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Previous studies have suggested that expression of p53 in cancer cells can result in either growth arrest or 

apoptosis. Accordingly, expression of p53 in a series of colorectal cancer cell lines yielded growth arrest in 

some lines (A-lines) and apoptosis in others (D-lines). To investigate the basis of this difference, we evaluated 

the role of p21 wAFl/cipl, a known mediator of p53-induced growth arrest. Inactivation of p21 by homologous 

recombination converted an A-line to a D-line, suggesting that p21 could protect cells from apoptosis. 

However, examination of p53-induced p21 expression in naturally occurring D-lines and A-lines demonstrated 

that the induction of p21 could not account for the differential response to p53. Moreover, when a D-line was 

fused to an A-line, the resulting hybrid cells underwent apoptosis in response to p53, indicating that the 

apoptosis pathway was dominant over the growth arrest pathway. Therefore, the apoptotic response to p53 in 

colorectal cancer cells is modulated by at least two factors: p21-mediated growth arrest that can protect cells 

from apoptosis in A-cells, and trans-acting factors in D-cells that can overcome this protection, resulting in 

cell death. 
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The p53 gene is mutated in a large fraction of cancers, 

suggesting that the expression of wild-type p53 is often 
rate-limiting for tumor growth (Baker et al. 1990; Holl- 

stein et al. 1991). Two mechanisms to explain this 
growth inhibition have been described. First, p53 can 
arrest the growth of some cells by inhibiting progress 
directly through the cell cycle. This inhibition is at least 

in part mediated by transcriptional activation of 
p21 wAF1/C~P1, which binds to and inactivates the cyclin- 

dependent kinases required for cell cycle progression (El- 
Deity et al. 1993; Harper et al. 1993; Xiong et al. 1993). 
Accordingly, homozygous deletion of p21 in mouse em- 

bryonic fibroblasts or in human colon cancer cells par- 
tially or completely abrogates the radiation-induced G1 

arrest mediated by p53 (Brugarolas et al. 1995; Deng et al. 

1995; Waldman et al. 1995). Second, p53 expression can 
stimulate apoptosis. This stimulation is consistent with 
the demonstration that the apoptotic response to radia- 
tion and other DNA-damaging agents is diminished in 
the absence of p53 (Clarke et al. 1993, 1994; Lowe et al. 
1993; Merritt et al. 1994). Moreover, overexpression of 
p53 in certain cell types results in apoptosis (Yonish- 
Rouach et al. 1991; Shaw et al. 1992). 

The mechanism by which p53 stimulates apoptosis is 
largely unknown. Apoptosis does not require p21, as 

mouse cells without p2I genes still undergo apoptosis 
following ~/-irradiation (Brugarolas et al. 1995; Deng et 
al. 1995). Several genes linked to apoptosis including Bax 

and Fas/APO-1, are trans-activated following p53 ex- 
pression in some cell types, but whether the apoptotic 

properties of p53 are dependent on its sequence-specific 
transcriptional activation properties is controversial 

(Caelles et al. 1994; Haupt et al. 1995; Miyashita and 

Reed 1995; Owen-Schaub et al. 1995; Sabbatini et al. 

1995). 
It has been demonstrated previously that some cells 

arrest their growth in response to p53 expression, 
whereas others undergo apoptosis (Liu et al. 1994, 1995; 

Symonds et al. 1994; Yang et al. 1995}. Moreover, vary- 
ing the environment of a single cell type by, for example, 

removing growth factors from the medium, can affect 

the response to p53 (Yonish-Rouach et al. 1991; Canman 
et al. 1995; Lin and Benchimol 1995). Two "death regu- 
lator" proteins, Bcl-2 and Bax, are affected oppositely by 
p53 and an increased Bax/Bcl2 ratio can make cells more 

susceptible to apoptosis under certain conditions (Oltvai 

and Korsmeyer 1994; Miyashita and Reed 1995). How- 
ever, the biochemical and genetic determinants that dic- 
tate which of these two pathways--death or arrest--will 
be chosen by a particular cell following p53 expression 
remain largely obscure. We have begun to attempt to 
investigate this critical cellular decision using a genetic 
approach to study human colorectal cancer cell lines 

that either arrest or die following an identical p53 stim- 

ulus. 

Results 

The effect of p53 on cell proliferation 

To examine the effect of exogenous wild-type p53 over- 
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Figure 1. Expression of p53 and p21 proteins in various cell 
lines. Immunoblot analysis of p53 and p21 protein levels in 
DLD1, HCT116, D-H fusion, and HCT116 p21 - / - cells. Cells 
were harvested before (0), or 12 and 24 hr after infection with 
Ad-p53, as indicated. Equal amounts of protein were separated 
by electrophoresis and subjected to immunoblot analysis with 
p53- or p21-specific monoclonal antibodies. No p21 protein was 
detected in HCTll6  p 2 1 - / -  cells and in DLD1 cells before 
infection with Ad-p53. The endogenous p53 protein in the un- 
infected cells is below the detection level at the exposure levels 
shown. 

expression on the proliferation of colorectal carcinoma 

cells, cell l ines were infected wi th  a replication defective 

adenovirus containing a wild-type p53 cDNA expression 

cassette (Ad-p53). The relative efficiency of adenovirus 

infection was determined by X-gal staining of cells in- 

fected wi th  a control adenovirus vector containing the 

bacterial lacZ gene in place of the p53 gene (Ad-lacZ). In 

12 of the 15 lines tested, >80% of the cells could be 

infected at a mul t ip l ic i ty  of 100:1. 

The effect of wild-type p53 expression on these 12 

lines was assessed by flow cytometry and microscopy 

following staining wi th  the DNA-binding dye H33258. 

Ad-p53 infection resulted in apoptosis (>50% of the 

cells died) in six lines (here called D-lines}, and in growth 

arrest (>50% decrease of cells in S phase in the absence 

of significant apoptosis) in three l ines (called A-lines). 

The D-lines included DLD1, Caco2, Lira2405, LoVo, 

LS123, and R, and the A-lines included HCT116, SW480, 

and SW1417. In the three other l ines (SW837, SKCO-1, 

and LS174T), 1953 overexpression had lit t le effect on the 

flow cytometric patterns. 

These differences in response were not s imply  attrib- 

utable to differences in p53 expression levels, as deter- 

mined by immunoblo t  analysis of cell lysates prepared at 

various t imes after infection. Expression of p53 could be 

detected as early as 4 hr after infection and peaked at 

24-48 hr (Fig. 1). In cells not undergoing apoptosis, p53 

expression continued at high levels for at least 96 hr. The 

m a x i m u m  exogenous p53 levels were at least 10 t imes 

higher than the endogenous p53 levels. We found that 

the exogenous p53 protein levels were comparable in all 

the cell lines tested (examples in Fig. 1) and that the 

expressed p53 protein appeared to be fully funct ional  (see 

below). Furthermore, unl ike what  has been observed in 

some previous studies, the status of endogenous p53 

(wild-type or mutant)  had no correlation wi th  the cell 

l ine's response to p53 overexpression (Gomez-Manzano 

et al. 1996; Harris et al. 1996}. For example, DLD1 cells 

underwent  apoptosis, whereas SW480 cells growth-ar- 

rested following p53 overexpression, despite the fact that 

both lines have p53 gene mutat ions.  
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Figure 2. Cell cycle analysis following 
Ad-lacZ and Ad-p53 infection. Cells were 
harvested 24 or 48 hr following infection 
with Ad-lacZ or Ad-p53 infection and an- 
alyzed by flow cytometry as described in 
Materials and methods. The Ad-lacZ-in- 
fected cells showed identical patterns at 
both time points, and therefore only one of 
the histograms is shown. The results 
shown are representative of three indepen- 
dent experiments. 
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Figure 3. Microscopic analysis following Ad-p53 infection. 
Cultures of the indicated cell lines were harvested 48 hr after 
infection with Ad-lacZ or Ad-p53, fixed, and stained with the 
DNA-binding dye Hoechst 33258 and observed under fluores- 
cence microscopy. Representative cells are shown. 

Two cell lines that exhibited representative apoptotic 
or growth arrest responses were selected for further 
study. DLD1 cells, a D-line, had mutant  alleles of the 

p53 gene, whereas in H C T l l 6  cells, an A-line, both al- 
leles of the p53 gene were wild type. Both lines were 

near-diploid, making them suitable for cell fusion stud- 
ies. The DLD1 cell line initially underwent a growth 
arrest in response to p53, with virtually all cells blocked 

in G 1 or G 2 by 24 hr after Ad-p53 infection (Fig. 2B). 
Apoptosis began shortly thereafter, with all cells dying 
by 48 hr (Figs. 2C and 3B). HCT116 cells also arrested in 

G1 and G 2 by 24 hr after Ad-p53 infection (Fig. 2E). How- 
ever, in striking contrast to DLD1 cells, H C T l l 6  cells 

remained stably arrested for up to 72 hr after infection, 
with no morphological or cytometric signs of apoptosis 
(examples in Figs. 2F and 3D). In extended experiments a 
small fraction of HCT116 cells died at later times (96- 

120 hr following infectionl. 

The role of p21 

p21 is a known mediator of the p53-induced growth ar- 

rest (E1-Deiry et al. 1993; Brugarolas et al. 1995; Deng et 
al. 1995; Waldman et al. 1995). To test the relationship 

between p21 and the growth arrest/apoptosis switch, we 
analyzed the effect of exogenous wild-type p53 overex- 
pression on H C T l l 6  cells with a homozygous deletion 

of thep21 gene (p21 - / - cells)(Waldman et al. 1995). As 

noted above, HCT116 cells underwent a stable cell cycle 

arrest 24 hr after p53 overexpression. Both G1 and G2 
phase blocks were observed, resulting in the near ab- 
sence of S phase (Fig. 2E). In contrast, the p21 - / - cells 

did not arrest after p53 overexpression, as indicated by 
the high proportion of S-phase cells present 24 hr after 

infection (Fig. 4B). The absence of a G1 block following 
Ad-p53 infection confirms and extends previous obser- 

vations demonstrating that the induction of endogenous 
p53 by DNA damage does not result in a GI block in 
human p 2 1 - / -  cells (Waldman et al. 1995, 1996). 

These results also indicate that overexpression of p53 

can independently induce a G2 block. Furthermore, this 

G2 block was dependent on p21, as demonstrated by the 
absence of G2 cell accumulation in the p 2 1 - / -  cells 
(Fig. 4B). Surprisingly, however, the absence of p21 re- 
sulted not only in the abrogation of the cell cycle blocks, 
but also in the subsequent apoptosis of these cells. At 24 

hr following Ad-p53 infection, - 15% of the p21 - / -  
cells had died, whereas at 48 hr, virtually 100% of the 
cells were dead (Fig. 4C). Microscopic analysis revealed 

typical features of apoptosis in the dead and dying 
p21 - / - cells, whereas in cells infected with the control 

adenovirus (Ad-lacZ) no signs of apoptosis were ob- 
served (Fig. 3G, H}. This response to p53 expression 

was indistinguishable in two independently isolated 

HCT116 p21 - / - clones. 
We next disrupted the p21 genes in a D-line, DLD1, as 

described in Materials in methods. In the parental DLD 1 
cells, growth arrest was apparent 24 hr after infection 

with Ad-p53 (Fig. 2B). This arrest was dependent on p21, 
as it was absent in the p21 - / - cells (Fig. 4E). Both the 

parental and the p21 - / - DLD 1 cells underwent apop- 

tosis by 48 hr after infection with Ad-p53 (Figs. 2C and 
4F). Therefore, the DLD1 p 2 1 - / -  cells behaved very 

similarly to the HCT116 p 2 1 - / -  cells, though the re- 
sponses of the parental lines were quite different. These 

results suggested that p21 activity might be important in 

determining whether a cell undergoes an A- or D-type 
response. Furthermore, the HCT116 p21 + / -  cell line, 
heterozygous for a p21 deletion, displayed an intermedi- 
ate response, with a block in some cells and apoptosis in 

others (data not shown). This latter result suggested that 
the intracellular concentration of p21 might signifi- 
cantly modulate the apoptosis/growth arrest decision 

point. 
To evaluate further the role of p21 in these responses, 

we measured the levels of p21 before and after Ad-p53 
infection. The constitutive levels of p21 and p53 did not 
correlate with the A or D response, although they did 

correlate precisely with the presence or absence of wild- 
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Figure 4. Cell cycle analysis of p21-defi- 
cient cells following p53 expression. Cells 
were harvested 24 and 48 hr after Ad-lacZ 
{only 48 hr time point shown) and Ad-p53 
infection and analyzed by flow cytometry. 
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type p53 genes. Cell lines with mutant  p53 expressed 
little p21 in comparison to those with wild-type p53, 

consistent with previous studies and exemplified by the 
examples in Figure 1. Following DNA damage, the wild- 

type p53-containing cell lines exhibited a large increase 
in p21, whereas the mutant  p53-containing lines exhib- 
ited little or no induction of p21, again consistent with 
previous studies {E1-Deiry et al. 1994). Following Ad-p53 

infection, however, all of the lines expressed comparable 

levels of p21 (examples in Fig. 1). Therefore, although the 
manipulation of p21 status could clearly affect the re- 
sponse to p53 (Fig. 4), differences in expression of p21 

following Ad-p53 infection of unmanipulated cells 
could not account for the differences between A- and 

D-lines. This result also demonstrated that the exoge- 

nous p53 resulting from Ad-p53 infection was equiva- 
lently functional in all of the cell lines analyzed. 

Evidence for a dominant apoptosis-inducing factor 

The results recorded above suggested that some cellular 
factor other than p21 was responsible for the differences 
between A- and D-lines. To begin to explore the nature 
of this postulated factor, cell fusion experiments were 

performed. Drug-resistant clones of DLD1 and HCT116 
cells were generated through transfection as described in 

Materials and methods. Pools containing at least 50 in- 

dependent geneticin- or hygromycin-resistant clones 
were fused to create homofusions of D-lines (DLD1- 
DLD1) or A-lines (HCT116-HCT116) or heterofusions 
(DLD1-HCT116). Pools of stable clones resistant to both 
drugs were analyzed by flow cytometry and determined 

to have a G1 DNA content of 4N, documenting success- 
ful fusions. The adenovirus infectibility of the fusion 

lines was determined to be unaltered compared with the 
parental cells, as assessed with the Ad-lacZ virus. Sim- 
ilarly, the expressed p53 and the induced p21 protein 

levels were the same in the fusions as in the parental 

cells following Ad-p53 infection (Fig. 1). 
The physiologic responses of the homofusions to p53 

overexpression were the same as those observed in the 

parental cells. DLD1 homofusions underwent apoptosis 
and HCT116-HCT116 cells underwent a stable growth 
arrest (Fig. 5A-D). Interestingly, however, the DLD1- 

HCT116 heterofusions, after a transient growth arrest at 
24 hr following Ad-p53 infection, underwent a complete 
apoptosis by 48 hr with kinetics and morphology iden- 
tical to that observed in DLD1 cells (Figs. 5F and 3F). As 
each fusion population analyzed represented a pool in- 
cluding numerous individual clones, these results could 
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Figure 5. Cell cycle analysis of fusion cell 
lines following p53 expression. Cells in- 
fected with the indicated adenoviruses 
were collected 48 hr after infection and an- 
alyzed by flow cytometry. The Gt DNA 
content of these cells was -4N, confirm- 
ing that they were the product of cell fu- 
sions. 

not be explained by clonal heterogeneity. Therefore, the 

apoptotic pathway stimulated by wild-type p53 overex- 

pression in DLD1 cells is dominant over the sustained 
growth arrest pathway observed in HCT116 cells. 

Because the above experiments suggested the exis- 
tence of a dominant apoptotic factor, we considered the 

possibility that bax, which had been shown previously to 
induce apoptosis in some cell types, might be differen- 

tially expressed in the various lines. Western blot anal- 

ysis of cell lysates, however, revealed no significant dif- 
ferences in the expression of bax in the cell lines, before 

or after Ad-p53 infection. Both HCT116 and DLD1 cells 
expressed slightly more Bax protein (less than twofold) 
following infection with Ad-p53 than uninfected or Ad- 
lacZ infected cells (Fig. 6A). 

Finally, we evaluated the role of cysteine proteases in 
the A- and D-type responses. A family of cysteine pro- 

teases [interleukin converting enzyme (ICE)-like pro- 
teases/mammalian ced3 homologs] have been identified 
as general executors of apoptotic pathways (Kumar 1995; 

Takahashi and Earnshaw 1996). A synthetic peptide in- 
hibitor specific for the ICE protease [Ac-YVAD-CMK) 

was unable to block p53-induced apoptosis in either 
DLD1 or HCT116 p21 - / - cells (data not shown). How- 

ever, PARP [poly (ADP-ribose)polymerase], a known 
substrate for prICE/CPP32 (an ICE homolog) was found 
to be cleaved in all cell lines that underwent apoptosis in 

response to p53 overexpression (Fig. 6B) (Lazebnik et al. 
1994; Tewari et al. 1995). The appearance of the 85-kD 

fragment of PARP preceded morphological signs of apo- 

ptosis, and could be observed at 24-36 hr following Ad- 
p53 infection of lines undergoing apoptosis. No PARP 
cleavage was observed in HCT116 cells, even 48 hr after 

infection, confirming that these cells did not enter the 

apoptotic pathway. Therefore, ICE-like proteases are ac- 

tivated following p53 expression if the cell undergoes 

apoptosis. 

Discussion 

Little is known about the apoptosis associated with p53, 
or about the controlling mechanisms that determine 
whether cells arrest or die following p53 overexpression. 

The studies described above lead to several important 

conclusions regarding the relationship among p53, p21, 

growth arrest, and apoptosis. First, in both D-lines and 
A-lines, the initial response to exogenous p53 is simi- 

lar--a growth arrest, in both the G1 and G2 phases of the 
cell cycle, which is mediated by p21. This dependence on 
p21 was demonstrated rigorously by the results observed 

following genetic disruption of p21 in both DLD1 and 
HCT116 cells. Second, cancer cell lines of the same his- 
tological type can display quite different responses to 
p53 following this initial growth arrest. D-lines undergo 

a profound apoptosis, whereas A-lines remain stably ar- 
rested. Such differences are consistent with previous 

studies on breast cancer and brain tumor lines (Casey et 

al. 1991; Gomez-Manzano et al. 1996). Third, the apop- 
tosis stimulated by p53 is associated with activation of 
ICE-like proteases similar to that documented in other 
apoptotic pathways (Kumar 1995; Takahashi and Earn- 
shaw 1996). Fourth, the p21-mediated growth arrest can 
protect A-line cells from apoptosis. Deletion of p21 

genes from the HCT116 cell genome led to a dramatic 
change in its response to p53, converting it from a vir- 

tually complete growth arrest to a striking apoptosis. 
This result demonstrates that A-lines are not intrinsi- 
cally deficient in the proteolytic or other enzymatic ac- 
tivities or activators responsible for carrying out pro- 

grammed cell death, as these can be revealed when the 
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cell cycle b lock  p romoted  by p21 is released. Finally, it  

was demons t ra t ed  tha t  the p21-media ted  pro tec t ion  of 

apoptosis  in  A-lines can be overcome by factors present  

in  D-lines.  This  conc lus ion  is based on two exper imenta l  

observat ions:  (1) D-l ines undergo apoptosis  fol lowing ex- 

pression w i th  Ad-p53,  despite the fact tha t  p21 is in- 

duced and is able to b lock cell cycle progression to the 

same extent  as in A-lines (Fig. 1); and {2) fusion of a 

D-l ine  w i t h  an A-line resul ted in cells tha t  unde rwen t  

apoptosis  in  response to p53, despite the  fact tha t  p21- 

i nduc t ion  was as subs tan t ia l  in  the hybr id  as in the pa- 

renta l  lines. 

In summary ,  at least  two cell-specific factors seem to 

control  the  decision of the  cell concern ing  which  of the  

two pa thways  it  wil l  enter  fol lowing expression of p53. A 

A 
anti-bax 
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Figure 6. Immunoblot analysis of Bax and PARP proteins fol- 
lowing infection with Ad-p53. Cultures of the indicated cell 
lines were harvested before infection I0), 24 hr after infection 
with Ad-lacZ (B}, and at various time points (12-48 hr) follow- 
ing Ad-p53 infection. Equal amounts of protein were loaded in 
each lane and immonoblot analysis was performed using bax- 
specific {A) or PARP-specific {B) monoclonal antibodies. The 
migrations of the PARP protein (116 kD} and its proteolytic 
fragment (85 kD} are indicated with arrows. In some of the cell 
lines, the PARP protein has been degraded completely by 48 hr 

and no signal is detected. 

p53 
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factor D 
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Figure 7. Model connecting the p53-induced growth arrest and 
apoptotic pathways. There appears to be at least two microen- 

vironmental factors, p21 and factor D, that modulate the p53- 
induced apoptosis and growth arrest. A block to apoptosis by 
growth arrest can be overcome by factor D, which may be in- 
duced by p53. Cell death will occur in response to p53 (1) if the 
growth arrest pathway is eliminated, as in HCT116 cells fol- 
lowing homozygous deletion of p21, or (2) in the presence of 
factor D, as in DLD1 and D-H fusion cells, whether or not p21 

is induced. 

s imple  model  to explain  these resul ts  is presented  in 

Figure 7. One of these factors is clearly p21, apparent  

from the exper iments  w i th  HCT116  A-line cells and its 

p21-deficient  derivatives.  In A-cells, the p21-media ted  

growth arrest fo l lowing p53 expression blocks the  apop- 

tot ic  pa thway  induced by p53. A s imilar  p ro tec t ion  

against  apoptosis has been observed fol lowing the nerve 

growth  factor {NGF)-induced express ion of p21 (Poluha 

et al. 1996). The  second is an in t race l lu lar  factor {factor 

D) found in D-lines tha t  can overcome the  p21 effect. 

This  factor can clearly act in trans, as i t  is d o m i n a n t  in 

the hybrids. Cell  death  occurs e i ther  in  the absence of 

growth  arrest (p21 - / - def ic ient  A-cells) or in  the  pres- 

ence of factor D (DLD1 and D - H  fusion cells). These  

observat ions suggest tha t  future  exper iments  to ident i fy  

factor D, using genet ic  or b iochemica l  approaches,  could 

subs tan t ia l ly  i l l u m i n a t e  the p53-dependent  apoptosis  

pathway.  

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

Cell culture and transfections 

Cell lines used in the study were obtained from American Type 
Culture Collection {Rockville, MD) with the exceptions of R 
and LIM 2405, which were the generous gifts of M. Brattain 

(Medical College of Ohio, Toledo) and R. Whitehead (Ludwig 
Institute for Cancer Research, Royal Melbourne Hospital, Aus- 
tralia), respectively. All cell lines were maintained in McCoy's 
5A medium (GIBCO-BRL, Bethesda, MD) supplemented with 
10% fetal bovine serum (Hyclone, Logan, UTI and penicillin/ 
streptomycin (GIBCO-BRL). Both DLD1 and HCT116 cells con- 

tain full-length Rb protein (K. Polyak, K.W. Kinzler, B. Vogel- 
stein, unpubl.). To generate stable drug-resistant clones of these 
lines, HCT116 and DLD1 cells were transfected at -70% con- 
fluence with 4 ~g of linearized plasmid DNA (pCEP4 or pTK- 
NEO) using lipofectamine (GIBCO-BRL) following the manu- 
facturer's protocol. HCT116 transfectants were selected 
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in 0.1 mg/ml of hygromycin (Calbiochem, La Jolla, CA) or 0.4 

mg/ml of geneticin (GIBCO-BRL), and DLD 1 transfectants were 

selected in 0.25 mg/ml of hygromycin or 1 mg/ml of geneticin. 

Disruption of p21 genes 

The HCT116 p21 + / -  and p 2 1 - / -  cell lines have been de- 

scribed previously (Waldman et al. 1995). To generate p21-defi- 

cient DLD1 cells, the same strategy was used, employing se- 
quential homologous recombination with targeting vectors con- 

taining geneticin or hygromycin-resistance genes. Homologous 

recombination was less frequent in DLD1 cells than in HCT116 

cells, with only 5 of 157 drug-resistant clones exhibiting a ho- 

mologous recombinant of the first allele (p21 + / - cells). In the 

second round of targeting, 1 of 135 doubly drug-resistant clones 

derived from the p21 + / - cells exhibited the desired recombi- 

nant (p21 - / - cells). Homologous recombination was tested by 

Southern blotting and verified by the absence of p21 protein in 

Ad-p53 infected cells on Western blotting. 

Cell fusions 

Approximately 4x 106 cells from drug-resistant pools of DLD1 

and HCT116 cells were combined in one 50-ml conical tube and 

washed in 10 ml of Dulbecco's modified Eagle medium (DMEM) 

(GIBCO-BRL). Cells were resuspended in 1 ml of 50% PEG-1450 

in DMEM and incubated at room temperature for 1 min, fol- 
lowed by washing in 20 ml of DMEM. Cells were incubated 

overnight in growth medium and drug selection started the fol- 

lowing day. HCT116 homofusions were selected in 0.1 mg/ml 

of hygromycin plus 0.4 mg/ml of G418, whereas DLD1 homo- 

fusions and HCTll6-DLD1 heterofusions were selected in 

0.25 mg/ml of hygromycin plus 1 mg/ml of G418 for 2 weeks. 

Adenovirus infection and cellular analysis 

The generation and purification of recombinant adenoviruses 

containing ~3-galactosidase or p53 genes has been described pre- 

viously IE1-Deiry et al. 1993). To assess ~3-galactosidase activity 

following infection, cells were washed with PBS (phosphate 

buffered saline), fixed in 0.05% glutaraldehyde in PBS at 4°C for 
5 min, then washed with PBS. Cells expressing f~-galactosidase 

were visualized after incubation at 37°C in a 5-bromo-4-chloro- 

3-indolyl-[3-D-galactopyranoside. For cell cycle analysis, cells 

were collected by trypsinization at various times after infection 

and fixed/stained in 0.6% NP-40, 3.7% formaldehyde, 11 ~g/ml 

Hoechst 33258 in PBS. Flow cytometry was then performed as 

described (Waldman et al. 1995). 

Immunoblotting 

Cell extracts were resolved by electrophoresis on a 12% SDS- 

polyacrylamide gel (Jule, Inc., New Haven, CT), transferred to 

Immobilon P membranes (Millipore, Bedford, MA) and probed 
with either anti-human p53 (clone 1801), or anti-human p21 

(clone EA10) monoclonal antibodies, both obtained from Onco- 
gene Science (Cambridge, MA). The PARP-specific monoclonal 

antibody C2-10 was obtained from Dr. Guy Poirier (Centre de 

Researche du Chul, Centre Hospitalier de l'Universit4 Laval, 

Quhbec, Canada), and a bax-specific monoclonal antibody was 

purchased from Santa Cruz. After incubation with horseradish 
peroxidase-coupled secondary antibody (Pierce), reactive pro- 
teins were visualized with ECL (Amersham, Arlington, Heights, 

ILl. 
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