CHAOS

VOLUME 11, NUMBER 1

MARCH 2001

Kick-starting the cell cycle: From growth-factor stimulation to initiation

of DNA replication
Baltazar D. Aguda®

Department of Chemistry & Biochemistry, Laurentian University, Sudbury, Ontario, Canada P3E 2C6

(Received 11 July 2000; accepted for publication 7 November 2000

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 inhp#iifipl.
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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 enter
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 sys-
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 qui-

ability to regenerate. However, it has been shown recéntly
that nuclei of some heart muscle cells can be induced to
divide with an appropriate stimulus, at least in a cell-free
system; this demonstration could pave the way to strategies
for regeneration of cardiac muscle. On the other hand, trans-
formed cells that proliferate uncontrollably and form tumors
would have undergone certain genetic mutations that abro-
gate cell cycle checkpoints rendering the cells unresponsive
to homeostatic signals. In both cases, whether starting or
arresting the cell cycle, one needs to know how extracellular
stimuli and intracellular signal transduction pathways are
coupled with the cell cycle machinery. This paper is an at-
tempt to sketch a picture of this complex process, from acti-
vation of membrane receptors by growth factors to the un-
winding of the DNA duplex at the start of replication. The
topic covers broad fields in molecular cell biology and it is
not my intention to merely summarize existing authoritative
reviews of the impressive progress in these fields; instead, |
will try to present an interpretation of the known or postu-
lated network of pathways by highlighting those that could
dominantly affect the dynamics of the entire process and, in
particular, identifying features of the network that possess
intrinsic switching behavior. The complexity of the pathways
of signal transduction and cell-cycle regulation is over-
whelming that a mathematical and computer-based analysis
is now required to arrive at a system-level understanding and

escent state but some continually proliferate and die such asntrol of the cell cycle; identification of the essential com-
those of the skin, of epithelial tissues, and stem cells in thgponents of the system and how they interact, which is a
bone marrow. Some cells, like those of the breast and uterugrimary objective of this review, is a necessary step in this
although normally quiescent, can also be induced to prolifdirection.

erate in response to specific physiological stimuli. Tissue re-

generation, as in the case when part of the liver is excised, is

an important example of a process wherein cells reenter thlé' THE G1/S CELL CYCLE MACHINERY

cell cycle due to removal of signals that inhibit At the very least, the cell cycle can be defined as the
proliferation.l Terminally differentiated cells such as heart alternation between the process of replicating the chromo-
muscle cells, nerve cells, and neurons do not possess tk@mes and the process of segregating the duplicate chromo-
somes into two homologous sets. The first process requires
DNA synthesis and is said to occur duriSgphase, while the
second process is carried out by a sophisticated molecular
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cyclin-D/cdk4,6 cyclin-A/cdk2 as “growth-factor” sensors. The link between cyclin D syn-
thesis and intracellular signal transduction pathways will be
/ discussed in more detail below.

p16, p27 In addition to binding with cyclins, activation of CDKs
PRB \, i also requires phosphorylation of certain threonine residues, a
@L task carried out by CAKfor CDK-Activating Kinase, itself
o, a complex composed of cyclin H, CDK7, and MAJTIOn
/‘ g the other hand, certain kinasés.g., Weel and Mikllcan
v “'x _ phosphorylate these CDKs on specific tyrosine and/or threo-
p27 = cdkieyelin-E %5 cacasa /Gl nine residues resulting in the inhibition of CDK activity;
» R removal of these inhibitory phosphate groups is carried out
I by a family of Cdc25 phosphatasésoforms Cdc25A, -B,
and -C exist in mammalian cells; of these, Cdc25A is the
Quax) most important member i61). As will be discussed in more

FIG. 1 A . . . , detail below, various experimental results point to Cdc25A
. 1. An overview of the major players and pathways involved in the . _ . .

G1-S transition of the mammalian cell cycle. TI®1/S cyclins include @S @ crucial target of intracellular signal transduction path-
cyclins D, E, and A which bind their respective cyclin-dependent kinaseways and as a key player in ti&l —S transition.

partners CDK4,6 and CDK2 as shown. The transcription factors E2F and  The activity of CDKs is also inhibited by binding with

Myc (associated with their partners DP and Max, respectivaly shown small proteins called CKigfor CDK Inhibitors) of which
bound to DNA and stimulate expression of various genes as indicated wit

dashed arrows. Active retinoblastoma proteiRB, binds to E2F and re- there are two families: the INK4 famil{p16, p15, p18, p19)
presses the latter's transcriptional activity; the cyclin—CDK complexes in-and the CIP/KIP family(p27, p21, p57). INK4 members are

activatepRB by phosphorylation. CDK inhibitors such p&6 andp27 are specific inhibitors of CDK4 and CDK®6, while the CIP/KIP

shown. The activation of cyclin E/CDK2 is shown to be regulated by the . . s .
phosphatase Cdc25A and the inhibig®7. The assembly and activation of proteins are universal CDK inhibitors. Protein levelsmﬁ

pre-replication complexegpre-RC3 involve the collaboration of E2F, are generally high in quiescent cells and bringing these levels

CDK2 and the kinase Cdc7. OR®rigin-recognition complex; MCMs  down has been recognized as one of the key prerequisites for

=minichromosome-maintenance proteins MCM2-7. S-phase entry(reviewed in Ref. 4 The regulation Ofp27
levels by intracellular signal transduction pathways will be
discussed in more detail in Sec. Ill.

machinery operating during mitosis & phase. The stan-
dard eukaryotic cell cycle goes through the sequence
phases, namelyG1, S, G2, andM, whereG1 andG2 are
the intervening gaps betwe&andM phases. An overview The activation of CDK4,6 is normally followed by the
of the impressive progress in elucidating the moleculam@ctivation of CDK2; this sequential activation is linked to the
mechanism of the cell cycle is provided in a review article oftranscription ofG1-related genes including cyclin E, cyclin
Pines® Figure 1 gives a network diagram of the major play- A, Cdc25A, and those required for the assembly and activa-
ers of the cell cycle machinery i@1/S and should be con- tion of DNA pre-replication complexes, replication com-
sulted by the reader during the discussion below. A list ofplexes and polymerases. This transcriptional link is mediated
important abbreviations used is given in the Appendix. primarily by members of the E2F family of transcription
factors>® The transcriptional activity of E2F is regulated by
various factors that includ@) binding with DP proteins(b)
) o ) phosphorylation of E2F or its DP partner that affects the
A. Regulation of protein kinases that drive the cell dimer’s ability to bind DNA and stability of E2F against
cycle proteolysis, andc) binding with “pocket” proteins, namely,
Associated with the transitions through the phases of théhe retinoblastoma proteifpRB), p107 andpl30. Besides
cell cycle are the sequential expressions of proteins calletegulating E2F-dependent gene expressipRB exerts a
cyclins. The major mammalian cyclins have been groupedjlobal influence on gene expression through its recruitment
into types called cyclins D, E, A, and B. Levels of D-type of a histone deacetylag#IDAC) whose activity induces a
cyclins increase upon exposure to growth factors, followecchromatin structure that is repressive to transcripfiorAn-
by increases in cyclins E and A. These cyclins bind with, andbther important transcription factor is Myc whose role in
are absolutely required for the activation of, a group of en-G1/S progression has been shown to parallel that of
zymes called cyclin-dependent kinag€9Ks). These CDKs  E2F1%-12 Myc forms a heterodimer with Max and Myc's
drive the cell cycle “engine” by catalyzing the phosphory- transcriptional activity could be repressed by binding of the
lation of serine and/or threonine residues of their protein subpocket proteinp107% Myc stimulates the expression of cy-
strates. In th&s1 andS phases, the most important mamma- clin E, cyclin A and Cdc25A, all of which contribute to the
lian CDKs are CDK4, CDK6, and CDK2. Complexes of activation of CDK2. Furthermore, Myc has been suggested
cyclin D/CDK4 and cyclin D/CDKG6 are activated early in to exert global effects on gene expression by inducing chro-
G1 while active complexes of cyclin E/CDK2 appear in mid- matin remodeling in the neighborhood of Myc binding sites
to lateG1 followed by cyclin AICDK2(reviewed in Ref. 3 on DNA®
thus, cyclin D/CDK4(or CDK6) complexes are considered Transcription factors that are expressed immediately af-

Oé. Transcriptional regulation of  S-phase entry
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ter mitogenic stimulation may have functions beyond tran-gression in the animal cell cycfé It is a central issue in our
scriptional induction of specifiGphase genes. It is also present discussion and its very existence could point out the
thought that they contribute to remodeling chromatin struckey to understanding the kinetics and control of the initiation
ture by recruiting co-activators possessing histone acetylef DNA replication. When the R point is “crossed” in mid-
transferaséHAT) activity or by recruiting chromatin remod- to lateG1, the cell is committed to replicate its DNA. The
eling factors to replication origins. HAT activity induces a preponderance of experimental evidence supports the idea
more open chromatin that increases the likelihood of initiatthat the activation of CDK2, specifically cyclin E/CDK2, to a
ing transcription. An example of a transcriptional co- sufficient threshold level is necessary to trig§eshase entry
activator is CBR#300 which possesses an intrinsic HAT ac- (reviewed in Ref. & More recent findings point to a neces-
tivity and has been shown to be required &t/S transition  sary collaboration between E2F and cyclin E/CDK2 because
in some mammalian cell liné4.Of significance is the dem- certain E2F-target gene products are required for the forma-
onstration that CBRB00 HAT activity is regulated in a cell tion of pre-replication complexés.
cycle-dependent manner; HAT activity is maximal at a time ~ We have recently suggested and demonstrated by com-
point preceding theG1/S transition’* CBPH300 is a co- puter simulation’that there could be two important ingredi-
activator for the transcription factors E2F, Myc, apf3.  ents of a switch associated with the R poit@: The positive
Indeed, some of these transcription factors may also play eedback loop between Cdc25A and cyclin E/CDK2, énd
direct role in initiating replication; for example, some repli- the mutually antagonistic interaction betwgetv and cyclin
cation origins in higher eukaryotes are located in promoteE/CDK2 (see Fig. 1 The positive feedback loop ia) in-
regions of genes such asmyc, and replication near the volves the Cdc25A phosphatase activating CDK2 by remov-
c-myc promoter can indeed be induced in a model replicationing inhibitory phosphate groups and, in turn, CDK2 activates
system(specifically, the negative supercoiling introduced by Cdc25A by phosphorylation; however, the existence of this
transcription induced the unwinding of the DNA duplex at positive feedback loop is still controversfdlThe antagonis-
the origin sequenge® tic interaction betweep27 and CDK2 involves, on the one
Another intriguing observation is that the CDK- hand, the binding 0p27 to Cyclin E/CDK2 thereby inhibit-
activating kinase, CAK, has been found to be a componering the latter’'s kinase activity and, on the other hand, CDK2
of protein complexes involved in the basal transcription maphosphorylatingp27 leading to the proteolytic degradation of
chinery and that CAK can phosphorylate RNA polymerasep27 (see Ref. 4 for revieyv Two important observations
I1;1® thus, CAK can also provide a direct link between cell have been reported supporting the picture ab@ljein pRB-

cycle control and transcription. negative cells, a switching behavior in CDK2 activity could
still be observed® and(2) overexpression of Cdc25A accel-
C. The pRB pathway erates th&1/S transition and shows simultaneous activation

of Cdc25A and cyclin E/CDK2! The core mechanism pro-

Almost all human cancers are associated with some desnseqd here has some attractive kinetic properties attributable
fect in the pRB pathway” which is loosely defined as the 4 5y R point switch and it could be expected that signal

network regulating the activity of the retinoblastoma protein;;,nsquction pathways inducing entry in®phase would

(PRB) (see Fig. 1 pRB is considered a tumor-suppressor yarqet this core mechanism: this indeed is the case, as we
which, as we have stated above, restrains E2F transcriptiong|scuss below.

activity. In early G1, pRB is in a hypophosphorylate@c-

tive) form that binds and inhibits E2F; entry int8phase

requires hyperphosphorylation pRB so that E2F’s activity [ll. SIGNAL TRANSDUCTION PATHWAYS

is derepressed allowing the expression of E2F's target . ) )

Sphase genes. It is important to note that there are various MOSt intracellular signal transduction pathways that are

feedback loops involving E2F and CDK2ee Fig. 1 One known to induce cell proliferation do so by eliciting two
example of a positive feedback loop is the following: E2F major events irG1: One is increased cyclin D synthesis lead-
induces transcription of cyclins E and A which then he|ping to the activation of CDK4, and the other is the activation

activate CDK2 that, in turn, phosphorylatgRB thereby of cycli'n E/CDKZ. Egperimental'evidence has shown.that
derepressing E2F. Initial stages giRB phosphorylation are the actlvatlpn (?f cyclin D/_CDK4 IS not absolutgly r'eqw'red
carried out by cyclin D/CDK4,6 and, because of the positive/©f the activation of cyclin E/CDK2 as certain signaling
feedback loop involving E2F and CDK2, hyperphosphoryla-Pathways mediated by Myc can regulate the expression of
tion is driven by the rapid increase in CDK2 activity. We PrOt€ins that affect CDK2 activity, namely, Cdc25A and cy-
will discuss below that the positive feedback loop mentioned!in E. as well as downregulate the CDK inhibito27.

above may not be sufficient to explain the switching behay-  Quiescent cells, when exposed to growth factors, reenter
ior expected of theG1 checkpoint that triggers entry into the cell cycle by rapidly expressing “immediate-earl{fE)

Sphase; the involvement of the phosphatase Cdc25A and tHENes such as Fos, Jun, Ets, and Myc, to name a few. Both
CDK inhibitor p27 has been suggested to be crutial. the Ets and AP1 transcription factotBos and Jun being
components of APlinduce cyclin D1 expressiofreviewed

in Ref. 22. Myc induces the expression of Cdc25A, cyclin
E, cyclin A (Ref. 10, and also CDK4(Ref. 23. Using

The restriction pointR poind marks the transition from cDNA microarrays, lyeet al?* monitored the |IE genes that
mitogen-dependent to mitogen-independent cell cycle proare rapidly expressed when quiescent human fibroblasts are

D. The restriction point
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FIG. 2. Two major Ras-effectors, PI3K and Raf, located upstream of intra- CDK4
cellular signaling pathways that impinge on cyclin D1, cyclin E, CDK4,6

and CDK2. Stimulatory pathways are shown as arrows while inhibitory
pathways are indicated with hammerheads. Abbreviations: €8¥lin-
dependent kinase; PI3Kphosphatidyl inositol 3-kinase; S6Kibosomal

S6 protein kinase; PKBprotein kinase B; GSK®=glycogen sythase ki-
nase B; ERK=extracellular signal-regulated kinagdso known as MAPK,

for mitogen-activated protein kingseMEK=MAPK/ERK kinase (also
known as MAPKK, for MAPK Kinasg Figure adapted from Refs. 22
and 26.

S6K PKB/Akt

NS

FIG. 3. Expression of the immediate-early gene c-myc after activation of
growth-factor receptors and tyrosine kinases Src or JAK. Myc targets are
shown to include D-type cyclins, cyclins E and A, E2F, Cdc25A, and CDK
inhibitorsp19 andp21, all of which ultimately affect the activities of th@&l
CDKs.

and sufficient for cell-cycle reentry and DNA synthesis, re-
gardless of the status of the Raf/MEK/ERK pathwag-
stimulated by serum to enter the proliferative state; it wasviewed in Ref. 26. Recent reports have pointed to the sig-
found that these IE genes include those encoding transcrimificance of the ribosomal protein S6, a component of the
tion factors and signal transduction proteins. 40S ribosome, in coordinating cell growth with divisfér?®
In this section, we will consider signal transduction path-and the PI3K/S6K pathway could be an important signaling
ways initiated at receptors in the plasma membrane that aggathway in this coordination. Figure 2 shows an arrow from
activated upon binding of growth factors. Two well- Raf to Cdc25A to signify the physical association between
characterized groups of these membrane receptors are tktieese two proteins and the activation of Cdc25A by Raf
receptor tyrosine kinasd®TKs) and the G protein-coupled thereby enhancing the mitogenic signal from the MAP ki-
receptors(GPCRS. For a recent review, the reader is re- nase pathway’ Note thatp27 is downregulated by mecha-
ferred to Ref. 1. For some examples of the various growtmisms involving both PI3K and ERK, which is necessary
factors that can activate an important signaling pathway, théor cell cycle reentry because quiescent cells generally
MAP kinase pathway to be discussed below, the reader ikave high levels 0p27. For in-depth discussions of the path-
referred to Ref. 25. In general, multiple signaling pathwaysways shown in Fig. 2, the reader is referred to Refs. 22
may emanate from one type of membrane receptor, thesend 26.
pathways may converge downstream, and there could be
cross-talks(inhibitory or activating among pathways; the B. Signals regulating cyclin E  /CDK2 activity
challenge is to understand how this complex network of sig-
naling pathways is processed by the cellular system to ent%ee
the proliferative state.

The relationship between Myc and the cell cycle has

n reviewetf*! and experimental evidence suggests that

Myc drives the cell cycle primarily through the activation of

cyclin E/CDK2. Figure 3 shows the expression of Myc im-

mediately after activation of membrane receptors which
Many studies point to the involvement of the Ras family leads to activation of tyrosine kinases suchSasand JAK.

of small GTPases in the upregulation of cyclin D1 synthesisMyc’s transcriptional targets include cyclin 0§23

A summary of the important pathways from Ras to cyclin D1CDK4,2332 Cdc25A3* E2F-22° and cyclin E* It has also

is given in Fig. 2(a figure adapted from Refs. 22 and)26 been shown in some cells that Myc suppresses the transcrip-

Three Ras-effector pathways are shown that lead to the symion of cyclin D1 and gasigrowth-arrest specific gene 1

thesis or stabilization of cyclin D1(1) The mitogen- (see Ref. 1 for reviey

activated protein kinaseMAPK) cascade involving the se- Figure 3 suggests at least three ways that Myc could

guence Raf/MEK/ERK(2) the PI3K/S6K pathway, an(B) regulate the activity of CDK2: One is via induction of cyclin

the PI3K/Akt pathway that can induce transcription of cyclin E expression, another is via induction of Cdc25A expression,

D1 or stabilization of cyclin D1 by inhibiting GSK#8(gly-  and, third, via induction of cyclin D2 which has been impli-

cogen synthase kinaseBB the kinase that phosphorylates cated in downregulatingg27 and p21 by a sequestration

cyclin D1 causing this cyclin’s degradatidreviewed in Ref. mechanisn?>’ Furthermore, expression qi21 has been

22). It has been claimed that activation of PI3K is necessarnpbserved to be repressed by Mdt is, therefore, not sur-

A. Signals regulating cyclin D /CDK4 activity
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prising that Myc could bypass the effects of the tumor-eration, sustained vigorous activation of this pathway can
suppressor proteingl6 andpRB.1° Indeed, Santoni-Rugiu induce cell cycle arrest, possibly by upregulationp@fl as

et al!! report evidence for the involvement of Myc in a shown schematically in Fig. %.More specifically, activation
G1/S-promoting mechanism that is parallel to theB/E2F  of Raf, a member of the MAPK cascade, can trigger different
pathway; that is, either E2F alone or Myc alone could in-responses such as proliferation, growth arrest, apoptosis, or
duce DNA synthesis. However, both E2F and Myc weredifferentiation?® There is evidence that the state of &3
shown to be required for an orderly completion of cell tumor suppressor protein determines whether a Raf signal
cycles. Santoni-Rugitet al! further demonstrated that the stimulates or inhibits proliferatioh;thus, according to the
effect of Myc is associated with Cdc25A and activation of “orchestrating model” of Hirand’® p53 could be the “or-

cyclin E/CDK2. chestrator” of the conflicting signals from Raf. Crosstalks
among signaling pathways also provide ways of enhancing
C. Adapters, scaffolds, and signaling modules one pathway over another; a good example shown in Fig. 2

) ) ) is the inhibition of the Raf/MEK/ERK pathway by the PI3K/
Despite the tangled web of signaling pathways, the celbkpg pathway through the phosphorylation of Raf by Akt.

has developed means to analyze, route, and convey signals{@js particular crosstalk has been interpreted as the cause for
their specific targets. For a perspective on the main ISSUES e shift in cellular response of a human breast cancer cell
intracellular signaling, the reader is referred to Wet@l™ jine from cell cycle arrest to proliferation. In addition to
Here, we briefly discuss the role of adapter and scaffoldingosstalks in signaling networks, several feedback loops have
proteins that mediate the formation of macromolecular aspeen discovered that can self-regulate Ras/Raf signaling; ex-
semblies or signaling modules. Adapter proteins contain doamples include ERK likely phosphorylating SOS thereby re-
mains that mediate protein—protein interactions; an exampl%asmg SOS from Grb2 and stopping signals from Rasd

is the Grb2 protein which connects an activa_ted membr_anERK inducing the expression of phosphatase MKP-1 thereby
receptor and, for example, the SOS protein, a guaninégephosphorylating and deactivating ERK.

exchange factor required for the activation of Ras. Scaffold o can we understand and control the complex signal-
proteins are thought to prevent or minimize crosstalks bejg pathways that determine the fate of a cell? The behavior
tween related pathways as well as increase the responsivgs computer-based neural networks has been offered as a
ness of the signaling module to incoming signals. An ex-yaradign*® As more details of particular signaling pathways
ample of a scaffolding protein is MP1 which binds ERK1 gr¢ ejucidated, it may be possible to carry out detailed com-
and MEK1, components of the MAP kinase cascid- uter simulations of their operation. For example,

deed, this macromolecular organization appears to extend nqj0denko et al*” have performed both computational
a higher level of subcellular organization because of eviynggeling and experimental analysis of short-term signaling
dence that the entire signaling complex, from receptolyom the epidermal growth factor receptor of isolated hepa-
through Ras to ERK, is located in membrane structuregocytes; their kinetic model is able to show under what con-
called “caveolae.”™ Thus, important kinetic principles in gitions the activation patterns of signaling proteins are tran-
signal transduction may be associated with macromoleculdjent or sustained which is crucial in determining the cellular
organization beyond the individual activities of the COMPO-egponse.
nents of a signaling pathwdy.

An interesting quantitative modeling of the involvement
of scaffold proteins in MAPK signaling has been carried outlV. INITIATION OF DNA REPLICATION
by Levchenkeet al*? Their results suggest that there exists a o
certain scaffold concentration that generates an optimal sig- >'dnificant advances have been made recently towards

nal amplitude, and that this optimal scaffold concentration!nderstanding the process of initiating DNA replication;

does not depend on the binding constants of kinase-scaffold@oSt Of the knowledge gathered so far comes from studies
interactions but only on the kinase concentrations and thlé‘”th budding yeast(Saccharomyces cerevisiaebut the

character of kinase—kinase interactions. Thus, the authofdM€rging picture seems to be conserved from yeast to

48,49 . . . . .
conclude that scaffolds contribute to channeling of cascadguman' This picture requires the assembly and activation

reactions through scaffold-specific regulation of the reaction® Pré-replication complexepre-RCs onto replication ori-

and not by sequestering the cascade components from IS On I_DNA prior to recruitment Of DNA po_lymerages. The
cytosol pre-RC is composed of the following proteifsee Fig. 1

the origin-recognition comple¢ORC), Cdc6, and complexes
of MCM proteins(MCM2-7). ORC recruits Cdc6 which, in
turn, loads the MCMs onto the chromatin. Some of the
MCMs have been shown to possess helica@NA-
Structural analyses of the cytoplasmic regions of someainwinding activity (see Ref. 48 for revieyv The replication-
membrane receptors have shown that pathways generatimgmpetent state of the chromatin is characterized by the pres-
contradictory signals may emanate simultaneously from thence of chromatin-bound MCMs while the replication-
same receptofsee Ref. 43, for examplesFurthermore, the incompetent state is maintained by preventing MCM
character and duration of a given signal may evoke combinding; thus, the MCMs are referred to as “licensing fac-
pletely different cellular responses; for example, althougttors” for DNA replication. The CDKs of the cell cycle ma-
the stimulation of the MAPK cascade usually drives prolif- chinery are then expected to enter into the picture by render-

D. Resolving the complex network of signaling
pathways
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ing the chromatin replication-competent@phase and, just V. PUTTING THE PIECES TOGETHER
as important, ensuring that DNA is replicated only once per
cell cycle. A rigorous biochemical definition of the quiescent@d

A tentative model has been proposed by Fifite ex-  state for somatic mammalian cells is difficult to formulate
plain the processes involved in the assembly and activatioRecause of widely varying attributes that depend on cell type
of pre-RCs. This model assumes thaGh, ORC, and Cdcé ©r lineage(see Ref. 53 for a short revigwHowever, com-
are associated with the nuclear matrix and MCM complexe§On .c'haractenstlcs shared among quiescent cells have been
are loaded onto chromatin regions that are not associatddentified. GO cells generally exhibit a low level or an ab-
with the nuclear matrix. UpoS-phase entry, members of the S€NCe of transcription of immediate eafli) genes. The fact

MCM complexes are activated through phosphorylation b)}hat Itge mIRNASr?f mafpy'of :Iheste IE genss ar? 9““; unst?r:ale
kinases such as Cdc7 and CDK2. According to the Fujit yvould expiain why suficiently Strong and sustained growtn-
actor stimulation is needed to reenter the cell cycle. This

r_nodgl, the MCMs are d'SS.OC'ated from chromatin once repTow—level transcription inGO0 is consistent with, and perhaps
lication starts and reloading could be prevented by some T : . )
mechanism involving CDK2. Recently. Peterssral® pro- due to, the finding that there is a predominance of hypophos
id I'd nv t\r/1| tg h .h lati Y  CdcB .b P i phorylatedpRB family members especiallpl30, the pre-
vide evidence that phosphorylation -0 € DY €YClN 4ominant repressor of transcription in the quiescent &fat.

A/CDK2 Iead; to the export of Cdc6 out of the nucleus, 1, o active(hypophosphorylatadstate ofpRB family mem-
hence preventing the reloading of MCMs.@&2/M, CDK2, bers suppresses DNA replication in at least two ways: first,

and Cdc2 could hyperphosphorylate Cdc6 and the MCMS Q5 \ye have mentioned in Sec. pRB represses transcription

rginforce thg repli(?ation-incgmpetent state. of the ch.rqmgtinof Sphase genes by binding and deactivating E2F, and, sec-
Finally, during exit from mitosis, Cdc2 kinase activity is gnq the recruitment of a histone deacetylas@Ri induces
suppressed and the replication-competent chromatin could rejatively closed chromatin structure that suppresses the
again be formed. transcription as well as the replication machinery.

Leone et al*® provide evidence of a collaboration be-  After mitogenic stimulation, the immediate induction of
tween cyclin E/CDK2 and members of the family of E2F |E genes encoding transcription factors would stimulate the
transcription factors in the induction & phase. These au- expression 0fG1- andSphase genes and, perhaps equally
thors sketched a model wherein the accumulation of memimportant, they contribute to chromatin remodeling to coun-
bers of the pre-RCs depends on E2F and that either the ateract the effects of activpRB, by recruiting co-activators
sembly of the components of the pre-RCs or the activation opossessing histone acetyltransferastAT) activity (e.g.,
an assembled pre-RC is facilitated by phosphorylation car€BP/p300) or by recruiting chromatin remodeling factors to
ried out by cyclin E/CDK2. Aratat al® have investigated replication origins that would likely facilitate initiation of
the molecular mechanism of E2F-mediated initiation of chro-DNA replication. We have also mentioned above the pos-
mosomal DNA replication in mouse fibroblasts and their re-sible role of the IE gene-myc in the global influence on
sults indicate a cascade of processes starting from E2F actranscription through chromatin remodelitigFuture studies
vation to the induction of the expression of pre-RCin this exciting area of research are expected to enhance our
components such as the MCMs, Cdc6, and another replicainderstanding of the cell cycle.
tion protein, Cdc45. Cdc4s5 is thought to be a scaffold protein 10 further counteract the transcription-repressive effect
that binds the MCM helicase and the replicative polymerase§f activepRB, activation of CDK4 is required so that CDK4
together(reviewed in Ref. 48 The results of Aratat a5t  €an initiate the deactivation gbRB via phosphorylation.

suggest that CDK2 activity was required only for chromatin CDK#4 expression has recently been shown to be induced by

binding of Cdca5 and, therefore, E2F and cyclin E/CDK2 &Myc? In the quiescent state, however, CDK4 is found in a

must cooperate to induce chromosomal DNA replication. ]'Eybrostl):le—tpr.]S%spr;orylate? anldt w(;actl_v c .;’ta‘?lleaSt n rat f
The details of the “firing” of replication origins are still ibroblast3.™ mitogen-stimulated coincidental expression o

sketchy. However, Masaét al% have proposed a model cyclin D1 and Cdc25A phosphatagshich removes the in-

wherein the Cdc7 kinase acts as a switch for DNA replica-hlbltory tyrosine phosphorylation of CDK4vould then lead

. . o .7~ to the activation of CDK4.
tion. Cdc7 kinase activity is cell cycle-dependent, primarily vat

th h th lability of its bindi A Dbféalled In addition to pRB as a major obstacle to cell cycle
roug e availability of its binding partner f¢alle entry, p27 is usually present at high levels in quiescent cells
ASK in human cellg which is expressed maximally at the

o . oo e , and would be expected to inhibit the CDKs. We have seen in
G1/S transition. According to Masagt al,™ the following  ge¢ y (Fig. 2) thatp27 is a target of the Ras effector path-

hypothetical sequence of events occurs prior ©o DNA Unyyays and is rapidly downregulated once the autocatalytic

winding: Cdc7/Dbf4 phosphorylates MCM2, the inhibitory activation of cyclin E/cdk2 sets into motion as described in
MCM2 and MCM3/5 subunits then dissociate from the sec |1 Once CDK4 or CDK6 is sufficiently activated, our
MCM complex (note that hyperphosphorylation of MCM2 recent modeling of the restriction point suggests a minimum
has been detected durirgphase in yeast and mammalian duration of mitogenic stimulation to achieve a threshold of
cells), and finally the helicase activity of the MCM4/6/7 sub- cyclin E/CDK2 kinase activity. Our computer simulations
assembly unwinds the DNA duplex. Indeed, experimémts demonstrated that a sharp switching behavior could be gen-
vitro have shown that MCM2 inhibit the helicase activity of erated by the presence of a positive feedback loop between
MCM4/6/7 complex(reviewed in Ref. 52 cyclin E/CDK2 and Cdc25A along with a mutually negative
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interaction between cyclin E/CDK2 argR7. This model is ACKNOWLEDGMENTS

supported by recent experimental evidefft& Recently, it
has also been showhthat Cdc25A is a target of p53-
independentGl DNA damage checkpoint pathway; accord-
ing to our model, this is expected because Cdc25A is part 0
the core mechanism of the R-point switch.
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To further our understanding of the coupling betweenAPPENDIX: LIST OF ABBREVIATIONS

the G1/S cell cycle machinery and the initiation of DNA
replication, more details must be known about the molecula€AK
mechanism of the collaboration between cyclin E/CDK2 andCDK
E2F in the assembly and activation of pre-RCs. The cel
cycle-dependent kinase activity of Cdc7 and its possible rol IFZ{’ER
as the switch for the initiation of replication, as proposed byGSKsﬂ
Masai et al,>> must be taken into consideration in future HAT
studies of the mechanism 8fphase entry. However, it must {ypac
be emphasized that, as observed in normal animal cells, it ige

the R point that represents the checkpoint beyond which th1APK
cells are observed to be committed to DNA replication;MCM
whether or not the assembly of pre-RCs is part of the controMEK
network of the R point, and how replication seems to follow MRNA
automatically after crossing the R-point, are important quesQRC

tions that need to be further investigated. EIng

pRB
pre-RC
VI. CONCLUDING REMARKS R-point
RTK
Most existing mathematical models of the eukaryoticS6K
cell cycle employ continuous deterministic differential equa-
tions to describe the dynamics of CDK activation and deac-
tivation under spatially homogeneous conditiGhgzuture

cdk-activating kinase
cyclin-dependent kinase

cdk inhibitor

extracellular signal-regulated kinase
G protein-coupled receptor
glycogen synthase kinases3
histone acetyltransferase
histone deacetylase
immediate-early
mitogen-activated protein kinase
minichromosome maintenance
MAPK/ERK kinase
messenger ribonucleic acid
origin-recognition complex
phosphatidyl inositol 3-kinase
protein kinase B
retinoblastoma protein
pre-replication complex
restriction point

receptor tyrosine kinase
ribosomal S6 protein kinase
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