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The oncogenes RAS and RAF came to view as agents of neoplastic transformation. However, in normal cells,

these genes can have effects that run counter to oncogenic transformation, such as arrest of the cell division

cycle, induction of cell differentiation, and apoptosis. Recent work has demonstrated that RAS elicits

proliferative arrest and senescence in normal mouse and human fibroblasts. Because the Raf/ MEK/ MAP

kinase signaling cascade is a key effector of signaling from Ras proteins, we examined the ability of

conditionally active forms of Raf-1 to elicit cell cycle arrest and senescence in human cells. Activation of

Raf-1 in nonimmortalized human lung fibroblasts (IMR-90) led to the prompt and irreversible arrest of cellular

proliferation and the premature onset of senescence. Concomitant with the onset of cell cycle arrest, we

observed the induction of the cyclin-dependent kinase (CDK) inhibitors p21Cip1 and p16Ink4a. Ablation of p53

and p21Cip1 expression by use of the E6 oncoprotein of HPV16 demonstrated that expression of these proteins

was not required for Raf-induced cell cycle arrest or senescence. Furthermore, cell cycle arrest and senescence

were elicited in IMR-90 cells by the ectopic expression of p16Ink4a alone. Pharmacological inhibition of the

Raf/ MEK/ MAP kinase cascade prevented Raf from inducing p16Ink4a and also prevented Raf-induced

senescence. We conclude that the kinase cascade initiated by Raf can regulate the expression of p16Ink4a and

the proliferative arrest and senescence that follows. Induction of senescence may provide a defense against

neoplastic transformation when the MAP kinase signaling cascade is inappropriately active.
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N orm al cells proliferate in vit ro for a fin ite num ber of

cell divisions after which they enter a state known as

senescence (Hayflick and Moorhead 1961; Cam pisi 1996,

1997). Senescent cells withdraw irreversibly from the

cell division cycle, bu t rem ain viable indefin itely, de-

velop a dist inct ive m orphology, and display characteris-

t ic phenotypic m arkers, such as the senescence-associ-

ated, acidic b-galactosidase act ivity (SA-b-gal; Dim ri et

al. 1995). Although the biochem ical m ediators of senes-

cence in hum an cells rem ain uncertain , candidates in-

clude the p53 tum or suppressor protein , the cyclin-de-

pendent k inase (CDK) inhibitors p21Cip1 and p16Ink4a,

and regulators of telom ere length and funct ion , such as

telom erase and TRF1 and TRF2. Increased expression of

p53, p16Ink4a, and p21Cip1 is detected in a variety of se-

nescent cells, and overexpression of telom erase leads to

im m ortalizat ion of hum an cells in culture (Kulju and

Lehm an 1995; Alcorta et al. 1996; Hara et al. 1996;

Reznikoff et al. 1996; Shay and Bacchet t i 1997; Bodnar et

al. 1998; van Steensel et al. 1998). Furtherm ore prim ary

hum an cells that are deficien t in the expression of

p21Cip1 have increased replicat ive capacity in vit ro

(Brown et al. 1997). p53, p16Ink4a, and p21Cip1 can arrest

the cell division cycle: p21Cip1 and p16Ink4a do so by

inhibit ing CDKs required for progression through the

cell cycle (Lees 1995), and p53 does so by inducing the

expression of p21Cip1 (El-Deiry et al. 1993).

Cell lines derived from m ost tum ors are capable of

extended proliferat ion as if the capability to becom e se-

nescent has been som ehow repressed or lost . Accord-

ingly, either p53, p16Ink4a, or both are frequent ly defec-

t ive in tum or cells (Hall and Peters 1996; Hainaut et al.

1997), and restorat ion of p53 to deficien t tum or cells

elicit s prom pt senescence (Sugrue et al. 1997). Further-

m ore, tum or cells frequent ly express telom erase act iv-

ity, which m ay cont ribu te to the extended proliferat ion

of these cells in culture (Meyerson et al. 1997). Clearly

the extension of proliferat ive life span m ight m ake an

im portan t cont ribu t ion to tum origenesis by increasing

the likelihood that m utant varian ts of cells can arise.

Oncoproteins such as Ras and Raf can t ransform es-

tablished lines of cells to neoplast ic growth (Stan ton et

al. 1989; Sam uels et al. 1993). However, in cu ltures of

norm al cells, these two genes can have paradoxical ef-

fect s, including arrest of the cell cycle, differen t iat ion , or
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even apoptosis (O’Shea et al. 1996; Kauffm ann-Zeh et al.

1997; Lloyd et al. 1997; Woods et al. 1997). In culture,

Ras and Raf t ransform norm al cells only with the coop-

erat ion of other gene products, such as E1A, T-ant igen ,

or Myc, which apparen t ly serve to extend the prolifera-

t ive life span of the cells (Hunter 1991). Recent work has

shown that the H-Ras oncoprotein can also elicit prem a-

ture senescence in IMR-90 cells, a widely studied st rain

of hum an fibroblast s derived from lung t issue (Serrano et

al. 1997). Induct ion of senescence by H-Ras is accom pa-

n ied by increased expression of p53, p21Cip1, and

p16Ink4a.

Ras proteins are m em brane-associated GTPases that ,

in their GTP-bound state, t ransm it signals in to the in te-

rior of the cell. The signal is t ransm it ted by several

m eans, bu t prom inent am ong these is a cascade of pro-

tein k inases in it iated by the Raf-1 protein serine / threo-

n ine kinase (Avruch et al. 1994; Marshall 1996). Binding

of Raf to act ivated Ras predisposes it to act ivat ion by

other m eans that likely include phosphorylat ion by Src-

fam ily protein tyrosine kinases at key regulatory tyro-

sine residues (Y340 and Y341 in Raf-1; Marais et al.

1995). Then , act ivated Raf phosphorylates to act ivate the

second kinase in the cascade (MEK), and th is, in turn ,

phosphorylates to act ivate the p42 / p44 MAP kinases,

also known as ERK2 and ERK1, respect ively (Marshall

1994). Act ivated MAP kinases are pleiot ropic m odula-

tors of cell funct ion that phosphorylate cytosolic, m em -

brane-bound, and nuclear subst rates including several

t ranscript ion factors (Treism an 1996). Act ivat ion of th is

signaling pathway has been im plicated both in norm al

proliferat ion and differen t iat ion and in the aberran t pro-

liferat ion observed in cancer cells.

The signaling from Ras through Raf prom pted us to

ask whether Raf it self could elicit senescence. Using a

condit ionally act ive version of Raf that can be act ivated

by est rogen and it s analogs (Sam uels et al. 1993), we

dem onst rated that act ivat ion of Raf suffices to both ar-

rest the proliferat ion of IMR-90 cells and elicit prem a-

ture senescence. Raf-induced senescence is irreversible

and accom panied by a consisten t elevat ion in the expres-

sion of p16Ink4a and appears to have no obvious require-

m ent for either p53 or p21Cip1. Moreover, p16Ink4a can

it self elicit senescence when expressed ectopically in

IMR-90 cells. The signal from Raf that elicit s senescence

is apparen t ly t ransm it ted through MEK because pharm a-

cological inh ibit ion of th is enzym e prevents Raf-induced

senescence. Consequent ly, we propose that the kinase

cascade in it iated by Raf is likely the m ajor signaling

pathway that m ediates senescence in response to Ras

and that p16Ink4a is likely an im portan t m ediator of th is

response.

Results

Isolat ion of IMR-90 cells expressing a condit ional

version of Raf

To achieve condit ional act ivat ion of the Raf/ MEK/ MAP

kinase cascade in IMR-90 hum an lung fibroblast s, we

em ployed a previously described chim era in which the

catalyt ic dom ain of hum an Raf-1 was fused to the hor-

m one-binding dom ain of the hum an est rogen receptor

(Sam uels et al. 1993). To provide a m arker for cell sort -

ing, an enhanced version of green fluorescent protein

(EGFP) was fused to the am ino term inus of the chim era

as illust rated in Figure 1A and described previously

(Woods et al. 1997). A varian t was also created in which

a pair of adjacent regulatory tyrosine residues (equivalen t

to Y340 and Y341 [YY] in fu ll-length Raf-1) were m u-

tated to aspart ic acid [DD], leading to a 10-fold increase

in the act ivity of Raf-1 as described previously (Woods

et al. 1997). These chim eras are hereafter designated

as GFPDRaf-1[YY]:ER and GFPDRaf-1[DD]:ER, respec-

t ively. GFPDRaf-1:ER proteins have lit t le or no kinase

act ivity unt il act ivated with est rogen or it s analogs such

as 4-hydroxy-tam oxifen (4-HT), whereupon they rapidly

act ivate downst ream signaling pathways (Sam uels et al.

1993). By use of a replicat ion-deficien t ret roviral vector,

GFPDRaf-1:ER proteins were expressed in IMR-90 cells

that had reached 25–35 doublings. IMR-90 cells norm ally

becom e senescent after 50–60 populat ion doublings

(Hayflick and Moorhead 1961). Pooled populat ions of in-

fected cells were selected with purom ycin and then

sorted by FACS to obtain cells expressing equivalen t lev-

els of GFPDRaf-1:ER. As a cont rol, a pooled populat ion of

IMR-90 cells infected with a ret rovirus encoding only

the purom ycin-resistance gene was derived in parallel

(Babe).

A ct ivat ion of Raf k inase arrest s the proliferat ion

of IMR-90 cells

Treatm ent of exponent ially proliferat ing IMR-90 cells

expressing GFPDRaf-1:ER with 4-HT elicited pro-

nounced m orphological changes. With in 24 hr, the cells

becam e m ore refract ile and, after 2–4 days, m ost dis-

played an extended cell m orphology with a spherical cell

body. The cells rem ained adheren t to the subst ratum and

viable for at least 2 weeks after the addit ion of 4-HT (data

not shown). The populat ion density of the cells did not

change, suggest ing an arrest of proliferat ion , and no evi-

dence of apoptosis was detected in these cultures. Both

the [YY] and [DD] form s of GFPDRaf-1:ER elicited the

sam e response, although the lat ter required less 4-HT to

elicit m axim al effect s than the form er (Fig. 1B, cf. a–c

with d–f); th is difference presum ably reflect s the greater

k inase act ivity of GFPDRaf-1[DD]:ER once act ivated

(Woods et al. 1997).

Act ivat ion of GFPDRaf-1:ER arrested the proliferat ion

of IMR-90 cells (Fig. 1C). IMR-90 cells infected with only

the viral vector (Babe), and cells expressing the [YY] and

[DD] form s of GFPDRaf-1:ER all proliferated at the sam e

rate in the absence of 4-HT. Upon act ivat ion of

GFPDRaf-1:ER with 4-HT, IMR-90 cells ceased prolifera-

t ion with in 2 days and failed to reach confluence. The

arrest of proliferat ion was confirm ed by BrdU labeling

and FACscan analysis and by the incorporat ion of

m ethyl-[3H]thym idine in to DN A (Table 1; data not

shown). Act ivat ion of GFPDRaf-1[YY]:ER reduced the
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fract ion of cells in S phase by one-th ird with in 2 days and

by about 10-fold with in 4 days; sim ilar resu lt s were ob-

tained with GFPDRaf-1[DD]:ER, except that the reduct ion

in cell proliferat ion occurred m ore rapidly and am ounted

to >20-fold at m axim um . N either the proliferat ion nor

the cell cycle profiles of cont rol IMR-90 cells was af-

fected by the addit ion of 4-HT (Fig. 1C; Table 1). We

conclude that act ivat ion of Raf-1 arrest s the cell cycle of

norm al hum an fibroblast s.

Senescence-associated , acid ic b-galactosidase act iv ity

in IMR-90 cells follow ing Raf-1 act ivat ion

Given the effect s of H-Ras on IMR-90 cells (Serrano et al.

1997), it seem ed possible that act ivat ion of Raf m ight

elicit senescence in these cells. Therefore, we tested the

cells arrested by act ivated Raf for the presence of a se-

nescence-associated acidic b-galactosidase (SA–b-galac-

tosidase) act ivity that has been associated with senes-

cence in hum an cells (Dim ri et al. 1995). Act ivat ion of

GFPDRaf-1[YY]:ER in IMR-90 cells elicited the expression

of acidic b-galactosidase, which was apparen t with in 2–3

days and m axim al by 5–6 days after addit ion of 4-HT

(Fig. 2). We conclude that the arrest of proliferat ion in-

duced by Raf is accom panied by senescence as the ar-

rested cells rem ained viable for an extended period of

t im e, assum ed a characterist ic m orphology, and ex-

pressed an enzym at ic m arker that is st rongly associated

with cellu lar senescence.

Expression of cell cycle regulatory proteins

in IMR-90 cells

Senescent cells typically contain elevated levels of the

tum or suppressor protein p53 and the cell cycle inh ibi-

tors p16Ink4a and p21Cip1 (N oda et al. 1994; Kulju and

Lehm an 1995; Alcorta et al. 1996; Hara et al. 1996). It is

presum ed that the increase in p53, in turn , augm ents

t ranscript ion from the gene encoding p21Cip1 (El-Deiry et

al. 1993); in cont rast , the precise m echanism responsible

for the induct ion of p16Ink4a is not known but m ay in-

volve t ranscript ional act ivat ion of the IN K4A gene (Hara

et al. 1996). Both p16Ink4a and p21Cip1 could cont ribu te

Table 1. A ct ivat ion of GFPDRaf-1:ER induces cell

cycle arrest

Cells Days

4-HT

(n M)

G 1

(% )

G 2/M

(% )

S

(% )

Babe 2 0 41.0 13.9 45.1

2 100 42.0 12.9 45.1

4 0 33.8 8.4 57.9

4 100 33.5 8.4 58.0

GFPDRaf-1[YY]:ER 2 0 51.4 14.5 34.1

2 100 57.9 19.1 23.0

4 0 34.8 11.9 53.3

4 100 69.4 25.3 5.4

GFPDRaf-1[DD]:ER 2 0 54.4 13.9 31.6

2 100 62.6 25.7 11.6

4 0 35.0 10.4 54.6

4 100 67.8 30.2 2.0

Purom ycin-resistan t IMR-90 cells infected with cont rol (Babe)

and GFPDRaf-1:ER-encoding ret roviruses were t reated with 100

n M 4-HT for 2 or 4 days and labeled with 15 µM BrdU for 3 hr.

Ethanol-fixed cells were stained with FITC-ant i-BrdU and with

propidium iodide, and the percentage of cells in the differen t

phases of the cell cycle was assessed by flow cytom et ry.

Figure 1. Act ivat ion of Raf k inase induces

m orphological alterat ions and arrest s the

proliferat ion of IMR-90 cells. (A ) An induc-

ible and tagged version of Raf. The illus-

t rated const ruct was inserted in to the rep-

licat ion-defect ive ret rovirus described in

Materials and Methods. (EGFP) Enhanced

version of green fluorescent protein ; (hbER)

horm one-binding dom ain of the hum an es-

t rogen receptor. The double vert ical lines

with in the Raf-1 kinase dom ain and YY/

DD below indicate the locat ion of the tyro-

sine residues that were m utated to aspart ic

acid to generate the m ore act ive GFPDRaf-

1[DD]:ER as described in Materials and

Methods and previously (Woods et al.

1997). (B) Morphological effect s of Raf.

IMR-90 cells expressing either the [YY] (a–

c) or [DD] (d–e) form s of GFPDRaf-1:ER

were t reated for 4 days with either ethanol

as solvent cont rol (ETOH) or differen t con-

cent rat ions of 4-HT as indicated, then pho-

tographed with a phase-cont rast m icro-

scope. (C ) Proliferat ion of IMR-90 cells.

Cont rol (Babe) or GFPDRaf-1:ER-expressing IMR-90 cells ([YY] or [DD]) were cultured in DMEM contain ing 15% vol / vol FCS in the

absence or presence of 100 n M 4-HT as indicated. Cells were harvested at daily in tervals and counted with a hem ocytom eter. Each data

poin t represen ts the average of four independent m easurem ents. A graph representat ive of m ult iple experim ents is presen ted. (h) Babe;

(j) Babe+4-HT; (n) [YY]; (m) [YY]+4-HT; (s) [DD]; (d) [DD]+4-HT.
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to the arrest of cellu lar proliferat ion displayed by senes-

cent cells (McConnell et al. 1998). Therefore, we exam -

ined the effect of GFPDRaf-1:ER act ivat ion on the ex-

pression of these proteins.

Act ivat ion of both the [YY] and [DD] form s of

GFPDRaf-1:ER in IMR-90 cells led to induced expression

of the chim eric protein , consisten t with the select ive

stabilizat ion of DRaf:ER fusion proteins that we observed

in a variety of other cell types (Fig. 3A, left and m iddle

panels; Sam uels et al. 1993). N o proteins cross-react ive

with the ant i-hbER ant isera were detected in ext ract s

from cont rol IMR-90 cells (Babe; Fig. 3A, righ t panel). As

observed in N IH-3T3 cells, rapid act ivat ion of the p42 /

p44 MAP kinases was observed by both Western blot t ing

with phospho-specific an t isera and by im m une-com plex

kinase assays with in 4 hr following act ivat ion of

GFPDRaf-1:ER. MAP kinase act ivat ion was m ain tained

for up to 6 days after the addit ion of 4-HT (Sam uels et al.

1993; data not shown).

Following act ivat ion of GFPDRaf-1:ER, we observed

induct ion of cyclin D1 expression as well as induced

expression of the CDK inhibitors p16Ink4a and p21Cip1

(Fig. 3B–D, left and m iddle panels). The exten t and ki-

net ics of induct ion of these proteins was m ore rapid in

cells expressing the m ore act ive [DD] form of GFPDRaf-

1:ER com pared to cells expressing the [YY] form of the

protein , such that m axim al levels of p16Ink4a and p21Cip1

in part icu lar were induced by the [DD] form after 8–16 hr

whereas it required 32–48 hr of act ivity of the [YY] form

to induce equivalen t expression of these proteins.

In these experim ents, Raf act ivat ion had lit t le or no

effect on the expression levels of either p53 (see Fig. 6A,

below), p27Kip1, or p42 MAP kinase the last of which

serves as a convenien t loading cont rol for the Western

blots presen ted in Figure 3. In addit ion t reatm ent of con-

t rol IMR-90 cells (Babe) with 4-HT had no effect on the

expression of cyclin D1, p16Ink4a, p27Kip1, or p21Cip1 (Fig.

3, righ t panels).

Raf-induced cell cycle arrest is irreversib le

Cell cycle arrest and senescence induced in response to

prolonged passage of cells in culture is invariably an ir-

reversible phenom enon (Cam pisi 1996, 1997). Because

Raf-induced cell cycle arrest in N IH-3T3 cells is fu lly

reversed following Raf inact ivat ion (Sam uels et al. 1993;

Woods et al. 1997), we wished to determ ine whether the

arrest and senescence phenotype observed in IMR-90

Figure 2. Act ivity of senescence-associated, acidic b-galactosi-

dase in IMR-90 cells. Act ively proliferat ing IMR-90 cells ex-

pressing GFPDRaf-1[YY]:ER were t reated with either ethanol

(ETOH) or with a range of 4-HT concent rat ions from 1–100 n M

as indicated for 6 days, then stained to detect the act ivity of the

senescence-associated, acidic b-galactosidase.

Figure 3. Effects of Raf on cell cycle regu-

lators. Cont rol (Babe) and GFPDRaf-1:ER

([YY]- and [DD])-expressing IMR-90 cells

were rendered quiescent for 24 hr, at which

t im e 4-HT was added to a final concent ra-

t ion of 1 µ M . Cell ext ract s were prepared at

differen t t im es (2–48 hr) after the addit ion

of 4-HT, and the expression of GFPDRaf-

1:ER (A ), p16Ink4a (B), p21Cip1 (C ), cyclin D1

(D ), p27Kip1 (E), and p42 MAP kinase (F) was

assessed by Western blot t ing with the ap-

propriate an t isera as described in Materials

and Methods. As a cont rol, an equivalen t

volum e of ethanol was added to the cells

for 48 hr (48−).
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cells was irreversible. Cont rol (Babe) and GFPDRaf-1:ER

([YY] or [DD]) expressing IMR-90 cells were rendered qui-

escent in serum -free m edium and then t reated with ei-

ther ethanol (solvent cont rol) or 4-HT to act ivate

GFPDRaf-1:ER for 24 hr. At th is t im e, cells were either

unt reated or washed extensively to rem ove 4-HT (to in-

act ivate GFPDRaf-1:ER) and then cultured in DMEM

contain ing 10% FCS. The re-en t ry of cells in to S phase

was m onitored over the following 6 days by the incorpo-

rat ion of [3H]thym idine in to DN A.

Cont rol (Babe) IMR-90 cells were unaffected by the

addit ion of 4-HT to the culture m edia and proliferated as

well as unt reated cells (Fig. 4C). Cells expressing

GFPDRaf-1:ER failed to re-en ter the cell cycle when

m ain tained in the cont inuous presence of 4-HT (Fig.

4A,B) consisten t with the ability of Raf to elicit cell cycle

arrest in these cells (Fig. 1). In terest ingly, cells in which

the GFPDRaf-1:ER was act ive for 24 hr and then in-

act ivated also failed to proliferate upon culture in m e-

dia contain ing 10% FCS for up to 6 days after the in-

act ivat ion of GFPDRaf-1:ER. These data indicate that

Raf-induced cell cycle arrest in IMR-90 cells is irrevers-

ible.

To ensure that the inact ivat ion of GFPDRaf-1:ER did

indeed lead to the inact ivat ion of the MAP kinase path-

way, we repeated the experim ent described above in

larger scale to analyze the effect s of GFPDRaf-1:ER inac-

t ivat ion on the act ivity of the MAP kinases and the ex-

pression of cyclin D1, p21Cip1, and p16Ink4a. Consisten t

with previous observat ions, withdrawal of 4-HT from

IMR-90 cells expressing act ivated GFPDRaf-1:ER led to

the inact ivat ion of the p42 / p44 MAP kinases m easured

24 or 48 hr after 4-HT withdrawal as assessed with phos-

pho-specific an t isera (P-MAPK, Fig. 5E). Consisten t with

the inact ivat ion of the MAP kinases, the levels of

p21Cip1 and cyclin D1 expression declined to basal levels

following rem oval of 4-HT (Fig. 5B,C). However, the

level of expression of p16Ink4a did not decrease after

GFPDRaf-1:ER inact ivat ion , which m ay reflect the long

half-life of both p16Ink4a m RN A and protein (Fig. 5A)

(Hara et al. 1996). Equal loading of th is Western blot was

confirm ed by reprobing with an ant isera that recognizes

p42 MAP kinase (Fig. 5D). These data indicate that con-

t inued GFPDRaf-1:ER act ivity is required for m ain tained

expression of cyclin D1 and p21Cip1 but is not required

for the m ain tained expression of p16Ink4a.

Figure 5. Sustained expression of p16Ink4a following inact iva-

t ion of GFPDRaf-1:ER. IMR-90 cells expressing GFPDRaf-

1[DD]:ER were either unt reated (0) or t reated with 1 µ M 4-HT for

24 hr (all other sam ples). After 24 hr in 4-HT, (+24) cells were

washed extensively and then cultured in the absence of 4-HT for

a further 24 (−24) or 48 hr (−48). Cell ext ract s were prepared, and

the expression of p16Ink4a (A ), p21Cip1 (B), cyclin D1 (C ), and p42

MAP kinase (D ) and the act ivity of p42 / p44 MAP kinases (E)

was assessed by Western blot t ing with the appropriate an t isera

as described in Materials and Methods.

Figure 4. Raf-induced cell cycle arrest is irreversible. (A )

GFPDRaf-1[YY]:ER- and (B) GFPDRaf-1[DD]:ER-expressing IMR-

90 cells and (C ) cont rol cells (Babe) plated on Cytostar T plates

were rendered quiescent in serum -free m edium in the absence

or presence of 1 µ M 4-HT for 24 hr. At that t im e cells in the

absence of 4-HT were st im ulated with m edia contain ing 10%

vol / vol FCS. Cells in the presence of 4-HT were either m ain-

tained in the cont inuous presence of 4-HT (4-HT cont inuous) or

were washed extensively to rem ove the 4-HT (4-HT washed)

prior to st im ulat ion with m edia contain ing 10% vol / vol FCS.

Cell proliferat ion was then m easured over the following 6 days

by the incorporat ion of m ethyl-[14C]thym idine in to DN A. (h)

10% FCS; (n) 4-HT cont inuous; (s) 4-HT washed.
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N either p53 nor p21Cip1 is required for Raf-induced

senescence in IMR-90 cells

Previous work has at t ribu ted the Raf-induced arrest of

norm al m ouse em bryo fibroblast s and prim ary rat

Schwann cells to the induced expression of p21Cip1,

which , under som e circum stances, is m ediated by p53

(Lloyd et al. 1997; Woods et al. 1997). To determ ine

whether there is a role for p53 and p21Cip1 in Raf-induced

cell cycle arrest and senescence, we used a second ret ro-

virus vector to express the E6 oncoprotein of HPV16 in

IMR-90 cells already expressing the [YY] form of

GFPDRaf-1:ER. Because E6 binds to p53 and facilit ates

it s dest ruct ion by ubiquit in -m ediated proteolysis, we an-

t icipated that the expression of both p53 and p21Cip1

would be largely ext inguished in these cells (Scheffner et

al. 1990). As a cont rol, we infected the sam e cells with a

ret rovirus encoding resistance to N eo alone (LXSN ). Ex-

pression of HPV16 E6 in IMR-90 cells reduced both p53

and p21Cip1 to below detectable levels, and act ivat ion of

GFPDRaf-1:ER had no effect on the expression of either

of these proteins (Fig. 6A, E6). The expression of p53 and

p21Cip1 was readily detected in the cont rol IMR-90 cell

populat ion (Fig. 6A, LXSN ).

Act ivat ion of GFPDRaf-1[YY]:ER in the absence of de-

tectable p53 and p21Cip1 reduced the fract ion of cells in

S phase by 5- to 10-fold, sim ilar to the response of cells

that were not expressing E6 (Fig. 6B, LXSN and E6). Sim i-

lar conclusions were reached by m easurem ent of incor-

porat ion of m ethyl-[14C]thym idine in to DN A (data not

shown). Moreover, cells lack ing p53 and p21Cip1 devel-

oped the SA–b-galactosidase m arker of senescence and

the characterist ic cell m orphology that is described

above (Fig. 6C). We conclude that Raf-induced alter-

at ions in cell m orphology, proliferat ive arrest , and senes-

cence in IMR-90 cells do not require the act ion of either

p53 or p21Cip1.

O verexpression of p16Ink 4a elicit s senescence

To explore the ability of p16Ink4a to induce senescence in

cells, we infected paren tal IMR-90 cells with a ret rovirus

engineered to const itu t ively express p16Ink4a. Consisten t

with previous observat ions (McConnell et al. 1998),

IMR-90 cells expressing p16Ink4a becam e posit ive for SA–

b-galactosidase act ivity (Fig. 7A) whereas cells infected

with a cont rol ret rovirus were negat ive. FACscan analy-

sis revealed a threefold reduct ion in S-phase cells com -

pared with the cont rol infected populat ions (43% vs.

Figure 6. Raf-induced cell cycle arrest and senescence of IMR-

90 cells in the absence of detectable p53 and p21Cip1. (A ) Effect

of the E6 oncoprotein on p53 and p21Cip1 expression . IMR-90

cells expressing GFPDRaf-1[YY]:ER cells were infected with ret -

roviruses encoding resistance to neom ycin alone (LXSN ) or ex-

pressing the E6 protein of HPV16 and resistance to neom ycin

(E6), and pooled populat ions of drug-resistan t clones were es-

tablished. Cells were then t reated for 24 hr with either ethanol

(lanes 1,3) or 1 µ M 4-HT (lanes 2,4). Cell lysates were prepared,

and the expression of p53, p21Cip1, and p42 MAP kinase was

assessed by Western blot t ing with the appropriate an t isera. (B)

Raf-induced cell cycle arrest is unaffected by expression of HPV-

16 E6 protein . IMR-90 cell populat ions described above express-

ing GFPDRaf-1[YY]:ER in the absence (LXSN ) or presence of the

HPV16 E6 oncoprotein (E6) were t reated with either ethanol or

4-HT for 4 days. Cells were labeled with BrdU for 3 hr prior to

harvest , fixed, and stained with a FITC-conjugated ant i-BrdU

ant ibody and propidium iodide to detect S-phase cells. Cells

were analyzed by use of a Becton-Dickinson FACscan to deter-

m ine the percentage of cells in the G 1, S, and G 2 / M phases of

the cell cycle. (C ) Raf-induced SA–b-galactosidase act ivity.

IMR-90 cell populat ions described above expressing GFPDRaf-

1[YY]:ER in the absence (LXSN ) or presence of the HPV16 E6

oncoprotein (E6) cells were t reated with either ethanol or 4-HT

for 6 days at which t im e the act ivity of SA–b-galactosidase was

assessed as described in Materials and Methods.
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13.9% ; Fig. 7B). We conclude that the sustained overex-

pression of p16Ink4a can arrest proliferat ion and elicit se-

nescence in norm al hum an fibroblast s and m ay be suffi-

cien t to explain the induct ion of senescence by Raf.

Inh ib it ion of the MA P k inase cascade block s

the induct ion of senescence by Raf

Signaling by Raf is executed, at least in part , th rough the

MEK/ MAP kinase pathway (Marshall 1994; Sam uels et

al. 1993). Therefore, we sought to im plicate th is enzym e

cascade in Raf-induced cell cycle arrest and senescence

by using PD098059 (PD), a specific and select ive inhibi-

tor of MEK1 (Alessi et al. 1995). As described above, ac-

t ivat ion of GFPDRaf-1[YY]:ER led to the phosphorylat ion

and act ivat ion of the p42 / p44 MAP kinases (Fig. 8A). In

the presence of PD, however, phosphorylat ion of the

MAP kinases was reduced to levels com parable to those

found in uninduced IMR-90 cells (Fig. 8A, cf. 4-HT with

4-HT+PD). Furtherm ore, the basal levels of MAP kinase

phosphorylat ion in the absence of Raf act ivat ion were

also reduced following t reatm ent of cells with PD (Fig.

8A, cf. ETOH with PD). The levels of p16Ink4a m irrored

the phosphorylat ion of the MAP kinases (Fig. 8A), as if

one or m ore of the MAP kinases m ight cont rol the ex-

pression of p16Ink4a.

N ext we assessed the effect of PD on cellu lar prolif-

erat ion . In the absence of act ivated Raf, inh ibit ion of the

MAP kinases reduced the fract ion of cells in S phase by

sixfold (Table 2). This resu lt was in accord with the

elim inat ion of MAP kinase phosphorylat ion described

above and with previous resu lt s (Alessi et al. 1995).

When Raf was act ivated, however, the presence of PD

largely prevented the inhibit ion of proliferat ion that

would otherwise occur (Table 2). These resu lt s suggest

that cell cycle arrest elicited by Raf is m ediated by the

MEK/ MAP kinase cascade.

The presence of PD also prevented the appearance of

SA–b-galactosidase act ivity and the ant icipated m orpho-

logical changes in response to the act ivat ion of GFPDRaf-

Figure 8. MEK act ivity is required for induct ion of p16Ink4a and

senescence by Raf in IMR-90 cells. (A ) Inh ibit ion of MAP kinase

act ivat ion and p16Ink4a expression by PD098059. Asynchro-

nously growing IMR-90 cells expressing GFPDRaf-1[YY]:ER were

t reated with either 10 n M 4-HT or an equivalen t volum e of

ethanol (ETOH) for 4 days in the absence (DMSO) or presence of

the MEK inhibitor PD098059 (PD, 25 µ M) as indicated. The

act ivity of p42 / p44 MAP kinase and the expression of p42 MAP

kinase and p16Ink4a were assessed by Western blot t ing with the

appropriate an t isera. (B) MEK act ivity is required for Raf-in-

duced senescence in IMR-90 cells. Cont rol (Babe) and GFPDRaf-

1:ER ([YY]- and [DD])-expressing IMR-90 cells were t reated with

various com binat ions of 4-HT (10 n M for [DD] and 3 n M for

[YY]), PD (25 µ M), or an equivalen t volum e of ethanol or DMSO

for 6 days, and stained for SA–b-galactosidase act ivity.

Figure 7. Cell cycle arrest and induct ion of senescence by

p16Ink4a. IMR-90 cells were infected with a ret roviral vector

expressing either the selectable m arker for purom ycin resis-

tance alone (Babe) or the m arker plus hum an p16Ink4a as indi-

cated. The infected cells were then subjected to select ion for 6

days. Surviving cells were analyzed for SA–b-galactosidase ac-

t ivity (A ) or labeled with BrdU for analysis by FACscan for rela-

t ive conten t of DN A (B). (B) Upper boxes delineate cells in S

phase; lower boxes delineate cells in G 0 / G 1 (left ) or G 2 / M

(righ t ). N um bers in upper boxes indicate percentage of cells in S

phase.
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1:ER (Fig. 8B). The blockade was effect ive against both

GFPDRaf-1[YY]:ER and GFPDRaf-1[DD]:ER induced with

opt im al concent rat ions of 4-HT. N either 4-HT alone nor

4-HT in com binat ion with PD had any m orphological

effect on the purom ycin-resistan t cont rol IMR-90 cell

populat ion (Fig. 8B, Babe). Therefore, we conclude that

act ivat ion of MEK is required for the arrest of prolifera-

t ion and the induct ion of senescence t riggered by Raf in

IMR-90 cells. The resu lt s also reveal a pleiot ropic re-

sponse to MAP kinase act ivity that is dose dependent . As

observed previously, there is an opt im a of act ivity that

perm its cellu lar proliferat ion (Woods et al. 1997). Either

a deficit or a surfeit of the act ivity leads to cell cycle

arrest , bu t only a surfeit elicit s senescence.

Discussion

A ct ivat ion of Raf elicit s senescence

in hum an fibroblast s

Previous work has indicated that Ras and Raf oncopro-

teins can elicit cell cycle arrest in both prim ary and im -

m ortalized cells (Lloyd et al. 1997; Woods et al. 1997). In

the IMR-90 st rain of hum an fibroblast s, Ras oncopro-

teins can elicit prem ature senescence (Serrano et al.

1997). Here we show that act ivat ion of Raf has a sim ilar

effect . Using a com plem entary approach with const itu -

t ively act ive form s of Ras and MEK, others have reached

sim ilar conclusions (Lin et al. 1998). The phenotypic re-

sponse of IMR-90 cells to Raf displays m any of the hall-

m arks of senescence: irreversible withdrawal from the

cell division cycle; assum pt ion of a characterist ic m or-

phology; reten t ion of viability; and induct ion of an en-

zym at ic m arker for senescence, acidic b-galactosidase.

However, a num ber of in terest ing differences were ob-

served between the senescent phenotype elicited by Raf

and that induced either by Ras or by prolonged passage in

culture. Senescent cells are typically arrested in the G 1

phase of the cell cycle (Hayflick and Moorhead 1961;

Cam pisi 1996, 1997). In cont rast , on ly a port ion of IMR-

90 cells rendered senescent by Raf are arrested in G 1; the

rem ainder appear to be in G2 / M. In addit ion , Ras-in-

duced senescence is characterized by a dist inct ive flat -

tened cell phenotype that is in m arked cont rast to the

rounded, refract ile m orphology of IMR-90 cells rendered

senescent by Raf. This dist inct ion m ay reflect the ability

of Ras to influence pathways in addit ion to those act i-

vated by Raf such as PI38 kinase, Ral–GDS (guanine-

nucleot ide dissociat ion st im ulator), and m em bers of the

Rho fam ily of GTPases that are known to play an in te-

gral role in the cont rol of cell shape. Such differences

between the effect s of Ras and Raf on cell m orphology

have been observed in prim ary rat cardiac m yocytes and

bear further exam inat ion (Thorburn et al. 1994).

Senescent cells typically express h igh levels of p53,

p21Cip1, and p16Ink4a (Zindy et al. 1997; Reznikoff et al.

1996; McConnell et al. 1998). Previous work has indi-

cated that , in rodent cells, p21Cip1 is a m ajor m ediator of

cell cycle arrest in response to either H-Ras or Raf (Lloyd

et al. 1997; Woods et al. 1997). For exam ple, Raf cannot

arrest proliferat ion in m ouse fibroblast s that are defi-

cien t in p21Cip1, whereas it arrest s both prim ary and im -

m ortalized cells that lack p16Ink4a (D. Woods and M.

McMahon, unpubl.). Furtherm ore, T ant igen , a dom i-

nant -negat ive allele of p53, and expression of ant isense

p21Cip1 RN A (all of which im pede the expression of

p21Cip1) prevented Raf induced cell cycle arrest in pri-

m ary rat Schwann cells (Lloyd et al. 1997). In cont rast ,

p21Cip1 appears to be m uch less prom inent in the re-

sponse of IMR-90 cells to either Ras or Raf. First , Raf

consisten t ly induced high levels of p16Ink4a in IMR-90

cells, bu t did not induce high levels of either p53 or

p21Cip1. Indeed there was no detectable induct ion of p53,

and the induct ion of p21Cip1 showed significan t experi-

m ental variat ion . Second, a dom inant -negat ive allele of

p53 failed to block the senescent response to H-Ras (data

not shown). Third, Raf efficien t ly elicited cell cycle ar-

rest and senescence in IMR-90 cells in which the levels

of p53 and p21Cip1 were great ly reduced by the act ion of

the E6 oncoprotein of HPV16.

Previous evidence suggested a role for p16Ink4a in the

genesis of cellu lar senescence: The protein accum ulates

to h igh levels as cells approach senescence, and in m any

lines of cells that have escaped senescence, the IN K4A

gene is either defect ive, deleted, or inact ivated by hyper-

m ethylat ion (Merlo et al. 1995; Reznikoff et al. 1996;

Serrano et al. 1996; Foulkes et al. 1997; Loughran et al.

1997). The resu lt s described here add to that evidence by

im plicat ing p16Ink4a in the senescence induced by Raf in

IMR-90 cells. First , induct ion by Raf produces a substan-

t ial rise in p16Ink4a that is coincident with the onset of

cell cycle arrest and precedes the onset of senescence.

Moreover, the irreversible nature of Raf-induced senes-

cence is reflected by the fact that p16Ink4a levels rem ain

elevated even after the inact ivat ion of the signal from

Raf. Finally, the ectopic overexpression of p16Ink4a is it -

self sufficien t to elicit proliferat ive arrest and senescence

in IMR-90 cells.

The locus that encodes p16Ink4a also encodes a second

protein known as p19ARF. These two proteins share a

com m on second exon but are ent irely dist inct in their

Table 2. Prevent ion of Raf-induced arrest by inhib it ion

of MEK

Cells

4-HT

(n M)

PD98059

(µ M)

G 1

(% )

G 2/M

(% )

S

(% )

Babe 0 0 40.9 17.7 41.4

10 0 40.2 17.1 42.7

10 25 67.1 26.0 6.9

GFPDRaf-1[YY]:ER 0 0 40.9 13.4 45.7

10 0 68.6 24.5 6.8

10 25 50.4 16.1 33.5

Cont rol (Babe) and GFPDRaf-1[YY]:ER-expressing IMR-90 cells

were t reated with 10 n M 4-HT in the absence or presence of 25

µ M of the MEK inhibitor PD098059 for 4 days and labeled with

15 µ M BrdU for 3 hr. Ethanol-fixed cells were stained with FITC-

ant i-BrdU and with propidium iodide; and the percentage of

cells in the differen t phases of the cell cycle was assessed by

flow cytom et ry.
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am ino acid sequences (Quelle et al. 1995). The belated

discovery of the tum or suppressor propert ies of p19ARF

have, at least tem porarily, obscured the role of p16Ink4a

in both norm al cellu lar processes and tum origenesis (Ka-

m ijo et al. 1997; Pom erantz et al. 1998; Zhang et al.

1998). Our resu lt s dem onst rate that p16Ink4a it self can

elicit senescence in hum an fibroblast s, bu t do not speak

to the biological act ivit ies of p19ARF. N or do our resu lt s

address a possible role for other m em bers of the IN K4

fam ily of CDK inhibitors. It is clear however that

p16Ink4a is not unique am ongst the CDK inhibitors in it s

ability to induce senescence in cells. Ectopic expression

of p15Ink4b, p21Cip1, and p27Kip1 elicited proliferat ive ar-

rest , senescence, and SA-b-gal act ivity in TIG-3 prim ary

hum an fibroblast s (McConnell et al. 1998). It seem s

likely that the inhibit ion of cyclin–CDK com plexes by

such inhibitors t riggers a senescence program of which

the m echanism rem ains poorly defined.

The phenotypic response to Raf is determ ined

by signal st rength

Previous report s have indicated that the sam e in t racel-

lu lar signaling pathway can elicit differen t phenotypic

outcom es, determ ined by the relat ive st rength of that

signal (Marshall 1995; Woods et al. 1997). The resu lt s

presen ted here reveal a pleiot ropic response to Raf act i-

vat ion that is sim ilarly dose dependent . In norm al pro-

liferat ing cells Raf/ MEK/ MAP kinase act ivity is pre-

sum ably m ain tained by the presence of external growth

factors (Fig. 8A). In terrupt ion of the signal from MEK to

MAP kinase (with PD) arrest s cellu lar proliferat ion ;

thus, MAP kinase act ivity is required for in it iat ion and

m ain tenance of the cell division cycle, as reported pre-

viously (Alessi et al. 1995). In cont rast , act ivat ion of on-

cogenic Raf gave rise to a sustained elevat ion of MAP

kinase act ivity, resu lt ing in both the arrest of cell divi-

sion and senescence. In th is lat ter set t ing, reduct ion of

MAP kinase act ivity to m oderate levels with PD allowed

the cells to cont inue proliferat ing (Fig. 8A; Table 2).

The dose-dependent response to Raf/ MEK/ MAP ki-

nase act ivat ion m ay be explained, at least in part , by the

differen t ial sensit ivity of cyclin D1 and p16Ink4a expres-

sion to act ivat ion of the MAP kinase pathway. Both in

th is study (Fig. 4D) and in a previously published report

(Woods et al. 1997), cyclin D1 accum ulat ion , which

serves to prom ote cell cycle progression , appears to be

act ivated m ore rapidly and in response to lower levels of

signaling through the MAP kinase pathway com pared

with the CDK inhibitors p21Cip1 and p16Ink4a, which ap-

pear to require a st ronger signal sustained over a pro-

longed period of t im e. However, once th is lat ter thresh-

old is breached, it is likely that the induced p16Ink4a

inh ibit s cdk4 even in the presence of elevated cyclin D1

(Fig. 3B,D). It is not im m ediately apparen t why p16Ink4a

induct ion is accom panied by other m anifestat ions of se-

nescence, although it is possible that inh ibit ion of E2F

t ranscript ion factors, as a consequence of Rb hypophos-

phorylat ion , m ay be involved in m odulat ing aspects of

the senescence phenotype. It will u lt im ately be of con-

siderable in terest to dissect the biochem ical pathways

that lead from the act ivat ion of Raf to the induced ex-

pression of p16Ink4a and to determ ine whether these sig-

naling pathways play a m ore general role in the induc-

t ion of senescence in other contexts such as in response

to prolonged passage in culture or to alterat ions in the

propert ies of telom eres (van Steensel et al. 1998).

It is now well established that both qualitat ive and

quant itat ive aspects of Raf/ MEK/ MAP kinase act ivat ion

play a crucial role in determ ining the biological outcom e

of signaling through th is pathway. In both hum an and

m ouse cells, depending on the level of act ivat ion , the

MAP kinase pathway can be em ployed to elicit st rik -

ingly differen t biological outcom es, nam ely cell prolif-

erat ion , cell cycle arrest , t erm inal differen t iat ion , and

senescence (Lloyd et al. 1997; Woods et al. 1997). The

biochem ical m echanism s underlying these disparate ob-

servat ions require further elucidat ion . Whatever it s

m echanism , induct ion of senescence could provide a de-

fense against neoplast ic t ransform at ion when Ras, Raf,

or the downst ream MAP kinase cascade is inappropri-

ately act ive. In th is regard, senescence m ay be an alter-

nat ive to apoptosis as a defense against tum origenesis

(Cam pisi 1996, 1997; Serrano et al. 1997).

Materials and methods

Cell cu lture and v irus in fect ion

IMR-90 cells were obtained from the Am erican Tissue Culture

Collect ion and propagated either in phenol red-free MEM or

DMEM as described previously (Sam uels et al. 1993). Ret rovirus

vectors for the expression of GFPDRaf-1:ER and resistance to

purom ycin have been described previously (Morgenstern and

Land 1990; Woods et al. 1997). A cDN A encoding hum an

p16Ink4a was subcloned in to the pBabe ret roviral vector that

carries purom ycin resistance as a selectable m arker (Morgen-

stern and Land 1990). The E6 oncogene of HPV16 was subcloned

in to the LXSN ret roviral vector, which also encodes resistance

to neom ycin as a selectable m arker (Miller and Rosm an 1989).

By use of a calcium phosphate protocol, ret roviral vectors

were packaged in the Phoenix A cell line from G. N olan (Stan-

ford University, CA) producing nonreplicat ing form s of am -

phot rophic virus (Pear et al. 1993; Kinsella and N olan 1996).

IMR-90 cells were infected with viral supernatan ts as described

previously (Sam uels et al. 1993). Pooled populat ions of drug-

resistan t cells expressing equivalen t levels of GFPDRaf-1:ER

were isolated by FACs (Woods et al. 1997).

The proliferat ive capacity of cells was m onitored by seeding

of ∼ 1000 cells in 12-m m diam eter wells in MEM contain ing

15% vol / vol fetal calf serum (FCS). 4-HT in ethanol or an

equivalen t volum e of ethanol was added the next day. Cells

were harvested by t rypsinat ion at in tervals of 24 hr, stained

with 0.1% trypan blue, and viable cells enum erated by use of a

hem ocytom eter. Four wells of cells were counted separately and

the resu lt s averaged. Cells were stained for the act ivity of the

SA–b-galactosidase as described previously (Dim ri et al. 1995).

DN A synthesis in IMR-90 cells was m easured by plat ing of

cells in Cytostar-T 96-well scin t illat ing m icroplates and label-

ing with m ethyl-[14C]thym idine according to the m anufactur-

er’s inst ruct ions (Am ersham Life Science). Incorporat ion of

m ethyl-[14C]thym idine was est im ated by use of a Packard top-
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count scin t illat ion m achine as described previously (Woods et

al. 1997).

A nalysis of cell ex t racts by W estern blot t ing

Cell ext ract s were prepared in ELB lysis buffer (50 m M HEPES at

pH 7.0, 150 m M N aCl, and 0.1% (vol / vol, N P-40) contain ing a

standard cocktail of protease and phosphatase inhibitors

(Sam uels et al. 1993). Aliquots (50 µg) of cell ext ract , separated

by polyacrylam ide gel elect rophoresis, were analyzed by prob-

ing of Western blots with the appropriate an t isera. Mouse

m onoclonal and rabbit polyclonal an t ibodies react ive against

hum an proteins were as follows: m onoclonal an t i-p21Cip1 (Ab-1,

Calbiochem ); m onoclonal an t i-p16Ink4a (Ab-1 and Ab-2, N eo-

Markers); m onoclonal an t i-p53 (Mixture of DO.1, Santa Cruz

Biotechnology and Ab-1, Calbiochem ); m onoclonal an t i-p27Kip1

(Clone 57, Transduct ion Labs); polyclonal an t i-Erk2 (C14, Santa

Cruz Biotechnology); polyclonal an t i-hbER (HC-20, Santa Cruz

Biotechnology); polyclonal an t i-cyclin D1 (gift of Dave Parry

and Em m a Lees, DN AX), and polyclonal phosphospecific an t i-

p42 / p44 MAP kinase (Thr-202 / Tyr-204, N ew England Biolabs).

Horseradish peroxidase-conjugated ant i-m ouse and ant i-rabbit

im m unoglobulins were from Am ersham and used at a dilu t ion

of 1: 5000. Western blots were developed with the SuperSignal

ULTRA chem ilum inescence detect ion kit (Pierce).

A nalysis of IMR-90 cell cycle phase by BrdU labeling

Cells were replated below confluence 1 day prior to analysis for

opt im al cell cycle dist ribu t ion and were labeled with BrdU (15

µ M) 3 hr prior to harvest . Single nuclei suspensions derived from

ethanol-fixed cells were washed and costained with an ant i-

BrdU-FITC conjugated ant ibody (Boehringer Mannheim ) and 20

µg/ m l propidium iodide prior to analysis with a Becton-Dick-

inson FACscan as described previously (Takagi et al. 1993).
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Alland, L. Chin , J. Potes, K. Chen , I. Orlow, H.W. Lee, C.

Cordon-Cardo, and R.A. DePinho. 1998. The Ink4a tum or

suppressor gene product , p19Arf, in teract s with MDM2 and

neut ralizes MDM2’s inhibit ion of p53. Cell 92: 713–723.

Quelle, D.E., F. Zindy, R.A. Ashm un, and C.J. Sherr. 1995. Al-

ternat ive reading fram es of the IN K4a tum or suppressor gene

encode two unrelated proteins capable of inducing cell cycle

arrest . Cell 83: 993–1000.

Reznikoff, C .A., T .R. Yeager, C.D. Belair, E. Savelieva, J.A. Pu-

thenveet t il, and W.M. Stadler. 1996. Elevated p16 at senes-

cence and loss of p16 at im m ortalizat ion in hum an papillo-

m avirus 16 E6, but not E7, t ransform ed hum an uroepithelial

cells. Cancer Res. 56: 2886–2890.

Sam uels, M.L., M.J. Weber, J.M. Bishop, and M. McMahon.

1993. Condit ional t ransform at ion of cells and rapid act iva-

t ion of the m itogen-act ivated protein k inase cascade by an

est radiol-dependent hum an raf-1 protein k inase. Mol. Cell.

Biol. 13: 6241–6252.

Scheffner, M., B.A. Werness, J.M. Huibregtse, A.J. Levine, and

P.M. Howley. 1990. The E6 oncoprotein encoded by hum an

papillom avirus types 16 and 18 prom otes the degradat ion of

p53. Cell 63: 1129–1136.

Serrano, M., H. Lee, L. Chin , C. Cordon-Cardo, D. Beach , and

R.A. DePinho. 1996. Role of the IN K4a locus in tum or sup-

pression and cell m ortality. Cell 85: 27–37.

Serrano, M., A.W. Lin , M.E. McCurrach , D. Beach , and S.W.

Lowe. 1997. Oncogenic ras provokes prem ature cell senes-

cence associated with accum ulat ion of p53 and p16IN K4a.

Cell 88: 593–602.

Shay, J.W. and S. Bacchet t i. 1997. A survey of telom erase act iv-

ity in hum an cancer. Eur. J. Cancer 33: 787–791.

Stan ton , V.J., D.W. N ichols, A.P. Laudano, and G.M. Cooper.

1989. Defin it ion of the hum an raf am ino-term inal regulatory

region by delet ion m utagenesis. Mol. Cell. Biol. 9: 639–647.

Sugrue, M.M., D.Y. Shin , S.W. Lee, and S.A. Aaronson . 1997.

Wild-type p53 t riggers a rapid senescence program in hum an

tum or cells lack ing funct ional p53. Proc. N at l. A cad . Sci.

94: 9648–9653.

Takagi, S., M.L. McFadden , R.E. Hum phreys, B.A. Woda, and

T. Sairen ji. 1993. Detect ion of 5-brom o-2-deoxyuridine

(BrdUrd) incorporat ion with m onoclonal an t i-BrdUrd ant i-

body after deoxyribonuclease t reatm ent . Cytom etry 14:

640–648.

Thorburn , J., M. McMahon, and A. Thorburn . 1994. Raf-1 ki-

nase act ivity is necessary and sufficien t for gene expression

changes but not sufficien t for cellu lar m orphology changes

associated with cardiac m yocyte hypert rophy. J. Biol. Chem .

269: 30580–30586.

Treism an, R. 1996. Regulat ion of t ranscript ion by MAP kinase

cascades. Curr. O pin . Cell Biol. 8: 205–215.

van Steensel, B., A. Sm ogorzewska, and T. de Lange. 1998. TRF2

protects hum an telom eres from end-to-end fusions. Cell

92: 401–413.

Woods, D., D. Parry, H. Cherwinski, E. Bosch , E. Lees, and M.

McMahon. 1997. Raf-induced proliferat ion or cell cycle ar-

rest is determ ined by the level of Raf act ivity with arrest

m ediated by p21Cip1. Mol. Cell. Biol. 17: 5598–5611.

Zhang, Y., Y. Xiong, and W.G. Yarbrough. 1998. ARF prom otes

MDM2 degradat ion and stabilizes p53: ARF-IN K4a locus de-

let ion im pairs both the Rb and p53 tum or suppression path-

ways. Cell 92: 725–734.

Zindy, F., D.E. Quelle, M.F. Roussel, and C.J. Sherr. 1997. Ex-

pression of the p16IN K4a tum or suppressor versus other

IN K4 fam ily m em bers during m ouse developm ent and aging.

O ncogene 15: 203–211.

Raf-induced senescence in human fibroblasts

GENES & DEVELOPMENT 3007

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.12.19.2997Access the most recent version at doi:
 12:1998, Genes Dev. 

  
Jiyue Zhu, Douglas Woods, Martin McMahon, et al. 
  
Senescence of human fibroblasts induced by oncogenic Raf

  
References

  
 http://genesdev.cshlp.org/content/12/19/2997.full.html#ref-list-1

This article cites 48 articles, 14 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.12.19.2997
http://genesdev.cshlp.org/content/12/19/2997.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.12.19.2997&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.12.19.2997.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56662&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fcustom-synthesis%2Fcustom-aso-synthesis%3Futm_source%3DG%2526D%2BJournal%26utm_medium%3DBanner%26utm_campaign%3DASO-Tool-Launch
http://genesdev.cshlp.org/
http://www.cshlpress.com

