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ABSTRACT

This thesis investigates the fundamental relationship between cell growth and 

cell-cycle progression. Understanding this relationship is crucial to understanding 

how cells proliferate, yet very little attention has been paid to it, especially in 

vertebrate cells. In yeast cells it has been demonstrated that cell growth regulates 

cell-cycle progression through the action of a cell-size checkpoint. Using normal 

rat Schwann cells, I demonstrate that it is not necessary to invoke a cell-size 

checkpoint to explain why these cells maintain their size while proliferating in 

vitro. I show that an extracellular signalling molecule can promote Schwann cell- 

cycle progression without promoting cell growth, and thus cell growth rate is not 

the sole determinant of the rate of cell-cycle progression or cell size. Also, I 

investigate the intracellular signalling pathways stimulated by extracellular 

signals that exert different effects on Schwann cell growth and cell-cycle 

progression. It has previously been assumed that animal cells co-ordinate cell 

growth and cell-cycle progression in a similar way to yeasts. Taken together with 

other studies, my findings suggest that this assumption is incorrect.
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Chapter 1: 

General Introduction



How is an organism’s size determined? This fundamental issue of developmental 

biology remains mysterious, despite its importance. The size of an organism 

depends on the number and size of the cells it contains (Conlon and Raff, 1999). 

Thus, to understand how organism size is controlled, one must understand how 

cell number and cell size are controlled. Fundamental to both of these parameters 

are the processes of cell growth and cell-cycle progression.

Cell growth

Cell growth depends on macromolecular synthesis (Su and O'Farrell, 1998), 

which, if greater than macromolecular degradation and secretion, leads to an 

increase in cell mass and cell size. This accumulation of mass is carefully 

orchestrated depending on the context of the cell (Schmelzle and Hall, 2000). For 

instance, yeast cells grow only when nutrients are available (Schmelzle and Hall, 

2000), and differentiated myocytes grow in response to the amount of work they 

do (Goldberg, 1968). Despite the importance of cell growth, it has hardly been 

studied compared to cell-cycle progression.

Cell-cycle progression

Virtually all cells in a multicellular organism contain a complete set of genetic 

instructions (Alberts, 1994). The cell cycle is the process by which a cell 

duplicates its DNA, segregates it correctly during mitosis, and divides. The cell 

cycle is divided into four phases. DNA replication occurs in S phase. The interval 

between the completion of mitosis (M phase) and the beginning of DNA synthesis 

is called the G1 phase, and the interval between the end of DNA synthesis and the 

beginning of mitosis is called the G2 phase. Most proliferating cells conform to 

this standard cell cycle and progress in sequence through G l, S, G2, and M phases 

(Alberts, 1994). Cell growth occurs throughout G l, S, and G2 (Alberts, 1994).



Cell proliferation

Both cell growth and cell-cycle progression are necessary for sustained cell 

proliferation (Su and O'Farrell, 1998). Without cell growth, proliferating cells 

would progressively decrease in size, and, without cell-cycle progression, cell 

number would not increase. Even the early divisions of amphibian embryos, 

where cell-cycle progression occurs without apparent cell growth, depend on the 

massive previous growth of the egg.

For proliferating cells, cell number is determined by the rate of progression 

through the cell-cycle (and cell death, which I won’t discuss here) (Conlon and 

Raff, 1999). Their size at division is determined by the initial size of the cell, the 

rate of progression through the cell-cycle, and the rate of cell growth (Conlon and 

Raff, 1999). Therefore, to understand how cell number and cell size are 

controlled, one needs to understand how the rate of cell growth and the rate of 

cell-cycle progression are controlled. This is not simple, however, as cell-cycle 

progression is, to some extent, influenced by cell growth, and vice versa. These 

interactions are poorly understood, in part because almost all studies on cell 

proliferation have concentrated on cell-cycle progression, without a consideration 

of cell growth. Thus, proteins thought to stimulate cell-cycle progression directly, 

for example, may, in fact, stimulate progression indirectly by promoting growth. 

In addition, there is confusion in the terminology used in the literature in that the 

term ‘growth’ is often used to mean proliferation.

The relationships between cell growth and cell-cycle progression

The rate of cell production and the size of cells within the same tissue at the same 

developmental time are highly reproducible, suggesting that cell growth and cell- 

cycle progression are somehow coupled (Coelho and Leevers, 2000). Coelho and 

Leevers have suggested four models by which this coupling could be achieved 

(see Figure 1.1). In the first model, cell growth and cell-cycle progression are 

stimulated by independent signals, the ratio of which are controlled. In the second



Figure 1.1
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Four models describing how cell growth and cell-cycle progression might 
interact to determine cell size and cell-cycle progression rate.

10



model, cell growth and cell-cycle progression are regulated by a common signal. 

In the third model, signals promote cell growth, and, when the cell reaches a 

specific size, cell-cycle progression is triggered. In the fourth model, signals 

promote cell-cycle progression, and, when the cell decreases in size (by cell 

division) past a certain threshold, cell growth is triggered. These models are not 

mutually exclusive.

I will review below the few studies where both cell growth and cell-cycle 

progression have been considered together. I will use the models described above 

to interpret these results, and in the subsequent chapters, to interpret data from my 

experiments. Though I will discuss the models in relation to experiments that 

examine the interaction between cell growth and cell-cycle progression at both the 

extracellular and intracellular level, it is important to note that the hierarchy of 

signalling is important in understanding how proliferation is controlled in vivo. 

For example, downstream signalling molecules that promote only cell growth or 

cell-cycle progression are consistent with model 1. These proteins, however, may 

be controlled by upstream signals that promote both cell growth and cell-cycle 

progression, and therefore, in this case, model 2 rather than model 1, describes the 

controls on proliferation.

In experiments where cell growth and cell-cycle progression have been addressed, 

the rate of cell-cycle progression was usually determined by counting the number 

of cells produced over a certain time period. As the cell cycle is split into different 

phases, and one phase may be more influenced by gro^wth rate than another, the 

proportion of cells in the different phases of the cell cycle was sometimes also 

determined. The rate of cell gro^vth was measured by assessing the accumulation 

of mass over time, for one or several cells. Mass was usually measured by 

determining cell volume or cell protein content.

Yeasts were the first eukaryotic organisms where both processes were 

investigated. Hartwell, in the 1960’s, isolated several hundred temperature- 

sensitive mutants, which he characterised for both macromolecular synthesis (i.e.

11



cell growth) and cell division (Hartwell, 1967). When cell-cycle mutants were 

blocked at any stage of the cycle, cell growth continued (Johnston et al., 1977). 

This finding excludes model four for yeast, as continued growth does not depend 

on progression through the cell cycle. When cell growth was restricted, cells that 

had initiated a cell cycle were able to complete it and then arrested in Gl 

(Johnston et al., 1977). As they were not growing during this period, the daughter 

cells produced were abnormally small. Interestingly, when growth was no longer 

restricted, the smallest cells took the greatest length of time to progress through 

the subsequent cell cycle. This suggests that a minimum cell size must be reached 

before the next cell cycle is initiated. The data from yeast have been used to 

promote the third model of how cell growth is coupled to cell-cycle progression. 

The idea of a cell-size checkpoint is discussed more in the next chapter and in the 

General Discussion.

The interactions between cell growth and cell-cycle progression in animal cells 

have, until recently, received very little attention. Almost all of the recent studies 

have been carried out in Drosophila (Oldham et al., 2000). The effects on cell 

growth and cell-cycle progression of proteins known to be involved in 

proliferation have been studied in the cells of the wing and eye imaginai discs. 

The imaginai discs are the tissues destined to form the adult fly; they develop 

during the larval phase of Drosophila development (Hartenstein, 1993). The 

proteins tested fell into three groups. The first group affected both cell gro^vth and 

cell-cycle progression: when the proteins were overexpressed, cell growth and 

cell-cycle progression (through one or all phases) were accelerated. This group 

included Ras (Prober and Edgar, 2000), Myc (Johnston et al., 1999), Cyclin D 

(Datar et al., 2000), and Phosphatidylinositide 3-kinase (P13K) (Weinkove et al., 

1999). All but Cyclin D had a proportionally greater effect on cell-cycle 

progression from Gl into S phase. The second group affected only cell-cycle 

progression: when the proteins were overexpressed, only cell-cycle progression 

was accelerated. This group included cyclin E, dE2F, and string, a cdc25 

phosphatase that affects progression from G2 into M phase (Neufeld et al., 1998). 

The third group affected only cell growth: when the proteins were overexpressed.
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cell growth rate increased, but neither the total cell cycle time nor the phasing of 

the cell-cycle were affected. This group, so far, only includes Akt, a downstream 

target of the PI3K signalling pathway (Verdu et al., 1999).

In the categories above, I have, for simplicity, only considered positive regulators 

of either cell-cycle progression, cell growth, or both. Negative regulators of cell 

growth and cell-cycle progression exist. RBF, the Drosophila homologue of RB, 

for example, inhibits cell-cycle progression when overexpressed and therefore 

belongs to the second group of proteins (Neufeld et al., 1998).

What do these results say about the coupling of cell growth and cell-cycle 

progression in animal cells? One major conclusion is that at the intracellular level 

the cell cycle can be uncoupled from cell growth (by overexpression of group 2 

proteins), and cell growth can be uncoupled from cell-cycle progression (by 

overexpression of the group 3 protein, Akt). This would appear to lend support for 

the first model, where separate signals promote cell growth and cell-cycle 

progression. This, however, need not be the case. Both sets of proteins could be 

downstream of signals that couple both cell growth and cell-cycle progression 

(model 2). In addition, the activities of the second group of proteins could be 

directly regulated by cell growth (model 3). This would mean that the uncoupling 

of cell size and cell-cycle progression rate from cell growth rate is an artefact of 

experimental overexpression. To distinguish between models 1 and 2 in this case, 

it is necessary to analyse the effects of the signals that are furthest upstream, i.e. 

extracellular signals.

The effects of the group one proteins (those that affect both cell growth and cell- 

cycle progression) have been suggested to be evidence for the third model 

(Johnston et al., 1999; Prober and Edgar, 2000), in which cell-cycle progression is 

indirectly promoted via the direct promotion of cell growth. These proteins, 

however, could be having direct effects on the cell cycle as well as on cell growth 

(model 2), and there is no evidence yet to contradict this.
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The fact that cell growth continues and cells get much larger when the cell-cycle 

is slowed by overexpressing proteins such as RBF suggests that model 4 can be 

discounted. As for yeast, animal cell growth appears not to be dependent on cell- 

cycle progression. A clearer result, however, would be an experiment in which 

cell-cycle progression was stopped completely in animal cells, as has been done in 

yeast.

Largely because of the interpretation of the results from yeast, model 3 is widely 

accepted as the way in which cell growth is coupled to cell-cycle progression in 

all cells (Fantes and Nurse, 1977; Johnston et al., 1977; Nurse et al., 1976; 

Polymenis and Schmidt, 1999; Stocker and Hafen, 2000). The evidence for the 

existence of a cell-size checkpoint in animal cells, however, is very weak.

Extracellular controls on cell proliferation

Animal cells, unlike yeast cells, do not proliferate in medium containing only 

nutrients (Alberts, 1994). They require the presence of extracellular signals, and 

usually attachment to a substratum (Alberts, 1994). These extracellular cues, 

therefore, allow the cells to grow and progress through the cycle. Because of this, 

it is at the extracellular level where it will be important to establish if models 1 or 

2 apply to proliferating animal cells.

Because there has been little work to distinguish between effects on cell growth 

and cell-cycle progression, it is not known how extracellular factors promote cell 

proliferation. Predictions can be made, however, about the expected behaviour of 

extracellular factors from the models outlined previously. For instance, if  cell 

growth drives cell-cycle progression (model 3), one would expect all extracellular 

factors to promote cell growth.

In the two studies where the effects of extracellular factors on cell growth and 

cell-cycle progression were studied, it was shown that certain proliferative 

extracellular signalling molecules do not promote cell growth. EOF in Swiss 3T3
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fibroblasts (Zetterberg et al., 1984) and thyroid stimulating hormone (TSH) in 

thyrocytes (Taton and Dumont, 1995) have been shown to promote cell-cycle 

progression without promoting an increase in dry cell mass or protein synthesis, 

respectively. Although this is suggestive that extracellular signals can act solely 

on cell-cycle progression (model 1), it has not been shown that this occurs in 

proliferating cells.

Aims of this thesis

In this thesis, I aim to expand what is currently known about the interactions 

between cell growth and cell-cycle progression in animal cells. I have chosen 

primary rat Schwann cells as my model cell type. It is important to use primary 

cells in studies on cell proliferation, as controls on proliferation are often 

abnormal in cell lines. Rat Schwann cells are amenable primary cells to culture as 

they can be isolated in large numbers (Cheng et al., 1998), purified to 

homogeneity (Cheng et al., 1998), and passaged indefinitely (Mathon et al., 

2001).

In Chapter 2, I examine whether it is necessary to invoke a cell-size checkpoint 

(model 3) to understand how cell growth and cell-cycle progression are co

ordinated in Schwann cells. In Chapter 3 ,1 examine the role of extracellular signal 

molecules on cell growth and cell-cycle progression, and I apply the findings to 

proliferating cells. In Chapter 4 , 1 examine the intracellular signalling pathways 

that may be important for cell growth and cell-cycle progression.
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Chapter 2:

Is a cell-size checkpoint necessary 

in Schwann cells?
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Introduction

In the previous chapter, I outlined four models, each of which can explain how 

cell growth interacts with cell-cycle progression. The third and fourth models 

invoked a mechanism in which the cell can measure its size and adjust either cell- 

cycle progression or cell growth to this size. Observations in yeasts and 

mammalian cells have shown that the mean size of cells in a proliferating 

population remains constant over time (Brooks, 1981). Even though individual 

cells vary in size at division, the distribution of cell sizes remains constant, with 

no change in the co-efficient of variation (Brooks, 1981). Thus, cells that are 

initially bigger or smaller than the mean after mitosis tend to return to the mean 

size over time. These observations have led to the belief that a cell-size 

checkpoint must exist to co-ordinate cell growth and cell-cycle progression and to 

prevent an increase in size variation.

Such a mechanism is only required, however, if the rate of cell mass increase is 

directly proportional to cell size - i.e. if the increase is autocatalytic (Brooks, 

1981). If cell growth is autocatalytic, cells that are bom larger than the mean birth 

size will grow faster than those that are smaller. Large cells will grow at a faster 

rate, and if no cell-size checkpoint is operating will divide at larger size and 

produce still larger daughters, which will again grow at faster rate, and so the 

distribution of sizes in the population will not remain constant. If growth is not 

autocatalytic, however, a cell-size checkpoint is not required to maintain a 

constant distribution of cell sizes (see Discussion).

Measurements to determine whether cell growth is autocatalytic have usually 

assessed whether the rate of mass accumulation increases through the cell-cycle 

(e.g. Sveiczer et al., 1996). It is difficult, however, to distinguish between linear 

and autocatalytic growth over the timescale of a cell cycle (Brooks, 1981). 

Moreover, even if cell growth rate increases through a cell-cycle, this does not 

prove that cell growth is auto-catalytic. It could be, for example, that the increase 

in ploidy during S-phase is responsible for accelerated growth late in the cycle.
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rather than the increase in cell size. Thus, the critical experiment to determine 

whether cell growth is autocatalytic and therefore whether a size checkpoint is 

necessary, is to arrest the cell cycle and then measure cell growth rate over time, 

thereby removing the complicating factor of cell-cycle progression. This has been 

done for yeast cells, and cell growth is autocatalytic (Nurse et ah, 1976). In this 

chapter, I address whether Schwann cell growth is autocatalytic.

Results

I purified primary Schwann cells from postnatal day 7 (P7) rat sciatic nerve by 

sequential immunopanning (Cheng et al., 1998). I maintained the cells in a 

proliferative state in Dulbecco's modified Eagles' medium (DMEM), 

supplemented with 3% foetal calf serum (PCS), the neuregulin GGF, and the 

adenylyl cyclase stimulator forskolin (complete medium). I passaged the cells 

before they reached confluence. Their size, measured at the time o f passage, 

remained constant through many passages over many months (A. Lloyd, pers. 

comm.).

Is Schwann cell growth autocatalytic?

To determine whether Schwann cell growth was autocatalytic I developed an 

assay to determine the growth rate of the cells when arrested at a specific point in 

the cell cycle. To do this, quiescent Schwann cells were stimulated to re-enter the 

cell-cycle and begin cell growth by exposure to 3% PCS and forskolin. At the 

same time, the cells were blocked from progressing through S phase by the DNA 

polymerase a  inhibitor aphidicolin (Ikegami et al., 1978), resulting in cell-cycle 

arrest at the beginning of S-phase. In these conditions, the cells continued to grow 

in size for many days (see Figure 2.1).

To determine cell growth rate, the volume of the cells was measured every 24 

hours in a Coulter counter after dislodging the cells from the culture dish with 

trypsin. As can be seen in Figure 2.2 the growth curve was linear. As the cells

18



Figure 2.1
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Schwann cells continue to grow for many days after cell-cycle 
arrest in the presence of serum. Quiescent cells were exposed 
to serum-containing medium, as well as with aphidicolin to 
arrest them in S-phase. Pictures taken a, 24 hours, b, 48 
hours and ,c, 120 hours after serum stimulation. Scale bar is
100 |Lim.
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Figure 2.2
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Schwann cell growth is linear over time. Quiescent cells were exposed to 
medium containing 3 % serum and forskolin, as well as with aphidicolin to 
arrest them in S-phase. Their volume was measured in a Coulter counter 
at the time points indicated. Three plates of cells were measured at each 
time point, and the mode cell volume of each plate is represented by either 
-.lor, '.
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progressively increase in size, if growth were autocatalytic, the rate of growth 

should increase over time, resulting in an exponential or exponential-like, growth 

curve. Thus, cell growth for these cells in these conditions is not autocatalytic.

To confirm that the volume measurements in the Coulter counter produced a 

reliable measure of cell growth I developed another technique to assess cell 

growth rate. The cells were cultured in the same way and harvested at 24 hour 

intervals as before, but cell size was determined by measuring the amount of 

protein per cell. The rate of increase of protein per cell was linear (Figure 2.3a); 

consistent with the results obtained with the Coulter counter. The rate of growth 

of the cells, however, was less in these experiments, probably because the cells 

were cultured at higher density in order to have enough cells to measure the 

protein content. At higher density, the cells are effectively exposed to a relatively 

lower concentration of serum than at lower densities (and I show later that cell 

growth rate increases with increased serum concentration). This interpretation was 

supported in experiments where cell volume was measured in the Coulter counter: 

cells plated at a higher density grew more slowly than cells plated at a low density 

(compare Figure 2.3b to Figure 2.2). In Figure 2.3b, the cells were plated at the 

same density as those for the protein assay, and the growth rates obtained from the 

two experiments were comparable.

Protein synthesis and degradation rates of large and small Schwann cells

The growth rate of Schwann cells is not autocatalytic but is instead linear over 

time. This means that over an equivalent time period, cells add the same net 

amount of volume, independent of their size. As the rate of protein accumulation 

per cell is also linear, the cells also add the same net amount of protein per day, 

independent of their size. Thus, the difference between protein synthesis and 

protein degradation (plus secretion) must not change as the cells grow.

To determine the protein synthesis rate per cell as cells grow, cells were cultured 

in the same conditions as above. At 24, 48 and 72 hours after initial factor
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Figure 2.3
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Schwann cell growth is linear over time. Quiescent cells were exposed to 
medium containing 3 % serum and forskolin, as well as with aphidicolin to 
arrest them in S-phase. Cell size was assessed at the time points indicated, 
a, The amount of protein per cell. Each bar represents the 60% confidence
limit of the mean of cells from a plate containing 1 x 1 0 ® cells, b, Cell 
volume. Three plates of cells were measured at each time point, and the 
mode cell volume of cell from each plate is represented by either — ,l,or, ■ .
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addition, the cells were incubated for two hours with methionine and 

cysteine, and the amount of radio labelled protein per cell was determined. As can 

be seen in Figure 2.4, the rate of protein synthesis increased as the cells increased 

in size.

As discussed above, the rate of protein accumulation increases linearly as the cells 

get bigger. If protein synthesis is increasing with cell size, then protein 

degradation must also increase as the cells get bigger. To determine the rate of 

protein degradation, cells were treated as above and harvested after the 2 hour 

with methionine and cysteine. They were washed, incubated in non

radioactive medium, and harvested after a further 2 or 6 hour ‘chase’. The 

decrease in radiolabelled protein observed during the chase was taken as a 

measure of the protein degradation rate. As can be seen in Figure 2.5, the rate of 

protein degradation increased as the cells increased in size.

Different concentrations of serum induce different rates of linear growth.

To determine if cell growth remained linear in different growth conditions, 

quiescent Schwann cells were exposed to either 1%, 3%, or 10% serum, as well as 

forskolin, and aphidicolin. Their growth rate was determined by measuring cell 

volume (Figure 2.6) or protein per cell (Figure 2.7) every 24 hours. The rate of 

growth in the three conditions was linear and increased with increasing serum 

concentration. In addition, cells in 1% serum, forskolin, and aphidicolin exhibited 

linear growth over nine days of measurement (Figure 2.6b).

Discussion

The idea of a cell-size checkpoint is pervasive throughout the cell-cycle field 

(Alberts, 1994; Fantes and Nurse, 1977; Johnston et al., 1977; Nurse et al., 1976; 

Polymenis and Schmidt, 1999; Stocker and Hafen, 2000). It is an attractive and 

simple idea that appears to explain how proliferating cells in vitro maintain a 

constant and characteristic mean population size over time. Despite its almost
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Figure 2.4
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proliferating 
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Larger cells synthesise protein faster than smaller cells. Quiescent cells 
were exposed to medium containing 3% serum and forskolin, as well as with 
aphidicolin to arrest them in S-phase. The rate of total protein synthesis was 
determined by measuring the amount incorporation of radioactive amino 
acids into cellular protein over 2 hours at the time points indicated. The rate 
of protein synthesis of proliferating cells is shown as a comparison. Each 
bar represents the mean and standard deviation of nine independent plates 
of cells.
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Figure 2.5
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Larger cells degrade protein faster than smaller cells. Quiescent cells were 
exposed to medium containing 3% serum and forskolin, as well as with 
aphidicolin to arrest them in S-phase. At the time points indicated in the leg
end, the cells were exposed to a 2 hour pulse of radioactive cysteine and 
methionine. They were then either harvested immediately (0 hours after 
pulse) to assess the rate of total protein synthesis, or washed and ‘chased’ 
with medium containing non-radioactive amino acids for 2 or 6 hours and 
then harvested. The amount of radioactive amino acids in TCA-precipitable 
protein was assessed at each point. The rate of degradation is indicated by 
the slope of the line, a. Each point represents the mean and range of three 
independent plates of cells, b. The same data as in a but showing the data 
without error bars and between 0 and 2 hours.

25



Figure 2.6
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Figure 2.7
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universal acceptance, evidence that animal cells have a cell-size checkpoint is 

weak.

Nearly all experiments in yeast and mammalian cells to determine whether cell 

growth is autocatalytic have attempted to measure the growth rate through a cell- 

cycle (Brooks, 1981). It is clear, from such experiments, that cell growth increases 

through the cell-cycle (Fantes and Nurse, 1977; Sveiczer et al., 1996; G. Dunn 

pers.comm.). On the basis of this observation it has been argued that cell growth 

is autocatalytic, with growth rate increasing as cells enlarge through the cell- 

cycle. My data show that cells arrested at the Gl/S boundary grow at the same 

rate no matter what their size. Experiments in 3T3 cells just after division have 

shovm that large and small cells grow at the same rate (Brooks and Shields, 

1985). These data suggest that the increase in growth rate through the cell-cycle is 

related to cell-cycle progression, rather than to increasing size. Indeed, it is not 

even clear whether the increase in growth rate through the cell-cycle is 

exponential (as would be expected if growth rate were related to cell size). In the 

best-studied case in yeast, the growth rate is linear for the first phase of the cycle 

and then increases, but it remains linear (Sveiczer et al., 1996). This increase in 

growth rate through the cell-cycle might reflect the increase in ploidy as a cell 

traverses S-phase, perhaps because more mRNA templates are available for 

translation. If the increase in growth rate depends on cell-cycle progression rather 

than on an increase in cell size, it cannot be used as an argument that cell growth 

is autocatalytic and that a cell-size checkpoint is necessary.

As explained in the Introduction, a cell-size checkpoint is only required to 

maintain a constant size distribution in proliferating cells if cell growth rate is 

directly proportional to cell size. Because Schwann cell growth is independent of 

cell size, a consistent mean cell size does not require a cell size checkpoint.

This argument can be illustrated by the following example. Suppose a cell divides 

asymmetrically to produce one daughter cell of mass 10 (arbitrary units) and 

another daughter cell of mass 1. When followed through their subsequent
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divisions, it can be seen that the two cells will converge to a mean size of 5.5 

(Figure 2.8), assuming that cell-cycle length and growth rate are equal (5.5 mass 

units, and 5.5 time units) for large and small cells, as would be the case for non- 

autocatalytic cell growth. This convergence can occur in the absence of a direct 

coupling between cell size and cell-cycle progression, because large cells will not 

double their cell mass in one cycle, and small cells will more than double their 

cell mass in one cycle.

An implication of cell growth rate being cell-cycle dependent

I argue above that the increase in cell grov^th rate through the cell-cycle is 

dependent upon the stage of the cell-cycle rather than cell size. In the General 

Introduction, I discussed the experiments carried out in Drosophila where proteins 

known to promote proliferation were assessed on their ability to promote cell 

growth and cell-cycle progression. One group of proteins (assigned to group 1) 

affected both cell growth and cell-cycle progression when overexpressed. This 

finding has been used to argue that these proteins promote cell-cycle progression 

by increasing cell growth (i.e. model 3) (e.g. Johnston et al., 1999). It is possible, 

however, that these proteins directly promote cell-cycle progression. If this is the 

case, their effect on cell growth could be indirect and secondary to their effect on 

cell-cycle progression. This could work if, for instance, growth rate during the 

cycle is ploidy-dependent: overexpression of Ras, for example, results in an 

acceleration through 01, and a greater growth rate (Prober and Edgar, 2000); the 

greater growth rate could be due to less time being spent in G1 and more time 

spent in S and G2, where growth would be greater because of the 4N amount of 

DNA.

Thus, although cell growth does not depend on cell-cycle progression (and 

therefore model 4 does not apply to these cells), cell growth rate may depend on 

the phases of the cell-cycle. Thus, there are three ways in which group 1 proteins 

could be promoting cell growth and cell-cycle progression. They could promote 

both directly, or they could promote one process directly and the other indirectly.
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Figure 2.8
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Cells return to the mean population size over time if cell growth is not auto- 
catalytic.The points indicate the sizes, after division, of the daughter cells of 
two cells produced after an asymmetric division, followed for 8 subsequent 
divisions. The initial asymmetric division produced one cell of mass 10 (+), 
and one cell of mass 1 (x). In the subsequent cell-cycles each of the cells 
grew 5.5 mass units.
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The coupling of protein synthesis to protein degradation

Although Schwann cell growth rate does not increase with cell size, the rates of 

both protein synthesis and protein degradation increase proportionally with cell 

size, indicating that the cells somehow couple synthesis and degradation to 

maintain linear growth. This coupling mechanism has received little attention and 

therefore remains mysterious. It has been shown, however, that an extracellular 

growth factor, nerve growth factor (NGF), is required to couple the rate of protein 

synthesis to the rate of protein degradation in rat sympathetic neurons in culture 

(Franklin and Johnson, 1998). When protein synthesis was blocked by 

cyclohexamide treatment in the presence of NGF, the degradation rate of long- 

lived proteins also decreased, and the cells maintained their size. However, in the 

absence of NGF, the degradation rate did not decrease, and the neurons rapidly 

atrophied when treated with cyclohexamide. It is not known how NGF exerts this 

remarkable effect (Franklin and Johnson, 1998).

The coupling between protein synthesis and protein degradation is presumably 

very important, as the cell must control the coupling in order to control its growth 

rate. The rate of protein accumulation (and therefore growth) is the difference 

between the rates of protein synthesis and degradation. As increasing 

concentrations of serum increase the rate of Schwann cell growth, it is clear that 

the coupling between protein synthesis and protein degradation is regulated by 

extracellular factors in serum.

Growth of hepatocytes following starvation

A previous study provides additional evidence for linear growth of mammalian 

cells, in this case, in vivo (Hutson and Mortimore, 1982). When a mouse is 

starved for 48 hours, its liver shrinks in size by 40%. This shrinkage is entirely 

due to the shrinkage of hepatocytes rather than to cell death. Upon refeeding, the 

liver quickly regains its previous weight, entirely through cell growth, rather than
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through cell division. As can be seen in Figure 2.9, the rate of valine accumulation 

in liver cells, presumably reflecting the rate of protein accumulation and cell 

growth, is linear. Thus for hepatocytes in vivo, just as for Schwann cells in vitro, 

cell growth is linear.

The implications of these results on the models on cell growth and cell-cycle 

progression

As cell growth is autocatalytic in yeast, a cell-size checkpoint is necessary to 

explain how proliferating cells in the same conditions maintain their size. This 

makes it likely that the observations detailed in the General Introduction, where 

small yeast cells take longer to progress through a cell-cycle than large yeast cells, 

are explained by the action of a cell-size checkpoint. Therefore, model 3, where 

cell growth drives cell-cycle progression through a cell-size threshold, appears to 

be important for the control of yeast cell proliferation.

The results discussed in this chapter show that cell growth is not autocatalytic for 

Schwann cells. This means that a cell-size checkpoint is not required to explain 

why Schwann cells maintain their size when proliferating. It does not, however, 

mean that a cell-size checkpoint does not exist in these cells. Model 3 could still 

apply. Model 4, however, like in yeast and Drosophila cells, does not apply to 

Schwann cells, because cell growth continues in the absence of cell-cycle 

progression. Cell growth is thus not dependent on cell-cycle progression. The 

precise rate of cell growth, however, may be dependent on the position in the cell- 

cycle.

Materials and methods

All reagents were from Sigma, unless indicated otherwise.
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Figure 2.9
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Hepatocyte growth, after starvation, is linear. Normal mice were starved and 
refed, and had their valine content (which is a measure of protein content) 
per liver assayed at the times indicated.
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Cell culture

Schwann cells were purified from P7 rat sciatic nerve by sequential immunopanning 

as previously described (Cheng et ah, 1998). The cells were expanded on poly-D- 

lysine-and flbronectin-coated culture dishes (Falcon) in DMEM (Gibco), 

supplemented wdth 3% FCS, 1 |iM forskolin (Calbiochem) and recombinant GGF (a

gift from M.Marchionni, Cambridge NeuroScience) (complete medium). Cells were 

passaged every 3 days and were >99.9% pure as judged by antigenic markers (Cheng 

et al., 1995).

Cell growth analysis using cell volume

Quiescent cells were obtained by culturing cells to confluence. About 4 x 10  ̂

quiescent cells were plated per well of a 6 well poly-D-lysine and fibronectin-coated 

dish culture dish (Falcon) (area 9.6 cm2) in medium containing 1%, 3%, or 10% FCS 

with 1 pg/ml aphidicolin to arrest them in S-phase. Cell size was assessed every 24

hours in a Coulter Counter (Multisizer II, Beckman-Coulter) using a volumetric 

analysis. To assess size in the Coulter Counter, cells were removed from the tissue 

culture dish with trypsin-EDTA (Gibco) and resuspended in Isoton II (Beckman- 

Coulter). Each point on a graph represents the mode of cell sizes from a well. 

Between 1000 and 5000 cells were counted per well, and the data were analysed 

using Coulter Multisizer Accucomp colour software (Beckman-Coulter). All of the 

experiments were repeated at least three times, with similar results.

It is important to note that the aphidicolin block at S-phase may not be absolute. 

Previous studies (e.g. Sorscher and Cordeiro-Stone, 1991) have demonstrated that 

DNA replication can occur in some cell types in the presence of aphidicolin, albeit at 

a much reduced rate. No mitotic figures were seen in my cultures, indicating that the 

cells did not progress to M-phase, but they may have progressed beyond the Gl/S 

boundary.
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Cell growth analysis using protein per cell

Quiescent cells were obtained by culturing cells to confluence. About 1 x 10  ̂

quiescent cells were plated in a poly-D-lysine-and fibronectin-coated culture dish 

(Falcon) (diameter 15 cm) in medium containing 1%, 3%, or 10% FCS with 1 pg/ml

aphidicolin to arrest them in S-phase. Protein content was assessed every 24 hours. 

The plates were rinsed twice with PBS, and the cells scraped off the dish and 

centrifuged at 4000 rpm in for 3 minutes. The cells were then resuspended and two 

aliquots removed -  one for cell number analysis and one for protein analysis. Cell 

number was determined by measuring the concentration of DNA in the aliquot and 

assuming the haploid weight of DNA in the cells is 6 pg. Protein concentration was 

determined by lysing the cells in 0.4% Triton and 0.2% SDS with protease inhibitors 

(Boehringer Mannheim) on ice for 15 minutes and carrying out a micro-BCA assay 

on the resultant solution, using a BSA standard. The experiments were done twice for 

each condition, with similar results.

Protein synthesis and degradation rates

Quiescent cells were obtained by culturing cells to confluence. About 1 x 10  ̂

quiescent cells were plated in a poly-D-lysine-and fibronectin-coated dish culture 

dish (Falcon) (diameter 5.5 cm) in medium containing 3%, or 10% FCS with 1 pg/ml

aphidicolin to arrest them in S-phase (except in one experiment where the protein 

synthesis rate in proliferating cells was determined). At the time point to be 

investigated, cells were washed twice with cysteine-and methionine-free DMEM 

(Gibco) and 2.5 ml of this DMEM with glutamate, forskolin, and serum was added. 

lOOuCi of ^^S methionine and cysteine (Amersham) were added and the cells 

incubated at 37°C for 2 hours. The amount of radiolabel was not limiting as the 

amount in the medium did not significantly decrease during the experiment. The cells 

were then washed and, if protein synthesis rate was to be measured, were trypsinised, 

spun down at 3000 rpm, and then resuspended in serum-free medium. Aliquots were 

taken for cell number and protein analysis. Cell number was assessed in a Coulter
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counter. Radiolabel incorporation was assessed by lysing the cells in 0.2% triton then 

removing three aliquots and counting them in a scintillation counter. 100% ice cold 

TCA was added to a final concentration of 10% to precipitate proteins. After 10 

minutes on ice, the solution was centrifuged at 14,000 rpm to pellet the precipitated 

protein, and the amount of non-incorporated radiolabel assessed by removing three 

aliquots and counting in a scintillation counter. The amount of label incorporated 

into protein was the reading from the total cell lysate minus the reading from the non

incorporated label. To determine the rate of degradation, cells were washed three 

times with complete medium and then left for either 2 or 6 hours, and the above 

procedure was followed to assess the amount of radiolabelled protein still remaining 

in the cells after the chase. Each point represented 3 plates of cells, and the 

experiments were repeated three times with similar results.
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Chapter 3:

Extracellular control of cell size and cell-cycle 

progression rate
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Introduction

Yeast cells seem to have a cell-size checkpoint, and its action appears to explain 

the relationship between cell growth and cell-cycle progression in proliferating 

yeast cells. As discussed in the General Introduction, this model has also been 

assumed to apply to animal cells. The evidence for this, however, is very weak, 

and, in the previous chapter, I demonstrated that a cell-size checkpoint is not 

necessary to explain how proliferating Schwann cells maintain their size. In this 

chapter I investigate which of the models outlined in the General Introduction 

apply to proliferating Schwann cells.

It has been shown in Drosophila that cell growth can be dissociated from cell- 

cycle progression (by overexpression of Akt) (Verdu et al., 1999), and cell-cycle 

progression can be dissociated from cell growth (by overexpression of proteins 

such as dE2F) (Neufeld et al., 1998). This does not mean, however, that the 

controls on these processes are separable in Drosophila cells (as in model 1), 

because intracellular and extracellular signalling molecules upstream of these 

proteins may promote both cell growth and cell-cycle progression directly. 

Therefore, I have investigated the actions of extracellular signals on cell growth 

and cell-cycle progression as the most upstream signals acting on these processes.

By considering the models outlined in the General Introduction, predictions can 

be made about the action of extracellular signals on cell growth and cell-cycle 

progression. If model 3 were sufficient to explain the relationship between cell 

growth and cell-cycle progression, as in yeast, then one would expect those 

extracellular factors that promote cell proliferation to promote cell growth. Cell- 

cycle progression would be stimulated indirectly via the action of a cell-size 

checkpoint. If model 1 is operates, then some extracellular factors should directly 

stimulate only cell growth, and some should directly stimulate only cell-cycle 

progression.
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I have investigated the effect of the extracellular factors in two ways - first, by 

analysing the effects on cell growth in cell-cycle arrested cells and the effects on 

cell-cycle progression in quiescent cells, and second, by analysing the effects of 

changing the concentration of extracellular factors on cell-cycle rate and cell size 

in proliferating cells. I concentrated on two extracellular factors, insulin-like- 

growth-factor-I (IGF-I), and glial growth factor (GGF).

IGF-I is an 8 kDa protein that is expressed by many types of cells and tissues 

(Froesch et ah, 1985). It has been implicated in the promotion of both protein 

translation (which is necessary for cell growth) (Froesch et al., 1985)and cell 

survival (Butt et al., 1999). IGF-I knockout mice are small at birth and exhibit 

reduced growth rates throughout development (Efstratiadis, 1998). IGF-I is 

required for the serum-free culture of many cell types (Froesch et al., 1985). It 

acts via the IGF-I receptor (IGFIR) (Efstratiadis, 1998). Ligand binding results in 

tyrosine phosphorylation of the receptor and various signalling proteins that bind 

to it. This in turn activates downstream signalling pathways. IGFIR knock-outs 

are reduced in size at birth and die immediately due to an inability to breathe. 

IGFIRs are found on the surface of most cell-types (Efstratiadis, 1998).

GGF (80 kDa) is the soluble isoform of the neuregulin-1 gene. The neuregulins 

are a family of alternatively spliced, soluble or membrane-bound proteins encoded 

by four known genes. Neuregulin-1, which was the first member of this family to 

be described and remains the best characterised, is highly expressed in the 

neurons of the peripheral and central nervous system during development (Garratt 

et al., 2000). Neuregulin-1 promotes the proliferation of Schwann cells. Mice with 

targeted disruptions of the neuregulin-1 gene exhibit a severe deficiency of 

precursor Schwann cells (Meyer and Birchmeier, 1995). NeureguIin-1 isoforms 

mediate their effects via members of the erbB receptor tyrosine kinase family, 

which includes the EGF receptor (erbBl), erbB2, erbB3, and erbB4 (Adlkofer and 

Lai, 2000). Ligand binding is believed to result in receptor dimerization and 

tyrosine autophosphorylation and subsequent activation of multiple intracellular 

signalling pathways (Burden and Yarden, 1997). ErbB2 and erbB3 are the major
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receptor proteins expressed by Schwann cells and their precursors during 

peripheral nerve development (Cohen et al., 1992; Levi et ah, 1995; Shah et al., 

1994). Consistent with the critical role of these receptors, Schwann cells fail to 

develop in peripheral nerves of mice with knockouts of either erbB2 or erbB3 

(Garratt et a l, 2000).

I find that IGF-I, but not GGF, promotes cell growth, whereas both factors 

promote cell-cycle progression. By varying the concentration of GGF in a 

constant concentration of IGF-I, I show that cell-cycle progression rate can be 

dissociated from cell growth rate, and that the cells divide at a variable size, 

despite the growth rate being a constant.

Results

Extracellular factors and attachment are necessary for cell growth

To measure cell growth separately from cell-cycle progression, the cells were 

arrested in S phase for 24 hours by treatment with the DNA polymerase a  

inhibitor aphidicolin, and their volume was assessed in a Coulter counter 

following trypsinisation. In parallel experiments, the dry mass of adherent cells 

was assessed using interferometric microscopy (Dunn and Zicha, 1993), which 

confirmed that cell volume was a reliable measure of cell mass. When measured 

by either technique, the aphidicolin-arrested cells grew much larger in complete 

medium than untreated proliferating cells in the same medium, showing that the 

cells can continue to grow in the absence of cell-cycle progression (Figures 3.1a 

and 3.1b).

To determine if cell growth depended on extracellular signals, the cells were 

switched, after 24 hours in complete medium and aphidicolin, into DMEM that 

contained no serum or signal proteins (minimal medium) but that still contained 

aphidicolin. The cells did not grow further (Figure 3.1c), demonstrating that 

components in the complete medium were required for cell growth.
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Figure 3.1
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Aphidicolin-arrested Schwann cells continue to grow in complete medium 
and become larger than untreated proliferating cells, a, The volume of cells 
proliferating in full medium was compared to that of cells arrested in 
aphidicolin in full medium for 24 hours, b, Average cell mass of 
proliferating cells and arrested cells. The results are shown as mean +/- 
s.e.m.; n=132 for proliferating cells, and n=65 for arrested cells, c, The 
volume of cells arrested in aphidicolin in full medium for 24 hours was 
compared with cells arrested in the same way and cultured for a further 24 
hours in minimal medium.
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To assess if  attachment was necessary for cell growth, I assessed the growth of 

cells kept in suspension in either complete medium supplemented with 

methylcellulose in minimal medium supplemented with methylcellulose. 

Methylcellulose thickens the medium, allowing the cells to remain in suspension. 

The cells suspended in complete medium did not grow or shrink over 24 hours 

(Figure 3.2a) similar to the results with attached cells in minimal medium. 

However, cells maintained in suspension in minimal medium shrank and began to 

die (Figure 3.2b).

The effect of extracellular signalling molecules on cell growth

The extracellular factors platelet-derived-growth-factor-AA (PDGF-AA), basic 

fibroblast-growth-factor (FGF), GGF, and IGF-I, have been shown to promote 

Schwann cell proliferation (Burden and Yarden, 1997; Cheng et al., 1998; Davis 

and Stroobant, 1990; Stewart et al., 1996). Therefore, if cell growth rate limits the 

rate of cell-cycle progression (as in model 3), all of these proteins might be 

expected to stimulate Schwann cell growth. To test whether these extracellular 

factors could promote cell growth we switched the cells after 24 hours in 

complete medium and aphidicolin into minimal medium containing aphidicolin 

and the individual extracellular factors for another 24 hours. As shown in Figure 

3.3, IGF-I stimulated cell growth (Figure 3.3a), but the other factors did not 

(Figure 3.3b-d),

To test for synergistic effects on growth, IGF-I alone and IGF-I in combination 

with the other factors were tested in the assay. None of the combinations 

promoted growth over that of IGF-I alone (Figure 3.4). Thus, in these conditions 

at least, IGF-I is the only extracellular signalling molecule tested that promotes 

Schwann cell growth.

In this assay, IGF-I is promoting cell growth in the absence of cell-cycle 

progression, indicating that the effect is direct and not a result of cell-cycle
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Figure 3.2
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Suspended Schwann cells do not grow or shrink in complete medium 
but do shrink in minimal medium, a, Cells were suspended in 
complete medium. After the times indicated, their volume was 
assessed in a Coulter counter, b, Cells were suspended in minimal 
medium. After the times indicated, their volume was assessed in a 
Coulter counter.
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Figure 3.3
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IGF-I promotes Schwann cell growth, whereas other extracellular signaling 
molecules do not. a-d. The volume of cells arrested in complete medium 
plus aphidicolin for 24 hours (control) was compared to the volume of cells 
arrested for a further 24 hours in the presence of different extracellular sig
naling molecules in minimal medium.
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Figure 3.4
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FGF, GGF, and PGDF do not co-operate with IGF-I to promote Schwann 
cell growth a. The volume of cells arrested in complete medium plus aphidi
colin for 24 hours (control) was compared to the volume of cells arrested 
for a further 24 hours in the presence of IGF-I in minimal medium, b-d. The 
volume of cells arrested in IGF-I was compared to the volume of cells 
arrested in IGF-I plus either FGF, GGF, or PDGF.
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progression, as could be the case for the group 1 proteins such as Ras (see 

previous chapter).

The effect of IGF-I and GGF on cell-cycle progression

To confirm that both IGF-I and GGF promote cell-cycle progression cells were 

quiesced in minimal medium for 48 hours and different concentrations of GGF 

and IGF-I, alone or in combination, were added for another 24 hours, together 

with bromodeoxyuridine (BrdU) to label S-phase cells. We then stained the cells 

with an anti-BrdU antibody. As shown in Figure 3.5a, IGF-I had little effect on 

BrdU incorporation on its own, whereas the higher concentration of GGF alone 

weakly stimulated incorporation. Thus, GGF stimulated entry into S phase, even 

though it did not promote cell growth -  either in these conditions (Figure 3.5b) or 

in the conditions described above (Figures 3.3 and 3.4). The combination of IGF-I 

and GGF, however, stimulated BrdU incorporation much more strongly than GGF 

alone (Figure 3.5a), indicating that IGF-I can co-operate with GGF to stimulate 

entry into S phase. A low concentration of GGF stimulated S-phase progression 

less well, either alone or in combination with IGF-I, than a high concentration of 

GGF, indicating that the levels of GGF were not saturating for cell-cycle 

progression in this assay (cell growth was not stimulated at either concentration). 

The growth promoting effects of the different concentrations of IGF-I and GGF 

are shown in Figure 3.6. It can be seen that 10 ng/ml IGF-I appears to be 

saturating for growth, whereas, 100 ng/ml IGF-I has a stronger synergistic effect 

on cell-cycle progression in combination with GGF. This argues that the effect of 

IGF-I on cell-cycle progression is not related exclusively to its effect on cell 

growth.

GGF appears to be a ‘pure’ mitogen for Schwann cells, as it stimulates cell-cycle 

progression but not cell growth. IGF-I, by contrast, promotes both cell growth and 

cell-cycle progression and at least some of its effects on cell-cycle progression 

seem to be independent of its effects on cell growth. Though the above 

experiments analyse cell-cycle progression only from G1 (or GO) to S phase, they
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Figure 3.5
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GGF promotes cell-cycle progression, and IGF-I promotes both cell growth and 
cell-cycle progression, a, Quiescent cells were exposed to the factors indicated 
and BrdU for 24 hours. The ability of factors to stimulate S phase entry was 
assessed by measuring BrdU incorporation. Results are shown as mean +/- s.d.; 
n=3 for each condition, b-c, The volume of quiescent cells was measured in a 
Coulter counter (control). Either IGF-I or GGF was added for 24 hours, and the 
cell volume was assessed in a Coulter counter.
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Figure 3.6
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counter.
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raise the possibility that the concentration of extracellular mitogen may affect the 

rate of cell-cycle progression without influencing the rate of cell growth (as in 

model 1). This possibility is tested directly using proliferating cells in the next 

section.

The effect of IGF-I and GGF on cell-cycle progression rate in proliferating 

cells

It has been proposed that the rate of cell-cycle progression depends mainly on cell 

growth rate (i.e. model 3). The finding that some extracellular signals stimulate 

cell-cycle progression without stimulating cell growth suggests that this may not 

always be the case. To test directly whether growth rate is rate-limiting for cell- 

cycle progression the effects of keeping growth stimulation (IGF-I) constant and 

varying the concentration of the mitogen (GGF) on proliferating Schwann cells 

was studied. (If IGF-I affected only cell growth, it could have been determined 

whether increasing levels of growth stimulation (IGF-I) increased cell-cycle rate 

while keeping the mitogenic stimulation (GGF) constant; as IGF-I synergises with 

GGF to stimulate cell-cycle progression (Figure 3.5a), the results of such an 

experiment would be difficult to interpret.)

Schwann cells are able to proliferate in serum-free medium. Cells were quiesced 

in minimal medium for 48 hours as above, and then 100 ng/ml of IGF-I and either 

2 or 20 ng/ml of GGF were added; forskolin was also added, as it is required for 

sustained proliferation of the cells (Cheng et al., 1998). It is thought that the 

increased level of cAMP induced by forskolin prevents the downregulation of 

receptors over time (Cheng et al., 1998; Weinmaster and Lemke, 1990). Even in 

the presence of forskolin, the growth rate of aphidicolin-treated cells was the same 

in the two concentrations of GGF (Figure 3.7).

As shown in Figure 3.8a and 3.8b, cells in 20 ng/ml GGF took less time to 

progress through the cell cycle than did cells in 2 ng/ml GGF, confirming that the 

higher concentration of mitogen accelerates cell-cycle progression in proliferating
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Figure 3.7
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Cells in IGF-I (100 ng/ml), forskolin and aphidicolin grow at the same rate in 
high (20 ng/ml) or low (2 ng/ml) GGF. The volume of quiescent cells was meas
ured in the Coulter counter (control). IGF-I, GGF, and forskolin were added, and 
the volume of the cells was assessed 48 hours later in a Coulter counter.
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Figure 3.8
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Schwann cells. In all experiments, IGF-I was used at 100 ng/ml to keep cell 
growth stimulation constant, a, Cell-cycle progression rate was assessed for 
cells proliferating in high and low GGF by counting the number of cells at the 
time intevals indicated after factor addition. There was little cell death in 
either condition, and it was not different in the two conditions. Results are 
shown as mean +/- s.e.m.; n=6 for each point, b, Cell-cycle progression rate 
was assessed for cells in high and low GGF by determining how long it took 
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shown as mean +/- s.e.m.; n=3 for each point, c, Cell-cycle phasing of cells 
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cells, even though it does not appear to stimulate cell growth (see Figures 3.3, 3.4, 

3.5, 3.6). Moreover, cells proliferating in complete medium had a similar cell- 

cycle time to cells proliferating in IGF-I and high GGF (around 48 hours, cells 

maintained in complete medium are split 1:3 every 3 days,), even though 

complete medium is a much more potent growth stimulator of aphidicolin-treated 

cells than is lGF-1 (see Figure 3.6d). Thus, for Schwann cells at least, cell grovv^h 

rate alone does not determine the rate of cell-cycle progression under these 

experimental conditions, suggesting that model 3 alone cannot account for the 

relationship between cell growth and cell-cycle progression.

Experiments in yeasts and Drosophila have suggested that cell growth rate is 

especially important in controlling Gl/S transition (Stocker and Hafen, 2000). In 

budding yeast, the level of the G 1 cyclin CLN3, which reflects the general rate of 

RNA translation, helps regulate this transition (Polymenis and Schmidt, 1997). In 

Drosophila imaginai wing discs, overexpression of Myc (Johnston et al., 1999), 

(Prober and Edgar, 2000) or P13K (Weinkove et ah, 1999) increases cell growth 

rate and accelerates Gl/S transition. Thus, although cell growth rate alone does 

not seem to determine total cell-cycle time in Schwann cells, it might still control 

Gl/S transition. If this were the case, one would expect G1 to be of similar length 

when the cells are proliferating in low or high GGF, as long as lGF-1 

concentration, and therefore cell growdh rate, were the same. As the total cell- 

cycle time is longer in low GGF than in high GGF (see Figure 3.8a), a higher 

proportion of the cells in low GGF would therefore be expected to be in S and G2. 

To determine the proportions of cells in the different phases of the cell cycle, cells 

proliferating in the two concentrations of GGF for 3 days, were fixed and stained 

with propidium iodide, and their DNA content was analysed by flow cytometry. 

As shown in Figure 3.8b, the proportion of cells in G1 was lower rather than 

higher in low GGF. Thus, although the growth rate was the same in the two 

conditions (figure 3.7), the absolute time spent in G1 was shorter in high GGF 

than in low GGF, suggesting that grow# rate alone does not determine when the 

Schwann cells enter S phase.
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The effect of IGF-I and GGF on cell size in proliferating cells

As Schwann cells in lOOng/ml IGF-I progress through the cell cycle faster in high 

GGF than in low GGF, one would expect the average size of cells proliferating in 

high GGF to be significantly smaller than that of cells in low GGF if cell growth 

rate is the same in the two conditions. Figure 3.9a shows that this was the case. In 

addition, cells in S phase (Figure 3.9b) and in mitosis (Figure 3.9c) were smaller 

in high GGF than in low GGF. In both conditions, the cells became progressively 

smaller over time, although the cells in high GGF became smaller more quickly 

(Figure 3.10). Apparently, the growth stimulation provided by IGF-I is 

insufficient to maintain cell size at either rate of cell division. In fact, after 

prolonged culture, the cells proliferating in high GGF began to lift off from the 

dish. They had not undergone programmed cell death, and it is possible that they 

had become too small to adhere properly to the dish.

Discussion

The aim of this chapter was to characterise how extracellular factors affect cell 

growth and cell-cycle progression. This was done to establish which of the models 

discussed in Chapter 1, applies to proliferating Schwann cells.

GGF promotes cell-cycle progression and IGF-I promotes both cell growth 

and cell-cycle progression

Previous results from two other cell types had indicated that extracellular factors 

might promote cell growth and cell-cycle progression differently (Taton and 

Dumont, 1995; Zetterberg et al., 1984). These experiments were interpreted as 

showing that the factors could be split into those that promote cell growth and 

those that promote cell-cycle progression (i.e. model 1). My results suggest a 

slightly different interpretation. In the short-term growth assay, only IGF-I 

promoted cell growth. In the cell-cycle progression assay, GGF was able to 

stimulate some cells to enter S-phase, but IGF-I and GGF synergised to stimulate
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Figure 3.9
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Figure 3.10
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Cells proliferating in IGF-I, GGF and forskolin become progressively 
smaller. Cell volume was assessed in a Coulter counter at a, 24 hours, b, 
48 hours, and c, 72 hours after factor addition. IGF-I was present at 100 
ng/ml and GGF at either 2 ng/ml (low) or 20 ng/ml (high). The cells become 
progressively smaller as they proliferated and did so faster at the higher 
concentration of GGF.
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more cells to enter S phase. Thus, IGF-I is able to exert effects both on cell 

growth and cell-cycle progression. An important question is whether the 

growth-promoting effect of IGF-I is responsible for its effect on the cell-cycle. If 

this were the case it this would suggest that IGF-I acts directly on cell growth and 

only indirectly on the cell-cycle (i.e. model 3). If it were not, this would suggest 

that IGF-I acts directly on both cell growth and cell-cycle progression (i.e. model 

2). Though it is difficult to distinguish between these two models, one finding 

suggests that IGF-I is able, to some extent, to exert effects directly on the cell- 

cycle (i.e. model 2). The growth-promoting effect of IGF-I at 10 ng/ml and 100 

ng/ml in the short-term growth assay are similar. The effects of the two 

concentrations of IGF-I on cell-cycle progression, however, are not: lOng/ml IGF- 

I synergises less well than 100 ng/ml with both concentrations of GGF to promote 

cell-cycle progression. This means that, though the two concentrations of IGF-I 

are probably promoting the same level of growth, they are not promoting the same 

level of cell-cycle progression, suggesting that the two processes are not directly 

linked. This is not proof, however, that the cell-cycle promoting effects of IGF-I 

are completely independent of cell growth, only that IGF-I has some effect on the 

cycle that is independent of its effect on cell growth.

Cell-cycle progression can be promoted independent of cell growth at the 

extracellular level

If model 3 were sufficient to explain the interaction between cell growth and cell- 

cycle progression, all extracellular factors would be expected to promote cell 

growth. My results, as well as two previous studies have indicated that this may 

not be the case. In this chapter, I provide evidence that it is not the case in 

proliferating Schwann cells, which will not proliferate with IGF-I or GGF alone. 

IGF, GGF, and forskolin in combination are able to promote sustained 

proliferation of Schwann cells. I used saturating concentrations of IGF-I with two 

different concentrations of GGF.
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Though cells in both conditions grow at the same rate, cells in the higher 

concentration of GGF progress through G1 and the entire cycle more quickly than 

those in the lower concentration of GGF. Moreover, cells in the higher 

concentration of GGF were smaller in S-phase, M-phase, and on average than 

those cells in the lower concentration of GGF. This means that the interaction 

between cell growth and cell-cycle progression is different in Schwann cells than 

it is in yeast and that model 3 alone is not sufficient to explain these observations.

IGF-I is the only factor of the ones I tested to promote Schwann cell growth. In 

addition to its effect on cell growth, it also has direct effects on the cell-cycle. 

This means that a single extracellular signal can help co-ordinate cell growth and 

cell-cycle progression. IGF-I is required for the serum-fi*ee culture of many cell 

types, and its receptor is expressed on almost all cells. It usually cannot act on its 

own to promote proliferation. If the effect of IGF-I on other cell types is similar to 

its effect on Schwann cells, it could provide a general mechanism to help co

ordinate cell growth and cell-cycle progression.

Though IGF-I can help co-ordinate Schwann cell growth and cell-cycle 

progression, model 2 is not sufficient to explain how the two processes are 

regulated during Schwann cell proliferation. GGF regulates cell-cycle progression 

at the extracellular level independent from cell growth. This means that cell-cycle 

progression, at least, can be regulated separately from cell growth in these cells. It 

remains possible that certain extracellular factors may be able to promote cell 

growth alone. For Schwann cells, at least, cell growth and cell-cycle progression 

are coupled at the extracellular level by IGF-I, but cell-cycle progression rate, and 

thereby cell size, can be regulated independently of cell growth by GGF. 

Presumably, as GGF alone is insufficient to promote cell proliferation, the effects 

of GGF on cell-cycle progression and cell size can only occur within limits 

defined by IGF-I.

Can model 3 be discounted? The results from the last chapter demonstrated that a 

cell-size checkpoint is not necessary in Schwann cells. They did not prove.
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however, that a cell-size checkpoint does not exist. The experiments in this 

chapter show that models 1 and 2 are sufficient to explain Schwann cell 

proliferation. Model 3, however, cannot be discounted. IGF-I provided 

insufficient growth stimulus to maintain cell size as the cells proliferated in IGF-I 

and GGF. The cells began to float off the dish after several days possibly due to 

lack of adhesion. It may be that cells in vivo can proliferate at a smaller size than 

they can in a culture dish. If this is the case, the cell-size checkpoint could be set 

at a lower size in vivo, at a size that cannot be achieved in culture, so that the cells 

never get small enough to activate the checkpoint.

Adherence and extracellular factors are required for cell growth.

It is known that both adherence to a substrate and exposure to extracellular factors 

are necessary for cell proliferation (Assoian, 1997). I show that, at least over a 24 

hour assay, cell size is maintained in either the absence of extracellular growth 

factors or the absence of attachment. If cells are neither attached nor exposed to 

extracellular growth factors they shrink considerably. Only cells that are attached 

and exposed to extracellular growth factors can grow. It seems that both 

attachment and extracellular growth factors are required for growth, but either is 

sufficient for maintaining size, at least over short time periods.

Materials and methods

All reagents were from Sigma, unless indicated otherwise.

Cell growth analysis

1x10^ cells were plated per 6 cm diameter poly-D-lysine-and fibronectin-coated 

culture dish (Falcon) in complete medium for 24 hours before being treated with 1 

|ig/ml aphidicolin in complete medium for a further 24 hours to arrest them in S- 

phase. They were then switched into minimal medium (DMEM containing 100 

|ig/ml transferrin, 100 )ig/ml bovine serum albumin, 16.1 jig/ml putrescine and 39 

ng/ml selenium) plus aphidicolin and the extracellular factors to be tested, for

58



another 24 hours. The concentration of IGF-I used (100 ng/ml) was probably 

saturating for growth (that could be induced by the IGF-I receptor), as 10 p-g/ml 

insulin, which fully activates the IGF-I receptor, did not increase cell growth 

further. Cell size was assessed by Coulter Counter (Multisizer II, Beckman- 

Coulter) volumetric analysis and, in some experiments, by interferometric 

microscopy. To assess size in the Coulter Counter, cells were removed from the 

tissue culture dish with trypsin-EDTA (Gibco) and resuspended in Isoton II 

(Beckman-Coulter). Three plates were analysed per experiment and between 1000 

and 5000 cells were counted per plate, and the data were analysed using Coulter 

Multisizer Accucomp colour software (Beckman-Coulter). All of the experiments 

were repeated at least three times with similar results. Interferometric microscopy 

was performed as described previously.

Cell suspension

Methylcellulose-containing medium was made (Benecke et al., 1978). I 

trypsinised cells and resuspended them in 4 ml of 4x medium (either complete or 

minimal), at a concentration of 2 x 10"̂  cells/ml. This was then mixed with 16 ml 

of methylcellulose-containing medium, and the cells incubated for as long as 

necessary. To harvest, the solution was diluted with complete medium and 

centrifuged to pellet the cells. The pellet was washed, and centrifuged, twice 

before the cells were subjected to Coulter counter volumetric analysis.

BrdU incorporation

I X  1 0 ^  cells were cultured in poly-D-lysine-and fibronectin-coated slide-flasks 

(NUNC) for four days and then quiesced in minimal medium for 48 hours. No 

significant cell death occurred over this period, probably because the P7 Schwann 

cells make autocrine survival factors. The cells were then switched to minimal 

medium containing BrdU (10 mM) and the factors to be tested and cultured for a 

further 24 hours. If inhibitors were used they were added 5 minutes before factor 

addition. The cells were then fixed and labelled using indirect 

immunofluorescence with a monoclonal anti-BrdU antibody and Hoescht 33342 

to label nuclei as previously described. At least 300 cells were counted per flask
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and three flasks counted per data point. The experiment was repeated at least three 

times with similar results.

Cell Proliferation

Cells were cultured on poly-D-lysine-and-flbronectin-coated culture plates in 

complete medium then quiesced in minimal medium for 48 hours, as above. They 

were then cultured in minimal medium containing 100 ng/ml IGF-I, forskolin, and 

either 2 or 20 ng/ml GGF. Proliferation was assessed by comparing the number of 

cells (counted in a Coulter counter) after quiescence to the number of cells at the 

time points indicated after factor addition. There was no significant cell death in 

high or low GGF. Three plates were counted for each condition and time point 

and the experiment repeated three times with similar results. Average cell size of 

the proliferating cells was assessed by Coulter counter analysis, as above. Mitotic 

size was assessed by photographing 50 mitotic cells from 3 separate plates for 

each condition 72 hours after factor addition on a Leica DM1RB inverted 

microscope and measuring the diameter using the scalebar tool on Openlab v 

2.2.4 (Improvision Ltd.). The size of S-phase cells was estimated by measuring 

the forward scatter values of live cells in S phase by flow cytometry, as described 

below.

Flow Cytometry

Proliferating cells were trypsinised, washed twice, and resuspended in PBS. For 

live cell flow cytometry, cells were incubated with Hoescht 33342 for 15 minutes. 

For fixed cell flow cytometry, cells were fixed in 75% ice-cold ethanol for 30 

minutes, washed twice in PBS, and resuspended in 10 |Lig/ml propidium iodide. 

We used a Becton Dickinson FACScaliber, and data were analysed using Cell 

Quest (Beckton Dickinson). The experiment was repeated three times with similar 

results.
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Chapter 4:

Intracellular control of cell growth and 

cell-cycle progression
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Introduction

In the previous chapter, I investigated the way in which extracellular signals effect 

cell growth, cell-cycle progression, or both. The fact that cell growth and cell- 

cycle progression can be differently regulated by extracellular signals, aside from 

its implications for proliferation control, means that the intracellular signalling 

pathways involved in controlling these two processes can be separately explored. 

GGF and IGF-I both act through tyrosine kinase receptors and activate similar 

signalling pathways, yet they exert different effects on Schwann cells. How this is 

achieved is unknown. In this chapter, I investigated the intracellular signalling 

pathways known to be involved in cell proliferation to determine how they are 

affected by IGF-I and GGF stimulation and to what extent they are necessary or 

sufficient for cell growth. In addition, I explore the effects of the signalling 

pathways on cell-cycle progression and the intracellular mechanisms involved in 

the synergy between IGF-I and GGF in stimulating cell-cycle progression.

The mitogen-activated protein kinase (MAPK) and phosphoinositide 3 kinase 

(PI3K) pathways are known to be very important for cell proliferation (Marshall,

1999). MAP kinases are a widely conserved family of serine/threonine protein 

kinases. The signalling cascade is organised hierarchically into three-tiered 

modules. MAPKs are phosphorylated and activated by MAPK-kinases 

(MAPKK), which in turn are phosphorylated and activated by MAPKK-kinases 

(MAPKKK). The MAPKKKs are in turn activated by a small GTPase (e.g. Ras) 

or other protein kinases connecting the MAPK module to cell surface receptors 

and the extracellular signals that activate them. The MAPK pathway I analyse in 

this study is the ‘classical’ MAPK pathway, which is activated by extracellular 

factors. The MAPKKK is Raf, or a Raf-related protein. The MAPKKs are MEK 

(mitogen-activated protein kinase) 1 and 2, and the MAPKs are ERK 

(extracellular-signal-regulated kinase) 1 and 2 (Davis, 1995). The ERKs are 

known to activate transcription factors important for proliferation, such as c-Myc 

(Davis, 1995).
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PI3K is composed of a catalytic subunit and an SH2-containing regulatory subunit 

that binds to activated tyrosine kinase receptors. PI3K phosphorylates an inositol 

phospholipid in the plasma membrane (Vanhaesebroeck et ah, 2001). This lipid 

signal recruits various intracellular signalling promoters, including 

phosphatidylinositol-dependent-kinase (PDK) to the membrane, 'which then 

phosphorylates downstream effectors of the pathway, including Akt, which is also 

recruited to the plasma membrane by the lipid signal (Vanhaesebroeck et ah, 

2001). Akt then phosphorylates various downstream targets, including glycogen 

synthase kinase-3 (GSK3) (Cross et al., 1995). Activation of the PI3K pathway is 

known to result in the activation of proteins involved in protein translation 

(Rhoads, 1999).

Both MAPK and PI3K pathways have been implicated in the promotion of cell 

growth. Work in Drosophila has shown that the PI3 kinase pathway is involved in 

the promotion of cell growth (Bohni et al., 1999; Brogiolo et ah, 2001; Cho et ah, 

2001; Huang et ah, 1999; Leevers et ah, 1996; Verdu et ah, 1999; Weinkove et 

ah, 1999). This pathway has also been implicated in pancreatic beta cell 

hypertrophy (Tuttle et ah, 2001), and cardiac myocyte hypertrophy (Shioi et ah, 

2000) in mouse and is also known to play a role in the promotion of protein 

synthesis in animal cells (Rhoads, 1999), though it has not been directly shown 

that this leads to an increase in cell size. IGF-I is kno'wn to activate the pathway 

and so is a good candidate in Schwann cells for mediating at least some of the 

growth promoting effects of IGF-I. The MAPK pathway has also been suggested 

to play a role in cell growth promotion. MAPK inhibitors prevent cardiac myocyte 

hypertrophy (Zechner et ah, 1997). High levels of signalling down the MAPK 

pathway have been shown to promote the cell growth of a cell line (Kerkhoff and 

Rapp, 1998), and cyclin D, a downstream effector of the MAPK pathway, has 

been shown to promote cell growth in proliferating imaginai wing disc cells in 

Drosophila (Datar et ah, 2000).

To try to understand which intracellular signalling pathways are responsible for 

cell growth and cell-cycle progression in Schwann cells, I investigated the effects
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of IGF-I and GGF on the activation of the PI3K and classical MAPK pathways. 

The Schwann cell system has a particular advantage over the other systems 

discussed in that, in addition to being able to hyperactivate or inhibit the 

pathways, the response of the pathways to IGF-I and GGF, which control cell 

growth and cell-cycle progression differently, can be analysed directly.

Results

The effect of IGF-I and GGF on the PI3K and MAPK signalling pathways

To study the effects of IGF-I and GGF on the PI3K and classical MAPK 

pathways the phosphorylation state of dovmstream effectors of these pathways 

was determined. Phosphorylated ERKl and ERK2 (seen as 2 bands on a Western 

blot) indicate activity through the classical MAPK pathway, whereas 

phosphorylated Akt and GSK3p indicate activity through the PI3K pathway. 

Schwann cells were arrested with aphidicolin, for a cell growth assay, for 24 

hours in medium containing 3% PCS and forskolin. As both the short and long 

term effects of IGF-I and GGF were to be assessed, the cells were arrested for a 

further 24 hours in minimal medium to minimise the background level of 

signalling from exposure to the serum. Then, either IGF-I or GGF was added to 

the cells, which were then harvested after the appropriate time, and Western blot 

analysis was carried out to determine activity through the pathways.

As the assay was slightly different from the previous growth assay, the growth- 

promoting effects of the molecules were assessed under the new conditions. As 

can be seen in Figure 4,1, IGF-I still promoted growth in these conditions (Figure 

4.1a), whereas GGF did not (Figure 4.1b). However, if no factors were added, 

some shrinkage occurred over the subsequent 24 hours (Figure 4.1c), suggesting 

that GGF may have had some effect, compared to minimal medium, in 

maintaining cell size in these more stringent conditions.
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Figure 4.1
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IGF-I promotes Schwann cell growth under the experimental conditions for 
assaying the effect of IGF-I and GGF on the MAPK and PI3K signalling 
pathways, a-c. Cells were arrested in complete medium plus aphidicolin for 
24 hours and were then kept in minimal medium plus aphidicolin for a 
further 24 hours. The volume of the cells at this stage was assessed in a 
Coulter counter (control). Equivalent cultures of cells were treated at this 
point with the extracellular factors indicated, and their volume was 
measured after a further 24 hours..
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The effects of IGF-I and GGF on activation of the signalling pathways are shovm 

in Figure 4.2. Both factors strongly activated the MAPK pathway immediately 

upon addition to the cells. However, GGF sustained ERK 1/2 phosphorylation 

over the 24 hour period, whereas the IGF-I-induced activation disappeared by 6 

hours. The situation was reversed for the PI3K signalling pathway: whereas both 

IGF-I and GGF induced an immediate activation of Akt, IGF-I sustained it, 

whereas GGF did not.

The effect of specific intracellular signalling inhibitors on IGF-I induced 

growth

To further test the importance of the MAPK and PI3K pathways on cell growth, 

the effect of specific inhibitors of these pathways activated by IGF-I was 

determined. Three inhibitors were used - U0126, which inhibits MEK (Davies et 

ah, 2000), LY294002, which inhibits PI3K (Davies et al., 2000), and rapamycin, 

which inhibits the protein, target of rapamycin (TOR) (Davies et al., 2000). 

Rapamycin was used because LY294002 has recently been shown to inhibit TOR, 

as well as PI3K (Brunn et al., 1996). TOR is important in cell growth control, but 

its control is complex and poorly understood (Schmelzle and Hall, 2000). It is not 

known, for example, how it is activated in response to factors such as IGF-I 

(Schmelzle and Hall, 2000).

The lowest concentration of inhibitor necessary for complete inhibition of the 

specific pathway (analysed by Western blotting as described above) was 

determined for LY294002 and U0126. Rapamycin was used at a comparable 

concentration to that found to inhibit TOR in other studies e.g. (Valentinis and 

Baserga, 2001)- this concentration was saturating (see Materials and Methods). 

LY294002 was used at 20 ng/ml, U0126 was used at 50 ng/ml, and rapamycin 

was used at 50 ng/ml. The inhibition of these pathways by these inhibitors is 

shown in Figure 4.3. It can be seen that UOI26 specifically inhibited ERK 1/2 

phosphorylation, rapamycin inhibited neither ERK 1/2 nor Akt phosphorylation, 

and LY294002 specifically inhibited Akt phosphorylation. All of these
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Figure 4.2
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IGF-I and GGF stimulate signalling through the PI 3 kinase and MAP kinase with 
different kinetics. Cells were arrested in complete medium plus aphidicolin for 24 
hours and then in minimal medium plus aphidicolin for a further 24 hours. 100 
ng/ml IGF-I or 20 ng/ml GGF was then added, and the cells were harvested at 
the times indicated and analysed by Western blotting. The cell lysates were run 
on an SDS-PAGE gel and phospho-specific antibodies to a, ERK1/2, b, Akt,and 
0 , GSKSp were used to stain nitrocellulose blots, d. Antibodies to Akt were used 
to show that equal levels of protein were loaded in each lane. The extreme left- 
hand lane contains cell lysate from untreated cells as a control.
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Figure 4.3
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Inhibitors to the PI3K and MAPK pathways are specific. Cells were arrested in 
complete medium plus aphidicolin for 24 hours and then in minimal medium plus 
aphidicolin for a further 24 hours. Cells were treated with inhibitors for 5 minutes 
before addition of IGF-I, and the inhibitors were left in the medium throughout 
the experiment. The concentrations of inhibitor used were, U0126, 50 ng/ml, 
LY294002, 20 ng/ml, and rapamycin, 50ng/ml. The cells were harvested at the 
times indicated and analysed as in Figure 4.2. The extreme left lane in each gel 
is lysate from untreated cells, a, the effect on Akt phosphorylation, b, the effect 
on ERK 1/2 phosphorylation.
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experiments were done in the presence of IGF-I. Interestingly, inhibition of one 

pathway strengthened the signal in the other pathway (Figure 4,3).

The effects of the inhibitors on cell growth was ascertained by performing the 

growth assay as detailed above, but pretreating the cells with the specific inhibitor 

for 5 minutes before IGF-I addition. The inhibitors were left in the medium for the 

duration of the experiment. The addition of either LY294002 (Figure 4.4b) or 

rapamycin (Figure 4.4a) inhibited cell growth induced by IGF-I. In the four 

experiments carried out using rapamycin and LY294002, twice, the reduction in 

growth by LY294002 was the same as that by rapamycin, and twice it induced a 

slightly greater inhibition (causing cell shrinkage). The addition of U0126 only 

partially inhibited growth, although it completely inhibited ERK 1/2 activation 

indicating that Schwann cell growth can occur in the absence of signalling 

through ERK 1/2.

The effects of overexpression of effectors of the PI3K and MAPK pathways 

on cell growth

To investigate further the roles of the intracellular signalling pathways in 

promoting cell growth I examined the effect of overexpression of downstream 

effectors of the signalling pathways on cell growth. Schwann cells stably 

expressing different downstream effectors of the pathways were generated by 

infection with retrovirus vectors encoding the protein of interest. Due to the nature 

of the growth assay and the selection period necessary to generate the pools of 

cells, it was not possible to examine the effect of overexpression of the upstream 

effectors of the pathways - PI3K or Ras. Cells overexpressing PI3K died shortly 

after infection, suggesting that Schwann cells are extremely sensitive to increased 

levels of this protein. Cells overexpressing Ras underwent cell-cycle arrest a few 

days after the initial infection and so could not be used in the growth assay.

To test the effect on growth of activating the MAPK pathway, cells expressing a 

Raf-TR fusion protein were generated. Raf-TR is an inducible form of the Raf
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Figure 4.4
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The effects of inhibitors on IGF-I-induced cell growth, a-d. Cells were 
arrested in complete medium plus aphidicolin for 24 hours, then in minimal 
medium plus aphidicolin for a further 24 hours. The volume of the cells at 
this stage were assessed in a Coulter counter (control). Equivalent cultures 
of cells were treated at this point with IGF-I and the inhibitors indicated, and 
cell volume was measured after a further 24 hours. The inhibitors were 
used at the concentrations indicated in Figure 4.3.
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protein, containing the signalling domain of Raf, conjugated to a modified form of 

the estrogen receptor that is activated by tamoxifen but not by estrogen. Raf is a 

MAP KKK that is an upstream activator of ERK 1/2 and immediately downstream 

of Ras. Schwann cells expressing Raf-TR were cultured for 24 hours in complete 

medium, switched to minimal medium plus aphidicolin for 24 hours, and then 

tamoxifen was added for another 24 hours. Figure 4.5a shows that the MAPK 

pathway was activated upon addition of tamoxifen to the cells expressing Raf-TR 

in minimal medium. However, no cell growth was induced by tamoxifen 

treatment (Figure 4.5b).

To test the effect of activating the PI3K pathway, cells expressing an Akt-ER 

fusion-protein were generated. Akt-ER is an inducible form of Akt coupled to the 

estrogen receptor. The Akt is linked to a membrane localisation sequence that 

directs it to the plasma membrane, which is necessary for Akt activation. Addition 

of estrogen to Akt-ER expressing cells in serum induced both auto

phosphorylation of the fusion protein and phosphorylation of GSK3o/p, which is 

downstream of Akt, suggesting that the Akt was active (Figure 4.6a and Figure 

4.6b). In serum-free conditions, cell growth was not stimulated upon addition of 

estrogen (Figure 4.6c). In addition, activation of Akt did not enhance the growth 

induced by IGF-I (Figure 4.6d).

These results suggest that the activation of the MAPK pathway at the level of Raf 

or the PI3K pathway at the level of Akt is insufficient to stimulate Schwann cell 

growth.

The effects of IGF I and GGF on MAPK and PI3K signalling pathways in 

quiescent cells

My experiments described up to this point examined the effects of IGF-I and GGF 

on the MAPK and PI3K pathways in cells arrested with aphidicolin. To exploit 

further the differential effects of GGF and IGF-I on Schwann cells, I also 

examined the effects of these factors on these signalling pathways, under
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Figure 4.5
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Activation of Raf does not promote cell growth. Cells were arrested in com
plete medium plus aphidicolin for 24 hours and were then kept in minimal 
medium plus aphidicolin for a further 24 hours. Tamoxifen was then added 
to half of the plates, a, One hour later, treated and non-treated cells were 
harvested, and their lysates run on an SDS-PAGE gel, and nitrocellulose 
blots were probed with antibodies against phospho-ERK1/2. b, 24 hours 
after tamoxifen addition, traeted and non-treated cells were measrured in a 
Coulter counter.
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Figure 4.6
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Activation of Akt does not promote cell growth. Schwann cells were stably 
infected with either an empty vector or a vector encoding Akt-ER. The cells 
were arrested in complete medium plus aphidicolin for 24 hours and then 
in minimal medium plus aphidicolin for a further 24 hours, a-b, Estrogen 
was then added to half of the plates. One hour after estrogen addition, 
treated and non-treated cells were harvested, their lysates run on an SDS- 
PAGE gel, and nitrocellulose blots probed with antibodies against a, phos
pho-Akt, or b, phospho-GSKS. c-d. The size of the Akt-ER infected cells at 
this stage (control) was compared to that of cells treated for a further 24 
hours with the combinations of IGF-I and estrogen, as indicated .
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conditions where cell-cycle progression is allowed in the absence of aphidicolin. 

Schwann cells were quiesced in minimal medium for 48 hours and then IGF-I or 

GGF were added The effects on the MAPK or PI3K pathways were assayed as 

before. In addition, the effects on the levels of cyclin D l, cyclin D2 and cyclin E 

were determined. To determine the effects on cell-cycle progression, in parallel 

with the analysis of the intracellular signalling pathways, BrdU was added along 

with IGF-I or GGF to assess progression into S-phase.

As can be seen in Figure 4.7a, IGF-I had little effect on its own on BrdU 

incorporation, whereas GGF did have. As before, the addition of GGF promoted a 

sustained activation of the MAPK pathway, whereas IGF-I did not, and, 

conversely, IGF-I promoted a sustained activation of the PI3K pathway, whereas 

GGF did not (Figure 4.7b). Thus, the activation of these two pathways by IGF-I 

and GGF is similar independent of whether the cells are entering G1 from 

quiescence (Figure 4.7) and when they are blocked in S phase (Figure 4,2), The 

addition of GGF also stimulated the production of cyclins Dl and D2 (Figure 

4.7c), whereas IGF-I only stimulated the production of cyclin D2 and did so less 

strongly than GGF (Figure 4.6c). The levels of cyclin E were high in the quiescent 

cells and they were unchanged by the addition of either GGF or IGF-I (Figure 

4.6c).

To determine the importance of these signalling pathways in the promotion of 

cell-cycle progression, the same intracellular signalling inhibitors as used earlier 

were used in the cell-cycle progression assay. As can be seen in Figure 4.8a, the 

inhibitors were specific as before, and the inhibitor of one pathway strengthened 

the signal through the other pathway. All of the inhibitors -  rapamycin, 

LY294002, and U0126 -  reduced GGF-stimulated progression into S-phase 

(Figure 4.8b).
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Figure 4.7
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The effects of GGF and IGF on cell-cycle progression and intracellular signaling 
pathways, a, Cells were quiesced in minimal medium and then were cultured in 
either IGF-I or GGF with BrdU for 24 hours. The cells were then stained with anti- 
BrdU antibodies, b, The effects of the addition of IGF-I and GGF on 
phosphorylated Akt and ERK 1/2, as determined by Western blotting. Total Akt 
was analysed to ensure that protein loading was roughly comparable in all lanes. 
c,The effects of the addition of IGF-I and GGF to quiescent cells on the levels of 
cyclins D1 and D2 (after 6 hours), and cyclin E (after 24 hours), as determined 
by Western blotting. Total actin was analysed to ensure that protein loading was 
comparable in all lanes.
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Figure 4.8
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The effects of intracellular signalling inhibitors on cell-cycle progression induced 
by GGF. a, The effects of the inhibitors on phosphorylated Akt and ERK 1/2 as 
determined by Western blotting. The inhibitors were used at the concentrations 
described in Figure 4.3. b, BrdU incorporation by quiesced cells in minimal medi
um after 24 hours in GGF and the inhibitors indicated.
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The effect of intracellular signalling inhibitors on the synergistic promotion 

of cell-cycle progression by IGF-I and GGF

As shown in Figure 3.5a and Figure 4.9b, IGF-I and GGF synergise to promote 

cell-cycle progression into S-phase from a quiescent state. To investigate the basis 

of the synergy, I analysed the effects of the intracellular signalling inhibitors on 

cell-cycle progression induced by the combination of IGF-I and GGF. The results 

presented are preliminary, as a time course of the activation (and inhibition) of 

Akt and ERK 1/2 induced by the combination of factors has not been carried out. 

It can be seen, however, in Figure 4.9a that LY294002 completely inhibited the 

IGF-I-and-GGF-induced activation of Akt at one hour. As can be seen in Figure 

4.9b, this inhibitor completely blocked the cell-cycle progression induced by 

GGF, but it only partly blocked the progression induced by both GGF and IGF-I. 

Rapamycin inhibited cell-cycle progression only slightly more weakly than 

LY294002. Synergy between IGF-I and GGF still occurred in the presence of 

LY294002 and rapamycin. The MEK inhibitor, by contrast, completely blocked 

cell-cycle progression induced by both GGF alone and IGF-I plus GGF, 

indicating that ERK 1/2 phosphorylation is required for Schwann cell progression 

into S phase.

The synergy also appears not to be at the level of cyclin D l, D2 or E, as these 

proteins were induced to the same level by GGF and IGF-I plus GGF (Figure 

4.10).

Discussion

The aim of the experiments described in this chapter was to determine how IGF-I 

and GGF exert different effects on cell growth and cell-cycle progression at the 

level of intracellular signalling.
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Figure 4.9
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Effects of intracellular signalling inhibitors on Akt phosphorylation and cell- 
cycle progression induced by IGF + GGF. a, The effect of LY29004 
addition on Akt activation induced by the addition of IGF-I and GGF on 
quiescent cells after one hour, b, Effects on BrdU incorporation. Cells were 
quiesced in minimal medium and then were treated as indicated for 24 
hours in the presence of BrdU.
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Figure 4.10
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The effects of IGF-I and GGF on the levels of Cyclins D1, 
D2, and E. The cells were treated with the factors for 6 hours 
before they were studied by Western blotting for Cyclins D1 
and D2. They were treated for 24 hours before they were 
studied for Cyclin E.
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Cell growth

To help determine the effects of intracellular signalling pathways on cell growth, I 

used three approaches. First, I analysed the activation of the PI3K and classical 

MAPK pathways by IGF-I, which induces cell growth, and by GGF, which does 

not. Second, I used small molecule inhibitors of these pathways to determine 

whether blocking a particular pathway had an effect on IGF-I-induced cell 

growth. Third, I tested the effects of overexpressing known effectors in each 

pathway to determine if this was sufficient to promote cell growth.

IGF-I and GGF induce the PI3K and MAPK pathways with different kinetics. 

Both factors induce both pathways, but only IGF-I promotes a sustained 

activation of Akt, and only GGF promotes a sustained activation of ERKl/2. IGF- 

I promotes growth and induces a sustained activation of the PI3K pathway, 

suggesting that this pathway is important for cell growth.

To test more directly the importance of the classical MAPK and PI3K pathways in 

Schwann cell growth, I studied the effect of specific inhibitors on IGF-I-induced 

cell growth. In a previous study analysing the effects of various inhibitors on 

various protein kinases, U0126 and rapamycin were shown to be very specific for 

MEK and TOR (Davies et al., 2000), respectively; LY294002 was less specific, in 

that, in addition to PI3K, it also inhibited TOR and casein kinase 2 (Davies et al.,

2000). However, I used LY294002 in preference to wortmannin, as wortmannin is 

only stable for a few hours and was therefore unsuitable in the long term growth 

assays. For this discussion, I discount the effects of LY294002 on casein kinase 2 

and assume that both LY294002 and rapamycin completely inhibit TOR. It was 

not possible to confirm this directly, as the phospho-speciflc antibodies against 

phosphorylated S6 kinase and 4E-BP1, two downstream effectors of TOR, did not 

work.

I find that the effects of LY294002 and rapamycin are almost the same: both 

result in a complete suppression of IGF-I-induced cell growth, suggesting that the
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activation of TOR is required for Schwann cell growth. The fact that the 

inhibition of the PI3K pathway does not result in a greater inhibition of growth 

than rapamycin is consistent with the possibility that both TOR and the PI3K 

pathways are independent, but activation of both is necessary for cell growth. 

Alternatively, TOR may be a downstream effector of PI3K that is required for the 

stimulated cell growth. It is unknown whether the PI3K pathway activates TOR 

directly; although Akt can directly phosphorylate TOR in vitro (Nave et al., 

1999), the physiological relevance of this phosphorylation is doubted (Schmelzle 

and Hall, 2000). My findings do not allow me to distinguish between these two 

alternatives.

The activation of S6 kinase, which is important in mRNA translational control 

(Dufner and Thomas, 1999), is known to be dependent on both PI3K activation 

(via PDKl) and TOR activation (Schmelzle and Hall, 2000). Thus, my finding, 

that overexpression of constitutively active Akt in Schwann cells is insufficient to 

induce growth in the absence of extracellular signals may not be surprising 

(Figure 4.6). It does not show that the PI3K pathway is unimportant for cell 

growth. More surprising is my finding that no synergy for growth is seen upon 

activation of Akt in the presence of IGF-I (Figure 4.6) The situation in Drosophila 

seems to be different, as overexpression o f Akt in vivo (where cells are 

presumably being stimulated by extracellular signals) induces cell growth (Verdu 

et al., 1999). It may be that signalling through Akt is not limiting for Schwann cell 

growth, whereas it is limiting for Drosophila disc cell growth.

The application of U0126 resulted in a much less severe inhibition of cell growth 

than did the other inhibitors. This, along with the fact that IGF induces only a 

transient stimulation of MAPK activation, suggests that the ERK 1/2 pathway is 

unnecessary for Schwann cell growth, although it may be required for maximal 

growth. The inability of activated Raf (an upstream activator of ERKl/2) to 

promote Schwann cell growth indicates that this pathway is not sufficient to 

promote Schwann cell growth.
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Cell-cycle progression

GGF on its own is able to promote cell-cycle progression and also induces a 

sustained activation of ERKl/2. In addition, U0126 completely inhibits both 

GGF-induced and IGF-I plus GGF-induced cell-cycle progression, indicating that 

the classical MAPK pathway is required for this progression. LY294002 and 

rapamycin also inhibit cell-cycle progression to some extent, but less so than 

U0126, suggesting that the PI3K-T0R pathway does promote cycle progression 

but is not required for this progression.

The contribution of the MAPK and PI3-K pathways to cell growth and cell- 

cycle progression

In summary, signalling through ERKl/2 is absolutely required for cell-cycle 

progression but not for cell growth, whereas signalling through TOR, either 

downstream of, or in parallel with, the PI3K pathway, is absolutely necessary for 

cell growth but not for cell-cycle progression.

The fact that GGF promotes sustained signalling through the classical MAPK 

pathway whereas IGF promotes sustained signalling through the PI3K pathway 

may explain the different effects of these factors on cell growth and cell-cycle 

progression. It is worth noting that many previous studies of extracellular signals 

on intracellular signalling pathways have analysed intracellular signalling proteins 

only short time periods after stimulation. My findings suggest that sustained 

signalling may be more important.

The synergistic promotion of cell-cycle progression by IGF-I and GGF

As discussed in Chapter 3, IGF-I has effects not only on cell growth but also on 

cell-cycle progression. Although it does not promote cell-cycle progression on its 

own, it synergises with GGF to promote cell-cycle progression. To investigate the 

basis of the synergy I used inhibitors on quiescent cells that were induced to enter
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the cell-cycle by exposure to IGF-I and GGF. Consistent with my findings with 

inhibitors on IGF-I-induced cell growth and GGF-induced cell-cycle progression, 

signalling through PI3K appears to be TOR-dependent, as the inhibition by 

LY294002 and rapamycin is similar. Whether TOR is downstream of PI3K, or on 

a parallel pathway is unclear. The synergy between IGF-I and GGF still occurs in 

the apparent absence of TOR or PI3K signalling, suggesting that the synergy is 

dependent on signalling through another pathway. By contrast, activity through 

the PI3K/T0R pathway appears to account for all of the growth-promoting effects 

of IGF-I. The PI3K/T0R pathway does not, however, appear to account fully for 

the cell-cycle progression-promoting effects of IGF-I. It may be that the 

unidentified signalling pathway outlined above is responsible for the direct effects 

of IGF-I on the cell-cycle discussed in the last chapter.

Moreover, the synergy does not appear to occur at the level of cyclin D l, cyclin 

D2, or cyclin E upregulation, as the levels of these cyclins are not significantly 

different in cells that are stimulated by GGF and in cells stimulated by IGF-I plus 

GGF.

Cross inhibition between the PI3 kinase and MAP kinase pathways

Enhanced activation of Akt when ERKl/2 activation is inhibited by U0126, and 

enhanced activation of ERKl/2 when Akt activation is inhibited by LY294002 

occurs when analysing either GGF-induced cell-cycle progression or IGF-I- 

induced cell growth. The suppression of the MAPK pathway when Akt is 

activated has been previously described and apparently depends on activated Akt 

binding to and phosphorylating Raf (Rommel et al., 1999). However, suppression 

of the PI3K pathway when ERKl/2 is activated has not been previously described 

and would be worth exploring further.

This cross-inhibition could help explain the difference in the kinetics of activation 

of the two signalling pathways when activated by different extracellular signals. A 

small difference in initial activation of the two pathways could be amplified by
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the cross-inhibition, resulting in the more active pathway being sustained and the 

less active being suppressed and thereby only transiently active.

Materials and Methods

All reagents were from Sigma unless otherwise indicated.

Preparation of cells for analysing intracellular signalling pathways involved 

in cell growth

8x10^  cells were plated in a poly-D-lysine and fibronectin-coated culture dish 

(Falcon) (diameter 15 cm) in medium containing 3% PCS and 1 }iM forskolin. 

After 24 hours, 1 |ig/ml aphidicolin was added to arrest them in S-phase. After a 

further 24 hours, the cells were washed twice with serum-free medium and 

minimal medium with aphidicolin was added for another 24 hours. Factors were 

then added for a further 24 hours. If inhibitors were being used they were added 5 

minutes before the factor. Cells were then scraped into ice-cold PBS at the 

appropriate time after factor addition.

Preparation of cells for analysing signalling pathways involved in cell-cycle 

progression

8x10^  cells were plated in a poly-D-lysine and fibronectin-coated culture dish 

(Falcon) (diameter 15 cm) in medium containing 3% PCS and 1 |iM forskolin for 

4 days. To quiesce the cells, the medium was replaced, after washing twice with 

serum-free medium, with minimal medium for another 48 hours. Factors were 

then added. Inhibitors, if being used, were added 5 minutes before factor addition. 

Cells were then scraped into ice-cold PBS at the appropriate time after factor 

addition.

Western blotting

Scraped cells were centrifuged in a microfuge for 3 minutes at 3,000 rpm. The 

pellet was lysed in buffer A (1% NP-40, 150 mM NaCl, 50 mM Tris pH 8, 20 

mM NaF, 100 |ig/ml PMSF, 15 |lg/ml aprotinin, 1 mM Na]V0 4 ). After 15
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minutes on ice, the lysates were centrifuged in a microfuge for 15 minutes at 

13,000 rpm. Protein content was determined using a BIORAD assay, and equal 

amounts of protein were analysed by 15% SDS-PAGE. The separated proteins 

were transferred to PVDF membranes (Immobilon P, Millipore). The membranes 

were probed with antibodies to the protein of interest. Rabbit anti-phospho-Akt 

(NEB), diluted 1:1000 in PBS, was used to detect phosphorylation of serine 473 

in Akt. Mouse anti-phospho-MAPK, diluted 1:1000 in PBS, was used to detect 

phosphorylation of threonine 202 and tyrosine 204, in ERKl and ERK2. Rabbit 

anti-Akt 1/2 was used at 1:1000. Rabbit anti-phospho-GSK-3 a /p  (NEB), diluted 

1:1000 in PBS, was used to detect phosphorylation of serine 21 of GSK-3a, and 

serine 9 of GSK-3p. Rabbit anti-phospho-GSK-3 b (NEB), diluted 1:1000 in PBS, 

was used to detect phosphorylation of serine 9 of GSK-3p. Mouse anti-cyclin D l, 

rabbit anti-cyclin D2, and mouse anti-cyclin E, were used diluted 1:200 in PBS. 

Antibody binding was detected with HRP-conjugated anti-1 g antibodies 

(Amersham, 1:2000 dilution) and enhanced chemiluminescence (Amersham).

Cell growth analysis

1x10^  cells were plated in a poly-D-lysine and fibronectin-coated culture dish 

(Falcon) (diameter 6 cm^) in medium containing 3% FCS and 1 |xM forskolin. 

After 24 hours, 1 |Xg/ml aphidicolin was added to arrest them in S-phase. After a 

further 24 hours, the cells were washed twice with serum-free medium and 

minimal medium with aphidicolin was added for another 24 hours. Factors were 

then added for a further 24 hours. Inhibitors, if used, were added 5 minutes before 

factor addition. Cell size was assessed in a Coulter counter (Multisizer 11, 

Beckman-Coulter) using a volumetric analysis. Around 5000 cells were counted 

per plate. Data from three independent plates were used for each line on the graph. 

All of the experiments were repeated at least three times, with similar results.

BrdU incorporation

1x 1 0 ^  cells were cultured in poly-D-lysine-and fibronectin-coated slide-flasks 

(NUNC) for four days and then quiesced in minimal medium for 48 hours. No 

significant cell death occurred over this period, probably because the P7 Schwann
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cells make autocrine survival factors. The cells were then switched to minimal 

medium containing BrdU (10 mM) and the factors to be tested and cultured for a 

further 24 hours. If inhibitors were used they were added 5 minutes before factor 

addition. The cells were then fixed and labelled using indirect 

immunofluorescence with a monoclonal anti-BrdU antibody and Hoescht 33342 

to label nuclei as previously described (Cheng et al., 1998). At least 300 cells 

were counted per flask and three flasks counted per data point. The experiment 

was repeated at least three times with similar results.

Signalling inhibitors

The concentrations of LY294002 (Calbiochem) and U0126 (Promega) were 

determined by adding different concentration of the inhibitors to cells arrested as 

in the growth assay. After five minutes, 100 ng/ml IGF-I was added and after a 

further 1 hour, or 6 hours, the cells were harvested and run on Western blots as 

described above. Anti-phospho-Akt, or anti-phospho-ERKl/2 were used to 

determine the phosphorylation of either Akt and ERKl/2. The lowest 

concentration of LY294002 that completely inhibited Akt phosphorylation was 

used in the subsequent experiments. The lowest concentration of U0126 that 

completely inhibited ERKl/2 phosphorylation was used in the subsequent 

experiments. Rapamycin (a gift from A. Schmidt) was used at 50 ng/ml. Its 

concentration was saturating because its effects on cell growth and cell-cycle 

progression at much higher concentrations (up to 200 ng/ml) were no different 

from using it at the working concentration.

Retroviral infection

Packaging GP+E cell lines containing Raf-TR and Akt-ER were a gift from A. 

Lloyd (for method see (Lloyd et al., 1997)). Schwann cells were infected by 

cocultivation, at a 1:2 ratio, with the producer cell lines, which had been pre

treated with mitomycin C. Two to three days after plating the cultures were 

transferred into selective medium containing 400 mg/ml G418 (Gibco). Drug 

resistant colonies were pooled and expanded.
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Chapter 5: 

General Discussion

87



I started off this thesis by asking how organism size is controlled. I have tackled 

one part of this question by investigating how cell growth and cell-cycle 

progression are co-ordinated in primary rat Schwann cells. Understanding this 

relationship is fundamental to understanding how cell number and cell size are 

controlled.

My main conclusions relating to this point are:

(1) It is not necessary to invoke a cell-size checkpoint to explain how 

proliferating Schwann cells in culture maintain their size.

(2) Cell growth does not necessarily limit cell-cycle progression.

(3) Extracellular signals can exert different effects on cell growth and cell-cycle 

progression in proliferating Schwann cells.

(4) Mitogens that do not stimulate cell growth can influence cell size indirectly by 

altering cell-cycle time in proliferating cells.

I will now attempt to integrate previous knowledge of the relationship between 

cell growth and cell-cycle progression with my work, and formulate a possible 

model to explain how these two processes interact in proliferating animal cells.

The cell-size checkpoint

The cell-size checkpoint was proposed as a useful conceptual idea when studies 

on the relationship between cell growth and cell-cycle in yeasts were carried out 

in the 1960’s and 1970’s (Fantes and Nurse, 1977; Johnston et al., 1977; Nurse 

and Thuriaux, 1977). The original reason for the proposal was the observation that 

the average cell size of the population and the variance in sizes remains 

unchanged over time despite individual cells varying in size after division, 

indicating that small cells grow more than average in subsequent cell cycles 

(Johnston et al., 1977). It was also shown that characteristic cell-cycle markers 

came on when budding yeast cells were roughly the same size (Johnston et al., 

1977). These and other studies led to the idea that cell-cycle progression is
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dependent upon the cell reaching a critical size, both to start DNA synthesis, and 

to enter mitosis. As discussed in Chapter 2, these observations on cell size and 

cycle progression can be explained without resorting to a cell-size checkpoint if 

cell growth is not autocatalytic. Support for some type of cell-size checkpoint in 

yeast came from studies in fission yeast. It was shown that cell growth rate is 

autocatalytic (Nurse et al., 1976), showing that a cell-size checkpoint is a 

requirement for these cells (see Chapter 2). As a cell-size checkpoint exists in 

yeast, it seems likely that the other experiments showing a correlation between 

cell size and the length of the cell cycle reflect the action of the cell-size 

checkpoint.

A common misconception of the cell-size checkpoint model is that the size of a 

particular type of cell at division is always a constant. When yeast cells are grown 

in nutrient-poor medium they tend to divide at a smaller size than when they are 

grown in a nutrient-rich medium. To explain this it has been has been 

hypothesised that the critical threshold size is variable and depends upon growth 

rate, which in turn depends on nutrients (Fantes and Nurse, 1978).

In Chapter 2, I demonstrated that Schwann cell growth is not autocatalytic, and 

therefore a size checkpoint is not necessary for these cells to maintain their 

average cell size when proliferating. Other observations suggest that cell growth 

and cell-cycle progression do not interact in the same way between animal cells 

and yeast cells. Studies in mammalian cells, looking at the size of cells and their 

subsequent cell-cycle times, seem to suggest similar controls on cell size and cell- 

cycle progression as in yeast (Killander and Zetterberg, 1965). Smaller cells 

spend, on average, longer in the subsequent cell-cycle than do larger cells, thereby 

growing more than do average cells before they divide. A closer inspection, 

however, shows that these findings need not indicate a similar cell-size 

checkpoint. Though the average cell-cycle time of smaller cells is longer, the 

variability in cycle times is much wider than that of larger cells (Brooks, 1981; 

Shields et al., 1978). Most important, the minimum cell-cycle time is the same for 

large and small cells (Brooks, 1981). If a cell-size checkpoint were operating then
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the variability in cell-cycle times between large and small cells should be similar, 

but the minimum cell-cycle time for small cells should be longer. Another 

observation argues against the existence of a cell-size checkpoint in animal cells. 

The cycle times of mammalian cells growing at different rates (due to different 

serum concentrations) have been compared. The variability in cell-cycle times 

increases in cells growing more slowly, but the minimum cell-cycle time does not 

change (Brooks, 1981). This is not observed in yeasts. If these findings are 

interpreted in terms of a cell-size checkpoint, it would mean that the size 

threshold is ‘sloppier’ in slow growing cells, rather than that the size threshold is 

lowered. Taken together, these observations suggest that if a cell-size checkpoint 

exists in animal cells, it operates differently 6om that in yeast cells.

The cell-size checkpoint was introduced as a concept to try and explain why 

proliferating cells maintain a constant average size over time. This maintenance of 

size occurs in yeast cells, as well as in animal cells in most culture conditions, 

including Schwann cells proliferating in complete medium. When proliferating in 

IGF-I and GGF without serum, however, Schwann cells do not maintain a 

constant size over time. I suspect that this situation more closely resembles the 

normal situation in vivo, than does proliferation in serum-containing medium. 

Though few experiments have been carried out to analyse the size of proliferating 

cells during normal development it seems that cell size is not maintained: in fact, 

it can vary significantly for the same cell type. For instance, during the 

development of the wing imaginai disc in Drosophila, wing disc cells initially 

grow without dividing; they then proliferate and get progressively smaller (Bryant 

and Simpson, 1984; Edgar, 1999; Neufeld et al., 1998). Thus, the size of wing 

disc cells varies throughout development. A similar situation is observed in 

developing mouse embryos (Edgar, 1999). If there are cell-size checkpoints 

operating in vivo, they must change their thresholds during development. Taken 

together, these observations suggest that there must be other mechanisms for co

ordinating cell gro^vth and cell-cycle progression in proliferating animal cells.
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Extracellular factors and intracellular signals

One of the major differences in the control of proliferation between yeast cells 

and animal cells is that animal cells need more than nutrients to proliferate 

(Alberts, 1994). They also require instructions at the extracellular level by 

soluble, membrane-bound, or matrix-bound signal molecules (Alberts, 1994). I 

show in Chapter 3 that extracellular signals can have distinct effects on Schwann 

cell growth and cell-cycle progression. This is backed up in Chapter 4, where I 

show that IGF-I and GGF have different effects on the MAPK and PI3K 

signalling pathways and that these pathways have different effects on cell growth 

and cell-cycle progression. Importantly, in cells growing at the same rate, 

changing the concentration of GGF can change the rate of cell-cycle progression 

and thereby cell size.

Proteins affecting cell growth and cell-cycle progression

IGF-I promotes the sustained activation of the PI3K pathway, but only a transient 

activation of the MAPK pathway in Schwann cells. IGF-I has effects both on cell 

growth and (in combination with GGF), on cell-cycle progression. These effects 

are achieved through intracellular signalling pathways, but how do these 

signalling pathways promote cell growth and cell-cycle progression? My findings 

suggest that the PI3K/T0R pathway is necessary for IGF-I-induced growth and 

that the MAPK pathway is necessary for IGF-I plus GGF-induced cell-cycle 

progression. IGF-I also appears to synergise with GGF by using at least one other 

signalling pathway other than the PI3K and MAPK pathways that I investigated.

The effects of the PI3K pathway on cell growth have been most extensively 

investigated in Drosophila (Weinkove and Leevers, 2000). Overexpression of 

PI3K causes an acceleration of the G1 phase of the cell-cycle and an increased 

cell growth rate (Weinkove et al., 1999). Almost all of the proteins that promote 

cell growth in Drosophila also promote cell-cycle progression. As discussed 

previously, in principle, there are three separate mechanisms by which this could
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occur. The proteins could be either promoting both cell-cycle progression and cell 

growth directly, or they could be promoting one process directly and the other 

indirectly. It has been argued that they promote cell growth directly and cell-cycle 

only indirectly (model 3).

There is strong evidence that PI3 kinase has direct effects on cell growth. 

Activation of the pathway is known to activate the translation machinery in 

mammalian cells (Rhoads, 1999), and overexpressed PI3K causes cell growth in 

differentiated myocyctes (Shioi et al., 2000). In addition, a downstream effector of 

the PI3K pathway, Akt, promoted cell growth but not cell-cycle progression in 

Drosophila wing disc cells (Verdu et al., 1999). This very important result 

suggests that the promotion of growth alone is insufficient to promote cell-cycle 

progression, excluding model 3. This means that PI3K must be promoting cell- 

cycle progression in some other way than just promoting cell growth. So far, Akt 

is the only protein shown to promote cell growth without promoting cell-cycle 

progression in Drosophila.

Other important signalling proteins beside PI3K promote cell growth in the 

Drosophila wing disc cells. Myc is one of these (Johnston et al., 1999). It may 

also promote both cell growth and cell-cycle progression directly. Although the 

cell-cycle profile of cells over-expressing cyclin E is similar to that of cells over

expressing Myc, the Myc overexpressing cells are bigger, suggesting that Myc has 

a direct effect on cell growth (Johnston et al., 1999). Moreover, several gene 

targets o f Myc are involved in translation and metabolism, and Myc 

overexpression can promote cell growth in lymphocytes (Iritani and Eisenman,

1999). The evidence that Myc directly promotes cell-cycle progression directly is 

weaker, mainly because in most cases the effects of Myc on cell-cycle progression 

have not excluded that the effects are indirect via Myc’s effect on cell growth. A 

study in 3T3 cells, however, has suggested that the effects of Myc on 

cyclinE/cdk2 activation are independent of its effects on cell growth (Beier et al.,

2000).
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If intracellular signalling molecules such as P13K and Myc, which are central to 

cell proliferation control, have direct effects on both cell growth and the cell- 

cycle, their activation would co-ordinate cell growth and cell-cycle progression. 

In principle, this type of control could obviate the need for size sensing, as 

required by a cell-size checkpoint mechanism. It may be best to consider proteins 

such as Myc and P13K as acting via model 2 rather than model 3.

Sustained versus transient intracellular signals,

1 argue above that proteins such as P13K stimulate both cell growth and cell-cycle 

progression directly. How, then, does GGF promote cell-cycle progression 

without promoting cell growth if it stimulates both the P13K and MAPK 

pathways? It is known that changing the duration and strength of signalling in a 

pathway can influence which target genes the pathway activates. For instance, in 

the Drosophila eye, low MAPK activity prolongs cell survival and permits 

differentiation of R8 photoreceptor cells, whereas high or persistent MAPK 

activity is sufficient to precociously induce R1-R7 photoreceptor differentiation in 

dividing precursor cells (Halfar et al., 2001).

It is possible therefore, (though 1 have no evidence for this) that Schwann cell 

growth requires a more sustained activation of the P13K pathway than GGF can 

stimulate.

Changes in cell-cycle phase and total cell-cycle time.

It is clear from the experiments in Drosophila that total cell-cycle time is not 

solely dependent on cell growth rate, as the overexpression of various intracellular 

proteins that promote cell growth does not accelerate the total cell-cycle, although 

it often does accelerate Gle.g. (Johnston et al., 1999). To achieve a near normal 

cell-cycle time, the overexpressing cells compensate for a short G1 by extending 

S and G2 phases. Despite the compelling experiments in Drosophila  just 

described (where overexpression of Akt does not affect any aspect of cell-cycle or
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progression (Verdu et al., 1999)), it has been argued that cell-cycle progression 

from G1 to S, but not G2/M, is dependent upon cell growth (Datar et ah, 2000; 

Johnston et al., 1999; Neufeld et al., 1998; Prober and Edgar, 2000). My 

experiments are entirely consistent with the Akt experiments in flies as Schwann 

cell growth rate does not solely determine either total cell-cycle time or Gl/S 

progression. I would argue, therefore, that in flies proteins such as PI3K are acting 

directly on both cell growth and Gl/S progression but are not able to promote 

G2/M progression.

The permissive role of IGF-I

In my serum-ffee cell-culture system, even though GGF can exert direct effects on 

the cell-cycle, it is insufficient to promote cell proliferation alone. IGF-I 

synergises with it to promote cell-cycle progression and is necessary to promote 

sustained cell-proliferation. The ‘permissive’ effect of IGF-I has been reported to 

be necessary for cell proliferation in many cell types although it cannot promote 

proliferation on its own (Froesch et al., 1985). If the IGF-I acts in a similar way in 

these cells as it does in Schwann cells, it could be providing a co-ordinating role 

for cell growth and cell-cycle progression for many cell types (i.e. acting as a 

model 2 type molecule).

How common are p̂ure* mitogens?

GGF is able to promote cell-cycle without promoting cell growth in proliferating 

Schwann cells. Are other extracellular factors able to exert the same effect? 

Though no other experiments have been done using proliferating cells, suggestive 

evidence exists that this type of proliferation control may be more general. EGF in 

3T3 cells, and TSH in dog thryocytes, can promote DNA synthesis without 

promoting cell growth. In addition, FGF, and PDGF-AA, which are known to 

enhance the proliferation of Schwann cells did not promote cell growth in my 

hands (Figure 3.3 and Figure 3.4). Thus, though the effect of these signals in
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proliferating cells needs to be tested, extracellular factors that promote cell-cycle 

progression but not cell growth may exist for many cell types.

A possible model for the control of Schwann cell proliferation

In the General Introduction, I described four models that have been proposed to 

describe how cell growth and cell-cycle progression might be co-ordinated 

(Coelho and Leevers, 2000). My results, in combination with others, do not yet 

allow a definitive choice between these models. The work outlined in this thesis, 

however, helps think about the problem. In Figure 5.1, I outline a model 

comparing how cell growth and cell-cycle progression may be controlled in yeast 

cells and Schwann cells. The model for Schwann cells is a combination of models 

1 and 2 presented in the General Introduction. I propose that IGF-I is acting as a 

common extracellular signal to co-ordinate cell growth and cell-cycle progression 

(as in model 2). GGF, however, only promotes cell-cycle progression (as in model 

1). There may also be extracellular signals that only promote cell growth in 

proliferating cells (as in model 1), although none have so far been reported. I 

cannot exclude the existence of a cell-size checkpoint (as in model 3), but it is 

unnecessary to explain the proliferation of Schwann cells.

Why do yeast cells and metazoan cells have different mechanisms for co

ordinating cell growth with cell-cycle progression?

In the models shown in Figure 5.1, the differences between the controls operating 

in Schwann cells and yeast cells are considerable. Why might there be such a big 

difference? Proliferating yeast cells maintain their size as they proliferate, but 

animal cells in vivo apparently do not (Edgar, 1999). Thus, yeast cells may need a 

size-checkpoint, whereas animal cells may not. Another major difference is that 

yeast cell proliferation is controlled mainly by nutrients, whereas animal cell 

proliferation is controlled mainly by signals from other cells (Alberts, 1994). 

There is a crucial difference between the life-style of yeast cells and animal cells. 

Yeast cells are unicellular organisms, which grow and divide as fast as the
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Figure 5.1
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a, A model for how cell growth and cell-cycle progression interact in animal 
cells. Broken lines indicate pathways that may exist but have not yet been 
found, b, A model for how cell growth and cell-cycle progression interact 
in yeast cells.
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nutrient supply allows. By contrast, each animal cell is part of an organism, the 

growth and development of which must be carefully co-ordinated. For an animal 

to develop correctly, each individual cell must devolve its intrinsic proliferative 

capacity to the organism as a whole. There is evidence that both cell survival and 

proliferation are dependent on extracellular signal proteins that are present in 

limiting amounts (Cordon and Raff, 1999). It may be that proliferation control is 

also co-ordinated at this level in animal cells. Indeed, when the levels of 

extracellular factors in vivo have been analysed, they are found to be limiting 

(Calver et al., 1998). In my studies, GGF was limiting for cell-cycle progression, 

and FCS was limiting for Schwann cell growth (even when present at 10%). 

Controlling cell proliferation by varying the concentrations of extracellular 

growth factors and mitogens would explain why animal cells do not maintain a 

constant size in vivo. Remarkably, virtually nothing is known about how the 

levels of extracellular factors are controlled in vivo.

How do extracellular growth factors promote cell growth?

Although growth factors promote cell growth, cell growth control appears not to 

be simple. Rather than simply upregulating protein synthesis, it appears that 

extracellular growth factors can couple the rates of protein synthesis and protein 

degradation, such that, for Schwann cells at least, cell growth remains linear. The 

mechanism of this coupling must be fundamental to the cell, as it governs its 

growth rate, yet nothing is known about the mechanism or how extracellular 

signals regulate it.

In summary, the experiments presented here were designed to investigate the 

enormously complex problem of cell growth and proliferation control. It is clear 

that many fundamental questions need to be addressed if we are to gain a 

thorough, and balanced, understanding of this fascinating area of biology.
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