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ABSTRACT

Most stem cells are quiescent (Go) but have an extensive capacity to
proliferate during the early stages of differentiation. These cells gradually lose their
proliferative capacity along with differentiation and arrest in Go/G1 phase when
released into the peripheral blood as mature cells. The regulation of the cell cycle during
each step in haemopoiesis plays a critical role in the determination of cell fate. In
particular, the molecular mechanisms which operate in G1 are crucial in regulating the
transition of cells into, out of and through the cell cycle. The transition through mid/late
G1 and entry into S phase is regulated by the activity of cyclin dependent kinases
(CDKSs). The overall aim of this project was to examine the regulation of these kinases
in haemopoietic progenitor cells as they traverse into, out of and through the cell cycle.

The first results chapter examines key components of the cell cycle machinery
following stimulation of CD34" cells to enter the cell cycle. Specifically, the kinetics of
phosphorylation of the Retinoblastoma protein (pRb), which is involved in the
regulation of G1 progression, was examined. In order to determine which CDKs may
be involved in phosphorylating this substrate, the expression of cyclins and CDKs was
analysed and the kinase activity of these CDKs was quantified. CDKG6 is active early in
Gl and is a prime candidate for the initial substrate phosphorylation. The activity of
CDK4 is also detected in early G1 and cdk?2 activity is detected as cells enter S phase.

The regulation which occurs in exponentially proliferating cells differs from that
in first time cycling cells. However, traditional cell synchronization methods perturb
metabolic function giving rise to the possibility of unphysiological levels of protein
expression. This chapter examines the expression of CDKs in exponentially
proliferating cells using a novel three colour flow cytometric detection system. Changes
in expression of specific cdks with respect to total cell protein content was determined
in each cell cycle phase. Cyclins are shown to be expressed in only certain phases of the
cell cycle, confirming previous findings. In contrast CDKs are expressed in all phases
but they differ in their abundance during the cell cycle implying differential regulation
between members of the CDK family. In addition, the regulation of cdc2 in
proliferating CD34" cells differs from that in proliferating T cells and this difference in
regulation may have functional consequences on the differentiation process.

The final results chapter examines growth arrest, a hallmark of memory T
cell regulation. The induction of p21 and p27 inhibitors was examined in
haemopoietic cells induced to growth arrest by a diverse array of inhibitory signals.

The distinct patterns of induction of inhibitors demonstrate that inhibitory signaling
pathways act independently and converge at some point in G1.
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CHAPTER ONE
INTRODUCTION

1.1 THE CELL CYCLE

The cell cycle can be described as the period between the formation of a daughter
cell, by the division of a mother cell, and the subsequent time at which the cell
divides to form two more daughter cells (Mitchison, 1971). This period was
traditionally divided into two parts called interphase and mitosis. The pioneering
studies by Howard and Pelc in 1951 using radiographic techniques allowed for the
determination that DNA is duplicated during a discrete phase in interphase. They
subsequently described the cell cycle as consisting of four stages: (1) the
presynthetic stage gap or G1, the interval between mitosis and the onset of DNA
synthesis; (2) DNA synthesis or S phase, the time of bulk incorporation of
radiolabeled DNA precursors and subsequent DNA replication; (3) the post
synthetic gap or G2, the interval between the end of S phase and the initiation of
mitosis; and (4) mitosis, the period during which the chromosomes condense, and
cytokinesis is completed (Howard and Pelc, 1953). While this is the accepted model
for continually dividing cells, most cells in mammals exist in a non-proliferating
state usually referred to as 'quiescence’. These cells are capable of reentering the
cell cycle if an appropriate stimulus is applied. Furthermore, there are populations
of cells which are terminally differentiated and do not divide again. Figure 1.1
shows a modified model of the cell cycle which includes quiescent and terminally
differentiated cells as well as proliferating cells which cycle through G1, S, G2 and
M. After exiting mitosis, cells either enter a new round of cell division or leave the
cell cycle and enter quiescence (Go). This is dependent on a number of factors
including the concentration of mitogens and cell density (Scher et al., 1979; Pledger
et al., 1982; Pardee, 1987; Pardee, 1989; Baserga et al., 1982). Once a cell has
entered Go, it can stay in this state until the conditions are favourable to resume
proliferation. Concurrent with entry into Go, the synthesis of RNA and protein
decrease (Pardee et al., 1978). In response to increased levels of mitogens, a cell
will then reenter the cell cycle at some point before S-phase. Darzynkiewicz et al
(1980) showed that before cells can enter S-phase, their total RNA and protein
content must increase to a critical level as they progress through G1. Since the cell
volume has to double during the cell cycle so that cells do not decrease in size with
each mitosis, it has been proposed that growth in size and entry into S-phase are co-
ordinated (Baserga, 1981; 1984). The requirement for growth in size is even more
important if a stimulated quiescent cell reenters the cell cycle because cells in Go
typically have a smaller volume relative to their post-mitotic counterparts. Thus in
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this respect, progression from Go to S phase is fundamentally different from the G1
to S phase transition of cells that enter a new round of division immediately after
mitosis. This conclusion is strongly supported not only by the considerably longer
time quiescent cells need to reach S-phase, but also by the dramatic differences in
gene expression in cells passing through G1 compared with stimulated Go cells
(Pardee, 1989; Baserga et al., 1982; Almendral ef al., 1988; Bravo, 1990;
Hershman, 1991; Williams et al., 1992; Nathans, 1992; Wick et al., 1994).

D

G2 <]

G1

S

Figure 1.1 Model of the mammalian cell cycle. Continuously cycling cells
pass through G1 (prereplicative phase), S (DNA synthesis), G2 (postsynthetic
period), and M (mitosis). If culture conditions become dense and or growth factors
become limiting, cells may exit the cell cycle and arrest in mid G1 and enter Go
(quiescence). Quiescent cells can reenter the cell cycle. When they do, they progress
through G1 and then enter S. Some cells have the capacity to leave the cell cycle
during G1 and terminally differentiate (TD). These cells will never reenter the cell
cycle.
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The molecular mechanisms which operate in G1 are crucial in regulating the
transitions into and out of the cell cycle. While the duration of other phases remain
relatively constant (S: 6-8h; G2: 2-6h; M:1h), the duration of the G1 phase is highly
variable. The variability originates from differences in the length of G1 from cell to
cell within a population, as well as from the differences in the duration of G1
exhibited by the same cell from one cycle to the next. The consequence of this
variability in the duration of G1 is that the average generation time of mammalian
cells can differ markedly depending on the availability of nutrient (Tobey et al.,
1987), the time the cell has been in quiescence (Augenlicht and Baserga, 1974), and
in the case of normal fibroblasts, the number of population doublings (Cristofalo
and Scarf, 1973). Therefore, different rates of cell proliferation can be achieved by
changing the average length of G1. This strongly implies that there are control
points or switches that regulate G1 progression (Prescott, 1987). Pardee (1974)
noted that there is some critical point in the mid-G1 interval, which he termed the
"restriction point" that must be surpassed before the cells are irrevocably committed
to proceed to late S phase. The restriction point constitutes a point of no return. If
cells are deprived of growth factors before this point they will re-enter Go, whereas
deprivation after this point has no effect on progression through the cell cycle.
Pardee and co-workers suggested that one of the characteristics of a transformed
cell is the partial or complete loss of this control point (Pardee et al., 1978; Rossow
etal.,, 1979).

The synthesis of a number of specific enzymes increases markedly at the
G1/S boundary. Such enzymes include thymidine kinase, ribonucleotide reductase,

and DNA polymerase-o, which are all required for DNA synthesis. Within a few

hours of entering S phase, the entire DNA content of the cell is replicated (Laskey et
al., 1989; Heichman and Roberts, 1994) and structural elements of the
chromosomes, such as histones, are also duplicated. Cells cannot pause in S phase
and so a disruption in this phase is usually lethal. This has been exploited in the
type of drugs used for chemotherapy (Souhami, 1995).

S-phase is followed by another gap phase called G2 and it has been
suggested that mistakes made during DNA replication are corrected during G2.
Once G2 is completed the cell enters mitosis. Mitosis was the first cell cycle phase
described and key regulatory proteins essential for mitotic control have now been
identified (reviewed in King et al., 1994). Mitosis (like S-phase) is not a natural
point of regulation and once disrupted it is unlikely to resume.

Protein phosphorylation is fundamentally important as a molecular switch
for turning cellular processes on or off. The same is true of the cell cycle and
protein phosphorylation is required for DNA replication and mitosis at two levels.

12



In the first, phosphorylation of specific substrates affect DNA replication and
mitosis directly. For example, entry into mitosis is accompanied by increasing
tyrosine phosphorylation, while exit from mitosis results in tyrosine
dephosphorylation. The cell cycle-specific kinases which are active in particular
phases of the cell cycle and the substrates which they phosphorylate are discussed
in sections 1.2 and 1.3. Phosphorylation events are also required to maintain the
order in which individual cell cycle phases are carried out: i.e. G1--> S--> G2-->
M--> G1 and failure to maintain this temporal order between DNA replication and
mitosis results in a change of ploidy. The feedback mechanisms regulating the order
of cell cycle phases has been delineated by studying yeast mutants (reviewed in
Nurse, 1994; O'Connell and Nurse, 1994). The cdc2 gene encodes a kinase,

p34¢de2 which is crucial in regulating mitosis (Nurse, 1990) and the order in
which different phases of the cell cycle occur (Murray, 1989; Norbury and Nurse,
1992; Nurse, 1994). If this mitotic kinase is active then the cell is identified as being
in G2 and proceeds to M phase. If this mitotic kinase is inactive then the cells are

redirected into G1 and undergo S phase (Figure 1.2). p34¢dc2 js the first member
of a family of kinases which are discussed in detail in the next section .

G2/M
Cyclin- cdk

G1/S
Cyclin- cdk

Figure 1.2 Cyclin-cdk and G1/S vs G2/M. The cell determines where it is
in the cell cycle by the various cyclin-cdk complexes it contains. Exchanging a G1/S
cyclin-cdk in place of a G2/M cyclin-cdk can make the cell enter S-phase rather than
mitosis, resulting in a polyploid cell.
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1.2 CYCLINS, CYCLIN DEPENDENT KINASES AND THEIR
INHIBITORS

1.2.1 Cyclins and Cyclin Dependent Kinases
Cyclin dependent kinases, as their name suggests are activated by binding to a

cyclin regulatory subunit. The first cdk to be identified, p34cdc2 (cdk1), associates
with cyclin B and effects the transition from G2 to M phase (Nurse, 1990). To date,
seven additional vertebrate cdks have been identified (cdk2-cdk8) (reviewed by
Nigg, 1995). They all contain a sequence related to the archetypal

EGVPSTAIRISLLKE motif found in p34¢4¢2 through which they bind to a cyclin
subunit.

Cyclins are defined as members of a family of structurally related proteins
that bind and activate cdk catalytic subunits. So far, twelve different cyclins have
been identified and all contain a conserved domain of about 100 amino acids, the
cyclin box, which is responsible for cdk binding and activation (Kobayashi et al.,
1992; Lees and Harlow, 1992). Mitotic cyclins A, B1, B2, and B3 accumulate
during the S and G2 phases and are destroyed within minutes at a discrete point in
mitosis (Hunt et al., 1992). Degradation of the mitotic cyclins involves the
ubiquitin-dependent proteolytic machinery (Glotzer et al., 1991; Hershko et al.,
1991) and requires a small sequence motif (the destruction box) near the amino
terminus (Glotzer et al., 1991). Cyclins C, D1, D2, D3 and E accumulate during
entry into G1 from Go and so they are called G1 cyclins (reviewed in Sherr, 1993).
These G1 cyclins are all short-lived proteins with a half life of approximately 20-30
minutes. A sequence, Pro-Glu-Ser-Thr (PEST), within the C-terminal region of the

G1 cyclins is correlated with their rapid turnover (reviewed in Pines, 19952). The
PEST sequence might also direct these proteins to proteolysis via a ubiquitin
mediated pathway (Deshaies et al., 1995).

1.2.2 Regulation of CDK activity by phosphorylation and
dephosphorylation

i) Thr'* and Tyr"”

In parallel with cyclin association, phosphorylation and dephosphorylation reactions

are required for cdks to become active. For example, although cyclin B accumulates

and associates with p34¢dC2 during interphase, this complex does not become

active until the onset of mitosis. This is because p34¢d¢2 is inhibited by

phosphorylations on Thrl4 and Tyr15 (Krek and Nigg, 1991; Norbury et al.,
1991). These two residues are located in the ATP-binding domain of the kinase and
when phosphorylated interfere with the phosphate transfer reaction to a substrate.

14



The Tyr13 site is phosphorylated by the 94 kDa tyrosine kinase encoded by the

weel gene. Phosphorylation on Tyr15 only occurs when the cdk subunits are
associated with a cyclin (reviewed by Dunphy. 1994). Another kinase called Myt!

has been cloned from Xenopus which phosphorylates cdc2 on Thrl4 and Tyrl5

(Mueller et al., 1995). In order to initiate mitosis, Thrl4 and Tyr15 of cdc2 must be
dephosphorylated. This is carried out by the cdc25 phosphatase (Dunphy and
Kumagai, 1991; Gautier et al., 1991; Strausfeld et al., 1991). Cdc25 is a dual-

specificity phosphatase which is highly specific for phosphorylated Thrl4 and

Tyrl5 (Dunphy and Kumagai, 1991; Gautier et al., 1991; Honda et al., 1993;
Kumagai and Dunphy, 1991; Millar et al., 1991). There are at least three cdc25
family members in animal cells, cdc25A, ¢dc25B and cdc25C, which share 40%-
50% amino acid identity. They are closely related in their catalytic domain, but only
weakly related in their N-terminal 'regulatory' domain (Sadhu et al., 1990;
Galaktionov and Beach 1991; Millar et al., 1991). All contain the "signature" motif
(HCXXXXXR, where X represents any amino acid) that is conserved among the
active sites of phosphotyrosine-specific protein phosphatases. The levels of the
cdc25 proteins appear to be constant throughout the cell cycle (Hoffman ez al.,
1994; Millar et al., 1991) but they are regulated by phosphorylation at different
times. Cdc25C is activated in M phase by phosphorylation of approximately 6 sites
in the N-terminal regulatory domain (Izumi et al., 1992; Kumagai and Dunphy,
1992; Hoffman et al., 1993; Izumi and Maller, 1993). Studies have shown that
cyclin B-cdc2 phosphorylates and activates cdc25C and the phosphorylation sites
are consistent with those characterized in vivo on mitotically active cdc25 (Izumi
and Maller, 1993; Hoffmann et al., 1993; Strausfeld et al., 1994). Phosphorylation
by cyclin B-cdc? creates a positive feedback loop that may be responsible for the
rapid activation of cyclin B-cdc2 at the onset of mitosis. However, the question of
how the positive feedback loop is initiated is unresolved since the identity of the
kinase that initially activates cdc25C at the beginning of mitosis remains unclear.
Cdc25A activity rises at the G1-S transition owing to phosphorylation by
cyclinE-cdk2 and may be involved in a similar positive fedback loop as cdc25C
(Hoffman et al., 1994; Jinno et al., 1994). Cdc25A has been shown to form
complexes with the Rafl kinase in somatic mammalian cells and in meiotic frog
oocytes and Rafl activates the cdc25A phosphatase in vitro (Galaktionov et al.,
1995). This interaction directly links mitogenic signal transduction with the cell
cycle machinery. Both cdk4 and cdk2, which are active in G1, are phosphorylated

on Tyrl3, which is a target for cdc25A phosphatase activity (Terada et al., 1995;
Hoffman et al., 1994; Jinno et al., 1994). If cdc25A is a substrate in vivo for Rafl
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then cyclin-cdk complexes could be activated in G1 in response to growth factors
and their activity would then depend only on the balance of relevant cyclins, cdks
and cdk inhibitors. Withdrawal of the growth factors in G1 preceding the restriction
point could abort the cell cycle via rapid inactivation of cdc25 (Galaktionov et al.,
1995). The role of cdc25B in the cell cycle is not yet known.

ii)Thrl61

As an added level of regulation, another residue, Thr161 must be phosphorylated.
The residue Thr161 is conserved in all cdks and its phosphorylation appears to be
required for full catalytic activity (reviewed in Morgan, 1995). In the case of cyclin
A-cdk2, Thr161 phosphorylation induces an additional 80- to 300- fold stimulation.
According to the crystal structure of the complex, phosphorylation at Thrl61
induces conformational changes which serve to stabilise the cyclin-cdk complex
(Russo, 1996). The major candidate for the cdk activating kinase (CAK), is cdk7-
cyclinH-Mat 1 (Fesquet et al., 1993; Poon et al., 1993; Solomon et al., 1993,
Fisher and Morgan, 1994; Makela et al., 1994; Tassan et al., 1994; Nigg, 1996).
Mat 1 promotes cyclin H association with cdk7 resulting in complex activity in the
absence of Thr161 phosphorylation on cdk7. CAK is a nuclear protein kinase
(Tassan et al., 1994) that can only phosphorylate p34¢dc2 associated with a cyclin
partner. However, it is not clear how cdk activity is regulated by Thrl61

phosphorylation since CAK activity is constant throughout the cell cycle and
therefore not rate limiting (Tassan et al., 1994; Poon et al., 1994; Matsuoka et al.,

1994; Brown et al., 1994). Dephosphorylation of Thr161 is carried out by a dual-
specificity phosphatase, KAP, which binds and dephosphorylates the cdk once the
cyclin is degraded or dissociated (Poon and Hunter, 1995). Figure 1.3 shows the
phosphorylation and dephosphorylation events which regulate cdk activity.

INACTIVE ACTIVE INACTIVE

cyclin CAK Myt1 weel

KAP degradation ‘ J\J
‘ 161 t 1161 (1dy15
cdk ——cdk — cdk-cyclin———="cdk-cyclin

cyclin cdc25

Figure 1.3 Activation and inactivation of cdks. A simplified view of cdk
activation and inactivation by phosphorylation events and cyclin association.
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1.2.3 Sequential activation of cdks

Many cyclin-cdk kinases are activated during G1 (reviewed in Sherr, 1993). The D-
type cyclins are good candidates for activating the cdk required for passing the
restriction point. In primary human T lymphocytes, the expression of D-type
cyclins is inducible in G1 by IL-2 and other mitogens (Ajchenbaum, 1993). In
continuously proliferating cells, cyclin D levels may oscillate only minimally but
when growth factors are withdrawn there is a rapid decline in their mRNA and
protein levels (Matsushime et al., 1991; 1992). Thus it has been suggested that D-
type cyclins may provide a link between growth factor signal transduction and the
cell cycle. Primarily D-type cyclins have been shown to associate with cdk4 but
they also bind cdk2, cdk5 and cdk6 (Bates et al., 1994). However it is not yet
known what specific roles are played by each complex in the cell. Cdk6 activity is
detected prior to cdk4 kinase activity in T lymphocytes (Meyerson and Harlow,
1994; Lucas et al., 1995) and both kinases are probably involved in early cell cycle
events. Cdk5 binds to proliferating cell nuclear antigen (PCNA, a cofactor of DNA

polymerase-0) and so may be involved in DNA synthesis. On the other hand, cdk5

has been detected in terminally differentiated neuronal cells which are incapable of
dividing and so it has been suggested that it may have cell cycle independent

functions (Lew et al., 19922; 1992b).

Dominant-negative cdk mutants have been used in transfection experiments
to ascertain which cdks are required for progression through G1. This approach
showed that both cdk2 and cdk3 are necessary for G1 progression (Van den Heuvel
and Harlow, 1993). Cdk3 can be activated by cyclin E (Harper et al., 1995) but its
substrates have not been defined and it is not known why this kinase is necessary
for progression through G1. Cdk2, in association with cyclin E, is active during
late G1 and early S phase and thus is a good candidate for controlling events at the
G1/8S transition (Koff et al., 1992; Dulic et al., 1992). Activation of cyclin E-cdk2
occurs in two steps: the first, induced by c-MYC, involves the release of cyclin E-
cdk?2 from a high molecular weight complex, and the second, induced by growth
factors, requires cdc25 phosphatase activity (Steiner et al., 1995). Cyclin A-cdk2,

in association with PCNA, is also active at G1/S (Zhang et al., 19933) and a p45
protein has been shown to bind to cyclin A-cdk2 and to be required for progression
through S-phase (Zhang et al., 1995). The cyclin-cdk complexes and when they
are active during the cell cycle are shown in Figure 1.4.
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Cyclin B- cdc2
y 4
Cyclin A- cdc2

Cyclin D- cdk6
Cyclin D-cdk4

Cyclin E-cdk2

Cyclin A- cdk2

Figure 1.4 The cell cycle as a cyclin-cdk cycle. There is sequential
activation of cyclin-cdk complexes with progression through the cell cycle.

1.2.4 Cyclin Kinase Inhibitors

During G1 cdks associate with G1 cyclins for activation but in addition they are also
controlled by specific cdk inhibitors. The cyclin kinase inhibitors (CKIs) identified
in mammalian cells are proteins which associate either with a cdk or a cyclin-cdk
complex and by their association can inhibit the kinase activity, leading to cell cycle
arrest (reviewed in Elledge and Harper, 1994; Sherr and Roberts, 1995). The CKIs
are divided into two groups based both on sequence similarities and their target
proteins: (a) the Cip/Kip family which includes p21€iP1, p27Kip1 and p57kip2,
which inhibit cdk2- and cdk4/6-cyclin complexes involved in G1 and G1/S control
(b) the Ink4 family (for inhibitors of cyclin-dependent kinase 4) contain four

members ( pl6Ink4a, p15Ink4B  518Ink4C and p19INKAD) with relatively narrow
specificity for cdk4/6-cyclin D complexes. The inhibition of cdk kinase activity by
CKIs results in the prevention of substrate phosphorylation required for G1
progression, such as the phosphorylation of the Retinoblastoma protein (Figure
1.5). The substrates phosphorylated by cyclin-cdk complexes are discussed in
section 1.3.
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near the C-terminus of p21. The cyclin-binding motif appears particularly important
for providing high-affinity binding and may underlie the specificity of Cip/Kip
proteins for G1 cyclin-containing complexes (Chen et al., 1996; Lee et al.,, 1996).
In addition to inhibiting cdk activity, p21 has been shown to inhibit cell proliferation
by directly binding to PCNA via sequences at its C-terminus, thereby inhibiting
PCNA-dependent DNA replication (Luo et al., 1995).

Important insights into the understanding of CKI inhibitory mechanisms
were provided by the recent crystal structure of the cdk2-cyclin A-p27 complex
(Russo et al., 1996). The structure includes a 69-amino acid N-terminal segment of
p27 that contains both the cyclin- and cdk-binding motifs. The p27 peptide is
stretched across the top of the cyclin-cdk complex in an extended conformation. The
cyclin-binding region near the N-terminus of p27 interacts with a binding pocket of
cyclin A, without affecting cyclin A structure. In contrast, interaction with the cdk
subunit results in the disruption of the ATP binding site, and a small helix in the C-
terminal segment of the p27 peptide binds deep within the active site cleft to block
ATP binding. Thus, a single inhibitor is able to fully inactivate the cyclin-cdk
complex.

The crystal structure also provides an explanation for the observation by
several groups which have reported that cdks could exist in active states in
complexes containing p21, and sometines p27 (Zhang et al., 1994; Harper et al.,
1995; Soos et al., 1996; LaBaer et al., 1997). The cyclin-binding site near the N-
terminus occurs with high affinity but the second interaction with the cdk subunit
requires partial unfolding of the cdk and may occur at a relatively low rate. Also the
presence of ATP would competitively inhibit p21 binding to the cdk active site
(Sheaff et al., 1997). Thus one might expect a population of active cyclin-cdk
complexes that are bound only to the cyclin-binding motif of p21 (Chen et al.,
1996; Fotedar et al., 1996). However, in vivo, once a cyclin interaction is
established, it would be far more thermodynamically favourable for the same
inhibitor, and not for a second one, to interact with the cdk subunit.

The affinity for binding of different cyclin-cdks by the Kip/Cip is also likely
to reside with the cdk subunit. In vitro p27 is a more effective inhibitor of cyclin E-

cdk?2 than of cyclin D-cdk4 (Harper et al., 1996; Polyak et al., 1994b; Toyoshima
and Hunter, 1994). Conversely, p21 is a more effective inhibitor for cyclin D2-
cdk4 complexes (Poon et al., 1996; Wang and Walsh, 1996). An implication from
this is that, in the cell, the outcome of an interaction between p27 and G1/S cyclin-
cdk complexes will be determined by the distribution of p27 between inhibitable
targets such as cyclin A-cdk2 and a reservoir such as cyclin D-cdk4, which
sequesters p27 while remaining active. For example, p27 in some cell types is
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associated with cdk4-cyclin D complexes without inhibiting complex activity
(Reynisdottir & Massague, 1997). Following the addition of negative growth

regulators such as TGF-B, p27 is redistributed to cyclin E or A-cdk2 complexes and

inhibits their activity, causing cell cycle arrest. p27 redistribution after TGF-8

treatment appears to arise from increased levels of cytoplasmic p15, which
sequester cyclin D-cdk4-before nuclear p27 can bind (Reynisdottir & Massague,
1997).

i) Ink4 family
In contrast to the Cip/Kip family, the inhibitory mechanisms of the Ink4 family are
poorly understood. All Ink4 family members are known to bind to cdk4 and cdk6
(Serrano et al., 1993; Parry et al., 1995; Kamb et al., 1994; Hannon and Beach,
1994; Chan et al., 1995; Hirai et al., 1995), thereby inhibiting the ability of these
kinases to interact with D-type cyclins. Inhibition by p16 prevents cdk
phosphorylation of the retinoblastoma protein (pRb), halting cell cycle progression
from G1 into S phase (Serrano et al., 1995; Lukas et al., 1995; Koh et al., 1995).
The p16 gene locus is unusual in that it has the capacity to encode two
distinct proteins, p16 and p19ARF, The Ink4a gene contains two unique first
exons, designated 1a and 1b, which are spliced into common exons 2 and 3 (Duro
etal., 1995; Mao et al., 1995; Quelle et al., 1995; Stone et al., 1995). While the
exon la-exon 2-exon 3 transcript encodes the Cdk4/6-specific inhibitor p16, the
exon 1b - exon 2 -exon 3 transcript, through an alternative reading frame, encodes

p19ARF . The two proteins, p19ARF and p16, bear no homology at the amino acid

level (Quelle et al., 1995) and furthermore, p19ARF does not induce cell cycle
arrest by acting directly as a cdk inhibitor (Quelle et al., 1995). However mice

lacking p19ARF but retaining intact p16 develop multiple tumours (Kamijo et al.,
1997), indicating that pl9ARF, like p16, is also a bona fide tumour suppressor.

The growth-arrest activity of p19ARF has recently been identified to be mediated
through the p53 tumour suppression pathway (Pomerantz et al., 1998; Zhang et al.,

1998). p19ARF binds to MDM2 and promotes the rapid degradation of MDM2
resulting in p53 stabilization and accumulation. MDM2 encodes a protein that can
bind and inactivate the transcriptional activity of p53, resulting in the abrogation of
the antiproliferative and apoptotic effects of p53. Thus the Ink4a locus encodes two
proteins mediating growth-inhibitory effects in two of the most important tumour
suppressor pathways involved in preventing the development of neoplasia.
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1.3 SUBSTRATES OF THE CYCLIN DEPENDENT KINASES
The consensus site phosphorylated by cdks is: &K/R)SITPX)K (single letter amino

acid code), based on the sites in histone H1 which are phosphorylated by cyclin B-
cdc2. Many substrates which are phosphorylated either in mitosis or in G1 can be
phosphorylated in vitro by a number of cyclin-cdk combinations but not all are
substrates in vivo. There are several ways in which specificity could be achievedin
vivo. Firstly a cyclin may not be present in a particular phase of the cell cycle: for
example cyclin A-cdk2 cannot phosphorylate substrates in G1 since cyclin A is only
synthesised at the G1/S border (Bybee and Thomas, 1992). The subcellular
distribution of certain cyclins may also influence substrate specificity and/or the
timing of cdk activation. For example the D-type cyclins are nuclear throughout G1
but not in other phases (Baldin et al., 1993). Also B-type cyclins translocate to the
nucleus only at the start of mitosis (Pines and Hunter, 1991). There is an N-
terminal cytoplasmic retention signal in cyclins B1 and B2 which prevents nuclear
translocation (Pines and Hunter, 1994), but the mechanisms involved in freeing the
B-type cyclins to enter the nucleus at the appropriate time have not been elucidated.
In addition to the timing of cdk activation and subcellular localisation, different
cyclins may be able to target a particular cdk to particular substrates (Peeper et al.,
1993).

1.3.1 Mitotic substrates:

As mentioned in section 1.1, activation of cdc? initiates mitosis while inactivation
has been shown to be required for exit from mitosis (Murray et al., 1989; Gould et
al., 1991; Luca et al., 1991), at some point after anaphase (Holloway et al., 1993;
Stueland et al., 1993). Thus cdc2 works as a switch to turn mitosis on and then off
at the appropriate times.

The phosphorylation of key cellular proteins by cdc2 kinase, or activated
downstream kinases, is known to correlate with many of the major mitotic
rearrangements. These include chromatin condensation, termination of DNA
transcription, inhibition of membrane and vesicular traffic, reorganization of
microtubules to form a mitotic spindle apparatus, breakdown of the nuclear
envelope and rearrangement of the actomyosin cytoskeleton for cell rounding and
cytokinesis. These events and the associated substrates phosphorylated by cdc2
kinase are listed in table 1.1.
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Table 1.1 Mitotic rearrangements and associated substrates phosphorylated by cdc2

Mitotic rearrangement cdc2 substrate Reference
chromatin condensation HistoneH1, HMG Reeves,1992;Hsieh,1992;
proteins, casein kinase II Cardenas, 1992
inhibition of transcription TFIIIB, c-myb, c-fos, Abate,1991;Luscher,1992
oct-1 Roberts, 1991
Gottesfels, 1994,
vesicular traffic inhibition RablAp, Rab4p Bailly,1991;Thomas,1992;
van der Sluijs, 1992;
microtubule & spindle microtubule-associted Belmont,1990;Verde, 1990
reorganization proteins, NuMA Ookata,1995; Compton &
Cleveland, 1994.
nuclear envelope nuclear lJamins Gerace&Foisner,1993;
breakdown nuclear pore complex Hocevar,1993;Macaulay, 1
995;
cell rounding up Caldesmon Yamashiro & Matsumura,
1991. Yamakita, 1992;
cytokinesis myosin II regulatory Spudich, 1989;
light chain Satterwhite, 1992

1.3.2 Substrates in G1

In contrast to mitosis, research on potential cdk substrates and their functions
during G1 is in its infancy. The actions of cyclins-cdks in G1 are intimately linked
with their ability to phosphorylate pRb and the related proteins, p107 and p130.
Other substrates in G1 include the transcription factors E2F and p53, all of which
will be discusssed in the following section.

i) Retinoblastoma

The retinoblastoma protein (pRb) is a nuclear phosphoprotein which is involved in
regulating progression through G1 into S-phase. The active, hypophosphorylated

form, which causes growth arrest, is present in cells which are quiescent and those

arrested in early G1 by the action of negative growth factors such as interferon-o

(Thomas et al., 1991) or TGF-B (Hannon and Beach, 1994; Polyak et al., 1994b).
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It is phosphorylated progressively during G1, reaching a hyperphosphorylated,
inactive form at the G1/S border. pRB is phosphorylated in vitro by a number of
cdks on the same sites as those phosphorylated in whole cells. However, the
specificity in choosing pRb as a substrate is thought to be mediated by cyclins. For
example, D-type cyclins bind pRb and target cdk4 to carry out phosphorylation
(Kato et al., 1993). Although it is not known precisely how this occurs inside the
cell, data on the timing of cyclin-cdk activation would suggest that pRb may be
phosphorylated by a succession of cdks which are activated at different times during
G1: for example, cdk6 early in G1, followed by cdk4 and cdk?2 in late G1
(reviewed in Charollais et al., 1994). pRb then remains hyperphosphorylated
throughout the rest of the cell cycle and is dephosphorylated to the
hypophosphorylated state during mitosis. A type 1 serine-threonine phosphatase
has been cloned by the fact that it binds to pRb (Durfee et al., 1993). It is not
known whether this is the phosphatase which dephosphorylates pRb during mitosis
or whether it is required in other cell cycle phases. The pRb protein is one of a
family of homologous proteins which regulate cell proliferation, the others being
p107 and p130 (Hannon et al., 1993; Li et al., 1993; Mayol et al., 1993; Vario et
al., 1995). As with pRb, both p107 and p130 are phosphoproteins which can be
phosphorylated in a cell cycle-dependent manner and are phosphorylated in vitro by
cdks (Ewen et al., 1992; Faha et al., 1992; Lees et al., 1992; Li et al., 1993.,
Mayol et al., 1995; Beijersbergen et al., 1995; Xiao et al., 1996). This suggests that
the sequential phosphorylation model described for pRb also applies to p130 and
pl107.

ii) Interaction with E2Fs and G1 progression

The actions of pRb and related proteins are thought to be mediated by the binding
and sequestration of transcription factors, of which the best known is E2F
(reviewed in Lam and La Thangue, 1994). It is thought that in its
hypophosphorylated state the pRb family of proteins repress the activity of E2F's,
so preventing the activation of those genes required for G1 progression and S-phase
entry . The phosphorylation of pRb, p130 and p107 cause their dissociation from
E2F thus allowing gene activation to occur (Figure 1.6).
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