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Basic Molecular and Cell Biology

Cell reproduction

PAUL NURSE

The sequence ofevents and processes leading to cell reproduction is
known as the cell cycle. During the cell cycle there is generally a

duplication of cellular components followed by their partitioning
into two daughter cells at cell division. For many components
present in moderate to large amounts within the cell this duplication
and partition need not be controlled exactly. The chromosomes,
however, must be precisely replicated and segregated during each
cell cycle to produce two viable daughter cells. Replication of the
deoxyribonucleic acid (DNA) making up the chromosomes occurs

during S phase, and segregation of the chromosomes occurs during
mitosis. These are the two major events of all cell cycles. In most cell
cycles there are also gaps between these events: a GI gap after
mitosis and before S phase and a G2 gap after S phase and before
mitosis.
When the cells are not actively undergoing reproduction they exit

the cell cycle and enter a quiescent state. This exit usually occurs
from GI, and the quiescent state is called GO. Quiescent cells may
be metabolically active, but they do not-grow and do not undergo
any of the events and processes of the cell cycle. The shift between
the GO quiescent state and the cell cycle plays an important part in
the growth and maintenance of the organism. Regulated entry into
the cell cycle is necessary for proper development and for processes
such as wound healing and tissue replenishment. If regulation
becomes defective it may result in uncontrolled cell reproduction,
leading to cancer.

I describe here some recent progress in our understanding ofhow
the transition from quiescence to the cell cycle is controlled. I also
consider briefly two further controls over cell reproduction which
act during the cell cycle, one in late GI before S phase and a second
at the transition from G2 to mitosis.

Growth factors and their receptors

Mammalian cells may be grown in cell culture on the surface of a
culture dish bathed in a nutrient medium supplemented with
serum. If the cells are deprived of serum they stop dividing and
become quiescent. Components called growth factors are the active
principle present in serum necessary to stimulate entry into the cell
cycle. Large numbers of different growth factors have now been
isolated from a variety of different tissues. They are generally
proteins active at low concentrations-often less thanone microgram
of growth factor per millilitre can substitute for the serum. For
maximum stimulation of cell growth, however, it may be necessary
to add several different growth factors to the culture medium. Two
commonly investigated growth factors are platelet derived growth
factor and epidermal growth factor.

Growth factors stimulate cells to grow by binding to specific
growth factor receptors located on the cell surface membrane.
Many receptors have been found to be tyrosine protein kinases,
phosphorylating tyrosine residues ofsubstrate proteins. The binding
of a growth factor to its receptor is thought to activate the protein
kinase activity, and this leads to phosphorylation of its protein
substrates. How this stimulating signal is transduced to the rest of
the -cell is not well understood. In some cases signalling may entail
breakdown ofmembrane inositol phospholipids generating second
messengers inositol triphosphate and diacylglycerol. Coupling
between this breakdown and the receptor may be brought about by
guanosine triphosphate binding proteins regulating a phospholipase
C enzyme that hydrolyses inositol phospholipid. Regardless of the
'precise mechanism of signal transduction the consequence of
growth factor binding is to generate a wide range of changes in the
cell. Within minutes there are changes in concentrations of low
molecular weight components such as hydrogen and calcium ions
and cyclic adenosine monophosphate; later there are changes in
specific transcript and protein concentrations. These changes result
in an overall increase in the rates of cellular protein and ribonucleic
acid synthesis, leading to cell growth and eventual entry into the cell
cycle.

Cell spreading and anchorage dependence

Cell spreading and attachment to a surface also influences
whether cells enter the cell cycle. Normal cells not attached to a

surface round up and become quiescent. On attachment to a surface
they spread out and enter the cell cycle. This requirement to be
attached to a surface is called anchorage dependence. Study of cells
grown on special islands in a culture dish that restrain the extent of
cellular spreading has shown that there is a correlation between the
amount of spreading and the frequency with which a cell divides.
When- the island is large cells continue dividing until they fill the
island and form a confluent monolayer. Because the cells then have
less room they round up and become quiescent. Wounding this
monolayer by scraping away a strip of cells allows the cells at the
edge of the wound to spread out and to re-enter the cell cycle.

Part ofthe explanation for these phenomena is likely to be that the
growth factor receptors on the surface of spread out cells are more
accessible to growth factors in the culture medium. Also there
appears to be an absolute requirement for cells to have some

attachment to a surface. This may be necessary to generate changes
in the cell cytoskeleton, which are required before cells can enter the
cell cycle.

Cell transformation and oncogenes

Some cell lines do not exhibit anchorage dependence and are not
so dependent on the presence of growth factors in the culture
medium. When grown on a culture dish surface they form layers of
cells on top of each other instead of forming a confluent monolayer.
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Such cell lines are called transformed; they can be generated in a
variety of ways such as by infection with certain animal viruses or
after prolonged growth in culture. After injection back into an
animal transformed cells often form tumours, suggesting that they
are defective in the normal controls regulating entry into the cell
cycle.
A class of genes called oncogenes have been found to be

responsible for cell transformation. They have been isolated from
transforming viruses and from DNA extracted from tumour cells.
Homologues to oncogenes have been found innormal untransformed
cells and are called proto-oncogenes. Cloning and sequencing of
these genes have established that some of them encode previously
identified components of the growth factor signal transducing
pathway-for example, the proto-oncogene c-sis encodes a subunit
of platelet derived growth factor, c-erbB a receptor for epidermal
growth factor, and c-ras a guanosine triphosphate binding protein.
Mutants ofthese proto-oncogenes are thought to generate oncogenes
by altering the signal transducing pathway and stimulating entry
into the cell cycle without the usual requirements for growth factors
and anchorage dependence.

Relevance for the organism

These studies of cells in culture have provided a picture of how
cell reproduction may be controlled in the intact organism. Cells
remain quiescent unless they are exposed to particular growth
factors, and have the appropriate receptors to respond. Finer
control is possible if several growth factors have to act together to
elicit maximal response. Contacts between cells and surfaces can
modulate the stimulation and as a consequence may be important
for maintaining tissue cohesiveness and for preventing cells repro-
ducing when detached from their current position. In these ways
cells are stimulated to enter the cell cycle at the appropriate time and
place necessary for the correct development and maintenance of the
organism. Failure of these controls leads to cell transformation and
possibly to the formation of tumours.

Commitment to the celi cycle
Once a cell has been stimulated to enter the cell cycle it remains

subject to various controls. A major point of regulation is located
towards the end of Gl, where commitment to the cell cycle takes
place. In mammalian cells this is often known as the restriction
point. Cells deprived of growth factors before this point will leave
the cell cycle and enter the GO quiescent state. Once past this point
deprivation of growth factors often has little effect on the cell cycle
in progress. Only after entering the Gi of the next cell cycle can the
cell become quiescent. Before the restriction point cells are also
more sensitive to inhibition ofprotein synthesis. Ifprotein synthesis
is inhibited to about half the normal level in such cells they cannot
proceed through to S phase and mitosis; once past the restriction
point, however, inhibition to these levels has no effect on the ability
of cells to complete that cell cycle.
A similar commitment control called start acts in the G1 phase of

the unicellular eukaryotic yeasts. Several genes required for yeast
cells to complete start have been identified. One of these, cdc2/28,
has been shown to encode a threonine or serine protein kinase,
indicating that protein phosphorylation plays an important part in
committing yeasts to the cell cycle. Once past start the cells begin
the programme of events which lead eventually to S phase and
mitosis. For example, after start there is synthesis of specific
components which will be required for DNA replication during S
phase.

Transition from G2 to mitosis

A further point of control occurs at the initiation of mitosis.
Fusion of manmmalian cells at different stages of the cell cycle has
revealed the existence of factors which can induce cells into mitosis.

These factors can be assayed directly by injecting cell extracts into
frog oocytes arrested at meiotic nuclear division. If the extracts
contain these factors then the oocyte is induced into meiosis. Such
experiments have shown that the inducing factors are present in
mitotic mammalian cells and vary in concentration during cleavage
of the frog embryo, the concentration reaching a peak as the cell
enters mitosis.

Genes which are important for initiating mitosis have also been
identified in yeast. Interestingly, the same gene cdc2/28 implicated
in cell cycle commitment also plays a part in the initiation ofmitosis.
The cdc2/28 protein kinase presumably phosphorylates certain key
proteins, which leads to progress through the cell cycle. In Gl at
start these activate processes leading to S phase, and in late G2 they
activate processes leading to mitosis.

Similarities between yeast and mammals

Recently, human cells have been found to contain a cdc2/28 gene
homologue. The gene can substitute for the yeast gene and encodes
a structurally closely related protein kinase. The conservation of a
cell cycle control gene in yeasts and humans indicates that aspects of
the control will probably be similar in all eukaryotic organisms. It
also suggests that protein phosphorylation has a key role in
mammalian cells, both in commitment to the cell cycle and in the
initiation of mitosis. Rapid advances may now be expected in this
area as yeast is convenient for such studies and may be used as a
surrogate organism for investigating the mode of action and
regulation of the human cdc2/28 homologue.
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MATERIA NON MEDICA

Taking silk

England, December 1954. It was the season of peace and good will to all.
Father Christmas's much awaited visit was drawing near.
On the morning of the appointed day I set out on my good will mission to

the hospital wards. In one ward, after the exchange ofcustomary greetings, I
was detained-that is how I would put it-by the sister in charge, for a
function that was non-medical and concerned the dining table. I was led by
her to the middle of the ward where a food trolley was set. Someone in the
meantime had tied an apron on me and put a chef's cap on my head. I was
then asked to dish out Christmas dinner to the patients. Of course I had
assistants. I carved the turkey with utmost care, so there were no complaints,
and everybody got a fair deal. But I don't know if I succeeded in my effort
(probably I made a mess of it). Everybody watched my action with interest
and amusement. My consternation contributed, in a positive way, to the
festive mood of a festive season. When at last I finished my assigned task I
was promptly derobed-I mean the apron and cap were removed-and I was
again led by the sister, this time to the Christmas tree in the ward. I found
Father Christmas had not forgotten me while preparing for his annual visit.
A small packet was brought down from the tree and was handed to me.
While opening it I wondered what Santa Claus had brought for me from the
Arctic-it was a silk tie, I found.

India, Independence Day 1987. The tie, though worn, is still in my
wardrobe.-s K MAJUMDAR, Jodhpur, India.
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