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The precise mechanism by which Ras proteins mediate mitogenic signaling remains obscure. We have identified the
p53/p21Cip1 axis as an essential component of the Ras mitogenic pathway. Moreover, cells carrying an inactive p53/
p21Cip1/Rb pathway sustain cell proliferation by inducing retroactivation of the MAPK signaling cascade in a Ras-
independent manner.

Ras signaling has been studied for more
than 40 years.1 Yet our understanding of
the molecular mechanisms by which Ras
proteins convey mitogenic signals is
incomplete, especially beyond their imme-
diate effector pathways, which are primar-
ily the mitogen-activated protein kinase
(MAPK) signaling cascade, the phosphati-
dylinositol 3-kinase/Akt pathway, and the
Ral guanine exchange factor route.1,2

Indeed, genetic interrogation of these
effectors has indicated that only compo-
nents of the MAPK signaling cascade—
the Raf, Mek, and Erk kinases—can medi-
ate mitogenic signaling, at least in mouse
embryonic fibroblasts (MEFs).3 However,
how this information is transmitted to the
cell cycle machinery remains mostly
unknown. Here, we summarize our recent
studies aimed at identifying these missing
links.

As expected, genetic ablation of the 3
Ras genes Hras, Nras, and Kras in MEFs
and keratinocytes completely prevents cell
proliferation.3,4 Ectopic re-expression of
Ras isoforms restores their proliferative
capacity, demonstrating the reversible
nature of the quiescent “Rasless” state.
Earlier studies have demonstrated that the
retinoblastoma protein (Rb) is one of the
ultimate targets of Ras mitogenic signal-
ing.5 Indeed, knockdown or inactivation
of Rb licenses quiescent Rasless cells to
enter the cell cycle.3 In this regard, it is
generally accepted that Ras proteins con-
trol Rb activity by inducing expression of
D- and E-type cyclins, which bind to their
catalytic partners cyclin-dependent kinases

4/6 (Cdk4/6) and Cdk2, respectively, and
lead to phosphorylation and subsequent
inactivation of Rb (Fig. 1A).6 This
hypothesis, however, needs to be revised
since Rasless cells retain normal levels of
D- and E-type cyclins bound to their cog-
nate Cdks.3 Moreover, these cyclin/Cdk
complexes lack kinase activity, suggesting
that Ras signaling is essential to control
their enzymatic activity, presumably via
their interaction with Cdk inhibitors
(Fig. 1B).3

To obtain insights into how Ras pro-
teins regulate cell proliferation, we per-
formed an unbiased small hairpin RNA
(shRNA) library screen in Rasless cells.
This screen unambiguously identified the
Trp53/Cdkn1a (p53/p21Cip1) tumor
suppressor axis as an essential mediator of
Ras mitogenic signaling.7 Indeed, efficient
knockdown of either p53 or p21Cip1
expression fully restored the proliferative
properties of Rasless cells (Fig. 1B). Fur-
ther studies revealed that loss of Ras pro-
teins caused widespread transcriptional
activation of p53 through a mechanism
involving acetylation of 2 specific residues
in its DNA binding domain.7 Surpris-
ingly, phosphorylation and/or protein sta-
bilization of p53 was not required. These
genetic studies place the p53/p21 axis at
the center of the mitogenic pathway that
connects Ras signaling with the cell cycle
(Fig. 1B).

As indicated above, the MAPK path-
way is solely responsible for mediating Ras
mitogenic signaling, at least in MEFs and
keratinocytes.3,4 Cells lacking Raf, Mek,

or Erk kinases (Rafless, Mekless, and Erk-
less cells respectively) also exit the cell
cycle and remain in a quiescent state indis-
tinguishable from that of Rasless cells;
however, knockdown of either p53 or
p21Cip1 failed to confer proliferative
properties on Rafless, Mekless, or Erkless
cells (Fig. 1C). Knockdown or inactiva-
tion of the retinoblastoma (Rb) tumor
suppressor also failed to induce cell prolif-
eration. A solution to this apparent
conundrum came when we observed that
knockdown of any of the members of the
p53/p21Cip1/Rb tumor suppressor axis
in Rasless cells resulted in activation of the
MAPK signaling pathway (Fig. 1C), indi-
cating that cells must possess a retroacti-
vating circuitry that maintains an active
MAPK cascade in the absence of the p53/
p21Cip1/Rb axis. Moreover, retroactiva-
tion of the MAPK pathway in a Ras-inde-
pendent manner is essential for cell cycle
progression, as demonstrated by the lack
of proliferation of cells when we ablated
the Raf, Mek, or Erk kinases (Fig. 1C). In
other words, inactivation of Rb per se is
not sufficient to license cells to cycle;
rather, they require an active MAPK path-
way regardless of the presence or absence
of Ras proteins.

How does knockdown of the p53/p21/
Rb axis activate the MAPK pathway?
Since Raf proteins are essential for cell
proliferation in the absence of an active
p53/p21/Rb axis, we assume that the ret-
roactivation circuitry must necessarily go
through this family of kinases. It is possi-
ble that cells may also have other
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circuitries to retroactivate the Mek and
Erk kinases but, if so, our genetic data
indicate that these circuitries are not suffi-
cient to sustain cell proliferation unless
they also mediate retroactivation of Raf
proteins.8 In any case, and regardless of
the precise nature of these circuitries, our
genetic studies clearly illustrate activation
of the MAPK signaling cascade in the
absence of Ras proteins. Interestingly, the
absence of p53 also allows cells lacking the
activating members of the E2f family of
transcription factors—E2f1, E2f2 and
E2f3—to proliferate.9 Although it
remains to be determined whether such

cells also induce retroactivation of Raf/
Mek/Erk signaling, this raises the possibil-
ity that the E2f transcription factors might
be involved in Ras-independent activation
of the MAPK cascade (Fig. 1C).

Our results do not resolve whether
feedback activation of the MAPK pathway
downstream of the p53/p21/Rb axis exists
during normal homeostasis as a mecha-
nism to potentiate mitogenic signaling.10

However, under these conditions the ret-
roactivated MAPK pathway is not suffi-
cient to sustain cell proliferation after Ras
mitogenic signaling has been switched off.
Alternatively, cells may have negative

regulatory mechanisms that restore activa-
tion of the p53/p21Cip1 axis once they
stop receiving mitogenic signals, thus
thwarting retroactivation of the MAPK
pathway. A final consideration derived
from these studies is whether tumor cells
lacking the p53 tumor suppressor retain
an active MAPK signaling pathway inde-
pendent of Ras signaling. If so, direct inhi-
bition of Ras proteins may not be
sufficient to stop tumor progression.
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Figure 1. Ras mitogenic signaling. (A) Schematic representation of the currently accepted model. (B) Schematic representation of the updated model
incorporating our recent results and demonstrating the essential role of the p53/p21Cip1 axis in Ras mitogenic signaling. (Left) Wild type cells, (Right)
Rasless cells. (C) Knockdown/inactivation of the p53/p21Cip1/Rb axis induces retroactivation of the MAPK pathway in a Ras-independent manner. (Left)
Schematic representation of the Ras signaling pathway illustrating that Rasless cells can proliferate in the absence of p53 as a result of retroactivation of
the Raf/Mek/Erk signaling cascade. Similar results were observed in Rasless cells lacking p21 and Rb tumor suppressors (see text). (Right) Unlike Rasless
cells, cells lacking Raf kinases (Rafless cells), Mek kinases (Mekless cells), or Erk kinases (Erkless cells) cannot proliferate in the absence of the p53/
p21Cip1/Rb axis. Blue arrows indicate variation in expression levels. Red spikes indicate activated proteins. X indicates that the corresponding protein
has been genetically ablated. Ac, acetylated lysine residues; P, phosphorylated Ser/Thr residues; Cyc, cyclins; Cdk, cyclin-dependent kinases; Rb, retino-
blastoma protein; G1, gap 1 phase; S, S phase of the cell cycle. The dotted line indicates that we do not have experimental evidence for the existence of
the retroactivating circuitry observed in Rasless cells in Rafless, Mekless, or Erkless cells. The represented active state of the E2F transcription factors has
not been determined experimentally but is deduced from the inactive state of the Rb protein.
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