PDs. The 

results obtained are shown in Figure 4.12. TIG-ER cells infected with vector alone 

ceased proliferating after 66 PDs, approximately 10 PDs less than the lifespan of 

parental TIG3 cells (Hara et al., 1996). This phenomenon had been observed before 

in our group and is likely to be due to the selection process required to establish cell 

pools expressing the ecotropic receptor. The expression of E6 increased the 

proliferation rate of the cells and also resulted in an extended lifespan, conferring an 

additional 10 PDs compared to the control population (Figure 4.12.). At the end of 

their proliferative life, the majority of both the control and E6 cells appeared 

enlarged and flattened, and expressed SA-P-galactosidase activity, typical of cells 

in Ml senescence (Bond et al., 1999).
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Figure 4.12. Lifespan extension in TIG-ER fibroblasts expressing E6.

TIG-ER fibroblasts (47 PDs) were infected with pBabepwm viruses encoding E6 
or vector only control and maintained in 2.5 pg/ml puromycin. Each time the 
cells reached confluency, they were passaged at a dilution of 1 to 4 and their 
growth was followed until senescence.



4.12. Accumulation of disrupts cyclin Dl-CDK complexes in senescing

TIG/E6 cells

Cell lysates were prepared from control and TIG/E6 cells at increasing 

population doublings and the total amount of p i a n d  p21^^^ determined by 

western blotting (Figure 4.13.A). The levels of p lb”̂ "̂̂** increased significantly in 

both the control and TIG/E6 cells as they approached senescence, and they 

continued to increase after the cells had ceased dividing (Figure 4.13.A) (Alcorta et 

al., 1996; Hara et a l, 1996; Stein et al., 1999; Wong and Riabowol, 1996). The 

final lysate was prepared from cells two weeks after their last division, p i6*̂ ’̂ '̂ “ 

expression began to increase around 60 PD in both the control and TIG/E6 cells. 

pl6iNK4a remained elevated throughout the extended lifespan period in TIG/E6 cells, 

with the final senescent lysate containing substantially more p i6”̂ "̂̂“ than the 

corresponding control senescent lysate. Presumably the cells continued proliferating 

until the level of pi6°̂ K4a expression had increased sufficiently to compensate for 

the lack of CDK inhibition from p21^^\

The levels of p21^°'  ̂ in the control cells increased as the cells approached 

senescence and then declined once the cells had ceased dividing (Figure 4.13.A) 

consistent with previously reported results (Alcorta et al., 1996; Noda et al., 1994; 

Stein et al., 1999; Wong and Riabowol, 1996) and p21^“’* was barely detectable in 

the TIG/E6 cells due to the inactivation of p53 (Figure 4.13.A).

The corresponding cell lysates were then immunoprecipitated with an 

antibody against CDK4 and the amount of co-precipitated cyclin Dl determined by 

western blotting. Cyclin D1-CDK4 complexes were readily detectable in the control 

cells at all ages (Figure 4.13.B), whereas in TIG/E6 cells, the small amount of 

cyclin D1-CDK4 at 56 and 64 PDs became undetectable once the cells had reached 

70 PDs (Figure 4.13.B). Presumably, the expression of plb*̂ *̂ "̂ ® was now 

sufficiently high to disrupt the remaining cyclin D1-CDK4 complexes.
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Figure 4.13. Upregulation of p i d i s r u p t s  cyclin D1-CDK4 complexes 
in TIG-ER cells expressing E6.

Lysates of TIG-ER cells infected with pBabepwro viruses encoding E6, or vector 
alone as a control, were prepared in NP40 lysis buffer at different population 
doublings (PDs), as indicated (sen refers to senescent cells). A) Samples (30 pg) 
of total protein were separated by SDS-PAGE in a 15% acrylamide gel and 
immunoblotted with antibodies against plb̂ *̂ '̂  ̂(JC8) and p21̂ ^̂  ̂ (sc-397). B) 
Samples (300 pg) of protein were immunoprecipitated with antibodies to CDK4 
(sc-601). Immunoprecipitated proteins were analysed by SDS-PAGE in a 12% 
acrylamide gel and immunoblotted with antibodies to cyclin Dl (287.3) and 
CDK4 (sc-601).



4.13. Cyclin D1-CDK4 complexes persist in the absence of pl6*^ '̂‘“ and p21 °̂*'

The conclusion drawn from the previous section and Chapter 3 was in the 

absence of p21^°’* cyclin D1-CDK4 complexes are greatly diminished because 

pl6iNK4a sequesters the majority of the available CDK4 (Figure 3.3. and 4.5.). It was 

therefore considered of interest to ask what happens to the cyclin D1-CDK4 

complexes in the absence of both p i a n d  p21^^^\ Our laboratory had the 

opportunity to obtain primary fibroblasts from a familial melanoma patient who is 

homozygous for a 19 base pair deletion in exon 2 of pl6^^'^\ The consequences of 

such a deletion are depicted in Figure 4.14.

The existence of a sequence repeat in this part of exon 2 makes it impossible 

to define the exact position of the deletion, which starts between nucleotides 218 

and 225 in the plb̂ *̂̂ "*® coding sequence. The deletion causes a +1 reading frame 

shift that results in different outcomes for the pi6̂ '̂ K4a ARF proteins. The 

transcript originating from exon l a  translates into a protein with the first 74 amino 

acid residues of p i a n d  64 additional residues read in the +1 frame. The 

resultant protein is 138 amino acids long and has been designated Leiden a-pl6/X. 

The transcript originating from exon Ip translates into a protein with the first 88 

amino acid residues of ARF fused to the last 76 amino acid residues of p i6“̂ ’̂'̂ “. The 

resultant protein is 164 amino acid residues long and has been designated Leiden p- 

ARF/pl6.

Margarida Ruas and Janice Rowe in the laboratory have confirmed through 

a series of in vitro and in vivo experiments that neither the Leiden a  nor Leiden p 

proteins interact with CDK4 and CDK6. Leiden cells are therefore considered to be 

functionally null for pl6^"^\

Leiden fibroblasts expressing the ecotropic receptor (Leiden-ER) and 

infected with B6 retrovirus (Leiden/B6 cells) were obtained from Janice Rowe. 

Lysates were prepared from young Leiden cells (PD 28) and Leiden E6 cells (PD 

44) and immunoprecipitated with antibodies against cyclin Dl or CDK4 and the 

relative amounts of cyclin Dl and CDK4 in the precipitates were analysed by
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Figure 4.14. Consequences of the Leiden deletion in the INK4a locus

The location of the 19 base pair deletion in exon 2 of the INK4a locus found in 
members of a Dutch familial melanoma kindred is shown in the figure ( I \ ). 
Sequences corresponding to p i6̂ "̂̂  ̂are represented in blue ( ), sequences
corresponding to ARF are represented in yellow ( I I ) and the +1 frame shift 
peptide represented in orange (\ I ). See text for details.



immunoblotting. CDK4 was readily detectable in the cyclin D l 

immunoprecipitates, and vice versa, in both the Leiden and Leiden/E6 cells (Figure 

4.15.A). p21^^^ expression was severely compromised in Leiden/E6 cells but 

readily detectable in Leiden cells (Figure 4.15.B). Our interpretation of these data is 

that in Leiden cells, where pl6^* '̂ ‘̂‘ is absent and p21^^  ̂present, cyclin D1-CDK4 

complexes persist because p21̂ ^̂  ̂ acts as an assembly factor for the complex. 

However, with the substantially reduced levels of p2l‘̂ ‘̂*‘ in Leiden/E6 cells, the 

cyclin D1-CDK4 complexes are still able to persist because there is no plb̂ ^̂ "*® 

present to disrupt the complex. This latter result suggests that p21^^  ̂ is not essential 

for cyclin D1-CDK4 complex assembly. While it is conceivable that other members 

of the CIP/KIP family perform this function, p27^^’’̂ levels appear very low in 

primary HDFs and the protein is essentially undetectable in gel filtration fractions.

In this Chapter, we set out to examine the status of cyclin D-CDK 

complexes at M l. At the start of this work, the expectation was that the 

accumulation of pl6°̂ "̂̂  ̂ would disrupt cyclin D-CDK4 complexes, but this 

evidently is not the case (Maria Starborg personal communication). However, 

cyclin D-CDK6 complexes are disrupted, but the latter complex is present at very 

low levels in HDFs and it is not clear whether CDK6 is important for fibroblast 

proliferation (Margarida Ruas personal communication). Furthermore, it was 

difficult to detect any p21 °̂*‘ in cyclin D-CDK6 complexes, but presumably it is 

present.

HPV E6 and E7 were used to target p53 and pRb and modulate the levels of 

pl6iNK4a p21^^\ An unexpected finding was the increase in plb^^'^" expression 

in TIG/E6 cells, but other results were more predictable, such as a reduction in 

p21^“** levels in cells expressing E6, and the activation of plb^’̂ '̂̂ * and p21̂ ^̂ * 

expression in cells expressing E7. The effects of E6 and E7 on the cyclin-CDK 

complexes correlated with the changes in expression of plb^ '̂^* and p21^“*̂
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Figure 4.15. Cyclin D1-CDK4 interactions in Leiden and Leiden/E6 
fibroblasts.

A) Lysates of Leiden (PD 28) and Leiden-ER fibroblasts infected with 
pBabcpuro viruses encoding E6 (PD 44) were prepared in NP40 lysis buffer and 
samples (300 pg) of protein were immunoprecipitated with antibodies to cyclin 
Dl (287.3) or CDK4 (sc-601). Immunoprecipitated proteins were analysed by 
SDS-PAGE in a 12% acrylamide gel and immunoblotted with antibodies to 
cyclin Dl (MS-210-P) and CDK4 (MS-469-PO). Samples (30 pg) of total lysate 
were analysed directly (Lysate). B) Samples (30 pg) of protein were separated 
by SDS-PAGE in a 12% acrylamide gel and immunoblotted with an antibody 
against p21^^^ (sc-397).



TIG/E6 cells had an extended lifespan, implying a model where plô"̂ *̂ "̂ ® 

eventually accumulates enough to inhibit G1 progression in the absence of 

This was tested, by analysing cyclin D-CDK4 complexes with lifespan and by 

examining cyclin D-CDK4 complexes in the absence of pi
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Chapter 5

Functional evaluation of the melanoma associated R24P variant of
p l 6 l N K 4 a

The results in Chapter 4 revealed a distinction between CDK4 and CDK6 

complexes in HDFs, with the latter complexes being more sensitive to plb”̂ "̂̂*" and 

disrupted at senescence. There is evidence that INK4 proteins bind preferentially to 

CDK6 (Guan et al., 1994; Guan et al., 1996; Palmero et al., 1997; Parry et al., 

1999; Quelle et al., 1995a), and the size distribution of CDK4 and CDK6 

complexes within mammalian cells is quite different (McConnell et al., 1999; Parry 

et al., 1999). Taken together, these results may point to functional differences 

between CDK4 and CDK6.

5.1. R24P variant of inhibits proliferation of immortal cell lines

Previous work in this laboratory had shown that a particular variant of 

pl6iNK4a associated with familial melanoma, R24P, is defective in its ability to bind 

CDK4, whilst retaining the ability to bind to CDK6 in vitro (Harland et al., 1997). 

Experiments conducted with this variant in TIG ER fibroblasts confirmed that it 

associated exclusively with CDK6 (Margarida Ruas personal communication). 

Surprisingly, introduction of the R24P variant into TIG ER fibroblasts had no effect 

on the proliferation of the cells, whereas wild type p i6° '̂*'' caused the cells to arrest. 

This result would be consistent with a critical role for CDK4 in G1 progression in 

HDFs. However, as fibroblasts generally contain more CDK4 than CDK6 (Figure

4.1.), it was necessary to confirm that the R24P variant of p i i s  capable of 

inhibiting CDK6 function, rather than being a typical mutant of p i T o  test 

this, it was necessary to determine whether the R24P variant had an effect on the 

proliferation of other cell types, R24P and the appropriate controls were introduced 

into immortal cell lines (lacking endogenous plb'̂ "̂̂ **) by retroviral delivery
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(Margarida Ruas personal communication). However, no cells arrested after the 

introduction of p i o r  the variant. This implied that the levels of 

achieved by retroviral delivery were not sufficient to arrest immortal cell lines. To 

achieve a higher level of protein expression, a different method was used to 

introduce the variant into immortal cell lines. A pcDNA3 vector containing R24P 

was transfected into U20S and MCF7 cells. Similar constructs containing 

and A20P, a non-functional mutant of (Ruas et a l, 1999), were used as

controls. Transfected cells were selected in 500 jxg/ml geneticin and the number of 

colonies obtained were counted after three weeks (Figure 5.1.). The cell lines used 

in this assay have functional pRb and p53 but lack endogenous plb̂ *̂ "̂ ®, and have 

readily detectable CDK4 and CDK6.

R24P significantly impaired colony formation of both U20S and MCF7 

cells, resulting in >3-fold fewer colonies as compared to cells transfected with 

vector alone (Figure 5.1.). Cells transfected with pl6^* '̂‘“ formed ^6-fold fewer 

colonies and as expected, cells transfected with the defective plb”̂ ’̂'̂® variant A20P 

behaved in a similar manner to cells transfected with the vector only control (Figure

5.1.). These results confirmed that R24P has a significant impact on cellular 

proliferation when introduced into immortal cell lines but was less effective than 

wild type as a cell cycle inhibitor.
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Figure 5.1. R24P variant of arrests U20S and MCF7 cells.

U20S and MCF7 cells at 50% confluence were transfected with pcDNA3 
plasmid DNA containing either empty vector, p i o r  pi6^K4a variants 
R24P or A20P, (2.5 pg DNA per 50 mm dish). Cells were maintained in 5(X) 
pg/ml geneticin for 3 weeks and colonies above 1 mm in diameter were counted. 
Data represent an average of 3 independent transfections.



5.2. U20S cell line engineered for inducible expression of the variant

R24P

The different sensitivity of tumour cell lines and HDFs to growth arrest by 

the R24P variant suggested that CDK6 must play a more significant role in the 

proliferation of U20S and MCF7 cells. To fully validate the properties of the R24P 

variant, the ideal situation would be to identify a cell line whose proliferation is 

dependent on CDK6. While previous work in the laboratory identified cells that 

lack detectable CDK6 (Bates et al, 1994), we are not aware of any that lack CDK4. 

Preliminary attempts to analyse fibroblasts from CDK4 null mice proved 

impracticable (Rane et aL, 1999). It was therefore decided to generate clones of 

U20S cells in which R24P expression could be experimentally regulated. This was a 

particularly useful approach as it allowed a direct comparison with the cell cycle 

arrest induced by wild type using EHl cells (McConnell et a l, 1999).

Janice Rowe inserted the R24P cDNA into the LAC SWITCH^*  ̂ vector system 

(Stratagene) and transfected U20S cells along with a second plasmid containing the 

IPTG sensitive Lac repressor under the control of a constitutive promoter. After 

three weeks in selective media, resistant colonies were recovered and thirty clonal 

cell lines were established. Initially ten clones were tested for inducible expression 

by addition of 1 mM IPTG to the medium for 24 hours, followed by 

immunoblotting samples (25 |ig) of total cell lysate (Figure 5.2.). Eight out of ten 

clones tested expressed R24P upon addition of IPTG. The levels of inducible 

expression varied significantly between the clones and all clones exhibited a basal 

level of R24P in the absence of IPTG, reflecting leakiness in the system. The basal 

level of R24P did not prevent the cells from cycling, so that clones emerged which 

did not have tight regulatable expression.

Three clones expressing high (R24P1), medium (R24P2) and low (R24P6) 

levels of the R24P variant, were chosen for further study. After placing these clones 

in 1 mM IPTG for 24 hours, the cell cycle profiles were assessed by propidium 

iodide staining and FACS analysis (Figure 5.3.). After the addition of IPTG all 

three clones expressing R24P arrested in the G1 phase of the cell cycle, with a
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Figure 5.2. Inducible expression of the R24P variant of in different
cell clones.

U20S cells were transfected with the R24P variant of in an IPTG-
inducible vector, pOPSRV, containing a neo^ marker, and a second plasmid, 
p3’SS, containing the Lac repressor and a hygro^ marker. Transfectants were 
selected by incubating cells in 300 pg/ml geneticin and 150 pg/ml hygromycin. 
Single cell clones (70% confluent 90 mm dishes) were incubated for 24 h in the 
presence (+) or absence (-) of 1 mM IPTG. Total cell lysates were prepared in 
sample buffer. Samples (25 pg) of protein were separated by SDS-PAGE in a 
12% acrylamide gel and immunoblotted with an antibody to p i ( D C S 50.2).
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Figure 5.3. G1 arrest after induced expression of the R24P variant of 
pl6*NK4a^

Three cell lines expressing IPTG-regulated R24P variant of p i ( R 2 4 P 1 ,  
R24P2 and R24P6) and the equivalent EHl cell line expressing wild type 
pl6iNK4a incubated in the presence (+) and absence (-) of 1 mM IPTG for 
24 h. Cells were harvested, stained with propidium iodide and analysed by flow 
cytometry. Ml, M2 and M3 represent the Gl, S and G2/M phases of the cell 
cycle respectively.



reduction in the proportion of cells in the S and G2/M phases. The arrest was most 

striking in the high (R24P1) and medium (R24P2) expressers and was similar to the 

effects of wild type in EHl cells.

To compare the behaviour of R24P and wild type plb^^’̂ '̂  ̂ in this in vivo 

setting lysates were prepared from R24P2 cells and EHl cells grown in the presence 

and absence of IPTG for 48 hours. Lysates were immunoprecipitated with 

antibodies against pl6^ '̂ '̂‘“, CDK6 and CDK4 and the co-precipitating proteins 

analysed by western blotting (Figure 5.4.A), plb"̂ "̂*® immunoprecipitates revealed 

that wild type p i i n t e r a c t e d  with both CDK4 and CDK6 but the R24P variant 

only interacted with CDK6 (Figure 5.4.A). Although the amount of CDK6 in the 

pl6iNK4a immunoprecipitates from the uninduced cells was substantially less than 

that in the induced cells, a significant amount of CDK6 was precipitated with the 

pl6iNK4a antiserum irrespective of IPTG addition. This could in part reflect leakiness 

of the regulatable system but an alternative explanation is that the p i 

polyclonal antiserum used for the immunoprécipitations cross-reacts with pi 

A number of studies have suggested that the other members of the ENK4 family, 

including plS^’̂'̂*’, interact more avidly with CDK6 than CDK4 (Guan et ai, 1994; 

Guan et a l, 1996; Palmero et al., 1997; Parry et a l, 1999; Quelle et al., 1995a). 

Despite these complications. Figure 5.4.B and C show that while wild type plb̂ ^̂ '̂ '* 

was co-precipitated with antibodies to both CDK4 and CDK6, the R24P variant was 

only found in CDK6 complexes. Figure 5.4.D confirmed the induction of plb^^’̂ '̂  ̂

and R24P after the addition of IPTG, since the basal level of either pl6^^"*  ̂or R24P 

is very low in the absence of IPTG, it suggests that leakiness of the regulatable 

system is not the likely explanation for the presence of CDK6 in the pi 

immunoprecipitates from the uninduced cells. Note that the so-called wild type 

pl6iNK4a in EHl cells is smaller than the variant R24P (Figure 5.4.B, C and D). The 

originally published sequence of p i l a c k e d  eight residues at the amino 

terminus (Serrano et al., 1993), and it was this cDNA that was used to generate the 

EHl clone. Subsequent work in this laboratory and others demonstrated that this 

shorter form of is fully functional, but the cDNA used for site directed

mutagenesis to generate the R24P mutation was full length.
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Figure 5.4. Interaction of the R24P variant of with CDK4 and
CDK6.

R24P2 and EHl cells were incubated for 48 h in the presence (+) or absence (-) 
of 1 mM IPTG. Lysates were prepared in NP40 lysis buffer and samples (300 
pg) of protein were immunoprecipitated with antibodies against A) plb̂ *̂ '*̂  
(DPAR12), B) CDK6 (sc-177), or C) CDK4 (sc-601). Proteins were separated 
by SDS-PAGE in a 12% acrylamide gel and immunoblotted with antibodies 
against A) CDK4 (sc-601) and CDK6 ( sc-177), B) and C) pl6 (DCS50.2). D) 
pl6iNK4a expression, after the addition of IPTG, was compared between R24P2 
and EHl cells. Samples (30 pg) of protein were separated and immunoblotted as 
above.



5.3. pl6 variant R24P disrupts cyclin D1-CDK6 complexes in U20S cells

It was curious that immortal cells expressing p i a n d  R24P arrested in a 

similar manner, despite the fact that R24P had no discernible effect on the 

proliferation of HDFs. A plausible explanation for the difference in proliferation 

after expression of R24P is that fibroblasts are more dependent on CDK4 than 

CDK6, while U20S cells are more dependent on CDK6 than CDK4. To explore this 

possibility, lysates were prepared from EHl cells and R24P2 cells 48 hours after the 

addition of IPTG and the association of CDK4 and CDK6 with cyclin D1 examined 

by immunoprécipitation and western blotting (Figure 5.5.). The association of 

cyclin D1 with CDK4 was unaltered after the induction of plô^ '̂^* or R24P. 

However, the association of CDK6 with cyclin D1 was severely reduced after the 

induction of either p i o r  R24P. The reduction in cyclin D1-CDK6 complexes 

correlated with the Gl arrest, and reduced number of cells in S and G2/M phases.

To fully validate the properties of the R24P variant of p i t h e  inhibition 

of CDK6 activity by the variant was assessed. In parallel with the preparation of 

cell lysates for immunoprécipitation (Figure 5.5.), lysates were prepared in Tween 

lysis buffer and assayed for CDK6 kinase activity by examining the 

phosphorylation of a specific residue, Ser 780, of the GST-pRb substrate (Figure 

5.6.). Ser 780 is regarded as a specific target for cyclin D-CDK complexes 

(Kitagawa et al., 1996). Cell lysates obtained after the induction of R24P showed a 

significant reduction in the phosphorylation of the Ser 780 residue of GST-pRb in 

comparison to uninduced cells, indicative of inhibition of CDK6 activity. 

Furthermore, induction of R24P resulted in a substantial proportion of the pRb with 

the faster mobility associated with hypophosphorylation (Figure 5.6.). The degree 

of inhibition by the R24P variant of plb̂ ^̂ '̂ ® was similar to that of wild type 

pl6iNK4a rpjjg kinase inhibition assay was only performed once due to time 

constraints, therefore it warrants repeating.
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Figure 5.5. R24P variant of disrupts cyclin D1-CDK6 interactions
in IPTG induced R24P2 cells.

R24P2 and EHl cells were incubated for 48 h in the presence (+) or absence (-) 
of 1 mM IPTG. NP40 lysates (300 pg) were immunoprecipitated with antisera to 
cyclin D1 (sc-718). After fractionation by SDS-PAGE, co-precipitating proteins 
were detected by immunoblotting with antisera against CDK6 (sc-177) and 
CDK4 (sc-601). Plates of cells were also harvested for propidium iodide 
staining and EACS analysis.
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Figure 5.6. R24P variant of inhibits the phosphorylation of pRb

R24P2 and EH 1 cells were incubated for 48 h in the presence (+) or absence (-) 
of 1 mM IPTG. Lysates were prepared in Tween lysis buffer and samples (1 mg) 
of protein were immunoprecipitated with an antibody against CDK6 (LBOl) or 
a control non-immune serum (IgG, sc-2027). Immunoprecipitated complexes 
were used to phosphorylate GST-pRb in the presence of 1 mM ATP. 
Phosphorylated products were analysed by SDS-PAGE in a 10% acrylamide gel 
and immunoblotted with an antibody specific for pRb phosphorylated at Ser 780 
(Stratech Scientific Ltd. 555).



The R24P variant of p i h a s  been validated as a true variant of pi 

specifically targeting CDK6 in vivo. It is curious that R24P2 cells arrest after the 

induction of R24P, since they contain an abundance of cyclin D1-CDK4 complexes. 

EHl cells have been shown to arrest, after the induction of p i b y  displacing 

p2 7 Kipi CDK4/6 complexes to CDK2 complexes (McConnell et al., 1998) and 

it would be interesting to test whether R24P behaves in the same manner. This 

could be examined by gel filtration analysis.

5.4. Cyclin Dl-CDK4-pl6 ternary complexes are not detectable in vivo

The mechanisms through which the INK4 family induce a cell cycle arrest 

are still a matter of debate. Most of the evidence favours the competitive binding 

model in which the direct association of INK4 proteins with CDK4 or CDK6 

prevents them from interacting with their regulatory D cyclins. As well as 

supporting in vitro data (Guan et al., 1996; Mahony et al., 1998), this mode of 

action has the logical appeal that in vivo, the relatively unstable D-type cyclins 

bound to CDK4/6 would be progressively replaced by the more stable INK4 

proteins (Mahony et al., 1998; Parry et al., 1995). This would explain why INK4 

proteins are rarely found in immune complexes with the D cyclins (Guan et al., 

1996; Hall et a l, 1995; Hirai et al, 1995; Parry et a l, 1995; Sandhu et al, 1997). 

However, the opposing model holds that in some circumstances it is possible to find 

ternary complexes of INK4 proteins, D cyclins and CDKs. The strongest evidence 

is that recombinant INK4 proteins are capable of inhibiting the kinase activity of 

cyclin D-CDK complexes assembled by using baculovirus systems without 

quantitatively disrupting these complexes (Hirai et al., 1995; Reynisdôttir and 

Massagué, 1997). Similarly, in mammalian cells arrested by induced expression of 
pl̂ iNK4b Qj. pi9iNK4d̂  the INK4 proteins have been reported to co-precipitate with D 

cyclins and to invoke a cell cycle arrest without displacing CDK4/6 from the cyclin 

D complexes (Adachi et al., 1997a; Reynisdôttir and Massagué, 1997).

Because of the conflicting views, outlined above, and the importance of 

pjgiNK4a ^ senescence regulator and tumour suppressor, the possibility of ternary
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complex formation was carefully investigated using the EHl cell line. Upon 

expression of pl6°^*‘'̂ “ by the addition of IPTG, EHl cells arrest in the Gj phase of 

the cell cycle with pRb in its hypophosphorylated state coincident with the 

inhibition of CDK4 associated kinase activity and increased association of 

with CDK2 (McConnell et al., 1999).

Although these findings were relatively clear, a residual question remained, 

namely that during the establishment of a new steady state there might have been a 

transient association between pi6̂ NK4a and CDK4. To explore this

possibility, lysates were prepared from EHl cells at various times after the addition 

of IPTG and the association of CDK4 with either cyclin D1 or p i6^"^“ examined by 

immunoprécipitation and western blotting (Figure 5.7.). In parallel with the 

preparation of cell lysates, samples were prepared for FACS analysis (data not 

shown). As expected, EHl cells treated with 1 mM IPTG arrested in the Gl phase 

of the cell cycle. The effects were apparent within 24 h and maximal by 48 h, at 

which time 85% of the cells had accumulated with a GO/Gl DNA content (data not 

shown).
Upon addition of IPTG, the steady-state levels of pi6^K4a increased over the 

first 4 to 8 h and then remained relatively constant (Figure 5.7.). As previously 

noted, EHl cells showed a low basal level of p i e x p r e s s i o n  in the absence of 

IPTG, reflecting a degree of leakiness in the system. However, the levels were 

comparable to the low amounts of p i e x p r e s s e d  in early-passage HDFs and 

had no discernible effect on the growth of the cells, with uninduced cells displaying 

a normal asynchronous cell cycle profile (Figure 5.3.). The increase in p i w a s  

paralleled by an increase in the association of CDK4 with plb^̂ '̂^̂  (Figure 5.7., 

CDK4 and plb®̂ '̂ ® immunoprecipitates), and a decrease in the association of cyclin 

D1 with CDK4, (Figure 5.7., cyclin D1 and CDK4 immunoprecipitates). However, 

at no time was cyclin D1 detected in association with plb*̂ *̂ "̂ ® as assayed by 

immunoprécipitation through cyclin D1 or pl6'^'^\
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Figure 5.7. Association of CDK4 and at different times after
pj6iNK4a induction.

EH I cells were harvested at 0,4, 8 and 24 h after addition of IPTG and samples 
(300 pg) of each lysate (in NP40 buffer) were immunoprecipitated with antisera 
to CDK4 (sc-601), (DPAR12) and cyclin DI (287.3) (The cyclin D1
immunoprecipitate of the 24 h time point was unfortunately lost.). After 
fractionation by SDS-PAGE, coprecipitating proteins were detected by 
immunoblotting with antisera against cyclin DI (287.3) CDK4 (sc-601) and
p I6 lN K 4 a  ( J C 8 ) .



A similar situation prevailed when metabolic labelling was used to examine 

the fate of newly synthesised components. In this experiment, cells were treated 

with IPTG for different times and pulse-labelled with methionine-cysteine for 

2 h prior to harvesting. The synthesis of plô̂ ^̂ "̂  ̂increased to maximum levels by 8 

h, whereas the synthesis of CDK4 remained constant throughout the time course 

(Figure 5.8.). Immunoprécipitation of pl6^^"*" revealed an increased association of 

pĵ iNK4a synthesised CDK4, conversely, there was an increase in the

amount of labelled p i e n t e r i n g  complexes with CDK4. Since a relatively small 

proportion of the total CDK4 in the cell is likely to be in a complex with cyclin DI, 

the signal for co-precipitating cyclin DI was relatively faint in this experiment. 

Nevertheless, there was a significant decrease in the amount of cyclin DI 

coprecipitating with CDK4 at 24 h compared to the earlier time points. No labelled 

cyclin DI was detected in the plb®̂*̂ "̂® immunoprecipitates (Figure 5.8.).

These results strongly favour the competitive binding model, where the 

direct association of with CDK4 prevents the latter protein interacting with

cyclin DI, and effectively preclude the formation of ternary cyclin DI, CDK4, 
pl6iNK4a complexes in vivo.
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Figure 5.8. Association of CDK4, but not cyclin DI, with pl6 at 
different times after induction of

EHl cells were treated with 1 mM IPTG for 0, 4, 8 and 24 h, and metabolically 
labelled with [^%] methionine-cysteine for 2 h prior to harvesting. Cell lysates 
were prepared in NP40 lysis buffer and, samples (300 pg) were 
immunoprecipitated with antisera against CDK4 (sc-601) (left) or p i6̂ "̂̂  ̂
(DPAR12) (right). The labelled proteins were fractionated by SDS-PAGE and 
detected by autoradiography. The positions of cyclin DI, CDK4 and plbD̂ "̂̂  ̂
are indicated on the right.



Chapter 6 

Discussion

Two of the central characters in this thesis, pi6"̂ K4a were first

identified in studies that compared cycIin-CDK interactions in normal and SV40 

"transformed" cells (Xiong et al, 1993). Specifically, pl6̂ *̂ "̂ “ was seen to be highly 

expressed in VA 13 cells, which are immortalised derivatives of WI38 fibroblasts, 

and the cyclin-CDK complexes were described as undergoing subunit 

rearrangements. In 1994, Bates et al. reported the absence of cyclin D-CDK4 

complexes in cells lacking functional pRb (Bates et al., 1994). The following year. 

Parry et al. demonstrated that the lack of cyclin D-CDK complexes in pRb negative 

cells correlated with high levels of plb̂ *̂ "̂ * (Parry et al., 1995). pl6^^’̂ '‘‘‘ has the 

ability to disrupt cyclin D1-CDK4 complexes by sequestering the available CDK4. 

However, we now appreciate that virtually all pRb-negative cells are also p53- 

negative. At the inception of this work, two reports had described the dramatic 

increase in plb̂ ^̂ '** levels as cells enter Ml senescence and their proliferative 

potential declines (Alcorta et al., 1996; Kara et al., 1996). Given the ability of 

pl6iNK4a arrest cells in Gl, this made it an attractive candidate for the executor of 

the senescent arrest. It was postulated that the high levels of in senescent

cells would inhibit CDK4 and CDK6 kinase activity by disrupting all the cyclin D- 

CDK complexes, concomitant with a Gl arrest. However, on examination of cyclin 

D-CDK interactions in senescent cells Maria Starborg in the laboratory found that 

the complexes persisted despite elevated levels of plb^ '̂^ .̂

The work described in this thesis investigates the different contributions 

pl6iNK4a p21^“** make to senescence by examining the composition of cyclin- 

CDK complexes in senescent HDFs, as well as in cells whose lifespan has been 

extended by DNA tumour virus oncoproteins. The latter proteins, such as SV40 T- 

antigen or the E6 and E7 proteins of HPV-16, interfere with the functions of p53 

and pRb. Abrogating pRb renders the cells insensitive to plb̂ "̂̂ "* and increases the
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expression of due to the removal of the feedback loop through which pRb

represses whereas abrogating p53 diminishes the expression of p21^^^\

Because senescence is a potent tumour suppressor mechanism, a better 

understanding of this process may have therapeutic implications for the control of 

unrestrained cell proliferation.

To examine cyclin-CDK complexes in senescent HDFs, it was decided to 

utilise gel filtration chromatography which separates molecules and protein 

complexes on the basis of their size. However, gel filtration requires a substantial 

amount of cellular lysate, equivalent to approximately 3 mg of protein per column 

run. Due to the time taken for HDFs to reach senescence and the quantity of protein 

required, the conditions for gel filtration were first determined using a strain of 

HDFs, SVts8, conditionally immortalised with a temperature sensitive form of T- 

Ag (Chapter 3).

SVts8 cells were derived from TIG3 fibroblasts and grow as an immortal 

line at the permissive temperature. When shifted to the non-permissive temperature, 

they undergo a cell cycle arrest and adopt phenotypic characteristics typical of cells 

at M l (Figure 3.1.; Fujii et a/., 1999; Hara et al., 1996; Tsuyama et al., 1991). The 

advantage of using S Vts8 cells against normal HDFs was their fast proliferation rate 

and the speed with which they could be induced to arrest. SVts8 cells undergo at 

least two PDs in 24 hours as opposed to TIG3 fibroblasts which require 

approximately 72 hours to divide twice. It has previously been confirmed that T-Ag 

is disabled within 6 hours following the temperature shift and after one or two PDs, 

the cells arrest permanently with a senescent-like phenotype (Fujii et al., 1999; 

Hara et al., 1996; Tsuyama et al., 1991).

6.1. Reversible senescence and the telomere hypothesis

It seems likely that the original SVts8 clone bypassed Ml because of T-Ag 

inactivating p53 and pRb, and subsequently escaped M2 through the activation of 

endogenous telomerase. Recent studies have confirmed that ectopic expression of 

hTERT will enable HDFs to evade both senescence and crisis (Bodnar et al., 1998;
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Vaziri et al., 1998; Zhu et a l, 1999). However, when shifted to the non-permissive 

temperature, the SVtsB cells underwent a senescence like arrest but continued to 

have readily detectable telomerase activity, implying that telomerase activity per se 

is not sufficient to prevent Ml.

The most likely explanation would be that activation of endogenous 

telomerase, while sufficient to avoid M2, had not restored the length of the critically 

short telomere that originally triggered Ml. This would agree with reports that upon 

shifting to the non-permissive temperature restoration of p53 and pRb function 

would reinstate the Ml arrest mechanism. The shortened telomere(s), presumably 

registers as DNA damage, triggering p53 mediated induction of p21^°"\

Such ideas are difficult to test since measurements of mean telomere length 

would not identify which of the many telomeres might be responsible for prompting 

the arrest. One possibility would be to measure the lengths of individual telomeres 

by quantitative fluorescence in situ hybridisation but this technique is not yet 

available to us (Landsdorp et al., 1996). However, it is also conceivable that SVtsS 

cells carry some form of DNA damage that is independent of telomeres.

It was recently reported that HDFs immortalised by hTERT undergo 

transformation when challenged with a combination of Ras and SV40 T-Ag (Hahn 

et al., 1999). Since SVtsS cells grown at the permissive temperature already have 

telomerase activity and T-Ag it was of interest to determine whether they were 

susceptible to Ras transformation. At the permissive temperature, SVtsS cells 

infected with a retrovirus encoding oncogenic Ras acquired the ability to grow in 

soft agar but this ability was significantly impaired at the non-permissive 

temperature. Approximately 25% of the SVtsS cells expressing Ras at 3S.5°C 

formed colonies in soft agar, but these were considerably smaller than their 

counterparts at 34°C. This can be explained by the fact that the Ras expressing cells 

had to be selected at 34°C, to maintain proliferation, before seeding in agar and 

shifting to the non-permissive temperature. It is likely the combined effect of Ras 

and T-Ag provided the cells with an initial growth advantage after temperature shift 

but this advantage was lost once T-Ag was disabled, resulting in a few PDs before 

growth ceased.
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Although primary rodent cells are efficiently transformed by the 

coexpression of cooperating oncogenes (Land et a l, 1983; Ruley, 1983), similar 

experiments with human cells were largely unsuccessful (O'Brien et a l, 1986; 

Sager, 1991; Stevenson and Volsky, 1986), presumably reflecting differences in 

telomere biology in mouse and human cells. Somatic mouse cells express 

telomerase activity and have much longer telomeres compared to their normal 

human counterparts (Kim et a l, 1994; Kipling et a l, 1997; Shay and Bacchetti, 

1997b; Starling et a l, 1990). Mouse cells undergo a senescent like growth arrest 

confusingly referred to as "crisis", which is accompanied by a marked accumulation 

of plb̂ *̂ "̂ * (Palmero et a l, 1997; Zindy et a l, 1997). They also escape from the 

senescent arrest at relative high frequency, even if they are genetically null for 

telomerase activity (Blasco et a l, 1997). Along similar lines, human epithelial cells 

undergo a senescence-like arrest (MO) after only a few PDs, apparently due to the 

rapid accumulation of p i6̂ "̂̂ “ (Brenner et a l, 1998; Foster et a l, 1998; Huschtscha 

et a l, 1998; Jarrard et a l, 1999; Yeager et a l, 1998). Transcriptional silencing of 

p2̂ iNK4â  generally by promoter méthylation, enables rare cells to escape MO and 

proceed directly to an Ml like state that can be overcome by ectopic expression of 

hTERT (Kiyono et a l, 1998).

A plausible rationalisation of these data is therefore that transformation of 

HDFs required hTERT to bypass Ml and SV40 T-Ag to render cells insensitive to 

the Ras-mediated induction of pl6^^'^\ Recent results from the laboratory using the 

pl6iNK4a deficient Leiden cells support this explanation (Brookes et a l, submitted).

6.2. Cyclin-CDK-CKI dynamics in the bypass of M l

Expression of oncogenic Ras or its downstream effector Raf in primary 

fibroblasts leads to the up-regulation of p21^“** and pi6̂ NK4a Ẑ., 1998;

Serrano, 1997; Zhu et a l, 1998) and ectopic expression of these inhibitors will 

induce a senescence-like arrest in primary fibroblasts (McConnell et a l, 1998; Vogt 

et a l, 1998; Zhu et a l, 1998). It therefore seems likely that p21^“*̂ and p lb^ ’̂'̂® are 

involved in the implementation of Ml. If so, it is important to establish how their
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expression is linked to telomere shortening and how the senescent arrest is actually 

achieved. Since binds to CDK4 and CDK6, a plausible scenario would be

that these cyclin D-dependent kinases are inactivated at M l, leading to 

hypophosphorylation of pRb. However, the data in Chapter 3 imply that cyclin D- 

CDK complexes are essentially irrelevant in SVtsS cells. At the permissive 

temperature, the cyclin D-CDK complexes are undetectable since CDK4 and CDK6 

are sequestered in binary complexes by pl6°^^" \̂ In addition, cyclin DI is 

predominantly cytoplasmic at 34°C when p21^^' expression is very low, consistent 

with the idea that p21^°*' promotes the nuclear import of cyclin D1-CDK4 

complexes (LaBaer et a/., 1997). However, this is of little consequence to the cell 

because pRb is already inactivated by T-Ag and presumably has no need for cyclin 

D-associated kinase activity. Surprisingly, pRb undergoes some degree of 

phosphorylation under these conditions, manifest in its reduced mobility on SDS- 

PAGE, despite the widely held view that T-Ag binds preferentially to the 

hypophosphorylated form of pRb (Ludlow et al., 1989). These data imply either 

that binding of T-Ag to pRb does not preclude phosphorylation or that not all the 

pRb in the cell is bound by T-Ag.

Another surprise was the phosphorylation of Ser 780 at the permissive 

temperature despite the lack of detectable cyclin D-CDK complexes. It is not 

possible to definitively exclude residual levels of these complexes that escape 

detection, but the gel filtration and immunofluorescence data imply that they must 

represent a very small proportion of the total D-cyclin and CDK compliment of the 

cell. A similar situation was encountered by Cheng et al. in mouse fibroblasts that 

are nullizygous for both p21^^  ̂ and p27^”*‘ (Cheng et al., 1999). These cells lack 

detectable cyclin D-CDK complexes yet show evidence for phosphorylation of pRb 

on Ser 780 at a comparable efficiency to that seen in matching wild-type cells. If 

Ser 780 phosphorylation is wholly attributable to cyclin D-CDK4 activity 

(Kitagawa et al., 1996), then the clear implication is that only a small fraction of the 

cyclin D-CDK in a cell is ever active as a kinase and that the majority of the 

complexes detected by immunoprécipitation and immunoblotting are functionally 

irrelevant. An alternative explanation would be that Ser 780 is not an exclusive
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target for cyclin D-dependent kinases. An obvious candidate for the kinase that 

phosphorylates Ser 780 would be CDK2 since the phosphorylation of Ser 780 

declines when p21^“’* levels are restored and CDK2-associated kinase activity is 

inhibited. However, this also coincides with the reassembly of cyclin D-CDK4 

complexes at the non-permissive temperature and it remains an open question 

whether the latter complexes have any significant kinase activity. Measurements of 

cyclin D-dependent kinase activity continues to pose technical problems and in the 

present context it would not be enough to demonstrate small changes in activity 

relative to the inherent background. The issue is whether there is any cyclin D- 

dependent kinase activity at all. Preliminary attempts have been made to evaluate a 

kinase assay based on the use of phospho-specific antibodies to detect 

phosphorylation of a GST-pRb substrate.

The dissociation and reassembly of cyclin D-CDK complexes evidently 

reflects the different levels of p21^^^‘ in SVts8 cells at permissive and non- 

permissive temperatures. Indeed, p21^°’* and/or p 2 7 ^ ‘ appear to be essential for the 

formation of the 150-200 kDa complexes which have been shown to coincide with 

the peak of kinase activity in other studies (Kitagawa et a l, 1996; Mahony et al., 

1998; McConnell et al., 1999; Parry et al., 1999). Ectopic expression of p21̂ ^̂  ̂ or 

p27™'  ̂can re-establish these complexes even in the presence of excess p i a n d  

in this regard, the data described in Chapter 3 are consistent with the reassembly of 

cyclin D-CDK complexes in p21^ ’̂’Vp27’̂ ^’ nullizygous MEFs and the reported 

assembly functions of these proteins (Cheng et al., 1999; LaBaer et al., 1997; Parry 

et a l, 1999; Zhang et al, 1994). In analysing the effects of T-Ag on cyclin D-CDK 

complexes significant differences have been noted between mouse and human cells 

(Lukas et a l, 1995; Palmero et a l, 1997) which were previously attributed to 

differences in the regulation of pl6*’̂ ’̂'̂ “ expression. In view of the current findings 

presented in Chapter 3 and those of Cheng et al. (Cheng et a l, 1999), these 

apparent species differences may also reflect the extent to which p27™̂  ̂expression 

in MEFs will substitute for p21̂ ^̂  ̂ in maintaining the integrity of cyclin D-CDK 

complexes in the face of rising levels of plb̂ *̂ "̂ ®.
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6.3. CDK4 and CDK6 complexes contain different inhibitors in TIG3 

fibroblasts

As previously discussed, p i a n d  p21^“** remain the most likely 

executors of the senescent arrest in HDFs as reflected by their age related patterns 

of expression. p21^“** levels reach a peak as the cells approach senescence and then 

decline once the cells have arrested (Alcorta et al., 1996; Noda et al., 1994; Stein et 

al., 1999; Wong and Riabowol, 1996). pl6^^^% on the other hand, increases as the 

cells approach senescence and continues to increase once the cells have ceased 

dividing (Alcorta et al., 1996; Hara et al., 1996; Stein et a l, 1999; Wong and 

Riabowol, 1996). On this basis, Stein et al. have proposed that p21^”’* initiates 

whereas p lb ”̂*̂"̂® maintains the senescent arrest, and have further implied that 

pl6iNK4a resembles a differentiation marker of the senescent state rather than a direct 

cause (Stein et al., 1999). Chapter 4 described the analysis of cyclin-CDK 

complexes in early and late senescence, to see if the changes in plb̂ *̂ "*® and p21^^* 

expression were reflected by rearrangements in the cyclin-CDK complexes (Figure

4.2.). Early senescence was deemed to be two weeks since the last population 

doubling and late senescence six weeks.

Consistent with previously published results (Mahony et al., 1998; 

McConnell et al., 1998; Parry et al., 1999), CDK4 and CDK6 were found to have 

very different gel filtration profiles (Chapter 4). In the size range examined, CDK4 

participated in two major complexes of 150-200 kDa and 50 kDa. The majority of 

CDK6 in TIG3 cells was present in 50 kDa complexes, representing binary 

associations with plb̂ *̂ "̂ ® or other members of the INK4 family. In young TIG3 

cells a small proportion of CDK6 was found in the 150-200 kDa size range in 

association with cyclin DI. However, in late senescent cells, all the CDK6 was 

found in 50 kDa complexes, unlike CDK4 which still resided in the 150-200 kDa 

size range, despite the excess of free pl6^^^^\ In HDFs from embryonic sources, the 

level of plb̂ ^̂ "*® increases steadily as cells approach senescence, as does the 

association with CDK4 and CDK6. It seems likely that as cells near senescence, a 

high proportion of the newly synthesised CDK4 and CDK6 enters a binary complex
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with p i H o w e v e r ,  while p i a p p e a r s  able to prevent cyclin D1-CDK6 

interactions by sequestering all the available CDK6, a proportion of CDK4 still 

binds to cyclin DI concurrently with p21^^\ While this difference may in part 

reflect the fact that fibroblasts contain less CDK6 than CDK4 a number of studies 

have reported preferential binding of INK4 proteins to CDK6 (Guan et al., 1996; 

Hirai et a l, 1995; Palmero et a l, 1997; Parry et a l, 1999).

Surprisingly, p21^“**was not found in association with CDK6, despite the 

presence of cyclin D1-CDK6 complexes in the 150-200 kDa size range in the young 

cells and abundant cyclin D1-CDK6 complexes in the early senescent cells, as well 

as substantial amounts of p21^^\ It seems likely that some p21̂ ^̂  ̂ was indeed 

present in the CDK6 complexes but below the levels of detection with the 

antibodies currently available. The gel filtration profiles indicate some overlap in 

the size distributions of CDK6 and p21^^^\ Although p27̂ ^̂  ̂ can substitute for 

p21^^  ̂ as an assembly factor (Chapter 3 and LaBaer et a l, 1997), this protein was 

not detectable in TIG3 cells (J. Rowe and M. Ruas unpublished observations). 

Again, this may be due to inadequate sensitivity of the antibody. Cyclin D1-CDK4 

complexes were readily detectable in young and senescent cells, but the relative 

level of these complexes altered during senescence, reflecting the changing p21^^^ 

levels. The early senescent cells contained the greatest abundance of cyclin Dl- 

CDK4 complexes, consistent with p21^"’* levels being at their highest during early 

senescence (Cheng et a l, 1999; LaBaer et a l, 1997; Parry et a l, 1999; Zhang et a l,

1994).

Components of the 150-200 kDa complexes are not fully understood. Both 

p21̂ °** and p27̂ ^̂  ̂ elute in this size range in other cell types, such as CEM and 

U20S cells, but they participate in separate complexes (Mahony et a l, 1998; 

McConnell et a l, 1999; Parry et a l, 1999). The presence of the other CIP/KIP 

protein, p57^^, has not been explored. Two other possible components of the 150- 

200 kDa complexes based on the literature include PCNA and CDC37. PCNA is 

allegedly in quaternary complexes with cyclins, CDKs and p21^°*\ but the original 

findings (Xiong et a l, 1993) have not been widely confirmed. CDC37 acts as a 

chaperone for CDK4 and possibly CDK6, and as assembly factor for cyclin-CDK
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complexes in yeast cells (Dai et al, 1996; Gerber et a l, 1995; Stepanova et a l,

1996). However, gel filtration analysis shows that CDC37 is primarily in complexes 

of >450 kDa (Mahony et a l, 1998) which were not included in the analyses 

performed in this thesis.

6.4. Cyclin-CDK-CKI interactions in HDFs expressing HPV-16 E6 or E7

The data from SVtsS and senescent TIG3 cells revealed a paradoxical 

situation in which cyclin D-CDK complexes were absent from proliferating cells 

but present in non-proliferating Ml cells. Simplistically, it appears that while 

pl6iNK4a and p21̂ *̂*‘ collaborate in the implementation of M l, they exert opposing 

forces on the interactions between D-cyclins and CDK4/6: p21^“** holds them 

together whereas pl6°^’̂'̂ “ pulls them apart. To gain further insights into the balance 

between these forces, it was of interest to examine the integrity of the cyclin-CDK 

complexes in cells that had bypassed Ml but had not reached M2 or immortality. 

The plan was to use the HPV-16 E6 and E7 oncoproteins to selectively target p53 

and pRb respectively, with a view to selectively depleting the p21^^^ levels or 

increasing the pl6 ”̂ '‘“ levels (Chapter 4). Previous work in the laboratory had 

revealed the existence of a negative feedback loop through which pRb suppresses 

the expression of p i6”̂ '̂ '̂ “ (Hara et a l, 1996), and as already discussed, p21̂ ^̂ * 

expression is positively regulated by p53 (El-Deiry et a l, 1993; El-Deiry et a l,

1995). In the event, it became apparent that the effects of E6 and E7 were less 

specific than predicted (or intended). For example, E6 appeared to increase the 

expression of by mechanisms that remain unclear, and although not tested,

because of the poor sensitivity of available reagents, would presumably have 

resulted in de-repression of ARP (by causing the destruction of p53) and 

stabilisation of MDM2. The E7 protein would also be predicted to activate ARP, by 

binding pRb and releasing E2P (Bates et a l, 1998; DeGregori et a l, 1997; Dhnri et 

al, 2000). In this setting, ARP would stabilise p53 (Pomerantz et a l, 1998; Stott et 

a l, 1998; Zhang et a l, 1998) resulting in the upregulation of p21^^\ E7 has also 

been reported to interact directly with p21̂ **** but the consequences of this
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interaction in terms of the effect on function or expression remain unclear

(Jones etal.^ 1997).

As shown in Chapter 4, the levels of cyclin D-CDK complexes were 

severely diminished in cells expressing E6, compared to the control cells. However, 

a small proportion of CDK4 remained bound to cyclin D1 in E6-expressing cells, 

despite the lack of detectable p21^^\ It is possible that there was enough residual 

p2 icipi allow the assembly of cyclin D-CDK4 complexes, but at a level that 

precluded detection by the antibody used. Ml was delayed by 10 population 

doublings in cells expressing E6, but the eventual arrest was still characteristic of 

Ml senescence. p53 per se is therefore not essential for the execution of Ml. 

However, its absence leads to a delayed arrest suggesting that the cell has 

compensatory means to ensure the implementation of senescence. pl6^^"^  ̂

expression continued to increase during the extended lifespan period in these cells 

and this increase was eventually sufficient to disrupt all the remaining cyclin Dl- 

CDK4. These findings are consistent with a recent description of E6-expressing 

HDFs arresting at an intermediate stage between Ml and M2 (Bond et al., 1999).

The data in Chapter 3 showed that p21^°’‘ contributes to the senescent arrest 

in SVtsS cells by inhibiting CDK2 kinase activity, while the activity of cyclin D- 

CDK4 complexes remain open to question. It is interesting to consider, therefore, 

how the arrest is achieved in the cells expressing E6 when p21^^^ levels are low. 

For example, the arrest could occur earlier in G1 when CDK4 activity is paramount 

and before CDK2 activity is required. Inhibition of CDK4 kinase activity is 

presumably achieved through disruption of the cyclin Dl-CDK complexes by the 

elevated levels of plb*̂ '̂̂  ̂and this could potentially negate the activation of cyclin 

E-dependent CDK2 activity.

The greater abundance of cyclin D-CDK4 complexes in E7 expressing cells 

reflected the elevated expression of p21^*^\ However, the cyclin D1-CDK4 

complexes are superfluous in these cells as pRb is inactivated by E7. Intriguingly, 

the cyclin D-CDK4 complexes were approximately 50 kDa larger than their 

counterparts in the control cells, and possibly reflecting the presence of additional 

molecules of p21^^^ in each complex. During the course of this study, p21^^' was
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never detected as a monomer, even when levels were markedly elevated,

substantiating the hypothesis that multiple molecules of p21^”’* can participate in 

the same cyclin D-CDK complex (Blain et a l, 1997; LaBaer et a l, 1997; Zhang et 

a l, 1994).

It would be interesting to investigate the composition of the different cyclin 

D-CDK complexes observed in this study, for example by using immobilised 

antibodies to purify complexes from different size fractions and perhaps exploiting 

mass spectrometry to determine the size and stoichiometry of the components.

6.5. Cyclin D1-CDK4 complexes persist in the absence of and p21^"’*

The availability of Leiden HDFs made it possible to examine the integrity of 

cyclin D-CDK complexes in the absence of functional p i A s  expected, Leiden 

cells contained readily detectable cyclin D1-CDK4 complexes (Chapter 4), because 

p2l^^* was available to function as an assembly factor (Figure 4.15). It was 

anticipated that there would be a reduction in the cyclin D1-CDK4 complexes in 

Leiden cells expressing E6 due to the reduced expression of p21^*\ However, the 

levels of these complexes were undiminished in the Leiden cells expressing E6, 

suggesting that p21^°’* is not an absolute requirement for the assembly of cyclin Dl- 

complexes. The involvement of p2 7 ^ ' or p57^^ in assembly of these complexes 

cannot be excluded. However, p27̂ ^̂  ̂ was undetectable in Leiden cells with the 

antibodies currently available (Janice Rowe personal communication). It is 

important to recognise that subunit rearrangement is not simply dependent on the 

relative levels of CIP/KIP proteins since it does not occur in these plô^^'^^-deficient 

cells (Chapter 4 and unpublished results of Janice Rowe and this study) nor in cells 

in which plb”̂ "*® has been silenced by méthylation (Parry et a l  1995).

Interestingly, Leiden cells undergo senescence despite the lack of pi 

(Sharon Brookes and Janice Rowe personal conununication), suggesting that 

pl6iNK4a stj-ictly essential for maintaining or imposing the senescent arrest. 

Presumably, p21^^  ̂ compensates for the absence of p i i n  contrast to the
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situation in TIG3 cells expressing E6, where pi6^^4a compensated for the lack of 

detectable p21^^\

6.6. pl6 exists in binary complexes or as a monomer

In contrast to p21^^% which always participated in complexes greater than 

150 kDa plô"̂ "̂̂  ̂was only detected in binary complexes with CDK4 and CDK6 or 

as monomer, plb”̂ '̂ '* has previously been thought to function either by diverting 

CDK4 from active complexes, as predicted by the competitive binding model, or by 

inhibiting pre-existing cyclin D-CDK complexes by forming higher order 

complexes. In this respect, the gel filtration results effectively preclude the latter 

model since the majority of was found in fractions in the 50 and 20 kDa

size ranges. Selective immunoprécipitations and immunoblotting confirmed that 

these peaks correspond to CDK-bound and free pl6^^"^\ respectively, and attempts 

to find cyclin D1 and plb”̂ *̂"̂® in the same fractions were consistently negative.

There was no evidence for coprecipitation of cyclin D1 and p i d u r i n g  a 

time course of plô̂ *̂ '̂ ® induction (Chapter 5). On the contrary, the interactions of 

newly synthesised components observed at various time points would be entirely 

consistent with a competitive binding model in which the unstable cyclin is 

gradually replaced by the more stable inhibitor.

High levels of plb̂ *̂ "̂ * do, however, affect the composition of cyclin D- 

CDK complexes (Adachi et al.y 1997b; McConnell et al .,  1999; Sandhu et al.y

1997). There were less cyclin D1-CDK4 interactions in SVtsS cells at 34°C and 

TIG/E6 cells, when p i l e v e l s  were elevated and p21^“** levels were low. The 

majority of CDK4 was present in 50 kDa complexes instead of 150-200 kDa 

complexes consistent with CDK4 forming binary plb ’̂ *̂"*® interactions instead of 

interactions with cyclin Dl. The majority of cyclin D1 remained in 150-200 kDa 

complexes, regardless of the level of plô”̂ "*** expression. However, in SVtsS cells at 

3S.5°C when plb̂ *̂ "̂ ® levels were still high and p21^“*̂ levels were restored, there 

was significantly more CDK2 present in the latter complexes. Cyclin Dl interacts 

with CDK2 in some cell types (Bates et al.y 1994a; Xiong et al.y 1992), and this
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association is increased in senescent fibroblasts (Dulic et a l, 1993). However, it is 

predominantly the unphosphorylated, inactive form of CDK2 that coprecipitates 

with cyclin Dl. It has been formally demonstrated that cyclin D1-CDK2 complexes 

are inactive as kinases and insensitive to activation by cyclin H-CDK7 (Higashi et 

al., 1996). Cyclin D1-CDK2 complexes were always found in association with

6.7. Melanoma associated variant that distinguishes CDK4 from

CDK6

The pl6°^’̂ '‘“ tumour suppressor specifically binds to and inhibits CDK4 and 

CDK6. Where tested, most missense mutations in pi6^K4a effect binding to both 

CDK4 and CDK6, being either co-ordinately lost or retained (Parry and Peters, 

1996; Ruas et al., 1999). However, in the course of functional analyses of germline 

pjgiNK4a mutations associated with familial melanoma (Harland et al., 1997) a 

variant R24P was observed, that is specifically defective in its ability to interact 

with CDK4 (M. Ruas unpublished observations). The effects of this variant were 

analysed by Margarida Ruas by using recombinant retroviruses to express R24P in 

HDFs. Her data suggested that inhibition of CDK6 alone was not sufficient to block 

the proliferation of HDFs since the cells were unaffected by R24P under conditions 

in which wild type plb^ '̂^^ causes a senescence-like arrest. The results were open to 

different interpretations: either CDK6 has no significant role in the proliferation of 

fibroblasts because of the predominance of CDK4 or the R24P variant is completely 

defective and the in vitro binding to CDK6 spurious. Resolution of this question 

required cells whose proliferation depended on CDK6.

Fibroblasts were obtained from CDK4-null mice (Rane et al., 1999) and 

passaged until they had bypassed crisis. An attempt was made to inhibit the 

proliferation of these spontaneously immortalised CDK4 null fibroblasts by 

infecting them with retroviruses encoding R24P. However, neither R24P nor wild 

type pl6̂ '̂ "̂‘“ had any effect on proliferation, suggesting the levels of p l6^ ’̂'̂ ‘‘ 

achieved by retroviral delivery were not sufficient to arrest these cells. Transfection
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of the CDK4 knockout fibroblasts with pcDNA3-based vectors encoding R24P and 

pĵ iNK4a had no effect on the proliferation of the cells. Although these negative 

results are curious, similar results were encountered by Margarida Ruas using a 

panel of p i v a r i a n t s  and in earlier experiments to demonstrate the pRb- 

dependence of the pl6°^ '̂ ‘̂‘-mediated arrest (Lukas et al, 1995; Koh et a l, 1995; 

and personal communication from E. Harlow). When mouse cells spontaneously 

immortalise, it is usually due to a mutation in p53. The status of p53 was therefore 

examined by UV treatment of the CDK4-null MEFs (data not shown). The DNA 

damage response was intact, confirming that p53 was still functional.

R24P does however have an effect on the proliferation of certain tumour cell 

lines, such as U20S and MCF7 cells, which are functionally negative for pl6̂ *̂̂ '‘“ 

(Chapter 5). CDK4 is generally considered to be more abundant than CDK6 in the 

majority of human tumour cell lines. The exceptions to this rule tend to be of 

haemopoietic origin, notably T-lymphocytes and leukaemic lines, but while 

adherent cell lines have been identified that lack detectable CDK6 (Bates et a l, 

1994), the converse situation has not been reported. It has therefore proved 

impracticable to analyse the R24P mutant in cells in which G1 progression is 

absolutely dependent on CDK6 function. The U20S cell line was used as a host for 

the inducible expression of R24P because this cell line does not express p i6 ^%  

due to méthylation of the plb”̂ "̂*® promoter and had already been used as a basis for 

inducible expression of wild type plb"̂ *̂ "̂ ® (McConnell et a l, 1999). Upon induction 

of R24P, the cells underwent a G1 arrest, in a manner similar to that seen with wild 

type p i T h e  cyclin D1-CDK6 interactions were severely diminished after the 

induction of R24P but, as expected there was no effect on the cyclin D1-CDK4 

complexes. U20S cells therefore appear to be dependent on CDK6 for their 

proliferation, in contrast to fibroblasts in which CDK6 seems to be redundant. This 

suggests that CDK4 and CDK6 may have different roles in specific cell types and 

during development.

Having validated the authenticity of the R24P variant in vivo, it has the 

potential to be used as a tool to probe the role of CDK6 in development. For 

example, it might be possible to specifically ablate CDK6 function in T-cells where
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it is highly expressed, by expressing R24P as a transgene under the control of the T- 

cell specific Ick promoter.

6.8. Concluding remarks

The classical work on senescence has focused on HDFs. Although other 

mechanisms may prevail in different cell types the information gained from 

studying fibroblasts has still been informative. This has allowed a definition of 

M1/M2, revealed the importance of telomeres and pointed to roles for pRb and p53 

in senescence. The latter is consistent with the notion that plb^^’̂'̂  ̂and p21̂ °*̂  are 

the executors of Ml. The initial aim of this thesis was to investigate the roles of 

these inhibitors in the implementation of senescence. This was complicated by the 

fact that p21^^^ has a dual role, as an assembly factor for cyclin D complexes and 

an inhibitor of CDK2 complexes. It remains unclear whether the inhibition of cyclin 

D-CDK4 complexes are essential for M l, as it appears more significant to block 

CDK2 activity. The subunit rearrangements described here open up the possibilities 

for analysing the composition of the complexes. The key outstanding issue is to 

determine how the increase in p i a n d  p21^^  ̂is linked to increasing population 

doublings and whether there is a direct link to telomere length or integrity.
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