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known as cyclin-dependent protein kinases or Cdks. There is a
complex variety of Cdks operating in a mammalian cell cycle,
each operating in its own designated cell-cycle phase. The cyclins
combine with their cognate kinases causing a conformational
change which, together with a single phosphorylation, activates
the Cdk. Cyclin activation is unusual in that different cyclins may
direct a given Cdk to different substrates. For simplicity, we will
refer to Cdks without specifying particular ones and refer to
cyclins according to the phase in which they act. This avoids
nomenclature complexities.

At the start of each cycle phase, genes have to be activated so
that the appropriate cyclins are synthesized. If this does not
happen, the cycle cannot proceed through that phase.At the end
of each phase, the cyclins are totally destroyed by proteasomes
(page 425) and new cyclin synthesis specific for the next phase is
needed (Fig. 30.2). This may seem an expensive way to achieve
control but it is a decisive procedure leaving no room for partial
inactivation or reversibility; as already emphasized, cell-cycle
control, above all, has to be decisive given the potential disas-
trous consequences of errors.

Controls in G1 are complex

The progression through G1 to S phase involves multiple gene
controls. At the end of the preceding M phase, all cyclins have
been destroyed so that at the start of G1 there are no active Cdks.
For G1 cyclin synthesis to occur, the cell must receive a mitogenic

Cell-cycle controls

Cytokines and growth factor control in the cell cycle

The cytokines and growth factors are signalling molecules which
bind to cell-surface receptors and activate pathways that control
genes. They are of widespread importance and crucial in cell-
cycle control because deficiencies in this control can lead to
cancer and to chaotic cell multiplication in general.

In the present context, it is their mitogenic (mitosis-stimulating)
effects that are important which, as it were, give permission to a
cell to divide. If such a mitogenic signal is not received by a cell in
early G1 phase, the cycle is halted and it enters a quiescent G0

phase in which it metabolizes normally but does not proceed to
cell division. Most somatic cells (ordinary tissue cells such as
those of liver) are in G0 most of the time. On receipt of a mito-
genic signal,however, the G0 cell can re-enter the cycle again at G1.

The intercellular cytokine/growth factor signals mainly come
from neighbouring cells. These signals maintain correct organ
cell numbers, for once adult size is reached, cell multiplication
largely ceases except to replace dead cells and for wound heal-
ing. Although much is known of the mechanisms of individual
signal transduction pathways, how these collectively add up to
coordination of the mass of cells in tissues is unclear. The mito-
gen control of cell division operates mainly in the G1 phase of
the cell cycle as described later.

Cell-cycle checkpoints

In addition to the control by mitogenic factors, there are other
checks related to safety requirements. Towards the end of G1, G2,
and M phases, there are checkpoints at which the cycle is halted if
a safety requirement is not met. The arrest gives an opportunity
for the defect to be rectified, in which case the cycle can proceed to
the next phase. If the fault is not corrected, the cell is instructed
to self-destruct by activating a pre-programmed chain of events
leading to apoptosis (page 527), as the self-sacrifice is called.
Figure 30.1 shows the checkpoints in mammalian cell cycles. We
will come to the nature of these checkpoints shortly.

Cell-cycle controls depend on the synthesis and
destruction of cyclins

As in so many cellular controls,protein kinases are of overwhelm-
ing importance. The cycle kinases are however of a unique kind;
they are without activity on their own and require the binding of
other proteins known as cyclins before they have activity and are
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signal which activates cyclin synthesis and this in turn results in
activation of Cdks needed to activate genes necessary for the
cycle to progress to S phase.

If this requirement is satisfied, the cell can progress to the G1

checkpoint.

The G
1

checkpoint

This is an important control for, if the cycle is allowed through
it, the cell is committed to proceed right through to M phase. In
mammals it is known as the restriction point. The best-known
check is that if the DNA of a cell is damaged, it is not allowed
through the checkpoint. The chief player is the protein p53.
This is described more fully later because it is a tumour sup-
pressor but, briefly, in the presence of damaged DNA, p53
increases in amount in the cell and is activated. It is a transcrip-
tion factor which sets up a train of events; the cell cycle is halted
so that DNA repair can be attempted. If this fails, the cell is
signalled to self-destruct to avoid the risk of genetically abnormal
cells being produced.

How is DNA damage detected?

This is a truly remarkable phenomenon. The mammalian
genome is inevitably subject to damage by ionizing radiation,

reactive oxygen species, and other agents. Fortunately, the repair
mechanisms described earlier (page 373) detect and repair many
types of lesions, for otherwise complex life would be impossible.
If they are not repaired, as stated, the cycle must not be allowed to
proceed. Damaged DNA involves exposure of single-stranded
sections. For example, a replicative fork stalled for some reason
will have stretches of this. Double-stranded DNA breaks may also
have some terminal single-stranded DNA. A protein known as
replicative protein A (rpA) attaches to the single-stranded DNA
and this attracts a complex of protein kinases to assemble which
has been called a ‘checkosome’. This is the signal which is detected
and results in p53 control of the cycle (see below). One of the pro-
teins in the complex (ATM) is mutated in the human disease
ataxia telangiectasia in which, among other things, the person
has increased sensitivity to radiation and risk of cancer.

Progression to S phase

Once past the G1 checkpoint the cycle enters the S phase; the G1

cyclins are destroyed by ubiquitin-dependent proteolysis (page
425) and S phase cyclins synthesized. These cause initiation of
DNA replication. The initiation of duplication in each replicon
(page 357) is effected by a complex of proteins by a mechanism
which ensures that each fires only once per cell cycle. Once com-
mitted to S phase, the cycle advances to the checkpoint in
M phase at the end of G2, the S phase cyclins being destroyed at
the end of S phase.

Progression to M phase

The mitotic-related cyclins are synthesized and accumulate in
the cell during S and G2 phases and combine with the relevant
Cdks. Cyclin–Cdk complexes require addition of a phosphoryl
group for activation, but in the case of M phase Cdks, when this
is done, the enzymes are not immediately active because other
kinases add two additional inhibitory phosphate groups. Just
before mitosis, the two phosphate groups are removed causing
activation of the Cdks. The reason for this convoluted process is
probably that it permits build up of the triply phosphorylated,
inactivated, form and then a very rapid activation by simple
hydrolytic dephosphorylation just prior to mitosis. However,
before entering M phase, the G2 checkpoint must be passed.
This arrests the cycle if the DNA has not been completely replic-
ated or is damaged. Unless the fault is corrected, the cell destroys
itself by apotosis.

Mitosis phase

In the final M phase, the cell undergoes dramatic changes in
which the nuclear membrane disappears, the DNA condenses
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Fig. 30.2 Cyclin–Cdk cycle. Simplified diagram of cell-cycle control
by synthesis and destruction of phase-specific cyclins which activate
phase-specific CDKs. The M phase CDKs are inactive until just prior
to M phase when they are rapidly activated by dephosphorylation
(see text). Note that more than one cyclin and CDK occur in a given
phase but this is omitted for simplicity.
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life of an animal may come as a surprise. It has two broadly
different roles. In embryonic development it is essential that at
the appropriate stage certain cells be removed. Obvious exam-
ples are the disappearance of the tail of the tadpole on develop-
ment into a frog. Development of the nervous system involves
death of neurons which fail to make profitable connections. In
adult animals there is also a constant vast amount of cell death
occurring. For example, in the bone marrow and thymus,
development of cells of the immune system involves the
destruction every day of B and T cells that would cause autoim-
mune attacks (page 510) if allowed to survive. These are all
normal processes in which the cells self-destruct on receipt of a
signal. The self-sacrifice is by a series of stages programmed
into the cell.

Self-destruction of individual cells which might threaten the
organism as a whole is protective. When, for example, killer
T cells of the cellular immunity system detect a virus-infected
cell in an animal (page 517) one strategy is to deliver a signal
to the cell that it should self-destruct, thus preventing virus
replication. As already explained, if the DNA of a cell becomes
damaged beyond repair, to allow it to continue to divide could
result in a cancer which could destroy the animal. This is under-
lined by the fact that over half of all human cancers are associ-
ated with mutations resulting in p53 deficiency; it is the protein
p53 (discussed on page 533) which detects damaged DNA
and delivers an apoptopic signal. The cell then systematically
takes itself to pieces in a pre-programmed manner leaving
a shrunken remnant which is disposed of by phagocytosis.
Phagocytes recycle the degraded material. The method avoids
the problem of inflammation that disrupted necrotic cells
might cause.

An overview of what initiates apoptosis

What are the apoptopic signals that initiate the self-destruc-
tion programme built into cells? There are two known broad
types. One is stress-damage-induced (sometimes referred to
as intrinsic), in which the signal acts inside the cell although
these signals could be triggered from outside (such as by
radiation or drugs). This form of initiation requires p53.
The other is death receptor-mediated (sometimes referred
to as extrinsic), in which the signal is delivered to the outside
of the target cell by killer T cells of the immune system.
The target cells have on their surface ‘death receptors’ which
are activated by contact with a protein on the killer cell
surface. When this happens, an irreversible chain of events
ensues inside the cell, causing its destruction. Thus cells carry
their own surface death trigger, ready to be activated by killer
T cells should the need arise.

into compact mitotic chromosomes, the spindle fibres develop
and the chromosomes become positioned at the spindle equator
ready for segregation in anaphase. In metaphase, the final check-
point before the latter ensures that all chromosomes are cor-
rectly positioned at the equator. Any chromosome not attached
to the kinetochore fibres (page 21) is a signal to halt the cycle.
Once past these checks the cell undergoes mitosis and cytokine-
sis, and the mitotic cyclins are destroyed. The cell is now ready
to commence a new cell cycle.

A summary of the Cdk–cyclin control of the cell cycle is given
in Fig. 30.3.

Apoptosis

This is the term often used for programmed cell death. The
name is derived from the Greek prefix apo meaning detached,
and ptosis meaning falling. The importance of cell death in the
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Fig. 30.3 Simplified diagram of control mechanism. In mammalian
cells the cell cycle cannot pass the restriction point in G

1
unless

a mitogenic signal is received which activates the synthesis of
G

1
-specific cyclins. The latter are required to activate kinases (Cdks)

necessary for activation of genes involved in the progression into
S phase at which stage the cyclins are degraded. Activation of the
same kinases by mitosis-specific cyclins is required for progression 
to the M phase. The different cyclins target the Cdks to different
substrates as appropriate for the different phases of the cell cycle.
Red represents inactive Cdks and green the activated forms. 
Note that in the interests of clarity the figure does not show the
multiplicity of Cdks or of the activating cyclins involved. 
The details of these do not affect the essentials of the 
control scheme.
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