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Abstract In the past decade, we have gained considerable
insight into the identities of various cytoplasmic signal transduc-
tion cascades and the manner in which they operate in response to
changes in the extracellular environment. Moreover, we have
begun to understand what the key players are in cell-cycle
regulation and how they, in turn, function to promote cell
division. A long-standing question, however, has been how
communication between signalling routes and the cell-cycle
machinery occurs. This review highlights some recent observa-
tions that provide possible links between signal transduction and
the cell-cycle machinery.
© 1997 Federation of European Biochemical Societies.
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1. Rb and regulation of cell proliferation

An important property of untransformed, eukaryotic cells is
their ability to respond to changes in their extracellular envi-
ronment, i.e. the local concentration of various factors. These
factors include mitogens and anti-mitogens, survival factors,
differentiation-inducing factors and cell-cell and cell-substra-
tum interactions. This variety of signals influences a cell’s
decision to remain (or become) quiescent, to differentiate, to
undergo programmed cell death or to enter a cell division
cycle and reproduce. In most cases, a cell is responsive to
this kind of regulation only in two cell-cycle phases: in quies-
cence (GO) or in GIl, the first gap phase of the cell cycle
[reviewed in [1]]. During this time window, extracellular sig-
nals are transmitted through cytoplasmic signal cascades
which, in turn, induce nuclear processes that eventually deter-
mine the type of cellular response. Once a cell has passed a
specific point in late G1, termed the restriction point R, it
becomes largely refractory to proliferation-stimulating fac-
tors: it commits itself to progress until mitosis, even in the
presence of growth-restraining signals like the cytokine TGFp,
contact inhibition, DNA damage or protein synthesis inhibi-
tors [[2], reviewed in [3]]. The transition from a serum-depend-
ent state to a serum-independent state therefore represents an
important event and much effort has been put into identifying
the components involved in this decision making.

The product of the retinoblastoma tumor suppressor gene,
Rb, likely is intimately involved in this process [3]. Its func-
tion is to connect the cell-cycle clock with the transcriptional
machinery. Its growth-suppressing activity, exerted during
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early Gl, is relieved by phosphorylation in mid-to-late Gl,
thus roughly coinciding with passage of the R point. A critical
role for Rb in regulating S-phase entry is further supported by
the observation that Rb is sequestered during cellular trans-
formation by various DNA tumor virus oncoproteins [re-
viewed in [4]] and that the Rb gene carries mutations and
deletions in various human tumors [reviewed in [5]]. Together,
these observations suggest that in normal cells inactivation of
Rb is an obligatory event during G1 progression and entry
into S phase, and that in transformed cells absence of func-
tional Rb predisposes to uncontrolled onset of DNA replica-
tion.

In view of the importance of Rb during G0/G1, one would
predict that physiologic signals influence proliferation, at least
in part, by modulating Rb activity. Indeed, TGFB-induced G1
arrest was shown already 7 years ago to correlate with accu-
mulation of the hypophosphorylated, growth-suppressive
form of Rb [6]. Moreover, the oncoproteins of DNA tumor
viruses appeared capable of overriding the growth-inhibitory
action of TGF, through their Rb-binding domains [7]. An
interesting question then arose as to how Rb, and in partic-
ular its phosphorylation, is regulated. Answers to this ques-
tion not only provide insight into Rb regulation per se, but
may also allow identification of a component(s) upstream of
Rb in a pathway from extracellular signalling to cell-cycle
control. In this respect, (components of) the Rb kinase(s)
should, ideally, be responsive to specific proliferation-regulat-
ing signals such as serum factors and TGFp and, moreover,
their activities should be essential for S-phase entry.

2. Cyclin D and its regulators: intermediates between mitogenic
signalling and Rb

One such protein that seems to meet the criteria outlined
above well is cyclin D. First, expression of D-type cyclins (in
particular D1 and D2) is highly growth-factor dependent;
because of the short half-lives of both the mRNA and the
protein, cyclin D levels decline quickly upon mitogen with-
drawal [reviewed in [8]]. In fact, a characteristic property
that allowed one way of cyclin D identification is its ‘delayed
early’ kinetics during mitogenic stimulation of growth-ar-
rested macrophages or fibroblasts [9,10]. Secondly, cyclin D-
dependent kinases (cdk4 and cdk6) can phosphorylate Rb on
a number of residues [11,12]. Thirdly, interference with cyclin
D1 function by microinjection of antibodies or antisense
DNA prevents serum-stimulated fibroblasts from leaving qui-
escence to enter S phase, when performed before or near the
G1/8 transition [13,14]. Fourthly, ectopic expression of cyclin
D1 shortens the progression from G0/G1 to S phase by sev-
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eral hours [13,15] and, in conjunction with a second oncogene,
even allows for transformation of primary cells [16,17]. Fi-
nally, the cyclin D—cdk4/6 kinase is inactivated by TGFj,
by various mechanisms [18-20]. It is, in this respect, of note
that cells in cyclin D1~/~ mice proliferate relatively normally
[21], which may be explained in part by a possible redundant
role for cyclin D2.

Thus, D-type cyclins fulfil at least some important require-
ments for acting as regulatory subunits of genuine Rb kinases
on one hand and for connecting mitogenic signalling with the
regulation of Rb-dependent G1 exit on the other. Therefore,
they have been proposed to act as growth-factor sensors,
rather than integral components of the cell-cycle clock, such
as the (G1/S-specific) E-type cyclin and (S-phase and mitotic)
A- and B-type cyclins [8]. If Rb and (one of) its regulator(s)
cyclin D are true components of a pathway that is used by
extracellular factors to modulate proliferation, one would pre-
dict that, in turn, regulators of cyclin D activity may represent
additional components in this pathway. Cyclin D-dependent
kinase activity is controlled in a complex manner, which may
not be surprising in view of its importance for cell prolifera-
tion. In addition to careful regulation of cyclin D levels, cyclin
D-cdk4 kinase activity is controlled by subcellular localiza-
tion [14], (de-)phosphorylation [22], translation [23,24] and
binding to cdk-inhibitory proteins (CKI) [reviewed in [25-27]].

The rapidly expanding group of small CKIs antagonizes
cyclin D-dependent kinase action through protein—protein in-
teractions. They consist of at least two families: Ink4 proteins
which specifically inhibit cdk4/6, and Cipl/Kipl proteins,
which are broad-specificity inhibitors of cyclin—cdks [25-28].
Are these inhibitors, in addition to cyclin D, also regulated by
extracellular factors? For at least three inhibitors the answer
is yes. For example, mRNA and protein abundance of
p15mk4 as well as p219%!, are induced by TGFB, which likely
is part of the mechanism by which TGFp arrests cells
[19,20,29]. Moreover, levels of p27%iP! decrease when cells
leave a quiescent state; conversely, they rise in response to
TGFpB, cAMP, cell—cell contact and mitogen depletion [30-
32]. In the latter case, p27¥iP! appears to be required for
induction of cell-cycle arrest in response to growth-factor
withdrawal [32]. By contrast, loss of p27%P! does not seem
to lead to reduced sensitivity to TGFp [33]. Thus, during the
regulation of cell proliferation several extracellular factors
likely converge on the Rb pathway, in particular cyclin D
and certain CKls.

3. Ras and the Rb pathway

Which cytoplasmic signal-transduction cascades mediate
the regulation of the Rb pathway as a function of environ-
mental changes? Small GTPase proteins, like those belonging
to the Ras family, monitor and regulate a wide variety of
information flows in eukaryotic cells. Ras proteins play crit-
ical roles in both controlled and uncontrolled cellular prolif-
eration [reviewed in [34]]. Extracellular stimuli like EGF,
PDGF, NGF and CSF-1 activate receptors with intrinsic ty-
rosine kinase activity which, in turn, leads to an increase in
the amount of GTP-bound Ras [reviewed in [35]]. Activation
of Ras is mediated by at least two other proteins, Grb2 and
SOS, the latter of which is translocated to Ras at the plasma
membrane upon mitogenic stimulation [36-38].

The growth-stimulatory effect of oncogenic Ras has been
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demonstrated by its ability to induce S-phase entry upon mi-
croinjection into quiescent fibroblasts [39]. The requirement
for the wild-type Ras counterpart has first been shown with
the help of neutralizing antibodies that prevent quiescent fi-
broblasts from cell-cycle entry by serum or several growth
factors [40]. Interestingly, Ras activity appears to be required
at all stages prior to the G1/S transition, as was suggested first
by data from Mulcahy et al. [40]. Later, similar observations
were made with a temperature-sensitive K-Ras mutant [41]
and with the combined use of antibody microinjection and
cell-cycle inhibitors [42]. Recently, Ras was shown to be active
during mid G1, as judged by a novel assay in which activated
Ras is isolated from cell extracts by virtue of its affinity for
the Ras-binding domain of Rafl [43].

Is there communication between Ras-dependent signalling
cascades and the Rb pathway? Studies on TGFB and cAMP
suggest, at the least, functional correlations. First, in Mink
lung epithelial cells TGFB-induced G1 arrest parallels both
an increase in GDP-bound Ras [44] (although conflicting re-
sults have been reported [45]), and a modulation of the Rb
pathway described above. The induction of G1 arrest can be
prevented by activated Ras [44,46-48]. TGFf arrests cells in
late G1; when anti-Ras antibodies are microinjected just prior
to the release from TGFp, cells do not enter S phase, under-
scoring the observation that Ras activity is not only required
for the GO/GI transition, but also for passage of the G1/S
boundary [44]. cAMP, on the other hand, has also been
shown to inhibit the Ras pathway, specifically the Ras-de-
pendent activation of Rafl [49] and MAP kinase [50], along
with regulating p27%%P!, as discussed above.

There are, in addition to the correlations discussed here,
more examples that suggest a role for Ras as an upstream
regulator of the Rb pathway. For instance, expression of ac-
tive Ras shortens the G1 interval, which is accompanied by an
increase in levels of cyclin D1, but not cyclin E or Cdk4 [S1-
55]. However, in the absence of growth factors, Ras cannot
induce cyclin D-dependent kinase activity, probably due to
the presence of high levels of p27%P!, which can be overcome
only in the presence of plasma factors [55]. Similar observa-
tions are made when resting T-cells are stimulated with anti-
gen and IL2, leading to cyclin synthesis and removal of
p27Kirl | respectively [56,57]. In addition, in microinjection ex-
periments the adenovirus E1A oncoproteins can override the
requirement for Ras during entry into S phase [58]. Since the
transforming activity of E1A can be attributed to its ability to
sequester a number of cellular proteins, including Rb, also
these results are compatible with (yet do not demonstrate) a
model in which Ras and the Rb pathway communicate with
one another.

We have recently obtained direct evidence for this hypoth-
esis [59]. Using both an interfering Ras?*"'7 mutant [60,61]
and microinjection of neutralizing Ras antibodies [40,42], we
observed that inactivation of Ras in cycling fibroblasts and
myoblasts leads to G1 arrest only in the presence of functional
Rb. Inactivation of Ras causes a decline in cyclin D1 protein
levels, accumulation of the hypophosphorylated, growth-sup-
pressive form of Rb and Gl arrest. Upon disruption of Rb
function, either genetically (in Rb~/~ cells) or biochemically
(by ectopic expression of D cyclins or a downstream target for
Rb, the E2F-1 transcription factor) cells lose their ability to
stop proliferating in response to Ras inactivation. In contrast,
inactivation of Ras in quiescent cells prevents growth-factor
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Fig. 1. Schematic representation of communication between extracellular factors and cellular proteins. Extracellular factors modulate the activ-
ities of membrane-bound proteins, including receptor tyrosine kinases (indicated by square, ellipse and circle). These signals are subsequently
transduced through various cytoplasmic signalling cascades, in part in a Ras-dependent manner. In turn, components of the nuclear cell-cycle
machinery are influenced, which results in the alteration of the activities of G1- and G1/S-specific cyclin-dependent kinases and their inhibitors
(CKlIs). The relevance of this type of communication can for example be illustrated by the signal transduction from Ras to cyclin D and Rb
(shaded box): this communication route is important for adequate growth regulation (in particular growth inhibition), for disruption of the c¢y-
clin D-Rb pathway results in cellular failure to respond to downregulation of Ras activity during G1. For further details see text.

induction of both immediate-early gene transcription and GO
exit in an Rb-independent manner. These results are in keep-
ing with the observation that pl16™** (an Rb-dependent
growth inhibitor [62-65]) inhibits S-phase entry induced by
an activated Ras allele [66]. Moreover, they are consistent
with the recent demonstration that TGFf fails to inhibit the
proliferation of Rb~/~ fibroblasts [67]. In sum, accumulating
evidence suggests that the Rb pathway may indeed form a
critical target for various Ras-dependent (anti-)mitogenic sig-
nals.

4. Ras effectors and the Rb pathway

The use of dominant negative mutants like Ras®™!7 has
revealed the involvement of Ras in a number of different path-
ways, including those constituted by Raf1/MAP kinase kinase
(MEK)/MAP kinase/RSK [68,69], PI(3)K [70], Rho/Rac/
Cdc42 [71], and, as shown recently, KSR1 ([72] and references
therein). Which of these Ras effectors feeds into Rb-depend-
ent cell-cycle progression?

Most of these pathways have been implicated in regulation
of GO/G1 progression. For example, kinase-deficient mutants
of Rafl, MEKs and MAPKs can block Ras-induced mitogen-
ic signalling and transformation [73-77], as do dominant-neg-
ative mutants of Rac, Rho and Cdc42 [71,78-80] and deregu-
lated expression of MAP kinase phosphatase [81,82].
Consistent with this, the use of Ras effector-loop mutants
has revealed that, in addition to Rafl, multiple cellular factors
contribute to the transforming potential of Ras [83]. More-
over, simultaneous stimulation of distinct Ras effector path-
ways, involved in either membrane ruffling or MAP kinase
activation, are required for Ras-induced DNA synthesis [84].

Specific inhibitors of PI(3)K block growth factor- or IL2-
induced DNA synthesis [85-87]. It is, in this respect, not clear

whether PI(3)K signalling requires Ras function, for conflict-
ing results have been reported on the hierarchy of Ras and
PI(3)K [70,88,89]. The p70%K kinase is a PI(3)K effector [90],
and can be activated independently of Ras [91], and by Rho
family proteins [92]. Microinjection of polyclonal antibodies
to p70%%K also prevents G1 progression [93], as does an inhib-
itor of p705%%, rapamycin [94-97]. Rapamycin prevents resting
T cells from entering the cell cycle upon IL2 treatment, but
only when rapamycin is added up to a point in G1, before Rb
is phosphorylated [98]. Interestingly, this immunosuppressant
has also been shown to prevent IL2-induced degradation of
p27%%P1 during T-cell mitogenesis [56,57], the relevance of
which has been underscored with the use of p27%i®l=/~ fibro-
blasts which show reduced sensitivity to rapamycin-induced
G1 arrest [99]. Finally, polymerized collagen-induced inhibi-
tion of proliferation of arterial muscle cells has recently been
shown to correlate with suppression of p705% and induction
of p21¢®! and p27%¥¥P! [100]. Thus, cross-talk between (in part
Ras-dependent) cytoplasmic cascades and Rb-dependent Gl
exit may involve signal transducers like PI(3)K and p705%% on
one hand and CKIs such as p27%%®! and p21©P! on the other.

Yet another, more direct, connection between Ras signal-
ling and cell-cycle control is suggested by the interaction be-
tween Rafl and Cdc25A [101]. Cdc25A dephosphorylates reg-
ulatory threonine and tyrosine residues on cdks [102,103],
which may be modulated upon interaction of Rafl with
Cdc25A. Cdc25A and B cooperate in oncogenic transforma-
tion with either oncogenic Ras or genetic loss of Rb [104]. The
resulting suggestion that, at least in this respect, activation of
Ras and loss of Rb are functionally equivalent, is in agree-
ment with the observation that inactivation of Rb renders
cells insensitive to downregulation of Ras activity, as dis-
cussed. The latter result suggests a model in which Ras and
Rb lie on a common pathway. However, a prediction that Ras
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activity and Rb deficiency would be interchangeable in trans-
formation cooperation assays in general appears incorrect, as
becomes clear from the observation that pl6™<%—/— fibro-
blasts can be oncogenically transformed by an activated Ras
allele alone [105]. This result, in turn, would suggest that Ras
and Rb are components of cooperating, rather than overlap-
ping, pathways. This apparent inconsistency could perhaps be
explained by the possibility that the roles of Ras in normal
versus neoplastic cell proliferation may be only partly over-
lapping. This may, for example, be due to the differences in
duration of Ras activity (periodic versus constitutive, respec-
tively), something that has been proposed previously to be
important for differential Ras/MAP kinase-dependent signal-
ling [reviewed in [106]].

Ras activity is required as soon as cells leave GO upon
mitogenic stimulation, up to late G1. Are the Ras effectors
during exit from quiescence identical to those during G1 pro-
gression and Gl exit? The answer to this question is not
known, but some observations can be taken into considera-
tion. On one hand, it has recently been clearly shown that Ras
is activated in mid-G1, upon release from either mitotis (in
HeLa cells) or quiescence (in NIH 3T3 cells) [43]. This is
consistent with previous findings that Ras activity is necessary
at least twice during exit from G0 and G1, as described above.
Probably even more interesting is the observation that the
second peak of Ras activity does not seem to correlate with
that of MAP kinase activity, nor with that of Shc phospho-
rylation and Shc-Grb2 complex formation [43]. These data
suggest that the activation of Ras during G1 is not mediated
by a Shc/Grb2-dependent pathway and, in addition, that the
receiver of the mitogenic signal is not the MAP kinase path-
way. On the other hand and as outlined above, it has been
shown for various Ras effectors (e.g. Rafl, MAP kinase and
MEK) that their activities are required for colony outgrowth
of normal cells and for Ras transformation [73,75,82],
although in some strains of NIH 3T3 cells, Raf/MAP kin-
ase-dependent pathways do not contribute to Ras transforma-
tion [107]. Thus, at this time it is unclear whether overlapping,
or rather distinct, Ras-effector pathways are involved in pro-
moting exit from GO and from G1 (see Fig. 1).

5. Signal transduction and gene expression

Ultimately, many signals transduced by cytoplasmic protein
cascades during exit from GO are translated into modulation
of immediate-early gene expression which, in turn, leads to
alterations in cell-cycle control. Examples of transcription fac-
tors that are induced upon Ras activation are Jun and Ets-1;
their activities are important since dominant negative mutant
forms of either protein block Ras transformation [108-110].
In addition, Jun and Fos, but not Myc, rescue a block to
PDGF-induced DNA synthesis imposed by Ras*™7 [111].
This suggests that transcription factors like AP-1 and Ets-1
link Ras signalling to the transcriptional machinery which, in
turn, triggers a second wave of gene expression, namely that
of the delayed-early genes like D-type cyclins. Moreover, these
results place Ras and Myc in two separate pathways leading
to DNA synthesis.

The cyclin D genes obviously are attractive candidates to be
subjected to transcriptional regulation by immediate-early
gene products. Numerous laboratories have therefore at-
tempted to unravel the mechanism and identify the transcrip-
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tion factors responsible for the delayed-early expression of the
cyclin D genes in response to mitogens. The cyclin D1 pro-
moter contains several elements, including binding sites for
AP-1, Ets-2, Myc, and CREB/ATF [52,112]. In addition, it
has been shown that Ras, p42/44 MAP kinase, p38 HOG/
MAP kinase, AP-1 family proteins and Rb can regulate the
cyclin D1 promoter [51,52,112,113]. Conflicting results have
been reported on the requirement for protein synthesis for full
activation of the cyclin D gene [10,114,115]. Together, the
data suggest that transcriptional elements within the cyclin
D1 promoter respond to a complex variety of signalling path-
ways and transcription factors. It will, in this respect, be of
interest to determine whether the transcription factors and
promoter elements involved in cyclin D1 regulation are the
same during exit from GO and in cycling cells.

Recently, a potential transcriptional target for Myc has
been identified, namely the Cdc25A gene [116]. This gene
can be activated through Myc-binding elements, while
Cdc25A expression is required for Myc-induced apoptosis
[116]. Together with the Rafl-Cdc25A interaction described
above, these data suggest that Cdc25A is regulated by both
Ras- and Myc-dependent signalling routes. If Cdc25A, indeed,
is activated by Ras—Rafl signalling, these observations raise
the question why Cdc25A cooperates with Ras in transforma-
tion [101,104]. A possible explanation for this would be to
assume that Ras/Rafl activation of Cdc25A needs to be ac-
companied by (Myc-dependent) induction of Cdc25A levels.
Another connection between Myc and the cell cycle may be
provided by observation that Myc can override a p27¥Pl-in-
duced growth arrest. The mechanism by which this occurs is
proposed to involve sequestration of p27%¥iP! by an as yet un-
identified protein, leading to activation of G1 cyclin—cdks [117].

Two other connections between signal transduction and
transcriptional regulation of a cell-cycle component have
been suggested. First, STAT1 proteins appear to induce
p21°Pl transcription through specific binding sites [118].
This correlates with induction of G1 arrest in response to
ionizing radiation, for STAT1-deficient cells arrest upon radi-
ation only after reintroduction of a STATI allele. Secondly,
the cytokine-responsive transcription factor NF-kB has been
shown to bind the p300 coactivator which, in turn, binds the
cyclin E—cdk2 kinase [119]. This results in stimulation of NF-
kB-dependent transcription by p300, but only if cyclin E-as-
sociated kinase activity is prevented by expression of either
p219%! or an interfering cdk2 mutant.

6. Conclusion and perspectives

In this review, we have discussed a number of observations
that provide new insight into a long-standing problem: how
cytoplasmic signal transduction cascades are linked to the
nuclear cell-cycle machinery. Probably the most far-reaching
conclusion is that it seems that at least a majority of signalling
routes seems to control cell proliferation through acting on
components of the Rb pathway, in particular cyclin D-de-
pendent kinases and their CKlIs. For example, the observation
that cells lacking functional Rb, fail to stop proliferating in
response to inactivation of Ras suggests that, indeed, there is
close communication between ‘classical’ signalling and cell-
cycle pathways. It will, therefore, be challenging to look for
novel Ras targets that may function specifically during Gl,
but not GO. In this respect, kinetic studies, as performed by
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Taylor and Shalloway [43], on potential (Ras) target proteins
serve as informative and relatively reliable tools in addition to
the common ‘block-and-override’ experiments.

Do all signal transduction routes converge on Rb? Prob-
ably not. This is for example illustrated by the observation
that Rb-deficient fibroblasts require serum factors, albeit at a
reduced level, for their proliferation [59,120,121]. This indi-
cates that other pathways, in addition to the Rb pathway,
need to be stimulated simultaneously to ensure cell-cycle pro-
gression. A candidate pathway may be one that regulates the
activity of the cyclin E—cdk2 kinase. In contrast to cyclin D—
cdk4, inactivation of which leads to cessation of proliferation
only in the context of functional Rb, disruption of cyclin E—-
cdk2 function inhibits proliferation in an Rb-independent
manner [25,122,123]. As outlined above, this may not be com-
pletely accounted for by the observation that cyclin E appears
to be a transcriptional target of Rb/E2F [124-128]. Thus,
although cyclin E is transcriptionally regulated by Rb/E2F
(as well as post-transcriptionally, i.e. by CKlIs like p27%Pl),
additional, Rb-independent, signals are required for (full) ac-
tivation of the cyclin E cytokinase, necessary for the onset of
DNA replication. Finally, another cell-cycle kinase that may
operate independently of Rb is cdk3, since a dominant-nega-
tive cdk3 mutant can induce G1 arrest and inhibit E2F tran-
scriptional activity in Rb-independent manners [122,129].

In conclusion, although Rb undoubtedly is a key player
that regulates cell-cycle progression in response to (the major-
ity of) mitogenic signals, Rb-independent pathways may op-
erate in concert with Rb to trigger additional events that are
essential for exiting G1 and entering S phase. Therefore, it will
be of interest to identify not only novel components of G1-
specific (Ras-dependent) signalling routes that regulate RbD,
but also pathways that regulate cell proliferation in parallel
to the Rb pathway.

Acknowledgements: We thank Dr. R. Medema for critical reading of
the manuscript. The work of the authors was supported by a grant
from the Dutch Cancer Society (KWF).

References

[1] Pardee, A.B. (1989) Science 246, 603—608.

[2] Pardee, A.B. (1987) Cancer Res 47, 1488-1491.

[3] Weinberg, R.A. (1995) Cell 81, 323-330.

[4] Peeper, D.S. and Zantema, A. (1993) Mol Biol Rep 17, 197-207.

[5] Weinberg, R.A. (1991) Science 254, 1138-1146.

[6] Laiho, M., DeCaprio, J.A., Ludlow, J.W., Livingston, D.M. and
Massague, J. (1990) Cell 62, 175-185.

[7] Pietenpol, J.A. et al. (1990) Cell 61, 777-785.

[8] Sherr, C.J. (1993) Cell 73, 1059-1065.

[9] Matsushime, H., Roussel, M.F., Ashmun, R.A. and Sherr, C.J.
(1991) Cell 65, 701-713.

[10] Won, K.A., Xiong, Y., Beach, D. and Gilman, M.Z. (1992) Proc
Natl Acad Sci USA 89, 9910-9914.

[11] Ewen, M.E., Sluss, H.K., Sherr, C.J., Matsushime, H., Kato, J.
and Livingston, D.M. (1993) Cell 73, 487-497.

[12] Dowdy, S.F., Hinds, P.W., Louie, K., Reed, S.I., Arnold, A. and
Weinberg, R.A. (1993) Cell 73, 499-511.

[13] Quelle, D.E., Ashmun, R.A., Shurtleff, S.A., Kato, J.Y., Bar,
S.D., Roussel, M.F. and Sherr, C.J. (1993) Genes Dev 7, 1559—
1571.

[14] Baldin, V., Lukas, J., Marcote, M.J., Pagano, M. and Draetta,
G. (1993) Genes Dev 7, 812-821.

[15] Resnitzky, D., Gossen, M., Bujard, H. and Reed, S.1. (1994) Mol
Cell Biol 14, 1669-1679.

[16] Hinds, P.W., Dowdy, S.F., Eaton, EXN., Arnold, A. and Wein-
berg, R.A. (1994) Proc Natl Acad Sci USA 91, 709-713.

15

[17] Lovec, H., Sewing, A., Lucibello, F.C., Muller, R. and Moroy, T.
(1994) Oncogene 9, 323-326.

[18] Ewen, M.E., Sluss, H.K., Whitehouse, L.L. and Livingston,
D.M. (1993) Cell 74, 1009-1020.

[19] Reynisdottir, 1., Polyak, K., Iavarone, A. and Massague, J.
(1995) Genes Dev 9, 1831-1845.

[20] Hannon, G.J. and Beach, D. (1994) Nature 371, 257-261.

[21] Sicinski, P. et al. (1995) Cell 82, 621-630.

[22] Terada, Y., Tatsuka, M., Jinno, S. and Okayama, H. (1995)
Nature 376, 358-362.

[23] Rosenwald, L.B., Lazariskaratzas, A., Sonenberg, N. and
Schmidt, E.V. (1993) Mol Cell Biol 13, 7358-7363.

[24] Ewen, M.E., Oliver, C.J., Sluss, H.K., Miller, S.J. and Peeper,
D.S. (1995) Genes Dev 9, 204-217.

[25] Sherr, C.J. and Roberts, J.M. (1995) Genes Dev 9, 1149-1163.

[26] Xiong, Y. (1996) Biochim Biophys Acta 1288, 1-5.

[27] Peeper, D.S., van der Eb, A.J. and Zantema, A. (1994) Biochim
Biophys Acta 1198, 215-230.

[28] Hall, M., Bates, S. and Peters, G. (1995) Oncogene 11, 1581-
1588.

[29] Datto, M.B., Yu, Y. and Wang, X.F. (1995) J Biol Chem 270,
28623-28628.

[30] Polyak, K., Kato, J.Y., Solomon, M.J., Sherr, C.J., Massague, J.,
Roberts, J.M. and Koff, A. (1994) Genes Dev 8, 9-22.

[31] Kato, J.Y., Matsuoka, M., Polyak, K., Massague, J. and Sherr,
C.J. (1994) Cell 79, 487-496.

[32] Coats, S., Flanagan, W.M., Nourse, J. and Roberts, J.M. (1996)
Science 272, 877-880.

[33] Kiyokawa, H. et al. (1996) Cell 85, 721-732.

[34] Barbacid, M. (1987) Annu Rev Biochem 56, 779-827.

[35] Pronk, G.J. and Bos, J.L. (1994) Biochim Biophys Acta 1198,
131-147.

[36] Lowenstein, E.J. et al. (1992) Cell 70, 431-442.

[37] Buday, L. and Downward, J. (1993) Cell 73, 611-620.

[38] Chardin, P., Camonis, J.H., Gale, N.W., van, A.L., Schlessinger,
J., Wigler, M.H. and Bar-Sagi, S.D. (1993) Science 260, 1338-
1343.

[39] Stacey, D.W. and Kung, H.F. (1984) Nature 310, 508-511.

[40] Mulcahy, L.S., Smith, M.R. and Stacey, D.W. (1985) Nature
313, 241-243.

[41] Durkin, J.P. and Whitfield, J.F. (1986) Mol Cell Biol 6, 1386
1392.

[42] Dobrowolski, S., Harter, M. and Stacey, D.W. (1994) Mol Cell
Biol 14, 5441-5449.

[43] Taylor, S.J. and Shalloway, D. (1996) Curr Biol 6, 1621-1627.

[44] Howe, P.H., Dobrowolski, S.F., Reddy, K.B. and Stacey, D.W.
(1993) J Biol Chem 268, 21448-21452.

[45] Mulder, K.M. and Morris, S.L. (1992) J Biol Chem 267, 5029
5031.

[46] Houck, K.A., Michalopoulos, G.K. and Strom, S.C. (1989) On-
cogene 4, 19-25.

[47] Filmus, J., Zhao, J. and Buick, R.N. (1992) Oncogene 7, 521—
526.

[48] Longstreet, M., Miller, B. and Howe, P.H. (1992) Oncogene 7,
1549-1556.

[49] Cook, S.J. and McCormick, F. (1993) Science 262, 1069-1072.

[50] Hordijk, P.L., Verlaan, L., Jalink, K., Van Corven, E.J.G. and
Moolenaar, W.H. (1994) J Biol Chem 269, 3534-3538.

[51] Lavoie, J.N., L’Allemain, G., Brunet, A., Muller, R. and Pouys-
segur, J. (1996) J Biol Chem 271, 20608-20616.

[52] Albanese, C., Johnson, J., Watanabe, G., Eklund, N., Vu, D.,
Arnold, A. and Pestell, R.G. (1995) J Biol Chem 270, 23589-
23597.

[53] Filmus, J., Robles, A.I., Shi, W., Wong, M.J., Colombo, L.L.
and Conti, C.J. (1994) Oncogene 9, 3627-3633.

[54] Liu, J.J., Chao, J.R., Jiang, M.C., Ng, S.Y., Yen, J.J. and Yang,
Y.H. (1995) Mol Cell Biol 15, 3654-3663.

[55] Winston, J.T., Coats, S.R., Wang, Y.Z. and Pledger, W.J. (1996)
Oncogene 12, 127-134.

[56] Nourse, J. et al. (1994) Nature 372, 570-573.

[57] Firpo, E.J., Koff, A., Solomon, M.J. and Roberts, J.M. (1994)
Mol Cell Biol 14, 4889-4901.

[58] Stacey, D.W., Dobrowolski, S.F., Piotrkowski, A. and Harter,
M.L. (1994) EMBO 7T 13, 6107-6114.

[59] Peeper, D.S., Upton, T.M., Ladha, M.H., Neuman, E., Zalvide,



16

J., Bernards, R., DeCaprio, J.A. and Ewen, M.E. (1997) Nature
386, 177-181.

[60] Feig, L.A. and Cooper, G.M. (1988) Mol Cell Biol 8, 3235-3243.

[61] Cai, H., Szeberenyi, J. and Cooper, G.M. (1990) Mol Cell Biol
10, 5314-5323.

[62] Guan, K.L., Jenkins, C.W.; Li, Y., Nichols, M.A.,, Wu, X,
O’Keefe, C.L., Matera, A.G. and Xiong, Y. (1994) Genes Dev
8, 2939-2952.

[63] Lukas, J., Parry, D., Aagaard, L., Mann, D.J., Bartkova, J.,
Strauss, M., Peters, G. and Bartek, J. (1995) Nature 375, 503—
506.

[64] Koh, J., Enders, G.H., Dynlacht, B.D. and Harlow, E. (1995)
Nature 375, 506-510.

[65] Medema, R.H., Herrera, R.E., Lam, F. and Weinberg, R.A.
(1995) Proc Natl Acad Sci USA 92, 6289-6293.

[66] Serrano, M., Gomez, L.E., DePinho, R.A., Beach, D. and Bar-
Sagi, D. (1995) Science 267, 249-252.

[67] Herrera, R., Mikeld, T.P. and Weinberg, R.A. (1996) Mol Biol
Cell 7, 1335-1342.

[68] De Vries-Smits, A.M., Burgering, B.M., Leevers, S.J., Marshall,
C.J. and Bos, J.L. (1992) Nature 357, 602-604.

[69] Wood, K.W., Sarnecki, C., Roberts, T.M. and Blenis, J. (1992)
Cell 68, 1041-1050.

[70] Rodriguez-Viciana, P., Warne, P.H., Dhand, R., Vanhaese-
broeck, B., Gout, 1., Fry, M.J., Waterfield, M.D. and Down-
ward, J. (1994) Nature 370, 527-532.

[71] Olson, M.F., Ashworth, A. and Hall, A. (1995) Science 269,
1270-1272.

[72] Downward, J. (1995) Cell 83, 831-834.

[73] Cowley, S., Paterson, H., Kemp, P. and Marshall, C.J. (1994)
Cell 77, 841-852.

[74] Schaap, D., Van der Wal, J., Howe, L.R., Marshall, C.J. and
Van Blitterswijk, W.J. (1993) J Biol Chem 268, 20232-20236.

[75] Pages, G., Lenormand, P., L’Allemain, G., Chambard, J.C., Me-
loche, S. and Pouyssegur, J. (1993) Proc Natl Acad Sci USA 90,
8319-8323.

[76] Troppmair, J., Bruder, J.T., Munoz, H., Lloyd, P.A., Kyriakis,
J., Banerjee, P., Avruch, J. and Rapp, U.R. (1994) J Biol Chem
269, 7030-7035.

[77] Westwick, J.K., Cox, A.D., Der, C.J.,, Cobb, M.H., Hibi, M.,
Karin, M. and Brenner, D.A. (1994) Proc Natl Acad Sci USA
91, 6030-6034.

[78] Khosravi-Far, R., Solski, P.A., Clark, G.J., Kinch, M.S. and
Der, C.J. (1995) Mol Cell Biol 15, 6443-6453.

[79] Qiu, R.G., Chen, J., McCormick, F. and Symons, M. (1995) Proc
Natl Acad Sci USA 92, 11781-11785.

[80] Qiu, R.G., Chen, J., Kirn, D., McCormick, F. and Symons, M.
(1995) Nature 374, 457-459.

[81] Brondello, J.M., McKenzie, F.R., Sun, H., Tonks, N.K. and
Pouyssegur, J. (1995) Oncogene 10, 1895-1904.

[82] Sun, H., Tonks, N.K. and Bar-Sagi, S.D. (1994) Science 266,
285-288.

[83] White, M.A., Nicolette, C., Minden, A., Polverino, A., Van
Aalst, L., Karin, M. and Wigler, M.H. (1995) Cell 80, 533-541.

[84] Joneson, T., White, M.A., Wigler, M.H. and Bar-Sagi, S.D.
(1996) Science 271, 810-812.

[85] Chung, J., Grammer, T.C., Lemon, K.P., Kazlauskas, A. and
Blenis, J. (1994) Nature 370, 71-75.

[86] Cheatham, B., Vlahos, C.J., Cheatham, L., Wang, L., Blenis, J.
and Kahn, C.R. (1994) Mol Cell Biol 14, 4902-4911.

[87] Karnitz, L.M., Burns, L.A., Sutor, S.L., Blenis, J. and Abraham,
R.T. (1995) Mol Cell Biol 15, 3049-3057.

[88] Rodriguez-Viciana, P., Warne, P.H., Vanhaesebroeck, B., Water-
field, M.D. and Downward, J. (1996) EMBO J 15, 2442-2451.

[89] Hu, Q., Klippel, A., Muslin, A.J., Fantl, W.J. and Williams, L.T.
(1995) Science 268, 100-102.

[90] Monfar, M., Lemon, K.P., Grammer, T.C., Cheatham, L.,
Chung, J., Vlahos, C.J. and Blenis, J. (1995) Mol Cell Biol 15,
326-337.

[91] Ming, X.F., Burgering, B.M., Wennstrom, S., Claesson, W.L.,
Heldin, C.H., Bos, J.L., Kozma, S.C. and Thomas, G. (1994)
Nature 371, 426-429.

[92] Chou, M.M. and Blenis, J. (1996) Cell 85, 573-583.

[93] Lane, H.A., Fernandez, A., Lamb, N.J. and Thomas, G. (1993)
Nature 363, 170-172.

D.S. Peeper, R. Bernards/FEBS Letters 410 (1997) 11-16

[94] Kuo, C.J., Chung, J., Fiorentino, D.F., Flanagan, W.M., Blenis,
J. and Crabtree, G.R. (1992) Nature 358, 70-73.

[95] Chung, J., Kuo, C.J., Crabtree, G.R. and Blenis, J. (1992) Cell
69, 1227-1236.

[96] Price, D.J., Grove, J.R., Calvo, V., Avruch, J. and Bierer, B.E.
(1992) Science 257, 973-977.

[97] Brown, E.J., Albers, M.W., Shin, T.B., Ichikawa, K., Keith,
C.T., Lane, W.S. and Schreiber, S.L. (1994) Nature 369, 756—
758.

[98] Terada, N., Franklin, R.A., Lucas, J.J., Blenis, J. and Gelfand,
E.W. (1993) J Biol Chem 268, 12062-12068.

[99] Luo, Y., Marx, S.0., Kiyokawa, H., Koff, A., Massagué, J. and
Marks, A.R. (1996) Mol Cell Biol 16, 6744-6751.

[100] Koyama, H., Raines, E.-W., Bornfeldt, K.E., Roberts, J.M. and
Ross, R. (1997) Cell 87, 1069-1078.

[101] Galaktionov, K., Jessus, C. and Beach, D. (1995) Genes Dev 9,

1046-1058.

[102] Hoffmann, I., Draetta, G. and Karsenti, E. (1994) EMBO J 13,
4302-4310.

[103] Jinno, S., Suto, K., Nagata, A., Igarashi, M., Kanaoka, Y.,
Nojima, H. and Okayama, H. (1994) EMBO J 13, 1549-1556.

[104] Galaktionov, K., Lee, A K., Eckstein, J., Draetta, G., Meckler,
J., Loda, M. and Beach, D. (1995) Science 269, 1575-1577.

[105] Serrano, M., Lee, H., Chin, L., Cordon, C.C., Beach, D. and
DePinho, R.A. (1996) Cell 85, 27-37.

[106] Marshall, C.J. (1995) Cell 80, 179-185.

[107] Khosravi-Far, R., White, M.A., Westwick, J.K., Solski, P.A.,
Chrzanowska, W.M., Van, A L., Wigler, M.H. and Der, CJ.
(1996) Mol Cell Biol 16, 3923-3933.

[108] Lloyd, A., Yancheva, N. and Wasylyk, B. (1991) Nature 352,
635-638.

[109] Langer, S.J., Bortner, D.M., Roussel, M.F., Sherr, C.J. and
Ostrowski, M.C. (1992) Mol Cell Biol 12, 5355-5362.

[110] Granger-Schnarr, M., Benusiglio, E., Schnarr, M. and Sassone-
Corsi, P. (1992) Proc Natl Acad Sci USA 89, 4236-4239.

[111] Barone, M.V. and Courtneidge, S.A. (1995) Nature 378, 509—
512.

[112] Herber, B., Truss, M., Beato, M. and Muller, R. (1994) Onco-
gene 9, 1295-1304.

[113] Muller, H., Lukas, J., Schneider, A., Warthoe, P., Bartek, J.,
Eilers, M. and Strauss, M. (1994) Proc Natl Acad Sci USA 91,
2945-2949.

[114] Sewing, A., Burger, C., Brusselbach, S., Schalk, C., Lucibello,
F.C. and Muller, R. (1993) J Cell Sci 104, 545-554.

[115] Winston, J.T. and Pledger, W.J. (1993) Mol Biol Cell 4, 1133—
1144,

[116] Galaktionov, K., Chen, X. and Beach, D. (1996) Nature 382,
511-517.

[117] Vlach, J., Hennecke, S., Alevizopoulos, K., Conti, D. and Am-
ati, B. (1996) EMBO J 15, 6595-6604.

[118] Chin, Y.E., Kitagawa, M., Su, W.C., You, Z.H., Iwamoto, Y.
and Fu, X.Y. (1996) Science 272, 719-722.

[119] Perkins, N.D., Felzien, L.K., Betts, J.C., Leung, K., Beach,
D.H. and Nabel, G.J. (1997) Science 275, 523-527.

[120] Herrera, R.E., Sah, V.P., Williams, B.O., Makela, T.P., Wein-
berg, R.A. and Jacks, T. (1996) Mol Cell Biol 16, 2402-2407.

[121] Lukas, J., Bartkova, J., Rohde, M., Strauss, M. and Bartek, J.
(1995) Mol Cell Biol 15, 2600-2611.

[122] Van den Heuvel, S. and Harlow, E. (1993) Science 262, 2050—
2054.

[123] Ohtsubo, M., Theodoras, A.M., Schumacher, J., Roberts, J.M.
and Pagano, M. (1995) Mol Cell Biol 15, 2612-2624.

[124] Ohtani, K., DeGregori, J. and Nevins, J.R. (1995) Proc Natl
Acad Sci USA 92, 12146-12150.

[125] DeGregori, J., Kowalik, T. and Nevins, J.R. (1995) Mol Cell
Biol 15, 4215-4224.

[126] Geng, Y., Eaton, E.N., Picon, M., Roberts, J.M., Lundberg,
A.S., Gifford, A., Sardet, C. and Weinberg, R.A. (1996) Onco-
gene 12, 1173-1180.

[127] Duronio, R.J., Brook, A., Dyson, N. and O’Farrell, P.H. (1996)
Genes Dev 10, 2505-2513.

[128] Duronio, R.J. and O’Farrell, P.H. (1995) Genes Dev 9, 1456—
1468.

[129] Hofmann, F. and Livingston, D.M. (1996) Genes Dev 10, 851—
861.





