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Summary. The discovery that phosphorylation of
selected proteins by cyclin-dependent kinases is the
engine which makes the cycle run provides a new image
of the control of proliferation and of its deregulation.
The high conservation of this machinery in the different
eukaryotic organisms empbhasizes its early origin and its
importance for life. It also makes the extrapolation of
findings between different species feasible. The control
of proliferation relies basically on accelerating and
braking mechanisms which act on the engine driving the
cycle. This review particularly stresses the importance of
checkpoint or tumor suppressor pathways as trans-
duction systems of negative signals which may induce a
cycle braking operation. They prevent any important
cycle transition, as the initiation of proliferation, that of
replication, mitosis, etc., until the DNA and other
cellular conditions make such a progression safe. These
checkpoint pathways are able to recognize and transduce
signals about the adequacy of initiating or continuing
proliferation for a cell at a particular time, under a
particular set of external and internal conditions. Crucial
components of these pathways are proteins encoded by
some of the checkpoint genes that evaluate the final
balance of mitogenic and antimitogenic pathways
reaching them and, if the balance is negative, they
prevent temporarily cycle inititation or its progression by
inhibiting the corresponding cyclin-dependent kinases.
On the other hand, when the balance becomes positive,
they allow the activation of the cyclin-dependent
kinases. Uncontrolled cell proliferation associated with
cancer always depends on the functional abrogation of at
least one of the checkpoint pathways. The checkpoint or
turnor suppressor protein p53 is one of the proteins in
them, and mutations in the gene encoding it are present
in more than half of all human tumours. The review
touches new pharmacological strategies which have been
opened by the discovery of portions of some of the

signal transduction cascades involved in the transient
brake of cell proliferation. Restoration of checkpoint
pathways either prevents further proliferation of cells
with damaged genome until repair is over or,
alternatively, the dismantling of these checkpoints
induce those cells to commit suicide (apoptosis). The
fact that both restoration and dismantling of checkpoint
pathways sensitive to DNA damage have not disturbing
effects on any other proliferating cell with undamaged
DNA makes these selective strategies promissing.
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Introduction

Cell proliferation should be considered as the most
fundamental property of living beings. The maintenance
of life directly depends on cell proliferation: the survival
of a species relies on the reproduction of its germ cells
while the survival of the individual depends on the
reproduction of its somatic cells. Only a very few
specialized cells are able to survive for a long time
without reproduction, such as gametes under extreme
environmental conditions (germ cells) or neurons
(somatic cells). Most cells, however, are faced with the
reproduction-death dilemma.

Cell reproduction accounts for the formidable
increase in cell numbers which go from the single cell of
the zygote up to the 1013 cells which form an adult man.
Moreover, cell renewal is estimated to be supported by
20 x 10° cell divisions per second throughout the whole
life span of a man!

How is cell proliferation controlled and how can its
deregulation be cured? The control of the cell cycle
depends on the availability of nutrients in the unicellular
organisms. On the other hand, the problem of nutrients is
usually solved in the multicellular organisms while other
mechanisms account for the control of cell growth in
them.

A simple model of a cell cycle takes into account
that proliferation is mainly controlled by two opposing
mechanisms -accelerator and brake- which act on the
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cyclin-dependent kinases, the engine which drives the
cycle. Failures in the accelerator tend mostly to
permanently stop the engine, while those in the brake
often allow its unrestrained progression.

1. Proliferation and cell cycle

As a way to study real cell proliferation, the use of
its ideal model, the cell cycle, is a useful tool.
Proliferation is the biological fact, while the cycle is
only a model which tries to explain the behaviour of the
different cells responsible for such a proliferation in a
particular tissue. Whereas duplication of the cell
components and their segregation between the daughter
cells is exact in the ideal cell cycle, they certainly
change to some extent among the different cells
proliferating in a tissue.

Cycle studies were initiated by Howard and Pelc
(1953). They partially unveiled the function of a
proliferating cell during interphase. They demonstrated
that the interphase preceding the chromosomal
segregation possesses three different parts (Fig. 1). The
actual period where DNA is replicated was named the S
period or period of DNA synthesis, while two
gaps between the replication and segregation of DNA
were named G1 and G2 (gaps 1 and 2) for the pre- and
post-replication periods, respectively.

The sixties were the years when the kinetics of
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Fig. 1. Howard and Pelc’s model for cell cycle. Replication in the S
period of interphase is preceded and followed by the two short gaps G,
and G, where the interphasic cells are not replicating their DNA.
M: mitosis.
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proliferation and the S period were preferentially
analyzed. The seventies were mostly devoted to the
genetics of the cell cycle, a task which has been
specially successful in yeasts. As a consequence of these
studies, the cycle was defined as a cellular process
dependent on the ordered expression of a relatively small
number of genes, the cell division cycle genes (cdc
genes). Moreover, Mitchison (1971) proposed a model in
which the cell cycle resulted from the integration of two
cycles: that of growth in the cell mass which is a
continuous one and that of replication and segregation of
DNA which is formed by the two discrete S and M
(mitosis) phases (Fig. 2). The integration of both cycles
obviously depends on a certain coupling between them.
The requirement to reach a certain mass for initiation of
replication (m; in Fig. 2) to be triggered was first shown
in animal cells (Killander and Zetterberg, 1965), then in
prokaryotes (Donachie, 1968) and later in higher plant
cells (Navarrete et al., 1983). Analogous mass
requirements were demonstrated for cells to initiate
division (my in Fig. 2). As a consequence, G| and G,
were considered to represent virtual cycle stages where
the cell should reach a minimum size compatible with
replication and mitosis, respectively.

However, it was later apparent that some
requirements should be fulfilled by a cell before
reaching both the S and mitotic periods. The stringency
level of both G; and G, requirements need not be
similar, as shown when looking at the response to the
inhibition of protein synthesis in discrete portions of
both cycle phases in plant proliferating cells (Fig. 3) (De
la Torre et al., 1989). This different level of stringency, if
large, can make one of these controls cryptic under
physiological conditions. In general, the controls in Gy
are also more strict than those in G, in mammalian cells.

A new paradigma on the control of proliferation was
established in studies by Rao and Johnson (1970)
because of their elegant experiments based on fusing
cells at different stages of the cycle. They showed that
the progression of the cycle was mostly conditioned by
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Fig. 2. Mitchison’s cycle model. It integrates the fact that growth in
mass is a continuous process and that replication and division onty
initiate when the cell reaches a minimum initiation and division masses,
respectively. Gy and G, are phases where cells wait until a proper size
is achieved to progress into the subsequent phases of the DNA-division
cycle. M: mitosis.

Fig. 3. The detection of interphase regions outside the S period where
the transient inhibition of protein synthesis produces excess delays. This
means that the synthesis of some specific proteins in discrete times of
the cycle regulates its progression. The relative stringencies of the three
interphasic regions where this phenomenon is produced are the
following: a>c>b (De la Torre et al., 1989). P: prophase. MAT:
metaphase + anaphase + telophase.
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the cytoplasm stage. Cytoplasm dominated the nucleus
for the control of cycle progression (Fig. 4, upper line
A). Quantitative features reinforced this finding, since
the rate of induction of any late cycle state was a direct
function of the ratio of advanced to early state cyto-
plasms (see dosage effect at the intermediate line B of
Fig. 4). Moreover, the cytoplasm of mitotic cells always
induced chromosome condensation in the interphase
nuclei, independent from their cycle stage (bottom line C
in Fig. 4). At the same time, some nuclear conditions
were critical to allow specific cycle transitions. Thus, G,
nuclei are unable to reinitiate replication again when
located in a cytoplasm which immediately induces it in
Gy nuclei. In fact, under physiological conditions, the
replicated chromatin of the nuclei where replication is in
progress does not reinitiate replication again in that
cycle.

2. Molecular biology of the cell cycle

It took about 20 years to get an explanation for the
results obtained when fusing heterophasic cells. The
molecular biology of the cycle discovered how
progression through it relied on the cyclic activation and
desactivation of a family of kinases: the cyclin-
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Fig. 4. Cell fusion experiments by Rao and Johnson (1971). They
showed that the nucleus of a cell in G; when fused with a cell in §
started replication immediately (upper line A). Dosage effects are
schematized in mid line B: If two cells in S were fused with a single cell
in Gy, the initiation of replication in this latter nucleus occurred much
earlier than when fusing 1 or 2 G cells with a single cell whose nucleus
is replicating (line B). Another set of experiments (line C) demonstrated
that the cytoplasm of a metaphase (M) always induced the
condensation of chromosomes in any nucleus, independent from the
stage of the interphase where it was located. When the induced nucleus
was in Gy, chromosomes with a single chromatid appeared.

dependent kinases or cdks. The kinases are enzymes
which transfer phosphate groups from ATP to the
hydroxyl groups of serine and threonine side chains of
proteins. Changes in the activity of the cyclin-dependent
kinases were in turn brought about by their association
with cyclin, by their phosphorylation and de-
phosphorylation and by their interaction with inhibitors,
as will be shown below. Molecular biology of the cycle
started in 1988 when independent studies in budding and
fission yeast on both Western and Eastern Atlantic sides,
respectively, converged with studies in Xenopus and in
mammalian cells. The cyclin-dependent kinase involved
in the induction of mitosis in yeast was the same protein
initially isolated and known as the maturation promoting
factor (MPF) in animal cells. It had finally been purified
(Lohka et al., 1988) and cross-reacted with antibodies
raised against both the yeast cyclin-dependent kinase
and the cyclin B partner protein. It was an indispensable
component of the cytoplasm of maturing oocytes, i.e.
initiating meiosis after progesterone treatment. MPF not
only triggers meiosis in a recipient oocyte, but also
induces mitosis in somatic cells. For this reason, MPF is
indistinctively used to mean maturation, meiosis and
mitosis promoting factor, given the identity of the initial
letters. MPF is the alternative name for the universal
cyclin-dependent kinase which specifically induces the
G, to mitosis transition, i.e. for the mitotic cyclin-
dependent kinase. Only two years after this confluence
of discoveries, the conservation of the tools and the
engine functions for cycle regulation was obvious
(Nurse, 1990). The enormous amount of information
accumulated on cycle transitions, dependencies and
correlations among different cycle processes, as well as
the detailed knowledge of many cell division cycle genes
in two yeasts (Saccharomyces cerevisiae and
Schizosaccharomyces pombe) permitted that extra-
ordinary fast leap in the knowledge of the molecular
control of cycle progression. How the balance between
opposing mitogenic and antimitogenic signals is
achieved by the operation of multiple checkpoint
pathways is the field where the study of the cycle control
is today.

3. The cyclin-dependent kinases, the machinery
which drives the cycle

By looking at a model which integrates the known
features of the cyclin-dependent kinases, the multiple
ways to regulate them are immediately apparent. Thus,
the mammalian kinases are formed by different cdk
heterotrimers (Fig. 5):

i) the catalytic subunit, sometlmes called p34 (for its
mass in kilodaltons) or p34¢de2 if the gene encoding it in
fission yeast is considered. On the other hand, there is a
family of cyclin-dependent kinase subunits in the
mammalian cells (cdks 1-7), each of them functional at a
different cycle stage (Fig. 6). This component is the
actual cyclin-dependent kinase or cdk. It is a serine-
threonine kinase that is inactive as a monomer. This
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subunit binds one molecule of ATP in a pocket, at the
bottom of a cleft between its two lobes (see bottom left
part of Fig. 5). All cdks contain, in their small lobe, a
tyrosine residue in position 15 (Y15) and, in higher
eukaryotes, also a threonine in position 14 (T14). Their
phosphorylation by a tyrosine kinase prevents their
activation (negative regulation), until the corresponding
adequacy signals dephosphorylate them. The small lobe
also conserves a region, the PSTAIRE (one single letter
code for aminoacids) consensus sequence in c¢dk 1, 2 and
3, which is slightly modified in the other cdks. This
sequence is apparently located in the cdk interface which
binds to cyclin (Fisher, 1997). Mutations in that region
can inactivate the kinase (Ducommun et al., 1991).

On the other hand, the threonine located at position
161 in the human cdk in the large lobe, the so-called T-
loop, of the cyclin-dependent kinase, should be
phosphorylated by the CAK (cdk-activating kinase) to
become active (positive regulation).

ii) the cyclins or regulatory subunits of the kinase
(p62 in mammalian cells). Cyclins from A to H have
been described up to now in human cells. Cyclins

Inactive cdk CAK kinose
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Fig. 5. The universal cyclin-dependent kinase which controls cycle
progression. It is a trimer formed by the smallest subunit p9 (cks,
analogue of p13sucl) + the intermediate sized subunit which is the
catalytic one (analogue of p34cdc2) + the largest regulatory subunit or
cyclin. The catalytic subunit possesses a threonine in position 161 which
should be phosphorylated to be active as a kinase (see left bottom part),
while it has a threonine in position 14 and a tyrosine in position 15
whose phosphorylation in mammalian cells prevents the final activation
of the kinase (left bottom part of this figure). The ATP binding site and
the consensus PSTAIRE region which interacts with the cyclin are also
schematically displayed. Notice that the kinase has two lobes: the
largest one corresponds to the amino-terminal region and it is the one
which interacts with the cyclin. The smallest lobe, called the T-loop,
correponds to the carboxy-terminal region and is located in all these
figures in the upper position. In the upper right part of this figure, the
kinases and phosphatases which are active in the phosphorylation sites
are also shown. Notice that the CAK kinase is an activating kinase,
while the Wee kinase is a negative regulatory kinase, because of the
opposite roles both phosphorylations play.

contain the so-called “cyclin box” or region which binds
the catalytic subunit. Its binding activates the cdk and
allows its entrance into the nucleus. Phosphorylation of
cyclins apparently potentiates the kinase activity of the
multimeric complex (Li et al., 1995).

The pattern of synthesis and function of the main
cyclins (A, B, D and E) is shown in Fig. 6, where the
different catalytic subunits (cdks 1, 2, 4 or 6) they bind
to are also displayed. They are rate limiting for the cdk
activation. They integrate the transcriptional control into
the cycle, as they are also labile due to a specific
sequence, “the destruction box”, which binds ubiquitin
(a molecule targeting them to proteases). Cyclin D is the
only one which is regulated by extracellular signals.

iii) there is a third small subunit, the cyclin-
dependent kinase subunit (cks) (bottom right of Fig. 5).
It is also named p9 in humans (because of its mass in
kilodaltons). This cks exhibits such a high affinity for
the catalytic subunit that it is used to isolate it. On the
other hand, its function, though essential, has not yet
been completely worked out in mammalian cells. In
Xenopus, it controls the interaction of both positive and
negative regulators with the mitotic cdk (Patra and
Dunphy, 1996).

4. Transduction of mitogenic signals

There are two types of control on cycle progression:
one positive which drives the cycle and another negative
which brakes it. The positive control is brought about by
proteins encoded by the cell division cycle (cdc) genes.
The proto-oncogenes are responsible for the positive
control in mammalian cells. About 50 cdc genes have
been described in budding yeast. The cdc genes and the
proto-oncogenes when mutated stop cycle progression at
some discrete stages. Since cell proliferation is essential
for life, only cdc conditional mutants which become
unfunctional under non-permissive conditions can be
isolated.

Various categories of proto-oncogenes can be
thought of. First of all, those which encode for

Mammalian cell cycle
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Fig. 6. Cycle-stage specificity of the different catalytic (cdks 1, 2, 4, 6)
and cyclin (A, B, D and E) subunits (as specified in Fig. 5) which operate
throughout the cell cycle in mammalian cells.

Fig. 6
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components of the cycle machinery, such as those
forming the different cdk heterotrimers, the true positive
regulators of cell proliferation. In mammalian cells, not
only the cyclins but the different catalytic subunits are
produced at different cycle stages (Fig. 6). On the other
hand, the gene for the catalytic subunit of the kinase
itself is constitutively expressed in yeast, where the
introduction of additional copies of the gene had no
effect on the cycle (Russell and Nurse, 1987). This
stresses that it is the functional state of the kinase and
not its quantity which regulates the proliferation rate.

The genes which encode for cyclin D are typical
proto-oncogenes and some oncogenic viruses actually
encode cyclin D homologues (Jung et al., 1994). In fact,
cyclin D had been earlier described as a protein encoded
by an oncogene or transformed version of a proto-
oncogene (Hinds et al., 1994). The knowledge of cdks
and the pathways which result in their activation makes
terms as oncogenes and proto-oncogenes no more
informative than mitogenic genes.

The overexpression of any mitogenic genes can be
achieved in different ways. For example, increases in the
rate of synthesis of the protein they encode, anticipation
in the time of their expression, increase of their
efficiency or prevention of its degradation. The over-
expression can be achieved as a result of the trans-
location of the gene to another genome site (position
effect) or by gene amplification (c-myc).

There are many other proteins needed for cycle
progression to occur which, however, should not be
regarded as cycle regulatory proteins. This is evident if
we think of the enzymes and precursors needed for DNA
replication, and the synthesis and assembly of tubulin for
DNA segregation in mitosis, etc.

5. Physiological inhibitors of the cyclin-dependent
kinases

The discovery of a group of proteins which are
direct inhibitors of the cyclin-dependent kinases (EI-
Deiry et al., 1993; Gu et al., 1993; Harper et al., 1993;
Serrano et al., 1993; Xiong et al., 1993; Harper and
Elledge, 1996) will certainly have a large impact in the
field of cancer prevention or cure, as they can control
proli-feration. There are at least two families of these
cyclin-dependent kinases inhibitors (cki). The p16
family is formed by pl15, p16 itself, p18 and p19, while
the p21 family is formed by p21 itself, p27 and p57.
They associate with the catalytic subunit of the cyclin-
dependent kinases in a non-covalent way, preventing the
kinase activity. As can be seen in Fig. 7, members of the
pl6 and p21 families (i.e p15, and p21 itself and p27)
have affinities for different cdks.

The discovery that p53 (the product of a tumor
suppressor or checkpoint gene) actually activates the
transcription of the inhibitor p21, which prevents cdk
activation and cycle progression, is the clearest example
of the link between tumorigenesis and the cycle
machinery.

It should be noticed that p16 is the only inhibitor
which can bind monomers of the catalytic subunit of
cdks, while the rest only bind the subunit when in the
trimer. The antimitogenic signal produced by the
transforming growth factor B (TGF-8) induces a
blockade in various cdks. It activates the synthesis of
proteins which leads to the production of p15, a member
of the p16 family (left part of Fig. 7). This p15 is also
able to inactivate the phosphatase Cdc25 by binding to it
(Iavarone and Massagué, 1997).

6. Transduction of antimitogenic signals: the
checkpoint pathways

The eukaryotic cells also contain other important
controls which are able to brake cycle progression. They
can be considered feedback safety mechanisms and they
are more sophisticated than the positive ones. These
negative controls are integrated in checkpoint pathways
and depend on genes known as checkpoint genes (chk)
or tumor suppressor genes, as they are called in
mammalian cells. As a matter of fact, all human tumours
happen to have mutations in some of the tumor
suppresor genes (Taylor and Shalloway, 1996a).
Moreover, proteins codified by most oncogenic DNA
viruses have affinity for, and are inhibitors of, some of
these checkpoint genes (see Moran, 1993).

Physiological inhibitors of cdks
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Fig. 7. Effect of different members of the two families p16 (i.e. p15) and
p21 (i.e. 21 itself and p27) of physiological inhibitors of cdks. The main
routes for specific members of each family are marked. The protein p21
is the most universal inhibitor of cdks.
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There are also four classes of tumor suppressor or
checkpoint genes: 1) those which encode inhibitors of
the cyclin-dependent kinases; 2) those which prevent the
repair of the genes encoding for either cdks or for their
inhibitors; 3) those which allow the persistence of
transformed cells by preventing terminal differentiation;
and 4) those which also allow that persistence by
preventing programmed cell death (apoptosis) (Harper
and Elledge, 1996). As in the case of the proto-
oncogenes, we should restrict the use of the terms
checkpoint or tumor suppressor genes and use instead
terms referring to their mechanism of action, as soon as
it is known.

Checkpoint pathways of cycle progression are the
most evolved mechanisms we can think of in a cell.
They are security mechanisms which ensure that the aim
of the cycle will be faithfully accomplished: to produce
two cells similar to the one they derive from, including
crucial control of the accuracy of the DNA information.
For this, the external and internal conditions related to
the adequacy for initiating proliferation or for a
particular cell transition at a particular time are
surveilled. Thus, the negative control integrates
hormonal signals, information on the position in the
tissue, and on cell size, DNA precursors, the protein
synthesis capacity, stress environmental signals, on the
integrity and state of the DNA, on the energy available,
and on the different pools of molecules required, etc.
Controls integrated in the checkpoint pathways which
evaluate both mitogenic and antimitogenic signals are
multifunctional: they are not only able to recognize a
failure but also to weigh contradictory cycle progression
signals, to temporarily stop cycle progression if such
balance suggests that it will compromise the viability, to
induce repair of the detected failure, and to allow cycle
progression when it has been repaired. The signals
produced by the operation of a checkpoint should be
amplified so that it should be efficient to quickly induce
a reversible cycle block or to free cycle progression.
This is achieved because these signals affect one or more
cascades of the antimitogenic signal transduction.
Moreover, some of the checkpoint proteins are involved
in more than one single checkpoint pathway. It
represents the main source for complexity of the
proliferation control.

The final effect of the checkpoint functions on cycle
progression is produced by either preventing the
activation or inactivating the corresponding cyclin-
dependent kinases, i.e. by modifying the components of
the machinery which actually drives the cycle (Walworth
et al., 1993; Sanchez et al., 1997).

7. Discernement of positive and negative cycle
controls

Both positive and negative controls are clearly
distinguished by the opposite effects they produce when
cancelled. Cancellation of a positive control leads to a
block in the progression of the proliferating cell at a

specific point in the cycle, an effect which is clearly
opposite to the induction of uncontrolled proliferation.
On the other hand, cancellation of a negative control
leads to a precocious progression towards later phases in
the cycle, when either the cell is not prepared at all for
such a progression, or the tissue signals are against such
proliferation. When the checkpoint pathways are
functional, cells will not enter mitosis until replication or
repair of DNA is completed, or until the minimum cell
size for division which characterizes the tissue has been
reached, or until the entrance into mitosis is not going
against the social signals which try to maintain the
specific growth fraction of the tissue.

Such tissue-specific growth fractions usually cover,
but do not exceed, the renewal of worn out cells. The
cells having precociously and unduly overcome a cycle
checkpoint can be considered to be transformed cells
indeed. In this way, deficiencies in the DNA cycle when
DNA lacks the necessary integrity leads a cell to acquire
a mutator phenotype, i.e. to suffer from genomic
instability, the main hallmark of cancer. Occasionally,
the activity of a checkpoint can lead a cell with damage
high enough to be considered irreparable to initiate the
suicide pathway (apoptosis). Isolation of checkpoint
genes is based on their high sensitivity to irradiation and
drugs and on their ability to overcome the cycle arrest
induced by the cdc mutants (Murray, 1995).

8. Commitment to proliferate and the retinoblastoma
protein pathway

Shortly after completion of telophase, in response to
an efficient stimulus, the cell can be committed to
proliferate by initiating a cycle. This is the G to G
transition. In the presence of signals to proliferate, cells
first have to leave G and to commit them to cycle by
reaching G;. This decision is said to be taken at the
“Start” or restriction point, as it is named in yeast and
mammalian cells, respectively. The discernement
between the G to Gy and the Gy to S transitions has
been supported from the early days by the observation of
yeast mutants whose cells arrested in G1 after “Start”,
but before the S period (Hartwell et al., 1974). Partly
because the induction of proliferation in a tissue is more
easily discerned by the G, to S transition than by the G
to G, transition there is still some confusion about these
two sequential transitions.

Cells in Gy and G, are metabolically different. This
difference can be used to estimate the proliferative
potential of a tissue which may be expressed by its Gy to
Gy ratio. This ratio is useful to evaluate cancer remission
or release after a specific antitumoral treatment
(Hittelman and Rao, 1978). Thus, it changes well before
labelling and mitotic indeces modify (Sans and De la
Torre, 1979).

When the universal inhibitor of cycle progression
p21 is present, two G cyclin-dependent kinases and the
PCNA or auxiliary factor of the DNA polymerase 6 are
inactive (Waga et al., 1994) because of p21 binding to
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the N-terminal region of the cdk.

On the other hand, when the p21 pool becomes
negligible, three pathways are activated. The first
pathway regulates the G to G, transition (left part of
Fig. 8). It is the retinoblastoma protein pathway and
constitutes the most relevant target for oncogenesis. It is
implicated in cell committment to proliferate (Bartek et
al., 1996). Recently, the role of this pathway has been
reviewed (De Luca et al., 1996). First of all, the cyclin
D-dependent kinase 4/6 complex phosphorylates the
checkpoint retinoblastoma protein (pRb). As can be seen
in the left part of Fig. 8, the phosphorylation of pRb
causes its inactivation and, concommitantly the release
of its associated or bound E2F transcription factor
needed to activate the genes whose expression commit a
cell to proliferate. Mitogenic signal transduction systems
from three different classes of receptors are actually
upstream regulators of this checkpoint pathway (Lukas
et al., 1996).

9. Integration of the social control in a cell
throughout the retinoblastoma pathway

There are two types of signals which convey the
adequacy to initiate the cycle. One of them involves the
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Fig. 8. The role the cdk-inhibitor p21 plays in the activation of the
different cyclin-dependent kinases, and the role these kinases play in
the Gy to Gy and G4 to S transitions. The protein p21 is continuously
synthesized because p53 activates the transcription of the p21 coding
gene. When the p21 level decreases, three different routes are
activated. First of all, at the left, p21 detaches and activates in this
manner the catalytic subunit 4 or 6 already bound to cyclin D. This cdk
phosphorylates the pRb (the retinoblastoma protein) which only then
frees the transcription factor E2F. This factor induces the transcription of
genes related to cycle commitment (Gg to Gy transition). In continuation,
when p21 disappears, the cdk2-cyclin E complex is also activated (mid
line) and, finally, the removal of p21 of the PCNA or auxiliary factor of
the polymerase b is also activated (right line), so that replication can
now start freely (G to S transition). Encircled P: phosphate.

social control in the cell cycle. This control is formed by
hormonal signals coming from different tissues and by
signals produced in the tissue itself. These signals ensure
the size of the specific tissue in which the cell is
included, and the number of cells forming it, without
blocking the normal process of cell replacement. When a
cell overcomes these controls it is said to have been
transformed.

Extracellular signalling proteins which stimulate cell
proliferation are known as growth factors. Downstream,
there is always a specific receptor in the membrane
which interiorizes each signal. A part of these mitogenic
signals are transduced by a set of protein kinases,
starting by Ras protein, then Raf and then a set of MAP-
kinases (Mitogen-Activated Protein kinases), in a chain
of protein to protein interactions. In fact, the expression
of the Ras protein also increases the cyclin D level to
make the inititation of proliferation possible (Liu et al.,
1995). But this particular chain of transmission of
mitogenic signals, in the end, activates transcription
factors of those genes which are the so-called early
response genes when proliferation is induced: c-fos, c-
jun and c-myc (Taylor and Shalloway, 1996b). Fos/jun
heterodimers constitute the AP-1 transcription factor
while c-myc is mitogenic because it stimulates the
transcription of the phosphatase Cdc25, which in turn
activates cdks by dephosphorylating their threonine and
tyrosine residues located at position 14 and 15 (Zdrnig
and Evan, 1996).

The response of the hepatocyte to the human
recombinant hepatocyte growth factor illustrates the
timing of the mitogenic response (Gémez-Lechon et al.,
1996), as well as the kinetics of the different
intermediate steps in this process (Fig. 9).

The antimitogenic signal produced by the trans-
forming growth factor B reaches a similar endpoint
(Herrera et al., 1996). It activates the synthesis of a
different transducer, Smad-DPC4 (left part of Fig. 7),
where DPC4 is the product of a tumor suppressor gene
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Fig. 9. The kinetics of the appearance of the different molecules related
to the Gy to G and the G to S transitions in the cycle of the
hepatocyte, after stimulation by the hepatocyte growth factor. The time
when the values were recorded are in the central part of each bar. The
highest value for each cycle-related protein is labelled in black.
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or checkpoint (Hahn et al., 1996). This complex is a
transcription factor which induces the production of p15,
one inhibitor of the G1 cyclin D-dependent kinases
(Lagna et al., 1996).

It should be recalled that any inhibitor of a check-
point will also work as an inducer of proliferation. Thus,
the protein MDM?2 induces proliferation because it binds
and inactivates both p53 and pRb (Xiao et al., 1995).

10. Functions of the main tumor suppressor or
checkpoint gene encoding p53

More than half of all human cancers present
deletions, mutations or changes in the sequence of this
checkpoint protein. When operative, p53 prevents the
proliferation of a particular cell mostly by inducing the
transcription of the gene encoding an inhibitor of cdks,
the repressor protein p21 (Fig. 7). The checkpoint or
tumor suppressor protein p53 evaluates the adequacy of
proliferation by taking into account both external and
internal signals, either mitogenic or antimitogenic ones.
The regulatory inputs p53 receives can be conveyed
through one of the many phosphoaminoacids it contains

p53 domains
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Fig. 10. The different domains of the universal checkpoint protein p53. It
contains six residues which can receive signals by phosphorylation (see
upper part). It is a substrate for cdks, and aiso for DNA-PK (related to
the recognition of DNA damage) and by CKII. The entrance into the
nucleus of the p53 molecule is ensured by the nuclear localization signal
it contains (NLS). The role of p53 in activating transcription of some
negative regulatory genes is explained by its binding to the largest
subunit of the TFIIH (second line). A subdomain has been positively
involved in the activation of transcription (fifth line). But p53 also binds to
helicases (as the Xeroderma Pigmentosum B and D) which are needed
for DNA repair to take place. In the third line, the relative position of the
domain responsible for tetramerization is also shown, as well as that
responsible for regulating its binding to DNA (fourth line). Finally, the
carboxy-terminal region of p53 behaves as a switch: either binding to
helicases to induce repair or, if the damage is sensed as large enough
to overcome the repair capacity of the cell, to induce cell suicide
{apoptosis).

(Fig. 10), either the various serine residues in the amino-
terminal region, or the one which is a target for the cdks
and is located towards the carboxy-terminal region of the
p53 molecule. Multiple enzymatic cascades converge in
p53. They are the multiple upstream regulators of p53
activity.

The behaviour of this checkpoint protein is
explained by the different p53 protein domains (Fig. 10).
Its amino-terminal domain binds the transcription factor
TFIIH subunit p62, the left part of p53 being directly
implicated in the activation of transcription. It contains
an intercalated region (closer to the carboxy than to the
amino terminal extremes) which allows its movement
into the nucleus (NLS, nuclear localization signal). On
the other hand, the carboxy-terminal third of the
molecule is an optional switch: it either activates DNA
repair by binding the helicases XPB and D (xeroderma
pigmentosum B and D) when damaged DNA is present
or, alternatively, induces the transcription of the genes of
the apoptotic pathway if the damage is too great for
repair to take place. In this latter case, the protein Bax is
induced. It dimerizes and inactivates the apoptosis
inhibitor Bcl-2 (White, 1996). The expression of other
caspases, the ICE-like family of cytoplasmic proteases
which operates during apoptosis, is also triggered (Porter
et al., 1997). It is interesting to notice that the helicases
XPB and XPD are also involved in the apoptotic
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Fig. 11. The formation of p53 tetramers explains the formation of
dominant negative mutants from a recessive mutant. Thus, if a single
one of the two alleles is mutated and its trancription is not modified, half
of the p53 polypeptides of the cell will be wild type, while the other half
will be mutated. This will assure that only 1/16 of the tetramers (the
frequency of correct homotetramers) will be functional. The phenotype,
under these specific conditions, behaves as mutated.
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pathway (Wang et al., 1996).

Finally, since one previous step in the activation of
p53 is the formation of tetramers, modifications in one
single alelle of the DNA sequences which encode the
aminoacids involved in tetramerization may dramatically
affect the activity of p53 (Fig. 11). Only those scarce
homotetramers (1 in 16), whose four molecules are
encoded by the normal allele, are functional. The
introduction of a single copy of a mutant gene
inactivates the corresponding normal genes, a strategy
followed to produce dominant negative mutations
(Alberts et al., 1994).

In relation to its operation as a sensor of DNA
damage (left part of Fig. 12), p53 is not only able to
recognize single strand (Nelson and Kastan, 1994;
Jayaraman and Prives, 1995) and double strand breaks in
DNA, but also mismatches because of the presence of
extra bases on one strand (Lee et al., 1995). This p53
checkpoint protein stabilizes in the cell when DNA
damage is present.

The tumor suppressor protein p53 integrates the
signal from DNA damage into the cycle by inducing the
transcription of genes coding for direct inhibitors of the
cyclin-dependent kinases such as p21. Moreover, it also
stimulates the transcription of the growth-arrest and
DNA-damage-inducible or Gadd genes (Hartwell
and Kastan, 1994), which are also overexpressed in cells
resting in G. It also interacts with and inactivates the
auxiliary factor of the DNA polymerase 6 which
participates both in replication and DNA repair (Smith et
al., 1994).

The p53 protein is also able to induce DNA repair by
different mechanisms (Fig. 12). One is activation of the
transcription of genes related to the repair machinery of
the cells, the so-called transcription-repair complex
(Wang et al., 1995). It attracts and activates helicases
(products of some of the genes which are mutated in
xeroderma pigmentosum). In fact, the XPB helicase is
the largest subunit of the human RNA polymerase 11
basal transcription factor (TFIIH). Since this factor is
necessary for the start of transcription, this molecule is at
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Fig. 12. The multiple roles of p53 in DNA repair.

the cross-roads of many crucial processes in the cell
(Nigg, 1996). Helicases unwind DNA, take the energy
by hydrolysing ATP, and separate both DNA strands.
The replication protein A (RPA) binds to the single
strand regions of DNA to prevent them from rewinding.
The function of helicases is essential for nucleotide
excision repair to take place in the damaged DNA. Then,
non-semiconservative or repair replication takes place
with the DNA polymerase, the replication factor C (RF-
C) and PCNA (the auxiliary factor of the DNA poly-
merase 8). The repaired and new DNA stretch is finally
ligated by a DNA ligase (Griffin, 1996).

In short, the presence of functional p53 tetramers
ensures nucleotide excision repair. The p53 tetramers
lower the frequency of mutations in the DNA, decrease
gene instability, decrease gene amplification and prevent
the aneuploidy secondary to a mitosis with damaged
chromosomes. In this way, the p53 protein avoids the
accumulation of mutations in the proliferating cells; the
most obvious hallmark of transformation.

11. Checkpoint pathways related to competence for
cycle progression

The control of genome integrity is obviously crucial
for the continuation of the DNA duplication-segregation
cycle. Signals related to the integrity of the DNA are
processed by the operation of some checkpoint
pathways. Only pieces of these other enzymatic cascades
are known. On the other hand, some proteins like p53
are involved in more than a single checkpoint pathway.
As a consequence, many efforts are made to discern
them and their interactions.

DNA damage normally occurs due to replication
errors or to the presence of genotoxic agents. It is
integrated in the life of the cell which has mechanisms to
repair it. In its positive aspect, the damage allows DNA
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Fig. 13. Activation of the mitotic cdk or maturation promoting factor
MPF. In principle, phosphorylation of both the activating and inactivating
phosphorylation sites of the catalytic subunits takes place. These
phosphorylations transform the inactive MPF trimer into a pre-MPF. The
final dephosphorylation of tyrosine 15 and threonine 14 by the Cdc25
phosphatase in response to mitogenic signals fully activates the kinase,
which is now called the active MPF. Active MPF induces the G, to M
transition, by phosphorylation of multiple specific substrates.
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evolution to take place. Meiotic recombination and that
which takes place during the formation of antibodies are
physiological processes which help the organism to
survive in stressful environments.

The cell deals with DNA damage through different
overlapping pathways which allow its efficient repair.
The reversible brake of cycle progression due to the
operation of the checkpoint mechanisms, and which
depends on the production and transmission of
antimitogenic signals, is the process which allows the
time needed for repair to take place. Thus, cancer cells
mostly result from failures in the surveillance of
processes related to safe chromosome transmission
(either replication or mitosis), failures in the repair itself
and/or from failures in stopping the cycle until DNA
integrity is restored. Only if there is cancellation of a
checkpoint, can the DNA damage result in genomic
instability, characterized by deletions, amplifications
and, as a response to this serious stress, to gene trans-
locations and genome rearrangements (McClinctock,
1984). Each transformed cell is a unique experiment in
cell evolution. These defects are perpetuated, though
they evolve and often increase in subsequent cell
generations. Unfortunately, selection among the many
cells with different genetic compositions occurs for the
most active proliferating cells.

But pS3 is only one of the molecules involved in
checkpoint pathways sensitive to DNA damage. Thus,
members of a family of kinases which phosphorylate
lipids, the phosphatidylinositol 3-kinase (PI 3-kinase)
family, are importantly involved in the recognition and
transduction of signals related to the presence of DNA
damage. Apparently, these enzymes do not retain any
lipid kinase activity. Instead, they are efficient protein
kinases. There are three prominent members: the product
of the gene mutated in ataxia telangiectasia patients
(ATM); the DNA-dependent Protein Kinase (DNA-PK);
and the FRAP protein, another inhibitor of the
mammalian Gy cdks (Brown et al., 1994; Cimprich et
al., 1996).

The DNA-PK recognizes and binds DNA double
strand breaks. Only then does it become active as a
kinase. It is a dimer formed by the catalytic subunit
(Hartley et al., 1995) and the Ku subunit, which is a
DNA helicase that binds to double strand breaks
(Gottlieb and Jackson, 1994; Jackson, 1996). This
helicase also controls telomere length (Porter et al.,
1996). One prominent member of the DNA-PK, the
human gene for ataxia telangiectasia, is also a
homologue of a gene controlling telomere length in
budding yeast (Greenwell et al., 1995; Morrow et al.,
1995).

The DNA-PK is a multifunctional enzyme, also
involved in both replication and nucleotide excision
repair. Thus, it acts as a transducer for the DNA damage
signals. It phosphorylates one essential replication factor
(the replication protein A or RPA), inhibits the
progression of transcription in the close proximity to the
double strand break and also inhibits cycle progression

(Gottlieb and Jackson, 1994) because it phosphorylates
the amino-terminal region of the checkpoint protein p53.
This is one of the most direct examples of how DNA
damage generates the transient stop produced in the
cycle by the operation of checkpoint pathways. In other
words, how DNA damage is converted into an
antimitogenic signal.

There is another set of regulatory signals transduced
by alternative checkpoint pathways which are related to
the state of the cell and its components to endure the
different processes of the cycle such as replication and
segregation of chromosomes and cell growth. They
preferentially control whether the cells are large enough
to initiate replication (Fig. 2), whether DNA is un-
replicated (for starting replication) and whether it is
replicated (for entering into mitosis). The Weel kinase
selectively phosphorylates the tyrosine in position 15
(Y15) and also the threonine 14 (T14) of the mammalian
cyclin-dependent kinases. It was the first enzyme
involved in any checkpoint pathway (Russell and Nurse,
1987). This kinase controls whether the cell has reached
a minimum size (md biomass) for division to take place.

12. The G1 to S transition

The lack of p21 also has the consequence of
activating the cdk2-cyclin E complex, which is needed
for the triggering of replication or Gy to S transition
(central part of Fig. 8). In fact, this complex
phosphorylates and therefore activates the phosphatase
Cdc25 (Hoffman et al., 1994), which will activate cdk by
dephosphorylating its inhibitory pY15. Another
consequence of the lack of p21, PCNA -which is one
auxiliary factor needed for DNA polymerase § to initiate
replication- is also activated and the Gy to S transition is
made feasible (right part of Fig. 8).

13. The regulation of the rate of replication

The rate of replication in a nucleus is a function of
both the number of simultaneous active origins as well
as the mean rate of DNA elongation. Both factors are
indeed modified in the eukaryotic cells during
proliferation (Van’t Hof, 1976; Painter and Young, 1980;
Moreno and De la Torre, 1985). Though replication
seems to be a continuous process, activation of the
different families of replicons occurs at different times
of the S period.

There is a positive control of DNA replication. This
accounts for the observation that cells entering into the S
period with a biomass larger than the minimum mass
required for the initiation of replication (mi) replicate
their genome faster than the normal population
(Cuadrado et al., 1985; Johnston and Singer, 1985;
Cénovas et al., 1990).

The rate of replication is also positively controlled
by the rate of protein synthesis, probably due to the fact
that shortly after synthesis of the complementary DNA
strands, they are packaged with histones which are
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synthesized simultaneously with replication (Weintraub,
1972). This positive remains cryptic when there is a
large pool of histones in the cell. In addition, the high
availability of DNA precursors enhances the rate of
DNA replication.

But the replication rate is also under negative
control. This control, in principle, should not be
necessary under physiological conditions where
inititation of the S triggering ensures its completion. A
checkpoint which depresses the rate of replication in
response to DNA damage exists in mammalian cells
(Painter and Young, 1980) as well as in budding yeast
(Paulovich and Hartwell, 1995). There are two
components which downregulate the replication rate in
unfavourable conditions: one with a low radiosensitivity
slows down the rate of chain elongation (Watanabe,
1974), while the most radiosensitive one decreases the
number of active origins (Makino and Okada, 1975; see
Bernhard et al., 1995).

14. The G, to mitosis transition

The role of the cyclin-dependent kinases on this
other crucial transition was the first to be established in
fission yeast. As seen in Fig. 6, the mitotic cyclin-
dependent kinase (cdkl-cyclin B-cks), known as the
mitosis promoting factor, or MPF, is involved in this
transition in all eukaryotic cells. The initial step in MPF
activation is the assembly of its subunits (Fig. 13). When
they are bound, the trimeric structure constitutes the
precursor of the MPF or pre-MPF. Only the binding
of cyclin makes the trimer enter the nucleus.
In second place, the serine-threonine kinase CAK
(cyclin-dependent activating kinase) has previously
phosphorylated the threonine in position 161. This is
also required for the MPF to be active. Finally, in
mammalian cells, a kinase (the analogue of the Wee
kinase of fission yeast) phosphorylates not only the
tyrosine in position 15 (Y15) but the threonine in
position 14 (T14) of the catalytic subunit of the kinase
(bottom left of Fig. 5). This inhibitory phosphorylation
keeps the nuclear kinase inactive until specific
signals reach the nucleus. These signals activate the
phosphatase Cdc25. When these two aminoacids are
dephosphorylated, the cdk activates. Thus, the inactive
intranuclear mitosis-promoting factor is finally
activated by the phosphatase Cdc25. It should be
noticed how the two kinases CAK and Weel have
opposite effects on MPF in the nucleus, because one
phosphorylation activates it while the other inactivates
it.

As commented earlier, the negative regulation of this
transition usually becomes cryptic in animal cells under
physiological conditions. The product of the tumor
suppressor gene pS53, throughout the universal cdk
inhibitor p21 whose synthesis it induces, also prevents
the activation of MPF and, as a consequence, avoids the
G, to M transition (Agarwal et al., 1995; Fan et al.,
1995).

15. The spindle checkpoint

The formation of the bipolar spindle, immediately
after prometaphase is over, is a crucial initial part of the
microtubular cycle responsible for chromosome
segregation. Before it is triggered, another checkpoint
pathway exists which ensures all the kinetochores are
attached by microtubules to poles (Li and Murray, 1991).
This checkpoint is responsible for the arrest in mitosis
when antimicrotubular agents are used (see Gorbsky,
1997). This control is evolutionarily conserved in the
eukaryotic cells. The product of the tumor suppressor
gene p53 also participates in this pathway (Cross et al.,
1995).

16. The development of late mitosis

Chromosome segregation in mitosis coincides with
the inactivation of the mitotic cyclin-dependent kinase. It
takes place by degradation of cyclin B (Fig. 14). Mitotic
cyclins are degraded by ubiquitin-dependent proteolysis,
favoured by the presence of the cyclin “destruction box”,
a nine aminoacid motif which links ubiquitin, so that the
cyclins become targets for proteases (King et al., 1996).
This is an essential step for complete mitosis.

Controls involved in mitosis progression include the
checkpoint which verifies that all kinetochores are
bound to the spindle poles, and also the one which
responds to different mitotic forces and is responsible for
chromosomal segregation. Readers can follow them in
some excellent papers (Gallant and Nigg, 1992;
Holloway et al., 1993; Irniger et al., 1995; Li and
Nicklas, 1995; Murray, 1995; Yu et al., 1996). These
controls could not be considered minor ones, since this
transition is as important as the Gy to S and G, to M
transitions. In fact, mitosis producing cells with extra
chromosomes or with fewer chromosomes than the
diploid number are indeed a very important source of
genome instability which in some cases accelerates the
progression of cancer.
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Fig. 14. The exit from mitosis depends on the inactivation of the MPF or
active mitotic cyclin-dependent kinase. This inactivation depends on the
enzymatic binding of ubiquitin to the cyclin destruction box. When cyclin
is ubiquinated, a cyclin protease digests this regulatory component of
the cdk. The cdk is immediately inactivated. Phosphatases in the
absence of this kinase trigger a cascade of dephosphorylation in
different substrates reversing the processess which characterize the
initiation of mitosis, leading the cell to an interphase situation.
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17. Substrates of the cyclin-dependent kinases

There are many structural and regulatory proteins of
the cell which are known substrates for phosphorylation
by the active cyclin-dependent kinases and which are
responsible for cell progression throughout the different
cycle phases. Even checkpoint proteins such as p53 are
substrates for phosphorylation for cdks, as well as for
DNA-PK and for CKII (Fig. 10), though this loop has
not been well studied yet. Moreover, phosphorylation of
pRb by the G; cdk (cdk4/6-cyclin D) is one important
factor to activate the transcription factor E2F (Fig. 8).
Another substrate for cdks is the DNA polymerase a
involved in replication. Transcription factors are also
phosphorylated by cdks, as well as other protein kinases
of the cell.

On the other hand, the mitotic cyclin-dependent
kinases or MPF display pleiotropic effects (Fig. 15).
First of all, both mitotic cyclins (A and B) are targets for
the cyclin-dependent kinases. However, it is not yet
certain whether their phosphorylation is essential for
activating cyclin-binding to the cdk component and/or to
make the kinase active. Since both (the phosphatase
Cdc25, and the kinase CAK which activates the cdk) are
activated by the MPF (mitotic cdk), it is accepted that
the activation of the MPF fastly activates other
molecules of pre-MPF in the cell. Once all molecules of
MPF are activated in the cell and some requirements, as
attachment to poles of all chromosomes are fulfilled,
MPF itself activates the cyclin degradation machinery.
As a consequence, the cell exits from mitosis (Murray,
1993).

In relation to chromosome condensation, the mitotic
cyclin-dependent kinase phosphorylates the histone H1
located in the internucleosomal linker. This phos-
phorylation correlates with condensation of chromo-
somes (Gurley et al., 1974). Phosphorylation takes place
in the serine and threonine residues of the sequences
SPKK and TPKK (one letter code aminoacids) located in
the amino-terminal region of the histone H1 molecule. In
fact, the active form of this cyclin-dependent kinase is
frequently evaluated by its histone H1 phosphorylating
capacity. Cyclin-dependent kinases are also involved in
the phosphorylation of the high mobility group protein 1
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Fig. 15. The three main processes controlled by the phosphorylation of
different substrates by the mitotic cdks or MPF. These multiple targets
for cdks do not exhaust the range of them, some of them being involved
in important signal transduction pathways.

(HMG1), one of the non-histone proteins which binds
DNA and regulates its expression. It also phosphorylates
nucleolin, the nucleolar protein which is involved in the
selective transcription of some of the ribosomal DNA
genes. RNA polymerase is another target of these
cdks.

Finally, in relation to mitosis, proteins of the
kinetochore are also targets for cdk phosphorylation, and
their sudden dephosphorylation correlates with the
separation of the half chromosomes in anaphase, the
instant when chromosomes initiate segregation. But cdks
seem to be involved in mitosis progression in other
ways, since they also phosphorylate and induce changes
in microtubules and microtubular proteins, and increase
both microtubule turnover and the capacity of the mitotic
spindle assembly.

Phosphorylation of the nuclear lamins by cyclin-
dependent kinases has been related to the breakage and
disassembly of the nuclear envelope, a process which
takes place during prometaphase in higher eukaryotic
cells.

18. Other nuclear conditions integrated into the cell
cycle by checkpoint functions

Since early experiments by Rao and Johnson (1970)
it has been clear that there are also some intranuclear
requirements for a nucleus to respond properly to
cytoplasmic signals about cycle progression. The first of
these requirements was the stage of the chromatin: one
G, nucleus was unable to reinitiate replication when
properly stimulated (Hervas et al., 1982). In other words:
G, nuclei are unable to re-replicate, or they are not
competent for the initiation of an S period or there are
nuclear conditions incompatible with the Gy to S
transition. The disappearance of the nuclear envelope in
mitosis and its reconstitution at completion overrides
this particular requirement (Blow and Laskey,
1988).

Other requisites for a nucleus to respond to the
adequate stimulus have been discovered in plant cells,
which share similar control mechanisms with the
mammalian ones. To dissect the nuclear requirements,
the cells were treated with an agent producing multi-
polarity in mitosis. After cytokinesis was prevented, the
whole chromosome complement was distributed in
multiple nuclei (i.e. more than two) in a common cyto-
plasm. Thus, the whole tetraploid complement remains
distributed in different nuclei which share the same
cytoplasm. In these cells, both the initiation of
replication and that of mitosis depend on the intra-
nuclear presence of some particular chromosomes.
This requirement is obviously cryptic when the
whole chromosome complement is a nucleus. These
experiments point out that specific sequences of the
DNA of certain chromosomes constitute cis-acting
regulatory domains which are required for cycle
transitions (Hervas et al., 1982; Giménez-Martin et al.,
1992; Panzera et al., 1997).
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19. General properties of checkpoint pathways

First of all, the function of checkpoints or tumor
suppressor pathways is crucial when something goes
wrong or when the cell is growing under stress
conditions. These functions are not yet developed in the
simplified cycles of the first cell divisions of the embryo
(Edgar et al., 1994), but as there is always a basal level
of DNA damage, the lack of a checkpoint function in
any cell can lead to a rise in that level.

The main function of a checkpoint is the integration
of signals of opposite signs about the adequacy to
continue proliferation and to activate or inactivate the
corresponding cdks (Table 1).

The tumor suppressor genes should, in principle, be
recessive. Only the loss of both copies will result in the
loss of function in the diploid somatic cells. However,
some of them may produce a dominant negative
phenotype, as we have seen for p53 (Fig. 11).

Some common features of the different cycle
checkpoints are shown in Table 2. The multiple inputs
for the regulation of cdks and the fact that these inputs
are only steps in parallel regulatory pathways often make
checkpoints redundant. Thus, DNA damage produced by
UV exposure relies on the redundant inactivation of
cyclin-dependent kinases by both p21 induction and by
phosphorylation of the cdk inhibitory T14-Y15 residues
(Kharbanda et al., 1994; Poon et al., 1996). Another
example is provided by the checkpoint which controls
whether all the chromosomes are attached to the spindle
before the division of centromeres starts. It usually
depends on the CAK-phosphatase which controls
dephosphorylation of the threonine in position 161 of the
cdk. When this control does not work, such degradation
starts to depend on the inhibitory phosphorylation of
tyrosine 15 and threonine 14 instead (Minshull et al.,
1996). Due to redundant checkpoint pathways, genetic
analysis of these negative regulators depends on double
and triple mutants, even in the haploid cells of yeast.

Lastly, the repression that a checkpoint exerts on
cycle progression is transient, so if the damaged DNA is
not repaired for a period of time, the cell, depending on
the tissue, either leaves the cycle to rest with 2C of 4C
DNA contents, triggers a programme of suicide
(apoptosis) or fatally jumps into S or into mitosis (Del
Campo et al., 1997). The premature progression of
unprepared cells towards more advanced phases in the
cycle also has fatal consequences, either the initiation of

Table 1. Functions of checkpoints.

apoptosis itself or the entrance into a deleterious mitosis
(mitotic catastrophe). Either cell adaptation to a
continuous signal or frailty of one of the components of
the transduction signal cascade would account for this
effect.

Partially similar checkpoint functions take place for
analogous molecular events at different stages of the
cycle. For example, evaluation of DNA damage occurs
both in G; and G,. Moreover, portions of a single
negative regulatory pathway can be involved in the
control of processes which are analogous but not
identical, such as the presence of DNA damage and the
completion of replication.

Finally, purine analogs like pentoxyfilline, caffeine,
2-aminopurine, etc. can specifically cancel checkpoint
functions in the cell (Andreassen and Margolis, 1992;
Yao et al., 1996) and, as a consequence, allow
proliferation of unprepared cells. This effect apparently
depends on the activation of the phosphatase Cdc25
which removes the inhibitory phosphate on the T14 and
Y15 aminoacids in the catalytic subunit of the cdk.
However, their efficiency may depend on the cdk state,
since these purines can have the opposite effect, as they
can also inactivate cdks by competing for the ATP
pocket in the kinase (Vesely et al., 1994).

20. Approaches to the pharmacology of cancer
based on the checkpoint pathways

Molecular biology of the cycle has been extremely
important in understanding proliferation and cancer.

Table 2. Properties of checkpoints

1) They work as devices which evaluate the adequacy for a cell to
proliferate.

2) They integrate signals of opposite signs and produce a final balance.

3) If the balance is negative, they inactivate cdks and reversibly block
cycle progression. If the balance is positive for proliferation, they allow
the activation of the corresponding cyclin-dependent kinases.

4) They can induce the process needed for proper cycle progression to
occur (i.e., the induction of repair when DNA is damaged).

1) The checkpoint or tumor suppressor genes are recessive. However,
some of them may constitute dominant negative mutants when the
proteins they codify function as multimers and the mutation prevents
the assembly or the function of the multimer.

2) Checkpoint functions are mediated by enzymatic cascades. This
property makes both the amplification of their signals and their
pleiotropic effects possible.

3) Checkpoints are often redundant. Alternative enzymatic cascades
converge in some steps.

4) Checkpoints are frail. The repression that a checkpoint exerts on
cycle progression wears out with time if the lesion remains unrepaired
for a long time.

5) Different checkpoint pathways can share some segments of their
enzymatic cascades. For this, evaluation of DNA damage in Gy, S
and G, need not to be radically different.

6) One single checkpoint can control processes which are analogous
but not identical, such as the completion of replication and the
presence of DNA damage.

7) Two alternative outcomes are the consequence of the braking effect
of the checkpoint operation when the situation is not adequate for
proliferation: either the initiation of a resting state (either Gy or
differentiation) or the induction of a suicide programme (either
apoptosis or mitotic catastrophe).

8) Some purine analogues can cancel checkpoint functions, under
certain conditions, probably by inducing the dephosphorylation of
threonine and tyrosine residues of the cyclin-dependent kinase, and
activating it. As a consequence, there will be a premature cycle
progression of unprepared cells.
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Moreover, it provides new rational strategies to deal with
cancer. New targets have been unveiled for antitumoral
agents. All have advantages, in principle, over the
conventional chemotherapy and radiotherapy treatments
which are based on the genotoxic effects they produce
on proliferating cells, i.e. on cells which must undergo
either replication or mitosis. The efficiency of these
treatments are decreased by the repair mechanisms, if
some checkpoint functions still remain.

Among the novel approaches, the cascades of
reactions involved in the transduction of mitogenic and
antimitogenic signals are new targets to be considered.
Thus, inhibitors of the enzyme farnesyl-protein
transferase to silence the transduction of signals
throughout Ras, or the use of antisense technology have
been used.

Another new pharmacological approach to cancer is
the supply of natural polypeptides involved in check-
point functions or the use of chemical inhibitors specific
for the cyclin-dependent kinases. In this line, a set of
new inhibitors is being developed (Meijer, 1996),
though a second generation efficient at nanomolar
concentrations has to be found before being used in
cancer therapy (see Fig. 7). Some of them, as VCN-01
and flavopiridol are already in phase I trials.

Another antitumoral strategy is the re-establishment
of the deranged functions of negative regulators of the
cycle or checkpoints (Fig. 16). 1t would be good to know
the genetic lesions which are present in a specific tumor
to restore the activity of the unfunctional molecules. But
in any case, the induction of over-expression or the
increase in molecules involved in the checkpoint
transduction is very promising. Thus, cell proliferation
will only be selectively blocked in the transformed cells
possessing damaged DNA, but not in those cells with no
specific damage. Not only the enzymes which incide on
the inhibition of the cyclin-dependent kinases are targets

domage | checkpoint | repoir
towel P 6 1 S [ G ImP>
1] bosal + + [ riear | [ repair]
2 [ mediom ¥ ¥ [ Go | Goa
3| high + + I APOPTOSIS |
Y ¥
APOPTOSIS MITOTIC
CATASYROPKE
Fig. 16

Fig. 16. The consequences of the presence of damage and the
functioning of the corresponding checkpoints in cycle progression. Four
alternative situations are outlined. The presence of repair throughout the
cycle (situation 1), the arrest in Gy and Gg, 2 to allow repair as a
consequence of the cycle brake induced by checkpoints when damage
is present (situation 2), the induction of apoptosis when damage is too
high to be repaired by the cell (situation 3) and the induction of
apoptosis when unduly entering into a subsequent phase by failure of
the checkpoints (situation 4). The restoration of checkpoints in the latter
situation will allow the cell to arrest in either G or Gy, to repair.

for this therapy, but also those which activate specific
negative regulators of cycle progression: for instance,
the cascade of enzymes (kinases and phosphatases)
which are upstream of the cyclin-dependent kinases, in
the pathways which keep tyrosine 15-threonine 14
phosphorylation or which prevent threonine 161
dephosphorylation (see the model of Fig. 5). The
enzymes which activate the functioning of negative
regulatory proteins like p53, and also the DNA-
dependent protein kinases are also potential antitumoral
drugs.

Another very promising approach for antitumoral
drugs is the most radical of all, and this way is just the
opposite of the second one: to derange any remnant
checkpoint function in the cell. It will end in the
selective removal of the cells with damaged DNA by
favouring the induction of apoptosis. The cancellation of
the block produced by the negative regulators preventing
the completion of repair after chemo- or radiotherapies is
a perfect strategy to get rid of all the cells which have
damage in their DNA (Powell et al., 1995). As earlier
commented, checkpoints spontaneously cease when the
damage overtakes the repair capacity. This approach is
very favoured at present given the common properties of
all tumors: the increased number of control genes which
become deranged with time. This occurs because of the
characteristics of the transformed cell. Thus, as soon as a
DNA lesion appears and the corresponding checkpoint
fails to stop cycle progression, the stress produced by the
intranuclear presence of DNA damage leads to increased
genome instability. As McClintock (1984) showed, the
presence of broken DNA ends triggers the reorganization
of parts of the genome, mediated by the movement of
transposable elements, accelerating DNA evolution in
that particular nucleus, i.e., inducing its transformation.

The fact that purine analogs can selectively
annul negative controls in the cell cycle (Cremer et al.,
1980; Gonzalez-Ferndndez et al., 1985; Andreassen and
Margolis, 1992; Vesely et al., 1994; Yao et al., 1996)
make them potential drugs for such alternative approach
to cancer therapy. They are proving to be especially
useful when p53 failure is involved in cell trans-
formation, as in breast cancer (Fan et al., 1995). Then,
both the G; and the G, checkpoint pathways can be
eliminated by pharmacological intervention leading to
the triggering of apoptosis in the transformed cell
population which was unable to be stopped in spite of
the presence of DNA damage. It is fortunate that the
p53-deficient tumors which are resistant to genotoxic
agents are, however, prone to apoptosis induction.

Abbreviations and their short definitions

A: alanine; AP-1: nuclear transcription factor formed by
c-fos/c-jun heterodimers; ATM: checkpoint gene
mutated in ataxia telangiectasia; Bax: gene whose
product dimerizes and inactivates the inducer of
apoptosis bcl-2; Bel-2: mammaliam gene which
suppresses cell death by apoptosis; CAK: cyclin-
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dependent kinase activating kinase; caspases: cysteinyl-
aspartate-specific protein-ases, new nomenclature for the
ICE-like family of proteases, the main natural mediators
for the induction of apoptosis; cdc: cell division cycle;
Cdc25: dual phosphatase codified by the gene cdc25 of
S. pombe which estimulates cdk by dephosphorylating
its Y15 and T14 residues; cdk: cyclin-dependent kinase;
cki: cyclin-dependent kinase inhibitor; cks: cyclin-
dependent kinase subunit; c-fos: gene which early
responds to mitogenic signals transduced by MAP-
kinases by inducing the synthesis of a transcription
factor; chk: checkpoint pathway transducing antimito-
genic signals in a cascade of products of tumor
suppressor genes; c-jun: gene which early responds to
mitogenic signals transduced by MAP-kinases by
inducing the synthesis of a transcription factor; c-myec:
gene which early responds to mitogenic signals trans-
duced by MAP-kinases by inducing the synthesis of a
transcription factor which induces the synthesis of the
phosphatase Cdc25; DNA-PK: DNA-dependent protein
kinase; DPC4: a human checkpoint or tumor suppressor
gene integrated in checkpoint pathways; E: glutamic
acid; E2F: trancription factor which is activated by early
response genes; ERCC: enzymes which cut DNA and
are involved in nucleotide excision repair; ERK1 and
ERK2: two MAP-kinases of 44 and 42 kD, respectively,
which are known as Extracellular Signals-Regulated
Kinases; FRAP: inhibitor of G; cdks which associates to
the rapamycin-receptor; G: resting stage for cells with
the 2C pre-replicative content of DNA; Gy: interphasic
pre-replicative stage of the cycle; G,: interphasic post-
replicative stage of the cycle; HMG1: highly mobility
group protein 1. It binds DNA sequences and regulates
their expression; I: isoleucine; ICE: family of proteases
activated in the apoptosis programme (see caspases) ; K:
lysine; Ku: helicase which binds to DNA strand breaks.
It accompanies the DNA-PK catalytic subunit; M:
mitosis or period of nuclear division in the cell cycle;
MAP-kinase: mitogenic-activated protein kinase; MAP 2
kinase: the kinase which phosphorylates MAP-kinase;
MAP 3 kinase: the kinase which phosphorylates MAP 2
kinase; MDM2: a protein which binds p53 and inhibits
its checkpoint function, i.e. it acts as a mitogen; MPF:
mitosis promoting factor = maturation promoting factor
= meiosis promoting factor. Equivalent to mitotic cdk =
cdkl + cyclin B; my: minimum division mass; m;:
minimum mass required for DNA replication; NLS:
nuclear localization signal; P: proline; p9: the smallest
subunit forming the cdk trimer in mammalian cells,
analogue of p13sucl; p13sucl: smallest subunit of the
mitotic cyclin-dependent kinases in S. pombe; p15, pl6,
p18 and p19: members of the p16 family of cyclin-
dependent kinase inhibitors; p21, p27 and p57: members
of the p21 family of cyclin-dependent kinase inhibitors;
p34 or p34cde2: cyclin-dependent kinase from S. pombe;
p53: multifunctional protein which functions as a tumor
suppressor because is a checkpoint protein and an
inducer of apoptosis; pS7: member of the p21 family of
cyclin-dependent kinase inhibitors; pl07 and p130: two

checkpoint proteins of the Rb family; PCNA:
proliferating cell nuclear antigen = auxiliary factor of the
DNA polymerase 8; PI 3 kinase: phosphatidyl inositol
lipid kinase. There is a subfamily of them -which
includes ATM, DNA-PK and FRAP- which recognize
and transduce signals related to the presence of DNA
damage; PP2A: phosphatase 2A; pRb: 100 kD negative
regulatory protein which is missing or unfunctional in
retinoblastoma patients; pre-MPF: pre-mitosis or pre-
maturation promoting factor; PSTAIRE: highly
conserved motif found in the small lobe of the catalytic
subunit of the cdks; R: arginine; Raf: serine-threonine
protein kinase which acts on the transduction of
mitogenic signals; Ras: GTPase protein which acts on
the transduction of mitogenic signals from growth factor
receptors; RPA: replication protein A; RF-C: replication
factor C; S: serine; Smad: enzyme involved in the trans-
duction of antimitogenic signals leading to induction of
the cdk-inhibitor p15; S period: the period of replication
of nuclear DNA in the cell cycle; T: threonine; T-14:
threonine located in position 14 of the polypeptide chain
forming the catalytic subunit of cdk; TFIIH: trancription
factor IIH; TGF-B: transforming growth factor B (it
usually works as antimitogenic); T-loop: structural
configuration in the major lobe of the catalytic subunit
of the cdks; UV: ultraviolet; Weel: kinase of S. pombe
which phosphorylates tyrosinel5; XP, xeroderma
pigmentosum; XP A, B, C, D, E, G: different DNA
helicases encoded by genes which are mutated in
xeroderma pigmentosum; Y: tyrosine; Y15: tyrosine in
position 15 of the catalytic subunit of cdk.
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