
CHAOS VOLUME 11, NUMBER 1 MARCH 2001
Kick-starting the cell cycle: From growth-factor stimulation to initiation
of DNA replication
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The essential genes, proteins and associated regulatory networks involved in the entry into the
mammalian cell cycle are identified, from activation of growth-factor receptors to intracellular
signal transduction pathways that impinge on the cell cycle machinery and ultimately on the
initiation of DNA replication. Signaling pathways mediated by the oncoproteins Ras and Myc
induce the activation of cyclin-dependent kinases CDK4 and CDK2, and the assembly and firing of
pre-replication complexes require a collaboration among E2F, CDK2, and Cdc7 kinase. A proposed
core mechanism of the restriction point, the major checkpoint prior to commitment to DNA
synthesis, involves cyclin E/CDK2, the phosphatase Cdc25A, and the CDK inhibitorp27Kip1.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1336826#
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The cell division cycle can be viewed as a process of un
folding the genetic blueprint for the construction and
maintenance of an organism. With the remarkable recent
advances in molecular biology, it may be feasible in the
near future to compose a sufficiently detailed mechanism
of the cell cycle to an extent that would allow us to simu-
late its real-time dynamics on a computer. The major
players and pathways of interactions are rapidly being
identified and the time has come to start encoding this
information in the form of quantitative kinetic models
that could enhance our understanding and control of this
complex and intrinsically nonlinear process. In this re-
view, we focus on the important issue of how cells ente
the proliferative state upon stimulation by growth fac-
tors. Our goal is to identify, based on solid experimental
evidence, the essential components of the dynamical sy
tem in preparation for future mathematical modeling;
these components include intracellular signal transduc-
tion pathways that trigger the cell cycle machinery and
ultimately the unwinding of the DNA duplex to initiate
replication.

I. INTRODUCTION

Most of the cells in our body are in a nondividing qu
escent state but some continually proliferate and die suc
those of the skin, of epithelial tissues, and stem cells in
bone marrow. Some cells, like those of the breast and ute
although normally quiescent, can also be induced to pro
erate in response to specific physiological stimuli. Tissue
generation, as in the case when part of the liver is excise
an important example of a process wherein cells reenter
cell cycle due to removal of signals that inhib
proliferation.1 Terminally differentiated cells such as hea
muscle cells, nerve cells, and neurons do not possess
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ability to regenerate. However, it has been shown recen2

that nuclei of some heart muscle cells can be induced
divide with an appropriate stimulus, at least in a cell-fr
system; this demonstration could pave the way to strate
for regeneration of cardiac muscle. On the other hand, tra
formed cells that proliferate uncontrollably and form tumo
would have undergone certain genetic mutations that a
gate cell cycle checkpoints rendering the cells unrespon
to homeostatic signals. In both cases, whether starting
arresting the cell cycle, one needs to know how extracellu
stimuli and intracellular signal transduction pathways a
coupled with the cell cycle machinery. This paper is an
tempt to sketch a picture of this complex process, from a
vation of membrane receptors by growth factors to the
winding of the DNA duplex at the start of replication. Th
topic covers broad fields in molecular cell biology and it
not my intention to merely summarize existing authoritati
reviews of the impressive progress in these fields; instea
will try to present an interpretation of the known or post
lated network of pathways by highlighting those that cou
dominantly affect the dynamics of the entire process and
particular, identifying features of the network that posse
intrinsic switching behavior. The complexity of the pathwa
of signal transduction and cell-cycle regulation is ove
whelming that a mathematical and computer-based ana
is now required to arrive at a system-level understanding
control of the cell cycle; identification of the essential com
ponents of the system and how they interact, which is
primary objective of this review, is a necessary step in t
direction.

II. THE G1ÕS CELL CYCLE MACHINERY

At the very least, the cell cycle can be defined as
alternation between the process of replicating the chrom
somes and the process of segregating the duplicate chro
somes into two homologous sets. The first process requ
DNA synthesis and is said to occur duringSphase, while the
second process is carried out by a sophisticated molec
© 2001 American Institute of Physics
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machinery operating during mitosis orM phase. The stan
dard eukaryotic cell cycle goes through the sequence
phases, namely,G1, S, G2, andM, whereG1 andG2 are
the intervening gaps betweenS andM phases. An overview
of the impressive progress in elucidating the molecu
mechanism of the cell cycle is provided in a review article
Pines.3 Figure 1 gives a network diagram of the major pla
ers of the cell cycle machinery inG1/S and should be con
sulted by the reader during the discussion below. A list
important abbreviations used is given in the Appendix.

A. Regulation of protein kinases that drive the cell
cycle

Associated with the transitions through the phases of
cell cycle are the sequential expressions of proteins ca
cyclins. The major mammalian cyclins have been group
into types called cyclins D, E, A, and B. Levels of D-typ
cyclins increase upon exposure to growth factors, follow
by increases in cyclins E and A. These cyclins bind with, a
are absolutely required for the activation of, a group of e
zymes called cyclin-dependent kinases~CDKs!. These CDKs
drive the cell cycle ‘‘engine’’ by catalyzing the phosphor
lation of serine and/or threonine residues of their protein s
strates. In theG1 andSphases, the most important mamm
lian CDKs are CDK4, CDK6, and CDK2. Complexes
cyclin D/CDK4 and cyclin D/CDK6 are activated early i
G1 while active complexes of cyclin E/CDK2 appear in mi
to late-G1 followed by cyclin A/CDK2~reviewed in Ref. 3!;
thus, cyclin D/CDK4~or CDK6! complexes are considere

FIG. 1. An overview of the major players and pathways involved in
G1 –S transition of the mammalian cell cycle. TheG1/S cyclins include
cyclins D, E, and A which bind their respective cyclin-dependent kin
partners CDK4,6 and CDK2 as shown. The transcription factors E2F
Myc ~associated with their partners DP and Max, respectively! are shown
bound to DNA and stimulate expression of various genes as indicated
dashed arrows. Active retinoblastoma protein,pRB, binds to E2F and re-
presses the latter’s transcriptional activity; the cyclin–CDK complexes
activatepRB by phosphorylation. CDK inhibitors such asp16 andp27 are
shown. The activation of cyclin E/CDK2 is shown to be regulated by
phosphatase Cdc25A and the inhibitorp27. The assembly and activation o
pre-replication complexes~pre-RCs! involve the collaboration of E2F,
CDK2 and the kinase Cdc7. ORC5origin-recognition complex; MCMs
5minichromosome-maintenance proteins MCM2–7.
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as ‘‘growth-factor’’ sensors. The link between cyclin D sy
thesis and intracellular signal transduction pathways will
discussed in more detail below.

In addition to binding with cyclins, activation of CDKs
also requires phosphorylation of certain threonine residue
task carried out by CAK~for CDK-Activating Kinase, itself
a complex composed of cyclin H, CDK7, and MAT1!. On
the other hand, certain kinases~e.g., Wee1 and Mik1! can
phosphorylate these CDKs on specific tyrosine and/or thr
nine residues resulting in the inhibition of CDK activity
removal of these inhibitory phosphate groups is carried
by a family of Cdc25 phosphatases~isoforms Cdc25A, -B,
and -C exist in mammalian cells; of these, Cdc25A is t
most important member inG1!. As will be discussed in more
detail below, various experimental results point to Cdc2
as a crucial target of intracellular signal transduction pa
ways and as a key player in theG1 –S transition.

The activity of CDKs is also inhibited by binding with
small proteins called CKIs~for CDK Inhibitors! of which
there are two families: the INK4 family~p16, p15, p18, p19!
and the CIP/KIP family~p27, p21, p57!. INK4 members are
specific inhibitors of CDK4 and CDK6, while the CIP/KIP
proteins are universal CDK inhibitors. Protein levels ofp27
are generally high in quiescent cells and bringing these le
down has been recognized as one of the key prerequisite
S-phase entry~reviewed in Ref. 4!. The regulation ofp27
levels by intracellular signal transduction pathways will
discussed in more detail in Sec. III.

B. Transcriptional regulation of S-phase entry

The activation of CDK4,6 is normally followed by th
activation of CDK2; this sequential activation is linked to th
transcription ofG1-related genes including cyclin E, cycli
A, Cdc25A, and those required for the assembly and act
tion of DNA pre-replication complexes, replication com
plexes and polymerases. This transcriptional link is media
primarily by members of the E2F family of transcriptio
factors.5,6 The transcriptional activity of E2F is regulated b
various factors that include~a! binding with DP proteins,~b!
phosphorylation of E2F or its DP partner that affects t
dimer’s ability to bind DNA and stability of E2F agains
proteolysis, and~c! binding with ‘‘pocket’’ proteins, namely,
the retinoblastoma protein~pRB!, p107 andp130. Besides
regulating E2F-dependent gene expression,pRB exerts a
global influence on gene expression through its recruitm
of a histone deacetylase~HDAC! whose activity induces a
chromatin structure that is repressive to transcription.7–9 An-
other important transcription factor is Myc whose role
G1/S progression has been shown to parallel that
E2F.10–12 Myc forms a heterodimer with Max and Myc’
transcriptional activity could be repressed by binding of t
pocket proteinp107.12 Myc stimulates the expression of cy
clin E, cyclin A and Cdc25A, all of which contribute to th
activation of CDK2. Furthermore, Myc has been sugges
to exert global effects on gene expression by inducing ch
matin remodeling in the neighborhood of Myc binding sit
on DNA.13

Transcription factors that are expressed immediately
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271Chaos, Vol. 11, No. 1, 2001 Kick-starting the cell cycle
ter mitogenic stimulation may have functions beyond tra
scriptional induction of specificS-phase genes. It is als
thought that they contribute to remodeling chromatin str
ture by recruiting co-activators possessing histone ace
transferase~HAT! activity or by recruiting chromatin remod
eling factors to replication origins. HAT activity induces
more open chromatin that increases the likelihood of init
ing transcription. An example of a transcriptional c
activator is CBP/p300 which possesses an intrinsic HAT a
tivity and has been shown to be required forG1/S transition
in some mammalian cell lines.14 Of significance is the dem
onstration that CBP/p300 HAT activity is regulated in a cel
cycle-dependent manner; HAT activity is maximal at a tim
point preceding theG1/S transition.14 CBP/p300 is a co-
activator for the transcription factors E2F, Myc, andp53.
Indeed, some of these transcription factors may also pla
direct role in initiating replication; for example, some rep
cation origins in higher eukaryotes are located in promo
regions of genes such asc-myc, and replication near th
c-myc promoter can indeed be induced in a model replica
system~specifically, the negative supercoiling introduced
transcription induced the unwinding of the DNA duplex
the origin sequence!.15

Another intriguing observation is that the CDK
activating kinase, CAK, has been found to be a compon
of protein complexes involved in the basal transcription m
chinery and that CAK can phosphorylate RNA polymera
II; 16 thus, CAK can also provide a direct link between c
cycle control and transcription.

C. The pRB pathway

Almost all human cancers are associated with some
fect in thepRB pathway12 which is loosely defined as th
network regulating the activity of the retinoblastoma prote
~pRB! ~see Fig. 1!. pRB is considered a tumor-suppress
which, as we have stated above, restrains E2F transcripti
activity. In early G1, pRB is in a hypophosphorylated~ac-
tive! form that binds and inhibits E2F; entry intoS-phase
requires hyperphosphorylation ofpRB so that E2F’s activity
is derepressed allowing the expression of E2F’s tar
S-phase genes. It is important to note that there are var
feedback loops involving E2F and CDK2~see Fig. 1!. One
example of a positive feedback loop is the following: E
induces transcription of cyclins E and A which then he
activate CDK2 that, in turn, phosphorylatespRB thereby
derepressing E2F. Initial stages ofpRB phosphorylation are
carried out by cyclin D/CDK4,6 and, because of the posit
feedback loop involving E2F and CDK2, hyperphosphory
tion is driven by the rapid increase in CDK2 activity. W
will discuss below that the positive feedback loop mention
above may not be sufficient to explain the switching beh
ior expected of theG1 checkpoint that triggers entry int
S-phase; the involvement of the phosphatase Cdc25A and
CDK inhibitor p27 has been suggested to be crucial.4

D. The restriction point

The restriction point~R point! marks the transition from
mitogen-dependent to mitogen-independent cell cycle p
Downloaded 16 Nov 2001 to 137.78.90.162. Redistribution subject to AIP
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gression in the animal cell cycle.17 It is a central issue in our
present discussion and its very existence could point out
key to understanding the kinetics and control of the initiati
of DNA replication. When the R point is ‘‘crossed’’ in mid
to late-G1, the cell is committed to replicate its DNA. Th
preponderance of experimental evidence supports the
that the activation of CDK2, specifically cyclin E/CDK2, to
sufficient threshold level is necessary to triggerS-phase entry
~reviewed in Ref. 4!. More recent findings point to a nece
sary collaboration between E2F and cyclin E/CDK2 beca
certain E2F-target gene products are required for the for
tion of pre-replication complexes.18

We have recently suggested and demonstrated by c
puter simulations4 that there could be two important ingred
ents of a switch associated with the R point:~a! The positive
feedback loop between Cdc25A and cyclin E/CDK2, and~b!
the mutually antagonistic interaction betweenp27 and cyclin
E/CDK2 ~see Fig. 1!. The positive feedback loop in~a! in-
volves the Cdc25A phosphatase activating CDK2 by rem
ing inhibitory phosphate groups and, in turn, CDK2 activa
Cdc25A by phosphorylation; however, the existence of t
positive feedback loop is still controversial.19 The antagonis-
tic interaction betweenp27 and CDK2 involves, on the on
hand, the binding ofp27 to Cyclin E/CDK2 thereby inhibit-
ing the latter’s kinase activity and, on the other hand, CD
phosphorylatingp27 leading to the proteolytic degradation
p27 ~see Ref. 4 for review!. Two important observations
have been reported supporting the picture above:~1! in pRB-
negative cells, a switching behavior in CDK2 activity cou
still be observed,20 and~2! overexpression of Cdc25A acce
erates theG1/S transition and shows simultaneous activati
of Cdc25A and cyclin E/CDK2.21 The core mechanism pro
posed here has some attractive kinetic properties attribut
to an R point switch and it could be expected that sig
transduction pathways inducing entry intoS phase would
target this core mechanism; this indeed is the case, as
discuss below.

III. SIGNAL TRANSDUCTION PATHWAYS

Most intracellular signal transduction pathways that a
known to induce cell proliferation do so by eliciting tw
major events inG1: One is increased cyclin D synthesis lea
ing to the activation of CDK4, and the other is the activati
of cyclin E/CDK2. Experimental evidence has shown th
the activation of cyclin D/CDK4 is not absolutely require
for the activation of cyclin E/CDK2 as certain signalin
pathways mediated by Myc can regulate the expression
proteins that affect CDK2 activity, namely, Cdc25A and c
clin E, as well as downregulate the CDK inhibitorp27.11

Quiescent cells, when exposed to growth factors, ree
the cell cycle by rapidly expressing ‘‘immediate-early’’~IE!
genes such as Fos, Jun, Ets, and Myc, to name a few. B
the Ets and AP1 transcription factors~Fos and Jun being
components of AP1! induce cyclin D1 expression~reviewed
in Ref. 22!. Myc induces the expression of Cdc25A, cycl
E, cyclin A ~Ref. 10!, and also CDK4~Ref. 23!. Using
cDNA microarrays, Iyeret al.24 monitored the IE genes tha
are rapidly expressed when quiescent human fibroblasts
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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stimulated by serum to enter the proliferative state; it w
found that these IE genes include those encoding trans
tion factors and signal transduction proteins.

In this section, we will consider signal transduction pa
ways initiated at receptors in the plasma membrane that
activated upon binding of growth factors. Two we
characterized groups of these membrane receptors are
receptor tyrosine kinases~RTKs! and the G protein-coupled
receptors~GPCRs!. For a recent review, the reader is r
ferred to Ref. 1. For some examples of the various gro
factors that can activate an important signaling pathway,
MAP kinase pathway to be discussed below, the reade
referred to Ref. 25. In general, multiple signaling pathwa
may emanate from one type of membrane receptor, th
pathways may converge downstream, and there could
cross-talks~inhibitory or activating! among pathways; the
challenge is to understand how this complex network of s
naling pathways is processed by the cellular system to e
the proliferative state.

A. Signals regulating cyclin D ÕCDK4 activity

Many studies point to the involvement of the Ras fam
of small GTPases in the upregulation of cyclin D1 synthe
A summary of the important pathways from Ras to cyclin D
is given in Fig. 2~a figure adapted from Refs. 22 and 26!.
Three Ras-effector pathways are shown that lead to the
thesis or stabilization of cyclin D1:~1! The mitogen-
activated protein kinase~MAPK! cascade involving the se
quence Raf/MEK/ERK,~2! the PI3K/S6K pathway, and~3!
the PI3K/Akt pathway that can induce transcription of cyc
D1 or stabilization of cyclin D1 by inhibiting GSK-3b ~gly-
cogen synthase kinase 3b!, the kinase that phosphorylate
cyclin D1 causing this cyclin’s degradation~reviewed in Ref.
22!. It has been claimed that activation of PI3K is necess

FIG. 2. Two major Ras-effectors, PI3K and Raf, located upstream of in
cellular signaling pathways that impinge on cyclin D1, cyclin E, CDK4
and CDK2. Stimulatory pathways are shown as arrows while inhibit
pathways are indicated with hammerheads. Abbreviations: CDK5cyclin-
dependent kinase; PI3K5phosphatidyl inositol 3-kinase; S6K5ribosomal
S6 protein kinase; PKB5protein kinase B; GSK3b5glycogen sythase ki-
nase 3b; ERK5extracellular signal-regulated kinase~also known as MAPK,
for mitogen-activated protein kinase!; MEK5MAPK/ERK kinase ~also
known as MAPKK, for MAPK Kinase!. Figure adapted from Refs. 22
and 26.
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and sufficient for cell-cycle reentry and DNA synthesis, r
gardless of the status of the Raf/MEK/ERK pathway~re-
viewed in Ref. 26!. Recent reports have pointed to the si
nificance of the ribosomal protein S6, a component of
40S ribosome, in coordinating cell growth with division27–29

and the PI3K/S6K pathway could be an important signal
pathway in this coordination. Figure 2 shows an arrow fro
Raf to Cdc25A to signify the physical association betwe
these two proteins and the activation of Cdc25A by R
thereby enhancing the mitogenic signal from the MAP
nase pathway.30 Note thatp27 is downregulated by mecha
nisms involving both PI3K and ERK, which is necessa
for cell cycle reentry because quiescent cells gener
have high levels ofp27. For in-depth discussions of the pat
ways shown in Fig. 2, the reader is referred to Refs.
and 26.

B. Signals regulating cyclin E ÕCDK2 activity

The relationship between Myc and the cell cycle h
been reviewed10,31 and experimental evidence suggests t
Myc drives the cell cycle primarily through the activation
cyclin E/CDK2. Figure 3 shows the expression of Myc im
mediately after activation of membrane receptors wh
leads to activation of tyrosine kinases such asSrc and JAK.
Myc’s transcriptional targets include cyclin D2,32,33

CDK4,23,32 Cdc25A,34 E2F-2,35 and cyclin E.36 It has also
been shown in some cells that Myc suppresses the trans
tion of cyclin D1 and gas1~growth-arrest specific gene 1!
~see Ref. 1 for review!.

Figure 3 suggests at least three ways that Myc co
regulate the activity of CDK2: One is via induction of cycli
E expression, another is via induction of Cdc25A express
and, third, via induction of cyclin D2 which has been imp
cated in downregulatingp27 and p21 by a sequestration
mechanism.33,37 Furthermore, expression ofp21 has been
observed to be repressed by Myc.32 It is, therefore, not sur-

-

y
FIG. 3. Expression of the immediate-early gene c-myc after activation
growth-factor receptors and tyrosine kinases Src or JAK. Myc targets
shown to include D-type cyclins, cyclins E and A, E2F, Cdc25A, and CD
inhibitorsp19 andp21, all of which ultimately affect the activities of theG1
CDKs.
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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prising that Myc could bypass the effects of the tum
suppressor proteinsp16 andpRB.10 Indeed, Santoni-Rugiu
et al.11 report evidence for the involvement of Myc in
G1/S-promoting mechanism that is parallel to thepRB/E2F
pathway; that is, either E2F alone or Myc alone could
duce DNA synthesis. However, both E2F and Myc we
shown to be required for an orderly completion of c
cycles. Santoni-Rugiuet al.11 further demonstrated that th
effect of Myc is associated with Cdc25A and activation
cyclin E/CDK2.

C. Adapters, scaffolds, and signaling modules

Despite the tangled web of signaling pathways, the c
has developed means to analyze, route, and convey signa
their specific targets. For a perspective on the main issue
intracellular signaling, the reader is referred to Wenget al.38

Here, we briefly discuss the role of adapter and scaffold
proteins that mediate the formation of macromolecular
semblies or signaling modules. Adapter proteins contain
mains that mediate protein–protein interactions; an exam
is the Grb2 protein which connects an activated membr
receptor and, for example, the SOS protein, a guan
exchange factor required for the activation of Ras. Scaff
proteins are thought to prevent or minimize crosstalks
tween related pathways as well as increase the respon
ness of the signaling module to incoming signals. An e
ample of a scaffolding protein is MP1 which binds ERK
and MEK1, components of the MAP kinase cascade.39 In-
deed, this macromolecular organization appears to exten
a higher level of subcellular organization because of e
dence that the entire signaling complex, from recep
through Ras to ERK, is located in membrane structu
called ‘‘caveolae.’’40 Thus, important kinetic principles in
signal transduction may be associated with macromolec
organization beyond the individual activities of the comp
nents of a signaling pathway.41

An interesting quantitative modeling of the involveme
of scaffold proteins in MAPK signaling has been carried o
by Levchenkoet al.42 Their results suggest that there exists
certain scaffold concentration that generates an optimal
nal amplitude, and that this optimal scaffold concentrat
does not depend on the binding constants of kinase-sca
interactions but only on the kinase concentrations and
character of kinase–kinase interactions. Thus, the aut
conclude that scaffolds contribute to channeling of casc
reactions through scaffold-specific regulation of the reacti
and not by sequestering the cascade components from
cytosol.

D. Resolving the complex network of signaling
pathways

Structural analyses of the cytoplasmic regions of so
membrane receptors have shown that pathways gener
contradictory signals may emanate simultaneously from
same receptor~see Ref. 43, for examples!. Furthermore, the
character and duration of a given signal may evoke co
pletely different cellular responses; for example, althou
the stimulation of the MAPK cascade usually drives pro
Downloaded 16 Nov 2001 to 137.78.90.162. Redistribution subject to AIP
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eration, sustained vigorous activation of this pathway c
induce cell cycle arrest, possibly by upregulation ofp21 as
shown schematically in Fig. 2.44 More specifically, activation
of Raf, a member of the MAPK cascade, can trigger differ
responses such as proliferation, growth arrest, apoptosi
differentiation.45 There is evidence that the state of thep53
tumor suppressor protein determines whether a Raf sig
stimulates or inhibits proliferation;1 thus, according to the
‘‘orchestrating model’’ of Hirano,43 p53 could be the ‘‘or-
chestrator’’ of the conflicting signals from Raf. Crosstal
among signaling pathways also provide ways of enhanc
one pathway over another; a good example shown in Fig
is the inhibition of the Raf/MEK/ERK pathway by the PI3K
PKB pathway through the phosphorylation of Raf by Akt45

This particular crosstalk has been interpreted as the caus
the shift in cellular response of a human breast cancer
line from cell cycle arrest to proliferation. In addition t
crosstalks in signaling networks, several feedback loops h
been discovered that can self-regulate Ras/Raf signaling
amples include ERK likely phosphorylating SOS thereby
leasing SOS from Grb2 and stopping signals from Ras,1 and
ERK inducing the expression of phosphatase MKP-1 ther
dephosphorylating and deactivating ERK.24

How can we understand and control the complex sign
ing pathways that determine the fate of a cell? The beha
of computer-based neural networks has been offered a
paradigm.46 As more details of particular signaling pathwa
are elucidated, it may be possible to carry out detailed co
puter simulations of their operation. For examp
Kholodenko et al.47 have performed both computation
modeling and experimental analysis of short-term signal
from the epidermal growth factor receptor of isolated he
tocytes; their kinetic model is able to show under what co
ditions the activation patterns of signaling proteins are tr
sient or sustained which is crucial in determining the cellu
response.

IV. INITIATION OF DNA REPLICATION

Significant advances have been made recently towa
understanding the process of initiating DNA replicatio
most of the knowledge gathered so far comes from stud
with budding yeast~Saccharomyces cerevisiae!, but the
emerging picture seems to be conserved from yeas
human.48,49This picture requires the assembly and activat
of pre-replication complexes~pre-RCs! onto replication ori-
gins on DNA prior to recruitment of DNA polymerases. Th
pre-RC is composed of the following proteins~see Fig. 1!:
the origin-recognition complex~ORC!, Cdc6, and complexes
of MCM proteins~MCM2–7!. ORC recruits Cdc6 which, in
turn, loads the MCMs onto the chromatin. Some of t
MCMs have been shown to possess helicase~DNA-
unwinding! activity ~see Ref. 48 for review!. The replication-
competent state of the chromatin is characterized by the p
ence of chromatin-bound MCMs while the replicatio
incompetent state is maintained by preventing MC
binding; thus, the MCMs are referred to as ‘‘licensing fa
tors’’ for DNA replication. The CDKs of the cell cycle ma
chinery are then expected to enter into the picture by ren
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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ing the chromatin replication-competent inS phase and, jus
as important, ensuring that DNA is replicated only once
cell cycle.

A tentative model has been proposed by Fujita49 to ex-
plain the processes involved in the assembly and activa
of pre-RCs. This model assumes that inG1, ORC, and Cdc6
are associated with the nuclear matrix and MCM comple
are loaded onto chromatin regions that are not associ
with the nuclear matrix. UponS-phase entry, members of th
MCM complexes are activated through phosphorylation
kinases such as Cdc7 and CDK2. According to the Fu
model, the MCMs are dissociated from chromatin once r
lication starts and reloading could be prevented by so
mechanism involving CDK2. Recently, Petersenet al.50 pro-
vide evidence that phosphorylation of Cdc6 by cyc
A/CDK2 leads to the export of Cdc6 out of the nucleu
hence preventing the reloading of MCMs. InG2/M , CDK2,
and Cdc2 could hyperphosphorylate Cdc6 and the MCM
reinforce the replication-incompetent state of the chroma
Finally, during exit from mitosis, Cdc2 kinase activity
suppressed and the replication-competent chromatin c
again be formed.

Leone et al.18 provide evidence of a collaboration be
tween cyclin E/CDK2 and members of the family of E2
transcription factors in the induction ofS phase. These au
thors sketched a model wherein the accumulation of m
bers of the pre-RCs depends on E2F and that either the
sembly of the components of the pre-RCs or the activation
an assembled pre-RC is facilitated by phosphorylation c
ried out by cyclin E/CDK2. Arataet al.51 have investigated
the molecular mechanism of E2F-mediated initiation of ch
mosomal DNA replication in mouse fibroblasts and their
sults indicate a cascade of processes starting from E2F
vation to the induction of the expression of pre-R
components such as the MCMs, Cdc6, and another rep
tion protein, Cdc45. Cdc45 is thought to be a scaffold prot
that binds the MCM helicase and the replicative polymera
together~reviewed in Ref. 48!. The results of Arataet al.51

suggest that CDK2 activity was required only for chroma
binding of Cdc45 and, therefore, E2F and cyclin E/CDK
must cooperate to induce chromosomal DNA replication.

The details of the ‘‘firing’’ of replication origins are stil
sketchy. However, Masaiet al.52 have proposed a mode
wherein the Cdc7 kinase acts as a switch for DNA repli
tion. Cdc7 kinase activity is cell cycle-dependent, primar
through the availability of its binding partner Dbf4~called
ASK in human cells! which is expressed maximally at th
G1/S transition. According to Masaiet al.,52 the following
hypothetical sequence of events occurs prior to DNA
winding: Cdc7/Dbf4 phosphorylates MCM2, the inhibito
MCM2 and MCM3/5 subunits then dissociate from t
MCM complex ~note that hyperphosphorylation of MCM
has been detected duringS phase in yeast and mammalia
cells!, and finally the helicase activity of the MCM4/6/7 su
assembly unwinds the DNA duplex. Indeed, experimentsin
vitro have shown that MCM2 inhibit the helicase activity
MCM4/6/7 complex~reviewed in Ref. 52!.
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V. PUTTING THE PIECES TOGETHER

A rigorous biochemical definition of the quiescent orG0
state for somatic mammalian cells is difficult to formula
because of widely varying attributes that depend on cell t
or lineage~see Ref. 53 for a short review!. However, com-
mon characteristics shared among quiescent cells have
identified. G0 cells generally exhibit a low level or an ab
sence of transcription of immediate early~IE! genes. The fact
that the mRNAs of many of these IE genes are quite unsta
would explain why sufficiently strong and sustained grow
factor stimulation is needed to reenter the cell cycle. T
low-level transcription inG0 is consistent with, and perhap
due to, the finding that there is a predominance of hypoph
phorylatedpRB family members especiallyp130, the pre-
dominant repressor of transcription in the quiescent state.54,55

The active~hypophosphorylated! state ofpRB family mem-
bers suppresses DNA replication in at least two ways: fi
as we have mentioned in Sec. II,pRB represses transcriptio
of S-phase genes by binding and deactivating E2F, and,
ond, the recruitment of a histone deacetylase bypRB induces
a relatively closed chromatin structure that suppresses
transcription as well as the replication machinery.

After mitogenic stimulation, the immediate induction o
IE genes encoding transcription factors would stimulate
expression ofG1- andS-phase genes and, perhaps equa
important, they contribute to chromatin remodeling to cou
teract the effects of activepRB, by recruiting co-activators
possessing histone acetyltransferase~HAT! activity ~e.g.,
CBP/p300! or by recruiting chromatin remodeling factors
replication origins that would likely facilitate initiation o
DNA replication. We have also mentioned above the p
sible role of the IE genec-myc in the global influence on
transcription through chromatin remodeling.13 Future studies
in this exciting area of research are expected to enhance
understanding of the cell cycle.

To further counteract the transcription-repressive eff
of activepRB, activation of CDK4 is required so that CDK
can initiate the deactivation ofpRB via phosphorylation.
CDK4 expression has recently been shown to be induced
c-myc.23 In the quiescent state, however, CDK4 is found in
tyrosine-phosphorylated and inactive state~at least in rat
fibroblasts!;56 mitogen-stimulated coincidental expression
cyclin D1 and Cdc25A phosphatase~which removes the in-
hibitory tyrosine phosphorylation of CDK4! would then lead
to the activation of CDK4.

In addition to pRB as a major obstacle to cell cycl
entry,p27 is usually present at high levels in quiescent ce
and would be expected to inhibit the CDKs. We have seen
Sec. III ~Fig. 2! that p27 is a target of the Ras effector pat
ways and is rapidly downregulated once the autocatal
activation of cyclin E/cdk2 sets into motion as described
Sec. II. Once CDK4 or CDK6 is sufficiently activated, ou
recent modeling of the restriction point suggests a minim
duration of mitogenic stimulation to achieve a threshold
cyclin E/CDK2 kinase activity.4 Our computer simulations
demonstrated that a sharp switching behavior could be g
erated by the presence of a positive feedback loop betw
cyclin E/CDK2 and Cdc25A along with a mutually negativ
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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interaction between cyclin E/CDK2 andp27. This model is
supported by recent experimental evidence.20,21 Recently, it
has also been shown57 that Cdc25A is a target of ap53-
independentG1 DNA damage checkpoint pathway; accor
ing to our model, this is expected because Cdc25A is par
the core mechanism of the R-point switch.

To further our understanding of the coupling betwe
the G1/S cell cycle machinery and the initiation of DNA
replication, more details must be known about the molecu
mechanism of the collaboration between cyclin E/CDK2 a
E2F in the assembly and activation of pre-RCs. The c
cycle-dependent kinase activity of Cdc7 and its possible
as the switch for the initiation of replication, as proposed
Masai et al.,52 must be taken into consideration in futu
studies of the mechanism ofS-phase entry. However, it mus
be emphasized that, as observed in normal animal cells,
the R point that represents the checkpoint beyond which
cells are observed to be committed to DNA replicatio
whether or not the assembly of pre-RCs is part of the con
network of the R point, and how replication seems to follo
automatically after crossing the R-point, are important qu
tions that need to be further investigated.

VI. CONCLUDING REMARKS

Most existing mathematical models of the eukaryo
cell cycle employ continuous deterministic differential equ
tions to describe the dynamics of CDK activation and de
tivation under spatially homogeneous conditions.58 Future
models, however, must take into consideration the regula
of the cell cycle by compartmentalization or subcellular
calization of the proteins involved. For example, an intere
ing observation59 on quiescent cells implicates compartme
talization of CDK2 in the control of cell cycle reentry; it wa
shown that there is an abundance of cyclin E,p21 andp27
but very little CDK2 inG0 nuclei. Upon serum stimulation
it was observed that there is a rapid increase in the amou
cyclin E bound to CDK2 as a result of the serum-stimula
entry of CDK2 into the nucleus. Another important examp
of how protein relocalization controls entry into the ce
cycle is provided by ERK which enters the nucleus as
result of phosphorylation via the MAP kinase cascade~re-
viewed in Ref. 3!.

Beyond establishing the players and the topology of
network of pathways, a quantitative modeling of the c
cycle requires a proper and careful consideration of the
netics of the following dynamical elements: Protein–prot
and protein–nucleic acid interactions leading to formation
signaling modules and various complexes involved in tr
scription and replication; post-translational modificatio
such as phosphorylation and dephosphorylation that af
the conformations or activities of enzymes; and other ep
netic mechanisms such as histone acetylation and DNA
thylation that affect chromatin structure and ultimately ex
some global influence on transcription and replication. U
doubtedly, mathematical and computer-based analyses
help us sort out the increasingly complex picture of the c
cycle machinery.
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APPENDIX: LIST OF ABBREVIATIONS

CAK cdk-activating kinase
CDK cyclin-dependent kinase
CKI cdk inhibitor
ERK extracellular signal-regulated kinas
GPCR G protein-coupled receptor
GSK3b glycogen synthase kinase 3b
HAT histone acetyltransferase
HDAC histone deacetylase
IE immediate-early
MAPK mitogen-activated protein kinase
MCM minichromosome maintenance
MEK MAPK/ERK kinase
mRNA messenger ribonucleic acid
ORC origin-recognition complex
PI3K phosphatidyl inositol 3-kinase
PKB protein kinase B
pRB retinoblastoma protein
pre-RC pre-replication complex
R-point restriction point
RTK receptor tyrosine kinase
S6K ribosomal S6 protein kinase
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