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Oncogenic Ras transforms immortal rodent cells to a tumorigenic state, in part, by constitutively transmitting

mitogenic signals through the mitogen-activated protein kinase (MAPK) cascade. In primary cells, Ras is

initially mitogenic but eventually induces premature senescence involving the p53 and p16INK4a tumor

suppressors. Constitutive activation of MEK (a component of the MAPK cascade) induces both p53 and p16,

and is required for Ras-induced senescence of normal human fibroblasts. Furthermore, activated MEK

permanently arrests primary murine fibroblasts but forces uncontrolled mitogenesis and transformation in

cells lacking either p53 or INK4a. The precisely opposite response of normal and immortalized cells to

constitutive activation of the MAPK cascade implies that premature senescence acts as a fail-safe mechanism

to limit the transforming potential of excessive Ras mitogenic signaling. Consequently, constitutive MAPK

signaling activates p53 and p16 as tumor suppressors.
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Cancer arises through the accum ulat ion of genet ic

changes that each enhances the growth or survival of

developing tum or cells (Fearon and Vogelstein 1990).

Perhaps the sim plest experim ental m odel of th is m ul-

t istep process involves t ransform at ion of prim ary cul-

tures by ras oncogenes (Weinberg 1989; Ruley 1990). On-

cogenic Ras t ransform s m ost im m ortal rodent cells to a

tum origenic state, whereas t ransform at ion of prim ary

cells requires either a cooperat ing oncogene (e.g., E1A ) or

the inact ivat ion of tum or suppressors such p53 or IN K4a

(Gallim ore et al. 1986; Tanaka et al. 1994; Serrano et al.

1996). Im portan t ly, these t ransform ing in teract ions have

been validated in anim al m odels and, in several in -

stances, the genet ic changes that cooperate with ras in

prim ary cells are com utated with ras in spontaneous tu-

m ors (Fearon and Vogelstein 1990; Burns et al. 1991;

Kem p et al. 1993; Linardopoulos et al. 1995; Chin et al.

1997).

Despite the widespread use of oncogene cooperat ion

assays to m odel genet ic in teract ions during tum origen-

esis, a biological explanat ion for th is phenom enon is

only now em erging. Prim ary rodent and hum an cells un-

dergo a lim ited num ber of cell doublings in culture and

then undergo a process of cellu lar senescence (Hayflick

1965). When expressed alone, m ost oncogenes that co-

operate with ras in t ransform at ion extend cellu lar life

span in hum an cells, and facilit ate the establishm ent of

prim ary rodent cells in to im m ortal cell lines (Ruley

1990). This observat ion suggested that oncogenic Ras re-

quires ‘im m ortalizing’ changes to prom ote oncogenic

t ransform at ion ; these could occur spontaneously in im -

m ortal cell lines or be provided by a cooperat ing onco-

gene (for review, see Weinberg 1997). At the sam e t im e,

other studies suggested that norm al cells act ively resist

t ransform at ion by Ras (Franza et al. 1986; Hirakawa and

Ruley 1988), im plying that cooperat ing oncogenes in ter-

fere with natural an t i-oncogenic defenses.

We dem onst rated recent ly that prolonged expression

of oncogenic Ras induces a perm anent cell-cycle arrest in

prim ary hum an and rodent fibroblast s that is phenotypi-

cally indist inguishable from cellu lar senescence (Serrano

et al. 1997). Consequent ly, these studies explain the re-

quirem ent for im m ortalizing changes in ras t ransform a-

t ion assays, and ident ify a m echanism whereby norm al

cells act ively counter ras’ t ransform ing poten t ial. For ex-

am ple, because im m ortal rodent cell lines have already

lost aspects of the senescence program , they are readily
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t ransform ed by oncogenic Ras alone. Sim ilarly, im m or-

talizing oncogenes disrupt the senescence program re-

tained in prim ary cells; hence, such changes in terfere

with the ability of oncogenic Ras to provoke senescence.

In either case, cells escape norm al growth cont rols that

act ively lim it t ransform at ion by Ras. Consequent ly, pre-

m ature senescence m ay funct ion as a bona fide m echa-

n ism of tum or suppression (Serrano et al. 1997; for re-

view, see Weinberg 1997).

Consisten t with th is view, p53 and p16IN K4a appear

crit ical for prem ature senescence induced by oncogenic

Ras (Serrano et al. 1997). Both p53 and IN K4a are m u-

tated at h igh frequency in m any tum or types, im plying

that their act ion is cent ral to tum or developm ent . N ev-

ertheless, the precise circum stances in which either is

engaged to funct ion as tum or suppressors rem ain poorly

understood. p53 can prom ote cell-cycle arrest or apopto-

sis in response to a variety of cellu lar st resses, including

DN A dam age and hypoxia (Kastan 1993; Graeber et al.

1996). In both set t ings, cells acquiring p53 m utat ions

have a select ive advantage over their p53-norm al coun-

terpart s. p16 increases gradually as cells proceed towards

senescence (Alcorta et al. 1996; Zindy et al. 1997). Con-

sequent ly, loss of p16 m ight uncouple the cell-cycle m a-

chinery from a cell-doubling clock , allowing developing

tum or cells to proliferate beyond their norm al life span .

The fact that oncogenic Ras act ivates p53 and p16 pro-

vides an addit ional explanat ion for their act ion as tum or

suppressors: p53 and p16 act in a com pensatory m echa-

n ism that suppresses Ras-induced t ransform at ion .

Hence, cells acquiring p53 and IN K4a m utat ions would

tolerate ras m utat ions occurring early in tum or develop-

m ent (Serrano et al. 1996).

In im m ortal rodent lines, t ransform at ion by oncogenic

Ras involves it s ability to bind and act ivate a series of

effector proteins, including Raf-1, phosphoinosit ide

3-OH kinase [PI(3)K], and Ral.GDS (Van Aelst et al. 1993;

Rodriguez-Viciana et al. 1994; Spaargaren and Bischoff

1994). Each of these proteins, in turn , act ivates dist inct

downst ream targets, thereby producing differen t aspects

of the t ransform ed phenotype (for review, see Katz and

McCorm ick 1997). For exam ple, the Ras–Raf in teract ion

in it iates the m itogen-act ivated protein k inase (MAPK)

cascade, which involves the sequent ial act ivat ion of a

series of protein k inases that t ransm it m itogenic signals

to nuclear t ranscript ion factors (Chen et al. 1992; Gille et

al. 1995). These kinases include Raf-1, the MEKs (MEK1

and MEK2), and the MAPKs (ERK1 and ERK2). In con-

t rast , the ability of Ras to act ivate PI(3)K prom otes m em -

brane ruffling (Joneson et al. 1996; Rodriguez-Viciana et

al. 1997), perhaps through Rac and Rho (for review, see

Van Aelst and D’Souza-Schorey 1997), and m ay also sup-

press apoptosis through act ivat ion of Akt / PKB (for re-

view, see Downward 1998). Finally, the Ral.GDS pro-

teins act as exchange factors that can act ivate the Ral

fam ily of sm all GTPases (Spaargaren and Bischoff 1994)

which , in turn , can regulate phospholipase D (Jiang et al.

1995). Although each of these effector pathways cont rib-

u tes to the t ransform ing act ivity of Ras in im m ortal ro-

dent fibroblast s (Khosravi-Far et al. 1995, 1996; White et

al. 1995; Urano et al. 1996; Rodriguez-Viciana et al.

1997), act ivat ion of the MAPK cascade is clearly suffi-

cien t (Cowley et al. 1994; Mansour et al. 1994; Bot torff et

al. 1995; Stang et al. 1997).

Alm ost all of the studies exam ining Ras signaling in

m am m alian system s have ut ilized im m ortal or tum or-

derived lines harboring unknown genet ic alterat ions. Be-

cause prem ature senescence induced by Ras is rest ricted

largely to nonim m ortal cells (Serrano et al. 1997), Ras

m ight signal prem ature senescence through an uniden-

t ified pathway lost during the im m ortalizat ion process.

Alternat ively, Ras could prom ote prem ature senescence

through a known effector pathway or by act ivat ing a

com binat ion of effector pathways. In the curren t study,

we ident ified the effector pathway responsible for Ras-

induced senescence. We find that Ras induces senes-

cence in norm al cells through the prim ary m echanism

whereby it forces uncont rolled proliferat ion and t rans-

form at ion in im m ortal cell lines. These resu lt s have im -

portan t im plicat ions for our understanding of oncogene

cooperat ion , tum or suppression , and the regulat ion of

cellu lar senescence.

Results

O ncogenic Ras is in it ially m itogenic in norm al d iploid

hum an fibroblast s

Microin ject ion of oncogenic ras in to hum an diploid fi-

broblast s induces S-phase ent ry (Lum pkin et al. 1986).

On the other hand, ret roviral t ransduct ion of oncogenic

ras in to hum an fibroblast s provokes perm anent cell-

cycle arrest (Serrano et al. 1997). These observat ions

raise the possibility that the in it ial effect of Ras is forced

proliferat ion and, only later, cell-cycle arrest . Therefore,

the im m ediate and long-term consequences of oncogenic

Ras expression were exam ined in the sam e populat ion of

norm al diploid hum an IMR90 fibroblast s. In th is and

subsequent experim ents, oncogenic ras (H-RasV12) was

in t roduced in to whole-cell populat ions using high-t it er

ret roviral vectors coexpressing a selectable m arker. After

a brief select ion to elim inate uninfected cells, cells were

plated for all assays described below (designated day −1).

Using th is protocol, the percentage of t ransduced cells

ranged between 70% and 90% as est im ated in parallel

in fect ion with viruses expressing a lacZ reporter (data

not shown).

To exam ine the proliferat ion propert ies of Ras-ex-

pressing populat ions, [3H]thym idine and BrdU incorpo-

rat ion were m easured short ly after ras t ransduct ion (48–

72 hr post infect ion) in the presence and absence of se-

rum . In norm al growth condit ions (10% serum ), vector

and Ras-expressing cells incorporated sim ilar am ounts of

[3H]thym idine (Fig. 1A). As expected, t ransfer of vector-

contain ing cells to low serum for 24 hr resu lted in a

m arked reduct ion in [3H]thym idine incorporat ion . By

cont rast , Ras-expressing cells cont inued to incorporate

h igh levels of [3H]thym idine even after serum deplet ion .

Sim ilarly, Ras-expressing cells placed in low serum in-

corporatated twice as m uch BrdU as cells contain ing an
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em pty vector (Fig. 1B). In it ially, proliferat ion in the pres-

ence of oncogenic Ras was accom panied by m orphologi-

cal changes characterist ic of const itu t ive Ras act ivity in

im m ortal cells, becom ing sm all and refract ile with th in

cytoplasm ic project ions (Fig. 1C). Only later do Ras-ex-

pressing cells acquire the characterist ic senescent m or-

phology (Fig. 1C; see also Serrano et al. 1997). Therefore,

the im m ediate consequences of oncogenic Ras expres-

sion are forced proliferat ion , im plying that cell-cycle ar-

rest is an ant iproliferat ive cellu lar response.

Ras effectors and cell-cycle arrest

As a first step in ident ifying the Ras-signaling pathway(s)

required for prem ature senescence, we exploited a series

of Ras ‘effector loop’ m utants that in teract preferen t ially

with specific Ras effector proteins (White et al. 1995;

Joneson et al. 1996). For exam ple, H–RasV12/ S35 binds

preferen t ially to Raf-1 and act ivates MAPK but has no

effect on m em brane ruffling (White et al. 1995). In con-

t rast , H-RasV12/ C40 associates with PI(3)K and pro-

m otes m em brane ruffling and cell survival but does not

bind Raf-1 or induce m itogenesis (Joneson et al. 1996;

Rodriguez-Viciana et al. 1997). H-RasV12/ G37 binds

Ral.GDS but fails to bind Raf-1 or PI(3)K (White et al.

1995). IMR90 hum an fibroblast s were infected with ret -

roviruses expressing individual Ras m utants, and cell

proliferat ion was determ ined by assessing relat ive cell

accum ulat ion at various t im es postplat ing (Serrano et al.

1997).

Consisten t with previous resu lt s, const itu t ive expres-

sion of oncogenic Ras induced cell-cycle arrest at sub-

confluent densit ies and in the presence of serum ,

whereas cells harboring the em pty vector grew exponen-

t ially to confluence (Fig. 2A). Cell populat ions express-

ing the H–RasV12/ G37 or H-RasV12/ C40 m utants failed

to arrest , suggest ing that neither the Ras–PI(3)K in terac-

t ion nor the Ras–Ral.GDS interact ion is sufficien t to in-

Figure 1. Oncogenic Ras is in it ially m ito-

genic in prim ary fibroblast s. (A ) [3H]thym i-

dine incorporat ion assay using IMR90 cell

populat ions contain ing em pty vector (V) or

H–RasV12 (R). Twenty-four hours post in-

fect ion , 2 × 14 of the indicated cells were

plated and grown in m edium contain ing

10% FBS or 0.5% FBS for 24 hr followed by

a 3H]thym idine pulse. Values were norm al-

ized to those obtained from cont rol popu-

lat ions in 10% serum ; the average and stan-

dard deviat ion of three m easures are

shown. (B) Cell-cycle analysis of IMR90

cell populat ions contain ing em pty vector

(V) or H–RasV12 (R) in low-serum condi-

t ions. Twenty-four hours post infect ion ,

cells were t ransferred to 0.5% FBS-contain-

ing m edium , 24 hr later, the cells werepulsed with BrdU for 4 hr; and analyzed for BrdU incorporat ion and DN A conten t by two-color

flow cytom et ry (see Materials and Methods). The box represents cells incorporat ing BrdU (S-phase); the percentage of BrdU posit ive

cells are indicated. (C ) Representat ive photom icrographs of IMR90 cells t ransduced with em pty vector or a H–RasV12-expressing

const ruct . Cells were t ransduced with ret roviruses contain ing either em pty vector or H-RasV12; the photom icrographs were taken at

day 2 postselect ion (prearrest ) and day 4 postselect ion (postarrest ) according to the t im e schem e described in Materials and Methods.

Figure 2. Effect of Ras-dependent signaling pathways on pro-

liferat ion . (A ) Representat ive growth curves corresponding to

the indicated IMR90 cell populat ions contain ing em pty vector

(V, s), H-RasV12 (R, d) H-RasV12/ S35 (S, m), H-RasV12/ G37

(G, n), H-RasV12/ C40 (C, h). Each value was determ ined in

t riplicate and norm alized to the cell num ber at day 0. (B) Rep-

resen tat ive [3H]thym idine incorporat ion assay of IMR90 cell

populat ions expressing various Ras-related proteins, Ras effec-

tors or Ras downst ream com ponents (see Materials and Meth-

ods). The values were norm alized to those obtained from cells

contain ing a cont rol vector; the average and standard deviat ion

of three m easures are shown.
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duce cell-cycle arrest . In cont rast , cells expressing H–

RasV12/ S35 grew slowly, at rates sim ilar to cells ex-

pressing H–RasV12 (Fig. 2A). Of note, each Ras m utant

was expressed at levels equal to (or greater than) H–

RasV12, ranging from a 5- to 10-fold increase over en-

dogenous Ras expression (data not shown). Therefore,

the differen t ial effect s of each m utant were not caused

by variat ions in Ras expression but , m ore likely, by their

ability to in teract with dist inct effector proteins. These

resu lt s correlate the Ras–Raf in teract ion with Ras-in-

duced cell-cycle arrest in norm al diploid hum an fibro-

blast s.

Because the Ras effector loop m utants were character-

ized in im m ortal cell lines, it is form ally possible that

they possess differen t act ivit ies in prim ary cells. As an

alternat ive approach , selected Ras effectors (Raf-1,

PI(3)K), downst ream com ponents (Rac, Akt , RalA, RhoA,

MEK1) (see In t roduct ion), or Ras-related proteins (R-Ras,

TC21) were tested for their ability to cause growth arrest

by ret roviral t ransduct ion in to IMR90 hum an fibro-

blast s. Of note, R-Ras is h ighly hom ologous to H-Ras,

and in teracts with PI(3)K and act ivates the PI(3)K/ Akt

pathway but not the MAPK pathway in vivo (Marte et al.

1997). TC21 is m ore closely related to H-Ras than any

other known m em ber of the Ras superfam ily but does

not act ivate Raf (Graham et al. 1996). Consequent ly, H-

Ras, R-Ras, and TC21 st im ulate cell growth and t rans-

form at ion via dist inct signaling pathways. After selec-

t ion for virus-infected populat ions, cells were plated at

subconfluent densit ies and pulsed with [3H]thym idine in

the presence of 10% serum . Am ong the Ras effectors and

downst ream com ponents exam ined, som e enhanced pro-

liferat ion , whereas others had lit t le effect (Fig. 2B). Only

const itu t ively act ive Raf-1 and MEK—com ponents of

the MAPK cascade—inhibited proliferat ion (Fig. 2B; see

also Zhu et al. 1998). N either R-Ras nor TC21 produced

cell-cycle arrest . Therefore, both the Ras m utant and ef-

fector analysis are consisten t : Ras-induced arrest in nor-

m al diploid hum an fibroblast s involves act ivat ion of the

MAPK cascade.

A ct ivat ion of the MEK/ MA PK cascade induces p53,

p16, and prem ature senescence

The MEKs are dual specificity protein k inases that , upon

act ivat ion , phosphorylate the threonine and tyrosine

regulatory sites of MAPKs (for review, see Marshall

1994). MEK1Q56P is a MEK m utant ident ified by virtue of

it s ability to enhance the t ransform ing act ivity of other-

wise t ransform ing-defect ive Ras m utants. Subst itu t ion

of glu tam ine to proline at codon 56 resu lt s in a gain-of-

funct ion m utant that has increased kinase act ivity (Bot -

torff et al. 1995). To bet ter characterize MEK-induced

arrest , the proliferat ion propert ies of IMR90 cell popula-

t ions contain ing a cont rol vector, oncogenic Ras, or

MEK1Q56P were m easured by growth curves, or by BrdU-

labeling and flow cytom et ry (Serrano et al. 1997). Act i-

vated MEK causes arrest even m ore rapidly than onco-

genic Ras, with cells displaying a dram at ic reduct ion in

BrdU incorporat ion [com pare 0.6% (MEK) and 0.3% (Ras)

to 24.5% (vector) (Fig. 3A,C)]. Likewise, MEK-expressing

cells arrest prim arily with a G 1 DN A conten t , although

there is a clear G2 com ponent (Fig. 3C). Im portan t ly,

both oncogenic Ras and MEK1Q56P act ivate MAPK in

hum an fibroblast s (Fig. 3B).

The adenovirus E1A oncogene cooperates with ras to

t ransform prim ary rodent fibroblast s (Ruley 1990) and

abrogates Ras-induced senescence (Serrano et al. 1997).

To determ ine the effect of E1A on MEK-induced arrest ,

IMR90 cells were infected sequent ially with ret roviruses

expressing E1A, and then either MEK1Q56P or a cont rol

Figure 3. Act ivated MEK induces cell-cycle arrest in hum an

diploid fibroblast s. (A ) Representat ive growth curves corre-

sponding to IMR90 cell populat ions t ransduced with em pty vec-

tor (V, s), H–RasV12 (R, d), MEK1Q56P (M, m) or

E1A+MEK1Q56P (E1A+M, n). Each value was determ ined in t rip-

licate and norm alized to the cell num ber at day 0. (B) Expression

of ectopic MEK1Q56P in ret rovirally infected IMR90 cells was

verified by im m unoblot analysis at day 4 postselect ion . MAP

kinase act ivity in cell populat ions at day 2 postselect ion was

m easured by im m unoprecipitat ion of ERK2, followed by a ki-

nase assay using [g-32P]ATP and m yelin basic protein as sub-

st rate (see Materials and Methods). (C ) Cell-cycle analysis of the

indicated cell populat ions (day 6 postselect ion) as determ ined

by BrdU incorporat ion and DN A-conten t analysis (see Materials

and Methods). The histogram displays the DN A profile of the

indicated cell populat ion as m easured by propidium iodide.

(Inset s) The upper box indicates cells incorporat ing BrdU (S

phase); the low er-left box displays G 0 / G 1 cell populat ion ; the

low er-righ t box indicates cells in G 2 / M.
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vector. Cell populat ions coexpressing E1A and

MEK1Q56P accum ulated at rates com parable to vector-

contain ing cells and incorporated high levels of BrdU,

showing no signs of cell-cycle arrest (Fig. 3A,C). Conse-

quent ly, as in the case of Ras-expressing cells, E1A ef-

fect ively counters MEK-induced arrest and allows un-

cont rolled proliferat ion .

Cellu lar senescence is accom panied by a series of

changes that , together, dist inguish senescence from qui-

escence or differen t iat ion . These changes include altered

expression of cell-cycle proteins, upregulat ion of p53,

p16, and p21, and the accum ulat ion of senescence-asso-

ciated b-galactosidase (SA-b-gal) (N oda et al. 1994; At-

adja et al. 1995; Dim ri et al. 1995; Alcorta et al. 1996;

Reznikoff et al. 1996). Like cells expressing oncogenic

Ras, MEK1Q56P-expressing cells harbored underphos-

phorylated Rb and lost cyclin A expression (Fig 4). Also,

MEK induced p53 (about threefold induct ion), p21 (about

fivefold induct ion), and p16 (about sixfold induct ion)

(Fig. 4). Finally, MEK1Q56P-expressing cells exhibited

high levels of SA-b-gal act ivity, with a percentage of

posit ive cells sim ilar to that observed in Ras-expressing

or late passage IMR90 cells (Fig. 5A,B). Of note, these

effect s require const itu t ive MEK act ivat ion , because

cells overexpressing a wild-type MEK allele grow nor-

m ally, display norm al levels of p53, p21, p16, and are

negat ive for SA-b-gal act ivity (data not shown).

These data indicate that the cell-cycle arrest produced

by oncogenic Ras and act ivated MEK is virtually ident i-

cal and is characterist ic of cellu lar senescence. Indeed,

the only difference we observed between these popula-

t ions is their m orphology: Whereas Ras-arrested cells be-

cam e large and flat , MEK-arrested cells were sm all and

refract ile (Fig. 5A). N evertheless, MEK-expressing cells

rem ain arrested in a m etabolically act ive state for as long

as we have observed them (>2 weeks). Because Rho fam -

ily m em bers m ediate changes in cell m orphology in

other set t ings (for review, see Van Aelst and D’Souza-

Schorey 1997), they m ay cont ribu te to the m orphological

changes observed in Ras-arrested cells. N evertheless,

cell m orphology has been dissociated from senescence in

other set t ings (Wist rom and Villeponteau 1990). Thus,

act ivat ion of the MAPK cascade is sufficien t to prom ote

prem ature senescence.

MEK act ivat ion is required for prem ature senescence

To determ ine whether MEK act ivity was required for

senescence, we took advantage of PD98059, a h ighly spe-

Figure 4. Act ivated MEK induces accum ulat ion of p53 and

p16. Im m unoblots of cell-cycle regulatory proteins in lysates

from cells contain ing em pty vector (V), H–RasV12 (R), or

MEKQ56P (M) at day 4 postselect ion .

Figure 5. MEK act ivates prem ature senescence. (A ) Photom i-

crographs of IMR90 cell populat ions contain ing an em pty vector

(V), H–RasV12 (R), or MEK1Q56P (M) stained for SA-b-galactosi-

dase act ivity (pH 6.0) at day 6 postselect ion . Late-passage IMR90

cells (LP) having undergone replicat ive senescence are shown

for com parison . (B) Percentage of cells posit ive for SA-b-galac-

tosidase 6 days after drug select ion . Cells (∼ 200) from each cell

populat ion were scored; the average and standard deviat ion of

data from at least th ree separate experim ents are shown.
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cific noncom pet it ive MEK inhibitor that prevents it s ac-

t ivat ion by Raf (Alessi et al. 1995; Dudley et al. 1995).

IMR90 cells were infected with cont rol or oncogenic

Ras-expressing ret roviruses, and t reated daily with 50 µ M

PD98059 prior to the onset of cell-cycle arrest and the

appearance of senescence-related m arkers (3 days post in-

fect ion). N otably, th is drug concent rat ion has been

found previously to be com pat ible with the proliferat ion

of fibroblast s albeit at slower rates (Pum iglia and Decker

1997). All cu ltures were m onitored for proliferat ion and

senescence as described above.

Rem arkably, PD98059 prevented the onset of Ras-in-

duced arrest bu t had no effect on the accum ulat ion of

vector-contain ing cells (Fig. 6A). Although the accum u-

lat ion rate of Ras-expressing cells t reated with PD98059

did not achieve that of unt reated cells harboring an

em pty vector, they displayed an approxim ately sixfold

increase in BrdU incorporat ion com pared to Ras-express-

ing cells t reated with solvent alone (Fig. 6B). Sim ilarly,

t reatm ent with PD98059 prevented the appearance of

the senescence-like m orphology and the upregulat ion of

SA-b-galactosidase in Ras-expressing cells (Fig. 6C).

Moreover, PD98059 had no effect on the detect ion of

SA-b-gal act ivity in late passage (senescent ) cells, dem -

onst rat ing that PD98059 does not direct ly inh ibit th is

enzym e. Thus, these data im ply that MEK—and hence

the MAPK cascade—is required for prem ature senes-

cence induced by oncogenic Ras.

MEK arrest s prim ary m urine fibroblast s

but t ransform s fibroblast s lack ing p53 or p16IN K4a

Prem ature senescence m ay act as a fail-safe m echanism

that suppresses t ransform at ion by Ras (Serrano et al.

1997). Thus, whereas oncogenic Ras arrest s prim ary ro-

dent fibroblast s, it readily t ransform s prim ary fibroblast s

lack ing p53 or IN K4a (Tanaka et al. 1994; Serrano et al.

1996). Because MEK is both necessary and sufficien t for

Ras-induced senescence in hum an fibroblast s, we asked

whether inact ivat ion of p53 or IN K4a would overcom e

MEK-induced arrest in prim ary rodent cells. Therefore,

wild-type, p53-nu ll, and IN K4a-nu ll prim ary m ouse em -

bryo fibroblast s (MEFs) were infected with cont rol vec-

tor-, Ras-, and MEK1Q56P-expressing ret roviruses, and

the rate of cell accum ulat ion was exam ined in the re-

su lt ing populat ions. Of note, our IN K4a-nu ll cells have

delet ions in IN K4a exon 2 that m ay also inact ivate

p19ARF (Haber 1997, see discussion); hence, these cells

are referred to as IN K4aex2−/ − for clarity.

As in hum an fibroblast s, MEK prom oted cell-cycle ar-

rest in wild-type MEFs (Fig. 7A). However, un like in hu-

m an cells, MEK-arrested MEFs acquired the enlarged and

flat senescent m orphology characterist ic of Ras-express-

ing MEFs (data not shown). Rem arkably, when

MEK1Q56P was expressed at com parable levels in pri-

m ary p53−/ − and IN K4aex2−/ − MEFs (Fig. 7B), the resu lt -

ing populat ions grew at rates sim ilar to parallel cu ltures

expressing oncogenic Ras, with no indicat ion of a growth

delay or arrest . Moreover, MEK-expressing p53−/ − and

IN K4aex2−/ − MEFs appeared t ransform ed m orphologi-

cally (data not shown) and cont inued to proliferate in

low serum (Fig. 7C). Therefore, delet ion of either p53 or

IN K4aex2 was sufficien t to alter the cellu lar response to

MEK from perm anent arrest to uncontrolled m itogenesis.

The t ransform at ion propert ies of virus-infected popu-

lat ions were assessed by their ability to grow in suspen-

sion and form tum ors in im m unocom prom ised m ice. In

soft -agar assays, MEK-expressing populat ions grown

m inim ally in culture derived from p53−/ − and

IN K4aex2−/ − cells form ed colonies at h igh frequency (Fig.

7D). Sim ilarly, MEK-expressing populat ions derived

from p53−/ − and IN K4aex2−/ − MEFs form ed tum ors at

h igh frequency when in jected subcutaneously in to athy-

m ic nude m ice (Table 1). Im portan t ly, the t ransform a-

Figure 6. MEK is required for Ras-induced cell-

cycle arrest and prem ature senescence. (A ) Repre-

sen tat ive growth curves docum ent ing the effect s

of PD98059 on Ras-induced growth arrest . IMR90

cells were infected with an em pty vector- or an

H-RasV12-expressing ret rovirus. Im m ediately af-

ter select ion , cell populat ions were t reated daily

with m edium contain ing 50 µm PD98059 or

0.25% DMSO (carrier). Each value was determ ined

in t riplicate and norm alized to the cell num ber at

day 0. (B) Cell populat ions contain ing an em pty

vector (V) or expressing H-RasV12 (R) were t reated

daily with PD98059 (PD). On day 6 postselect ion ,

cells were pulsed with BrdU and analyzed for BrdU

incorporat ion by flow cytom et ry. The calcu lated

percentage of BrdU-posit ive cells is shown. (C )

Photom icrographs of cont rol and PD98059-t reated

cell populat ions stained for SA-b-gal act ivity on

day 6 postselect ion . The percentage of posi-

t ive cells in each populat ion was 9% (vector);

12.5% (vector + PD98059); 80% (Ras); 15.4%

(Ras + PD98059); 90% (late passage); 91% (late

passage + PD98059).
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t ion propert ies of MEK-expressing cells required coop-

erat ion between MEK and loss of either p53 (see also

Fukasawa and Vande Woude 1997) or IN K4aex2, because

p53−/ − and IN K4aex2−/ − MEFs harboring an inert vector

neither grew in soft agar nor form ed tum ors in nude

m ice. However, MEK1Q56P was not as poten t as onco-

genic Ras in t ransform ing p53−/ − and IN K4aex2−/ − MEFs,

because both soft -agar colonies and tum ors expressing

MEK were typically sm aller than those expressing onco-

genic Ras (Fig. 7D; Table 1). The inability of act ivated

MEK to recapitu late the potency of oncogenic Ras in

t ransform at ion assays is consisten t with previous stud-

ies showing that m ult iple effector pathways cont ribu te

to Ras-m ediated t ransform at ion (White et al. 1995).

These data dem onst rate that act ivated MEK efficien t ly

t ransform s prim ary MEFs lacking p53 or IN K4aex2, cells

otherwise predisposed to im m ortalizat ion . Because these

MEK-expressing cell populat ions were derived from pri-

m ary fibroblast s grown m inim ally in culture, it seem s

highly unlikely that addit ional factors cont ribu te to the

t ransform ed phenotype of these cells. Sim ilarly, we

show that hum an fibroblast s expressing an im m ortaliz-

ing oncogene (i.e., E1A ) overcom e MEK-induced arrest .

Together, these data dem onst rate that const itu t ive act i-

vat ion of the MEK/ MAPK cascade can produce either

prem ature senescence or forced m itogenesis depending

on the in tegrity of a senescence program cont rolled by

p53 and p16. The precisely opposite response of prim ary

and im m ortal cells to MEK act ivat ion im plies that pre-

m ature senescence is a cellu lar fail-safe m echanism that

suppresses the t ransform ing poten t ial of aberran t Ras

m itogenic signaling.

Discussion

Oncogenic Ras t ransform s im m ortal rodent fibroblast s,

in part , by const itu t ively t ransm it t ing m itogenic signals

through the MAPK cascade. By m arked cont rast , onco-

genic Ras acutely act ivates senescence in prim ary fibro-

blast s through the p53 and p16 tum or suppressors (Ser-

rano et al. 1997). Here we dem onst rate that Ras signals

prem ature senescence through act ivat ion of the MAPK

cascade. In norm al diploid hum an fibroblast s, Ras effec-

tor loop m utants that retain their ability to bind Raf-1

prom oted prem ature senescence and, am ong a series of

Ras downst ream com ponents exam ined, only act ivated

MEK was capable of inducing p53, p16, and features of

Table 1. Tum origenicity assays

MEF genotypea

Tum or

frequencyb

Tum or

volum ec (cm 3)

WT (V) 0/4 N .A.

WT (R) 0/10 N .A.

WT (M) 0/4 N .A.

p53−/− (V) 0/8 N .A.

p53−/− (R) 8/8 1.40 ± 0.66

p53−/− (M) 7/8 0.11 ± 0.087

IN K4aex2−/− (V) 0/8 N .A.

IN K4aex2−/− (R) 8/8 1.34 ± 1.29

IN K4aex2−/− (M) 7/8 0.21 ± 0.11

aPrim ary MEFs were isolated from wild-type (WT), p53-defi-

cien t (p53−/−), and p16-deficien t (IN K4aex2−/−) m ice and infected

with cont rol vector (V), H-RasV12 (R), or MEK1Q56P (M).
bN um ber of tum ors arising per num ber of sites in jected.
cTum or volum e m easured at 2 weeks [V = (L × W2)/2].

Figure 7. Inact ivat ion of either p53 or IN K4aex2 reveals

the m itogenic and t ransform ing act ivity of act ivated MEK.

(A ) Representat ive growth curves corresponding to wild-

type (WT), p53-null (p53−/ −) or p16-null (IN K4aex2−/ −) MEFs

t ransduced with em pty vector (V), H-RasV12 (R), or

MEK1Q56P (M) expressing ret roviruses. Each value was de-

term ined in t riplicate and norm alized to the cell num ber at

day 0. (B) MEK1 expression in the indicated cell populat ions was determ ined by im m unoblot t ing on day 4 postselect ion . (C ) [3H]thy-

m idine incorporat ion in the indicated cell populat ions contain ing em pty vector (gray bars) or MEK1Q56P (black bars). On day 6

postselect ion , cells were t ransferred to 0.5% FBS-contain ing m edium for 36 hr, followed by a 24-hr pulse with [3H]thym idine. Each

value was determ ined in t riplicate and norm alized to the value obtained for wild-type cells contain ing the em pty vector. (D ) Analysis

of anchorage-independent growth of the indicated MEF populat ions. Im m ediately following select ion for virus-t ransduced populat ions,

∼ 2 × 14 cells were plated in soft agar (see Materials and Methods). Photom icrographs were taken 3 weeks after plat ing.
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senescence. Moreover, a MEK inhibitor prevented Ras-

induced cell-cycle arrest and senescence. In prim ary m u-

rine fibroblast s, act ivated MEK arrested wild-type MEFs

but forced uncont rolled m itogenesis and t ransform at ion

when expressed at com parable levels in p53−/ − or

IN K4aex2−/ − MEFs. Thus, oncogenic Ras arrest s norm al

cells through the prim ary m echanism whereby it t rans-

form s im m ortal cells or prim ary fibroblast s defect ive in

p53 or p16 funct ion .

Role of the MA PK cascade in cell-cycle arrest

Signaling through the MAPK cascade is relevant to sev-

eral physiological processes, including m itogenesis, dif-

feren t iat ion , and even apoptosis, depending on the cel-

lu lar context (for review, see Marshall 1998). In som e

set t ings, the difference between proliferat ion and arrest

is related to the in tensity or durat ion of the signal (Sew-

ing et al. 1997; Woods et al. 1997; Kerkhoff and Rapp

1998). We show that oncogenic Ras in it ially forces un-

cont rolled proliferat ion , and only later do cells arrest .

Im portan t ly, the cell-cycle arrest induced by expression

of Ras or MEK is abolished in cells expressing E1A

(IMR90), or lack ing p53 or p16 (MEFs). In cont rast to our

observat ions, others have found that h igh levels of Raf

act ivity can produce an im m ediate cell-cycle arrest that

occurs independent ly of p53 or p16 (Sewing et al. 1997;

Woods et al. 1997). Perhaps the difference between these

studies and ours reflect s the fact that other Ras effector

pathways can at tenuate Raf-induced arrest and im pinge

upon it s ability to act ivate com ponents of the arrest m a-

chinery (Olson et al. 1998); alternat ively, they m ay arise

from differen t levels and kinet ics of act ivat ion of the

Raf/ MAPK cascade. N evertheless, the resu lt s presen ted

here dem onst rate clearly that Ras-m ediated MAPK act i-

vat ion can produce two precisely opposite outcom es—

cell-cycle arrest or forced m itogenesis—depending on

the in tegrity of the senescence program cont rolled by

p53 and p16.

Other m itogenic oncogenes can display ant iprolifera-

t ive poten t ial. For exam ple, the c-m yc and E1A onco-

genes induce proliferat ion , but both act ivate p53 to pro-

m ote apoptosis (for review, see Weinberg 1997). The Myc

funct ions involved in both proliferat ion and apoptosis

are related (Evan et al. 1992; Am at i et al. 1993) and, at

least in prim ary cells, the E1A dom ains required for p53

accum ulat ion , apoptosis, and oncogenic t ransform at ion

are inseparable (Sam uelson and Lowe 1997). The fact

that oncogenic Ras uses the sam e signal-t ransduct ion

pathway to prom ote both arrest and forced m itogenesis

reinforces the view that norm al cells counter m alignant

t ransform at ion by act ively responding to hyperprolifera-

t ive signals; in th is case, by sensing excessive MEK/

MAPK act ivity and act ivat ing senescence. The necessity

to overcom e these fail-safe m echanism s can explain the

phenom enon of oncogene cooperat ion and m ay be im -

portan t during m ult istep carcinogenesis.

The MA PK cascade and senescence

The cell-cycle arrest induced by deregulated MEK act iv-

ity in prim ary fibroblast s reflect s bona fide cellu lar se-

nescence and not an unusual form of quiescence or dif-

feren t iat ion . First , un like quiescence, both oncogenic

Ras and MEK arrest cells at subconfluent densit ies in the

presence of m itogenic growth factors. This arrest is per-

m anent : whereas the MEK inhibitor PD98059 prevents

Ras-induced arrest when added prior to the appearance of

senescence m arkers, it cannot reverse the arrest at later

t im es (data not shown). Second, although p53 and p16

play fundam ental roles in Ras-induced arrest , neither

have essent ial roles in differen t iat ion . Indeed, m ost p53-

and IN K4aex2-deficien t m ice develop norm ally (Done-

hower et al. 1992; Serrano et al. 1996). Cell-cycle arrest

induced by Ras and MEK is accom panied by accum ula-

t ion of p53, p21, p16, and SA-b-gal act ivity. Im portan t ly,

these m arkers together are associated with cellu lar se-

nescence in both fibroblast s and epithelial cells but

rarely, if ever, with quiescence or differen t iat ion (Atadja

et al. 1995; Dim ri et al. 1995; Palm ero et al. 1997). Fi-

nally, cDN A array analysis of ras-arrested fibroblast s re-

veals global changes in gene expression consisten t with

that reported for senescent cells (G. Ferbeyre and S.W.

Lowe, unpubl.).

The characterizat ion of Ras-induced arrest in prim ary

fibroblast s as cellu lar senescence, and the involvem ent

of the MEK/ MAPK cascade in th is process, have im por-

tan t im plicat ions for our understanding of senescence

biology. Senescence was defined originally by the obser-

vat ion that prim ary cells have a genet ically determ ined

lim it to their proliferat ive poten t ial in cell cu lture, after

which they arrest perm anent ly with characterist ic fea-

tures (Hayflick 1965). Owing to the ‘end-replicat ion

problem ’, telom eres shorten during each cell division

unless telom erase is expressed, and it has been proposed

that som e aspect of excessive telom ere shorten ing act i-

vates cell-cycle arrest and other characterist ics of senes-

cence (for review, see Greider 1998). However, a num ber

of exogenous st im uli can also produce a phenotype sug-

gest ive of senescence, including DN A dam age, DN A-de-

m ethylat ing drugs, ceram ide, or inh ibitors of h istone

deacetylat ion (Holliday 1986; Venable et al. 1995; Ogry-

zko et al. 1996; Linke et al. 1997), raising the possibility

that telom ere shorten ing is not the only signal capable of

act ivat ing the senescence program .

Our data dem onst rate that senescence can be act ivated

in response to deregulated MAPK act ivat ion through

MEK. Consisten t with these resu lt s, forced Raf-1 expres-

sion also act ivates senescence in norm al hum an fibro-

blast s (see Fig. 2B; Zhu et al. 1998). Whereas it rem ains

possible that telom ere shorten ing or som e other cell-

doubling-sensit ive m echanism act ivates senescence

through Ras / MAPK signaling, our hypothesis is that se-

nescence can be act ivated by diverse st im uli leading to

engagem ent of a com m on cell-cycle arrest program . In

th is view, the process of senescence is related conceptu-

ally to apoptosis, a genet ically cont rolled program car-

ried out by a com m on cell-death m achinery. Diverse

st im uli and signaling pathways feed in to th is m achinery,

allowing regulat ion of cell death to be highly versat ile.

Although less understood, the possibility that m ult iple
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signaling pathways induce senescence is consisten t with

cell fusion studies (for review, see Vojta and Barret t

1995). Consequent ly, the biological roles of cellu lar se-

nescence m ay go well beyond the cont rol of cellu lar or

organism al aging, act ing as a global an t i-proliferat ive re-

sponse to a variety of cellu lar st resses.

The role of p16 and p53 in prem ature senescence

The precise role of p16 in tum or suppression is con-

founded by the com plexity of the IN K4a locus, which

encodes a second tum or suppressor t ranslated in an al-

ternat ive reading fram e designated p19ARF (Quelle et al.

1995). Mutat ions at the IN K4a locus often disrupt both

p16 and p19ARF (for review, see Haber 1997) and m ice

lack ing p19ARF develop tum ors (Kam ijo et al. 1997).

p19ARF also prom otes cell-cycle arrest and prim ary cells

derived from A RF-deficien t m ice can be t ransform ed by

oncogenic Ras alone (Kam ijo et al. 1997). Because the

m utat ion in our IN K4aex2−/ − MEFs m ay disrupt p19ARF

funct ion , it is possible that p19ARF is the sole product of

the IN K4a/ A RF locus responsible for senescence in re-

sponse to oncogenic Ras. Oncogenes can signal p53

through p19ARF (Zindy et al. 1998; de Stanchina et al.

1998); m oreover, oncogenic Ras and MEK induce A RF

m essage and protein and A RF-nu ll MEFs are defect ive in

Ras-induced arrest (Palm ero et al. 1998; G. Ferbeyre,

A.W. Lin , F. Zindy, M. Roussel, C .J. Sherr, and S.W.

Lowe, unpubl.). N evertheless, p16 cont ribu tes to Ras-

induced senescence. For exam ple, p16 accum ulates in

response to oncogenic Ras and MEK, and expression of a

p16-insensit ive Cdk4 m utant (R24C) (Wolfel et al. 1995)

counters Ras-induced growth arrest (Serrano et al. 1997).

Furtherm ore, in hum an cells, p16 can direct ly induce

senescence (Uhrbom et al. 1997; McConnell et al. 1998)

and can be inact ivated spontaneously during the im m or-

talizat ion process (Reznikoff et al. 1996; Foster et al.

1998). Regardless of the relat ive cont ribu t ion of p16 and

p19ARF to th is process, the IN K4aex2-deficien t cells used

accurately recapitu late m utat ions in hum an tum ors.

In rodent cells, the cell-cycle arrest induced by act i-

vated MEK is abrogated by inact ivat ion of either p53 or

p16 (Fig. 7; see also Serrano et al. 1997). N evertheless,

p53 and p16 do not funct ion in a sim ple linear pathway.

p16 levels increase in response to Ras in p53−/ − MEFs

and, conversely, p53 levels increase in IN K4aex2−/ − MEFs

(data not shown). In t roduct ion of oncogenic Ras or MEK

into IN K4aex2−/ −;p53−/ − double-m utant MEFs produces

m ore t ransform ed foci than in either single m utant

(A.W. Lin and S.W. Lowe, unpubl.). Thus, p53 and p16

(and perhaps p19ARF) act cooperat ively to prom ote Ras-

induced arrest , and disrupt ion of either p53 or p16 pre-

vents arrest and is sufficien t for t ransform at ion . In hu-

m an cells, p53 and p16 also appear to cooperate to pro-

m ote arrest , although inact ivat ion of both pathways

appears necessary to escape senescence (see discussion in

Serrano et al. 1997). Consisten t with th is view, ectopic

expression of p21 (a p53 target ) and p16 can induce se-

nescence in hum an cells (McConnell et al. 1998; Vogt et

al. 1998).

The act ivat ion of p53 and p16 in response to deregu-

lated MEK/ MAPK signaling provides a relevant set t ing

in which these tum or suppressors act to lim it m alignant

t ransform at ion . In th is view, m utat ions that deregulate

the MAPK cascade provide an in it ial proliferat ive advan-

tage but also accelerate senescence. However, cells ac-

quiring m utat ions in p53 or at the IN K4a/ A RF locus

escape senescence, thereby revealing the fu ll m itogenic

poten t ial of the MAPK cascade. Consisten t with th is sce-

nario, ras m utat ions often precede m utat ions in p53 or

IN K4a during tum or developm ent (Fearon and Vogel-

stein 1990; Burns et al. 1991; Linardopoulos et al. 1995).

Prem ature senescence and tum or suppression

In sum m ary, our data dem onst rate that oncogenic Ras

prom otes prem ature senescence through act ivat ion of

the MAPK cascade. Rem arkably, th is is the sam e path-

way whereby Ras induces m itogenesis in im m ortal cells.

Escape from Ras-induced senescence allows inappropri-

ate proliferat ion and, in rodent cells, oncogenic t ransfor-

m at ion . Consequent ly, the biological outcom e of const i-

tu t ive MAPK act ivat ion—cell-cycle arrest or forced m i-

togenesis—is largely context -dependent and determ ined

by the in tegrity of the senescence m achinery. These data

st rongly support the not ion that norm al cells possess

fail-safe m echanism s that lim it the consequences of Ras

m itogenic signaling. Because these safeguards involve

p53 and p16, the act ivat ion of prem ature senescence in

response to forced m itogenic signaling m ay be an im por-

tan t m echanism of tum or suppression .

Materials and methods

Cell cu lture

N orm al diploid hum an IMR90 fibroblast s (early–m id passages)

expressed the m urine ecot ropic receptor (Serrano et al. 1997),

and prim ary m ouse em bryo fibroblast s derived from wild-type,

p53−/ − and IN K4aex2−/ − day 13.5 em bryos were prepared as de-

scribed previously (Jacks et al. 1994; Serrano et al. 1997). All

cu ltures were m ain tained in Dulbecco’s m odified Eagle m e-

dium (DMEM; GIBCO) supplem ented with 10% fetal bovine

serum (FBS; Sigm a) and 1% penicillin G / st reptom ycin su lfate

(Sigm a).

Retrov iral vectors and gene transfer

Oncogenic Ras (H–RasV12) (Serrano et al. 1997) and Ras effector

loop m utants (White et al. 1995; Joneson et al. 1996) were ex-

pressed using the pBabe–Puro vector (Morgenstern and Land

1990). cDN A encoding Rac1 (N 115I), RalA, RhoA (Q63L), R–

Ras (G38V), TC21 (Q72L), PI(3)Kp110a (K227E), PI(3)Kp110a–

CAAX, wild-type Akt , or E1A12S, respect ively, were cloned

in to a pLPC ret roviral vector. Raf-1–CAAX was cloned in to a

Babe–Puro ret roviral vector. MEK1Q56P (Bot torff et al. 1995) was

expressed using Babe–Puro- or WZL–Hygro-based ret roviral vec-

tors (Ariad Pharm aceut icals, unpubl.). Ret roviral gene t ransfer

was perform ed as described (Serrano et al. 1997) using high-t it er

ret roviral stocks generated by t ransien t t ransfect ion of the

Phoenix ecot ropic packaging line (G. N olan , Stanford Univer-

sity, CA). Infected cell populat ions were selected by culture in

purom ycin (2.5 µg/ m l, 3 days) or in hygrom ycin (200 µg/ m l, 5

days) to elim inate uninfected cells. Day 4 post infect ion was
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designated as day 0 (Serrano et al. 1997). In all experim ents, cells

infected with an em pty vector were used as cont rol.

A nalysis of cell proliferat ion

Cell proliferat ion was assessed by three criteria: growth curves,

[3H]thym idine incorporat ion and flow cytom et ry of BrdU-la-

beled cells. For growth curves, cells were plated at a density of

2.5 × 104 per well in 12-well-plates following drug select ion .

Cells were fixed in 10% form alin at the indicated t im es accord-

ing to a t im e schem e and m ethod described previously (Serrano

et al. 1997). Crystal violet (0.1% ; Sigm a) was used to stain cells.

Cell-associated dye was ext racted in 2 m l of 10% acet ic acid and

the opt ical density was m easured at 590 nm with each value

norm alized to day 0. Each poin t was done in t riplicate, each

growth curve was perform ed at least twice. For experim ents

using PD98059 (Calbiochem ), t reatm ent was in it iated 2 days

post infect ion . Cells were fed daily with fresh m edium contain-

ing 50 µ M PD98059 contain ing 0.25% DMSO. Solvent -contain-

ing m edium was used to t reat cont rol cu ltures in parallel.

For [3H]thym idine incorporat ion assay, 2 × 104 cells per well

in 12-well-plates were plated in t riplicate. Cells were pulsed for

20–24 hr or 4 hr with 5 µCi / m l [m ethyl-3H]thym idine (Am er-

sham , 2 Ci / m m oles). After washing with PBS, cells were t ryp-

sin ized and t ransferred to glass fiber filt ers (Filterm at , Wallac)

followed by scin t illat ion count ing. For BrdU incorporat ion and

DN A-conten t analysis, subconfluent cu ltures were labeled with

10 µ M BrdU (Am ersham ) for 4 hr. Cells were t rypsin ized and

fixed in 75% ethanol for 30 m in . Cells were washed in PBS and

were t reated subsequent ly with 2 M HCl for 20 m in at room

tem perature. After washing in washing buffer (0.1% BSA/ PBS),

cells were neut ralized in 0.1 M sodium borate for 2 m in followed

by washing in washing buffer. Cells were incubated subse-

quent ly with FITC-conjugated ant i-BrdU ant ibody (Pharm in-

gen) for 1 hr at room tem perature or overn ight at 4°C. Finally,

cells were washed in washing buffer three t im es followed by

t reatm ent with propidium iodide (10 µg/ m l) and RN ase A (100

µg/ m l) at 37°C for 30 m in . Sam ples were analyzed by two-di-

m ensional flow cytom et ry to detect both fluorescein and prop-

idium iodide.

Protein expression and act iv ity

Western blot analysis was carried out as described previously

with m inor m odificat ions (Serrano et al. 1997). Whole-cell ly-

sates were derived by lysing cell pellet s in Laem m li SDS sam ple

buffer. Sam ples corresponding to 30 µg of protein were resolved

on SDS-PAGE gels and t ransferred to im m obilone-P m em branes

(Millipore). The following ant ibodies were used: CM1 (N ovo-

cast ra) at 1:1000 dilu t ion for the detect ion of p53, an t i-

WAF1(p21) ant ibody (C-19; Santa Cruz) at 1:500 dilu t ion , an t i-

p16 ant ibody (DCS-50; N ovocast ra) at 1:200 dilu t ion , an t i-Rb

(G3-245; Pharm ingen) at 0.5 µg/ m l together with C-36 and XZ-

55 hybridom a supernatan t at 1:100 dilu t ion each . Ant i-cyclin A

(Santa Cruz) at 1:500 dilu t ion . Ant i-Ras ant ibody (Santa Cruz) at

1:500 dilu t ion . Western blot analysis was accom plished accord-

ing to standard procedures using ECL detect ion (Am ersham ).

For MAPK assays, cells were lysed in lysis buffer (20 m M

Tris-HCl at pH 7.5, 150 m M N aCl, 1 m M EDTA, 1 m M EGTA,

1% Triton X-100, 2.5 m M sodium pyrophosphate, 1 m M b-glyc-

erolphosphate, 1 m M N a3VO 4, 1 µg/ m l leupept in , 1 m M PMSF)

accom panied by brief sonicat ion on ice. Protein lysate (100 µg)

was incubated with a polyclonal an t ibody against ERK2 (1:50

dilu t ion ; Santa Cruz) for 3 hr at 4°C. Afterwards, 25 µl of protein

A–Sepharose beads (50% ) were added to the m ixture and were

incubated for another 3 hr at 4°C. Sam ples were washed subse-

quent ly and resuspended in 20 µl of k inase buffer (25 m M Tris-

HCl at pH 7.5, 10 m M MgCl2, 5 m M b-glycerolphosphate, 2 m M

DTT, 0.1 m M N a3VO 4) supplem ented with 10 µCi [g-32P]ATP

(3000 Ci / m m oles) and 5 µg of m yelin basic protein (MBP;

Sigm a) and the react ion m ixtures were incubated at 30°C for 30

m in . The sam ples were resolved on 12% SDS–polyacrylam ide

gels and exposed to Kodak X-OMAT AR.

SA-b-galactosidase act ivity was detected as described previ-

ously (Dim ri et al. 1995) with m inor m odificat ions. Cells were

washed with PBS, fixed in 0.5% glu taraldehyde, and were incu-

bated with stain ing solu t ion [1 m g/ m l 5-brom o-4-ch loro-3-in-

dolyl b-galactoside (X-gal), 5 m M potassium ferrocyanide, 5 m M

potassium ferricyanide, 1 m M MgCl2 in PBS at pH 6.0] for ∼ 12 hr

at 37°C.

Transform at ion assays

For soft -agar assays, cells were resuspended in 0.3% N oble agar

(in DMEM supplem ented with 10% FBS) at a density of 2 × 104

cells per well (in six-well plates), and were plated onto solidifed

0.5% N oble agar-contain ing bot tom layer m edium . Cultures

were fed weekly and photom icrographs of colonies were taken 3

weeks postplat ing. Experim ents were repeated twice, and MEFs

from two differen t em bryo preparat ions were used in each assay.

For in vivo tum origenicity assays, 106 cells / 0.25 m l of PBS

were in jected subcutaneously in to m ale N SW athym ic nude

m ice (Tatonic Farm s). Each anim al received two in ject ions, one

on each rear flank . Virus-infected MEFs from two differen t em -

bryo preparat ions were used for each genotype, and at least two

anim als were exam ined for each cell populat ion (i.e., four tu-

m ors). Tum or form at ion was m onitored three t im es per week

by palpat ion at the sites of in ject ion . The length (L) and width

(W) of tum ors were m easured using a caliper and the volum e of

tum or form ed was determ ined using the form ula V = (L × W2)/ 2.
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