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The p53 tumor suppressor protein is a transcriptional activator, which can mediate apoptotic cell death in a 
variety of cell types. To determine whether sequence-specific trans-activation is a prerequisite for the 
induction of apoptosis by p53, the apoptotic effects of various p53 deletion mutants were monitored in an 
assay based on the transient transfection of HeLa cells. A truncated protein (p53d1214), containing only the 
first 214 amino-terminal residues of murine p53, induced extensive apoptosis, albeit at a slower rate than 
t rans-act ivat ion-competent  wild-type p53. p53d1214 also suppressed the transformation of rat fibroblasts by 
several oncogene combinations and particularly by myc  plus ras and H P V  E7 plus ras. p53d1214 lacks a major 
portion of the DNA-binding domain and cannot activate p53-responsive promoters. Moreover, a human p53 
protein carrying mutations in residues 22 and 23 also triggered HeLa cell apoptosis, despite failing to induce 
significant activation of relevant p53 target promoters. These data suggest the existence of two p53-dependent 
apoptotic pathways--one requiring activation of specific target genes, and the other independent of 
sequence-specific trans-activation.  The latter pathway may actually be totally uncoupled from the binding of 
p53 to its consensus DNA sites. The relative contribution of trans-act ivat ion-independent apoptosis to tumor 
suppression by p53 may be dictated by the specific genetic lesions present in the particular tumor. 
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The p53 tumor suppressor gene is a very frequent target 

for genetic alterations in cancer (Harris and Hollstein 

1993; Friend 1994). Enhanced activity of wild-type p53 

can mediate a variety of anti-proliferative effects, includ- 

ing the suppression of oncogene-mediated transforma- 

tion, induction of a growth arrest in the G1 phase of the 

cell cycle, and activation of apoptotic cell death (for re- 

view, see Oren 1992; Donehower and Bradley 1993; 

Levine 1993; Berns 1994; Oren 1994; Haffner and Oren 

1995). The involvement of wild-type p53 in the control 

of apoptosis has been demonstrated in a wide array of 

biological systems, in vitro and in vivo (Yonish-Rouach 

et al. 1991; Shaw et al. 1992; Johnson et al. 1993; Lotem 

and Sachs 1993; Lowe et al. 1993; Ramqvist et al. 1993; 

Ryan et al. 1993; Wang et al. 1993; Clarke et al. 1994; 

Gottlieb et al. 1994; Symonds et al. 1994). p53-mediated 

growth arrest and apoptosis are tightly inter-related at 

the cellular level. In particular, members of the RB fam- 

ily and of the E2F transcription factor family appear to 

play an important role in the decision as to whether a 

cell will respond to wild-type p53 activation by execut- 

ing a viable G1 arrest or undergoing apoptosis (Yonish- 

Rouach et al. 1993; Demers et al. 1994; Hickman et al. 
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1994; Howes et al. 1994; Morgenbesser et al. 1994; Pan 

and Griep 1994; Qin et al. 1994; Slebos et al. 1994; White 

et al. 1994; Wu and Levine 1994; Haupt et al. 1995). 

At the biochemical level, p53 can engage in sequence- 

specific tra~s-activation (SST)(Vogelstein and Kinzler 

1992; Prives 1994). Transcriptional activation of target 

genes is closely correlated with the growth-inhibitory 

effect of p53 (Reed et al. 1993; Shaulian et al. 1993; 

Crook et al. 1994; Ory et al. 1994; Pietenpol et al. 1994). 

At least part of this effect may be mediated through in- 

duction of the Wafl/cipl gene, which encodes the cy- 

clin-dependent kinase inhibitor p21 (Ei-Diery et al. 1993; 

Harper et al. 1993; Xiong et al. 1993; Dulic et al. 1994). 

Although Wafl expression is also induced in cells under- 

going p53-mediated apoptosis (E1-Deiry et al. 1994), it is 

not clear whether this plays any role in the apoptotic 

process. In at least certain cell types, high levels of Wafl 

may actually inhibit apoptosis rather than promote it 

(Canman et al. 1995). 

To investigate the relationship between SST and p53- 

mediated apoptosis, we analyzed the ability of various 

p53 deletion mutants to induce apoptosis in HeLa cells. 

We report here that a truncated polypeptide, containing 

only the first 214 residues (of 390) of murine p53, can act 

as a potent inducer of apoptosis, despite lacking any de- 

monstrable SST capacity. Similarly, a human p53 pro- 

tein mutated at residues 22 and 23 also triggers HeLa 
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cell apoptosis, despite fail ing to activate a reporter gene 

driven by relevant p53 target promoters. Although the 

apoptotic response to the truncated polypeptide is quite 

substantial,  the kinet ics  of the process are slower than 

for full- length wild-type p53. These data are compatible 

wi th  the existence of two dist inct  p53-dependent apop- 

totic pathways, at least in HeLa cells. One pathway ap- 

pears to operate in the absence of SST, whereas the other 

might  require the activation of particular p53 target 

genes. Moreover, t ransformation inhib i t ion  experiments  

suggest that trans-activation-independent apoptosis may  

contribute to tumor suppression by p53. The relative 

contr ibution of each apoptotic pathway is probably dic- 

tated by the types of deregulated signals delivered to the 

particular tumor  cell. 

Results 

A p53 deletion mutant, incapable of SST, induces 

apoptosis in HeLa cells 

Overexpression of wild-type p53 in HeLa cells induces 

apoptotic cell death, which  can be scored in an assay 

based on fluorescence-activated cell sorter (FACS) anal- 

ysis of t ransient ly  transfected cells (Yonish-Rouach et al. 

1994; Haupt  et al. 1995). We took advantage of this ex- 

per imental  model  system in an a t tempt  to define func- 

tional domains  required for p53-mediated apoptosis. To 

that end, we studied the abil i ty of several mouse p53 

deletion mutants ,  differing in their  b iochemical  activi- 

ties, to induce apoptosis in transfected HeLa cells. The 

mutan ts  employed in this study are depicted schemati-  

cally in Figure 1A. Two of the mutants ,  p53d1330 and 

p53d1303, lack the oligomerization domain  but retain 

intact DNA-binding and trans-activation domains 

(Friend 1994; Prives 1994). Both mutan ts  have been 

shown to activate p53-responsive genes and suppress on- 

cogene-mediated t ransformation (Shaulian et al. 1995). 

The third mutant ,  p53d1214, lacks a crucial portion of its 

DNA-binding domain  and is therefore not expected to 

bind specifically to consensus D N A  sites and activate 

p53 target genes. Expression of wild-type and mutan t  

forms of mur ine  p53 was driven by the strong cytomeg- 

alovirus (CMV) immedia te -ea r ly  regulatory element.  

The expression pattern of the corresponding polypep- 

tides, analyzed by Western blott ing 20 hr after the tran- 

sient transfection of HeLa cells, is shown in Figure lB. It 

is evident that all t runcated proteins were expressed at 

comparable levels in transfected HeLa cells and migrated 

in the gel at positions compatible wi th  their expected 

sizes. 

To assess the relevance of SST to p53-mediated apop- 

tosis in HeLa cells, it was first essential  to determine the 

abil i ty of each p53 deletion mu tan t  to activate a p53- 

responsive promoter. HeLa cells were t ransient ly trans- 

fected wi th  each mutan t  plus a reporter p lasmid contain- 

ing 17 tandem copies of the r ibosomal gene cluster 

(RGC) p53-binding site (Kern et al. 1991). To avoid re- 

duction of luciferase activi ty owing to cell death, ex- 

tracts were prepared 18 hr post transfection. The results 

Figure 1. Mouse p53 deletion mutants employed in this study. 
(A) Schematic map of the mutant proteins, relative to full- 
length wild-type p53. Roman numerals denote the five con- 
served boxes of wild-type p53 (Soussi et al. 1990). Some of the 
functional domains of the protein are indicated as well. (NLS-1) 
Major nuclear localization signal (Shaulsky et al. 1990); (Oligo) 
oligomerization domain (Shaulian et al. 1992; Sturzbecher et al. 
1992); (DNA binding) sequence-specific binding only. (B) Ex- 
pression of mouse wild-type p53 and various deletion mutants 
in transiently transfected HeLa cells, assayed by Western blot 
analysis. HeLa cells (10 6 cells per 10-cm dish) were transfected 

with 5 ~g of the appropriate plasmid. Cell extracts were pre- 
pared 20 hr later. The blot was probed with PAb248. (C6) Extract 
prepared from clone 6 cells (Pinhasi-Kimhi et al. 1986), stably 
overexpressing transfected mouse p53, employed as a positive 
control. Positions and molecular masses of protein size markers 
are shown at left. 

are shown in Fig. 2. A low basal act ivi ty of the reporter 

was seen in the presence of an empty  vector control 

(CMV); this probably reflects the residual act ivi ty of en- 

dogenous HeLa h u m a n  wild-type p53 (Hoppe-Seyler and 
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Figure 2. Transcriptional activation of a p53-dependent pro- 
moter by various mouse p53 mutants. HeLa cells (5 x 10 s cells 
per 6-cm dish) were transfected, by the calcium phosphate 
method, with 1 ~g of the indicated plasmid DNA plus 1 ~g of 
RGC-luciferase (Haupt et al. 1995). Luciferase activity was de- 
termined 18 hr later and is shown in arbitrary units. Each assay 
was done in triplicate; the standard deviation is indicated. 
(CMV) Empty vector control. 
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Butz 1993). A marked activation was obtained in cells 

transfected wi th  the reporter plus wild-type p53. In 

agreement wi th  previous data (Shaulian et al. 1995), 

p53d1330 also exhibited dist inct  transcriptional activity, 

albeit lower than that of wild-type p53. In contrast, 

p53d1214 was totally incapable of STT of this reporter. 

The effect of overexpression of each protein on the cell 

cycle distr ibut ion of transfected HeLa cells was deter- 

mined  by flow cytometric  analysis, using double stain- 

ing. Following transfection, cells were analyzed for 

mouse  p53 expression wi th  the aid of the mouse p53- 

specific monoclonal  antibody PAb248. The antibody was 

either conjugated directly to fluorescein-5-isothiocy- 

anate (FITC) or visualized by FITC-conjugated goat anti- 

mouse  secondary antibody. Subsequently, the same cells 

were stained for D N A  content by propidium iodide (PI). 

The smal l  percentage of cells overexpressing transfected 

mouse  p53 was identified through its high fluorescence 

Figure 3. Induction of HeLa cell death by transfection with 
different murine p53 variants. HeLa cells (10 6 per 10-cm dish) 
were transfected with 5 ~g of plasmid DNA encoding mouse 
wild-type p53 (A-D) or various polypeptides as indicated in each 
panel (E-H). Forty-eight hr post-transfection, adherent and 
floating cells were collected together from each transfected cul- 
ture, fixed with methanol, and analyzed by flow cytometry. 
Cellular transfected mouse p53 content was determined by 
staining with the monoclonal antibody PAb248 (p53, A and B) 
and is plotted as a function of cell size (forward scatter). DNA 
content was quantified by staining the fixed cells with PI. (A) 
An unsorted aliquot of a culture transfected with wild-type p53. 
The DNA content distribution of the same aliquot is shown in 
C (the horizontal bar denotes the position of cells with sub-G~ 
DNA content, indicative of apoptosis) (B) The analysis of the 
subpopulation expressing high levels of transfected mouse p53, 
derived by sorting a large number of cells from the culture 
shown in A and gating for elevated p53 fluorescence; note that 
p53 fluorescence is plotted on a logarithmic scale�9 The DNA 
content of the same subpopulation is shown in D. The data for 
E-I were derived as for D, except that cells were transfected 
with the indicated p53 deletion mutants (E,F,G,I) or with an 
expression vector for a truncated IL-2R (H). (H) Staining and 
gating for positive transfectants were done with 7G7B6, a mono- 
clonal antibody specific for IL-2R rather than for p53 (see Ma- 
terials and methods). 

intensity,  which  was well  above that of the weakly stain- 

ing bulk nonexpressor population (Fig. 3A; note that p53 

fluorescence is plotted on a logari thmic scale). A gate 

was then set to include only those cells that contain high 

levels of mouse p53. Cells falling wi th in  this gate (Fig. 

3B), presumed to represent the successfully transfected 

subpopulation, were collected out of a much  larger total 

number  of cells, and analyzed separately. Equal numbers  

of nongated (largely nontransfected) and gated (success- 

fully transfected) cells were then compared wi th  regard 

to their cell cycle distr ibution as defined by D N A  con- 

tent (Fig. 3, C and D, respectively). 

Figure 3, A-D,  depicts the analysis, performed 48 hr 

post-transfection, of a culture transfected wi th  full- 

length mouse wild-type p53. It is evident that whereas 

the bulk, most ly  non-transfected cell population dis- 

played a normal  cell cycle distr ibution (Fig. 3C), many  of 

the cells overexpressing wild-type p53 exhibited a sub- 

G1 DNA content, indicative of apoptotic death (Dar- 

zynkiewicz et al. 1992; Yonish-Rouach et al. 1994; 

Haupt et al. 1995). Similarly, p53d1330 and p53d1303 also 

induced significant cell death (Fig. 3, E and F, respec- 

tively). Surprisingly, p53d1214 also was an effective in- 

ducer of cell death (Fig. 3G). By 48 hr after transfection 

wi th  a p53d1214 expression plasmid, a substant ial  frac- 

t ion of the HeLa cells overexpressing this t runcated pro- 

tein exhibited a sub-G1 D N A  content. Hence, even 

though the p53d1214 protein is totally incapable of trans- 

activating a p53-responsive target promoter (Fig. 2), it 

can nevertheless promote a vigorous death response. 

This  finding argues that SST is not  a prerequisite for the 

abil i ty of p53 to induce HeLa cell death. One could pro- 
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pose that the effect of p53d1214 was nonspecific, result- 

ing from the activation of the residual endogenous HeLa 

cell wild-type p53 by the transfected plasmid DNA 

through a DNA damage-induced pathway. If that were 

the case, the successful transient introduction of any 

plasmid into HeLa cells would be predicted to have a 

similar apoptotic effect. To test this possibility, a HeLa 

culture was transiently transfected with an expression 

plasmid encoding a truncated version of the human in- 

terleukin-2 receptor (IL-2R). Successfully transfected 

cells were identified with the aid of an anti-IL-2R mono- 

clonal antibody, and gated essentially as described for 

mouse p53 transfectants. As seen in Figure 3H, transfec- 

tion of HeLa cells with the IL-2R plasmid failed to in- 

duce apoptosis above the spontaneous background rate. 

Furthermore, transfection of tumor-derived mouse p53 

mutants also did not promote any apoptosis in HeLa 

cells (Haupt et al. 1995; see also Fig. 5, below). Similarly, 

no apoptotic activity was exerted by a mouse p53 dele- 

tion mutant lacking residues 13-52 (Fig. 3I). This 

strongly suggests that the induction of HeLa cell death is 

attributable to the biological activity of the introduced 

protein, rather than to an irrelevant effect of the trans- 

fection procedure. 

It had been shown previously that the death induced in 

HeLa cells by overexpression of wild-type p53 exhibits 

distinct apoptotic features (Yonish-Rouach et al. 1994; 

Haupt et al. 1995). To test whether the same was also 

true for p53d1214, HeLa cells were transfected with wild- 

type p53 or p53d1214 and analyzed microscopically 48 hr 

later (Fig. 4). Adherent as well as floating cells were col- 

lected together and fixed in methanol, essentially as 

done for flow cytometric analysis. This procedure allows 

one to analyze the entire cell population, including those 

cells that have already detached from the dish. Fixed 

cells were then doubly stained for p53 (PAb248 followed 

by goat anti-mouse antibodies conjugated to rhodamine) 

and for DNA (DAPI). Because cells were fixed in suspen- 

sion, it is difficult to visualize the cytoplasm in Figure 4. 

Analysis of adherent cells, fixed while still attached to 

the coverslip, revealed a strictly nuclear staining of p53 

following transfection with wild-type p53, and a mixed 

nuclear and cytoplasmic staining following transfection 

with p53d1214 (data not shown). 

In agreement with earlier reports (Yonish-Rouach et 

al. 1994; Haupt et al. 1995), the majority of cells overex- 

pressing wild-type p53 (Fig. 4A) also exhibited apoptotic 

features by DAPI staining (Fig. 4B). Several of the p53- 

positive cells displayed highly condensed, often frag- 

mented nuclear chromatin (thin arrow). Other cells, 

though positive for p53 overexpression, hardly displayed 

any DNA staining at all. Such "ghosts" (thick arrow) 

probably reflect the extensive loss of DNA from cells at 

advanced stages of apoptosis, owing to massive cleavage 

by intracellular nucleases (see also Gottlieb et al. 1994). 

To further substantiate the conclusion that the trans- 

fected cells were dying through apoptosis, cells were sub- 

jected to TUNEL analysis (Gavrieli et al. 1992). This as- 

say detects cells containing double-stranded DNA 

breaks and has been used extensively as a marker for 

Figure 4. Immunofluorescent analysis of HeLa cells trans- 
fected with wild-type p53 or p53d1214. HeLa cells were trans- 
fected with pCMVp53wt (A-D) or with pCMVp53d1214 {E-H), 
as described in Fig. 3. Forty-eight hr later, one portion of the 
cells was fixed in methanol and stained with PAb248 (A,E) or 
with DAPI (B,F). Another portion of each transfected population 
was fixed in paraformaldehyde and stained by TUNEL (C,G) or 
with DAPI (D,H). Each pair of adjacent panels depicts the same 
field, viewed under two different wavelengths (see Materials 
and methods). Thin arrows indicate representative p53-positive 
cells with characteristic apoptotic nuclei; thick arrows indicate 
representative p53-positive ghosts. 

apoptotic death (e.g., Gottlieb et al. 1994; Howes et al. 

1994; Morgenbesser et al. 1994; Qin et al. 1994; Haupt et 

al. 1995). For TUNEL analysis, half the sample of trans- 

fected HeLa cells (from the same transfection dish as 

shown in Fig. 4, A and B) was fixed with paraformalde- 

hyde rather than with methanol. Fixation with 

paraformaldehyde minimizes the loss of small chroma- 

tin fragments during subsequent manipulation (Gorc- 

zyca et al. 1993), even though cells that have lost much 

of their DNA before fixation will still appear as ghosts. 

Consequently, such fixation will result in fewer sub-G1 

cells but will allow a more intense TUNEL staining. 

Fixed cells, containing double-stranded DNA breaks, 

were labeled with biotinylated dUTP in the presence of 

terminal deoxynucleotidyl transferase (Tdt), followed by 

rhodamine (TRITC)-conjugated streptavidin. During the 
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second step, the cells were also stained with DAPI. The 

results for wild-type p53 (Fig. 4C,D) reveal a high corre- 

lation between TUNEL positivity and DAPI features typ- 

ical of apoptosis, further establishing the validity of 

DAPI staining as a marker of apoptosis in this experi- 

mental system. Importantly, cells overexpressing 

p53d1214 also exhibited pronounced apoptotic character- 

istics, as visualized both by DAPI staining and by 

TUNEL (Fig. 4E-H). Relative to wild-type p53 transfec- 

tants, the p53d1214-positive cells contained a higher pro- 

portion of cells with visible condensed chromatin and a 

lower proportion of ghosts (Fig. 4, cf. A and B with E and 

F). In conclusion, like full-length wild-type p53, overex- 

pressed p53d1214 induces a typical apoptotic response in 

transfected HeLa cells. 

A human p53 protein muta ted  in its trans-activation 

domain induces apoptosis in HeLa cells 

The results obtained with p53d1214 argued that, at least 

in HeLa cells, p53-mediated apoptosis can occur in the 

absence of SST. To further explore this possibility, a sim- 

ilar set of experiments was performed with plasmid 

pCMVp53Gln22,Ser23. This plasmid encodes full-length 

human p53, carrying two tandem point mutations at res- 

idues 22 and 23 (Lin et al. 1994). This mutant  protein is 

markedly trans-activation deficient (Lin et al. 1994), 

probably because of its failure to interact with TFIID 

subunits, TAFH40 and TAFH60 (Thut et al. 1995). 

First, the ability of p53Gln22,Ser23 to activate various 

p53-dependent promoters was tested in HeLa cells, un- 

der conditions essentially identical to those employed 

for apoptosis assays. As seen in Figure 5A, overexpres- 

sion of p53Gln22,Ser23 did induce partial activation of a 

reporter plasmid driven by 17 tandem repeats of a RGC 

p53-binding site. On the other hand, no activation was 

seen at all when the effect of p53Gln22,Ser23 was deter- 

mined on the cyclin G promoter (Fig. 5B), and only a very 

minimal effect was exerted on the p53-dependent, in- 

tronic Mdm-2 promoter (Fig. 5C). Unlike the synthetic 

RGC-based promoter, the latter two represent authentic 

p53-responsive promoters, derived from natural p53 tar- 

get genes (Juven et al. 1993; Wu et al. 1993; Barak et 

al. 1994; Okamoto and Beach 1994; Zauberman et al. 

1995). Hence, when assayed on relevant p53 targets, 

p53Gln22,Ser23 is a very inefficient trans-activator in 

HeLa cells. 

Next, the ability of p53Gln22,Ser23 to induce apopto- 

sis in transiently transfected HeLa cells was tested. As 

shown in Figure 6, p53Gln22,Ser23 was found to be a 

potent inducer of apoptosis in HeLa cells. Forty-eight 

hours post-transfection, the fraction of cells with sub-G1 

DNA content was 40% for p53Gln22,Ser23 (Fig. 6B), as 

compared to 49% for wild-type p53 {Fig. 6A). On the 

other hand, no apoptosis was triggered by the cancer- 

derived mutant  p53Gln179 (Fig. 6C). The cells in Figure 

6, A and B, are from the same experiment as the ones in 

Figure 5B and were transfected in parallel, under identi- 

cal conditions, with aliquots of the same transfection 

mixture. Hence, a mutant,  full-length human p53 pro- 

Figure 5. Transcriptional activity of wild-type p53 and 
p53Gln22,Ser23 in HeLa cells. Transfections were done essen- 
tially as in Fig. 2. HeLa cells 16 x l0 s cells per 6-cm dish) were 
transfected with 1 ~g of either RGC-luciferase (A), cyclin G-lu- 
ciferase (B), or Mdm-2-1uciferase (C) together with 1 ~g of the 
indicated expression plasmid. Luciferase activity was assayed 
20 hr post-transfection. 

tein can induce extensive apoptosis in HeLa cells under 

conditions in which it is a very ineffective trans-activa- 

tor of authentic p53-responsive promoters. 

p53d1214-induced apoptosis is efficient but is slower 

than that induced by wild-type p53 

The finding that p53d1214 and p53Gln22,Ser23 induce 

apoptosis in HeLa cells provided evidence for the in- 

volvement of an apoptotic pathway that is independent 

of transcriptional activation. Yet it did not exclude the 

possibility that trans-activation may also contribute to 

p53-mediated apoptosis, presumably through a second 

pathway that is dependent on the activation of p53-re- 

sponsive genes. In the latter case, one would still expect 

intact wild-type p53 to be a more effective inducer of 

apoptosis than p53d1214. 

This possibility was addressed by comparing the rate 

of death between cells transfected with wild-type p53 or 

with p53d1214. HeLa cells were transfected with equal 

amounts of DNA of each expression vector and analyzed 

by flow cytometry at different t ime points. The results 

are shown in Figure 7; in  addition to wild-type p53 and 
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Figure 6. Induction of HeLa cell death by 
transfection with human p53 variants. Each 10- 
cm dish (1.2 x 10  6 cells) was transfected with a 
combination of the indicated p53 expression 
plasmid (2 ~g/dish) plus 2 ~g of cyclin G--lu- 
ciferase DNA. The data are taken from the 
same experiment shown in Fig. 5B, employing 
the same transfection mixtures. Analysis was 
essentially as in Fig. 3, except that p53 staining 
was done with the human p53-specific mono- 
clonal antibody DO-1. Only the subpopulations 
gated for high p53 expression are shown; the 
extent of spontaneous apoptosis in the untrans- 
fected population was negligible (data not 
shown). 

p53d1214, the exper iment  included the tumor-derived 

oncogenic mutan t  p53Phe132 (Halevy et al. 1990). A lim- 

ited extent of apoptosis is seen in cells transfected by 

wild-type p53 as early as 24 hr post-transfection. At 36 

hr, a major fraction of the p53-positive cells already ex- 

hibited a sub-G1 D N A  content. In comparison, there 

were hardly any sub-G1 cells 24 hr after transfection 

with p53d1214, and at 36 hr such cells were still  a mi- 

nority. A pattern comparable to that exhibited by the 

wild-type p53 transfectants at 36 hr, was seen in the 

p53d1214 transfectants after only 48 hr. Nevertheless,  by 

56 hr the extent of apoptosis among cells overexpressing 

p53d1214 became very prominent .  Thus, al though induc- 

tion of apoptosis by p53d1214 is very efficient, it occurs 

more slowly than when  the process is triggered by wild- 

type p53. 

At all t ime points, the sub-G1 fraction among cells 

transfected wi th  the oncogenic p53Phe132 did not ex- 

ceed the spontaneous background of 2%-10%;  the slight 

increase observed at late t imes  was also seen in the total, 

largely nontransfected populat ion and is probably attrib- 

utable to the aging of the culture. 

A quant i ta t ive analysis of these data is presented in 

Figure 8, which  also incorporates information from an 

additional experiment  of the same type. It is evident  

again that whereas both wild-type p53 and p53d1214 can 

induce extensive HeLa cell death, wild-type p53 does it 

faster. 

Trans-activation-deficient p53 can suppress 
oncogene-mediated transformation 

The anti-proliferative act ivi ty of wild-type p53 is com- 

monly  monitored in two types of tissue culture assays, 

which  are superficially similar.  In one type, tumor  cells 

lacking wild-type p53 (typically of h u m a n  origin) are as- 

sessed for the abil i ty of wild-type p53 to prevent the 

appearance of growing, drug-resistant colonies when  its 

gene is transfected stably into the cells in conjunct ion 

wi th  a selectable drug resistance marker  (Baker et al. 

1990). In the other type of assay, one scores the abil i ty of 

p53 to repress the development  of transformed foci in rat 

embryo fibroblasts (REFs) stably transfected wi th  various 

oncogene combinat ions  (Crook et al. 1989; El iyahu et al. 

1989; Finlay et al. 1989). It is wel l  accepted that the 

effect of p53 in the first type of sys tem (drug-resistant 

colonies in the absence of any transfected oncogene) is 

strongly dependent on transcriptional  act ivat ion (Crook 

24 hrs 36 hrs 48 hrs 56 hrs 

~ : L ~  !~_~wtp53o  
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Figure 7. Kinetic analysis of apoptosis in HeLa 
cells transfected with various p53 expression 
plasmids. HeLa cells were transfected with 5 ~g 
of the indicated plasmid and collected at the in- 
dicated time points. All transfections and analy- 
ses were performed in parallel for each of the 
three plasmids. Cells were fixed with methanol, 
stained, and gated for p53 expression as described 
in Fig. 3. Individual panels depict the DNA con- 
tent distribution of the corresponding p53-over- 
expressing subpopulation (as in Fig. 3D). In each 
case, the pattern exhibited by the total popula- 
tion remained normal (data not shown; see Fig. 
3C). 
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Figure 8. Time course of apoptosis mediated by 
wild-type p53, p53d1214, and p53Phe132. Per- 
centages of sub-G1 cells were calculated from 
analyses of the type described in Fig. 7. Each 
value represents an average of at least two inde- 
pendent experiments. 
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et al. 1994; Ory et al. 1994; Pietenpol et al. 1994}. It is 

thus reasonable to assume that the RF.F assay will be 

affected similarly. However, recent data suggest that the 

two types of systems are not interchangeable; in partic- 

ular, certain mutants  that are present in human tumors, 

but nevertheless retain substantial t r a n s - a c t i v a t i o n  ca- 

pacity, suppress effectively in the human cell-line assay 

but not in the REF assay (Crook et al. 1994). This raises 

the possibility that activities of p53 other than SST may 

dictate the effect of this protein on oncogene-mediated 

transformation of REF. 

It was therefore of interest to determine whether 

p53d1214 had any effect on oncogene-mediated focus for- 

mation in REFs. REFs were transfected with a number of 

different oncogene combinations, together with expres- 

sion plasmids for different forms of p53. Transformed 

foci were scored at appropriate times, and the results are 

shown in Figure 9. 

Three oncogene combinations were tested: m y c  plus 

ras  (Fig. 9A), adenovirus E1A plus ras (Fig. 9B), and hu- 

man papillomavirus type 16 (HPV-16) E7 plus ras (Fig. 

9C). The data in Figure 9C were obtained from experi- 

ments in which a selectable marker (neo) was also in- 

cluded, and transformed colonies were scored following 

G418 selection. However, similar results were obtained 

in an experiment that did not involve drug selection 

(data not shown). As expected, wild-type p53 exerted a 

strong inhibitory effect on focus formation by all three 

oncogene combinations tested. On the other hand, tu- 

mor-derived mutant  mouse p53 actually elevated the 

number of transformed foci (Fig. 9A,B). This is consistent 

with earlier observations (Halevy et al. 1990; Hinds et al. 

1990; Michalovitz et al. 1990; Shaulian et al. 1992) and 

probably reflects a dominant negative effect of the mu- 

tant protein on endogenous REF wild-type p53. In con- 

trast, p53d1214 was quite a remarkable inhibitor of on- 

cogene-mediated transformation. Under the experimen- 

tal conditions employed for this study, p53d1214 exerted 

a substantial inhibitory effect on transformation of REFs 

by either m y c  plus ras  (Fig. 9A) or E7 plus ras  (Fig. 9C). 

The effect was not as complete as that of wild-type p53, 

but was nevertheless very significant. 

A less dramatic effect was seen when transformation 

was driven by E1A plus ras (Fig. 9B), suggesting that the 

transformation process triggered by this pair of onco- 

genes can tolerate at least some expression of p53d1214. 

As predicted from the rather mild reduction in focus 

number caused by p53d1214 in the presence of E1A plus 

ras,  many of the cell clones established from such foci 

synthesized the expected truncated p53d1214 polypep- 

tide when analyzed at early passage (data not shown). 

However, the amount of p53d1214 in these clones was 

very low, despite the fact that abundant expression of 

this polypeptide was induced by the same plasmid in 

transiently transfected REF (data not shown). Moreover, 

p53d1214 expression tended to become undetectable 

upon several consecutive cell passages in culture. It is 

conceivable that a similar process, already occurring dur- 

ing the growth of the primary foci in the transfected dish, 

is also responsible for the reduced level of p53d1214 ex- 

pression in early-passage focus-derived clones. Hence, 

whereas REF transfected with E1A plus ras  can tolerate 

a certain extent of p53d1214 overexpression, there is a 

strong selection against stable overexpression of this 

truncated p53 derivative. 

Overall, the data presented above argue that, when ex- 

pressed at sufficiently high levels, t r a n s - a c t i v a t i o n - d e f i -  

cient p53 can induce apoptosis in transiently transfected 

HeLa cells as well as inhibit focus formation in stably 

transfected REF. One should therefore invoke alternative 

pathways for at least some of the putative tumor sup- 

pressor activities of p53, which will not depend solely on 

the ability of p53 to function as a sequence-specific 

t r a n s - a c t i v a t o r .  

D i s c u s s i o n  

The data reported in this study demonstrate that the 

apoptotic death of HeLa cells can be triggered quite effi- 

ciently by a deleted form of p53, which does not exhibit 
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Figure 9. Suppression of oncogene-mediated transformation by wild-type p53 
and by p53d1214. (A) REF were plated in 6-cm dishes {4 x 105 cells per dish) and 

transfected with a combination of pEJ6.6 (activated Ha-ras, 0.75 ~g), pLTRmyc 
(0.75 ~g), and 2.5 ~g of the indicated p53 expression plasmid. Transformed foci 

were scored 10 days after transfection. Focus numbers were compiled from 

three independent experiments and are shown with standard deviation. (p53m) 

The p53Glu168,Ile234 double mutant {Eliyahu et al. 1988). pCMVDASS en- 
codes an oligomerization-deficient carboxy-terminal fragment of p53, which 

lacks demonstrable biological activity (Shaulian et al. 1992; Shaulian et al. 
1995). (B) Experimental details identical to A, except that 0.75 ~g of plasmid 
pAd5Pst, encoding adenovirus type 5 E1A proteins, was used instead of pL- 
TRmyc. (C) REF (3 x 105 cells per 9-cm dish) were cotransfected with a com- 

bination of 5 ~g of pEJ6.6, 2 ~g of pJ416E7, 1.5 ~g of pSV2neo, and 10 ~g of the 
indicated p53 expression plasmid. Transfected cells were selected with 250 
~g/ml of G418, and transformed colonies were scored 14 days after transfec- 
tion. (p53m) p53Phe132. Values are compiled from three independent experi- 

ments. (pCMV control) Either pCMVDASS or a control pCMV vector, used in 

different experiments; no significant differences were observed between trans- 
formation efficiencies in the presence of either of these two plasmids (data not 

shown). 

any measurable  SST. Similarly, a p53 point mu tan t  wi th  

an impaired trans-activation domain, which  is markedly  

compromised in its ability to activate relevant target 

promoters in HeLa cells, still retains the ability to func- 

tion as a potent  inducer of apoptosis in the same cells. 

These observations argue strongly for the existence of an 

alternative p53-dependent pathway,  which  leads to apo- 

ptosis wi thout  requiring the activation of specific target 

genes. This model  is consistent wi th  reports by Caelles 

et al. (1994) and Wagner et al. (1994), who demonstra ted 

that  p53-mediated apoptosis can occur in the presence of 

RNA and protein synthesis inhibitors, suggesting that  

SST is dispensable for this process. A similar idea was 

proposed recently by Ishioka et al. (1995). Moreover, as 

p53d1214 lacks several of the most  critical residues of 

p53's sequence-specific DNA-binding domain (Pavletich 

et al. 1993; Prives 1994), that  al ternative apoptotic path- 

way is likely to operate in a manner  that  does not require 

the binding of p53 to its consensus D N A  sites. A model 

addressing these al ternative apoptotic pathways,  as well 

as the proposed role of the RB family proteins and the 

inverse relationship between p53-mediated G1 arrest and 

apoptosis, is presented in Figure 10. 

One should exercise extreme caution in interpret ing 

the data and particularly in concluding that  transcrip- 

tional activation is not  a key player in the apoptotic ef- 

fects of p53. First, the transfected cells in our experimen- 

tal system usual ly  express very high levels of p53. As 

wi th  other studies of this type, one needs to take into 

account phenomena  that  result  f rom this vast  overex- 

pression. For instance, the amino te rminus  of p53 con- 

st i tutes a potent  trans-activation domain, which  is fully 

contained wi th in  p53d1214~ The concern arises, there- 

fore, that  overexpression of any trans-activation domain  

will induce apoptosis in HeLa cells, irrespective of the 

protein from which  this domain is derived. Experiments  

wi th  fusion proteins suggest that  this is probably not  the 

case. A protein fusing the GAL4 DNA-binding  domain  to 
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Figure 10. Dual signal model for p53-mediated apoptosis and 
G~ arrest. The model proposes that G1 arrest is induced exclu- 
sively through the trans-activation of target genes by p53, with 
a key role assigned to the induction of the Wafl gene and the 
consequent activation of RB family proteins. In contrast, it is 
proposed that p53-mediated apoptosis is driven by two types of 
signals. On the one hand, p53 may contribute to the process by 
turning on specific target genes. These may include some that 
are also involved in the G, arrest, as well as others that act only 
in the context of apoptosis (e.g., bax). On the other hand, p53 is 
proposed to mediate apoptosis through one or more activities 
that are distinct from and independent of its trans-activation 

capacity. It is proposed further that, at least under some circum- 
stances, a proper G~ arrest can inhibit apoptosis, whereas a fail- 
ure to arrest in G~ will trigger p53-mediated apoptosis. Inacti- 
vation of RB family proteins, either through mutations or epi- 
genetically (e.g., by viral oncoproteins), will promote the latter 
option. For further discussion of the relationship between RB 
and p53-mediated apoptosis, see Haupt et al. (1995) and refer- 
ences therein. 

the first 214 residues of mouse p53 induces apoptosis in 

transfected HeLa cells, albeit to a lesser extent than 

p53d1214 (data not shown). On the other hand, no signif- 

icant apoptotic activity is exhibited by a fusion between 

the GAL4 DNA-binding domain  and the VP16 trans-ac- 

t ivation domain, even though the latter fusion protein is 

a potent trans-activator in HeLa cells (data not shown). 

One may  assume then that the apoptotic response elic- 

ited by p53d1214 entails  a dist inct  biochemical  activity, 

or a particular molecular  interaction, residing wi th in  the 

first 214 residues of p53. Yet it remains  unknown 

whether  the amounts  of p53 present natural ly in any cell 

could provide enough of this putative activi ty to trigger 

apoptosis. 

Moreover, the fact that wild-type p53-mediated apop- 

tosis occurs at a faster rate than that induced by 

p53d1214 raises the possibil i ty that two p53-regulated 

apoptotic pathways exist, one that may  depend on tran- 

scriptional activation. The effects of the two potential 

pathways, both of which  are presumably  triggered simul- 

taneously by activated wild-type p53, may  be additive or 

even synergistic. Hence, cell death triggered by wild-type 

p53 will  occur faster than when  induced through a single 

pathway, as in the case of p53d1214. Consistent  wi th  

these results is the observation that full- length wild-type 

p53 can induce apoptosis in HeLa cells at lower concen- 

trations of transfected DNA (<1 ~g), whereas p53d1214 

is an effective inducer of apoptosis at DNA concentra- 

tions only several fold higher (data not shown). Further 

support for a potential  role of transcriptional activation 

in p53-mediated apoptosis derives from the identifica- 

tion of bax as a target gene for induct ion by p53 (Miya- 

shita et al 1994; Miyashi ta  and Reed 1995). Activation of 

Wafl  by p53 can potential ly account for the establish- 

ment  of a G1 arrest (E1-Deiry et al 1993; Harper et al. 

1993; Dulic et al. 1994) and the cessation of replicative 

DNA synthesis (Waga et al. 1994). Similarly, activation 

of Gadd45 (Kastan et al. 1992) can explain the block in 

replicative DNA synthesis, as well  as promotion of DNA 

repair (Smith et al. 1994). On the other hand, overexpres- 

sion of bax by p53 has so far been implicated only in the 

control of apoptosis (Selvakumaran et al. 1994; Zhan et 

al. 1994). Hence, elevation of bax levels by p53 may  well  

be conceived as a direct contributor to apoptosis, at least 

wi th in  certain cellular contexts. In this regard, one 

might  also ment ion  another recently described p53 tar- 

get-- the cyclin G gene- -which  is very strongly induced 

by excess wild-type p53 in a variety of cell types (Oka- 

moto and Beach 1994; Zauberman et al. 1995). The con- 

sequences of cyclin G induct ion are as yet unknown,  but 

a role in p53-mediated apoptosis can not be excluded at 

present. 

We also can not formally dismiss  the possibil i ty that 

p53d1214, despite lacking critical residues of p53's se- 

quence-specific DNA-binding domain  (Pavletich et al. 

1993; Prives 1994) and failing to trans-activate typical 

p53 targets, can nevertheless induce the specific expres- 

sion of genes as yet unknown.  Such activation may  be 

indirect and rely on protein-protein interaction between 

p53 and different sequence-specific DNA-binding pro- 

teins. As p53dl214 retains the entire trans-activation do- 

main  (Unger et al. 1992), such putative interaction could 

result in the activation of a unique set of genes, which  do 

not carry a recognizable p53-responsive element.  A sim- 

ilar argument could be made for p53Gln22,Ser23; al- 

though failing to activate significantly two authent ic  

p53 target promoters in HeLa cells, this mu tan t  does 

activate partially an artificial promoter bearing mul t ip le  

p53-binding sites. One cannot rule out the possibil i ty 

that some authent ic  p53 target genes exist that are re- 

sponsive to p53Gln22,Ser23. Such responsiveness could 

account, at least in part, for the effective induct ion of 

apoptosis by this mutant .  

An additional caution involves the fact that HeLa cells 

express endogenous wild-type p53. Although the amount  

of this protein is extremely low, the possibil i ty that it 

does contribute to some extent to the observed apoptosis 

cannot be ruled out. In particular, this  could apply to the 

h u m a n  p53Gln22,Ser23. This  protein is expected to in- 

teract efficiently wi th  the HPV E6 protein in HeLa cells. 
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Competition for E6 is likely to increase, to some extent, 

the levels of endogenous HeLa p53, and thereby facilitate 

apoptosis. Nevertheless, the data in Figure 5 argue that 

such an increase in endogenous p53, if present, is not 

sufficient to activate significantly reporter constructs 

driven by typical wild-type authentic p53-responsive 

promoters. Furthermore, accumulation of endogenous 

p53 through competition for E6 is less likely to be en- 

gendered by the murine, carboxy-terminally truncated 

p53d1214. In line with this contention, p53d1214 does 

not activate at all even the artificial, RGC-based reporter 

(Fig. 2), which does display partial activation in HeLa 

cells transfected with p53Gln22,Ser23 (Fig. 5). It is also 

of note that a p53 molecule lacking the bulk of the trans- 

activation domain (p53dl13-52, Fig. 3I) completely fails 

to induce apoptosis. This result identifies the deleted 

residues as essential for the apoptotic effects of p53 and 

suggests that at least some of the activity contributed by 

p53d1214 may reside within this domain. At the same 

time, the failure of p53dl13-52 to trigger apoptosis 

would also argue that the endogenous HeLa p53, on its 

own, is totally incapable of activating the apoptotic path- 

way under the conditions of our assay. Thus, a distinct 

additional activity, retained in p53d1214, is indispens- 

able. Even so, it is still conceivable that the endogenous 

wild-type p53 contributes to the observed cell death, per- 

haps through a mechanism undetectable by standard 

SST assays. Our data thus remain compatible with the 

possibility that HeLa apoptosis is brought about by the 

combined effect of an SST-independent activity of p53 

and a minimal amount of a distinct, perhaps SST-related 

activity contributed by the intact wild-type protein. 

Despite all of the above reservations, the most likely 

interpretation of our data remains that a trans-activa- 

tion-independent pathway for p53-mediated apoptosis 

exists. Which other activities of p53 might then account 

for this alternative apoptotic pathway? One possibility 

that comes to mind is the capacity of wild-type p53 to 

repress transcription from a wide array of promoters 

(Ginsberg et al. 1991; Santhanam et al. 1991; Subler et al. 

1992; Mack et al. 1993). Potential support for the con- 

tention that transcriptional repression by p53 may be 

important for apoptosis is offered by observations related 

to Bcl-2 and to the adenovirus E1B 19-kD protein. Bcl-2 

is an efficient blocker of p53-mediated apoptosis (Wang 

et al. 1993; Chiou et al. 1994). Interestingly, it also ap- 

pears to relieve p53-mediated transcriptional repression 

without compromising the potential of p53 for sequence- 

specific trans-activation (Shen and Shenk 1994). Essen- 

tially similar findings were described for the adenovirus 

E1B 19 kD protein (Sabbatini et al. 1995), another potent 

inhibitor of p53-mediated apoptosis (Debbas and White 

1993). It is of note that overexpression of wild-type p53 

can also repress the expression of the bcl-2 gene (Haldar 

et al. 1994; Miyashita et al. 1994; Selvakumaran et al. 

1994), thereby suggesting a positive feedback loop 

whereby the reduction of bcl-2 expression further poten- 

tiates the ability of wild-type p53 to repress a variety of 

target promoters. However, as yet there is no direct proof 

that transcriptional repression by p53 can actually elicit 

apoptosis. Because the amino-terminal end of p53 may 

engage in a large variety of interactions and activities, 

unequivocal evidence for a cause-and-effect relationship 

between p53-mediated transcriptional repression and ap- 

optosis may be very difficult to obtain. 

In a broader context, it is conceivable that the apop- 

totic effect of p53d1214 may rely on its specific interac- 

tion with one or more critical proteins. Such proteins 

may, potentially serve as effectors of the apoptotic func- 

tions of p53. Therefore, it will be of great interest to 

identify protein-protein interactions whose disruption 

(e.g., by mutations) abolishes p53d1214-triggered apopto- 

sis. In this regard, it is noteworthy that the amino-ter- 

minal portion of p53, retained within p53d1214, also in- 

cludes the region required for binding to the Mdm-2 pro- 

tein (Chen et al. 1993; Oliner et al. 1993; Haines et al. 

1994). This protein-protein interaction, although occur- 

ring within the trans-activation domain of p53, appears 

to be unrelated to the trans-activation capacity of p53 

(Lin et al. 1994; Marston et al. 1994). The question there- 

fore arises as to whether Mdm-2 binding may account for 

the alternative p53-mediated apoptotic activity. The lat- 

ter is unlikely in the case of p53Gln22,Ser23, as this 

mutant  fails to bind Mdm-2 (Lin et al. 1994). However, 

the contribution of such interactions to the effects of 

p53d1214 remains unknown. 

The data reported in this study might explain the in- 

triguing observation that SST can be linked tightly to the 

inhibitory effects of p53 in some experimental systems 

(e.g., drug-resistant colonies of transfected human tumor 

cell lines) but not others (e.g., oncogene-mediated REF 

transformation) (Crook et al. 1994; Zhang et al. 1994). 

As shown in Figure 9, the trans-activation-deficient 

p53d1214 can inhibit REF transformation by at least cer- 

tain oncogene combinations. In view of the ability of 

p53d1214 to induce apoptosis in HeLa cells, it is conceiv- 

able that p53-mediated suppression of REF transforma- 

tion involves the induction of apoptosis. The ability of 

monomeric p53 proteins such as p53d1303 to inhibit ef- 

fectively REF transformation, despite possessing a mark- 

edly reduced trans-activation potential (Shaulian et al. 

1995), is probably another reflection of the same situa- 

tion. The relative contribution of each p53-mediated 

pathway (growth arrest, trans-activation-dependent apop- 

tosis, and trans-activation-independent apoptosis) may 

vary greatly as a function of the cell type and the overall 

balance of growth-inhibitory and growth-stimulatory 

signals to which the cell is exposed. In that respect, it is 

noteworthy that all three nuclear proteins used here in 

the REF assay--Myc, adenovirus E1A, and HPV E7--are 

known to promote p53-mediated apoptosis under a vari- 

ety of conditions (Debbas and White 1993; Lowe and 

Ruley 1993; Demers et al. 1994; Hermeking and Eick 

1994; Hickman et al. 1994; Howes et al. 1994; Pan and 

Griep 1994; Slebos et al. 1994; Wagner et al. 1994). It is 

probably not coincidental that p53d1214 exerts promi- 

nent apoptotic effects in HeLa cells, which constitu- 

tively express the HPV-18 E7 protein. It is tempting to 

speculate that the same holds true for primary human  

tumor cells. Thus, whereas in some tumors the main 
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select ive  pressure m a y  be di rected against  p53's abil i ty 

to induce  a G1 arrest t h rough  SST, o ther  t u m o r  types 

wil l  be se lec ted  pr imar i ly  for loss of wi ld- type  p53-me- 

diated apoptosis.  In s o m e  of the  la t ter  cases, trans-acti- 

v a t i o n - i n d e p e n d e n t  ac t iv i t ies  of p53 m a y  be preferen- 

t ial ly targeted by gene t ic  a l tera t ions  found  in the  ad- 

vanced  tumor .  

Finally, a recen t  s tudy by Sabbatini  et al. (1995) has 

addressed ques t ions  s imi lar  to those  discussed here. Us- 

ing stable t rans fec t ion  of baby rat k idney  (BRK) cells 

w i t h  adenovi rus  E1A plus  a t empera tu re - sens i t ive  ver- 

s ion of the  p53Gln22,Ser23,  they  found tha t  the  lat ter  

pro te in  has lost  its abi l i ty  to trigger apoptosis  at the  per- 

miss ive  t empera tu re  of 32~ Never the less ,  this  pro te in  

was still  capable of forcing a p ronounced  growth  arrest. 

Taken  together ,  bo th  s tudies  suggest tha t  p53 possesses 

a ce l l - inh ib i tory  ac t iv i ty  tha t  appears to be i n d e p e n d e n t  

of SST. Very m u c h  l ike  cel lular  responses  to excess in- 

tact wi ld- type  p53 (Oren 1994; Wu and Levine 1994; 

C a n m a n  et al. 1995), the  pheno typ ic  consequences  of 

this  d is t inc t  ac t iv i ty  wi l l  depend  greatly on the  cellular 

context .  Thus,  whereas  this  act ivi ty  may  c u l m i n a t e  in 

apoptosis  in HeLa cells, it  may  lead to a viable g rowth  

arrest in  o ther  cell types. 

Mater ia l s  and m e t h o d s  

Cells and transfection 

HeLa cells were grown at 37.5~ in Dulbecco's modified Eagle 

medium (DMEM) supplemented with 10% fetal calf serum 

{FCS). Cells were plated out 24 hr before transfection at 1 x 106 

cells per 10-cm dish (for flow cytometric analysis and immuno- 

staining) or at 5 x l0 s cells per 6-cm dish (for luciferase assay). 

HeLa cells were transfected by the calcium phosphate method; 

the DNA precipitate was left on the cells overnight, and then 

cells were shocked with medium containing 10% glycerol for 1 

min. Whenever required, pCMV-Neo-Bam was used to main- 

tain a constant amount of DNA in each sample. 

Hybridoma cells were grown at 37.5~ in RPMI supple- 

mented with 10% FCS, glutamine, and ~-mercaptoethanol (50 

~M). Cells were grown to high density (<50% viability) before 

being harvested. Hybridoma supernatants were used either di- 

rectly or after antibody purification (see below). 

REFs were maintained at 37.5~ in DMEM supplemented 

with 10% FCS. Twenty hr before transfection, cells were plated 

at 4 x l0 s cells per 6-cm dish. REFs were transfected with the 

indicated amount of plasmid using the calcium phosphate 

method. For drug (neo) selection, cells were grown in 250 ~g/ml 

of G418; the medium was changed every 4 days. Foci were 

scored 10 days after transfection. 

Luciferase assays and Western blot analysis were carried out 

essentially as described previously (Haupt et al. 1995). 

Plasmids 

The following plasmids, encoding different forms of murine 

wild-type p53 under the CMV immediate early promoter/en- 

hancer, were used: pCMVp53wt, encoding wild-type p53 (Eliy- 

ahu et al. 1989); pCMVd1330, pCMVdl303, and pCMVDASS 

(Shaulian et al. 1992; Shaulian et al. 1993); pCMVdl214 and 

pCMVdl13-52 (this paper); pCMVPhe132 (Halevy et al. 1990) 

and pCMVp53Ile234,Glu168 (Eliyahu et al. 1988; Eliyahu et al. 

1989). As a vector control, pCMV-Neo-Bam (Baker et al. 1990) 

was used. 

pCMVdl214 was constructed by cleaving plasmid 

pCMVp53wt with KpnI, followed by re-ligation of the backbone 

plasmid. To construct pCMVdl13-52, an XhoI site was intro- 

duced by PCR at a position corresponding to residue 52 of 

mouse p53. The XhoI-KpnI fragment of the amplified product 

was then used to replace the XhoI-KpnI segment of pCMVp53wt. 

The following plasmids were employed for transformation 

assays: pLTRmyc, pEJ6.6 (see Michalovitz, et al. 1990), 

pAd5Pst, driving the expression of adenovirus 5 12S and 13S 

E1A mRNA (Jochemsen et al. 1984), and pMoE7, encoding HPV- 

16 E7 (Edmonds and Vousden 1989). 

The reporter plasmid pRGCLuc contains 17 copies of the 

RGC p53-binding site (Kern et al. 1991) in front of a luciferase 

gene. Cyclin G-luc contains the promoter, exon I, and part of 

intron I of the rat cyclin G gene, including two p53-binding sites 

(Zauberman et al. 1995) linked to luciferase (plasmid con- 

structed by A. Zauberman). Mdm-2-1uc contains the ApaI-NsiI 

fragment of the mouse mdm-2 gene, including the intronic p53- 

dependent promoter (Juven et al. 1993), in front of luciferase. 

Plasmid pCMVIL-2R encodes the extracellular and trans- 

membrane domains (gp55 subunit) of the human IL-2R 

{LaFlamme et al. 1992). 

Indirect immunofluorescence 

HeLa cells were plated and transfected as described above. At 

the indicated time point, adherent cells were combined with 

cells that had detached and were floating in the medium. Cells 

were washed in cold PBS, fixed in cold methanol ( - 20~ for at 

least 20 min, and rehydrated in cold PBS for at least 30 min at 

4~ For microscopic analysis, cells were spun onto slides using 

a Cytospin (Shandon Elliott) at 700 rpm for 5 min. Cells were 

blocked with 1% BSA for 5 min, rinsed with PBS, and incubated 

with a mouse-specific p53 monoclonal antibody, PAb248, for 30 

rain at 37~ To detect transfected IL-2R, similar staining was 

performed with the monoclonal antibody 7G7B6 {ATCC HB 

8784). Slides were washed three times with PBS and incubated 

with TRITC-conjugated goat anti-mouse IgG + IgM (Jackson Im- 

munoresearch Laboratories) for 30 min at 37~ The last incu- 

bation contained DAPI {0.5 ~g/ml, Sigma) for DNA staining. 

Slides were washed three times in PBS, covered with coverslips, 

and viewed under the fluorescence microscope (Zeiss Axioskop) 

for red fluorescence (rhodamine) at 570 nm and for DAPI at 

420 nm. 

For TUNEL analysis, cells were harvested and washed as de- 

scribed above. Washed cells were fixed in 3% paraformaldehyde 

for 30 min at room temperature, washed in PBS, and spun onto 

slides as described above. Slides were rinsed and incubated in a 

Co 2+ reaction buffer containing 40 ~M biotin-16--dUTP (Boeh- 

ringer) and 10 units of Ttd (IBI chemicals) for 1 hr at 37~ 

Nonspecific binding was blocked by incubation with 1% BSA 

for 5 min. Slides were washed in 2x SSC for 15 min, rinsed in 

PBS, and incubated with ExtraAvidin-TRITC at 1:50 dilution 

and DAPI at 0.5 ~g/ml in PBS at 37~ for 30 min. Slides were 

washed twice in PBS, covered with coverslips, and viewed under 

the fluorescence microscope. 

Flow cytometry 

At the indicated times post-transfection, adherent and floating 

cells were combined and washed in cold PBS. Cells were fixed in 

methanol for at least 20 min at - 20~ rehydrated in PBS for a 

minimum of 30 min at 4~ and reacted with the primary anti- 

body (PAb248 for p53, or 7G7B6 for IL-2R) for 30 min at room 

temperature. PAb248 was used either as unconjugated antibody 

or as an FITC-conjugated antibody. Cells were washed twice in 

PBS and incubated, when appropriate, with a goat anti-mouse 
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FITC-conjugated secondary antibody (Jackson) for 30 min at 

room temperature. Following incubation, cells were washed in 

PBS and treated with RNase A (50 ~g/ml) for 20 min. To stain 

DNA, PI (25 ~g/ml, Sigma) was added to the cells. Samples were 

then analyzed in a cell sorter (FACSCAN or FACSORT, Becton 

Dickinson). Relative levels of p53 per cell were measured by 

FITC fluorescence intensity. A region defining high FITC fluo- 

rescence was determined, and cells falling into this region were 

collected separately. Equal numbers of events from the total 

population and from the gated subpopulation were recorded sep- 

arately. The PI staining was recorded simultaneously in the red 

channel. 

Preparation of FITC-conjugated monoclonal  antibody 

The PAb248 monoclonal antibody was purified from PAb248 

hybridoma supernatant on a protein A-Sepharose column. Pu- 

rified antibody (2 mg/ml in 0.1 M NaHCO3 at pH 9.0) was con- 

jugated to FITC (1.5 mg/ml  in DMSO, Molecular Probes) by 

incubating 0.15 mg of FITC (diluted in DMSO) per 1 ml of 

antibody for 2 hr at room temperature. Unbound FITC was re- 

moved by gel filtration through a Sephadex G-25 column. Before 

use for FACS analysis, the conjugated antibody was titrated for 

maximal specific activity. 
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