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ABSTRACT

' M o st 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/Gl 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 
(CDKs). 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. CDK6 is active early in 
G1 and is a prime candidate for the initial substrate phosphorylation. The activity of 
CDK4 is also detected in early G1 and cdk2 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 G l.
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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 G l, 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 02 , 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 G l, S, 0 2  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 G l. 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 G l 
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 Gl compared with stimulated Go cells 
(Pardee, 1989; Baserga a/., 1982; Almendral etal, 1988; Bravo, 1990; 
Hershman, 1991; Williams etal, 1992; Nathans, 1992; Wick eta l, 1994).

TD

G2
Go

G1

Figure 1.1 Model of the mammalian cell cycle. Continuously cycling cells 
pass through G l (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 G l and enter Go 
(quiescence). Quiescent cells can reenter the cell cycle. When they do, they progress 
through G l and then enter S. Some cells have the capacity to leave the cell cycle 
during G l and terminally differentiate (TD). These cells will never reenter the cell 
cycle.
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The molecular mechanisms which operate in G 1 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; 02: 2-6h; M: Ih), the duration of the G l phase is highly 

variable. The variability originates from differences in the length of G l from cell to 
cell within a population, as well as from the differences in the duration of Gl 
exhibited by the same cell from one cycle to the next. The consequence of this 
variability in the duration of G 1 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 G l. This strongly implies that there are control 
points or switches that regulate G l progression (Prescott, 1987). Pardee (1974) 
noted that there is some critical point in the mid-Gl 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 
e ta l, 1979).

The synthesis of a number of specific enzymes increases markedly at the 
G 1/S boundary. Such enzymes include thymidine kinase, ribonucleotide reductase,

and DNA polymerase-a, 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.
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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. G l—> S—> 0 2 —> 
M—> G l 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, 

p34cdc2^ 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 G l and undergo S phase (Figure 1.2). p34cdc2 ig the first member 
of a family of kinases which are discussed in detail in the next section .

M

G2/M 
Cyclin- cdk

G1/S 
Cyclin- cdk

Figure 1.2 Cyclin-cdk and G 1/S vs G2/M. The cell determines where it is 
in the cell cycle by the various cyclin-cdk complexes it contains. Exchanging a G 1/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, (cdkl), 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^^^^ 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, B l, 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, D l, D2, D3 and E accumulate during 
entry into G l from Go and so they are called Gl cyclins (reviewed in Sherr, 1993). 
These G l 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

Gl cyclins is correlated with their rapid turnover (reviewed in Pines, 1995^). 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) and
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^^^^ during interphase, this complex does not become

active until the onset of mitosis. This is because p 3 4 cd c2 inh ib ited  by

phosphorylations on Thr^^ and Tyr^^ (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.
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The Tyr^^ site is phosphorylated by the 94 kDa tyrosine kinase encoded by the

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

has been cloned from Xenopus which phosphorylates cdc2 on Thr^^ and Tyr^^

(Mueller et al, 1995). In order to initiate mitosis, Thr^^ and Tyr^^ 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 Thr^^

Tyr^^ (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, cdc25B 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 etal, 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 et 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 etal, 1992; Kumagai and Dunphy, 
1992; Hoffman et al, 1993; Izumi and Mailer, 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 Mailer, 1993; Hoffmann eta l, 1993; Strausfeld etal, 1994). Phosphorylation 
by cyclin B-cdc2 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 G l-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 G l, are phosphorylated

on Tyrl^, which is a target for cdc25A phosphatase activity (Terada et al, 1995; 
Hoffman eta l, 1994; Jinno etal, 1994). If cdc25A is a substrate in vivo for Rafl

15



then cyclin-cdk complexes could be activated in G l 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 G l 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.

IDThri^l

As an added level of regulation, another residue, Thr^^l must be phosphorylated.

The residue Thr^^^ 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, Thr^^l phosphorylation induces an additional 80- to 3CX)- fold stimulation.

According to the crystal structure of the complex, phosphorylation at Thr^^l 
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 cdk? resulting in complex activity in the

absence of Thr^^^ phosphorylation on cdk?. CAK is a nuclear protein kinase

(Tassan et al, 1994) that can only phosphorylate p34cdc2 associated with a cyclin

partner. However, it is not clear how cdk activity is regulated by Thr^^^ 
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 Thr^^^ 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

KAP

cyclin CAK Myll v»ce1
degradation 1 4 \ l

I p i  ’ p p p
1 y161 f  j161 j 14y15

cdk cdk ^ cdk-cvclln _ cdk-cyclini "
cyclin cdc25

Figure 1.3 A ctivation 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 Gl (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 G l 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-a) 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 etal, 19924; 1992^).
Dominant-negative cdk mutants have been used in transfection experiments 

to ascertain which cdks are required for progression through G l. This approach 
showed that both cdk2 and cdk3 are necessary for G l 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 G l. Cdk2, in association with cyclin E, is active during 
late G l and early S phase and thus is a good candidate for controlling events at the 
G 1/S 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- 
cdk2 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 Gl/S (Zhang et al, 1993^) 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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r Cyclin B- cdc2 

Cyclin A- cdc2

Cyclin D- cdkG 
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1

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 G l cdks associate with G l 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^ipl, p27^P l and p57^P^, 
which inhibit cdk2- and cdk4/6-cyclin complexes involved in G l and G l/S control 
(b) the Ink4 family (for inhibitors of cyclin-dependent kinase 4) contain four 

members ( p i p i p l S ^ ^ ^ * ^ ^  and piqINK4D^ 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 Gl 
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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Figure 1.5 Inhibition of cyclin-cdks by CKIs. The phosphorylation of 
substrates during G l, such as the Retinoblastoma protein, is thought to be regulated 
by different cyclin-cdk combinations, which are inhibited by CKIs (p i6, p21 etc).

i) Cip/Kip family
p21 appears to be controlled primarily at the transcriptional level; DNA damage 
induces the production of p53, which in turn activates the transcription of p21, 
leading to transient cell cycle arrest by inhibiting cdk activity (El-Deiry et ai, 1994). 
The regulation of p27 is more varied. In some cell types, extracellular signals 
induce changes in total p27 levels (Kato et ai, 1994; Nourse et ai, 1994), 
sometimes by control of p27 translation (Hengst and Reed, 1996) or ubiquitin- 
dependent degradation (Paganos etal., 1995).
Analysis of deletion mutants indicates that the N-terminal half of p21 and p27 is 
primarily responsible for cdk inhibition and within that domain each protein 
contains two key regions: a short motif required for cyclin binding and a more 
complex segment required for binding to the cdk subunit (Ball et ai, 1996; Chen et 
ai, 1996; Fotedar et ai, 1996). A second, less potent cyclin-binding motif is found

1 9



near the C-temiinus of p21. The cyclin-binding motif appears particularly important 
for providing high-affinity binding and may underlie the specificity of Cip/Kip 

proteins for G l 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 a l, 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-

cdk2 than of cyclin D-cdk4 (Harper et al, 1996; Polyak et al, 1994^; 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 Gl/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-p, p27 is redistributed to cyclin E or A-cdk2 complexes and

inhibits their activity, causing cell cycle arrest. p27 redistribution after TGF-(3

treatment appears to arise from increased levels of cytoplasmic p i5, 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 eta l, 1993; Parry etal, 1995; Kamb etal, 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 p i6 prevents cdk 
phosphorylation of the retinoblastoma protein (pRb), halting cell cycle progression 
from G l into S phase (Serrano et al, 1995; Lukas et al, 1995; Koh et al, 1995). 

The pl6  gene locus is unusual in that it has the capacity to encode two

distinct proteins, p l6  and p l 9 ARF The Ink4a gene contains two unique first 

exons, designated la  and lb, which are spliced into common exons 2 and 3 (Duro 
et al, 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 p i6, the 
exon lb  - exon 2 -exon 3 transcript, through an alternative reading frame, encodes 

piqARF The two proteins, p l 9 ARF and p i6, bear no homology at the amino acid

level (Quelle et a l, 1995) and furthermore, p l 9 ARF does not induce cell cycle 
arrest by acting directly as a cdk inhibitor (Quelle et al, 1995). However mice

lacking p l 9 ARF hut retaining intact p i6 develop multiple tumours (Kamijo et al,

1997), indicating that p l 9 ARF jike p l6 , is also a bona fide tumour suppressor.

The growth-arrest activity of p i9 ^ ^ ^  has recently been identified to be mediated 
through the p53 tumour suppression pathway (Pomerantz et al, 1998; Zhang et al,

1998). pl9^“̂ ^  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 lnk4a 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: (^ /r)S /xP(X )K  (single letter amino 

acid code), based on the sites in histone HI which are phosphorylated by cyclin B- 
cdc2. Many substrates which are phosphorylated either in mitosis or in G 1 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 achievedw 
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 G l since cyclin A is only 
synthesised at the G l/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 Gl 
but not in other phases (Baldin et ai, 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 B 1 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 cdc2 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 HistoneHl,HMG 

proteins, casein kinase II
Reeves, 1992;Hsieh, 1992; 
Cardenas, 1992

inhibition of transcription TFIIIB, c-myb, c-fos, 
oct-1

Abate, 1991 ;Luscher, 1992 
Roberts, 1991 
Gottesfels, 1994;

vesicular traffic inhibition RablAp, Rab4p Bailly, 1991 ;Thomas, 1992; 
van der Sluijs, 1992;

microtubule & spindle 
reorganization

microtubule-associted 
proteins, NuMA

Belmont, 1990; Verde, 1990 
Ookata,1995; Compton & 
Cleveland, 1994.

nuclear envelope 
breakdown

nuclear lamins 
nuclear pore complex

Gerace&Foisner, 1993 ; 
Hocevar, 1993 ;Macaulay, 1 
995;

cell rounding up Caldesmon Yamashiro & Matsumura, 
1991. Yamakita, 1992;

cytokinesis myosin II regulatory 
light chain

Spudich, 1989; 
Satterwhite, 1992

1.3.2 Substrates in G l
In contrast to mitosis, research on potential cdk substrates and their functions 
during G 1 is in its infancy. The actions of cyclins-cdks in G l are intimately linked 
with their ability to phosphorylate pRb and the related proteins, p i07 and p i30. 
Other substrates in G l 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 G l into S-phase. The active, hypophosphorylated

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

arrested in early G l by the action of negative growth factors such as interferon-a

(Thomas et al, 1991) or TGF-p (Hannon and Beach, 1994; Polyak et al, 1994^).
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It is phosphorylated progressively during G l, reaching a hyperphosphorylated, 
inactive form at the G l/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 
G l: for example, cdk6 early in G l, followed by cdk4 and cdk2 in late G l 
(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 
pl07 and pl30  (Hannon et al, 1993; Li et al, 1993; Mayol et al, 1993; Vario et 
al, 1995). As with pRb, both p i07 and p i30 are phosphoproteins which can be 
phosphorylated in a cell cycle-dependent manner and are phosphorylated in vitro by 
cdks (Ewen et al, 1992; Paha et al, 1992; Lees et al, 1992; Li et al, 1993.,
Mayol et al, 1995; Beijersbergen eta l, 1995; Xiao et al, 1996). This suggests that 
the sequential phosphorylation model described for pRb also applies to p i30 and 
p l07.

ii) Interaction with E2Fs and Gl 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 B2F 
(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 G l progression and S-phase 
entry . The phosphorylation of pRb, p i30 and p i07 cause their dissociation from 
E2F thus allowing gene activation to occur (Figure 1.6).
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I Transcription ON

Target gene e.g. c -m yc. cdc2.

b. Cells Arrested in G1

Hypo-phosphorylated
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Figure 1.6 Regulation of the transcrip tion  factor E2F by pRb. The
transcription of certain genes such as c-myc or cdc2 is switched on by E2F. This is 
allowed to occur in proliferating cells when pRb is fully phosphorylated. When pRb 
is hypophosphorylated, such as in cells arrested in G l, pRb binds E2F and inhibits 
E2F-dependent transcription.

The E2F family includes five members (E2Fsl-5), each member requires 
heterodimerization with a DP family member (DP-1) for efficient DNA binding, 
pRb binding and trans-activation of target promoters (Biejersbergen et ai, 1995; 
Lam and La Thangue, 1994). Despite the similarities in the phosphorylation pattern 
of pRb family of proteins, they appear to have distinct specificities in their 
interaction with the E2F family. Thus individual E2F combinations are bound by 
different pRb family members which provides a mechanism for turning the 
transcription of particular genes on or off at specific times during entry into the cell 
cycle. pRb associates with E2F-1, E2F-2, E2F-3, and E2F-4 (Lees et ai, 1993, 
Thomas et al, 1998), p i07 associates with E2F-4; and p i30 with E2F-4 and E2F-5 
(Beijersbergen et al, 1994b; Ginsberg et al, 1994, Vairo et al, 1995; Hijmans et 
al,  1995). In Go, pl30-E2F4 and pl30-E2F5 complexes are formed and it has 
been suggested that when released from sequestration by phosphorylation of p i30, 
they activate E2F-1, E2F-2 and E2F-3 genes which activate in turn genes important 
for DNA replication such as cyclin E and cdk2. This generates a feedback loop with 
pRb, whereby cyclin E-cdk2 activity promotes its own expression by 
phosphorylating pRb resulting in an upregulation in cdk2 kinase activity (Botz et 
al, 1996; DeGregori et a l,  1997 and 1995; Geng et al, 1996). E2F-1 mediated 

activated transcription does not appear to persist throughout the remainder of the cell
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cycle, however, bevCause, as demonstrated in vitro and in vivo, cyclin A-cdk2 
kinase activity in S phase reduces the affinity of E2F-1 for DNA containing E2F 
binding sites (Krek et al, 1994; Segawa et ai, 1995). The reduction in E2F activity 
in S phase is necessary for progression through the cell cycle since preventing 
cyclin A from binding to and mediating phosphorylation of E2F prevents cells from 
passing through S phase (Krek et al, 1995). The function of pl07-containing 

complexes is yet to be defined but several observations indicate that the cell cycle 
dependent regulation of E2F-4 by p i07 is more complex than that of E2F-1 by 
pRb. This complexity arises from the fact that pl07 can form physical complexes 
simulataneously with cyclin A or cyclin E and E2F-4 and the activity of these 
cyclin-cdk complexes may be regulated by their association with p i07.

In summary, the sequential activation of firstly cdk6 and cdk4 and then cdk2 
phosphorylate pRb and the related pocket proteins to the hyperphosphorylated 
inactive form. This allows E2F transcription factors to become transcriptionally 
active and upregulate the expression of those genes necessary for S phase entry.

1.4 ABNORMALITIES IN MALIGNANCY

Mutations or deregulation of cell cycle proteins can contribute to a malignant 
phenotype. The overexpression or absence of key cell cycle proteins, normally 
involved in G l transition, can bypass control points which would otherwise induce 
cell cycle arrest or apoptosis (reviewed in: Hartwell and Kastan, 1994; Evans et al,
1995). Cells in which the G l control points are no longer in operation develop 
genetic instability and progress to a malignant phenotype. Examples are cited from a 
range of primary tumours to highlight a common pathway to tumorigenesis 
resulting in the inactivation of pRb.

Abnormalities of the RBI gene have been detected in a wide range of 
malignancies including retinoblastoma, osteosarcoma, small cell lung carcinoma, 
and carcinomas of the prostate, bladder, breast and soft tissue (Harbour et al,
1988; T'Ang et a/., 1988; Toguchida et a/., 1988; Reissmann et a/., 1989; Caims et 
al, 1991). Deletions and mutations of the gene have also been reported in various 
haemopoietic malignancies including acute myeloid leukaemia, chronic myeloid 
leukaemia in blastic transformation, and lymphomas (for review see Jamal, 1996). 
Loss of pRb function leads to a proliferative advantage, but is not involved in the 
initiating step of tumourigenesis (reviewed in Hamel etal, 1993). The observation 
that re-introduction of wild-type RBI into a number of PB-1-negative tumour cell 

lines results in cessation of cell proliferation and loss of tumourigenicity, classifies 
RBI as a bona fide tumour suppressor gene (Hamel et al, 1993).
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The cyclin D1 gene has been identified as the PRADl oncogene of 
parathyroid adenoma (Motokura etal., 1991) as well as the bcl-1 oncogene in 
human B-cell lymphomas (Tsujimoto et ai, 1984; Motokura and Arnold, 1993; 
Peters, 1994). Amplification of the cyclin D1 locus occurs in up to 50% of 
squamous cell, breast and liver carcinomas and in greater than 90% of mantle cell

lymphomas (Keyomarsi and Pardee, 1993; Zhang etal, 1993^; Jiang etal, 1993; 
Callender et al, 1994; de Boer et al,, 1993). One explanation to account for the 

mechanism by which overexpression of cyclin D1 can lead to tumorigenesis is that 
increased cyclin D1 levels would be expected to cause premature pRb 
phosphorylation and a shortening of G l. Indeed, overexpression of cyclin D1 in 
mammalian cells does result in a shortening of the Gl phase (Jiang et al, 1993; 
Ohtsubo and Roberts, 1993; Quelle et al, 1993; Resnitzky et al, 1994; Wimmel et 
al, 1994) and premature ectopic expression leads to immediate appearance of 
hyperphosphorylated pRb (Resnitzky and Reed, 1995). However, there is a 
compensatory prolongation of other cell cycle phases and so a cell which 
overproduces cyclin D1 does not have a growth advantage due to a decrease in 
overall cell cycle time. Other factors associated with cyclin D1 overexpression may 
contribute to malignancy such as promotion of growth factor independence resulting 
in the continual 'turnover' of these cells.

Cyclin E may also play a role in oncogenesis. Keyomarsi and Pardee (1993) 
analysed the expression of various cyclins in 10 breast carcinoma cell lines, grown 
in parallel to their normal tissue counterparts, and found that all had abnormal 
expression of cyclin E. Similar findings have also been reported in several 
leukaemic and solid tumour cell lines (Gong et al, 1994). Ectopic expression of 
cyclin E shortens the Gl phase to the same extent as ectopic expression of cyclin D1 
and expression of both cyclins has an additive effect on shortening of the G l phase 
(Wimmel et al, 1994; Resnitzky and Reed, 1995; Liu et al, 1995).

The most compelling evidence for the involvement of cyclin dependent 
kinase inhibitors (CKIs) in malignancy is provided from studies involving the Ink4a 
gene in primary tumours (see for example: Spruck et al, 1994; Okamoto et al, 
1994; Ogawa et al., 1994; Okuda et al, 1995). Specific Ink4a mutations have been 
found in various malignancies (Ranade et al, 1995; Yang et al, 1995) and in 
human cancers, the estimated frequency of genetic alteration involving Ink4a locus 
is believed to be second only to alteration of p53 (Hunter and Pines, 1994; Sherr,
1996). The extraordinary high frequency of genetic alteration of the Ink4a locus in 

human cancer may stem from its unique genomic organization. As mentioned in 

section 1.2, in addition to p i6, this locus encodes a second protein tumour 

suppressor protein, piqARF w hile the function of p l6  is to inhibit cdk4 and cdk6
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phosphorylation of pRb, thereby halting cell cycle progression, p l9 ^R F  associates 
with MDM2 in vivo and blocks MDM2 mediated degradation of p53, resulting in 
the enhancement of p53-related functions such as growth inhibition. The high 
frequency of Ink4a mutations in human cancers is most likely due to the inactivation 
of two distinct tumour suppressor pathways by a single mutational event at the 
Ink4a locus.

In summary, mutations involving D- or E type cyclins, CKIs or pRb 
converge upon an identical end point, the inactivation of the growth suppressing 
function of pRb (Weinberg, 1995). Such abnormalities would be expected to 
deregulate the mechanisms which normally control the transition through G l and 

contribute to the establishment of a neoplastic cell phenotype.

1.5 HAEMOPOIESIS

Haemopoietic cells originate from a very small population of multipotential stem 
cells, which proliferate and differentiate to produce the 9 major blood-cell lineages 
in the body (Metcalf etal, 1991). In order to preserve its own numbers while 
responding to varying losses through differentiation, it is thought that when a stem 
cell divides, one of the daughter cells remains a stem cell (self-renewal) (Morrison 
et al, 1997). Stem cells are capable of extensive self-renewal and are defined either 
by their capacity to repopulate haemopoietic and lymphoid organs on a long-term 
basis in irradiated animals or by their capacity to sustain long-term haemopoiesis in 
vitro (Metcalf and Nicola, 1995). The progeny of the multipotential stem cells are 
the less primitive pluripotent stem cells which may differentiate to a subset of 
lineages. In order to produce fully differentiated mature cell populations, pluripotent 
stem cells become more limited in their developmental options with cell division. 
The intermediate-stage cells that are committed to specific lineages but still capable 
of significant proliferation are known as progenitor cells. These cells become more 
mature and morphologically identifiable as they proceed further along the 
differentiation pathway (Metcalf etal, 1991). The committment of stem cells to 
specific lineages appears to be a random event but growth factors can enhance the 
probability of commitment to a particular lineage (reviewed in Metcalf and Nicola, 
1995). The final non-proliferative functional cells of each lineage are termed mature 
blood cells. The lymphoid lineages consist of the T-cell and B-cell lineages. The 
myeloid lineages include the erythroid, granulocytic, macrophagic, dendritic and 

megakaryocytic lineages (Figure 1.7).
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Figurel.7 Shematic illustration of stem cell differentiation.
(Abbreviations: BFU-E, burst-forming-unit erythroid; BFU-Mk, burst-forming-unit 
megakaryocyte; CFU-DC, colony-forming-unit dendritic cell; CFU-GM, colony- 
forming-unit granulocyte-macrophage; CFU-mix, colony-forming-unit mixed cells; 
CFU-Mk, colony-forming-unit megakaryocytes.)
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1.5.1 In vitro expansion of haemopoietic stem and progenitor cells
The development of in vitro culture techniques for haemopoietic cells has made a 
major contribution to the understanding of the control of haemopoiesis. In 

particular, the availability of recombinant growth factors and the isolation of 
relatively pure stem/progenitor cells (reviewed in Holyoake and Alcorn; 1994; 

Nadali et al, 1995) that express the CD34 antigen (>90% CD34 positive) have 
allowed for the investigation of regulatory mechanisms that control haemopoiesis. 
CD34 is a surface glycoprotein of unknown function (Krause et al, 1996) which is 
expressed in only 0.5-5% of human bone marrow cells. It is present on all of the 
most primitive cells, from quiescent stem cells to the highly proliferative progenitor 

cells. As nearly all the proliferative potential of haemopoietic cell cultures is

represented by these CD34'*" cells, a number of methods have been developed for 
their selection. These methods involve incubating the cells with a labelled anti-CD34 
antibody, and then collecting the labelled cells with adsorption columns, magnetic 
beads, or by flow cytometry (Civin et al, 1990., de Wynter, 1995).

Haemopoietic CD34+ cells can be obtained from three main sources: bone

marrow; cord blood; and peripheral blood. Peripheral blood CD34+ cells are mainly 
obtained after stem cell mobilization, which is achieved by the administration of one 
of several chemotherapeutic drugs and/or haemopoietic growth factors (often G- 
CSF) to the patient. By an as yet unknown mechanism, these drugs and factors 
cause a large number of stem and progenitor cells to proliferate and/or exit the bone 
marrow and enter the peripheral circulation.

Haemopoietic cytokines are indispensible in haemopoietic cultures but the 
optimal combination of cytokines required is not clear. One reason for this is that 
most stem and progenitor cells simultaneously co-express receptors for more than 
one cytokine, resulting in synergistic and antagonistic interactions (McNiece et al, 
1988; Bot et al, 1990; Metcalf and Nicola, 1992). Two cytokines that are important 
for survival and proliferation are Interleukin 3 (IL-3) and stem cell factor (SCF) 
(Brandt et al, 1994). IL-3 and SCF prevents programmed cell death (apoptosis) of 
early and committed progenitor cells. IL-6 acts in concert with other cytokines to 
induce cycling of additional stem and progenitor cells (Leary et al, 1988). Thus, 
SCF + IL-3 + IL-6 is a common cytokine combination for broad expansion across 
multiple haemopoietic lineages. Granulocyte colony-stimulating factor (G-CSF) and 

interleukin 11 have also been shown to bring additional dormant primitive 

haemopoietic cells into cell cycle (Leary etal, 1992). Granulocyte-macrophage 
colony-stimulating factor (GM-CSF) is a broad-acting growth factor that induces 
proliferation of progenitors of the macrophagic, granulocytic, dendritic and 
erythroid lineages (reviewed in Metcalf, 1988; McAdams et al, 1995).
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Erythropoietin, thrombopoetin and G-CSF are powerful proliferation and 
maturation cytokines for the erythroid, megakaryocytic and granulocytic lineages, 
respectively (reviewed in McAdams et al, 1995). Each of these is also believed to 
have a synergistic stimulatory effect on primitive haemopoietic cells. A number of 
cytokines also inhibit haemopoietic cell proliferation and differentiation, for example

Transforming Growth Factor (TGF-p) and the Interferons (IFN). Tumour Necrosis 

Factor-a has both positive and negative effects depending on the target-cell

population; and Macrophage Inflammatory Protein 1-a inhibits differentiation of the

most primitive cells and stimulates proliferation of more mature cells (reviewed in 
McAdams er <2/., 1995).

1.5.2 Cell cycle status of haemopoietic cells.
Most stem and progenitor cells are quiescent (Go) but the cells have an extensive 
potential capacity for self-renewal and for the production of a large number of 
committed progenitor cells (Reems and Torok-Storb, 1995; Beradi et al, 1995).
The cell cycle profile of committed progenitor cells has been studied using semisolid 
culture methods (colony formation). Committed progenitors from human bone 
marrow are identified as colony-forming units (CFU) or burst-forming units (BFU) 
such as CFU-GM (granulocyte-macrophage precursors) and BFU-E (erythroid 
precursors) in methylcellulose culture. Investigations indicate that 30-50% of the 
CFU-GM and BFU-E cells are in S phase of the cell cycle (Fauser and Messnar, 
1979; Aglietta et al, 1989). In contrast, approximately 20-30% of myeloid 
precursor cells (myeloblasts, promyelocytes, and myelocytes) and erythroid 
precursor cells (proerythroblasts, basophilic erythroblasts, and polychromatic 
erythroblasts) are in S phase (Aglietta et al, 1989). This indicates that 
differentiation of committed progenitor cells to morphologically-identifiable 
precursors is associated with a decrease in the proportion of actively cycling cells. 
Cycling ability further decreases during the late stages of differentiation, and 
terminal elements (red blood cells, mature granulocytes, monocytes, lymphocytes, 
and platelets) are released into the blood stream completely (more than 95%) 
arrested in GO/Gl phase of the cell cycle (Metcalf and Nicola, 1995).

1.5.3 The cell cycle machinery in CD34+ cells.

Little is known about the mechanisms by which CD34+ stem and progenitor cells 
progress from quiescence into S phase. Recently, work from our group has 

identified that E2F-4-pl30 is the predominant E2F complex in quiescent CD34+ 

cells (Williams et al, 1997). Ragione et al (1997) studied expression of the
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components of G 1-specific cell cycle machinery in CD34+ primitive cells and 
committed progenitors by immunoblotting. They found that cyclin D1 is not

expressed in CD34+ cells but cyclin D2 and D3 and cdk6 are clearly detected. This 
is in contrast to fibroblast cells which express high levels of cyclin D1 and CDK4 
proteins (Tam et al, 1994).

The expression and activity of D-type cyclins have also been investigated in 
IL-3- dependent myeloid progenitor cell lines (Ando et al, 1993; Kato and Sherr, 
1993; Roussel and Sherr, 1993). In these studies cyclin D2-cdk4 activity is induced

in response to IL-3. The activity is inhibited in response to TGF-P, partly due to

down regulation of cdk4 expression. Therefore cdk4 activity appears to be crucial in 
G l progression of myeloid progenitor cells.

Amongst the cdk inhibitors, CD34+ cells express p27^P^, plgInk4C 

pl9lnk4D and high levels of p l 5 ^"^^t> (Ragione et al, 1997), one of the major 

targets of TGF-p. In another study, the synergistic actions of steel factor and GM- 

CSF in the human factor-dependent myeloid cell line, M 07e, result in an enhanced 

proliferative state and increase in p21^^P^ binding and decrease in p27^P^ binding 

to cdk2. The authors suggest that the stoichiometric interplay between p21^^pl and

p27^P^ play a critical role in synergistic proliferative response in human myeloid 
progenitor cells (Mantel et al, 1996).

1.5.4 Regulators of the proliferation-differentiation switch.
The cellular decision to proliferate or differentiate is strongly affected by the cell 

cycle position. In particular, the duration of the G l phase of the cell cycle correlates 
with the probability that a cell will differentiate. Cytokines that act to arrest cells in 
G l or to prolong this phase generally promote differentiation (Hestdal et al, 1993; 
Lardon et al, 1994; Johnson etal, 1993; Caroll etal, 1995), while conditions that 
shorten G l lower the probability that differentiation will occur (Caroll et al, 1995).

In studying the importance of cdk regulation during differentiation, various 

groups have investigated the effects of cyclin or cdk overexpression on the 
commitment of a cell to undergo terminal differentiation (Rao et al, 1994; Kato and 
Sherr, 1993; Kiyokawa et al, 1994; Kiess et al, 1995). In response to a 
differentiation signal, mouse myeloid precursor cells over-expressing either cyclin 
D2 or D3 do not differentiate but die (Kato and Sherr, 1993). Overexpression of the 
cyclin D-cdk4, but not cdk2 inhibits erythroid differentiation in vitro (Kiokawa et

al, 1994). In addition, enhanced expression of p21^ipl has been observed in a 

number of differentiation pathways (Steinman et al, 1994; Jiang et al, 1994;
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Halevy et al, 1995; Parker et ai, 1995). Therefore, it seems likely that inhibition of 
cdk activity is a prerequisite for the switch from proliferation and differentiation to 
occur. However it is not known whether signals which block proliferation before a 
critical point could trigger terminal differentiation of determined cells or whether 
differentiation is initiated by specific signals and blocks cell cycle progression.

1.6 AIM
During each step in haemopoiesis cell cycle regulation plays a critical role in the 
determination of cell fate. In particular, the molecular mechanisms which operate in 
Gl are crucial in regulating the transition of cells into and through the cell cycle 
during the early stages of differentitaion and out of the cell cycle upon terminal 
differentiation. However, the precise molecular events regulating Gl progression in 
haemopoietic progenitor cells is not known. The primary aim of this study was to 
determine the cell cycle mechanisms regulating Gl progression in haemopoietic

progenitor cells. The expression and activity of cdks in CD34+ cells as they traverse 
into, out of and through the cell cycle was examined. Comparisons were made with 

T cells in order to identify those regulatory mechanisms unique to CD34+ cells.
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CHAPTER TWO 

MATERIALS AND METHODS

2.1 Purification and culture of T cells

Materials

* Ficoll-Paque (density 1.077 g/ml) (Pharmacia Biotech, Uppsala, Sweden)
* Dulbecco's phosphate buffered saline (PBS) containing 0.9mM Calcium and 

0.5mM Magnesium (PBS+) (Gibco BRL, Paisley, UK)

* PBS without Calcium and Magnesium (PBS") (Gibco BRL)
* Tissue culture flasks (Becton Dickinson, Oxford, UK)
* RPMI 1640 + L-glutamine (Gibco, Paisley, UK)
* Foetal Calf Serum (FCS) (ICN, High Wycombe, UK)
* Dynabeads M-450 CD19 and M-450 CD14 (Dynal, Wirral, UK)
* Dynal Magnetic Particle Concentrator (MPC) (Dynal, Wirral, UK)
* Phytohaemagglutinin (PHA) (Murex Diagnostics, Dartford, UK)
* Interleukin-2 (IL-2) (Chiron, Harefield, UK)
* Disposable 50ml and 15ml centrifuge tubes (Falcon, UK)

Preparation

Heat inactivate FCS at 55®C for 30 minutes (min).

Stock solutions of PHA were prepared at 0.2 mg.ml"! in RPMI 1640 culture 
medium containing 0.2% FCS. The stock solution was filtered through a 20|iM

filter prior to aliquoting and storing at -20®C.

Stock solutions of IL-2 were prepared as for PHA but at 20 |Xg.ml"l.

Method

Normal peripheral blood T cells were isolated from 100ml of blood obtained from 
healthy volunteers. Venous blood was collected into EDTA (2.5mM final

concentration) and processed immediately. The blood was diluted 1:2 with PBS" 
and layered onto Ficoll-Paque and centrifuged at 800 x g for 20 min. The 
mononuclear cell fraction was removed using a sterile Pasteur pipette and placed in 
a fresh 50ml disposable centrifuge tube. The cells were washed five times with

PBS+ and centrifuged at 400 x g for 5 min to remove most platelets and 

resuspended in RPMI-1640 tissue culture medium containing 10% (v/v) FCS. The 

cells were placed in a sterile tissue culture flask (75cm^ area) and the majority of
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monocytes and macrophages were removed by plastic adherence at 37^C for 30 
min. Purified T cells were obtained by negative selection as follows. B cells and the 
remaining monocytes were removed by using CD 14 and CD 19 antibody coated 
Dynabeads. CD 14 is a membrane antigen which is predominantly expressed on 
human monocytes and macrophages while CD 19 is a B cell restricted membrane 
antigen. The cells were resuspended in PBS containing 1% (v/v) FCS at a

concentration 1 x 10^ cells ml'^. Dynabeads M-450 CD 14 and CD 19 were added at

a concentration of 1 bead/cell and 2 beads/cell respectively and incubated at +4^C 
for 60 min on a rotating mixer. The rosetted cells were removed using a magnet 
(Dynal MPC) and the remaining cells were collected and washed. The population 
typically contained greater than 90% T cells as determined by flow cytometry 
immunofluorescence with anti-CD3 antibody. The purified T cells were

resuspended at a density of 2 x 10^ ml'^ in RPMI-1640 medium containing 10% 

(v/v) FCS and cultured in the presence of 1 |ig.ml"l PHA. After 60 hours (h), cells

were washed 3 times in prewarmed culture medium and resuspended at 1x10^ ml‘ l

in the presence of IL-2 at a final concentration of 20 ng.ml"! The cells were split 
and resuspended in fresh medium containing IL-2 every 1-2 days.

2.2 Purification and culture of CD34+ cells

Materials
* Stem Cell Factor (SCF) (Biosource International, Camarillo, CA)
* Interleukin-2 and Interleukin-6 (kindly donated by Sandoz, Basel,

Switzerland)
* 12.8 mouse-anti-human CD34 antibody (IgM Class 1) and matched irrelevant 

control (CellPro Inc., Bothell, WA)
* Glutamine (Gibco BRL)
* CD34 multiSort Kit (Miltenyi Biotec, Germany)

Method
Mononuclear cells were harvested from patients following mobilisation of 
peripheral blood stem cells (PBSC) with cyclophosphamide and G-CSF, and the

CD34+ cells were separated using the CEPRATE ^M  column as previously 

described (Watts eta l., 1995). The antibody used on the column was monoclonal 

antibody (Moab) 12.8, a CD34 class 1 antibody, which recognizes a sialic acid-

dependent epitope. CD34+ cells were used for experimentation when the numbers
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obtained exceeded that required for rapid and sustained haematological engraftment 
(Watts et al, 1997). The patients selected had no disease involvement in their bone 
marrow. Cell purity was assessed by immunophenotyping using flow cytometry 
and alkaline phosphatase-anti-alkaline phosphatase (APAAP) staining using a 
mouse-anti-human CD34 (HPCA-2 MoAb) antibody, different from that used for 
purification. In cases when purity was not >90%, a second round of purification 
was performed. In such cases the cells were pelleted and all the supernatant was

removed. Cells were resuspended in CD34+ Multisort Microbeads in a volume of

100|il per 10^ cells and incubated at 4®C for 30 min. The cells were washed with 5

ml of PBS" containing 1% (w/v) BSA and 2mM EDTA and pelleted at 200 x g for 
10 min. Cells were then resuspended in 500|xl of PBS/BSA/EDTA buffer for up to

10^ total cells and were put through a separation column which is placed in a strong 
permanent magnet (Miltenyi). The column had been pre-activated with 2ml of wash 
buffer. The column was flushed with 3 x 3 ml of wash buffer and the negative 
fraction was collected and discarded. The column was then removed from the 
magnet and flushed with 3ml of wash buffer using a plunger supplied with the

column. This eluted fraction was the CD34'^ positive cell collection. CD34+ were

cultured at 5 x 10^ cells ml"l in Iscove's minimal essential medium supplemented 
with 20% (v/v) myoclone super plus FCS and 2mM glutamine. Cells were cultured

in the presence of 10 ng.m l'l recombinant human SCF, IL-3 and IL-6.

2.3 Staining of ceils for cell cycle analysis by Flow cytometry.

Material
* Propidium Iodide (PI) (Sigma)
* Fluorescein Isothiocyanate (FITC) (Sigma)
* Ribonuclease A (Sigma)

Preparation
Stock solutions of PI and FITC were prepared in PBS. Stock solution of RNAase

was dissolved in lOmM Tris.Cl (pH7.5) and 15mM NACl and heated at lOO^C for 
15 min to inactivate DNAase activity.
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Stain Solution:
Reagents Volume (mi) Final
concentration

P I(lm g .m l" l)  0.2 20 |ig.m l-l

FITC (10 mg.ml-1) 0.05 50 (ig.ml-l

RNAase (10 mg.ml'*) 0.5 0.5 mg.ml-1

PBS+ 9.25
Method

5 x 1 0 ^  cells were pelleted by centrifugation at 800 x g for 5min and the supernatant 
was removed all supernatant. The pellet was disaggregated by gently tapping the 
bottom of the tube and 1 ml ice cold 70% (v/v) Ethanol was added drop-wise with

agitation, cells were fixed for a minimum of 20 min at -20®C . For staining of DNA 
and cellular protein, cells were pelleted and 70% (v/v) Ethanol supernatant was 
removed. Residual Ethanol was removed with a Gilson pippetteman and the pellet 
was disaggregated by gently tapping the bottom of the tube. Stain solution (0.5ml) 
was then added and the tube was incubated in the dark for 30 min at room 
temperature prior to analysis by flow cytometry.

2.4 Preparation of protein lysates

Material
* Sodium dodecyl sulphate (SDS) (ICN)
* Glycerol (BDH)
* Dithiotreitol (DTT) (Sigma)
* Phenylmethylsulfonylfluoride (PMSF) (Sigma)

* p-glycerophosphate (Sigma)

* sodium orthovanadate (Sigma)
* sodium pyrophosphate (Sigma)
* sodium fluoride (Sigma)

Preparation
Protein gel SDS sample buffer (2x):
Reagent Volume (mil

0.5 M Tris-HCl, PH 6.8 2.0 ml
Glycerol 1.6 ml

10% (w/v) SDS 3.2 ml
IMDTT 0.8 ml

Final concentration 

125 mM 
20%

4%
lOOmM

37



0.2 ml 0.001%
0.008 ml 1 mM

0.008 ml 1 mM

0.008 ml 1 mM
0.040 ml 5 mM
0.008 ml 10 mM
0.032 ml 2 mM

0.05% (w/v) Bromophenol blue 
IM PM SF

IM P-glycerophosphate

1 M sodium orthovanadate 
1 M sodium pyrophosphate (pH 7)
1 M sodium fluoride 
0.5 M EDTA (pH 8.0)
Method

Crude protein lysates was prepared by pelleting 5 x 10^ cells in a 1.5ml screw top 
tube and the supernatant was removed. Residual supernatant was removed with a 
Gilson pippetman prior to adding 15pl of 2 x SDS sample buffer containing 
phosphatase and protease inhibitors. The lysates were boiled for 10 min and then

stored at -20®C until required.

2.5 SDS-PAGE and Western Blotting

Materials
* Acrylamide/Bis-acrylamide 37.5:1 (30%) (Boehringer Mannheim, UK)
* TEMED (Sigma)
* Ammonium persulphate (Sigma)
* Molecular weight rainbow markers (Amersham, Bucks, UK)
* Hybond-C Extra (nitrocellulose membrane) (Amersham, Bucks, UK)
* Non-fat dried milk (Marvel)
* Peroxidase conjugated antisera (Dako Ltd., High Wycombe, Bucks, UK)
* Enhanced chemiluminescence kit (Amersham International)

Preparation
separating gel
Final % polvacrvlamide 13.5%

Reagents Volume (ml) Volume (ml)

Distilled water 5.35 2.85

1.5M Tris-HCl pH 8.8 2.5 2.5

10% (w/v) SDS 0.1 0.1

Acrylamide/Bis-acrylamide 2 4.5

10% (w/v) Ammonium Persulphate 0.075 0.075

TEMED 0.0075 0.0075
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Stacking gel
Reagents
Distilled water

1.5M Tris-HCl (PH 6.8)
10% (w/v) SDS 
Acrylamide/Bis-acrylamide 
10% (w/v) Ammonium persulphate 
TEMED

Volume (mil
3.05
1.25
0.05
0.65
0.375
0.075

5x Electrode running buffer. pH 8.3

Tris base
Glycine
SDS
distilled water

9.0 g
43.2 g
3.0 g

to a final volume 500ml

Western transfer buffer

Tris base

Glycine
Methanol

3.0 g.1-1 

14.8 g.1-1
20% (v/v)

Method
The separating gel was prepared and poured into a minigel apparatus (Hoefer, UK) 
which was set up according to the manufacturer's instructions. This was overlayed 
with water to flatten the upper level of the gel. Once set, the water was poured off 
and the space above the gel was dried with a piece of filter paper. The stacking gel 
was then layered onto the separating gel (30|il of bromophenol blue was added to 
aid visualisation of the lanes when loading), and a 15-well comb was inserted into 
place. Once set, the comb was removed and the wells were flushed with running 
buffer using a syringe and needle to remove unpolymerised polyacrylamide.

Western Blot Analvsis.

15)li1 of each protein sample in sample buffer (approximately 5 x 10  ̂cells) was 
loaded and separated by SDS-PAGE. A 6% polyacrylamide gel was used for pRb 
and p i30 detection and a 13.5% polyacrylamide gel was used for the detection of 
cyclins, cdks, CKIs and tubulin. Electrophoresis was carried out at a constant lOOV 
for 120-180 min depending on the concentration of the gel. After electrophoresis, 
the proteins were transferred to Hybond-C Extra membranes (Amersham) using a 
semi-dry electro-transfer method. The current during transfer was kept constant at
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0.5 A and the transfer time was typically 45 min. The membranes were then 
blocked for at minimum of Ih in PB ST (PBS with 0.05% [v/v] Tween 20) with 
10% (w/v) non-fat dried milk. They were then washed three times in PB ST for 10 
min each followed by incubation with the primary antibody at room temperature for

l-2h or overnight at 4^0. The concentration of each of the primary antibodies used 
is stated in the method section of the appropriate results chapters. After primary 
antibody incubation, the membrane was washed three times with PB ST and then 
incubated with the secondary antibody (peroxidase conjugated immunoglobulins) 
for Ih. Following secondary antibody incubation, the membrane was washed three 

times and detection of antibody was performed using the Enhanced- 
Chemiluminescence (ECL) method (Amersham, UK). The technique involved 
incubation of the membrane to the chemiluminescence mix for Imin followed by 
exposure of the membrane to film at intervals of 15 sec to 2 min or longer, if 
required.

2.6 Image acquisition
Autoradiographs were scanned into a graphics editing program (Adobe Photoshop) 
and the image was cut and pasted into a presentation graphics program 
(PowerPoint). Only linear adjustments in contrast was performed in Photoshop and 
under no circumstances was any of the editing functions utilized.
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CHAPTER 3 

ANALYSIS OF CDK EXPRESSION AND ACTIVITY IN CD34+ 
CELLS STIMULATED WITH CYTOKINES.

3.1 INTRODUCTION
Entry of quiescent cells into the division cycle is regulated by a series of transitions 
during Go and G l phase. While events in Go are not well understood, Pardee noted 
that there is some critical point in the mid-Gl interval, which he termed the 
“restriction point,” that must be surpassed before the cells are committed to 
proceeding into S phase (Pardee, 1974 and 1987). Phosphorylation of the 
Retinoblastoma protein (pRb), is the central event in this transition, leading to the 
release of the E2F transcription factor, thus allowing gene activation to occur 
(reviewed in Weinberg, 1995). The phosphorylation of pRb is cell cycle regulated, 
pRb is hypophosphorylated in Go and represses the activity of E2F-1. It is 
progressively phosphorylated during G l reaching a hyperphosphorylated form at the 
Gl/S border (Buchkovich gf a/., 1989; Chen era/., 1989; DeCaprio era/., 1989). 
There exist several homologues of pRb (p i07 and p i30) collectively termed ‘pocket 
proteins’ which also undergo cell cycle dependent phosphorylation similar to pRb 
(Beijersbergen era/., 1995; Mayol era/., 1995; Takahashi era/., 1995) There also 
exist several homologs of E2F-1 (E2F-2 to 6) and in vivo, pRb associates with E2F- 
1, E2F-2, E2F-3, and E2F-4 (Lees et al., 1993, Thomas et al, 1998), pl07 
associates with E2F-4; and p i30 with E2F-4 and E2F-5 (Beijersbergen et ai,
1994b; Ginsberg etal., 1994, Vairo etal, 1995; Hijmans e ta l, 1995). It is believed 
that the sequential interaction between pocket proteins and E2Fs regulate the 
transcription of distinct genes at specific stages in the progression through G l into S 
phase. Thus phosphorylation of pocket proteins is a crucial mechanism in 
determining G l progression.

Cdks phosphorylate pRb in vitro at the same sites that are phosphorylated in 
vivo (Taya et al, 1989; Lees et al, 1991; Lin et al, 1991 ; Hollingsworth et al,
1993) and immunoprecipitated cyclin D-cdk and cyclin E-cdk complexes have pRb 
kinase activity (Ewen et al, 1993; Matsushime et al, 1994; Meyerson and Harlow,
1994). Thus G l progression is intimately associated with cdk activity. For activity, 
cdks require association with a second protein, a cyclin, which plays a regulatory 
role in the enzyme complex (reviewed in Sherr, 1994). In addition, phosphorylation 

of positive and negative regulatory sites, and interaction with inhibitors also regulate 
cdk activity (reviewed in Morgan, 1995). In T lymphocytes there is sequential 
activation of cdks following stimulation from quiescence. The kinase activity of 
cyclin D-cdk6 is detected in early G l and although cyclin D-cdk4 is also detected in
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early to mid G l, cdk6 is the predominant cyclin D associated kinase partner in 
peripheral blood T cells (Meyerson and Harlow, 1994). The activity of cyclin E- 
cdk2 is detected at the G l/S  transition (Meyerson and Harlow, 1994; Lucas et al, 
1995; Lucas et al, 1995b; Firpo et al, 1994)

Although the mechanisms regulating cell cycle progression have been 
conserved in most cell types, differences in the expression of important cell cycle 
proteins exist. For example, amongst primary human cells, fibroblasts probably 
represent the best characterised model of G l cell cycle progression in primary human 
cells. However these cells show a different G l phase machinery compared with T 
cells. Fibroblast cells express high levels of cyclin D l, CDK4 and p i6 proteins 

(Tam et al, 1994) whereas T cells only express cyclin D2 and D3 and the expression 
of cdk6 is more abundant than cdk4 (Tam et al, 1994; Meyerson and Harlow,
1994). Recent evidence suggest that there may be differences between T cells and 
haemopoietic progenitor cells. Mature T lymphocytes of p27 knock-out mice are 
arrested in Go and do not demonstrate any enhanced ability to enter the cell cycle 
following stimulation. In contrast there are increased numbers of haemopoietic 
progenitor cells in p27 knockout mice (Nakayama et al, 1996; Kiyokawa et al, 
1996; Fero et al, 1996). Since p27 inhibits the activity of cdks involved in 
progression through the restriction point (Coats et al, 1996), it suggest that the Gl 
cell cycle machinery may be different at critical periods of haemopoietic 
differentiation. However, the precise molecular events regulating the proliferation of 
haemopoietic progenitor cells is not known.

This study examines the expression and activity of important cell cycle 
proteins involved in the transition from quiescence into S phase in haemopoietic

progenitor cells. Freshly isolated, mobilized peripheral blood CD34+ progenitor 
cells have features which are characteristic of quiescent cells, such as a 2n DNA 
content combined with a low cell protein content. In addition they contain 
hypophosphorylated pocket proteins and it has previously been shown that p i30 is 
associated with E2F-4 (Williams et al, 1997), a complex which has been suggested 
to be unique to quiescent cells (Smith et al, 1996). In order to determine which cdks

are involved in the phosphorylation of pocket proteins in CD34+ cells the expression 

and activities of cdk2, cdk4 and cdk6 have been examined following the stimulation

of CD34+ cells with cytokines.
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3.2 METHODS

3.2.1 Purification of mobilized €034"^ cells.

The first round of CD34+ cell purification was performed in the department by Mike

Watts and Stuart Ings for clinical purposes. CD34+ cells were isolated from the 
aphereis product of patients previously mobilized with cyclophosphamide (1.5 g/m2) 
followed by daily G-CSF (10 pg/kg/d Filgrastim or 263 pg/d Lenograstim) for 10

days. CEPRATE SC immunoaffinity columns were used for CD34+ cell 
purification. The antibody used on the column was monoclonal antibody (Moab) 
12.8, a CD34 class 1 antibody, which recognizes a sialic acid-dependent epitope. 
Purity was assessed by alkaline phosphatase antialkaline phosphatase (APAAP) 
staining of cytocentrifuge preparations with a CD34 antibody (HPCA-2 MoAb) 
different from that used for purification. Blast cells were identified by morphology 
after staining with May-Griinwald-Giemsa (MGG) stain (purity range, 75%-90%,

n=3). CD34+ cells which were available for experimentation were subject to a 
second round of purification using the Miltenyi purification system as described in 
the General Methods chapter (Purity >90%, n=3). Cells were resuspended at a

concentration of 5 x 10  ̂cells/ml in Iscove's Medium supplemented with 20% (v/v) 
FCS and 2 mM L-glutamine. Stimulation was performed by supplementing the 
culture media with 10 ng.ml ’ each of stem cell factor (SCF), interleukin-3 (IL-3)

and IL-6. Cells were incubated at 37°C in a fully humidified atmosphere of 5%
C 02.

3.2.2 Immunoprécipitations

The procedure was carried out in the cold room at +4°C. Cells (5 x 10^) were 
resuspended in 800|il of low salt IP buffer containing 50mM HEPES pH 7.5, 
150mM NaCl, ImM EDTA, 2.5mM EGTA, 0.1% (v/v) Tween-20 and 10% (v/v) 
glycerol. The following protease and phophatase inhibitors were added: ImM 

PMSF, 0.5 jxg.ml"! leupeptin, 5 |ig.ml"l pepstatin A, 0.5 jig.ml"! aprotinin, 5mM 
sodium pyrophosphate, ImM sodium orthovanadate, lOmM sodium fluoride, ImM 
6-glycerophosphate. The lysed cell extracts were centrifuged at 13,000 rpm 

(1 l,600g) for 3 min. The supernatant was transferred to a new 1.5ml 
microcentrifuge tube and the pellet was resuspended in 80|xl of high salt lysis buffer 
to extract proteins from the nuclei. The high salt lysis buffer contained 50mM Tris 
pH8.0, 0.5M N ad, 0.1% Tween, 5mM EDTA, and protease and phosphatase 
inhibitors contained in the low salt buffer. The tube was placed on a rotator for 20 

min and then centrifuged at 11,600 x g for 3 min and the supernatant was pooled 

with the existing low salt supernatant.
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Preclearing was performed by adding lOpg of rabbit IgG and 50|il of Protein 
A -Agarose (IPA-300, Repligen) to the supernatant and the tube was placed on a 
rotating mixer and incubated for Ih. The tube was centrifuged for 15 sec and the 
supernatant was transferrred to a new 1.5ml microcentrifuge tube.

The supernatant was then incubated with 50|il of Protein A-Agarose and 5|ig 
of antibody against cdk2, cdk4 or cdk6. Incubation was performed as above. 
Controls consisted of each antibody preincubated for Ih with its cognate peptide.
The immune complex was collected by centrifugation at 11,600 x g for 15 sec and 
the supernatant was discarded or placed in a new 1.5ml microcentrifuge tube for 
additional antibody incubations. The pelleted immune complex was washed (x4) 
with 800|il of low salt IP buffer. The immune complex was then used for the kinase 
assay.

3.2.3 In vitro kinase assay
The immunopurified cdks were washed twice with 400|xl of 2x kinase buffer 
containing 50mM Tris pH 7.4, lOmM DTT, 2mM EGTA and 20mM MgCl2 in order 

to equilibrate the immune complex to the same conditions as those used for the 
kinase reaction. The in vitro kinase reaction was performed by incubating the

immunopurified cdks at 30®C for 30 min in Ix kinase buffer that contained 2.5|ig of

peptide substrate, 50|iM ATP and 5|xCi [y-32P] ATP, lOmM NaF and ImM Sodium

ortho vanadate, in a final volume of 20|il. The substrate used for cdk6 kinase assay, 
designated G l 1 (Kitagawa et al., 1996), had the following sequence: 
RAAPLSPIPHIPR and that used for the cdk2 kinase reaction, designated SI, was: 
AKAKKTPKKAKK. In some cases Histone HI was used as a substrate for the 
cdk2 kinase reaction. In these reactions 5|ig of Histone HI protein was added and

lOjiCi [y-32P] ATP was used per reaction. The reaction was incubated at 30®C for

12 min.
Following the incubation, 7|xl of the reaction was removed and placed in a 

0.5ml microcentrifuge tube for liquid scintillation counting while lOp.1 of 2x SDS

sample buffer was added to the remainder which was then heated at 1(X)®C for 5 

min. The 32P- labelled peptide and cdk in each sample were then resolved by 
electrophoresis through a tricine-SDS-polyacrylamide gel.

3.2.4 Tricine-SDS-Polyacrylamide gel for peptide separation and cdk blotting 
The method described below was adapted from the gel system described by 
Schagger and Von Jagow (1987). The stock solutions prepared for gel 
electrophoresis are given in Table 3.1. The composition of the separating, “spacer”, 
and stacking gels is given in Table 3.2. A total of 3ml of the separating gel
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containing 16.5% acrylamide was poured first and then overlaid by 4ml of the 
“spacer” gel. The gels were allowed to set before being overlaid by 3ml of stacking 
gel.

A total of 15|xl of lysate was loaded and electrophoresis was carried out at 
lOOv until the bromophenol blue dye-front reached the bottom edge of the gel. The 
separating gel was cut away, fixed in four changes of 10% (v/v) propan-l-ol,

10%(v/v) acetic acid, dried in a gel-dryer for 45 min at 80®C and then exposed to X- 
ray film. The relative amount of 32P incorporated into the peptide in each sample 
was quantified after exposing the gel to a Phosphlmager plate. Protein in the spacer 
gel was transferred to a nitrocellulose membrane (Hybond-C Extra) and the relative 
amount of either cdk2, cdk4 or cdk6 in each sample was determined by western 
blotting.

Table 3.1: Stock solutions for SDS-PAGE

Buffers Tris (M) Tricine (M) pH SDS (%)

Anode buffer 0.2 - 8.9 -
Cathode buffer 0.1 0.1 8.25 0.1
Gel buffer 3.0 8.45 0.3

Table 3.2: Composition of stacking, “spacer” and separating gels

Reagent stacking gel 
(4%)

“spacer” gel 
(10%)

separating gel 
(16.5%)

48:1.5 (acryl.-bisacryl) 0.33ml 0.03ml 3.33ml

Gel buffer 1.03ml 3.33ml 3.33ml

Glycerol 4g

water 2.80ml 4.63ml 2.7ml

10%APS 37.5^11 75̂ 11 75̂ 11

TEMED 7.5|il 7.5|li1 7.5̂ 11

total volume 4.2ml 10ml 10ml
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3.3 RESULTS

3.3.1 Cell cycle analysis of CD34'^ cells stimulated with cytokines.

Human primary T-cells and CD34+ cells have been shown to be in a quiescent state 
(Burke et al, 1992, Williams et al., 1997). These cells have a 2n DNA content and 
are small with low total protein content compared with their proliferating 
counterparts. Exit from Go and entry into G l is associated with an increase in cell 
size (Darzynkiewicz et al, 1980) which has been assayed by two-colour flow 
cytometry of DNA (stained with PI) and total cell protein (stained with unconjugated

FITC). CD34+ cells were stimulated with a combination of SCF, IL-3 and IL-6 and 
there was an increase in total cell protein content within 6h of stimulation, signalling 
entry into G l (Figure 3.1). By 12h the numbers of cells in G l had increased and at 
24h cells were predominantly in late G l. Entry into S phase was first detected at 12h 
and was maximal at 36h. By 48h upto 70% of cells are in the cell cycle. A graph of 
the percentage of cells in each cell cycle phase is shown in Figure 3.3(A). These 
data indicate that the transition from Go to G 1 phase, as monitored by increased
protein content, occurs around 6 to 12h after stimulation and entry into S phase was

(2, /
observed around 12-24h after stimulation. These data are consistent with those ^
published previously by our group (Williams et al, 1997).

The kinetics of cell cycle entry for peripheral blood T cells stimulated with 
PHA was different (Figure 3.2). Entry into G l was observed between 12 to 24h.
Cells continued to accumulate in G l at 36h and entry into S phase occured at 48h, 
probably as a result of autocrine production of IL-2. A graph of the percentages of 
cells in each cell cycle phase is shown in Figure 3.3(B) and indicates that the kinetics

of entry into Gl and S phase in T cells is prolonged compared with CD34+ cells.

3.3.2 Phosphorylation ofpRb and p i30 proteins during cell cycle progression.
The expression and phosphorylation status of pRb was analysed by western blotting 
using anti-Rb monoclonal antibody Rb-245. This antibody recognises hypo- and 
hyperphosphorylated forms of the protein (Thomas et al, 1991) which have 
different mobilities in SDS-PAGE (see Burke et al, 1992). pRb was detected in

samples of freshly-isolated CD34+ cells primarily as a single band which 
corresponds to the under- or hypophosphorylated form described previously (Burke 
et al, 1992). As early as 6h after stimulation with SCF, IL-3 and IL-6, a protein of 
lower mobility was detected in the immunoblots and this band corresponds to the 
hyperphosphorylated form. By 12h this lower mobility band was the predominant 
form and continued to increase in intensity as cells progressed into S phase.

46



t=Oh t=6h t=12h

s s
©

0 10 20 30 40 50 60
DNA

t=24h
S

I  " 

i  '
3 S

0 10 20 30 40 50 60

S
SA

o
'S
3

8-

s
sA
=3 "o
g
s  =

10 20 30 40 50 60

DNA

t=36h

DNA
0 10 20 30 40 50 60

DNA

!=;
S
SA
9o
3
s

SsA
u
3
3

g-

?

s
o

10 20 30 40 50 600

DNA

t=48h

0 10 20 30 40 50 60

DNA

Figures. 1 Tim e course o f cell cycle entry o f CD34+ cells stim ulated with SCF, IL-3 and IL-6. Cells were fixed, 
stained and analyzed by tw o-colour flow cytom etry for DNA and protein content. Upon stim ulation, cells with a 2n DNA 
content increase their protein content consistent with cells having m oved from Go (C) into the G l phase o f the cell cycle 
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47



8
O-

S -

DNA

t=36h

DNA

SsA
9

s

t=12h

S.V

S.m

s.N

S.H

S'
50

t=24h

DNA

t=48h

s

20 30

DNA
40 50 600 10

o .

10 20 30  40  50  600

DNA

Figure 3.2 Tim e course o f cell cycle entry o f T cells stim ulated with PHA. Cells were fixed, stained and analyzed 
by tw o-colour flow cytom etry for DNA and protein content. T cells stim ulated with PHA first enter G l (box D) from  
Go (box C) at 12h and enter S phase (box E) at 48h. This time course is a representative o f three separate experim ents.



A. CD34+cells

B

100

S 2 0 -

0 6 12 24 36 48

Go
Gl
S/G2/M

time (h)

T cells
100

% 8 0 -

t  • 
6 0 -  

■

<D 40 ■ os

0 12 24 36 48

Go
Gl
S/G2/M

time (h)

Figure 3.3 Percentage of cells in Go, G l, and S/G2/M for the time 
course shown in Figures 3.1 and 3.2. The time course is representative of 3 
separate experiments and is similar to a previous study published by our group
(Williams et al., 1997). (A) CD34+ cells were stimulated with SCF, IL-3 and IL-6. 
(B) T cells stimulated with PHA. The percent of cells in Go, G l and S/G2/M was 
assessed by flow cytometry. The proportion of cells in Go decreases with time as 
progressively more enter G l and then S and G2/M. The kinetics of entry into Gl
and S phase was quicker for CD34+ cells than for T cells.
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By 48h, nearly all of the protein appeared to be hyperphosphorylated (Figure 3.4). In T 
cells stimulated with PHA, a faint hyperphosphoiylated pRb band is detected at 12h 
and the intensity of the hypeiphosphorylated form increases thereafter (Figure 3.4B). 
By 48h the hyperphosphoiylated form was the predominant form.

CD34+ cells

t(h )= 0  6 12 24 36 48h
  pRb (p)
—  pRb

B T lymphocytes

t(h)= 0 6 12 24 36 48

pRb pRb (p) 
pRb

Figure 3.4 Expression of pRb in stim ulated CD34'*' cells and T cells.
Samples were taken at 0 hours, 6 hours, 12 hours and at 12 hour intervals thereafter. Cells
were lysed in SDS lysis buffer and a total cell lysate equivalent to 5 x 10  ̂was subjected to 
SDS-PAGE and western blotting. The hyperphosphorylated form of pRb (pRb(p)) is
present at 6 hours in CD34“̂  cells (A) and accumulates thereafter. In T cells (B), 
hyperphosphorylated pRb is faintly detected at 12 hours and accumulates thereafter. The 
result is representative of 3 separate experiments.
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3.3.3 Expression of cell cycle proteins
To determine which cdks are candidate kinases for phosphorylating the pocket 
proteins, the expression pattern of cdk2, cdk4 and cdk6 and their partner cyclins was 
determined. All three cdks could be clearly detected in resting cells (Figure 3.5). The 
expression of cdk6 remained constant as cells progressed through G1 and into S 
phase, while cdk4 expression remained at low levels until 24h following stimulation, 
when it was upregulated. Cdk4 is seen to migrate as a doublet but the significance of 
this is uncertain. Cdk2 also migrates as a doublet and the higher mobility species has 
been described previously to represent the Thr 161 phosphorylated and potentially 

active form of cdk2 (Gu et al, 1992). The appearance of the faster migrating form of 
cdk2 usually coincides with entry into S phase in fibroblasts (Koff et al, 1993; 
Pagano et al, 1993; Tsai et al, 1993). Both forms of cdk2 increase in expression at 
12h and further at 24h.

Amongst the cyclins, cyclin D2 had a similar pattern of expression to that

observed for cdk6. Cyclin D2 is clearly detectable in resting CD34+ cells and the 
levels remain constant with progression through G1 and into S phase. The apparent 
shift in mobility observed between 12 and 24h was not observed in all experiments 
and is assumed to be a gel artifact in this experiment. Conversely cyclin D3 cannot

be detected in resting CD34'*' cells and is induced from 24h corresponding to a time 
when cells were predominantly in late G 1/early S-phase. Cyclin D1 has been

reported to be undetectable in CD34+ cells (Della et al, 1997). Cyclin E is present at 
low levels in resting cells and the protein is induced at 24h corresponding to late 
G 1/early S phase.

This pattern of expression is similar to that observed in T cells stimulated 
with PHA (Figure 3.6). In T cells, the expression of cdk6 is constant upto 36h while 
both cdk4 and cdk2 are upregufqted at 36h. The faster migrating active form of cdk2 

is also detected at this time.

Amongst the cyclins, the expression pattern was nearly identical to CD34+ 
cells. Thus cyclin D2 is present throughout G1 and the levels remain constant while 
cyclin 0 3  is induced at 24h, as cells accumulate in G l. Cyclin B, however, was 
detected soon after stimulation with maximal levels at 24h.

In summary, in both cell types cdk6 and cyclin 0 2  appear to be expressed at 
relatively constant levels throughout G l whereas cdk4, cdk2, cyclin 0 3  and cyclin E 
are upregulated as cells accumulate at the G 1/S border. Cdk2 phosphorylation is

detected clearly at 12h in C034+ cells, in T cells it is detected at 36h. The difference 

in kinetics of phosphorylation between the two cell types reflects the difference in 

kinetics of progression into S phase following stimulation.
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Figure 3.5 Expression of cdks and cyclins in stimulated CD34+ cells. Equal amounts of 
total cell lysates (equivalent to 5 x 10'’) were subjected to SDS-PAGE and western blotting. 
The expression of cdks and cyclins shown is representative of 3 separate experiments. In all 
time courses, the expression of cdk6 and cyclin D2 remain constant with progression 
through G l. The expression of cdk2 increases between 12 and 24 hours and is also 
phosphorylated while the expression of cdk4, cyclin E and cyclin D3 increases at 24 hours 
following stimulation. This corresponds to a time when cells are in late G l.
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Figure 3.6 Expression of cdks and cyclins in stimulated T cells. Equal amounts of total 
lysates (equivalent to 5 x 10 )̂ were subjected to SDS-PAGE and western blotting was 
performed. The expression of cdks and cyclins shown is representative of 3 separate 
experiments. In all time courses, the expression of cdk6 and cyclin D2 remain constant with 
progression through G l. An increase in cdk4 and cdk2 expression occurs at 36 hours 
following stimulation and as with CD34+ cells, the increase corresponds to a time when cells 
are in late G l. Cyclin D3 is induced at 24 hours and cyclin E is induced shortly after 
stimulation.
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3.3.4 In vitro kinase assay
To determine whether the sequential pattern of cdk activation observed in

other cell types including T cells is conserved in CD34+ cells, in vitro kinase assays 
were performed using immunoprecipitated cdk6, cdk4 and cdk2. The Ser780 site on 
pRb has recently been identified to be phosphorylated by cdk4 and cdk6 but not by 
cdk2 (Kitagawa et al, 1996). A synthetic peptide (Gl 1 peptide) containing 
sequences derived from this site on pRb was used as the substrate for the cdk6 
kinase assays. A synthetic peptide containing the consensus amino acid sequence for 
phosphorylation by cdk2 (SI peptide) was used as the substrate for the cdk2 kinase 
assay. This SI peptide sequence is derived from the Histone HI site and is not a 
substrate for cdk4 and cdk6 kinases. The specificity of the G l 1 and SI peptides as 
substrates for cdk4/cdk6 and cdk2 kinases has been demonstrated previously 
(Kitagawa er a/., 1996).

Figure 3.7 (A) shows the peptide substrate phosphorylation for cdk6, cdk4 

and cdk2 kinase assay following stimulation of CD34+ cells with cytokines. The 
associated level of immunoprecipitated cdk is also shown. It is apparent that cdk6 
activity is detected in quiescent cells and the activity increases following stimulation 
as cells progress through G l. The activity of cdk4 is very sensitive to the type of 
detergent used and the concentration of the detergent. The optimisation of these two 
parameters are critically important in extracting stably assembled cyclin D-cdk4 
complexes from the cell nuclei. Detergents such as Triton X-100 and NP-40 at 
concentrations as low as 0.1 % resulted in the non-detection of cdk4 activity (data not 
shown) although cdk6 activity is detected in these conditions. The use of 0.1% 
Tween appears to be optimal for extracting cdk4 active complexes. Thus far, the 
activity of cdk4 has been consistantly detected prior to cdk2. However the 
downregulation of cdk4 activity at 36h as suggested in this time course has not been 
consistant and further optimisation of kinase conditions may be required in order to 
quantify cdk4 activity as cells progress through G l. In contrast little or no cdk2 
activity is detected until 24h following stimulation. The detection of cdk6 and cdk4 
kinase activity prior to detection of cdk2 kinase activity were typical results from 

three separate experiments.
The substrate phosphorylation for all immune complexes was abolished by 

preincubating the antibodies with competitor peptide prior to immunoprécipitation 
(Figure 3.6B) and no kinase activity was detectable associated with rabbit IgG.

In order to gain insights into the regulation of cdk activity, cdk6 and cdk2 
kinase assays was quantified and corrected for the amount of the respective 
immunoprecipitated cdk detected at each time point and the results expressed as a 
ratio. The graph in Figure 3.8 (A) show the mean level of cdk activity from two 

separate quantifiable experiments. Cdk6 kinase activity is detectable in quiescent
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Figure 3.7 In Vitro Kinase Assays. The kinase activity of cdk6, cdk4 and cdk2 was assayed 
from stimulated CD34+cells. Cdk6, cdk4 and cdk2 was immunoprecipitated from 5 x 10  ̂cells 
and an in-vitro kinase assay was performed using the SI or Gl 1 peptide substrates. The peptides 

were separated from unincorporated y-^^P-ATP by electrophoresis using a Tricine gel.
Peptide substrate phosphorylation was detected by autoradiography and quantitated by 
phospho-imaging. (A) Cdk6 activity and cdk4 activity is detected prior to detection of cdk2 
activity. (B) In-vitro kinase assays wereperformed using immune-complexes obtained from 
antibody with (4 -) or without (-) preincubation with the cognate peptide. The kinase assays shown 
are representative of 2 separate experiments.
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CD34+ cells and increases 2.5 fold at 12h when corrected for levels of 
immunoprecipitated cdk6. The activity increases up to 3.75 fold higher levels than 
that in quiescent cells at 24h (Figures 3.8A). This level of activity is maintained at 
36h following stimulation. In contrast, no cdk2 activity was detected in resting cells 
and low levels of activity was detected at 12h. The activity was induced more than
3.5 fold at 24h corresponding to cells being at the G 1/S. However, the ratio of the 
phosphorylated and potentially active form of immunoprecipitated cdk2 increased 
only slightly from 12 to 24h following stimulation (Figure 3.8B). At 12h the 
phosphorylated form comprised of 32% of total cdk2 which increased to 35% at 
24h. Thus the increase in cdk2 kinase activity at 24h was not solely due to an 
increase in the phosphorylated form of cdk2.
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Figure 3.8 Quantification of kinase activity and immunoprecipitated 
cdk2. Data shown are the mean of 2 separate experiments. Cdk6 activity is 
upregulated at 12 hours and is maximal at 24 hours. Cdk2 activity was first detected 
at 12 hours and was upregulated 3.5 fold at 24 hours. (B) Expression of the faster 
(cdk2-P) and slower (cdk2) migrating forms of immunoprecipitated cdk2 expressed 
as a ratio.
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3.4 DISC U SSIO N

Greater than 95% of freshly mobilized CD34+ cells contain a 2n DNA content and 
low amounts of cellular protein, which are characteristic features of quiescent cells 
(Darzynkiewicz et al, 1980). Furthermore they contain hypophosphorylated pRb 
and p i 30, and work from our group has shown previously that p i 30 is complexed 
to E2F-4 (Williams et al, 1997), which has been suggested to be unique to 

quiescent cells . A combination of SCF, IL-3 and IL-6 promotes the rapid entry and 
progression of these cells through the cell cycle. Within 6h following stimulation, 
cells begin to enter G l, as defined by an increase in cell protein. Most cells 
accumulate in G l and begin to enter S phase at 24h. The hyperphosphorylated forms 
of pRb and p i 30 are detectable by western blotting at 6h corresponding to entry of 
cells in G l . In order to determine which cdks regulate progression through G l, the 
expression and activity of cdk2, cdk4 and cdk6 was investigated. There are 
detectable amounts of cdk2, cdk4 and cdk6 as well as cyclin 0 2  and cyclin E in

resting CD34+ cells. This observation is also true for peripheral blood T cells and 
suggest that the potential for active complex formation already exists in resting 
primary haemopoietic cells. Indeed, cdk6 kinase activity is detectable in extracts of 
quiescent cells and the activity of cdk6 increases 2.5 fold at 12h following 
stimulation. It is likely that cdk6 is complexed to cyclin 0 2  at this time point since 
cyclin 0 3  is not induced in expression until 24h. Furthermore, in T cells, cdk6 is 
known to be complexed with cyclin 0 2  in early G l and with cyclin 0 3  in late Gl 
(Meyerson and Harlow, 1994). The activity of cdk2 is upregulated 3.5 fold at 24h at

a time point when C034+ cells are predominantly at the G 1/S border, although a 
cohort (7.2%) were in S and G2/M. Although the phosphorylation of Thr*̂ * site is a 
prerequisite for cdk2 activity, it is unlikely to be the rate limiting step since there was 
only a slight increase in the phosphorylated form of cdk2 from 12h to 24h. The 
upregulation of cyclin E expression, degradation of p27 associated with the complex 
and dephosphorylation of the Thr*"* and Tyr‘̂  sites are likely to be important in the 
upregulation of cdk2 activity at 24h. As in other cell types (see for example Tsai et 
al, 1993), active cdk2 complexes are likely to mediate G l to S phase transition.

Thus the pattern of cdk activation in CD34+ cells conform to the widely held 
view that sequential activation of G l cyclin-CDK complexes appear to activate S- 
phase entry. In this model growth factors are required through the D-type cyclins to 
start the program of pRb phosphorylation and once intitiated, pRb is further 
phosphorylated by cyclin E-cdk2 to promote E2F-dependent gene expression (Sherr,

1995).
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The roles of the individual cyclin-cdk complexes in phosphorylating pRb 
however have remained an important, unresolved, question. When cyclin D, cyclin 
E, and cyclin A kinases are overexpressed, they are all capable of 
hyperphosphorylating pRb and promoting entry into S phase (Resnitzky and Reed, 
1995; Hinds et al, 1992; Zhu et al, 1995). However, these overexpression 
conditions are not necessarily reflective of physiological levels and/or activities of 
cyclin-cdk complexes in vivo. In this study, pRb was hyperphosphorylated at 6h 
and heavily phosphorylated at 24h. The kinetics of cdk activation suggests that active 
cdk6 complexes initiate the hyperphosphorylation of pRb. However this 
interpretation may be an oversimplification since it is possible that cdk2 complexes 
are active prior to 24h but the level of activity is below the threshold level of 
detection. In support of this possibility, a cohort of cells is detected in S phase prior 
to 24h and the faster migrating Thr'^' phosphorylated form of cdk2 is detected in 
resting cells by immunoprécipitation (Figure 3.7). Growth factor stimulation may 
result in the rapid activation of cdk2 complexes already phosphorylated on the Thr’̂ ’ 
site and active cdk2 may mediate or contribute to the hyperphosphorylation of pRb 
as early as 6h. One mechanism by which cdk2 can be activated rapidly following 
cytokine stimulation is through the dephosphorylation of inhibitory Thr''* and Tyr'^ 
residues. The phosphatase cdc25 mediates the removal of inhibitory phosphorylation 
at Tyr'^ on cdks. This phosphatase is a substrate of Raf 1 in vitro and has been 
shown to activate cdk2 (Hoffman et al, 1994; Jinno et al, 1994). This pathway 
potentially links mitogenic signal transduction with the rapid activation of the cell 
cycle machinery (Galaktionov et al, 1995) and may be the mechanism by which a 
subpopulation of cells are able to enter S phase prior to 24h.

It was observed that CD34+ cells enter G l and progress into S phase phase 
more rapidly than T cells, following stimulation. The observation that low levels of 
cdk6 activity is detected prior to cytokine stimulation combined with the detection of 
the phophorylated form of cdk2 may in part account for this rapid entry into S phase. 

In addition to activation of the cell cycle machinery, a number of studies have shown 
that cell growth is obligatory for entry into, and progression through the cell cycle in 
untransformed mammalian cells (for review see Zetterberg, 1997). Thus the ability 
to enter the division cycle quickly is also dependent on the rate of protein synthesis. 
The rate of protein synthesis depends on ribosome numbers as well as the 

translation rate per ribosome (Kay et al, 1975). It has recently been reported that

most bone marrow CD34+ cells reside in the Gl phase as determined by high RNA 
content (Ladd et al, 1997). This high RNA content may reflect the recent cell

cycling activity of bone marrow CD34+ cells or it may be that high RNA content is a

characteristic feature of CD34+ cells. Since most RNA is ribosomal (Henshaw et al.
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1971), it indicates that CD34+ cells are able to dramatically increase the rate of cell

growth in response to mitogens. Therefore CD34+ cells appear to have the 
machinery to rapidly enter the division cycle and this may be a crucial mechanism in 
sustaining haemopoiesis.
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CHAPTER 4

CELL CYCLE PHASE SPECIFIC EXPRESSION OF CDKs IN THE 
CONTINUOUS CELL CYCLE .

4.1 INTRODUCTION
The expression of cdks in primary cells as they enter the cell cycle from quiescence 

(Go) have provided insights into the regulation of cdk expression during the first 

cell cycle. However this is not comparable to that which occurs when cells are 
continuously in cycle. Continuously cycling cells complete mitosis and enter the 
next division cycle at some point in G l. The requirements of the cell to progress 
through G l and into S phase in these cells are likely to be different. This is reflected 
in differences in biochemical pathways activated in first time cycling cells compared 
with continuously cycling cells. For example, in T cells differences exist in the 

biochemical pathways activated by l stimulation through the antigen receptor and 
stimulation by the IL-2 receptor. Stimulation of quiescent cells by the antigen 
receptor activates hydrolysis of phosphoinositides with'subsequent increases in the 
concentration of intracellular calcium and protein kinase C (Mills et al, 1988; 
Modiano et al, 1991) while stimulation through the IL-2 receptor results in the 
activation of members of the Janus (Jak) kinase family (Johnston et ai, 1994; 
Witthuhn fl/., 1994; Miyazaki era/., 1994; Russell era/., 1994).

In the continuous cell cycle the abundance of cdc2, cdk2, cdk6 have been 
examined. The abundance of cdc2 was determined in each cell cycle phase of a 
population of proliferating HeLa cells separated using centrifugal élutriation (Draetta 
and Beach, 1988). They found that the total abundance of cdc2 protein varied little 
during the cell cycle. In a similar study, the amount of cdk2 protein, like that of 
cdc2, was also determined to be constant in cychng HeLa cells (Pagano et ai, 
1992). More recently, Lucas et al (1995b) have used primary T cells to determine 

the abundance of cdk6 in proliferating cells. They showed that the expression of 
cdk6 protein in T cells arrested at the G 1/S and G2/M borders by using aphidicolin 
and nocodazole, respectively, were similar to those in proliferating cells. Thus, the 
steady state levels for all cdks examined to date are thought to be constant 
throughout the cell cycle in continuously cycling cells. This indicates that the 
abundance of cdks do not regulate cdk activity and that the activity of cdks is 
determined by other regulatory events such as post-translational modifications.

The study of the abundance of cdks through the cell cycle in haemopoietic 
progenitor cells is of interest for several reasons. Firstly, during various terminal 
differentiation pathways, the expression of cdk and cyclin subunits were shown to
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be prone to downregulation (Rao et al., 1994; Kiykawa et al., 1994; Kiess et al., 
1995). Since CD34+ cells may correspond to committed progenitors or the most 
immature part of morphologically-identifiable bone marrow cells 
(myeloblasts/promyelocytes fraction) which are cycling but committed to 
differentiate down a specific lineage, changes in cdk abundance in cycling CD34+ 
cells may offer unique insights into the regulatory mechanisms involved in the 
prohferation-differentiation switch. Secondly, in terms of the cell cycle mechanics, 
the stoichiometry of the complexes between cdk and CKI is important for 
determining whether the cdk is active (Zhang et al, 1994). However, the inhibition 
constants (Ki) of the CKI for different cyclin-cdk complexes vary considerably

(Harper et al, 1995). For example, p27 is a more effective inhibitor of cyclin E- 
cdk2 or cyclin A-cdk2 than of cyclin D-cdk4 (Polyak et al, 1994; Toyoshima and 
Hunter, 1994; Harper et al, 1995). Thus the outcome of an interaction between 
CKI and G 1/S cyclin-cdk is determined by the distribution of CKI between 
inhibitable targets and a reservoir which sequesters the CKI, resulting in the cyclin- 
cdk complex remaining active. Therefore changes in cdk abundance during 
proliferation may result in the shuttling of CKIs in the transition from active to 
inactive cdk complexes and vice-versa.

For these reasons, a definitive study is required to determine the abundance 
of cdks in different cell cycle phases of proliferating cells. Ideally, this study should 
be performed using primary cells that are 100% enriched for a particular cell cycle 

phase without the need for cell synchronization. Many of the previous studies 
examining cdk regulation have used cell lines which are highly transformed and 
have been selected for rapid growth and are thus highly abnormal with respect to the 
mechanisms of growth control. Accumulating evidence show that a great many cell 
hnes are defective in some way in the network of cell cycle regulatory molecules 
(Xiong e ta l , 1993; Takase e ta l, 1994; Crissman et a l, 1991; Kung et a l, 1990). 
The problem with using cell synchronization methods is that chemical blocking 
agents perturb metabolic function giving rise to the possibility of unphysiological 
levels of protein expression. For example, blocking the cell cycle at the G 1/S border 
with aphidicolin leads to an accumulation of supra-physiological levels of cyclin A 

(David-Pfeuty gr a/., 1996; NSB Thomas, personal communication). Furthermore, 
these methods have not allowed a 100% enrichment of cells in a defined cell cycle 
phase. Experimentpfs have to accept that they are usually working with partially 
asynchronous cultures, which might have some impact on the result.

This chapter presents studies carried out to determine the abundance of cdks 
in different cell cycle phases of proliferating haemopoietic cells. It was necessary to 
use a method which enabled determination of the abundance of specific proteins in 

any given cell cycle phase without cell synchronization. Therefore, flow cytometry
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was used in order to quantitatively determine changes of specific cdks as the cells 
progressed through G l, S and G2/M. Total cellular protein content increases as 
much as 2.5 fold with progression from early G l(G la), where cells contain 
subthreshold levels of protein for entry into S phase, to late G l(G lb ) when 
threshold levels achieved are sufficient to proceed directly into S phase 
(Darzynkowicz et a l, 1976 and 1980). Thereafter through S phase the average 
protein content increases by a further 1.2 fold and G2/M phase cells contain 1.4 
fold higher levels of cellular protein compared with cells at the G 1/S border. Thus 
changes in cellular protein content need to be taken into account in interpreting 
changes in expression of specific cellular proteins.

Therefore it was also necessary to quantify the changes in total cellular 
protein along with changes in expression of the specific protein of interest in a 
given cell cycle phase. In order to achieve these objectives, the selection of three 
fluorochromes was required. One fluorochrome would be used to detect the specific 
protein of interest, a second to bind ubiquitously to all cellular proteins to quantify 
total cellular protein content and a third flurochrome to stain DNA.

The choice of fluorochromes was constrained by the Argon and Helium 
Neon lasers in the departmental flow cytometer (Coulter Epics Elite). The argon 
laser has its principal output at 488nm and the red HeNe laser at 633nm. 
Consequently the fluorochromes need to have an appreciable absorption at 488nm 
or at 633nm. In order to measure three colours of fluorescence simultaneously, it 
was important also that the dyes used had emissions with low spectral overlap. 
Fluorescein isothiocyanate binds quantitatively to cellular proteins (Crissman et al, 
1976) and is excited maximally at 488nm which is ideal for the argon laser. The 
second fluorochrome needed to have a high absorbance at 488nm, a greater than 

l(X)nm Stokes shift for the emission that resulted in maximal emission beyond 

588nm, and a high quantum yield. Two fluorochromes were chosen which could 
fulfill the criteria: Sulfarhodamine 101 and Phycoerythrin.

Phycoerythrin (PE) can be excited at 488nm and has an emmission at 580- 
590nm (Oi et al, 1982). This fluorochrome has a near optimal spectra but the 
disadvantage of using PE as the second dye was that while FITC has a molecular 
weight of 389 Da, PE has a molecular weight of 240,000 Da. This comparitively 
high molecular weight could cause problems by sterically hindering antibody 
saturation of nuclear epitopes particularly those complexed with DNA.

SRIOI has been used previously to stain for total cellular protein in 
combination with the DNA stain 4', 6-diamidino-2-phenylindole (DAPI)(Stohr et 
al, 1978). Both fluorochromes are excited at 388nm using only the UV laser for 
excitation. The absorption spectra of SRlOl is sufficiently broad for the dye to be 
excited also by the Argon laser and has a peak emission wavelength of 610nm.
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Thus SRIOI has excellent spectral resolution from FITC, although the excitaion of 
SRIOI conjugates at 488nm results in relatively low fluorescence. However, since 
it could be used to stain for total cellular protein, there would be abundant binding 
sites for this fluorochrome resulting in a bright signal. Thus SRM^ might work for 
the application required if SRIOI was used to stain total cellular protein and a FITC- 
conjugated antibody was used to stain for the specific protein of interest.

The DNA stain will enable the determination of cells in G l, S and G2/M 
phases since the dye fluorescence will be proportional to the DNA content of the 
cell. Propidium Iodide (PI) is the most widely used DNA chelating fluorochrome 
(Crissman and Steinkamp, 1973; Krishan, 1975). However, it has an extremely 
broad emission spectra that overlaps almost all other dyes that are excited by the 
Argon laser. Recently new, very bright, cyanine fluorochromes with DNA and 
RNA specificity have become commercially available (Molecular Probes). These 
compounds (Topro) are modified monomers of the dye thiazole orange. Topro-3 
has peak absorbance at 642 nm and emission at 661 nm, and is best excited by the 
HeNe laser at 633 nm (Hirons et ai, 1994). Therefore Topro-3 appeared 
compatible with the FITC and PE or SRIOI combination. Topro-3 is a relatively 
new dye and therefore its application in flow cytometry had to be first evaluated.

The spectral properties and emission spectra of the fluorochromes discussed 
above are shown in table 4.1 and figure 4.1, respectively.
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Table 4.1 Spectral properties of Fluorochromes used in this study

Name MW ("m) (nm) Laser line (nm)

Fluorescein 389 492 515 Ar488
R-Phycoerythrin 240,000 496, 566 575 Ar488
S ulfarhodamine 101 606 578 605 Ar488, UV
Topro-3 671 642 661 He-Ne 633

FITC PE SRIOI TO-PRO-3

700 800500 600400

Wavelength (nm)

Figure 4.1 Spectral emission of fluorochromes
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4.2 Materials and Methods

4.2.1 Cell preparation and culture.
This is described in detail in the general methods chapter and is outlined below. 
Peripheral blood T cells isolated from healthy volunteers were used in all 
experiments. From 100 ml of blood, mononuclear cell suspensions were obtained 
by Ficoll-Hypaque gradient centrifugation and washed twice with phosphate 
buffered saline (PBS). The cells were resuspended in RPMI-1640 tissue culture 
medium containing 10% (v/v) Foetal Calf Serum (FCS). The majority of monocytes 
and macrophages were removed by plastic adherence at 37®C for 30 min. Any 
remaining contaminating cells were removed by negative selection using CD 14 and 
CD 19 antibody coated Dynalbeads. The population typically contained greater than 
90% T cells as determined by flow cytometry immunofluorescence with anti-CD3 
antibody. The purified T cells were resuspended at a density of 2xl0^.ml~l in 
RPMI-1640 medium containing 10%(v/v) FCS and cultured in the presence of
l)ig.ml"l of Phytohemagglutinin (PHA, Murex). After 60h, cells were washed 3 
times in prewarmed culture medium and resuspended at IxlO^.ml"! in the presence 
of Interleukin-2 (IL-2) (Eurocetus) at a concentration of 20 ng.ml"^. The cells were 
split and resuspended in fresh medium containing IL-2 every 2 days up to a 
maximum of 7 days.

4.2.2 Three Colour CDK staining
Reagents. Rabbit polyclonal antibodies for cdc2 (amino acids 278-297) cdk2 
(amino acids 283-298), cdk4 (amino acids 282-303), cdk6 (amino acids 306-326) 
and the peptides to which they were raised were all obtained from Santa Cruz 
Biotechnology, Inc. Biotin-labeled Goat Fab-2 anti-rabbit IgG and R-Phycoerythrin 
(PE) conjugated-Neutralite Avidin were obtained from Southern Biotechnology 
Associates, Inc (Birmingham, AL). Fluorescein Isothiocyanate (FITC) and RNase 
A was obtained from Sigma Chemical Co (St. Louis,Mo). Topro-3 was obtained 
from Molecular Probes, Inc. (Eugene, OR).
Staining Procedure.
Following fixation and permeabilization of 1 x 10^ cells (see results for conditions), 

the cells were incubated at room temperature for 30 min with normal goat serum 
diluted at 1:30 in PBS. The cells were then centrifuged and incubated for 90 min at 
room temperature in the presence of the primary antibody. All antibodies used for 
CDK detection were rabbit polyclonal. The antibodies were diluted in PBS 
containing 1% (v/v) goat serum (PBS/GS) to obtain the predetermined saturating 
concentration per 10^ cells in lOOjxl volume (see Results for concentrations). Cells 

were then washed twice in 500|il of PBS/GS and incubated for 90 min at room

6 5



temperature in secondary biotin-conjugated goat anti-rabbit IgG antibody. The 
secondary antibody was diluted in PBS/GS to a concentration of 0.33|Lig in 100|Xl 
volume. The cells were then washed twice and incubated for 60 min at room 
temperature in the presence of PE conjugated Neutralité Avidin at 0.5|Lig in a lOOp.1 
volume. Following the incubation, the cells were washed twice and resuspended in 
500|il of PBS containing l|iM  of Topro-3, 20|ig.
ml'^ of FITC and 2 mg.ml'^ (w/v) Rnase A and incubated for 30 min at room 
temperature in the dark before analysis by flow cytometry.

The control was prepared as described above, except that the CDK antibody was 
preincubated with its cognate peptide and used for subsequent primary antibody 
incubation. The preincubation with the peptide was performed in PBS/GS for 2h at 
37®C using a ten fold molar excess of peptide to antibody concentration.

4.2.3 Two colour cyclin staining
Reagents: Antibodies for cyclins A, E and B1 were obtained from Pharmingen (San 
Diego, CA, USA);. FITC-conjugated goat anti-mouse IgG antibody and RNase A 
was obtained from Sigma Chemical Co (St. Louis,Mo). PE conjugated goat anti
mouse IgG antibody was obtained fron Dako (Denmark).
Topro-3 was obtained from Molecular Probes, Inc. (Eugene, OR).

Staining Procedure.
1 X 10^ cells were fixed in suspension in 80% Ethanol at -20°C for 2 hours, 
centrifuged and washed with PBS. Following centrifugation, the cells were 
incubated overnight at 4®C in the presence of the mouse monoclonal antibody to 
human cyclins B l, A or E (clones GNS-1, BF-683 and HE 12 respectively). The 
antibodies were diluted in PBS containing 1% (w/v) BSA to obtain 0.25|ig of 
antibody per 10^ cells in 100|xl volume. Cells were then rinsed and incubated with 
either a FITC-conjugated goat anti-mouse IgG antibody diluted 1:40 or a PE- 
conjugated goat anti-mouse IgG antibody diluted 1:30. The secondary antibody was 
diluted in PBS containing 1% (w/v) BSA, for 30 min. The cells were washed 
again, resuspended in 10 jig .m l'l of propidium iodide and 0.5 mg.ml"! RNase A 
in PBS, and incubated at room temperature for 20 min prior to measurement. The 
control was prepared identically as described above, except that an isotype-specific 
antibody (mouse IgGl ; Sigma) was used instead of the cyclin B 1, E or A antibody.
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4.2.4 5-Bromo-2'-deoxy-uridine (BrdU) labeling and detection 
Reagents The following were obtained from Boehringer Mannheim UK:
BrdU, anti-BrdU, restriction endonuclease Sau 3A, Exonuclease 111. 
Anti-mouse-Ig-fluorescein was obtained from DAKO
Antibody diluting buffer: 66 mM Tris-buffer pH 7.2;
0.66 mM MgCl2; ImM 2-mercaptoethanol.

Labelling and detection procedure

Proliferating T cells were pelleted at 300 g for 5 min and the cell culture medium 
was removed. Cells were resuspended at 2 x lO^.ml"^ in culture medium 
containing IL-2 and BrdU (10|Lim). The cells were incubated for 30 min at 37®C, 
5% CO2 , centrifuged and washed (3x) in 50ml culture medium. Following the third

wash, the cell pellet was resuspended and fixed in 70% ethanol (in glycine buffer, 
50mM; pH 2.0) for at least 20 min at -20^C. The cells were then pelleted, washed 
and resuspended in lOOpl of incubation buffer containing 0.5 ^g.ml'^ anti-BrdU, 
30 units of exonuclease III and lunit of Sau 3A per 2x10^ cells. The cells were 
incubated at 37°C for 30 min, washed twice in PBS/1%BSA and resuspended in 
100|xl fluorescein conjugated anti-mouse IgG for 30 min at room temperature. 
Following the incubation, the cells were washed twice in PBS/1%BSA and 
resuspended in 500|xl of PBS containing 40|Lig.ml"l PI and 0.5 mg.ml'^ RNase. 
The cells were incubated in the dark at room temperature for 30 min prior to 
analysis on the flow cytometer.

4.2.5 Flow cytometry.
Samples were analyzed on a Coulter Elite flow cytometer (Coulter, Luton, UK). 
Cells were excited with an air-cooled 488 nm argon laser at 15mW for FITC and PE 
staining, forward scatter and right angle scatter signals and with a lOmW 633 nm 
HeNe laser for Topro-3 staining. The Coulter emission filters were 520-530 nm BP 
(green;FITC), 555-595 nm BP (orange;PE), 670-680 nm BP (red; DNA, Topro-3), 
At least 10,000 cells were analyzed per sample. For triple labelling experiments, 
standard electronic compensation was used to remove residual spectral overlap 
between PE into FITC (<5%), and for FITC into Topro-3 (<2%). Typical 
photomultiplier (PMT) settings for three-colour fluorescence were between 900- 
1100 V and all readings were obtained using linear amplification. The ratio forward 
scatter area/peak height was used to discriminate between doublets of diploid cells 
and real single tetraploid (or late S-phase) cells. The percentage of cells in each cell 
cycle phase and the mean cell fluorescence value for PE emission from each was 
determined by manual gating.
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4.2.6 Cell Sorting
Populations of G la, G ib , S and G2/M were sorted isolated by flow cytometric 
sorting from a population of proliferating T cells fixed in 70% Ethanol and stained 
with PI and FITC. The sort delay, which controls the time between sensing the cell 
of interest in the flow cell and charging that cell, was optimized and was usually 
between 18.0 and 23.0. The sort drive was set at 36 percent and the sort frquency 
was set at 18.2 KHz. A lOOjim flow tip was used for the sort. The machine was 
callibrated using Flow Check Fluorospheres (Coulter). Routinely 30 beads were 
sorted and counted under a ultraviolet microscope. This was repeated using the 

population of stained cells to be sorted. Cells were first sorted for G la  and G ib  
simultaneously and then for S and G2/M. Following the sort, 100,000 cells were 
pelleted, resuspended in 100|il of PI/FITC stain solution and re-analysed to 
determine the purity of the sorted populations.

4.2.7 Immunoblot
Proliferating T cells (1x10^) were pelleted, lysed by resuspending directly in SDS 
sample buffer containing lOOmM Tris (pH 6.8), 2%w/v SDS and lOOmM 
Dithiothreitol and boiled for 10 min. Protein quantification of each sample was done 
by the Lowry method and a total of lOfig of protein was loaded onto each lane of a 
12% polyacrylamide SDS gel (10cm long; Hoefer) and western blotting was carried 
out as described in the General Methods chapter. The primary antibody was used at 
a concentration of 100 ng.ml’ l and incubation was for 1 hour at room temperature 
on a rotator. The secondary antibody was HRP-conjugated goat anti-rabbit 
antibody diluted to a final concentration of 0.25 jig.ml‘ 1 and visualised by 
enhanced chemiluminescence (ECL, Amersham Intl.) The filters were exposed to 
Hyperfilm MP X-Ray film (Amersham Intl.). Rainbow markers (Amersham Intl.) 
were used as protein standards.

4.2.8 Statistical Analysis
Two-tailed paired student t-Test was performed in order to determine whether 
changes in abundance of cdks with progression through the cell cycle was 
statistically significant. Changes in cdk abundance was deemed as statistically 
significant when p<0.05.
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4.3 Results

4.3.1 Comparison between PI and Topro-3
The objective of the following set of experiments was to evaluate the usefulness of 
Topro-3 as a DNA chelating fluorochrome in flow cytometry.

The optimal Topro-3 dye concentration was first determined. Primary T- 
cells stimulated with PHA and IL-2 for 6 days to proliferate continuously (see 
Materials and Methods) were fixed and stained with Topro-3 according to the 
standard protocol used for PI staining (see General Methods). Briefly 1x10^ cells 
were fixed in 70% v/v ethanol for 20 min at -20®C, pelleted, washed with PBS and 
resuspended in 1ml PBS containing 0.5 mg.ml"^ RNase. Concentrations of Topro- 
3 from lOnM to 5|iM were tested and there was a linear increase in the mean cell 
fluorescence (mcf) of the Topro-3 signal up to lp,m (Figure 4.2A). No further 
increase in mcf at higher concentrations was observed and so l(im was used as the 
standard concentration.

The analytical resolution of the DNA histogram is determined by the 
Coefficient of Variation (CV) of the G l peak where the CV is defined as the 
standard deviation of a series of values divided by the mean of those values. 
Typically a CV of 5 or less was obtained using PI which was used as the standard 
by which Topro-3 was compared. The CV value of the G 1 peak was 9.3 and thus 
inferior to that obtained with PI and was deemed as unacceptable for DNA analysis 
(Figure 4.2B). One explanation for the inferior CV is that Topro-3 is a large 
molecule (671 Daltons) and accessibilty of Topro-3 to DNA is hindered. Two 
parameters were tested to overcome this problem: a) time and temperature of Topro- 
3 incubation and b) RNase concentration. Increasing Topro-3 incubation times up to 
4h had no effect but there was a significant improvement in the CV from 9.3 to 6.9 
following a 30 min incubation at 37^C rather than room temperature and increasing 
the incubation times improved the CVs further (Figure 4.2B). Although the CV 
values were improved, the values were still higher than that obtained using PI. In 

order to further improve the resolution of the DNA histogram using Topro-3, cells 
were incubated with higher concentrations of RNase. Topro-3 has the property of 
binding to RNA as well as DNA and the higher incubation temperature could have 
caused more RNA to be degraded and this was the reason for the improvement of 
the CVs. Incubating cells in the presence of RNase concentrations from 0.5-5 

mg.ml‘ 1 at 37^C for 30 min resulted in a significant improvement in the CV of the 

DNA histogram (Figure 4.2B). The concentration of RNase which gave the best 

DNA profile was 2.0 mg.ml'^. Degradation of cellular RNA is therefore cmcial in 
obtaining good DNA histograms using Topro-3.
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Figure 4.2 Optim ization of Topro-3 staining, (a) Titration of the DNA
chelating fluorochrome Topro-3. (b) DNA histograms of cells treated with Rnase
and stained with Topro-3. Cells incubated with 2mg/ml RNAse at 37^C for 30min 
gave the best CV.
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Thus, the optimal conditions for Topro-3 as a DNA stain were as follows: 
resuspend 1x10^ fixed cells in 500|il PBS containing 2.0 mg.ml"^ RNase and l|iM  
Topro-3. Incubate for 30 min at 37®C before flow cytometric analysis.

The percent of cells in each cell cycle phase obtained from Topro-3 stained 
cells was compared with the percentages obtained from PI stained cells. Figure 4.3 
is a representative from three different staining experiments indicating that there was 
little variation between the two DNA chelating fluorochromes in the percentage of 
cells detected in G l, S and G2/M.

Finally, it was also observed that in order to obtain the best results the 
samples should be allowed to run through the flow cytometer for 1-2 min before 
collecting data.

4.3.2 SRIOI is not compatible with TOPRO-3 staining.
SRIOI has been used in combination with DAPI to simultaneously stain for protein 
and DNA using only the UV laser for excitation (Stohr et ai, 1978). A novel 
combination of dyes that could potentially be used in DNA and protein analysis is 
Topro-3 and SRIOI, utilizing HeNe and Argon lasers respectively, both of which 
are equipped on the EPICS ELITE. The spectral overlap between Topro-3 and 
SRIOI is minimal and so FITC and PE could then be used for three or even four 
colour multiparameter analysis. SRIOI staining was carried out as described 
previously (Stohr et aL, 1978). Cells fixed in 70% (v/v) ethanol were stained with 
Topro-3 (IfiM) and SRIOI (20|ig.ml"l) in PBS. Staining is achieved at room 
temperature for at least an hour and in all cases analysis is performed on cells in the

I ■ PI 
E9 T o p ro

cell cycle phase

Figure 4.3 The utility of Topro-3 as a DNA chelating fluorochrome.
The percent of cells in each cell cycle phase as determined using Topro-3 was 
compared with the percentages obtained using Propidium Iodide. A representative 
staining experiment is shown indicating equivalent DNA staining between Topro-3 
and PI.
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staining solution. It was possible to obtain a good protein and DNA profile using 
SRIOI in combination with Topro-3. However, when using it in combination with 
FITC, a hyperchromatic effect occurs resulting in a large FITC signal overlapping 
the PMT used to analyse Topro-3. Therefore, as a result the combination of 
fluorochromes was decided to be FITC as the stain for total cellular protein, PE as 
the fluorochrome to detect the antibody of interest and Topro-3 as the DNA stain.

4.3.3 PE is accessible into the nucleus.
The disadvantage of using PE as the second dye is that it is large (240 kDa) which 
might sterically hinder antibody accessibility to epitopes in the nucleus. 
Phycoerythrin-labelled antibodies have been used previously to stain cytokeratins 
(Begg and Hofland, 1991) but the data presented emphasized detection rather than 
quantification.

To determine whether PE could be used for quantitative detection of nuclear 
proteins, staining of nuclear antigens was performed using PE in parallel with FITC 
and the pattern of expression using the two fluorochromes was analysed and 
compared. Cells were incubated with the deoxynucleotide analogue 
BromodeoxyUridine (BrdU) which incorporates into genomic DNA during S- 
phase. The incorporated BrdU can be detected with an antibody. This was done in 
order to determine that PE was equally accessible to the nucleus in all phases of the 
cell cycle and that the fluorochrome could be used for quantitative detection. 
Proliferating T cells were pulsed with BrdU for 20 min, fixed and then stained for 
cells which had incorporated BrdU (Figure 4.4A). There was no significant 
difference between FITC and PE in the percentage of cells detected to be positive 
for BrdU (Figure 4.5). To determine whether PE is equally accessible to the 
nucleus in other phases of the cell cycle, the cell cycle inhibitor Taxol or Aphidicolin 
was added to the culture-medium following BrdU pulse. Cells were allowed to 
arrest in M or G l respectively before analysis of BrdU positive cells (Figure 
4.4B&C). Once again there was no significant difference between the data obtained 
with FITC and PE (Figure 4.5). This indicates that PE is not hindered in its 
accessiblity to the nucleus and this accessibility is not limited to any single phase of 
the cell cycle. A second approach taken to show that PE could be used to detect 
nuclear proteins was to stain proliferating T cells for cyclins A, E and B 1 using both 
FITC and PE. The method used for fixing and staining cells for cyclins A, E and 

B l for flow cytometry was as according to Gong et al (1993 and 1995) and 
detailed in the Methods section of this chapter. The results of flow cytometric 
analysis show the same pattern of expression of cyclins A, E and B 1 for both FITC 

andPE(Figure4.6).
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Figure 4.4 BrdU detection using phycoerythrin (PE). Cells were pulsed with BrdU and fixed for staining (a) immediately, to 
detect the S phase population of cells or (b) following treatment with Taxol for 12 hours, to detect cells which have completed S 
phase and arrested in G2/M or (c) following treatment with Aphidicolin for 12 hours, to detect cells which have completed S phase 
and arrested at the following G 1/S boundary. BrdU positive cells was detected using PE. The two parameter histograms of DNA 
(Topro-3) and BrdU (PE) show that BrdU is detected in all phases of the cell cycle indicating that PE is able to access nuclear sites 
in all phases of the cell cycle.
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Figure 4.5 The percentage of BrdU positive cells detected using 
FITC or PE (mean±SE from 3 separate experiments). There is close correlation 
between FITC and PE in the detection of BrdU positive cells, whether cells are in S 
phase (Pulse) or have accumulated in either G2/M (taxol treatment) or Gl/S 
(aphidicolin treatment). This suggests that PE and FITC have equal accessibility to 
nuclear sites in all cell cycle phases.
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Figure 4.6 Cyclin expression in proliferating T cells detected using PE. The percent of cells expressing each of the cyclins using PE or FITC 
is also shown. The staining pattern of cyclins indicate that the assay can detect cell cycle phase specific expression of nuclear proteins.

75



As shown in the two parameter dot plots with DNA staining on the X-axis and 
cyclin expression on the Y axis, the pattern of cyclin expression is cell cycle phase 
specific. Cyclin E is expressed in G1 and the levels decline in S phase and it is not 
expressed in G2/M. Conversely, cyclin A and B1 are not expressed in G l: cyclin A 
is first expressed in early S phase and cyclin B 1 is first expressed in late S phase. 
These results confirm previous findings (Gong et al, 1993 and 1995; 
Darzynkiewicz et al, 1996). The percentage of cells that were positive for FITC 
correlated well with the numbers that were positive for PE (Figure 4.6). It was 
concluded that PE could be used to detect nuclear proteins for 3 colour flow 
cytometry.

4.3.4 Specificity o f antibodies
A  variety of commercially available antibodies were tested by western blotting in 
order to determine their suitability for quantitative flow cytometric analysis. Only 
antibodies giving a single band corresponding to the molecular weight of the protein 
of interest was used for subsequent studies. The following rabbit polyclonal 
antibodies were tested: cdc2(sc-954), cdk2(sc-I63), cdk3(sc-826), cdk4(sc-260), 
cdk5(sc-173), cdk6(sc-177), (all from Santa Cruz). Of these cdc2, cdk2, cdk4, 
cdk6, gave a single band on a western blot (Figure 4.7) and only these antibodies 
were used in subsequent studies. The migration of cdk2 appears as a doublet. The 
faster migrating form corresponds to the phosphorylated and potentially active form 
(Gu et al, 1992).

4.3.5 Fixation protocols
Cyclin dependent kinases are cytoplasmic as well as intranuclear proteins and so the 
method of fixation and permeabilisation of the intact cell is particularly important in 
order to facilitate antibody and fluorochrome access to their epitopes. For each 
antibody, a number of fixation and permeabilisation methods were tried and tested 
based on previous published methods where an intranuclear antigen was being 
detected (Clevenger et al, 1985; Landberg and Roos, 1992; Jacobberger 1991; 
Schimenti and Jacobberger, 1992; Wilson et al, 1992). The fixation methods tested 

with proliferating primary T cells were:
1) 80% (v/v) Ethanol at -20°C for at least Ih-
2) 90% (v/v) Methanol at -20®C for at least Ih.
3) 1% (w/v) Paraformaldehyde at room temperature for 30 min. Permeabilized with 

0.25% Triton-X 100 for 5 min on ice.
4) 1% (w/v) Paraformaldehyde at room temperature for 30 min, then permeabilized 

with 90% Methanol at -20®C for 5 min.
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Figure 4.7 Specificity of antibodies used to detect cdks. Detection of cdks was 
performed using lysates prepared from proliferating T cells. An aliquot of the lysates were 
subjected to SDS-PAGE and western blotting and the individual cdks detected. The 
results indicate that the antibodies detect only a single product corresponding to the 
molecular weight of the cdk. Cdk2 is detected as a doublet and the faster migrating species 
has been described previously to consist of the hyperphosphorylated form of cdk2.
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Although the abundance of the cdk varied, the choice of fixation did not appear to 
be a critical factor for cdk detection since in no case was detection lost. For each 
antibody, the fixation method which gave the maximium mean cell fluorescence 
(mcf), after subtraction of background, was used (Figure 4.8). Since 
paraformaldehyde fixation has been reported to give poorer DNA staining 
(Jacobberger 1991), where the staining of a cdk was equivalent using a 
paraformaldehyde fixative and an alcohol fixative, then the alcohol fixative was 
used as the fixation method of choice. The optimal fixation determined for each 
antibody was as follows:
cdc2 and cdk4: 80% (v/v) Ethanol at -20^C for at least Ih; 
cdk2 and cdk6: 90% (v/v) Methanol at -20^C for at least Ih

■  cdc2 
a  cdk2 

O  cdk4 
□  cdk6

Fixative

Figure 4.8 Effect of different fixation conditions on cdk staining. The
fixation condition resulting in the highest mcf value following subtraction of 
background staining was used. Where paraformaldehyde fixation and alcohol 
fixation were equivalent, than the alcohol was the fixative of choice due to superior 
DNA staining.
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4.3.6 Titration o f primary and secondary antibody
In order to perform quantitative flow cytometric analysis, it was necessary to use 
the primary antibody at a concentration which was saturating. Titrations of each 
primary and secondary antibody were done using proliferating T cells. The 
secondary antibody, which was a PE-conjugated goat anti-rabbit antibody 

(Southern Biotechnology), was first titrated to determine at which concentration the 
background staining increased. This was determined to be at a 1/100 dilution 
corresponding to a concentration of 0.25 |Xg per lOOp.1 and this concentration was 
used for the subsequent primary antibody titration (Figure 4.9A). Each primary 
antibody was titrated from 0.1 mg to 4mg per lOOjxl. The cells were incubated in the 
primary antibody for 90 min at room temperature, washed twice and incubated in 
the secondary antibody conjugated to PE for 60 min. The cells were washed twice 
again and the samples analysed by flow cytometry. The mcf was obtained for each 
concentration and is plotted in Figure 4.9B The curve for cdc2, cdk2 and cdk6 
reached a plateau, indicating that saturating conditions had been obtained. The 
resulting curve for cdk4, however, did not reach a plateau. However, the mcf 
increased at higher concentrations of antibody, indicating that the secondary 
antibody was not limiting. Longer primary antibody incubation times, up to 6h, 

incubation at 37^C and titration with cells fixed with paraformaldehyde/triton X-100 
were then tested for the cdk4 antibody. It was still not possible to reach saturating 
conditions. Incubation at 37^C increased background staining and did not result in 
an increase in net mcf. There is the possibility that the cdk4 antibody was 
crossreacting with other epitopes when used at higher concentrations. Since 
saturating conditions were not met, it was decided not to utilize this antibody.
The saturating concentration for each antibody is listed below: 
cdc2: IjLtg/lOOpl cdk2: 2|ig/100|il cdk6: 2|ig/lCK)|il

4.3.7 Problems with using a two layer immunodetection method
Prior to analyzing cells stained with three fluorochromes on the flow cytometer, it is 
first necessary to compensate electronically for the overlap of spectral Gémissions. 
For example, the emission spectrum of FITC overlaps slightly with that of PE, 
consequently a small signal from the FITC fluorochrome is detected by the PE 
photodetector. Therefore cells which are negative for PE may be detected as falsely 
positive. Simple circuitry can be used to subtract electronically the proportion of the 
FITC fluorescence detected by PE, called compensation. The protocol for setting 

compensation involves using a population of cells which are only FITC-stained and 
a population of cells which are only PE-stained. The same cell type and the same 

antibodies should be used as for subsequent experiments. FITC stained cells should 
only be positive in the FITC channel. If FITC is detected in the PE channel then a
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Figure 4.9 Determination of working concentrations for primary and 
secondary antibodies. (A) The working concentration of the PE-conjugated 
secondary antibody was determined by titration. This concentration was determined 
to be at the point when background staining increased (0.25|Xg/100|Lil). (B) 
Titration of cdk antibodies. Saturating concentrations were obtained for all 
antibodies except cdk4.
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level of compensation is set until it is no longer detected (Figure 4.10). Similarly, 
the PE-labelled cells should only be detected in the PE channel and observed as 
unstained in the FITC channel. In this application FITC was used to stain for total 
cellular protein and because the number of dye binding sites are high, the 
fluorescent signal can be very strong. To set compensation levels, proliferating T 
cells were fixed in 80% (v/v) ethanol and split into two tubes each containing 1x10^ 
cells. One tube was stained for total cellular protein using FITC, and the other tube 
stained for cdc2 using a secondary anti-rabbit immunoglobulin conjugated to PE. 
Cells stained for cdc2 were analysed on the flow cytometer and the spectral 
sensitivity of the amplifier which detects PE was adjusted, by changing the voltage, 
until a good PE signal was obtained. A good fluorescent signal is defined as having 
a peak channel value of 500 of 1000. Next, FITC stained cells were run on the flow 
cytometer and the voltage of the amplifier which detects FITC was adjusted until a 
good FITC signal was obtained. However, FITC fluorescence was detected in the 
PE channel. Consequently there was poor resolution between the two 
fluorochromes resulting in false PE positive cell populations. Electronic 
compensation was used to remove the unwanted FITC fluorescence in the PE 
channel. This was not successful since the amount of compensation required was 
greater than 60% which is too high. Too much compensation can result in artifacts 
such as significant loss of dimly stained cells and inadequate quantification. Since 
these initial optimization experiments were done with cells stained for cdc2, a 
protein which is abundantly expressed, even more compensation would have been 
required in examining the expression of weakly expressed proteins such as cyclin 
E. It was decided that this three dolour staining protocol would not work and an 
alternative approach was required.

4.3.8 Three layer immunodetection method.
The above problem of FITC emission being detected in the PE channel was due to 
the fact that the fluorescent intensity of the protein stain was considerably stronger 
than that of the antibody stain. One approach in overcoming this problem is to

increase the intensity of the antibody stain so the emission intensities of the two
?

flurochromes are approximately equal. If the fluorescent intensity of PE was 
stronger, then a good PE signal could still be detected with the PE photodetector 
using less sensitive settings. The reduced sensitivity of the PE photodetector would
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result in little or no detection of FITC fluorescence in the PE channel. In order to 
increase the PE signal it was decided to use a biotin-avidin staining system as a means 
of signal amplification for antibody detection. Three modified forms of avidin are 

commercially available: unmodified avidin, extravidin and neutralité avidin. The 

exravidin and netralite avidin, conjugated to PE, were compared first to

Uncom pensated
oo

tp -

o -
1000600 8004000 200

PE

Com pensated

§

o
10008006004002000

PE

Figure 4.10 Electronic compensation. FITC only stained cells are detected by 
PE photodetectors. Electronic compensation is used to remove unwanted fluorescence.
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determine which gave the least background. Proliferating T cells were fixed in 80% 
(v/v) ethanol and incubated at room temperature for 30min with normal goat serum 
diluted at 1:30 in PBS+. The concentration recommended by the manufacturer of 
each form was incubated in lOOjLtl of PBS/1 %GS for 60 min at room temperature. 
Neutralité avidin gave the lowest background (Figure 4.11 A). Neutralité avidin is a 
neutralized (pi = 6.3), deglycosylated form of avidin which, unlike native avidin, 
exhibits very low levels of non-specific binding to biological materials. The 
working concentration of this tertiary layer was determined by titrating the antibody, 
to determine when non specific binding caused a significant increase in background. 
This was determined to be at 1/100 dilution which corresponded to a concentration 
of 40 jig.ml"! (Figure 4.1 IB). The concentration determined for the tertiary 
neutralité avidin conjugated to PE was then used to titrate the secondary antibody to 
obtain the working concentration for the secondary antibody. Proliferating T cells 
were fixed in 80% (v/v) ethanol and then different concentrations of biotin- 
conjugated anti-rabbit immunoglobulin antibody were incubated with the cells in 
lOOpl of PBS/1%GS for 90 min at room temperature. The cells were then washed 
twice and resuspended in lOOjil of neutralité avidin for 60 min at room temperature. 
The cells were then washed and analysed by flow cytometry. The optimal dilution 
of the biotinylated anti-rabbit IgG antibody which gave a low background 
fluorescence was 1/100, which also corresponded to a concentration of tjie 40 
|Xg.ml"l (Figure 4.11C). These concentrations of the secondary and tertiary 
antibody were then used with antibodies to each cdk. The primary antibody 
concentration was the same saturating concentration as determined previously 
(section 4.3.6). To ensure that saturating concentrations had been achieved, the 
primary antibody concentration was first increased to ensure that there was no 
increase in net fluorescence. The concentration of the secondary antibody was then 
increased and finally the concentration of the tertiary antibody was increased. There 
was no net increase in fluorescence when the concentration of any of these 
antibodies was increased. Using this modified staining method, proliferating T cells 
were stained for cdc2. The protocol for setting compensation was repeated using 
cells stained for just total cell protein or for cdc2. This time FITC fluorescence was 
only minimally detected in the PE channel which was corrected using standard 
electronic compensation and good spectral resolution requiring less than 10% 
compensation was achieved. This modified method was used to conduct accurate 
quantitative studies on cdk and cyclin expression in cells in each cell cycle phase 

from G l a through to G2/M.

8 3



A.

mcf

Neutralité avidin Extravidin 
Avidin

B. 400

300

o  200  
E

100

concentration (iLig/100|xl)

mcf

180

160

140

80

60

40

concentration (|ig/100|il)

AR-biotin

Figure 4.11 Optimisation of staining conditions using biotin-avidin  
detection system. (A)The non- specific background of two commercial forms of 
avidin (conjugated to PE) was determine. The neutralité avidin gave the least 
background and was (B) titrated to determine the working concentration. A 
concentration of 4.0|Xg/100|il was used to determine the concentration at which the 
non specific background of the secondary biotin-conjugatedantibody increases.(C) 
This concentration was determined at 4.0|ig/100|il and was used as the working 
concentration.
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4.3.9 Method o f analysis o f cdk expression in the ongoing cell cycle.
Changes in abundance of a specific cdk in each cell cycle phase was first determined 
by selecting ("gating") cells in G l, S and G2/M (Figure 4.12A) and obtaining the 
PE and FITC fluorescence per cell (mean cell fluorescence, mcf) in that phase 
(Figure 4.12B).

A

::::: :::::

O 10 20 30 40 50 6CL
TOPRO

B G l G 2/M

o©  i
1024 0 1024 0 1024I

net mcf:
PE
298

PE
434

G l

PE
504

G 2/M

Î; oo o

oo
0 10240 10240 1024

net mcf:
FITC

410
FITC

571
FITC

661
Figure 4.12 Detemination of cdk and total protein expression in G l,  
S and G2/M phases. (A) Two colour histogram of ptoliferating T cells stained 
for cell protein (FITC) and DNA (Topro-3). Gates have been placed on the G l, S 
and G2/M population. (B) The mcf of PE and FITC is collected from G l, S and 
G2/M phases.
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The background PE fluorescence was determined by pre-competing the antibody 
with its cognate peptide. The total amount of protein per cell increases as it 
progresses from G l through S and G2/M and so in order to determine whether the 
expression of a cdk is regulated over and above the level of total cell protein, the net 
mcf for the cdk was divided by the mcf of FITC staining in each cell cycle phase. 
This value is thus corrected for increases in total cell protein. As the figures are 
arbitary, the value for G l was set at 1. Changes in this value is correlated with 
changes in the abundance of the cdk. The expression of cdk2 is shown as an 
example of a protein which has been reported to be constant through the cell cycle 
(Pagano et al, 1992). The absolute level of cdk2 increases through the cell cycle, 
however, the level of total cellular protein also increases in a similar manner. When 
the mcf value of cdk2 is divided by the mcf of total cellular protein, the ratio is the 
same in all phases, indicating that the abundance of cdk2 remains constant through 
the cell cycle (Table 4.2). The expression and abundance of cdk2 with respect to 
total cell protein content in any given cell cycle phase is shown as a line graph 
(Figure 4.13).

The G l phase is very heterogenous in total cell protein content. In order to 
gain insights into the regulatory events which occcur during G l, the G l phase was 
subdivided further into G la  and G ib . Cells in G la  contain subthreshold levels of 
protein for entry into S phase whereas G ib  cells contain the same levels of cellular 
protein as those in S phase. The above procedure for analysis of abundance was 
performed to determine changes in the abundance through the G l phase. The mcf of 
PE and FITC was collected from cells in G la  and G ib  (Figure 4.14A) and the 
abundance calculated as shown in Table 4.3. A decline in the abundance of cdk2, 
from 1.0 to 0.89, was observed with progression from G la  to G ib. For 
comparison purposes, had there been no increase in expression of cdk2 from G la  

to G ib , then the abundance would have declined from 1.0 to 0.63 (Figure 4.15) 
and this is marked in the figure.

4.3.10 Comparison o f flow  cytometry quantification with  
im m unoblotting.
A critical issue for using antibodies to measure a protein by flow cytometry is the 
reliability of quantitative measurements. One approach taken in order to determine 
whether the flow cytometric method is quantitative was to sort the different cell 
cycle phases and compare the relative abundance of the cdks obtained by western 

blotting to that obtained by flow cytometric analysis.

A total of >5 X 10^ cells in G la, G ib , S and G2/M were isolated by flow 

cytometric sorting. The purity of each sorted population was determined by 
restaining and rerunning a fraction of the sorted population (~ 5000 cells) (Figure
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Table 4.2 To determine if cdk2 is regulated over and above the level of total cell protein, 
the net mcf for cdk2 is divided by the mcf of FITC in each cell cycle phase

Cell cycle CDK2 Cell Protein ab/protein ratio
G l 298 410 0.727 1.00
S 434 571 0.760 1.05
G2/M 504 661 0.762 1.05

cdk2 expression

cdk2

G1 S G2/M
cell cycle

total cell protein expression
700,

600

%
e

500

400
G2/MGl „  S _ 

cell cycle

Protein

cdk2 abundance

0.8

^  0.6

■S 0 .2

CN 0 .0
G2/M

cell cycle

ratio

Figure 4.13 Determination of cdk abundance during the cell cycle .
The increase in cdk2 expression parallels the increase in total cell protein 
expression. Therefore the abundance of cdk2 is constant through the cell cycle.
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Figure 4.14 D eterm ination of cdk and total cell protein expression in 
G la , G lb , S, G 2/M phases. (A) The Gl phase is subdivided into early Gl 
(Gla), marked as D, and late Gl (Glb), marked as E. Cells in G la  have low 
protein content whereas cells in G lb contain the same amount of cellular protein as 
S phase cells. (B) The mcf of PE and FITC is collected from G la, Glb,  S and 
G2/M.
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Table 4.3 Relative abundance of cdk2 in eacb cell cycle phase. The
relative abundance is determined by dividing the net mcffor cdk2 by the mcf of 
FITC in each cell cycle phase. This is a representative example of four independent 
experiments.

Cell cycle Cdk2 Protein ab/protein Ratio
G la 229 311 0.75 1.00
G lb 316 482 0.66 0.89 (*0.65)
S 434 571 0.76 1.01
G2/M 504 661 0.7625 1.01

*For comparison, had there been no increase in cdk2 expression from G la  to G lb 
than the abundance would have dropped from 1.0 to 0.65.

o
I

0.8 -I
2
ÇU 0.6 -

8

I 0.4 -

1 0.2  -

0.0
G2/MGib SG la

■o—  cdk2 
• no cdk2

Cell cy c le

Figure 4.15 Abundance of cdk2 during the cell cycle. The abundance of 
cdk2 declines from G la  to G lb  followed by a reciprocal increase into S phase and 
remains constant in G2/M.
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4.16A). All phases except G lb  were determined to be >80% pure. However, the 
purity of G lb  may be an underestimate since the mcf of FITC-staining varies with 
the FITC:cell ratio and so the relative locations along the Y-axis of cells in G la  and 

G lb  can vary. The sorted cells were then boiled in 15|il SDS lysis buffer and the 
entire lysate was used for a single western blot. Detection of cdk2, cdk6 and cyclin 
A proteins were carried out on the same blot (Figure 4.16B). The resulting bands 
were scanned and density analysis was performed (Kodak Digital ID software). The 
abundance of cdk2 was assumed to be constant through the cell cycle (Pagano et 
al, 1992) and was used as an internal control to determine changes in abundance of 
cdk6. Cyclin A was used as a positive control for the purity of cells in G l vs S and 
G2/M since it is only expressed from early S phase onwards. The results show that 
the abundance of cdk6 is highest in G la  and declines thereafter (Table 4.4). 
Staining of cdk6 using the same population of cells by three-colour flow cytometric 
analysis show the same declining trend (Figure 4.17).

In order to assess whether the assay system developed is reproducible, the 
staining for cdc2 was repeated four times using the same population of cells. The 
results show that there is little variation between samples (Figure 4.18). Thus the 
results presented here demonstrate that measurements of the relative abundance of 
intracellular antigens are accurate and reproducible using the three-colour flow 
cytometry method.
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Figure 4.16 Cell cycle phase specific expression of cdk2, cdk6 and cyclin A. Cells in Gla,  
Glb,  S and G2/M were isolated by cell sorting. (A)The purity of the sort was determined by 
restaining and analysing 50,000 cells from each sorted population. (B) Sorted cells were 
pelleted and resuspended in 15//1 of sample buufer. Lysates were subjected to SDS-PAGE 
and western blotting and the expression of cdk2, cdk6 and cyclin A was determined.
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Table 4.4 The abundance of cdk6 as determined by cell sorting
cell
cycle

cdk2
density

cdk2
ratio

cdk6
density

cdk6
adjusted

k6
abundance

G la 131 1 167 167 1
G lb 129 0.985 149 151 0.904
S 145 1.107 168 152 0.91
G2/M 161 1.230 150 122 0.73

1.2

0.8 ■

0.6 -

0.4 -

0.2 -

0.0
Gla Gib late S G2/M

cdkS FCM 
cdkB sort

Figure 4.17 Abundance of cdk6 determined by different methods. In
the cell sort method, cells were stained for DNA and total cell protein and sorted 
into G la , G lb , S and G2/M populations. The cells were pelleted and resuspended 
in SDS sample buffer. The lysates were subjected to SDS-PAGE and western 
blotting and the expression of cdk2 and cdk6 was determined. In the flow 
cytometric method(FCM), the abundance of cdk6 was determined using the 
protocol described in this chapter.
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F igure 4.18 R eproducibility  of the assay m ethod. The same population of 
cells were stained 4 times for cdk2 and standard error calculated.

4.3.11 Analysis o f cdk expression in continuously cycling T cells. 
Three colour analysis of cdk expression in proliferating T cells was performed for 
cdc2, cdk2 and cdk6. The data on cdk expression show that:
1) The cdks were expressed in all phases of the cell cycle and greater than 95% of 
the cells expressed each of the cdks examined (Figure 4.19).
2) The abundance of cdc2 and cdk2 from G l through the rest of the cell cycle was 
constant, in agreement with published data (Draetta and Beach, 1988; Pagano et al, 
1992). The abundance of cdk6 however is not constant but declines from a value of
1.0 in G l to 0.82 in S-phase (p=0.02, n=4). For the purposes of comparison, had 
there been no increase in cdk6 expression from Gl to S phase, then the abundance 
would have declined to 0.66. These features of cdk6 abundance, as well as the 

abundance of the other cdks, are shown in Figure 4.20.
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Figure 4.19 Percentage of cells expressing cdc2, cdk2 and cdk6 
during the cell cycle in proliferating T cells (mean±SE from 4 separate 
experiments).
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Figure 4.20 Abundance of cdks in G l, S and G2/M phases of the cell 
cycle ( m eant SE from 4 separate experiments). The abundance of cdk6 
declines significantly from Gl to S phase (p=0.02) while cdc2 and cdk2 abundance 
remains constant.
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Changes in abundance of cdks in Gl.
Since the regulation which occurs in G l dictates the length of the division cycle, the 
subdivision of the G l phase allows insights into important regulatory events 

occuring in G l. The abundance of cdk6 was determined to remain constant from 
G la  to G lb  (Figure 4.21). This implies that at the point of entering S phase, the 
rate of increase in cdk6 expression is equal to the increase in total cell protein. As 
noted above, the transition from G l to S phase results in a decline in cdk6 
abundance. Taken together, this implies that the regulation of cdk6 expression in S 
phase is different from that in G lb  (Figure 4.21, top graph). To confirm this, the 
expression levels of cdk6 in S phase was analysed and found to be at the same 
levels as in G lb. Since total cell protein increases during this transition, the lack of 
increase in cdk6 expression in S phase accounts for the observed decline in 
abundance of cdk6 in S phase (Figure 4.20 and 4.21, bottom graphs).

In contrast to cdk6, the transition from G la  to G lb  is characterised by a 
decrease in the abundance of cdc2, from a ratio of 1.0 to 0.8 (P<0.01, n=4) and a 
decrease in the abundance of cdk2 from 1.0 to 0.9 (P<0.05, n=4). In fact the 
expression levels of cdc2 and cdk2 did increase 1.26 fold and 1.43 fold 
respectively, however the increase in total cell protein was greater during this 
transition (Figure 4.22 and 4.23, top graphs). Though the relative changes are 
small, they are statistically significant and these results indicate that the regulation 
on cdc2 and cdk2 expression through G l is disconnected from the regulation of 
total cell protein.
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Expression of cdk6 and total cell protein
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Figure 4.21 Cell cycle phase specific expression and abundance o f  
cdk6 in proliferating T cells (mean ± SE from 4 separate experiments). There 
is a significant decline in cdk6 abundance from G lb  to S phase (p=0.05).
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Figure 4.22 Cell cycle phase specific expression and abundance o f  
cdc2 in proliferating T cells (mean±SE from 4 separate experim ents).
The abundance of cdc2 declines significantly from G la  to G lb  (p=0.02).
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Figure 4.23 Cell cycle phase specific expression and abundance o f  
cdk2 in proliferating T cells (mean ±SE from 4 separate 
experiments). There is a small but significant decline in cdk2 abundance from 
G la  to G lb  (p=0.006).
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The observation that there is a decline in the abundance of cdc2 and cdk2, from G la 
to G ib , combined with the heterogeneity of total cell protein content in G l, 
prompted a more detailed examination of cdk expression during G l. In order to 
determine precisely when in G l the expression of cdc2 and cdk2 is regulated, two 
"slices" of the G la  compartment and four "slices" of the G ib  compartment were 
made representing subpopulations with increasing cellular protein content. It is 
apparent from the resulting graphs that the decline in the abundance of cdc2 occurs 

mainly in early G l. During this period, there is no increase in the expression of 
cdc2 from G 1 a-1 to G la-2 (Figure 4.24, top graph). In contrast, the expression of 
cdk2 increases linearly rate from Gla-1 to G lb-4 and consequently there is a 
relatively small decline in cdk2 abundance during G ib (Figure 4.25).

In summary, the relative abundance of all three cdks are different as cells 
progress through G l. The expression of cdc2 does not increase in early G l and 
begins to increase from G ib onwards. In contrast, both cdk2 and cdk6 expression 
increase at a similar rate to that of total cell protein, throughout G l. In S phase there 
is no increase in cdk6 expression while cdc2 and cdk2 increase at a similar rate to 
that of total cell protein. These results suggest that there are differences in the way 
the expression of different members of the cdk family are regulated.
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Figure 4.24 Expression and abundance of cdc2 in the G l phase in 
proliferating T cells (mean±SE from 4 separate experiments). Gla-1 to 
G lb-4 represent subpopulations of cells in Gl containing increasing cellular protein 
content. The abundance of cdc2 declines significantly from Gla-1 to G la-2 
(p=0.008) and from G la-2 to Glb-1 (p=0.01).
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Figure 4.25 Expression and abundance of cdk2 in the G l phase in 
proliferating T cells (mean±SE from 4 separate experiments). Gla-1 to 
G lb-4 represent subpopulations of cells in G l containing increasing cellular protein 
content). There is a small but significant decline in cdk2 abundance from Gla-1 to 
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4.3.12 CDK expression in proliferating €034"^ cells.
We wished to determine if the pattern of cdk regulation observed in proliferating T 
cells had been conserved in early haemopoietic precursor cells and thus maintained 
during lymphoid maturation. To this end peripheral blood progenitor cells which 

were CD34^ cells were isolated and stimulated to proliferate with a combination of 
Stem Cell Factor (SCF), Interleukin-3 (IL-3) and Interleukin-6 (IL-6). Following 
five days in culture, the cells were harvested and fixed for three-colour flow 
cytometry studies.
The data in this section show that:

1) As with T cells, the cdks were expressed in all phases of the cell cycle and 
greater than 95% of the cells expressed each of the cdks examined (Figure 4.27)
2) The pattern of cdk abundance through the cell cycle was similar to that observed 
in proliferating T cells. The abundance of both cdc2 and cdk2 was constant or did 
not decline significantly from G l onwards but the decline in cdk6 abundance from 
Gl through to S phase was significant (Figure 4.28). In fact, as with T cells, the 
decline in abundance was narrowed down to occur from G ib  (Figure 4.29, bottom 
graph).
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the cell cycle in proliferating CD34‘*'cells (mean±SE from 3 separate 
experiments).
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Figure 4.29 Cell cycle phase specific expression and abundance o f
cdk6 in proliferating CD34+ cells (meanlSE from 3 separate 
experiments). There is a significant decline in cdk6 abundance from G la  to 
G ib  (p=0.04).
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Figure 4.30 Expression and abundance of cdc2 in G la, G ib , S and
G2/M in proliferating CD34+ cells (meantSE from 3 separate 
experiments). There is a significant decline in the abundance of cdc2 from G la  to 
G ib  (p=0.02).
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decline is not statistically significant (p=0.06).
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Abundance in Gl.
In CD34+ cells, the abundance of cdk6 declines from G la  to G ib  from a ratio of
1.0 to 0.92 (p=0.05) (Figure 4.29, bottom graph) and a similar trend in cdk6 
abundance was observed in T cells (Figure 4.21). In both cases the decline was not 
statistically significant. The abundance of cdc2 in CD34+ cells decline from 1.0 in 
G la  to 0.66 in G ib  (p=0.02, n=3) and cdk2 declines from 1.0 to 0.88 
(p<0.01,n=3) (Figure 4.30 & 4.31, bottom graph). Therefore, as for T cells, both 
cdc2 and cdk2 decreased in abundance from G la  to G ib. However, whereas the 
decline in cdk2 abundance was similar to that observed in T cells (0.88 vs 0.92), 

the decline of cdc2 in CD34^ cells was greater (0.66 vs 0.80).
Upon subdividing the G l phase further, it can be seen that as with T cells, 

cdc2 abundance decreases significantly in early G l. However, unlike T cells the 
abundance of cdc2 continues to decline throughout G l (Figure 4.32, bottom 
graph). This is due to the fact that the expression of cdc2 is constant throughout G l 
(Figure 4.32, top graph).

The abundance of cdk2 and cdk6 also decline gradually but the decline was 
not statistically significant (Figure 4.33 and 4.34, bottom graphs). The expression 
of cdk2 and cdk6 both increase at about the same rate throughout G l (Figure 4.34 
and 4.34, top graphs) and are clearly regulated in a different manner from cdc2 
(Figure 4.32, top graph).

In summary the pattern of cdk abundance during the progression through 

G l in proliferating CD34^ cells show similar patterns of abundance to that 
observed in T cells. One noticeable difference, however, was the expression of 
cdc2 in CD34+ cells is constant throughout G l. In T cells the expression of cdc2 is 
constant only in early G l, but increases in G ib.
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Figure 4.32 Expression and abundance of cdc2 in the G l phase o f  
proliferating CD34^ cells (mean±SE from 3 separate experiments). Gla-1 to 
G lb-4 represent subpopulations of cells in G l containing increasing cellular protein 
content. There is a significant decline in abundance of cdc2 from Gla-1 to G la-2 
(p=0.001) and from G la-2 to Glb-1 (p=0.03). A decline from Glb-1 to G lb-2 is 
also observed (p=0.06).
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4.4 Discussion

This study provides the first description of the analysis of cdk expression by flow 
cytometry. It is also the first description of simultaneous analysis in single cells of 
an intracellular protein combined with cell growth (total protein content) and cell 
cycle position. Thus, the method enables the determination of the abundance of 
specific proteins with respect to total cell protein content in any given cell cycle 
phase. Furthermore, the G l phase can be subdivided further into early and late G l 
based on differences in cell protein content.

In establishing an intracellular staining and detection method by 
multiparameter flow cytometry, a number of technical considerations associated 
with detection of intracellular antigens needed to be considered. The salient features 
of this assay system are as follows:
1) The selection of three suitable fluorochromes with minimal spectral overlap.
2) The selection of antibodies that specifically detect the antigen of interest.
2) Fixation and permeabilization method which allows accessibility to and 
preservation of the nuclear epitope to produce well defined immunofluorescent 
staining patterns.
3) high resolution of DNA profile
4) quantitative detection of antigens.

In this study PE has been used to detect the intracellular antigen. Despite the 
fluorochromes' ideal spectral properties for use in combination with FITC, to date 
there are very few reports utilizing PE to detect intracellular antigens. This may be 
because the fluorochrome is large and therefore has restricted accessibility to nuclear 
sites. The accessibilty of PE to nuclear epitopes was investigated by utilizing PE to 
detect cells with incorporated BrdU, as well as the ability to obtain accurate cyclin 
expression profiles. In both cases detection utilizing PE closely correlated with 
detection utilizing FITC. Therefore it is concluded that PE and FITC both have the 
same accessibilty to nuclear antigens. The three fluorochromes used in this study 
may be useful as a general combination for multiparameter flow cytometric analysis. 
Some potential applications include the following:
1) the analysis of protein expression and cell cycle position in situations of 

imbalanced cell growth.
2) detection of multiple intracellular proteins combined with cell cycle position.
3) detection of cell surface antigen and an intracellular protein combined with cell 

cycle position.
5) Multiple cell surface antigen detection in combination with cell viability, since 

living cells are impermeable to Topro-3.
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The staining results indicate that cdks are expressed in all phases of the cell 
cycle and in almost all the cells in the population. The study into the abundance of 
the protein gives an indication to when cdk expression is significantly modulated.

The abundance of cdks in proliferating cells have been reported to be 
constant (Draetta and Beach, 1988; Pagano et al, 1992; Lucas et al, 1995). This 
study confirms these findings for cdc2 and cdk2 but not for cdk6. The abundance 
of cdk6 is shown to decline from G l to S phase. The decline in abundance of cdk6 
is due to the fact that the amount of cdk6 per cell does not increase throughout S 
phase while cdk2 and cdc2 increase at a rate which mirrors that of total cell protein. 
The mechanism by which cdk6 expression is regulated during the cell cycle is not 
known but may involve an inhibition of cdk6 gene transcription or increased cdk6 
protein degradation during S phase. The functional significance of decreased 
abundance of cdk6 requires further investigation. Since the three dimensional 
structure of p27-cyclin E-cdk2 complex indicate that a single molecule of CKI can 
potentially inhibit a cdk complex, the decline in the abundance of cdk6 in S and 
G2/M may be part of a mechanism whereby cdk6 activity is shut off following the 
G l/S transition. It is also possible that a decrease in cdk6 abundance can result in an 
increase in the inhibitory activity of CKIs against cdk2 via a shuttling mechanism.

In this study, the G l phase has been subdivided into G la  and G ib. The 
difference in the abundance of cdc2 as compared with cdk2 and cdk6, as cells 
progress from G la  to G ib, relate to clear differences in their expression. This is 
particulary apparent when G la  and G ib  are subdivided further. Whereas cdk2 and 
cdk6 expression increase at a similar rate to cell growth, cdc2 expression remains 

constant throughout G l in CD34^ cells. In T cells, the expression of cdc2 increases 
from G ib  onwards. Thus the subdivision of G l has allowed the determination of a 
difference in the regulation of expression between cdc2 and that of cdk2 and cdk6.

The regulation of cdc2 expression has been studied in some detail 
previously and provides insights into the complexity of regulation which may be 
occurring for other cdks (Dalton 1992; Welch and Wang, 1992). The steady state 
levels of cdc2 protein throughout the cell cycle are the net result of coordinated 
mechanisms of cdc2 transcription, translation and degradation. The study by Welch 
and Wang (1992) demonstrate that the cdc2 proteins present in G l originate from 
the previous cell cycle and the levels are maintained because of a long half-life 
(ti/2=18h). It is shown that activation of cdc2 expression occurs at or before the

G l/S boundary but a mechanism of concurrent degradation is also activated. This 
results in a significantly different cdc2 protein half-life through S and G2 
(ti/2=7.5h). In mitosis virtually all cdc2 protein translation is halted and there is a

complete degradation of all cdc2 mRNA.
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The results presented in this study are consistent with an increase in cdc2 
gene expression in T cells as reported by Welch and Wang (1992). The 
transcription of the cdc2 gene is thought to be promoted by the transcription factor 
E2F-1 (Furukawa et a/., 1994; Dalton 1992; Yamamoto et ai, 1994). A widely 
shared concept is that E2F-1 transcription factor is sequestered by pRb until a point 
in G l when pRb is phosphorylated and releases E2F-1, which is then free to 
promote the transcription of genes containing E2F binding sites in the promotor 
region such as cdc2 (Bartek et al, 1996; Sherr 1994). Since pRb is not fully 
phosphorylated until G ib, the observation that there is no increase in cdc2 protein 
until G ib  in T cells, supports this model of regulation. In CD34‘*' cells, there is no 
increase in cdc2 expression throughout G l. The down regulation of cdc2 
expression and activity has been reported previously in differentiating cells 
including haemopoietic cells (Furukawa etal, 1994; Durand et al, 1997; Saunders 
and Jetten, 1994). Thus the lack of cdc2 induction in G l, as observed in this study, 
may indicate that CD34+ cells in culture for 5 days are already undergoing the 
cellular differentiation process. If so the lack of cdc2 induction in G l is likely to be 
an early marker of differentiation, even prior to any phenotypic changes. What 
might be the mechanism by which cdc2 expression is regulated in CD34+ cells? 
According to the model mentioned above for T cells, the lack of cdc2 induction in 
G l indicates that pRb is not fully phosphorylated in late G l and is thus able to 
suppress E2F transcriptional activity throughout G l. Although E2F-1 dependent 
transcription is inhibited during differentiation of other cell types, CD34+ cells in 
culture for 5 days have not growth arrested so this explanation may be an 
oversimplification. Further studies are required to determine the mechanisms 
underlying the difference in cdc2 expression between proliferating T cells and 
CD34+ cells.

One puzzling observation is that whereas total cell protein levels increase 
two fold, as is expected, the increase in cdk levels in CD34^ cells is less than two 
fold. This implies that the abundance of cdks decrease with each division cycle. 

There are three explanations for this.
1) The antibodies are not at saturating levels.
2) The epitope of a proportion of cdks is sequestered.
3) The decline in abundance occurs with successive cell cycles and is a mechanism 

for regulation of terminal differentiation.
The first explanation is possible but seems unlikely since cells in G2/M have 

higher expression levels than cells in Gl indicating that antibody concentrations are 

not limiting.
The second explanation is also possible since the binding of inhibitor 

proteins to cdks may sequester the epitope to which these antibodies are directed.
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However these antibodies are prepared using short synthetic peptides directed 
against the C-terminal portions of the molecules which are not in the vicinity of the 
cyclin binding domain or the threonine-167 site, both of which are sites targeted by 
CKIs to prevent cdk activation (Russo et a i, 1996). Therefore this possibility is 
less likely.

The third explanation is discussed in more detail. Pluripotent haemopoietic 
stem cells proliferate during the early stages of differentiation in response to growth 
factors. They gradually lose their proliferative capacity along with differentiation 
and spontaneously arrest in Go/Gl phase as functional mature cells (Metcalf, 
1989). At this stage they express little or no cdc2 (Furukawa et a l, 1994). It is not 
known what limits the proliferation of precursor cells and causes the cells to stop 
dividing when they do. The stopping mechanisms are important as they play crucial 
roles in both controlling cell numbers and timing cell differentiation. Transformed 
cells constitutively express cdc2 mRNA (Furukawa et al., 1994) and neutralisation 
of endogenous cdc2 protein with an anti-cdc2 antibody induces differentiation of 
HL60 cells (vassiliadis et a l, 1995). Therefore the failure to induce cdc2 may 
contribute to the terminal differentition of haemopoietic cells. The decrease in the 
abundance of cdc2 with successive cell divisions, as proposed in this study, may 
serve to function as a counting and effector mechanism that determines when 
precursor cell proliferation stops and differentiation begins. If indeed cdc2 protein 
increases by only 1.5 fold from Gl to G2/M, then after 17 divisions, less than 5% 
of the original quantity of cdc2 protein would be present. Since cyclin B is predicted 
to be 10 fold in excess of cdc2 (Pines and Hunter, 1989), it is likely that the levels 
of cdc2 expression after 17 divisions would result in the down regulation of cdc2 
activity, possibly triggering events leading to terminal differentiation including cell 
cycle arrest. As an approximation, if the average myeloid cell division takes 18h 
(Baserga, 1976), then 17 divisions would take 14 days. In comparison, GEMM 
colony grown in methylcellulose culture medium show terminal differentiation from 
17 days (Jandl, 1991). The down-regulation of cdc2 abundance may be 
functionally associated with the onset of terminal differentiation in CD34+ cells.
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CH A PTER 5 

G ROW TH  ARREST

5.1 IN TRO D U C TIO N
Growth arrest is invariably associated with cellular differentiation and is a hallmark 
of immunological memory. Haemopoietic cells arrest in Go/Gl phase during 
differentiation and although mature lymphocytes are capable of then entering the 
division cycle in response to antigen, myeloid cells such as neutrophils remain 
growth arrested (Stossel, 1974; Cannistra and Griffin, 1988; Metcalf, 1989). The 
antigen-driven immune response generates a clone of effector cells which are 
replaced by a clone of memory cells (Zinkemagel et a l, 1996). Growth arrest is 
central to this process and immunological memory is a central component of the 
immune system. ^

Growth arrest may also be an important mechanism by which haemop^etic 
stem cells preserve their numbers in the bone marrow. The precursor cells are 
capable of responding to haemopoietic growth factors with increased production of 
one or other cell lineage in order to maintain normal numbers of mature end-stage 
cells. Despite the proliferative burden of maintaining haemopoiesis, the overall 
cellularity in the bone marrow remains remarkably constant in a normal, healthy 
steady state and growth arrest may play an important role in maintaining stem cell 
numbers.

A general property of growth arrest in untransformed mammalian cells is 
that upon delivery of an inhibitory signal by a negative growth factor or by the 
downregulation of stimulatory cytokines, cells will arrest in Go or G 1, unless they 
have reached a point in late G 1, referred to as the R point (for restriction point) 
(Pardee, 1974 and 1987; Zetterberg and Larsson, 1985). The mechanism by which 
cells in late G l complete a division cycle despite the generation of inhibitory signals 
is not well understood. One hypothesis is that only cells in early G 1 are receptive to 
inhibitory signals (Scott et al, 1986). Another hypothesis is that negative signals 
promote the synthesis of inhibitory molecules and growth arrest ensues when the 
levels of inhibitory molecules exceeds that of activating molecules (Page et al, 
1990; Horne era/., 1997).

In the last few years a number of cell cycle inhibitory molecules have been 
identified which associate either with a cdk or a cyclin-cdk complex and by their 
association can inhibit kinase activity, leading to cell cycle anest (reviewed in 
Harper and Elledge, 1994; Sherr and Roberts, 1995). These cyclin kinase inhibitors 
(CKIs) exist as two classes in mammalian cells, the Cip/Kip and the Ink4 families. 
The Cip/Kip family includes: p21 (El-Deiry etal, 1993; Gu et al, 1993; Harper et
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al, 1993; Noda et ai, 1994), p27 (Polyak K. et ai, 1994; Toyoshima and Hunter, 
1994) and p57 (Lee et a l, 1995; Matsuoka et al, 1995). These are general cdk 
inhibitors in vitro but in vivo p27 has been shown not to be an effective inhibitor of 
cdk4/cdk6 even though it binds to these complexes (Blain et al, 1997). The Ink4 
family contains four members: p l5  (Hannon and Beach, 1994), p l6  (Serrano et al, 
1993), p l8  (Guan et a l, 1994), and p l9  (Chan et al, 1995; Hirai et a l, 1995)) 

with relatively narrow specificity for cyclin D-cdk4/6 complexes.
The induction of CKIs has been implicated in negative regulation of cell 

growth by binding to and preventing the activation of cyclin-cdk complexes as well 
as by inhibiting cdk complexes which are already active (Firpo et al, 1994; Kato et 
al, 1994; Nourse et a l, Polyak et al, 1994, Toyoshima and Hunter, 1994). 
Inactivation of cdk complexes result in the accumulation of the hypophosphorylated 
form of pRb, pl07 and p i 30. Hypophosphorylated p i30 exists as forms 1 and 2, 
both of which are present in cells which are quiescent or in early G l and their ability 
to bind in vitro to E l A, suggests that these forms of p i 30 are active in repressing 
cell growth (Mayol et al, 1995). Hypophosphorylated pocket proteins are available 
for binding to the E2F family of transcription factors and thereby prevent the 
transcription of genes important for entry into S-phase (reviewed in Muller, 1995; 
Kouzarides, 1995).

The expression of p27 is induced in human primary T cells following the 
withdrawal of IL-2 and the induction of p27 protein has been shown to parallel the 
accumulation of cells in the G 1 phase of the cell cycle (Polyak et al, 1994; Firpo et 
al, 1994; Nourse et al, 1994). Conversely, addition of IL-2 causes the elimination 
of p27 and the formation of active cyclin E/cdk2 complexes which are essential for 
S phase entry (Nourse et a l , 1994). In Daudi Burkitt's lymphoma cells treated with 
the growth-inhibitory cytokine Interferon-a (IFN -a), p21 has been shown to be 

induced as an immediate early gene (Sangfelt et a l, 1997). It has also been shown 

to be induced during the differentiation of the myeloid leukaemia cell line, HL60, 
following treatment with differentiating agents such as Vitamin D3 or Retinoic Acid 
(Jiang et a l, 1994; Zhang et al, 1995). However, seemingly conflicting evidence 
have been reported on the role of p21 in growth arrest in these cell lines. In Daudi 
cells, IFN -a treatment also results in the rapid elimination of cyclin D3 expression 

as well as cdc25A phosphatase activity and it has been suggested that this is the 
primary mechanism leading to growth arrest (Tiefenbrun et al, 1996). In HL60 
cells treated with Vitamin D3, the expression of p21 was shown to be transient and 
did not correlate temporally with the onset of the G l block (Wang et a l, 1996). 
Instead, the induction of p27 was shown to occur at the onset of the G l block, and 

resulted in the inactivation of cdk6 activity (Wang et al, 1997).
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This study set out to confirm and extent previous findings on the induction 
of CKIs in haemopoietic cells. The induction of p21 and p27 was investigated in the 
well established cell systems described above, namely Daudi-IFN-a, HL60- 

Retinoic Acid (RA) and T cells-IL-2, in order to determine which of the CKIs is 

mainly responsible for growth arrest in haemopoietic cells. Delivery of an inhibitory 
signal in CD34* cells was performed only by growth factor withdrawal since nearly 
all of the well characterized cytokines acting directly on CD34^ cells are stimulatory.
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5.2 M ETH O D S

5.2.1 Cell culture
Daudi cells were cultured at 2-7 x 10^ ml”  ̂ in RPMI-1640 culture medium 
supplemented with 10% (v/v) PCS at 37^C in 5% CO2  The cells were cultured in 

the presence and absence of IFN -a (Rohferon, Roche) for up to 48h. The final 

concentration of IFN- a  used was 300 U ml"^ from a stock of 3.0 x 10^ U ml"^ 

and was added when cells were at 2-4 x 10^ m f \  Protein lysates and samples for 
cell cycle analyses were prepared as described in General Methods. The HL-60 cell 
line was grown in RPMI 1640/10% (v/v) PCS at 37^C in 5% CO2  The cells were 

cultured in the presence and absence of 1 |liM  Retinoic Acid (Sigma).
Human primary T cells were cultured in RPMI 1640/10% (v/v) and 

stimulated with 1 |ig.ml"l PH A for 60h and then stimulated with IL-2, as 
previously described. Following 72h of stimulation with 20 ng.ml'^ IL-2, cells 
were washed three times in fresh medium not containing IL-2. Following the third 
wash the cells were resuspended at 2 x 10^ ml~  ̂ in RPMI/10% (v/v) PCS without 
IL-2 and incubated at 37^C in 5% CO2  Protein lysates and samples for cell cycle 

analyses were prepared from cells harvested at different time points after incubation 
of cells in the absence of IL-2.

5.2.2 Anaysis of CKIs
Samples were analysed by western blotting as described previously. p21 
(Transduction Laboratories) was a mouse monoclonal antibody and was used at 2,5 
ixg.mf^ and p27 (Santa Cmz) was a rabbit polyclonal antibody used at 
0.1 jxg.ml”  ̂ .
The secondary antibodies were used at the concentration previously described.

5.2.3 Cell sort
Cycling T cells were withdrawn from IL-2 and an aliquot of 50 x 10^ cells was 
removed and fixed in 70% (v/v) ethanol prior to sorting. Aliquots of cells deprived 
of IL-2 were taken at 2, 4, 8, 12, 24h following withdrawal of the cytokine, and at 

the following times after withdrawal.
Cells were stained for FITC and PI as previously described and cells in G la, G ib  
and S/G2/M were isolated by flow cytometric sorting, as previously described in 

chapter 4.
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5.3 R esu lts

5.3.1 Induction ofp21 in growth arrested haemopoietic cells.
To confirm previous reports on the induction of CKIs in haemopoietic cells, the 
expression of p21 was determined by western blotting following growth-arrest of 

Daudi and HL60 cells. The expression of p21 in HL60 cells was undetectable in 
proliferating HL60 cells and was faintly detected at day 2 following treatment with 
RA (Figure 5.1 A). The abundance of p21 was upregulated 50 fold at day 3 and 
increased up to 60 fold (corrected for tubulin) at day 4, relative to levels at day 2. 
The increase in p21 levels at day 3 corresponded to a time point when cells first 
began to accumulate in G l. There was also a shift in the phosphorylation status of 
pRb and p i30 to the predominantly hypophosphorylated forms at day 3. By day 4 
cells contained largely hypophosphorylated pRb and p i30.

In contrast to HL60 cells, proliferating Daudi cells contained clearly 
detectable levels of p21. An increase in p21 levels was detected as early as 2h 
following IFN-a treatment and increased further at 4h. However the levels at 4h 

had increased less than 2 fold compared to untreated cells and was transient. By 24h 
the levels of p21 had decreased to the basal levels observed for untreated Daudi 
cells. However, it was only at 24h following IFN-a treatment that cells began to 

accumulate in G l. There was also an increase in the ratio of hypophosphorylated 
pRb and p i30 forms 1 and 2 at 24h and by 40h pRb was largely 
hypophosphorylated. In contrast, p i30 was present exclusively in the 
hypophosphorylated forms 1 and 2.

Thus the kinetics of induction of p21 in HL60 cells treated with RA 
correlated with the onset of growth arrest. In contrast, the induction of p21 in Daudi 
cells treated with INF-a was transient and declined to basal levels prior to growth 

arrest in these cells.

5.3.2 Flow cytometric analysis of p21.
To determine whether p21 expression is regulated in a cell cycle phase specific 
manner and therefore to gain further insights into the role of p21, flow cytometric 
analysis of p21 with Daudi cells was performed (Figure 5.2). A variety of fixation 
conditions was tested, as described in chapter 4, and the optimal fixation condition 
for the detection of p21 was determined to be 1% paraformaldehyde fixation for 30 
min followed by 0.25% triton-X 100 permeabilization (Figure 5.2.A).

Having established the optimal fixation condition, titration of the p21 
antibody was then performed in order to determine the saturating concentration. A 

three layer immunodetection method was used as described in chapter 4 and the 
concentrations used for the secondary and tertiary antibody were the same as those 
used for cdk detection. A saturating concentration of p21 antibody could not be
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Figure 5.1 p21 expression in growth arrested haemopoietic cells. (A).HL60 cells treated 
with RA and (B). Daudi cells treated with IFN.
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Figure 5.2 O ptim isation and detection of p21 expression by flo w  
cytometry. (A)Fixation and (B)titration of p21 antibody for flow cytometric 
detection. (C) P21 detection using two colour flow cytometry. Daudi cells treated
with TFN-oc for 2 hours were fixed in paraformaldehyde and permeabilised with 
triton-X 100 and stained for p21 in a three layer immunodetection method described 
in chapter 4. Cells were stained for DNA using Topro-3. The two colour histogram 
of p21 expression vs DNA shows that p21 has a bimodal pattern of expression, 
peaking in Gl and G2/M.
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achieved (figure 5.2.B) which most likely reflects that the antibody was cross- 
reacting with epitope(s) other than those in p21 following fixation. A closer 
examination of the titration curve of p21 showed a presaturation plateau followed by 
a sharp increase at higher concentrations of antibody. It may be that the sharp 
increase is due to predominantly non-specific binding and so an antibody 
concentration corresponding to the presaturation plateau concentration of 0.4 
mg.lOOul"! was used to determine cell cycle phase specific expression of p21. 
Since it was uncertain whether a saturating concentration of p21 was obtained, the 
three colour method as described in chapter 4 was not used. Instead, a two colour 
method was used to correlate the expression of p21 with cell cycle position as 
identified by DNA content. The expression of p21 was determined and appeared to 
be bimodal, peaking in G1 and G2/M with minimal p21 expression in S phase. 
(Figure 5.2.C). This pattern of expression suggested that the inhibitory targets of 
p21 are the CDKs active in G1 and G2/M.

5.3.3 Induction of p27 in growth arrested haemopoietic cells 
To determine if the induction of p27 correlated with growth arrest in haemopoietic 
cells, the expression of p27 was determined in haemopoietic cells induced to growth 
arrest. HL60 cells and Daudi cells induced to growth arrest by the treatment with 
RA and IF N -a respectively, contained low levels of p27 which was detected only 

with long exposures of the autoradiograph (Figure 5.3). The low level of 
expression of p27 upon growth arrest in HL60 cells is in contrast to a previous 
report (Wang et al, 1997).

The induction of p27 in T cells upon IL-2 withdrawal has been reported 
previously (Nourse et al, 1994) and was confirmed in this study. Levels of p27 
was low to undetectable in proliferating T cells and was strongly induced upon 
growth factor withdrawal. T cells proliferating in the presence of IL-2 for 3 days 
typically contain 20% of cells in S phase and 60% in G1 phase. At 36h following 
IL-2 withdrawal, p27 was strongly induced and 85% of cells were in G1 and the 
cell population at this time point contained exclusively hypophosphorylated pRb and 
p i 30 (Figure 5.4).

To determine if growth factor withdrawal results in a similar induction of 
p27 in haemopoietic progenitor cells, CD34+ cells in cycle for 3 days were 
withdrawn from growth factors. Samples of cells taken at regular intervals were 

fixed and stained with PI and FITC and the cell cycle status of these cells was 
analysed by flow cytometry. The population of cells with less than a 2n DNA 
content is indicative of cells undergoing apoptosis. From the DNA profiles it was 
obvious that CD34+ cells rapidly underwent apoptosis immediately after growth 
factor withdrawal (Figure 5.5). Within 4h 21% of the cells contained less than a 2n
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DNA content. By 12h following growth factor withdrawal, 51% of the cells were 
undergoing apoptosis and the percentage increased thereafter.

Stem cell factor has previously been shown to maintain viability of CD34'*’ 
cells. To determine if SCF could prevent the rapid onset of cell death, cycling

CD34+ cells withdrawn fron cytokines had SCF added back to the culture medium. 
The presence of SCF made no difference to the rapid onset of apoptosis and 
numbers of apoptosing cells accumulated at an identical rate to cells containing no 
cytokines (data not shown). Thus the mechanism of growth arrest upon cytokine 
withdrawal as observed in T cells is not conserved in CD34^ cells.

53.4 Accumulation o fT  cells in G1 occurs prior to growth factor withdrawal.
It was observed during the course of these experiments that T cells stimulated to 

proliferate with IL-2 for longer periods of culture accumulate in the G1 phase. 
Figure 5.6 is representative of 3 experiments in which T cells have been cultured in 
IL-2 for 10 days. By day 10, 72% of cells were in G1 with only 5% of cells in S 
phase (Figure 5.6B). Within the G1 population, 52% of cells were in G la  and 20% 
of cells in G ib . Upon growth factor withdrawal, it was observed that a cohort of 
cells, typically between 5-10%, synchronously enter S phase within 2h of IL-2 
withdrawal. It is the low background of cells in S phase prior to withdrawal that 
allows for the identification of this population of proliferating cells. Since most cells 
remain in G1 following withdrawal, the cells which enter S-phase may represent a 
subpopulation of late G1 cells which have passed the restriction point and thus 
committed to completing the division cycle.

5.3.5 Kinetics ofpRb and plSO dephosphorylation in T cells withdrawn from IL-2. 
To further characterize the cycling status of T cells in culture for 10 days and then 
withdrawn from IL-2, the phosphorylation status of pRb and p i 30 was determined 
in the cell population described above (Figure 5.7). Prior to IL-2 withdrawal cells 
contained predominantly hyperphosphorylated pRb and p i 30, indicative that these 
cells were not growth arrested. The relative proportion of hyper- and 
hypophosphorylated pRb and p i30 protein was determined by scanning the 
autoradiographs (Kodak ID software) produced from western blotting. The 
proportion of hyperphosphorylated p i30 and pRb decline within 2h of growth 
factor withdrawal and the ratio continues to decline temporally. The 

hyperphosphorylated form of p i30 (pi30-form 3) declined more rapidly than pRb 
and by 12h it was no longer detectable. In contrast, there was a 2 fold increase in 

p i 30-band 2 within 2h of IL-2 withdrawal and the ratio continued to increase up to
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Figure 5.6 IL-2 withdrawal results in entry of a cohort of cells into S phase.
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Figure 5.7 Change in phosphorylation of pRb and p l30  in T cells withdrawn 
from IL-2. T cells in culture for 10 days in the presence of IL-2 were deprived of 
IL-2 and samples were taken at regular intervals. Cells were lysed in SDS lysis 
buffer and a total cell lysate equivalent to 2.5 x 10̂  cells was subjected to SDS-PAGE and 
western blotting. The changes in phosphorylation of pRb and p i30 following IL-2 withdrawal 
are representative of 3 separate experiments. The ratio of the hyperphosphorylated form of 
pRb decreases temporally but is still detected at 24h. The ratio of pi 30-band 3 decreases 
rapidly following IL-2 withdrawal and by 12 hours it is no longer detectable. In contrast,there 
is a sharp increase in the ratio of pi 30-band 2 for the first 4 hours following IL-2 withdrawal.
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8h after which it remained the predominant form. As well as an increase in p i 30- 
form 2, there was an increase in the ratio of p i 30-form 1 from 8h onwards.

The p i 30-form 2 has previously been described to be induced and 
phosphorylated in early G1 upon growth factor withdrawal in fibroblast (Mayol et 
o l , 1996). The large and rapid increase in ratio of p i 30-form 2 observed in this 
study supports this finding.

5.3.6 G1 phase specific p i30 phosphorylation
The above observations suggest that upon IL-2 withdrawal two signals converge on 
the G1 phase, one signal elicits a subpopulation of cells to enter S phase while the 
other results in the arrest of cells in G 1. In order to determine precisely where in G1 
these respective signals converge, the phosphorylation status of p i30 was 
determined. Since the accumulation of hypophosphorylated pocket proteins and in 
particular, the accumulation of p i 30-band 2 is characteristic of the transition into 
quiescence and the hyperphosphorylation of pi 30 (pi30-band 3) is characteristic of 
cells entering another round of division, a cell sort experiment was performed to 
determine the phosphorylation status of p i30 in early and late G1 cells. T cells in 
culture for 10 days were withdrawn from IL-2 and samples were taken prior to 
withdrawal and at 2h, 4h and 8h after withdrawal. The cells were sorted into G la  
and G ib  and the phosphorylation status of p i30 was determined by western 
blotting (Figure 5.8). There are several revealing features which can be identified 
from the resulting western blot.

Prior to IL-2 withdrawal (time 0), cells in G la  contain only 
hypophosphorylated p i30 (ie p i30 band 1 and/or 2) while cells in G ib  contain both 
hypo- and hyperphosphorylated p i30. Following IL-2 withdrawal, cells in G la  at 
no stage accumulate hyperphosphorylated p i 30. In contrast, hypophosphporylated 
p i30 is no longer detected in G ib  cells at 4h following IL-2 withdrawal. This 

suggests that the increase in p i 30-band 2 following IL-2 withdrawal, as determined 
above (section 5.3.5), occurs in cells that are in G la. For the G ib  population of 
cells, there is a suggestion that a shift in mobility of the hypophosphorylated form 
of p i 30 occurs at 2h following IL-2 withdrawal, which at 4h is exclusively 
hyperphosphorylated. The disappearance of p i 30-form 2 at 4h is consistent with 
observations that p i 30-form 2 is lost in G ib  and proliferating cells contain only 
p i 30-form 3 (Mayol et al., 1995, and for example figure 5.1). At 8h, G ib  cells 
contain exclusively hypophosphorylated p i30 indicating that growth arrest has 

ensued.
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Figure 5.8 Cell cycle phase specific expression of pl30 in T cells withdrawn from IL-2.
T cells in culture for 10 days in the presence of IL-2 were washed three times with 
prewarmed RPMI/10%FCS and resuspended at 1 x 10^cells/ml. Samples were taken at regular 
intervals up to 8 hours following withdrawal of IL-2. Cells were fixed in 70% Ethanol and 
stained for DNA and cellular protein. The stained samples were sorted for G la and G ib and 
an aliquot of 5 x 10  ̂ cells was removed and rerun to determine purity. A total of 2.5 x 10̂  
sorted cells was pelleted and 15//1 of SDS sample lysis buffer added to the pellet. Lysates 
were subjected to SDS-PAGE and western blotting was performed and the expression of 
p i30 was determined. Arrows indicate the hyper and hypophosphorylated bands detected in 
G ib cells prior to IL-2 withdrawal.
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5.4 Discussion

Inhibitory signals induce growth arrest by down regulating cdk activity thereby 
preventing phosphorylation of pocket proteins such as pRb and p i 30. The 
induction of CKIs is one mechanism by which cdk activity is down regulated. In 
order to gain insights into the mechanism of growth arrest, CKI induction has been 
examined following treatment of haemopoietic cells with the inhibitory cytokine 
IFN -a, the differentiation inducing agent RA and by growth factor withdrawal. 
IFN-a and RA both upregulate p21 expression in haemopoietic cells. The bimodal 

distribution of p21 suggest that kinases mediating G1 and G2/M progression are 
targets of p21 inhibitory activity. The upregulation of p21 in Daudi cells occurs 
within 2h of IFN -a treatment but declines back to basal levels by 24h, at a time 

when Daudi cells are just beginning to arrest in G l. Thus the kinetics of p21 
induction indicates that p21 is unlikely to mediate growth arrest in Daudi cells. The 
dramatic drop in cyclin D3 and cdc25A expression to undetectable levels, as 
reported by others, is likely to play an important role in mediating growth arrest in 
IFN-a treated Daudi cells (Tiefenbum et al, 1994).

In contrast, the induction of p21 in HL60 cells coincides with the 
appearance of hypophosphorylated pRb and pi 30 and accumulation of cells in G l. 
Thus it is possible that p21 mediates growth arrest in HL60 cells treated with RA. It 
is likely that RA induces in HL60 cells a wide array of molecular changes, including 
p21 induction that function in parallel to effect a block in G l transit.

Very little p27 expression was detected in either cell lines. This is in contrast 
to a previous study which suggest that p27 induction mediates G l arrest in HL60 
cells treated with Vit D3. Since RA was used to induce differentiation in this study, 
the lack of p27 induction may be due to the different treatment. If so the results 
suggest that different mechanisms operate in the induction of growth arrest resulting 
in granulocyte differentiation induced by RA and monocyte/macrophage 
differentiation induced by Vit D3. Alternatively the lack of p27 induction may reflect 
the fact that cell lines are subject to development of new characteristics in long-term 
culture (Studzinski etal, 1986; Murao et al, 1983), so different laboratories often 
have different sublines. The lack of p27 induction in this study nevertheless 
indicates that G l arrest can be induced in the absence of p27 in these cell types.

In contrast, proliferating T cells withdrawn from IL-2 strongly induces the 
expression of p27. The induction of p27 in T cells has been shown to inactivate 
cdk2 (Nourse et al, 1994) and is likely to be the primary mechanism by which T 

cells growth arrest. Cytokine withdrawal from proliferating CD34+ cells however 

results in the rapid induction of apoptosis indicating the mechanism of growth arrest 
observed in T cells following growth factor withdrawal is not conserved for CD34+
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cells. It has been reported previously that cytokine-depletion induces apoptosis of 
haemopoietic progenitor cells in-vitro (Williams et al, 1990; Suda et ai, 1985; 
Katayama et ai, 1993; Brandt et ai, 1994). The ability of T cells to arrest upon 
cytokine withdrawal may reflect functional differences between the two cell types. 
The depletion of cytokines may prevent uncontrolled proliferation of haemopoietic 
progenitor cells. In contrast, T cells need to growth arrest following the dampening 
of the primary immune response in order to mount a secondary immune response to 
a specific antigen. Thus T cells may have acquired a mechanism whereby growth 
arrest ensues when growth factors are depleted

A common outcome in the growth arrest of haemopoietic cells is the 
hypophosphorylation of pRb and p i30. The kinetics of dephosphorylation has been 
examined in more detail in T cells withdrawn from IL-2. While the ratio of the 
hyperphosphorylated band decreases with longer periods of withdrawal, there is a 
two fold increase in the ratio of p i 30-form 2 within 2h and the ratio continues to 
increase up to 8h. p i 30-form 2 has recently been shown to be phosphorylated in 
early G l upon growth factor withdrawal (Mayol et al, 1996). The authors suggest 
a novel kinase is activated upon growth factor withdrawal which mediates this 
phosphorylation. From the experiment in which cells in early and late G l phases 
were purified by flow cytometric sorting, it was observed that cells in G la  only 
contain hypophosphorylated p i30. Therefore the increase in p i 30-form 2 (and 
p i 30-form 1) observed following withdrawal of IL-2 is due to the population of 
cells in G la. Cells in G ib initially contain both the hyperphosphorylated p i 30-form 
3 and hypophosphorylated p i30 but by 4h, cells in G ib  contain only 
hyperphosphorylated p i30 form 3. Taken together, these results support the view 
that cells in early G l are vulnerable to inhibitory signals induced by growth factor 

withdrawal.
However, the above conclusion does not explain the phosphorylation of 

p i 30-form 2 following IL-2 withdrawal nor the suggested hyperphosphorylation of 
p i30 in late G l (Figure 5.8). One alternative explanation which takes into account 
the differences in phosphorylation of p i30 between early G l and late G l, is that 
following IL-2 withdrawal a transient mitogenic signal is initiated. If so, this would 
result in the upregulation of cdk6, cdk4 and cdk2 activity and since cyclin E-cdk2 is 
active in late G l, p i30 is hyperphosphorylated in cells in late G l while an increase 
in p i 30-form 2 phosphorylation occurs in cells which are in early G l, as a result of 

increased cdk4 and cdk6 activity.
If this was the case, how might growth factor withdrawal ultimately result in 

increased cdk activity? One possibility is concerned with the in vitro culture 
conditions. The withdrawal of IL-2 necessitates that all existing medium is removed 
and fresh medium is added to the cells (without IL-2). The addition of fresh
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medium may initiate a transient mitogenic signal. Alternatively, growth factor 
withdrawal may initiate a signaling pathway which results in increased cdk kinase 
activity. In support of this possibility, the upregulation of cyclin expression has 
been described previously in the context of growth arrest. Cells retrovirally infected 
to express physiological levels of p27 induce the expression of cyclins D l, D3 and 
cyclin E (Vlach et al, 1996). The mechanism by which p27 induces cyclin 
expression is not known but it remains a possibility that increased p27 levels upon 
EL-2 withdrawal results in an increase in cyclin D3 and E expression. The resulting 
increase in cdk4/cdk6 activity in early G l would then account for the increase in 
phosphorylation of p i 30-form 2 in early G l. The resulting increase in cyclin E- 
cdk2 activity in late G l could result in the sequential phosphorylation of p i30 to the 
hyperphosphorylated form in late G 1. It is likely that as the levels of p27 increase, 
cdk2 activity is inhibited and growth arrest ensues resulting in predominantly 
hypophosphorylated p i30 complexes, as observed at 8h following IL-2 

withdrawal.
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CHAPTER 6 

CONCLUSIONS

Haemopoietic progenitor cells are quiescent and upon stimulation with growth 
factors are triggered into the cell cycle and proliferate at relatively constant doubling 
rates during the early stages of differentiation. These cells gradually lose their 
proliferative capacity along with differentiation and arrest in Go/Gl phase when 
released into the peripheral blood as mature cells. In the context of their normal 
functioning, these cells transit into, through and out of the cell cycle. The Gl phase 
of the mammalian cell cycle has a central role in these traversals and an 
understanding of the regulatory events in Gl is crucial in understanding 
mechanisms regulating stem cell proliferation and proliferation-associated 
differentiation and lineage commitment. An understanding of regulatory events in 
Gl is also important in elucidating the process of tumourigenicity. Leukaemias and 
lymphomas are cancers caused by unregulated proliferation of cellular clones 
derived from the mutant haemopoietic stem cell. The clone has abnormalities in a 
number of genes and often results in the loss of control of the late Gl restriction 
point which would otherwise induce cell cycle arrest.

There have been only a few studies examining the cell cycle machinery in 
CD34+ haemopoietic progenitor cells and the regulation of Gl phase in these cells 
is poorly understood. The work contained in this thesis examined cdk regulation in 
CD34+cells as cells traversed Gl in entering the division cycle, in the continuous 
cell cycle and in withdrawal from the cell cycle. A major emphasis of this study has 
been the use of human primary haemopoietic cells to address issues pertaining to 
cell cycle regulation and haemopoiesis. This was done to enable us to study the Go 
to Gl transition of cells which have entered Go under physiological conditions and 
to avoid studying abnormal cell cycle events in cell lines adapted to grow in vitro. 
Throughout this study the regulation of cdks have been studied using human 
primary T cells and CD34^ cells. Furthermore, whenever possible, experimental 
manipulations which perturb metabolic pathways have been avoided. Thus, one of 
the goals of this study was to identify physiologically relevant events involved in 
the regulation of haemopoietic cell proliferation.

The cell cycle machinery in CD34+ cells stimulated from quiescence to enter 
S phase was examined in terms of cdk and cyclin expression and activity and also 
pRb phosphorylation. The expression and activity of cdks conformed to the widely 
held few that cdks promote progression through Gl and entry into S phase through 
two consecutive pathways, the first of which requires cyclin D-cdk4/6 and the 
second, cyclin E-cdk2. The two pathways converge to phosphorylate pRb and
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phosphoproteins, which releases sequestered E2F transcription factors, promoting 
the transcription of genes required for G l progression and S phase entry. It was 
observed that the transition from Go to S phase in CD34+ cells was more rapid than 
that observed for T cells. Since the growth cycle is superimposed with the cell 
cycle, it is likely that both the growth and the cell cycle machinery contribute to the 
rapid entry of cells into S phase. Two observations made concerning the cell cycle 
machinery are likely to have an effect on the rate of S phase entry. The first is the 
detection of significant levels of phosphorylated cdk2 and the second is the 
detection of cdk6 activity prior to growth factor stimulation. Cells containing 
phosphorylated cdk2 and/or active cdk6 are likely to enter S phase more rapidly 
than the cells containing hypophosphorylated cdk2 and inactive cdk6. With regard 
to the growth cycle, it is proposed that CD34+ cells have the ability to rapidly 
induce the expression of many proteins which are associated with cell growth and 
necessary for entry into the cell cycle. A recent report has claimed that only 5-10% 
of bone marrow CD34+ cells reside in Go, as determined by cells containing 2n 
DNA and minimal RNA content (Ladd et al, 1997). Therefore the majority of 
CD34+ cells may exist in a state of quiescence which is characterised by low protein 
content but high RNA content. Since ribosomal RNA comprises the great majority 
of cellular RNA (Henshaw et al, 1971) and the rate of protein synthesis is 
dependent on ribosomal numbers, CD34+ cells may have the machinery to 
dramatically increase their rate of protein synthesis and enter the division cycle in 
response to the appropriate stimulus.

Accumulating evidence suggests that the processes regulating entry into the 
cell cycle (Go->Gl->S) may be different from those regulating cell cycle 
progression through G l in actively cycling cells (M->G1->S). The expression of 

cdks in the continuous cell cycle and as they traverse the G l phase from mitosis, 
was examined. A three colour flow cytometric method was devised in order to 
determine the relative abundance of cdks through the cell cycle by the simultaneous 
analysis of cdk expression, cell growth and cell cycle phase. Since an asynchronous 
population of cells were analysed directly, this method does not perturb cell cycle 

progression or induce the growth imbalance that almost always accompanies 
attempts to synchronize cells in the cycle (Gong et a l, 1995; Urbani et a l, 1995). 
Evidence is presented that the expression of cdks in the continuous cell cycle is 
regulated. In T cells and CD34+ cells, there was no increase in expression of cdk6 
during S phase and thus the relative abundance of cdk6 was observed to decline 
while the abundance of cdc2 and cdk2 remained constant. The mechanism by which 

cdk6 expression is altered during S phase needs further investigation but may 
involve an inhibition of cdk6 gene transcription during S phase or increased protein 
degradation. The functional consequences of decreased abundance of cdk6 in S
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phase also needs further investigation. During Gl progression, cdc2 expression did 
not increase until late G l in T cells and did not increase at all during G l in CD34+ 
cells. The E2F-1 dependent transcription of cdc2 in T cells correlates with the 
observed increase in cdc2 protein expression in late G l. How this regulatory 
mechanism differs in CD34+ cells requires further investigation but it is predicted 
that differentiation mechanisms are involved. Furthermore, in CD34+ cells the 
increase in expression of the three cdks with progression through the cell cycle was 
less than 2 fold. This is predicted to result in a decline in abundance of the cdks 
with successive divisions. A prediction is made that the decline in abundance of 
cdc2 with successive divisions in proliferating CD34+ cells has functional 
consequneces on the differentiation process. More specifically, the decrease in the 
abundance of cdc2 may serve to function as a counting and effector mechanism that 
determines when precursor cell proliferation stops and differentiation begins. In 

summary, the results of this chapter has presented evidence that cdk expression is 
indeed regulated during the continuous cell cycle and has raised the possibility that 
regulation of cdk expression in the continuous cell cycle may also have functional 
consequences on both proliferation and differentiation.

The final chapter examined the mechanism of growth arrest in haemopoietic 
cells. Pathways linking inhibitory signals to growth arrest result in the down 
regulation of cdk activity. Inhibitory signals generated by addition or withdrawal of 
extracellular factors were found to induce growth arrest and CKI expression. 
Treatment of proliferating Daudi cells with IFN -a and treatment of proliferating 

HL60 cells with RA induced the expression of p21. However, in Daudi cells the 
induction of p21 was immediate and transient and did not correlate with the 
accumulation of cells in G l and pRb dephosphorylation. Although p21 induction 
may have a causal role in mediating growth arrest, it is suggested that other events 
such as down regulation of cyclin D3 and cdc25 are the primary mechanisms. In 
contrast, the induction of p21 in HL60 cells treated with RA correlated with the 
accumulation of cells in Gl and pRb dephosphorylation. Therefore p21 may have a 
more direct role in mediating growth arrest in HL60 cells by inhibiting cdk activity. 
In contrast to a previous study, the induction of p27 was not observed in this cell 
line and the reason for this is unclear. However, the induction of p27 in T cells 
withdrawn from IL-2 was confirmed. Since these diverse inhibitory stimuli do not 
invoke an identical pattern of CKI expression, the results demonstrate that distinct 
inhibitory signals converge to inhibit the cell cycle only at some point during G 1, 
but the precise point of convergence is not known. A cell sort experiment was 
therefore performed in order to determine whether there is a cell cycle window in 

which human primary haemopoietic cells are susceptible to inhibitory signaling. The 
accumulation of hypophosphorylated p i30 in early G l cells following IL-2
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withdrawal was in contrast to late G l cells which appeared to accumulate 
hyperphosphorylated p i30. This suggest that inhibitory signals converge during 
early G l and the accumulation and phosphorylation of p i 30-form 2 is a 
characteristic feature of cell cycle exit in early G l. However, the phosphorylation of 
p i 30-form 2 in early G l is contrary to the notion that inhibitory signals converge in 
early G l. An alternative explanation is thus put forward that following the 
withdrawal of IL-2 a transient mitogenic signal is initiated. This would result in the 
upregulation of cdk6 , cdk4 and cdk2 activity and since cyclin E-cdk2 is active in 

late G l, p i 30 is hyperphosphorylated in cells in late G l while an increase in p i 30- 
form 2 phosphorylation occurs in early G l cells as a result of increased cdk4 and 
cdk6  activity. Growth arrest ensues when the level of CKI inactivates cdk activity 
and in this study, this is thought to occur at 8 h following IL-2 withdrawal. Thus it 
is likely that negative signals promote the synthesis of inhibitory molecules and 
growth arrest ensues when the levels of inhibitory molecules exceeds that of 
activating molecules.

The overall aim of this project was to examine the regulation of cdks in 
haemopoietic progenitor cells as they traverse into, out of and through the cell cycle. 
The basic mechanisms regulating G l progression in CD34^ cells have been 
determined to be largely conserved with those in other human cell types. However, 
variations of the theme have been identified and to what extent these variations 
reflect the distinct and varied cell cycle and signaling pathways regulating 
haemopoietic stem cell differentiation, proliferation, and maturation needs to be 
further elucidated.
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