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Baby rat kidney (BRK) cell lines transformed by E1A and a temperature-sensitive p53 [tsp53(val135)] undergo 

rapid apoptosis when p53 assumes the wild-type conformation at the permissive temperature. Wild-type p53 

function is therefore required for induction of apoptosis in response to growth deregulation by E1A. BRK cells 

transformed by E1A and a transcriptionally defective temperature-sensitive p53 [tsp53(22-23val135)] are 

dramatically impaired for the ability to mediate E1A-induced apoptosis at the permissive temperature. The 

tsp53(22-23val135), however, still retains some ability to suppress cell growth. Thus, the activity of p53 as a 

transcription factor is directly correlated with the ability of E1A to induce apoptosis. In addition, there may 

exist at least two different mechanisms by which p53 can suppress cell-cycle progression, only one of which is 

dependent on p53-mediated transcription. 
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The p53 protein is a nuclear phosphoprotein and a tran- 
scription factor capable of both trans-activating and re- 
pressing transcription (Ginsberg et al. 1991a; Farmer et 
al. 1992; Sublet 1992; Zambetti  et al. 1992). In addition, 
p53 can mediate either growth arrest or apoptosis, de- 
pending on the physiological circumstances (Finlay et al. 
1989; Diller et al. 1990; Ginsberg et al. 1991b; Yonish- 
Rouach et al. 1991; Kastan et al. 1992). The role of p53- 
mediated transcription in the induction of growth arrest 
has been well documented (E1-Deiry et al. 1993; Harper 

et al. 1993; Xiong et al. 1993). The p21/WAF-1/cipl pro- 
tein is a p53-inducible inhibitor of Gl-specific cyclin- 
dependent kinases (E1-Deiry et al. 1993; Harper et al. 
1993; Xiong et al. 1993). The overexpression of p21/ 
WAF-1/cipl in human diploid fibroblasts and mouse 

NIH-3T3 cells results in the inhibition of DNA synthe- 
sis (Harper et al. 1993). In addition, the overexpression of 
p21/WAF-1/cipl in tumor cells in culture results in 

growth suppression (E1-Deiry et al. 1993). This effect, 
however, is reversible, suggesting that p21/WAF- 1/cip 1 
implements the inhibition of DNA synthesis by causing 
cells to growth arrest (Harper et al. 1993). 

The underlying mechanisms of p53-mediated apopto- 

sis, however, are not clear. By directly interacting with 
the DNA repair machinery, p53 may function to delay 
the repair process, thus allowing lesion-induced apop- 
totic signals to propagate (Lane 1993; Caelles et al. 1994). 
Alternatively, p53 may control apoptosis by transcrip- 
tionally modulating the expression of both cell death 
genes and cell survival genes (Kastan et al. 1992; Lane 
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1993). In this paper we demonstrate that the activity of 
p53 as a transcription factor is required for the induction 
of apoptosis by E1A in BRK cells. We also provide com- 
pelling evidence that p53-mediated transcription and 
growth suppression are not necessarily mutually exclu- 
sive. Therefore, p53-mediated growth suppression may 
utilize components of the cell that are distinct from 

those in p53-induced apoptosis. 

Results 

p53-mediated transcription triggers E1A-induced 
apoptosis 

We have demonstrated previously that BRK cell lines 
expressing E1A and a temperature-sensitive p53 
[tsp53(val135)] undergo p53-mediated apoptosis at the 
permissive temperature of 32~ (Debbas and White 
1993; Chiou et al. 1994; Sabbatini et al. 1995). Therefore, 
E1A-induced apoptosis is mediated by wild-type (wt) 
p53. In light of the fact that p53 is a transcription factor, 
it was of interest to determine if p53-mediated transcrip- 
tion plays a pivotal role in E1A-induced apoptosis in BRK 
cells. 

To this end, we established three independently de- 
rived BRK cell lines expressing adenovirus E1A and a 
transcriptionally defective murine temperature-sensi- 
tive p53 [tsp53(22-23val135)] from primary cells. Muta- 
tion of codons 22 and 23 significantly impairs p53-me- 
diated trans-activation in part by abrogating the interac- 
tion of p53 with two subunits of the TFIID transcription 

complex, TAFII40 and TAFII60 (Lin et al. 1994; Thut et 
al. 1995). This particular mutant  is also severely com- 
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promised in its ability to transcriptionally repress re- 

porter gene expression in the Saos-2 osteogenic sarcoma 

cell line (J.Y. Lin, S. Chen, and A.S. Levine, unpubl.). A 
BRK cell line expressing E1A and a transcriptionally 

functional murine tsp53(val 135) (Michalovitz et al. 1990) 

was generated in parallel and was used as a control. All 

cell lines were established and maintained at the restric- 

tive temperature of 38.5~ Western blot analysis indi- 
cated that each of the 22-23va1135 cell lines expressed 

both murine p53 and E1A at comparable levels and to a 

greater extent than that observed in the val135 control 

cell line (Fig. 1). 

p21/WAF-1/cipl is a p53-inducible gene, the protein 
product of which inhibits Gl-specific cyclin-dependent 

kinases {E1-Deiry et al. 1993; Harper et al. 1993; Xiong et 
al. 1993). Therefore, to confirm that the tsp53(22- 

23va1135) was transcriptionally defective, we measured 

Figure 1. Expression of p53 and E1A in transformed BRK cell 
lines. Western blots of equal quantities of whole-cell extract 
from the 22-23val135A, 22-23val135B, and 22-23va1135C cell 
lines and the va1135 control cell line were probed with mono- 
clonal antibodies specific for murine p53 (top) and E1A (bot- 
tom). A HeLa cell extract was used as a negative control for the 
expression of E1A and p53, as the level of endogenous p53 in 
HeLa cells is barely detectable by Western blotting analysis 
(Benchimol et al. 1982; Debbas and White 1993; Ridgway et al. 
1993). 

its ability to trans-activate expression of p21/WAF-1/ 

cipl at the permissive temperature. Cytoplasmic RNA 

was extracted from the val135 and 22-23val135A cell 
lines at 38.5~ (0 hr) and after 4 hr at the permissive 

temperature, and Northern blot analysis for expression 

of p21/WAF-1/cipl was subsequently performed. Ex- 

pression of f~-actin was used as a means of normalizing 
sample variation in the levels of RNA. 

The temperature-dependent expression of the p53-in- 

ducible gene p21/WAF-1/cipl in the val135 control cell 

line confirmed that the tsp53{val135) protein was tran- 

scriptionally functional at the permissive temperature 

(Fig. 2). p21/WAF-1/cipl mRNA levels in the val135 

control cell line remained induced for at least 12 hr at 

the permissive temperature (data not shown). In con- 

trast, the tsp53(22-23val135) protein was transcription- 

ally defective at not only the restrictive but also the per- 

missive temperature, as expression of p21/WAF-1/cipl 

in the 22-23val135A cell line was not induced in either 

circumstance (Fig. 2). p21/WAF- 1/cip 1 mRNA levels in 

the 22-23val135A cell line were also undetectable for at 

least 12 hr at the permissive temperature (data not 

shown). In addition, p21/WAF-1 protein levels progres- 
sively increased in the val135 control cell line upon in- 

cubation at the permissive temperature, but were unde- 

tectable in the 22-23val135A cell line at both the restric- 

tive and permissive temperatures (data not shown). 

Mobility retardation analysis was performed to deter- 

mine if the tsp53(22-23val135) still retained sequence- 

specific DNA binding at the permissive temperature. 

The endogenous p53 in the BRK cell lines, which were 

derived from primary BRK cells, could theoretically bind 

to DNA at the permissive temperature. Therefore, it 
may be difficult to unambiguously assess the DNA-bind- 

ing ability of the tsp53(22-23val135) in the BRK cell 

lines. The 10{1} cell line, however, is an immortalized 

murine embryo fibroblast cell line that lacks endogenous 

p53 expression (Harvey and Levine 1991). To assess 

DNA-binding ability of the tsp53(22-23val135) at the 
permissive temperature, nuclear extracts were prepared 

from two independently derived 10(1) cell lines that ex- 

press only the tsp53(22-23val135) (J. Lin and A.J. Levine, 

in prep.). The 10{1) cell line alone and a 10(1) cell 

line t h a t  expresses the transcriptionally competent 
tsp53(val135) (Harvey and Levine 1991; Wu et al. 1993) 

were used as negative and positive controls, respectively. 

Nuclear extracts were prepared from cell lines that had 

been incubated at the permissive temperature for 6 hr. 

Mobility retardation studies were performed with an oli- 
gonucleotide corresponding to the p53 DNA consensus 

sequence and an oligonucleotide representing a scram- 

bled p53 DNA consensus sequence as probes (Funk et al. 

1992). 

Results indicated that at the permissive temperature 
the tsp53(val135) and tsp53(22-23va1135) bound to the 

p53 DNA consensus sequence at comparable levels (Fig. 

2B). The p53 carboxyl-terminal-specific antibody 421 

(Hupp et al. 1992) was able to activate only sequence- 

specific DNA binding (asterisk), whereas the E1A-spe- 

cific antibody M73 failed to activate sequence-specific 
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F igure  2. The 22-23val 135 mutant p53 is defective for p21/WAF-1/cipl induction but retains sequence-specific DNA binding ability. 
(A) Northern blots of RNA isolated from the val135 and 22-23val135A cell lines incubated at the restrictive (0 hr) and permissive (4 
hr) temperature were hybridized with probes corresponding to murine p21/WAF-1/cipl (top) or mouse ~-actin (bottom). (B) Mobility 
retardation analysis of the tsp53(22-23val135) at the permissive temperature. Nuclear extracts were prepared from cell lines that had 
been incubating at the permissive temperature for 6 hr. Extracts were incubated in a mobility retardation reaction with a labeled p53 
DNA consensus sequence (S) or nonspecific DNA sequence (NS). To activate p53 sequence-specific DNA binding, reactions were 
incubated with the p53 carboxy-terminal-specific antibody 421 (Hupp et al. 1992). Parallel reactions were incubated with the E1A- 
specific antibody M73 as a negative control. Samples were run on a 4% polyacrylamide gel at 4~ for 3 hr. Gels were then dried and 
scanned with a PhosphorImager (Molecular Dynamics). 

D N A  binding. Moreover, the 421 antibody was not able 

to activate D N A  binding in nuclear extracts prepared 

from the 10(1) control cell line, which  lacks p53 expres- 

sion. In addition, immunoprec ip i ta t ion  of p53 from the 

10(1)vail35 and 10(1)22-23va1135 cell l ines at the per- 

miss ive  temperature revealed comparable levels of p53 

expression. Therefore, in spite of the fact that the 

tsp53(22-23val135) is t ranscript ionally defective, it has 

not lost the abil i ty to bind to the p53 DNA consensus 

sequence at the permissive temperature. These same ob- 

servations have been reported for the 22-23 p53 mutan t  

in an otherwise wild-type background (Linet  al. 1994). 

We assessed the viabi l i ty  of each 22-23va1135 cell 

l ine upon incubat ion at the permissive temperature to 

determine if the tsp53(22-23va1135) was capable of me- 

diating E1A-induced apoptosis. The 4P cell l ine was used 

as a control to rule out any nonspecific effects on cell 

proliferation that the lower permissive temperature may 

have on the tsp53 cell lines. The 4P cell l ine was derived 

from pr imary BRK cells transformed by adenovirus E1A 

and E1B (White and Cipriani 1990). It lacks a tsp53 and 

proliferates at both the restrictive and permissive tem- 

peratures and behaves s imi lar ly  to E 1A plus non-temper- 

ature-sensit ive mutan t  p53 transformants.  Cells were 

plated out at the restrictive temperature and 40 hr post- 

plating were shifted down to the permissive temperature 

for 1, 2, 3, and 5 days. Cell  viabil i ty was determined at 

each t ime point  and represented as a percentage of viable 

cells relative to that at t ime 0. 
The viabi l i ty  of the val135 control cell l ine declined 

rapidly at the permissive temperature (Fig. 3A) and was 

accompanied by a dramatic and progressive increase in 

cells that  had rounded up and detached from the surface 

(data not shown). This  phenotype is characteristic of 

other ident ical ly  constructed cell l ines that undergo p53- 

mediated apoptosis (Debbas and White 1993; Chiou et al. 

1994; Sabbatini et al. 1995). In contrast, the viabil i ty of 

each 22-23va1135 cell l ine remained high for 5 days 

subsequent to incubat ion at the permissive temperature 

(Fig. 3A). Moreover, microscopic examinat ion  of each 

22-23va1135 cell l ine revealed no gross morphological 

changes and a virtual absence of apoptotic cells (data not 

shown). 
DNA degradation into nucleosomal-sized fragments is 

indicative of apoptotic cell death (Wyllie 1980), and oc- 

curs upon conformational shift of tsp53(val135)from the 

mutan t  to the wild-type form in E1A plus tsp53(val135) 

BRK cell l ines (Debbas and White 1993; Chiou et al. 

1994; Sabbatini et al. 1995). Therefore, low molecular  

weight (Hirt) DNA was prepared from each cell l ine at 

both the restrictive and permissive temperatures to de- 

tect apoptotic D N A  fragmentation. 

DNA fragmentat ion in the characteristic nucleosome 

ladder pattern was dramatic in the val135 control cell 

l ine incubated for 24 hr at the permissive temperature 

(Fig. 3B). A comparatively small  amount  of D N A  degra- 

dation was evident in each of the 22-23va1135 cell lines 

upon incubat ion at the permissive temperature.  This 

was a minor  proportion of the total cell populat ion when 

quanti tated by Fluorescence-activated cell sorting 

(FACS) analysis, which  monitors both live and dead cells 

(see Fig. 4). This  small  amount  of cell death m a y  reflect 

the contribution of transcriptionally independent  mech- 

anisms of p53-mediated apoptosis (Caelles et al. 1994), or 

residual transcriptional activity by the tsp53(22- 

23va1135) mutan t  protein or endogenous wild-type p53 

protein. At this point  it is difficult to ascertain which  of 

these is the most  l ikely possibility. Nonetheless,  these 

results suggest a direct correlation between p53-medi- 

ated transcription and E1A-induced apoptosis in BRK 

cells. 
Expression of mur ine  p53 was moni tored in each 22-  
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Figure 3. The tsp53(22-23val135)-expressing cell lines maintain viability at the permissive temperature. CA) The viable cell number 
was determined for the tsp53(22-23val135)-expressing cell lines and the val135 and 4P control cell lines for 5 days at the permissive 
temperature by Trypan blue exclusion, and is expressed as the percentage of the original viability at the time of shift to 32~ (B) Low 
molecular weight DNA was prepared and analyzed in parallel with the viability assay in Fig. 3A by use of procedures described 
previously (Debbas and White 1993). Ad5d1309 DNA digested with HindIII was used as a molecular weight marker (M). (C) Whole-cell 
extracts from viable cells only were prepared from BRK cell lines in parallel with the viability assay in A. Extracts were subjected to 
SDS-PAGE, blotted onto nitrocellulose, and probed with a monoclonal antibody specific for murine p53 (top) or actin (bottom) as 
described in Fig. 1. 

23va1135 cell l ine to check for expression of p53 at the 

permissive temperature, as a lack of expression of p53 at 

the permiss ive temperature could conceivably account 

for the virtual absence of apoptosis. Western blot analy- 

sis indicated that the tsp53(22-23val135) protein levels 

increased at the permissive temperature, as did the 

tsp53(val135) protein (Fig. 3C). The m e c h a n i s m  underly- 

ing this apparent increase in p53 protein levels has not 

yet been determined. In any event, the failure to undergo 

apoptosis at the permissive temperature was not attrib- 

utable to the absence of the tsp53(22-23val135) protein. 

p53-mediated transcription and growth suppression 

are not necessarily mutually exclusive 

Although the 22-23va1135 cell l ines were resistant to 

apoptosis, cell proliferation at the permissive tempera- 

ture appeared to be compromised relative to the 4P con- 

trol cell l ine (Fig. 3A). These results suggested that the 

tsp53(22-23val135) is still  capable of suppressing cell 

growth at the permissive temperature and that p53-me- 

diated transcription and growth suppression are not nec- 

essarily mutua l ly  exclusive. To investigate this further, 

cells incubated at both the restrictive and permissive 

temperatures were labeled wi th  propidium iodide and 

subjected to FACS analysis. 

The cell-cycle profile of the 4P cell l ine growing at the 

restrictive temperature indicated a predominance of 

cells in G1 and S phase (Fig. 4). The gradual accumula-  

t ion of cells in Ga/M at the permiss ive temperature 

probably reflects a subtle decrease in the rate of cell pro- 

liferation that  results from incubat ion at a lower tem- 

perature, as observed previously (Lin et al. 1995). The 

distr ibution of 4P cells throughout  the cell cycle was 

otherwise consistent at both the restrictive and permis- 

sive temperatures. FACS analysis of the val135 cell l ine 

at the restrictive temperature indicated a predominance 

of cells in G1 (Fig. 4). However, there was a progressive 

and dramatic increase in sub-G1 D N A  content  subse- 

quent to incubat ion at the permiss ive temperature,  

which  is indicat ive of apoptotic cell death. The cell-cycle 

profile of the 22-23val135A cell l ine at the restrictive 

temperature indicated a predominance of cells in G1 and 

S phase (Fig. 4). Cells also appeared to accumula te  in 

G2/M phase upon incubat ion at the permissive temper- 

ature, as was seen in the 4P control cell line. However, in 

contrast to the 4P control cell line, cells of the 22-  
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Figure  4. Cell-cycle analysis of the 22-23val135A cell line at the restrictive and permissive temperatures. 4P and val135 were used 
as positive and negative controls, respectively, for cell growth at the permissive temperature. The x-axis represents relative fluores- 
cence intensity, which is proportional to DNA content. The y-axis represents forward light scatter, which is proportional to cell 
number. The sub-G] DNA content is indicative of apoptotic cell death. The positions of sub-G~, G1, S, and G2/M DNA contents are 
indicated. 

23val135A cell l ine at the permissive temperature ap- 

peared to accumula te  at a specific region in S phase as 

indicated by the appearance of a dist inct  peak (Fig. 4). 

This was especially prominent  at 24 hr subsequent to 

incubat ion at the permissive temperature (arrow). There 

was no obvious G 1 arrest at the permissive temperature 

wi th  the 22-23val135A cell line, which  would be ex- 

pected because of the inabi l i ty  to transcript ionally acti- 

vate p21/WAF-1/c ip l .  Moreover, a sub-G1 DNA con- 

tent, wh ich  increased progressively in the val135 cell 

l ine subsequent  to incubat ion at the permissive temper- 

ature, was absent from the 22-23val135A cell l ine at all 

t ime points. Therefore, in contrast to tsp53(val135), the 

tsp53(22-23va1135) does not induce any appreciable de- 

gree of apoptosis at the permissive temperature.  Instead, 

the tsp53(22-23val135) may  be compromising cell pro- 

l iferation at the permissive temperature in part by slow- 

ing progression through a specific stage or place in S 

phase wi thout  inducing complete S phase arrest. 

A transcriptionally defective p53 can effectively inhibit  

neoplastic transformation by EIA and act ivated ras 

Wild-type p53 has been shown to suppress transforma- 

tion of pr imary rat embryo fibroblasts (REFs) by E1A plus 

activated ras (Finlay et al. 1989; Eliyahu et al. 1989). 

Therefore, to determine whether  the transcriptional  and 

transformation suppression funct ions of p53 are corre- 

lated, we measured the abili ty of the transcript ionally 

defective 22-23 p53 mutan t  to suppress neoplastic trans- 

formation of REFs by E1A and activated ras. Primary or 

secondary REFs were cotransfected wi th  E1A, activated 

ras (T24), and either wild-type or mutan t  p53, and the 

number  of transformed foci was determined 2-3 weeks 

post-transfection. The results of this exper iment  are pre- 

sented in Table 1 as are the abilit ies of the individual  p53 

mutan t s  to regulate transcription from a p53-responsive 

gene (mdrn2-CAT).  

The wild-type protein and two transcript ionally active 

p53 mutants  (14--19 and 23) (Lin et al. 1994) effectively 

inhibi ted the abil i ty of E1A and activated ras to induce 

neoplastic t ransformation (Table 1). Interestingly, the 

22-23 p53 mutan t  was also capable of effectively sup- 

pressing transformation by E1A and activated ras. Ex- 

pression of the 273 p53 mutant ,  which  is defective for 

both DNA binding and p53-mediated transcript ion (Lin 

et al. 1994), did not significantly inh ib i t  E1A and acti- 

vated ras-induced t ransformation (Table 1). Thus, p53- 

mediated transcription may  contribute to suppression of 

neoplastic transformation, but another funct ion of p53 is 

also sufficient. 
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Table 1. The effect of mutant or wild-type human p53 on the transformation of REFs by ras plus E1A 

Number of foci/dish 

Transfected DNA exp. 1 exp. 2 average 
Percent CAT activity a 
relative to wild-type p53 

ras + E1A 50 48 49 
ras + E1A+vector 44 43 44 
ras + E1A + wild-type p53 4 3 4 
ras + E1A+ 14-19 1 0 1 
ras + E1A+23 6 1 4 
ras + E1A+22-23 5 8 7 
ras + E1A+273 24 23 24 

100 
41 
74 
8 
6 

aThese results are as described (Lin et al. 1994). 

D i s c u s s i o n  

p 5 3 - m e d i a t e d  transcription plays  a p ivota l  role 

in E1A- induced  apoptosis in BRK cells 

We have demonstrated in this report that BRK cell lines 
expressing E1A and a transcriptionally functional 
tsp53(val135) undergo rapid apoptosis at the permissive 
temperature, whereas those expressing E1A and a tran- 
scriptionally defective tsp53(22-23val135) do not. In- 
stead, cell viability remains relatively constant over pro- 
longed incubation at the permissive temperature with a 
virtual absence of apoptotic cells. Moreover, the virtual 

absence of apoptotic cells in the 22-23val 135 cell lines at 
the permissive temperature was not attributable to any 
concomitant decreases in the levels of expression of the 
p53 protein. 

These results lend insight to the controversial role of 
p53-mediated transcription in the induction of apoptosis 
(Kastan et al. 1992; Raft 1992; Lane 1993; Caelles et al. 
1994). p53-mediated apoptosis is correlated with de- 
creases in the expression of Bcl-2 and increases in the 
expression of Bax, a cellular antagonist of Bcl-2 (Miya- 

shita et al. 1994). In fact, recent evidence indicates that 
p53 is a direct transcriptional activator of the bax  gene 
(Miyashita and Reed 1995). In addition, the overexpres- 
sion of Bcl-2 or the adenovirus Bcl-2 analog, E1B 19K, has 
been shown to rescue BRK cells from p53-mediated ap- 

optosis (Debbas and White 1993; Chiou et al. 1994; Sab- 
batini et al. 1995). Therefore, p53-mediated apoptosis in 
certain cell types may result from either the trans-acti- 

vation of cell death genes or the transcriptional repres- 

sion of cell survival factors. This is entirely consistent 
with the fact that the tsp53(22-23val135) is defective for 
both transactivation (Lin et al. 1994) and transcriptional 

repression (J.Y. Lin, J. Chen, and A.J. Levine, unpubl.). 
Analysis of small molecular weight DNA from the 

tsp53(22-23val135)-expressing BRK cell lines incubated 
at the permissive temperature did reveal some degree of 
DNA degradation (Fig. 3B), although cell death was in- 
significant when both live and dead cells were monitored 

by FACS analysis (Fig. 4). This is probably not the result 
of endogenous p53 transcriptional activity as the 22- 
23va1135 is constitutively overexpressed and a domi- 
nant-negative mutant  at both the restrictive and permis- 
sive temperatures. This is evidenced by the lack of trans- 

activation of p21/WAF-1 in the 22-23val135A cell line 
at both temperatures (Fig. 2). It may be that the tsp53(22- 
23va1135) possesses residual transcriptional activity at 
the permissive temperature, and that this, in turn, is 
sufficient to trigger a small degree of apoptosis but not 
enough to compromise overall cell viability. This expla- 
nation would still be consistent with p53-mediated tran- 
scription being directly correlated with E1A-induced ap- 
optosis. Alternatively, p53 may be capable of mediating 
apoptosis through transcriptionally independent mecha- 
nisms (Caelles et al. 1994). In this respect, Haupt et al. 

(this issue) have demonstrated that the transcriptionally 
defective 22-23 p53 mutant  can induce apoptosis in 
HeLa cells. This suggests that p53 may mediate apopto- 
sis in certain ceil types primarily through transcription- 
ally independent mechanisms. HeLa cells, for example, 

already express the cell-death promoter Bax and thus 
may be primed to undergo apoptosis, which could occur 
by transcriptionally independent means (i.e. destruction 
of a survival factor). BRK cells do not express Bax (P. 
Sabbatini and E. White, unpubl.), and Bax induction by 

p53 may be required for apoptosis in BRK cells. Thus, 
p53 may possess two mechanisms for stimulating apop- 
tosis, destruction of a survival factor or activation of a 
death factor, either of which may be sufficient to induce 
apoptosis. The particular pathway utilized may depend 
on cell type or the physiological state of the cell. 

p 5 3 - m e d i a t e d  growth  suppression can occur 

i n d e p e n d e n t l y  of p 5 3 - m e d i a t e d  transcript ion 

Gl-specific growth arrest by p53 is thought to result 
in all or in part from the t rans-act ivat ion of p 2 1 /  

WAF-1 /c ip l ,  the protein product of which inhibits G1- 
specific cyclin-dependent kinases (E1-Deiry et al. 1993; 
Harper et al. 1993; Xiong et al. 1993). Therefore, G~- 
specific growth arrest by p53 is likely to be transcrip- 

tionally dependent. Expression of the tsp53(val135) in 
the murine fibroblast cell line (10)1 induces G~-specific 
growth arrest at the permissive temperature (Michalov- 

itz et al. 1990; Martinez et al. 1991; Wu and Levine 
1994). (10)1 cells that express the tsp53(22-23va1135), 
however, do not undergo G~-specific growth arrest at the 
permissive temperature and, instead, display a pattern of 
cell-cycle progression that is similar to that of the paren- 
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tal  (10)1 cell l ine  at the  permiss ive  t empera tu re  (J. Lin 

and A.J. Levine, unpubl.) .  The  tsp53(22-23val135) did re- 

t a in  some abi l i ty  to suppress cell g rowth  in BRK cells at 

the  permiss ive  t empera tu re  (Fig. 4). Th i s  appeared to be 

the  resul t  of cells s lowing down  or paus ing  in S phase 

ra ther  t han  cells undergoing  comple t e  S phase arrest. 

Therefore,  Gl-specif ic  g rowth  arrest  by p53 may  be tran- 

sc r ip t iona l ly  dependent ,  bu t  p53 is also capable of sup- 

pressing cell g rowth  at o ther  stages of the  cell cycle 

t h rough  a t r ansc r ip t iona l ly  i ndependen t  mechan i sm.  

The  abi l i ty  of p53 to b ind  to and inh ib i t  the  func t ion  of 

the  cel lular  D N A  rep l ica t ion  factor, RPA, could be one 

m e c h a n i s m  by w h i c h  p53 func t ions  to suppress cell 

g rowth  in BRK cells i ndependen t l y  of t ranscr ip t ion  (Li 

and Botchan 1993; D u t t a  et al. 1994). This  has interest-  

ing imp l i ca t ions  in l ight  of the  fact t ha t  BRK cells tha t  

express E1A and the  tsp53(22-23val135) accumula t e  to a 

cer ta in  ex ten t  in  S phase  upon  downsh i f t  to the  permis-  

sive t empera tu re  (Fig. 4). 

The  concept  of a t r ansc r ip t iona l ly  defect ive p53 hav- 

ing g rowth  suppressing capabi l i t ies  is no t  w i t h o u t  prec- 

edence.  There  is evidence  tha t  p53 m a y  suppress E7-me- 

diated t r ans fo rma t ion  of p r imary  REFs th rough  a tran- 

sc r ip t iona l ly  i ndependen t  m e c h a n i s m  (Crook et al. 

1994). In addi t ion,  a p53 lacking  its t rans-act ivat ion do- 

m a i n  can par t ia l ly  suppress t r ans fo rma t ion  of REFs by 

E1A and ac t iva ted  ras (Unger et al. 1993). Our resul ts  

demons t r a t i ng  the  abi l i ty  of the 22-23 p53 m u t a n t  to 

suppress t r ans fo rma t ion  of REFs by E1A and act ivated 

ras are en t i re ly  cons i s t en t  w i th  these findings. More- 

over, the  fact tha t  the  22-23 m u t a n t  suppresses cell 

g rowth  of BRK cells i n d e p e n d e n t l y  of apoptosis  suggests 

tha t  p53 is capable of suppressing E1A and ras-mediated  

t r ans fo rma t ion  by t r ansc r ip t iona l ly  dependent  and inde- 

penden t  mechan i sms .  The  observa t ion  tha t  p53-medi- 

ated t ranscr ip t ion  and growth  suppress ion  are not  nec- 

essari ly m u t u a l l y  exclusive brings new ins ight  in to  the 

role of p53 as a t r ansc r ip t ion  factor  and t u m o r  suppres- 

sor. 

M a t e r i a l s  a n d  m e t h o d s  

Plasmids and establishment of cell lines 

BRK cells were transfected with plasmids pCMVE1A (White et 
al. 1991), and either pmsvcgval135neo or pmsvcg22-23val135- 
neo (Lin et al. 1994). The pmsvcgval135neo plasmid encodes for 
the murine tsp53(val135), which is in the mutant conformation 
at the restrictive temperature of 38.5~ and the wild-type con- 
formation at the permissive temperature of 32~ (Michalovitz 
et al. 1990). The pmsvcg22-23val135neo plasmid is identical to 
pmsvcgval135neo with the exception that there is a double mu- 
tation at codons 22 and 23 (which corresponds to codons 25 and 
26 of murine p53) within the trans-activation domain of p53. 
The corresponding protein is designated tsp53(22-23va1135) and 
is significantly impaired for both p53-mediated transactivation 
(Lin et al. 1994; Thut et al. 1995) and transcriptional repression 

(J.Y. Lin, S. Chen, and A.J. Levine, unpubl.). 
Transfections of primary BRK cells with plasmid DNA and 

establishment of transformed cell lines were as described pre- 
viously (Debbas and White 1993). Cell lines were screened by 
Southern blot analysis, and three independently derived cell 

lines were chosen for further characterization. The three cell 
lines expressing E1A and tsp53(22-23val135) were designated 
22-23val135A, 22-23val135B, and 22-23va1135C, whereas the 
val135 cell line expressed E1A and tsp53(val135). All cell lines 
were maintained at 38.5~ in Dulbecco's modified Eagle me- 
dium (DMEM) with 10% fetal bovine serum. 

The p53 null cell line 10(1) and the 10(1}vail35 cell line, 
which expresses the murine tsp53{val135), have been described 
(Harvey and Levine 1991; Wu et al. 1993). The 10(1)22-23va1135 
cell lines constitutively expres s the murine tsp 53 (22-23 val 135 ) 
(J. Lin and A. J. Levine, in prep.). These cell lines were also 
maintained at 38.5~ in DMEM with 10% fetal bovine serum. 

Antibodies and Western blotting 

The monoclonal antibody 248 directed against murine p53 was 
used as described previously (Debbas and White 1993). The 
monoclonal antibody M73 directed against E1A was purchased 

from Oncogene Science (Uniondale, NY). 
Cell extracts for Western blot analysis were prepared from 

subconfluent cultures, and 20 ~g of protein from each cell line 
was analyzed by SDS-PAGE and semi-dry blotting onto nitro- 
cellulose membranes by standard procedures. Immune com- 
plexes were detected by enhanced chemiluminescence (ECL) 
according to the manufacturer's specifications (Amersham). 

Northern blot analysis 

Cytoplasmic RNA was extracted from the val135 and 22- 
23val135A cell lines at 38.5~ (0 hr) and after 4 hr at the per- 
missive temperature with methods described previously (White 
et al. 1986; Sabbatini et al. 1995). Cytoplasmic RNA (10 ~g) 
from each cell line was analyzed by Northern blotting as de- 
scribed (Sabbatini et al. 1995). The probes used for Northern blot 
analysis were a cDNA corresponding to mouse p21/WAF-1/ 
cipl (generously provided by G. Hannon, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY) and a cDNA correspond- 
ing to mouse f~-actin (generously provided by B. Antoni, Uni- 
versity of Medicine and Dentistry of New Jersey, Piscataway). 

Gel electrophoretic mobility-retardation assay 

Nuclear extracts were prepared and mobility retardation reac- 
tions were performed as described previously (Bayle et al. 1995). 
The oligonucleotide probes representing the p53 consensus and 
non-consensus sequences were 5'-AGCTTAGGCATGTCTAG- 
GCATGTCTA-3' and 5'-TATGTCTAAGGGACCTGCGGT- 
TGGCATTGATCTTG-3', respectively (Funk et al. 1992). To 
activate sequence-specific DNA binding of p53, 1 ~g of antibody 
421 (Oncogene Science, Uniondale, NY) was added at the be- 
ginning of the mobility retardation reaction. Parallel reactions 
were incubated with 1 ~g of the E1A-specific antibody M73 as 
a negative control. Samples were loaded onto a 4% polyacryl- 
amide gel containing 0.25 x TBE and electrophoresed at 4~ 300 
V for 3 hr. Gels were then dried and scanned with a Phosphor- 
Imager (Molecular Dynamics). 

Viability and DNA fragmentation analysis 

Cells were plated out at 106 cells per 10-cm plate at 38.5~ 
Forty hours postplating, plates were shifted to 32~ and cell 
viability was determined at 1, 2, 3, and 5 days by Trypan blue 
exclusion. 4P was used as a positive control for viability at 32~ 
(White and Cipriani 1990). The viable number of cells at each 
time point is represented as a percentage of viable cells relative 
to that at time 0. Low molecular weight DNA was prepared and 
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analyzed in parallel with the viability assay using procedures 

described previously (Hirt 1967). Samples were normalized by 

loading low molecular weight DNA prepared from an equal 

number of cells. 

FA CS analysis 

Cells were propagated at 38.5~ or were shifted to 32~ and 

cultured for 1, 2, 3, and 5 days as indicated. Cells were then 

harvested, fixed, and stained with propidium iodide using meth- 

ods described previously (Kastan et al. 1991). Fluoresence inten- 

sities were determined by quantitative flow cytometry, and pro- 

files were generated on a FACSCAN profile analyzer (Becton 

Dickinson). 

REF transformation assay 

REFs were maintained at 37~ in DMEM with 10% fetal bovine 

serum. Primary REFs were prepared from 14- to 15-day-old 

Fisher 344 rat embryos. Primary or secondary REFs were 

cotransfected with 1.5 ~g of an activated ras (T24), 1.5 ~tg of 

E1A, and either 5 ~g of wtp53, mutant p53, or vector alone, and 

12 ~g of salmon sperm DNA by standard calcium phosphate 

precipitation. As a positive control, REFs were transfected with 

1.5 ~g of activated ras (T24), 1.5 ~g of E1A plus 17 ~tg of salmon 

sperm DNA. Transformed foci were counted 2-3 weeks post- 

transfection. Experiments were performed in duplicate. 
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