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1.  ABSTRACT

Ectopic expression of the c-Myc oncoprotein
prevents cell cycle arrest in response to growth-inhibitory
signals, differentiation stimuli, or mitogen withdrawal.
Moreover, Myc activation in quiescent cells is sufficient to
induce cell cycle entry in the absence of growth factors. Thus,
Myc transduces a potent mitogenic stimulus but,
concomitantly, induces apoptosis in the absence of survival
factors. We review here recent progress in our understanding
of the molecular mechanisms linking Myc activity to cell
cycle control. Myc is a positive regulator of G1-specific
cyclin-dependent kinases (CDKs) and, in particular, of cyclin
E/CDK2 complexes. Cyclin D/CDK4 and CDK6 may
conceivably also be activated by Myc, but the circumstances
in which this occurs remain to be explored. Myc acts via at
least three distinct pathways which can enhance CDK
function: (1) functional inactivation of the CDK inhibitor
p27Kip1 and probably also of p21Cip1 and p57Kip2, (2) induction
of the CDK-activating phosphatase Cdc25A and (3) - in an ill
understood and most likely indirect way - deregulation of
cyclin E expression. Constitutive expression of either Myc or
cyclin E can prevent growth arrest by p16INK4a (an inhibitor of
cyclin D/CDK4, but not of cyclin E/CDK2). In cells, p16INK4a

inhibits phosphorylation, and thus induces activation of the
Retinoblastoma-family proteins (pRb, p107 and p130).
Surprisingly, this effect of p16 is not altered in the presence

of Myc or cyclin E. Thus, Myc and cyclin E/CDK2 activity
unlink activation of p16 and pRb from growth arrest. Finally,
Myc may itself be a functional target of cyclin D/CDK4
through its direct interaction with p107. We discuss how the
effects of Myc on cell cycle control may relate to its
oncogenic activity, and in particular to its ability to cooperate
with activated Ras oncoproteins.

2.  INTRODUCTION

2.1.  The Myc protein
The myc family of proto-Oncogenes includes three

evolutionarily conserved genes c-, N- and L-myc, which
encode related proteins. Oncogenic activation of myc genes
generally results in their constitutive expression, and
contributes to progression of a wide range of human and
animal neoplasias (reviewed in 1-3). myc genes are
differentially expressed during embryonic development (e.g.
4). With few exceptions, proliferating post-natal tissues
express c-myc (reviewed in 1). c-myc expression is strictly
dependent on mitogenic signals, is suppressed by growth-
inhibitory signals and inducers of differentiation, and is
important for proliferation and apoptosis in response to the
appropriate stimuli (reviewed in 1, 2). The c-Myc protein (or
Myc) conveys itself strong mitogenic and apoptotic stimuli.
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Figure 1.  A partial and simplified representation of the molecular pathways regulating the G1-S transition in mammalian cells (see
text for details). For the sake of simplicity, we have omitted the signalling pathways inducing the CKIs (INK4 and Cip/Kip families),
with the exception of p53 and TGF-beta as examples. This scheme does not illustrate the specificity of interactions between individual
pRb- and E2F-family proteins. Note that Cyclin A, which is expressed under the control of E2F-related factors and also associates with
CDK2 and p27, has not been included in this scheme. Green boxes: positive regulators of cell cycle progression. Orange boxes:
negative regulators. Yellow boxes: E2F-target genes. The question marks indicate that uncertainties persist on the role of Cdc25A in
Myc-induced activation of CDKs, on the biological significance of the p107-Myc interaction, on the mechanisms underlying induction
of cyclin E expression by Myc and on the role of Ras in p27 degradation.

Constitutive expression of Myc reduces growth-factor
requirement, prevents growth arrest by a variety of growth-
inhibitory signals, and can block cellular differentiation (e.g.
5-7; reviewed in 1). Conversely, activation of a conditional
Myc-estrogen receptor chimaera (MycER; 8)  in quiescent
cells induces entry into the cell cycle in the absence of
mitogens (9). However, concomitantly with their mitogenic
action, either Myc or MycER induce apoptosis if survival
factors are missing from the extracellular environment (10-12;
reviewed in 1, 2).

Myc is a transcription factor of the basic-helix-
loop-helix-leucine zipper (bHLH-Zip) family. Myc must
dimerize with another bHLH-Zip protein, Max, to bind the
specific DNA sequence CACGTG (the E-box) and activate
transcription from adjacent promoters (e.g. 13, 14; reviewed
in 2, 15). Transcription-competent Myc/Max dimers are the

active form of Myc in inducing cell-cycle progression,
apoptosis, and malignant transformation (2, 15-17). Max also
forms heterodimers with the bHLH-Zip proteins Mad1, Mxi-1
(or Mad2), Mad3, Mad4 and Mnt (or Rox)(18-22). These
alternative dimers bind the E-box and actively repress
transcription, and can therefore antagonize both the
transcriptional and transforming activities of Myc. In addition,
myc and mad genes are generally regulated in opposite modes
in growth control and development (e.g. 20, 23, 24;  reviewed
in  2). In summary, Myc, Max and Mad proteins form a
network that regulates gene expression, proliferation,
apoptosis and differentiation. One major question lies now in
the identification of the target genes of this network. Only few
of these genes have been identified, including alpha-
prothymosine  (9, 25), ornithine decarboxylase (ODC;  26),
Cdc25A  (27)  (section 3.3.) and several others (reviewed in
2, 28). ODC and Cdc25A share some transforming and
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apoptotic activities with Myc and may mediate Myc-induced
apoptosis  (27, 29-33).

In addition to its function as a transactivator, Myc
has also been shown to repress transcription of several genes
(reviewed in  2, 34). However, demonstration that this is a
direct action of Myc in vivo, or relevant to its biological
activity, is missing to date. Several possible mechanisms for
transcriptional repression by Myc have recently been
proposed  (34-36), which will hopefully allow to address
these questions.

The scope of the present review is to discuss recent
studies addressing the mechanisms by which Myc influences
cell cycle control. We will not exhaustively review the diverse
cellular systems in which Myc was shown to prevent cell
cycle arrest and differentiation, except for those which
provide mechanistic cues. Emphasis will be given to the
functional interactions between Myc and cell cycle-regulatory
proteins such as cyclins, CDKs and CKIs. In doing so, we will
venture into aspects of cell cycle control seemingly unrelated
to Myc, but which we believe are relevant to its action. We
will not discuss in detail the function of Myc- and Mad-family
proteins in development, apoptosis and transcription, the
control of Myc expression and, with few exceptions, Myc-
interacting proteins or Myc-target genes. Recent reviews have
covered these topics  (2, 28, 34, 37)  , to which the reader is
referred. The field under survey here is still in its infancy, and
subject to ample debate: the existing data support several
preliminary, alternative, but also non-exclusive models, which
must be considered at present as working hypotheses. Prior to
entering this debate, however, a rapid survey of the relevant
cell cycle-regulatory mechanisms is required.

2.2.  G1-S control in mammalian cells: an outline
In vertebrate cells, the commitment to complete a

round of mitotic division takes place during the initial phase of
the cell cycle (G1), at a stage called the restriction (R-) point,
preceding the onset of DNA synthesis (S phase; figure 1)  (38,
39). The best characterized molecular event required for passage
through the R-point is inactivation by phosphorylation of the
Retinoblastoma protein (pRb). The cyclin-dependent kinases
(CDKs) CDK4 or CDK6 (associated with D-type cyclins) and
CDK2 (associated with cyclins E or A) phosphorylate pRb  (40-
43)  and the related proteins p107 and p130  (44-48)  (figure 1).
pRb-family proteins (also called "pocket proteins") are negative
growth-regulators; in their active form, they associate with
transcription factors of the E2F family and repress their target
genes, which include regulators of S-phase entry (e.g. B-myb,
cyclins E and A) and genes required for DNA replication (e.g.
DHFR, DNA pol alpha)  (41, 49-51). Five E2F proteins (E2F-1
to 5) and three DP proteins (DP-1 to 3) have been cloned.
Heterodimerization between E2F and DP is required for efficient
DNA binding, transcriptional activity, and binding to pocket
proteins  (52-54). E2F-1, -2 and -3 bind predominantly pRB.
E2F-4 binds all known pocket proteins and E2F-5 binds
predominantly p130  (47, 48, 51, 55). CDK-mediated
phosphorylation inactivates pocket proteins, allowing release of
E2F and progression into S-phase.

The activity of CDKs is regulated by various
mechanisms including association with cyclins,

phosphorylation/dephosphorylation and association with two
families of inhibitory proteins collectively called CKIs
(reviewed in  56, 57)  (figure 1). The first family includes
p21Cip1, p27Kip1 and p57Kip2, which bind all G1-cyclin/CDK
complexes, but may primarily act as CDK2 inhibitors  (58).
The second family includes p16INK4a, p15INK4b, p18INK4c

and p19INK4d, which inhibit CDK4 and CDK6. CKIs play key
roles in the response of cells to growth-inhibitory signals,
such as induction of differentiation, p53 activation (e.g. after
DNA damage), TGF-beta-induced growth arrest, contact-
inhibition, senescence, and others  (57, 59). As expected from
these properties, ectopic expression of CKIs causes cell cycle
arrest in G1.

Several studies suggested that one major role of
cyclin D/CDK4 complexes is to inactivate pRb. For example,
pRb-negative cells become insensitive to expression of p16 or
microinjection of antibodies neutralizing cyclin D/CDK4
(60-64). Also, ectopic expression of E2F prevents G1 block
by p16  (65-67). In contrast, several observations imply that
cyclin E/CDK2 must have an additional role, distinct from
pRb phosphorylation and E2F activation  (68-73). This role,
however, remains to be defined. Cyclin E is not only an
upstream regulator of E2F (via pRb phosphorylation), but also
its target, since the cyclin E gene is itself under the control of
E2F and pRb  (74-80). Thus, E2F and cyclin E are part of a
positive feedback loop triggering passage through the R-point
(figure 1).

The G1-regulatory pathway defined by p16, CDK4,
D-type cyclins, pRb and E2F is critical in preventing
oncogenic transformation and appears to be deregulated in
most, if not all human malignancies. Individual genes of this
pathway are altered in many different tumor types, resulting
either in oncogenic activation (cyclins D1, D2, and CDK4) or
loss-of-function (Rb and p16) (e.g.  81, 82 ; reviewed in  83,
84). Mice lacking the p16 gene develop multiple neoplasias
(85). However, this phenotype might be attributable to the
loss of p19ARF1, an unrelated cell cycle-inhibitory protein
encoded by the same locus  (86, 87). Further studies will be
required to elucidate the specific role of p16 in the mouse
knock-out phenotype.

3.  MYC POSITIVELY REGULATES CDK FUNCTION
THROUGH SEVERAL PATHWAYS

Deregulated Myc expression prevents cell cycle
withdrawal in response to antiproliferative stimuli such as
TGF-beta, p53 activation, or inducers of differentiation (see
introduction). In order to explain the action of Myc in
molecular terms, it will be important to understand at what
level(s) Myc interferes with those signals. The data reviewed
in this section suggest that Myc up-regulates, and prevents
inhibition of cyclin E/CDK2 activity, via at least three
different pathways (figure 1): (i) inactivation of the CKI
p27Kip1 through the induction of an as yet unidentified p27-
sequestering protein(s), which probably also targets p21Cip1
and p57Kip2; (ii) induction of Cdc25A transcription; (iii)
deregulation of cyclin E transcription by an as yet unkonwn
and most likely indirect mechanism. In different cell types,
physiological conditions or developmental stages, either one
or a combination of these mechanisms may be rate-limiting
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for Myc action, and may also influence the activity of cyclin
D/CDK4 and cyclin A/CDK2 complexes.

3.1.  Myc antagonizes the function of p27Kip1

3.1.1 Constitutive expression of Myc prevents p27-induced
growth arrest

Because CKIs are important mediators of
antiproliferative signals (see introduction), we postulated that
Myc may interfere with their growth-inhibitory function. To
test this hypothesis, we developed a retroviral infection
protocol allowing sequential expression of Myc and any CKI
in cultured cells, and biochemical analysis of these cells
shortly after infection. In the first part of our work  (88), we
showed that constitutive Myc expression abrogated the
growth-suppressive function of p27. This was mediated by the
non-covalent sequestration of p27 within cells into a form
unable to bind and inhibit cyclin E/CDK2. However, Myc did
not directly bind p27, implying that a distinct cellular
protein(s) was mediating its action. Cyclin D/CDK4 (or
CDK6) were plausible candidates, since these complexes had
been shown to compete with cyclin E/CDK2 for p27 binding
(57, 89-92). However, Myc did not increase association of
p27 with cyclins D1-3 or CDK4. In addition, when expressed
from retroviruses (alone or in several combinations) none of
these cyclins prevented p27-induced arrest. Similar arguments
ruled out cyclin A as mediatior of Myc action. Finally,
inactivation of p27 required transcriptionally-active Myc/Max
dimers. We thus postulated that Myc induces expression of a
distinct p27-sequestering protein(s)  (88)  ("X" in figure 1). If
the proposed model was correct, overexpression of p27
should saturate the sequestering protein(s) in vivo and arrest
Myc-expressing cells. This prediction was fulfilled. First, the
p27 retrovirus used in the above studies expressed
physiological levels of p27, comparable to those of
endogenous p27 induced by contact inhibition  (88). When
p27 was overexpressed as little as three to four-fold, it became
dominant and induced G1 arrest in Myc cells as well as in
controls (manuscript in preparation). Similarly, microinjection
of plasmids encoding p27 or p21 blocked MycER-induced
cell cycle entry  (93). Thus, Myc only promotes growth in the
presence of physiological p27 levels. We recently developed a
direct in vitro assay for the p27-sequestering activity: when
purified recombinant p27 was incubated with lysates from
Myc-expressing cells, it became unable to subsequently
inhibit a recombinant cyclin E/CDK2 complex. However,
recombinant p27 was reactivated by boiling following
incubation with the lysate, showing that a p27-sequestering
activity was present in the lysate. This activity was dependent
upon ectopic Myc expression in the cells used to prepare the
lysate, was only detected upon incubation of p27 with the
lysate prior to addition of the target cyclin E/CDK2 complex,
and was distinct from previously known cyclins (JV and BA,
unpublished data). This assay should allow further
characterization of the Myc-induced p27 antagonist.

The ability of Myc to antagonize p27 function may
extend to the related CKIs p21 and p57. First, Myc overcomes
G1 arrest in response to p53 activation in fibroblasts  (6)  or
differentiation stimuli in myeloid cells  (7)  without
suppressing the associated induction of p21. Cyclin E/CDK2
complexes remained active in fibroblasts expressing Myc and
active p53, and functional p21 could be recovered by boiling

cell lysates, indicating that it might have become sequestered
like p27  (6). One problem in interpreting these results is that
the G1-arrest induced by p53 and differentiation inducers may
require the products of other genes which are induced
concomitantly with p21, such as gadd45 or the related protein
MyD118, gadd34/MyD116, and others  (94-96). In transient
transfections, co-expression of GADD45 and p21, GADD45
and MyD118, or MyD118 and p21 suppressed colony
outgrowth more efficiently than either protein alone  (95-97).
Myc was shown to reduce expression of gadd45  (98). Thus, it
remains unclear whether Myc overcomes p53- or
differentiation-induced arrest by antagonizing p21, other
growth-inhibitory proteins, or both. We recently performed
double-infection experiments with Myc and p21 or p57, and
observed that Myc suppresses growth arrest by both CKIs (C.
Gaillard, JV and BA, unpublished data). Whether this occurs
by a mechanism analogous to the one described for p27 is
currently under investigation.

3.1.2.  Activation of Myc induces cell cycle entry by
suppressing p27 function

The initial observation that activation of MycER in
quiescent fibroblasts induced cell cycle entry  (9)  offered a
tool to analyse the underlying molecular events. Work in
Martin Eilers' group showed that MycER rapidly activated the
catalytic function of preassembled cyclin E/CDK2 complexes,
leading to hyperphosphorylation of pRb  (99). Consistent with
these findings, MycER induced E2F activity and deregulated
expression of E2F-target genes, such as cyclins A and E
(100). Activation of cyclin E/CDK2 was a prerequisite for the
induction cyclin A  (93), which is thus an indirect effect of
Myc. Induction of cyclin D/CDK4 activity was delayed in this
system in comparison to activation of cyclin E/CDK2 and
hyperphosphorylation of pRb  (99). Thus, MycER-induced
cell cycle entry was largely driven by cyclin E/CDK2 activity.
The functional target of MycER in activation of cyclin
E/CDK2 was p27, the major inhibitor present in quiescent
Rat1 cells. Indeed, MycER induced dissociation of p27 from
cyclin E/CDK2  (101, 102)  (JV and BA, unpublished data),
and this effect was mediated by non-covalent sequestration of
p27 into a form unable to bind cyclin E/CDK2  (101)  (JV and
BA, unpublished data), analogous to the conclusion from our
studies on wild-type Myc  (88)  (section 3.1.1.).

Two additional observations made during the above
studies generated some confusion and call for further
investigation. The first concerns the relationship between
Myc-induced p27 sequestration and p27 degradation, since
both events follow activation of MycER in quiescent cells
(99). Degradation of p27 was proposed to occur through the
ubiquitin/proteasome pathway  (103)  and was triggered by
phosphorylation of p27 on Thr 187 by CDK2  (104, 105).
Several observations suggested that p27 degradation might be
mechanistically unlinked from Myc-induced sequestration,
and might be an indirect consequence of MycER-induced cell
cycle entry. First, p27 degradation was a relatively late event
following MycER activation. Second, Myc overrode p27-
induced arrest without decreasing p27 levels or half-life in
cells. Third, growth-rescue by Myc did not require
phosphorylation of p27 on Thr 187, since it was not affected
by mutation of this residue (JV and BA, unpublished data). A
recent study, nonetheless, suggested that the two p27-
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regulatory mechanisms might be linked  (102) :
phosphorylation of p27 might facilitate its release from cyclin
E/CDK2, and free p27 might subsequently become a target
for Myc-induced sequestration and degradation. In addition,
the "sequestered" state was envisaged to be an intermediate in
the degradation pathway. But why, then, would p27
phosphorylation be obligatory for degradation  (104, 105), but
not for the effect of Myc? It appears likely that
phosphorylated Thr 187 constitutes a specific recognition
motif for some component of the degradation machinery. The
conditions under which p27 is phosphorylated on Thr 187 in
vivo also remain unclear: this might occur within ternary
complexes (which might be either a constitutive, or regulated
event) or, alternatively, might require free cyclin E/CDK2
complexes acting in trans. It would not be productive at
present to attempt proposing a new, unified model. Instead,
the stage is set for further experimental work, aiming in
particular at (i) understanding under which physiological
conditions Thr 187 becomes phosphorylated in vivo and (ii)
identifying the cellular proteins interacting with p27 in
response to Myc activation or Thr 187 phosphorylation.

3.2.  Myc up-regulates cyclin E expression, but what is the
mechanism?

The second confusing point which arose from the
MycER studies (see 3.1.2) concerns the regulation of cyclin E
by Myc. Indeed, activation of MycER increased the
expression of cyclin E mRNA and protein  (100, 101, 106).
This effect was rapid, occurred at the transcriptional level, and
appeared to require no intervening protein synthesis  (101).
While these observations would suggest that cyclin E may be
a direct transcriptional target of Myc, there is as yet no formal
evidence supporting this conclusion (either from the
sequence, or from direct studies of the cyclin E promoter).
Since the cyclin E gene is an E2F target (figure 1), indirect
mechanisms may be envisaged. Further studies must resolve
this question.

Regardless of the mechanisms underlying the
induction of cyclin E transcription by Myc, it can already
be concluded that this effect cannot solely account for the
effects of MycER or Myc on cell cycle progression and p27
sequestration or degradation. First, induction of an
exogenous cyclin E gene in quiescent fibroblasts did not
allow cell cycle entry: cyclin E associated with CDK2 but
the complex was inhibited by p27, and MycER activation
was still required for kinase activity  (101, 102). Second,
retroviral expression of human cyclin E together with p27
in Rat1 cells led to the formation of catalytically inactive
ternary complexes with CDK2. Co-expression of Myc was
still required to maintain cyclin E/CDK2 active in the
presence of p27, and to prevent G1 arrest  (88). Third,
retrovirally expressed p27 remained stable in the presence
of cyclin E  (88,   105), as opposed to what observed with
transient transfection of the two genes  (104). Thus, at
physiological expression levels (as achieved with retroviral
vectors), cyclin E was insufficient to overcome the
inhibition of CDK2 and trigger p27 degradation. This
suggests that additional signals are required to allow
phosphorylation of p27 by CDK2 and its subsequent
degradation.

3.3.  Myc target genes and cell cycle control: cdc25A may
be one, others are still missing

Phosphatases of the Cdc25 family (in mammalian
cells: Cdc25A, B and C) activate CDKs by dephosphorylating
conserved residues (Thr14 and Tyr15 in CDC2 and CDK2;
reviewed in  56). Myc was shown to induce transcription of
the cdc25A gene, and expression of antisense (AS) cdc25A
mRNA reduced Myc-induced apoptosis  (27). This result was
in apparent contradiction with the lack of a requirement of
CDK2, 4, and 6 activity for Myc-induced apoptosis  (93).
Two hypotheses may explain this paradox: first, the target of
Cdc25A in inducing apoptosis may not be CDK2, CDK4 or
CDK6, but another, yet undetermined kinase. CDK3 is a
possible candidate. Second, dephosphorylation of CDK2 or
CDK4/6 may constitute a specific apoptotic signal. One
problem with the antisense studies, however, is that they
entailed the selection of cells stably expressing AS cdc25A
mRNA  (27). Since Cdc25A is normally required for cell
cycle progression  (107), this selection step may have
introduced unknown compensatory changes. Thus,
clarification of this issue will require new experimental
systems, such as inducible expression of AS cdc25A mRNA.

What might be the role of Cdc25A in cell cycle
regulation by Myc? The effects of Myc on p27 function (see
3.1.) clearly involve targets distinct from cdc25A. First, in our
studies, the steady-state levels of Cdc25A mRNA and protein
were not increased in Myc-expressing cells. Infection of Rat1
cells with a retrovirus encoding Cdc25A, resulting in
expression of the protein 5-10 fold above endogenous levels,
did not rescue p27-induced arrest  (88)  (S. Hennecke, JV and
BA, unpublished). Second, Myc activity did not change the
susceptibility of cyclin E/CDK2 complexes to inhibition by
p27  (88, 102). Thus, the effects of Myc involved neither
modification of CDK2 by Cdc25A, nor competition between
Cdc25A and p27 for association with CDK2, as proposed for
p21  (108). Third, cyclin E/CDK2 complexes, following their
derepression by MycER in vivo, could be further activated by
Cdc25A in vitro  (99, 102). Thus, Cdc25A was still limiting
for full CDK2 activity following MycER activation. Fourth,
p27-inhibited complexes could not be activated by Cdc25A
(102), showing that repression of cyclin E/CDK2 by p27 is
dominant over activation by Cdc25A. Altogether, these
observations imply that induction of Cdc25A and
derepression of CDK2 in the presence of p27 are
mechanistically distinct and separable effects of Myc. Thus,
we still need to identify the physiological conditions under
which Cdc25A might be a rate-limiting effector of Myc action
in cell cycle control. In certain epithelial cells, the functional
targets of Cdc25A might be CDK4 and CDK6, rather than
CDK2  (109)  (figure 1), and induction of Cdc25A by Myc
may possibly play a role in overcoming TGF-beta-induced
arrest (section 4.2).

Recently, the Cdc25A gene was also shown to be
transcriptionally activated by E2F (K. Helin, personal
communication). This will complicate the analysis of Cdc25A
as a Myc target, since Myc can indirectly induce expression of
E2F target genes. It is also conceivable that Myc and E2F
may synergize in inducing Cdc25A expression, but this
remains to be experimentally addressed.
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3.4.  The effects of decreasing or increasing Myc activity in
growing cells

Exponentially growing cells express Myc at low
levels. If Myc is limiting for the activity of cyclin E/CDK2
complexes, overexpression of dominant-negative (DN-)
alleles of Myc would be expected to suppress this activity.
Conversely, increasing Myc levels should lead to premature
and increased activation of cyclin E/CDK2. As discussed
below, both predictions were recently confirmed
experimentally. First, transient transfection of a DN-Myc
allele called MadMyc (a chimaeric construct combining the
transcriptional repression domain of Mad1 with the bHLH-
Zip domain of Myc) led to a reduction in cyclin E/CDK2
activity, without modifing the cellular levels of cyclin E,
CDK2, or p27  (110). This effect was not due to reduced
Cdc25A expression. It is thus likely that DN-Myc was leading
to association of p27 with cyclin E/CDK2. The experimental
system used did not yet allow direct testing of this prediction.
A second report described the effects of MycER activation in
growing cells, using size-fractionation of cell populations by
elutriation  (106). In control cells (i.e. cells expressing no, or
inactive MycER), activation of cyclin E/CDK2 and cyclin
A/CDK2, disappearance of p27 and hyperphosphorylation of
pRb all occurred in late G1, after cells reached a critical cell
size. In the presence of active MycER, these events occurred
in small early-G1 cells, just after exit from mitosis. Thus, Myc
activity in proliferating cells was rate-limiting for activation of
cyclin E/CDK2 (and, consequently, cyclin A/CDK2; 93).
Strikingly, however, MycER activation did not significantly
advance the timing of S-phase entry in those cells  (106). The
authors proposed that additional, Myc-independent
mechanisms operate to ensure that DNA replication is not
initiated before cells have reached the appropriate size.
Consistent with this conclusion, proliferating fibroblasts
expressing Myc ectopically did not show obvious changes in
cell cycle distribution compared with control cells (e.g.  72,
88). It should be noted, however, that Myc overexpression can
also shorten G1 in some cells  (111). This may reflect the fact
that Myc is rate-limiting not only for CDK2 activation, but
also for cell growth per se, as discussed further below (section
6.).

In summary, the data discussed so far show that
cyclin E/CDK2 is a functional target of Myc. Myc may
operate at several levels to up-regulate the kinase activity of
this complex, including the inactivation of CKIs (p27 and
probably p21 and p57), the induction of the CDK-activating
phosphatase Cdc25A, and the up-regulation of cyclin E
expression (most likely through an indirect mechanism). The
two former mechanisms would also be expected to contribute
to up-regulation of cyclin D/CDK4 activity by Myc, although
direct evidence for this is still missing.

4.  MYC AND THE p16-pRb PATHWAY

4.1.  Cyclin E, the spy who came in from the cold
Using the same system as that described for p27  (88)
(section 3.1.1), we showed that Myc also suppresses growth
arrest by CKIs of the INK4 family, and in particular by
p16INK4a  (72). Studying the mechanisms underlying this
effect led to two unexpected observations. First, cyclin E
(which is a target of p27 but not p16; figure 1) also prevented

p16-induced arrest. Second, p16 was still functional in Myc-
or cyclin E-expressing cells, since it associated with its target
CDKs and induced dephosphorylation and activation of pRb,
p107 and p130. In summary, expression of either Myc or
cyclin E dissociated activation of p16 and pRb from growth
arrest.

We propose that cyclin E is the effector of Myc in
bypassing p16 and pRb function in G1-S progression. As
discussed above, Myc positively influences cyclin E/CDK2
function via any of three mechanisms: inactivation of p27
(and possibly p21 or p57), and up-regulation of Cdc25A and
cyclin E expression (note, however, that overexpression of
Cdc25A could not substitute for Myc or cyclin E in bypassing
growth arrest by p16  (72), suggesting that Cdc25A was not
the rate-limiting factor for cyclin E/CDK2 activity in p16-
arrested Rat1 cells). In summary, the net effect of Myc action
is to increase cyclin E/CDK2 activity which, in turn, supports
cell proliferation in the presence of p16 and activated pRb.
Thus, we must now attempt to explain the action of cyclin E.

A pRb-independent role for cyclin E (in addition to
its function as a pRb kinase; figure 1) had been suggested by
previous studies  (68-70) Our work on p16, summarized
above  (72), and two independent and parallel studies  (71, 73)
further showed that cyclin E can promote S-phase entry in the
presence of active pRb. Using transient transfection and/or
microinjection, these other authors showed that cyclin E
bypassed G1 arrest induced by constitutively active pRb
mutants (lacking CDK-phosphorylation sites). In one of these
studies  (71), cyclin E also bypassed G1 arrest by a dominant-
negative DP-1 mutant which blocked E2F function. While
this result suggests that cyclin E might be the sole rate-
limiting target of E2F, it is in apparent direct contrast with
studies showing that adenovirus-mediated expression of E2F-
1 allowed cell cycle progression in the absence of CDK2 and
CDK4 activity  (65). In summary, high-levels of cyclin E or
E2F activity, each in the absence of the other, suffice to drive
a single cell cycle (or at least S-phase). However, this is not a
priori  true with physiological levels of cyclin E or E2F. For
example, moderate expression of E2F-1 did not suffice to
bypass p27-induced arrest (and thus cyclin E/CDK2
inhibition), whereas it readily overcame p16-induced arrest
(66, 72). How can we rationalize these findings? The most
likely explanation is that cyclin E and E2F might each have a
non-redundant, essential role in G1-S progression in
mammalian cells, as was concluded from experiments in
Drosophila  (112-114). In transient transfection experiments
(e.g.  71), only one pathway (i.e. cyclin E) might have been
rate-limiting for S-phase entry, the second (i.e. E2F) having
been already activated to sufficient levels prior to the
beginning of the experiment. This explanation would also
apply to the converse experiment  (65). In summary, under
physiological conditions, cyclin E and E2F activity cross-
regulate each-other but may also be independently required
for S-phase entry.

How is this discussion relevant to the present
review? Cyclin E is a key functional target of Myc, and both
proteins can bypass activation of the p16-pRb pathway. One
additional effect of Myc, which remains to be investigated,
may be to directly induce expression of E2F-family members



Myc and the Cell Cycle

256

(115, 116), providing an additional route not only to bypass
growth arrest by p16 and pRb, but also to induce cyclin E. We
now need to identify the molecular pathway(s) and substrates
through which cyclin E/CDK2 bypasses growth arrest by p16
and pRb (figure 1, red lines).

4.2.  Cellular context may determine the ability of Myc to
promote cell cycle progression

In apparent contrast with our studies on p16  (72),
microinjection of p16-encoding plasmids blocked MycER
induced cell cycle-entry (but not apoptosis)  (93). How do we
reconcile these observations? Other studies showed that cyclin
D/CDK4 complexes can serve as a reservoir for p27, and that
INK4-family proteins can displace p27 from these complexes,
allowing p27 to inhibit cyclin E/CDK2  (90, 117). Thus,
INK4 proteins can serve a dual role in inhibiting directly
CDK4 and CDK6 and, indirectly, CDK2. In our experiments
(72), p16 or p15 were introduced by infection in proliferating
cells, which expressed low levels of p27 and no detectable
p21. Thus, in this system, the "p27-displacement" mechanism
did not play a major role in growth arrest induced by p16 or
p15 (indeed, endogenous cyclin E activity, although it was not
sufficient to sustain growth, was not fully repressed in p16-
arrested cells). In the microinjection experiments  (93), p16
was introduced in contact-inhibited, serum-starved cells, in
which endogenous p27 was maximally expressed. Under
these conditions, p27 is distributed between cyclin D/CDK4
and cyclin E/CDK2 complexes, with a large fraction on the
former. Thus, overexpression of p16 in those cells is expected
to displace p27 from cyclin D/CDK4, significantly enhancing
the pool of free p27. This may generate a situation in which
elevated free p27 levels negate the ability of Myc to overcome
inhibition of cyclin E/CDK2 (section 3.1.1.). In summary, we
propose that endogenous p27 cooperated with microinjected
p16 in preventing MycER-induced cell cycle entry. This
hypothesis emphasizes the notion that the decision to arrest or
divide rests on a very fine balance, determined by the
combination and strength of various growth-inhibitory and
stimulatory pathways. Whether or not Myc (or MycER) is
dominant over growth arrest will be exquisitely dependent on
cellular context.

It appears now important to go back to analyse the
mechanisms underlying Myc action in the presence of
physiological growth-inhibitory stimuli. As an example,
ectopic Myc expression can prevent growth arrest in response
to TGF-beta treatment  (5). TGF-beta-induced arrest in
epithelial cells relies on two independent pathways. The first
is the "p27-displacement" mechanism outlined above, in this
case via the induction of p15INK4b  (89, 90, 117, 118)  (figure
1). The second pathway is the down-regulation of Cdc25A
expression (most likely at the transcriptional level), which
leads to inactivation of CDK4 and CDK6  (109)  (figure 1).
TGF-beta also down-regulates Myc expression in those cells
(109, 119)   (note, however, that TGF-beta-mediated
inhibition of transcription from the Cdc25A promoter did not
require the Myc-response elements  (109), indicating that a
Myc-independent mechanism was involved). We propose that
deregulated Myc expression may antagonize this
physiological growth-inhibitory stimulus via both induction of
Cdc25A and sequestration of p27 (figure 1). This, in turn,
may further contribute to bypassing the growth-inhibitory

effect of p15. In addition, it remains to be asked whether Myc
has any effect on the induction of p15 by TGF-beta.

4.3.  Relationship between Myc and cyclin D1 in mitogenic
signalling

The expression of D-type cyclins, like that of Myc,
is regulated by mitogenic stimuli  (43). For example, the
cyclin D1 gene was initially cloned by virtue of its induction
by CSF-1  (120). Myc is also induced upon activation of the
CSF-1 receptor (CSF-1R). Since c-myc is an immediate-early
response gene, and cyclin D1 is induced in a delayed-early
fashion by mitogens, it was tempting to speculate that cyclin
D1 might be a direct transcriptional target of Myc. However,
an initial report arguing in this direction  (121)  was later
shown to be flawed by the use of MycER under inappropriate
experimental conditions  (122). Instead, Myc down-regulates
cyclin D1 transcription in certain cell types  (123, 124). At the
same time, Myc might increase translation of the cyclin D1
mRNA through up-regulation of the translation factor eIF-4E
(125-127). Most likely, none of these observations reflects the
true physiological relationship between Myc and cyclin D1
expression, which might be more complex and depend on the
specific mitogenic stimuli encountered by cells. A mutant of
CSF-1R failing to induce Myc, CSF-1R (Y809F)  (128), also
failed to induce cyclin D1  (129). CSF-1R (Y809F) was
defective in mitogenic signalling, but ectopic expression of
either Myc or cyclin D1 restored its mitogenic action  (128,
129). Furthermore, Myc expression restored cyclin D1
induction by CSF-1R (Y809F), and vice-versa  (128, 129).
Thus, Myc and cyclin D1 are both required for mitogenic
signalling and do not lie on a linear pathway, but are
interdependent for their induction in response to CSF-1R
activation. It should be noted that cyclin E expression rescued
neither cyclin D1 induction, nor mitogenic signalling by CSF-
1R (Y809F)  (129), indicating that Myc did not act simply by
increasing cyclin E levels. Although activation of cyclin
E/CDK2 complexes might still have been involved (through
either derepression from p27 or induction of Cdc25A), it is
likely that a different effect of Myc was responsible for the
co-induction of cyclin D1.

5.  MYC AS A DOWNSTREAM TARGET OF POCKET
PROTEINS AND E2F

We have discussed so far the function of Myc as an
upstream regulator of CDKs and pRb-family proteins.
However, Myc function may itself be regulated by those
proteins in at least two ways, providing possible feedback
mechanisms.

First, transcription of the c-myc gene may be
regulated in part by E2F (e.g.  130-133). c-myc transcription is
induced by a variety of receptor- and cytoplasmic tyrosine
kinases, and different - somewhat contrasting - signalling
pathways were proposed to be involved (e.g.  134-139).
Growth-inhibitory stimuli or growth-factor starvation
suppress c-myc expression, and this may occur via pocket
proteins (e.g.  119, 140). However, unlike other E2F-target
genes, c-myc was not induced by overexpression of E2F-1
(79), loss of pRb, or combined deletion of p107 and p130
(78). Under which physiological conditions E2F and pocket
proteins are critical for c-myc transcription - if at all - remains
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unclear at present, and will not be discussed further. Second,
p107 has been shown to bind the transactivation domain of
the Myc protein and to repress its activity  (141, 142).
Lymphoma-derived mutations in the Myc transactivation
domain may allow escape from this repression effect, but this
remains controversial  (143, 144). Based on transfection
studies, it was recently proposed that p16 could suppress the
transactivation and transfoming function of Myc, and that this
effect might be mediated by p107  (145). Thus, Myc may be a
downstream target of p107 in the same way as E2F: cyclin
D/CDK4 would be required to release p107 and allow Myc
activity, whereas p16 would antagonize this effect (figure 1).
How do we reconcile these findings with the ability of Myc to
bypass p16-induced arrest  (72)  (section 4.1.)? As a possible
explanation, ectopic activation of a downstream effector can
bypass a growth-inhibitory pathway, as exemplified by the
ability of E2F-1 to suppress both pRb-  (146, 147)  and p16-
induced G1 arrest, in conditions in which cellular pRb
remains hypophosphorylated  (66, 67, 72). However, Myc
was not largely overexpressed in our studies, making titratrion
of p107 an unlikely mechanism for the overcome of p16
action (discussed in 72). Further work will be required to
elucidate whether and under what conditions the p107-Myc
interaction is limiting for cell cycle progression.

6. LESSONS FROM A MYC KNOCK-OUT CELL
LINE: INDEPENDENT EFFECTS ON CELL
CYCLE AND CELL GROWTH

 
Several experiments have suggested that Myc

function is essential for cell proliferation  (1, 2). A recent
paper has come to challenge this view, suggesting that loss of
Myc function impairs, but does not abrogate cell proliferation
(148). These authors eliminated both alleles of the c-myc gene
(or myc) by homologous recombination in a diploid clone of
Rat1 fibroblasts. Surprisingly, myc-/- cells divided and
proliferated, but very slowly. N-myc or L-myc expression
could in principle have been responsible for growth of myc-/-

cells. However, the corresponding mRNAs were undetectable
by RNAse protection. Furthermore, myc-/- cells were passaged
continuously for extended periods of time without giving rise
to any fast-growing phenotypic revertants, which could have
arisen from amplification of N-or L-myc. The selective
pressure in favour of such events is tremendous, and their
absence further indicates that N-or L-myc were probably
silent.

Analysis of cell cycle distribution revealed that
myc/- cells had elongated G1 and G2 phases, whereas the time
required for completion of S-phase (and, presumably, mitosis)
was normal  (148). Why were both G1 and G2 affected in
those cells? The authors provided a very attractive
explanation, which is that loss of Myc had a generalized effect
on cell growth. Indeed, myc-/- cells had decreased rates of total
RNA and protein accumulation, as well as protein
degradation, but the average cell size was normal. If cell-cycle
checkpoints monitoring cell volume at the G1-S and G2-M
transitions were intact in myc -/- cells, the expected phenotype
would be exactly as seen: a temporal delay in G1 and G2 exit,
ensuring that DNA synthesis and mitosis are only executed at
the appropriate size. This function of Myc in cell growth does
not contradict, but rather complements its specific role in cell

cycle control. In the G1 phase, loss of Myc would delay both
activation of cyclin E/CDK2 and cell growth, both effects
contributing to delay S-phase entry. It is thus predictable that
elevation of cyclin E/CDK2 activity alone may not shorten
G1 in myc -/- cells, since cell volume would still increase
slowly and cyclin E activity is insufficient to bypass the cell-
size checkpoint, as shown by MycER-activation studies
(section 3.4.)  (106). In the G2 phase, myc -/- cells would grow
slowly, extending the time required to reach the minimum
appropriate size required to enter mitosis. A specific role for
Myc in progression through G2 was also suggested  (134), but
remains to be established. Molecular analysis of the cell cycle
defects in myc -/- cells guarantees several breakthroughs in the
near future.

If Myc activity is rate-limiting for cell growth, a
subset of Myc-regulated genes should be involved in
biosynthetic pathways. We recently identified two new Myc-
activated genes which encode BN51, a subunit of RNA-
polymerase III  (149, 150), and Nucleolin, a nucleolar protein
most likely involved in ribosome biogenesis (e.g.  151)   (P.
Greasley and BA, unpublished data). BN51 is particularly
interesting, since it was cloned on the basis of its ability to
complement temperature-sensitive  mutation causing G1
arrest in fibroblasts  (152). It is important to remark here that
active pRb suppresses transcription by RNA polymerases I
and III  (153-158). Thus, growth-regulatory signals may
directly impinge on the activity of these polymerases,
providing a major and general control mechanism on cellular
biosynthetic pathways.

 7. CELLULAR TRANSFORMATION AND
ONCOGENE COOPERATION: THE EXAMPLE OF
MYC AND RAS

Transformation of cells to an overt malignant
phenotype requires multiple genetic lesions. One classical
paradigm for Oncogene cooperation is the transformation of
primary rodent fibroblasts by myc and ras Oncogenes and, in
this review, we will confine ourselves to a survey of this
phenomenon. Recent studies showed that ras also controls
rate-limiting steps in cell cycle control  (159), suggesting that
the cooperation between ras and myc may be largely due to
their complementary and synergistic action on CDK function.

7.1.  Myc and Ras: interplay in cell cycle control
Depending on the cellular context, an activated Ras

protein or its effector Raf (reviewed in  160)  can induce cell
cycle arrest (which will be discussed in the next section) or
progression. Ras transduces mitogenic stimuli in response to
tyrosine-kinase receptors, and its function is required in G1
for passage through the R-point  (161, 162). Ras activity is
required for the phosphorylation of pRb in response to
mitogenic signalling, and functional inactivation of Ras
induces G1 arrest in pRb-positive, but not in pRb-negative
cells  (115, 163, 164). The mitogenic signal mediated by Ras
and Raf may act through the induction of cyclin D1 and/or the
degradation of p27  (115, 163, 165-168)  (figure 1). The
mechanisms underlying the effects of Ras on p27 remain to be
dissected. It is unclear, for instance, whether Ras acts in
concert with CDK2-induced degradation of p27  (104, 105)
or through a different pathway. In any case, the action of Ras
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on p27 may add to that of Myc  (88, 101, 102)  (section 3.1.),
both contributing to the derepression of cyclin E/CDK2. The
activities of Myc and Ras/Raf may also complement at the
level of Cdc25A, which might be activated directly by the Raf
kinase  (169). The expected result is a synergistic
enhancement of cyclin E/CDK2 activity by Myc and Ras, as
was shown using adenovirus-mediated expression of the two
proteins  (115). The notion that G1-CDK activities are key
rate-limiting targets of mitogenic signals was recently
substantiated by the finding that microinjection of preformed
cyclin D1/CDK4 or cyclin E/CDK2 complexes (but not of
cyclin A/CDK2) in quiescent cells induced S-phase entry in
the absence of mitogens  (170).

Another possible level of convergence between Ras
and Myc is the translation factor eIF-4E. First, expression of
eIF-4E is induced by Myc  (125, 126). Second, the activity of
the eIF-4E protein may be regulated by Ras-induced
phosphorylation (reviewed in  171). Third, eIF-4E levels
appear to be limiting for cellular transformation  (172, 173).
One of the critical roles of eIF-4E might be translation of the
cyclin D1 mRNA  (127), although more general effects on
protein synthesis are also likely. eIF-4E was also shown to
suppress Myc-induced apoptosis  (174).

7.2.  Interplay between tumor suppressor and oncogenic
pathways

Expression of myc or activated ras alone cannot
transform primary cells, but both together effectively do so
(175, 176), and also cooperate in tumorigenesis in vivo in
mice (e.g.  177-181). Myc, as well as the viral proteins Large
T (LT) and E1A, are "immortalizing" oncoproteins which
allow primary cells to bypass the senescence crisis and
become established in culture. All these proteins cooperate
with ras (reviewed in  182), consistent with the fact that
cellular immortalization is a prerequisite (although it is not
always sufficient) for full transformation by ras  (183, 184).
In primary cells and a minority of cell lines (e.g. REF52;
184), activated Ras or Raf do not promote proliferation but
instead induce G1 arrest  (185, 186)  equivalent, at least in
fibroblasts, to accelerated senescence  (187). Ras/Raf
activation induces the accumulation of active p53, thereby
inducing p21 expression and CDK inhibition. LT or E1A
overcome Ras/Raf-induced arrest  (185-187). Whether Myc
will overcome Ras/Raf-induced arrest in primary cells has not
been reported (but see  188), although it is predictable given
that these proteins cooperate in cellular transformation.

Functional inactivation of p53 or p16 can bypass
senescence and allow cellular transformation by ras alone
(85, 186, 187, 189-191). Homozygous deletion of either the
p53 or p16 (INK4a) genes led to the development of multiple
tumors in mice  (187, 192), and loss of the INK4a gene
cooperated with an activated ras transgene in the induction of
melanoma in vivo  (193). However, it is crucial to note here
that the INK4a knock-out studied so far affected not only
p16INK4a, but also the alternative gene product p19ARF1. A
selective p19ARF1 knock-out reiterated the phenotypes
previously attributed to p16-loss, including increased tumor
incidence and direct cellular transformation by ras  (87).
Although the role of p16 as a tumor suppressor in humans is
not under question  (194), the specific contribution of p16-loss

to cellular immortalization and transformation in vitro, and to
tumorigenesis in vivo, remains to be assessed. Functional p53
was required for the cell cycle-inhibitory and senescence-
inducing function of p19ARF1  (87), suggesting that p19ARF1

and p53 may lie on a common tumor suppressor pathway.
This pathway may conceivably include the p53-mediated
inducion of p21, since p21-null MEFs appeared to bypass the
senescence crisis  (195). However, p21-null animals did not
display a tumor-prone phenotype  (195), suggesting that other
pathways, and in particular p53-induced apoptosis, are
involved in suppressing tumorigenesis. In the context of the
present review we can provisionally conclude that, in terms of
immortlization and cooperation with ras, Myc activation
phenotypically mimics loss of either p53 or p16INK4a/p19ARF1.
Thus, the ability of Myc to overcome cell cycle arrest by p16-
pRb or p53-p21 (as well as p27)  (6, 72, 88)  may explain in
part, but not entirely, its oncogenic properties.

Several observations show that c-myc activation
does not only mimic loss of the p16-pRb or p53-p21 growth-
inhibitory pathways in tumorigenesis. For example, loss of
p53 synergizes with Myc activation in lymphomagenesis
(196-199). This may be due to independent effects on cell
growth  (198), or to decreased Myc-induced apoptosis in the
absence of p53  (200, 201). The latter mechanism also
underlies the cooperation between Myc and Bcl-2 in
lymphomagenesis  (202). In transgenic mice, cyclin D1
cooperated with Myc in lymphomagenesis  (203, 204),
suggesting that the two proteins also control distinct
pathways. Moreover, apparently in contrast with our data on
cell cycle progression  (72), p16 overexpression suppressed
cellular transformation by co-transfected myc and ras  (205)
or cyclin E and ras  (206)  (see below). This most likely
reflects an effect of p16 on the action of Ras (e.g. by reversing
Ras-induced inactivation of pRb)  (115, 163, 164), or
alternatively of Myc  (145), or both. In summary, although
activation of pRb is ineffective in inducing G1 arrest in the
presence of Myc (or cyclin E)  (72), it may still effectively
suppress co-transformation by Myc and Ras. This emphasizes
the important notion that cell cycle progression and cellular
transformation, although connected, are two different
biological and experimental outcomes.

Recently, several observations have linked the
aberrant expression of cyclin E to tumorigenesis. For
example, cyclin E cooperated with Ras in cotransfection
assays  (206)  and had a mild oncogenic potential in
transgenic mice  (207). Moreover, aberrant cyclin E isoforms
were detected in human tumor cells (e.g.  208, 209). It was
suggested that in tumor cells that express high p16 levels,
cyclin E/CDK2 could replace CDK4 function by
phosphorylating pRb  (210). However, the data discussed
above (section 4.1.) establish that cyclin E can bypass p16-
pRb function by an alternative pathway  (71-73). The causal
involvement of cyclin E in human tumors remains to be
investigated. It is tempting, however, to speculate that
deregulation of cyclin E may not fully substitute for Myc in
tumorigenesis, either because cyclin E/CDK2 is still
susceptible to inhibition by p27 (or p21, p57) unless Myc is
activated  (88, 101, 102), or because Myc has other
functional targets, in particular cyclin D/CDK4, cyclin
D/CDK6, as well as general biosynthetic pathways.
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7.3.  Do p21, p27 or p57 function as tumor suppressors?
Finally, the possible role of p21, p27 or p57 in

suppressing tumorigenesis remains an open question. The
genes encoding those CKIs cannot be classified, genetically,
as tumor suppressor genes  (195, 211-216)  (although loss of
p21 or p57 may contribute to the development of some
tumors;  216-219). In spite of this, we would like to propose
here that p27, p21 and/or p57 may play a central role in
suppressing tumorigenesis. First, the lack of mutations in
these proteins may be partly explained by functional
redundancy. Second, the function and expression of p27 are
altered by at least two oncogenic processes, activation of Myc
(88, 101, 102)  (section 3.1.) and Ras  (115, 165, 168)
(section 7.1., figure 1). Any one of these processes may
simultaneously target p21 and/or p57. Third, low p27 levels
are indicative of poor prognosis in mammary and colon
carcinomas  (209, 220, 221), which may result from increased
proteolytic degradation of p27 in high-grade tumors  (221). It
will thus be fundamental to understand in detail how Myc-
dependent and Ras-dependent mechanisms (i.e.: sequestration
and proteolysis) may lead to loss of p27, and possibly of p57
and p21 function in cancer cells, liberating cyclin E/CDK2
activity from upstream cellular controls and promoting
unrestrained growth.

8.  PERSPECTIVES

The mechanisms by which Myc influences cell
cycle control have become apparent over the last years. We
are still lacking, however, a detailed description of these
mechanisms. In particular, we will need to understand in the
future precisely how Myc induces the inactivation of CKIs of
the p21/p27 family, and the role of Cdc25A as a mediator of
Myc action. In addition, new molecular targets of Myc will
most likely emerge with the study of new cellular systems. All
of the tested biological activities of Myc, including
transformation, apoptosis, cell cycle progression and bypass
of cell cycle arrest by p27 or p16, require the formation of
transcriptionally active Myc/Max dimers  (16, 17, 72, 88).
Thus, the largest gap in our understanding of Myc function is,
by far, our lack of knowledge about Myc-target genes. This
gap must be filled-in from two sides: first, new and large-
scale screens for Myc-regulated genes; second, identifying the
cellular proteins which mediate the effects of Myc on the
function of CKIs, CDKs, or other cell-cycle regulators.

Both Myc and Ras lie in a complex network of
signaling pathways. Their activities may converge in
regulating, through complementary and distinct mechanisms,
the activities of functionally distinct proteins such as p27,
Cdc25A, eIF-4E and others. The role of these proteins - and in
particular of CKIs of the p27 family - in growth control and
tumorigenesis is now an important focus of research.

Over the last years, it has become apparent that the
deregulation of several major growth-regulatory pathways is
instrumental in tumor progression. Among the most universal
genetic defects in human tumors are alterations of the p16-
pRb pathway and of p53. Other examples include the WNT-
APC-beta catenin and the Sonic hedgehog-patched-
smoothened signaling pathways (e.g.  222, 223). Through
these discoveries, basic research identifies new molecular

targets that translate into tools with potentially high
prognostic, diagnostic and therapeutic value in oncology.
However, therapeutic intervention at the molecular level
must be evaluated case-by-case. For example, the
restoration of p16 function may in principle be useful in
tumors lacking p16, but will be totally ineffective in tumors
which have lost pRb, or which have deregulated other
downstream effectors of this pathway. This illustrates a
strong case in favor of intervention at the level of
downstream targets. Thus, the finding that Myc and cyclin
E can promote cell proliferation by acting downstream of
p16 and pRb  (71-73)  calls for additional research efforts
in identifying the additional targets of these molecules. It is
a safe prediction that the downstream effectors of Myc and,
in particular, of cyclin E/CDK2 will be prime targets for
intervention in a large spectrum of tumors.
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