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Apaf-I and Caspase-9 in 
p53-Dependent Apoptosis and 

Tumor Inhibition 
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The ability of p53 t o  promote apoptosis in response t o  mitogenic oncogenes 
appears t o  be critical for its tumor suppressor function. Caspase-9 and its 
cofactor Apaf-I were found t o  be essential downstream components of p53 in 
Myc-induced apoptosis. Like p53 null cells, mouse embryo fibroblast cells 
deficient in  Apaf-I and caspase-9, and expressing c-Myc, were resistant t o  
apoptotic stimuli that mimic conditions in developing tumors. Inactivation of 
Apaf-I or caspase-9 substituted for p53 loss in promoting the oncogenic 
transformation of Myc-expressing cells. These results imply a role for Apaf-I 
and caspase-9 in controlling tumor development. 

The p53 tumor suppressor promotes cell cy- 
cle arrest or apoptosis in response to several 
cellular stresses, including rllitogenic onco- 
genes (I). For example, the c-hfvc oncogene 
induces uncontrolled proliferation but also 
activates p53 to promote apoptosis (2). Al- 
though the balance between Myc-induced 
proliferation and cell death is determined by 
genotype and external signals, Myc-induced 
apoptosis inhibits oncogenic transformation 
(3). Consistent with this view, Mj.c and other 
mitogenic oncogenes activate p53 through 

a tumor suppressor encoded at the 
INK4a:ARF locus (4). The ARF-p53 path- 
way is disabled in most human cancers, 
which implies that an oncogene-activated 
p53-dependent apoptosis pathway contributes 
to tumor suppression (4). 
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How activated p53 promotes apoptosis is 
unclear, but it may involve Bax (5,  6), a 
series of p53-inducible genes known as PIGS 
(7) ,  or signaling through Fas-related path- 
ways (8) .  Other p53 effectors might include 
caspases, a family of cysteine proteases that 
execute apoptotic cell death (9). Signaling 
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procaspases associate with specific adaptor 
molecules that facilitate caspase activation by 
induced proximity (10). For example, 
caspase-9 (Casp9) associates with Apaf- 1, 
and oligomerization of this complex in the 
presence of cytochrome c can activate a 
caspase cascade (11). Studies with knockout 
mice show that the requirement for different 
death effectors during apoptosis is highly 
cell-type- and stimulus-specific (12-15). Be- 
cause p53-dependent apoptosis limits tumor 
development, the caspase-adaptor complex 
(or complexes) that acts downstream of p53 
may participate in tumor suppression. How- 
ever, the observation that caspase inhibitors 
do not prevent cell death induced by Myc or 
the p53-effector Bax suggests that caspases 
act too late in these death programs to have a 
substantial effect on long-term sunriyal (16). 

To determine the requirement for the 
Casp9 and Apaf-1 in apoptosis induced by 
Myc and p53, early-passage mouse embryo 
fibroblasts (MEFs) derived from Apaf-1- and 
Casp9-deficient mice were examined for their 
response to Myc. c-,Vfic or a control vector 
was transduced into wild-type, p53-'-, 
Casp9-'-, or Apaf-1-'- MEFs with the use 

Fig. 1. Requirement for Apaf-I and Casp9 in 
Myc-induced apoptosis. A control vector (A to 
D), c-Myc (E to H), or c-Myc and H-rasVl2 (I to 
L) were transduced into early passage MEFs de- 
rived from wild-type (open circles), p53-I- 
(open s uares), ~asp9-I- (closed circles), and 
Apaf-l-9- (closed triangles) mice with high- 
titer recombinant retroviruses (17). Cell popula- 
tions were incubated in growth factor-poor (low 
serum) medium (A, E, and I), hypoxic conditions 
(B, F, and J), suspension (C, C, and K), or murine 
TNF-a (D, F, and L) for the indicated times, and 
cell viability was determined by trypan blue 
exclusion (17, 18). Each point represents the 
mean t SD of at least three experiments with 
two separately transduced populations. Data are 
normalized to the rate of spontaneous cell death 
occurring in untreated cells (<lo% in all cases, 
except 25% for Myc-Ras wild-type MEFs). 
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of high-titer retroviruses (1 7), allowing whole 
populations of genotypically altered cells to be 
analyzed with minimal expansion in culture. 
The resulting populations were exposed to a p  
optotic stimuli that recapitulate tumor microen- 
vironmental stresses (Fig. 1) (18). As expected, 
Myc sensitized wild-type cells to apoptosis af- 
ter growth factor depletion (low serum) or hyp- 
oxia (19) as well as in suspension (Fig. 1). 
However, p53-I-, Casp9-I-, and Apaf- 1 -I- 
cells expressing Myc were resistant to apoptosis 
under these conditions. Consistent with previ- 
ous reports (20), oncogenic Ras (H-rasV12), 
which cooperates with Myc to transform prima- 
ry cells to a tumorigenic state, did not prevent 
Myc-induced apoptosis but slightly enhanced 
spontaneous cell death (Fig. 1). As in cells 
expressing Myc alone, disruption of p53, Apaf- 
1, or Casp9 in cells coexpressing Myc and Ras 
Wyc-Ras MEFs) prevented apoptosis after se- 
rum depletion or hypoxia or in suspension (Fig. 
1, I to K). In contrast, neither Apaf- 1 nor Cap9 
was required for tumor necrosis factor (TNFF 
induced apoptosis, a program in which p53 is 
largely dispensable (Fig. 1, H and L) (21). 
Moreover, p53-dependent apoptosis in Myc- 
expressing cells did not require the caspase-8- 
FADD pathway or caspase-2 (22, 23). Of note, 
the caspase inhibitor zVAD.fmk was three 
times less efficient at blocking apoptosis of the 
p53-dependent deaths than genetic deletion of 
Apaf-1 or Casp9 (24, which implies that 
zVAD.fink is an ineffective inhibitor of Casp9. 

The similar requirement for p53, Apaf-1, 
and Casp9 in Myc-induced apoptosis suggests 
that these genes act in the same pathway. 
Apaf-1 and Cap9 do not act upstream of p53, 
because c-Myc or the combination of c-Myc 
plus Ras efficiently induced p53 protein and 

activity in Apaf -I- and Casp9-I- MEFs (Fig. 
2A). To determine whether Apaf-1 and Casp9 
act downstream of p53, a temperature-sensitive 
p53 (p53va1138) fused to green fluorescent pro- 
tein (GFP) was introduced into wild-type, 
p53-I-, Apaf-1-I-, and Casp9-I- Myc-Ras 
MEFs (1 7), and the apoptotic response of GFP- 
positive cells was determined at the restrictive 
(39°C) or permissive (33°C) temperature (Fig. 
2B). At 33"C, p53 induced massive apoptosis in 
wild-type cells and rescued the apoptotic defect 
in p53-I- cells, but it had no pro-apoptotic 
effect in Apaf-1-I- or Casp9-I- cells. 

p53 activation by oncogenes and tumor mi- 
croenvironmental stresses may provide a natu- 
ral brake to tumor development (1,4). If Apaf- 1 
and Cap9 are required for p53 action under 
these circumstances, then inactivation of either 
one should facilitate oncogenic transformation. 
To test this hypothesis, we assayed wild-type, 
p53-I-, Apaf- 1-I-, and Casp9-I- Myc-Ras 
MEFs for their ability to produce colonies in 
soft agar (Fig. 3) and form tumors in irnrnuno- 
compromised mice. Consistent with the ability 
of p53 to suppress transformation, p53-defi- 
cient cells formed >lo0 times the number of 
colonies in soft agar as wild-type cells (Fig. 
3A). Cells without Apaf-1 or Casp9 formed a 
similar amount of colonies as p53-deficient 
cells. Thus, inactivation of Apaf-1 or Cap9 can 
enhance the long-term survival of oncogeni- 
cally transformed cells. 

To determine the potential impact of Apaf-1 
and Casp9 inactivation on tumor development, 
we injected wild-type, p53-/-, Apaf-1-I-, and 
Casp9-I- Myc-Ras MEFs subcutaneously into 
immunocompromised mice and monitored for 
tumors at the sites of injection. As expected, 
p53 reduced the tumorigenicity of Myc-Ras- 

Fig. 2. Apaf-1 and Casp9 A wc ApatlC Caspw- w- B 
a d  downstream of p53 to  ---- 
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lmmunoblot analysis of 
the indicated proteins in 
vector control' (lanes V )  
or in two independent 
populations (lanes 1 and 
2) of Myc-Ras-trans- 
formed MEFs of the indi- 
cated genotypes. For 
wild-type cells, popula- 
tions 1 and 2 correspond 
to  MEFs extracted from W 053 -,- Apafl -I- Casp9 -4- 

littermates of Apaf-1 -I- 
and Casp9-/- mice, respectively. Thirty micrograms of lysate was prepared from exponentially 
growing cells and separated onto 8% SDS-polyacrylamide gels for detection of c-Myc (N-262, 
Santa Cruz), p53 (CM-5, Novocastra), and Mdm2 (mAB 2A10, provided by A. Levine, Rockefeller 
University) or onto 12% gels for detection of Ras (OP23, Calbiochem) by standard immunoblot 
procedures. Expression of a-tubulin (clone 8-5-1-2, Sigma) is shown as a Loading control. (B) 
Viability of Myc-Ras-transformed cells expressing a temperature-sensitive p53 at the restrictive 
(3g°C, white bars) or permissive (33OC, hatched ban) temperature for wild-type p53 expression. 
Myc-Ras MEFs were transduced with a retrovirus expressing human p53va1138 fused to  CFP. 
Infected cell populations (>80% CFP-positive) were placed in medium containing 1% FBS and 
retained at 3g°C or transferred t o  33OC for 48 hours. Cell viability was determined by trypan blue 
exclusion and by DAPl staining (72). (C) Representative fluorescence micrographs of cells grown at 
33OC showing CFP or DAPl (1 pglml) fluorescence t o  monitor p53 expression or chromatin 
condensation, respectively. 

transformed cells (Table 1 and Fig. 4). Hence, 
at low numbers of injected cells, wild-type cells 
produced tumors at a lower frequency than 
p53-I- cells, and the tumors that formed grew 
at dramatically reduced rates (Table 1 and Fig. 
4). At higher cell numbers, wild-type cells pro- 
duced tumors more readily (Table I), perhaps 
because higher concentrations of autocrine sur- 
vival factors protected cells from apoptosis in 
vivo. Still, tumors derived from p53-deficient 
cells displayed more rapid growth. 

Apaf-1 and Casp9 had a profound effect on 
suppressing the tumorigenicity of Myc-Ras 
MEFs (Table 1 and Fig. 4). Inactivation of 
Apaf-1 and Casp9 substantially reduced the 
number of cells required to form tumors (Table 
I), which grew at rates'similar to tumors de- 
rived from p53-deficient cells (Fig. 4). This 
enhanced tumorigenicity was most likely due to 
inefficient apoptosis, because Apaf- 1 -I- and 
Casp9-I- Myc-Ras MEFs displayed marked 
apoptotic defects (see Fig. 1) and showed no 
differences in proliferation (Fig. 4). Moreover, 
tumors derived from wild-type cells displayed 
two- to fourfold more apoptotic bodies than 
tumors derived from Apaf-1-I- or Casp9-I- 
cells (24). Importantly, all injected Myc-Ras 
cells were nonclonal populations that were rnin- 

apafl' 

Fig. 3. Effect of Apaf-1 and Cas 9 on colony 8 formation in soft agar; 2 x 10 cells of the 
indicated genotypes were resuspended in 0.3% 
Noble agar (in DMEM supplemented with 10% 
FBS) and plated on 6-cm plates containing a 
solidified bottom Layer (0.5% Noble agar in 
growth medium). Ciemsa staining (A) and 
phase-contrast microscopy (B) of a representa- 
tive experiment 2 weeks after plating. The plat- 
ing efficiencies determined by counting colo- 
nies containing 2 4 0  cells in random fields 
were <I%, 65%, 75%, and 80% for wild- 
type (wt), Apaf-I-'-, Casp9-'-, and p53-/- 
MEFs, respectively. 
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imally passaged in culttlre. yet Apaf-1 and 
C a s p 9  Llyc-Ras LIEFs formed tulllors rap- 
idl) (tumors n-ere isihle 1 days after injection). 
Tl~erefore. it is ualiltel) that rare secoadal? 
~llutatiolls contribute to tumor acceleration. 
These results demonstrate that defects in the 
effector mechaaisal of p53-dependent apopto- 
sis call facilitate tunlor tle1-elopment. 

Cytocluome c is required for actintion of 
pro-Casp9, and cytocluome c relcase from mi- 
tochondria appears to be essential for sollle 
apoptotic progams (23).  Of note, both pro- 
apoptotic oncogenes and p53 call affect mito- 
chondrial fuaction. For example. the adcnovims 
El.4 oncogcne [nllich also activates p53 (36)] 
and the pS3 effector Bax facilitate cytocluonlc c 
release (27) .  Fluthern~ore. the PIG,I ma!- act to 
hlfluence redox metabolism and the mitochon- 
dlial pelmeabilit) transition (I). Although it is 
possible that p53-mediated activatioa of the Fas 
patlin ay might indirectly target the iilitochon- 
diia tlrougll caspase-S (8, 28). \ve see no evi- 
dence that Apaf-l and Casp9 are required for 
Fas or TKF-induced apoptosis (13) (Fig. 1 j. 
Therefore, our data support the x-iev that im- 
mediate effectors of p53 in apoptosis target the 
mitochondria. thereby releasing c! roclrome c 
to actil-ate Casp9. 

It has bee11 unclear n-hether inactivation of 
apoptotic componeats acting dowastrea~n of 
c~tocl rome c should enhaace long-tern1 SUIT-iy- 
a1 or only delay cell death (35). L5-e shon- that 
dis~uption of Apaf-1 or Casp9 allows efficient 
colony foralatioa in soft agar and rapid tulllor 
del elopment in nude mice. These data imply 
that Apaf-1 or Casp9 acti\.el>- limits h111lmol. de- 
velopment and suggest that c ~ ~ o c l u o m e  c re- 
lease is not necessarily a lethal el ent. Pel-haps 
the abilit) of Apaf-1 or Casp9 deficiency to 
proinote long-term cell s u n k  a1 reflects the 
high prolif?ration rate of :ih.c-expressiag cells. 
~ x l ~ i c l ~  ma) allon substantial cell ,iccumulation 

Table 1. Tumorigenicity of Myc-Ras transformed 
cells. Indicated numbers of Myc-Ras-expressing 
MEFs were injected into athymic nude mice as 
described in Fig. 4. Ratio of injections producing 
tumors and volume (mean = SD) of those tumors 
that formed at 2 iveeks after injection are shown. 
ND, not determined; NA, not applicable. 

No. of Tumors/ Tumor 
Genotype injected sites volume 

cells injected (mm3) 

W~ld  type 2 X l o 5  014 
5 x 105 218 

10 x 105 414 
Apaf-1 - I -  2 X l o 5  214 

5 A l o 5  818 
10 S l o 5  314 

Casp9 - 2 A l o 5  414 
5 S 1 0 5  818 

10 S l o 5  414 
p53-I- 2 s 105 ND 

5 S 1 0 5  718 
10 x 105 ND 

as a result of illefficieilt cell death. Altemative- 
13.. the ability of c! rochrome c release to com- 
nlit a cell to death may depend on cell Qpe. 
genetic background. or apoptotic stimulus. 

Essential colnpollelits of p53 apoptotic 
pathxi-ays act as tunnor suppressors. For ex- 
ample. p191RF and Bas  act upstreall1 or 
d o ~ n s t r e a m  of p53 in oncogene-induced ap- 
optosis. reapecti\.ely. and lllutatiolls in cither 
gene facilitate tu~llorige~lesis in mice and hu- 
mans (4, 6) .  Altl~ough mutations in Apaf-1 or 
Casp9 genes hale  not been descl.ibed. each 
maps to loci disrupted in humaa tumors. 
Apaf-1 is located 011 cl~romosome 12q22- 
12q23 ( I ? ) ,  a region that is altered in some 
pancreatic and ovarian carcino~nas (25) .  
Casp9 is located at chromosonle lp34-lp36.1 
(30),  a hotspot for loss of heterozygosity in 
several cancers. including some neuroblasto- 
lnas (31 ). Interestingly, many neuroblastomas 
tolerate K-3h.c alnplificatio~l but rarely har- 
bor $3 mutations (31-32), and neuronal lly- 
pe111lasia is o11c of the liall~narlts of Casp9- 
deficient mice (18) .  I~~espec t i \ e  of thc fre- 
quency at n.11ich Apaf-1 and Casp9 are mu- 
tated in hu~lian cancers, our data clearly 

0 10 20 
time (days) 

Fig. 4. Effect of Apaf-I and Casp9 on tumorige- 
nicity of Myc-Ras-transformed cells. Myc plus Ras 
transformed populations derived from wild type 
(white circles), p53-I- (white squares), Apaf- 
I - /  (black triangles), and Casp9-/ (black tri- 
angles) were injected subcutaneously into each 
rear flank of female NSW athymic nude mice 
(Tatonic Farms) within two passages of gene 
transfer. Tumor volume (V) was estimated from 
caliper measurements of the length (I) and width 
(W) as V = (L X W2)12. For each genotype, eight 
sites were injected; each data point represents the 
mean t SD of measurements derived from only 
those sites that formed tumors (see Table 1). 
Bromodeoxyuridine (BrdU) incorporation-DNA 
content analysis indicated that the cell-cycle dis- 
tribution of the injected populations was similar; 
for example, the amounts of cells in S phase after 
a 4-hour BrdU pulse were 41%, 46%, 45%, and 
49% for wild-type, Apaf-I-/-, Casp9-I-, and 
p 5 3 - - /  Myc-Ras cells, respectively. 

delllollstrate that disruptio~l of the effector 
mecl~anisms of apoptosis call facilitate onco- 
genic tra~lsforlnatioll and tumor developme~lt. 
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Phenotypic Change Caused by DNA base modifications including uracil do 
not arrest RNA polymerase in vitro and mis- 
code at the lesion site, producing mutant tran- 
scripts with high efficiency (6-1 1).  An unex- 
plored possibility is that if similar events 
occur in vivo, the resulting mutant transcripts 

Transcriptional Bypass of Uracil 
in Nondividing Cells 

will generate mutant proteins that could alter 
the cellular phenotype (6 ,  12-14). Anand Vi~wanathan," ,~ Ho Jin You,' Paul W. Doetsch2* 

Uracil is a frequently occurring DNA base 
damage that results from the spontaneous or 
chemically induced deamination of cytosine 
and is mutagenic at the level of replication (3 ,  
15). To determine the effect of uracil on tran- 

Cytosine deamination t o  uracil occurs frequently in cellular DNA. In vitro, RNA 
polymerase efficiently inserts adenine opposite t o  uracil, resulting in G to  A base 
substitutions. In vivo, uracil could potentially alter transcriptional fidelity, 
resulting in production of mutant proteins. This study demonstrates that in 
nondividing Escherichia coli cells, a DNA template base replaced with uracil in 
a stop codon in the firefly Iuciferase gene results in conversion of inactive to  
active Luciferase. The level of transcriptional base substitution is dependent on 
the capacity t o  repair uracil. These results provide evidence for a DNA damage- 
dependent, transcription-driven pathway for generating mutant proteins in 
nondividing cells. 

scription and translation in Escherichia coli, we 
used a reporter assay to measure the levels of 
active firefly luciferase generated from expres- 
sion constnicts derived from the plasmid 
pBest-luc containing modifications in the lu- 
ciferase lysine codon 445 (Fig. 1). A unique 
45-base pair (bp) Pac I-Cla I restriction frag- 
ment flanking Lys445 was removed from this 
construct and replaced with one of three frag- 
ments that contained in the template strand 

Numerous studies have shown that different 
types of DNA damage exert deleterious ef- 
fects on replication by either blocking DNA 
polymerase or allowing for mutagenic bypass 
(1) .  Cells that are unable to repair certain 
types of DNA damage have increased muta- 
tion rates (2, 3).  In contrast, much less is 
known concerning the interaction of DNA 
damage and RNA polymerases during tran- 
scription, with most studies focusing on le- 

sions that permanently arrest RNA polymer- 
ase during elongation. An arrested RNA 
polymerase complex at a site of DNA dam- 
age serves as a signal for recruitment of the 
DNA excision repair machinery (4). Tran- 
scription-coupled repair allows for template 
strand-specific repair of a number of RNA 
polymerase-arresting lesions such as cy- 
clobutane pyrimidine dimers and thymine 
glycol (5). However, a number of different 
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and 2Departments of  Biochemistry and Radiation On- 
cology, Emory University School of Medicine, Atlanta, 
GA 30322, USA. 

*To whom correspondence should be addressed. E- 
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Fig. 1. Strategy for determining transcriptional 
base substitution in cells: luciferase gene mod- 
ification. The pBest-luc luciferase reporter con- 
struct contains the firefly luciferase gene driven 
by the E. coli tac promoter and also contains 
the ampillicin (Amp) resistance gene (15). The 
45-bp Cla I-Pac I fragment of pBest-luc was 
modified on the template strand at the first 
base of codon 445 to specify either lysine 
(3'-TTT-5'; Luc-WT), a stop codon (3'-ATT-5'; 
Luc-STOP), or lysine through transcriptional 
base substitution at uracil (3'-UTT-5'; Luc-U), 
resulting in production of wild-type, truncated, 
or transcriptional base substitution-mediated 
wild-type luciferase proteins, respectively. If 
DNA repair occurs through the ung-mediated 
BER pathway, codon 445 in the Luc-U construct 
would be converted to a s t o ~  codon (3'-ATT- 

Pod CloZ 
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- - - - - _ _  --._ * 
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Repair 

Template strand DNA 

Transcriptional 
Base Substitution 

4 t 4 
RNA ':,,uAc A/W GGA.. " ':..UAC UA.4 GG.4 ... '.. UAC 4 A A  GGA ... ' 

57, resulting in a truncated, inactive liciferase 
protein. The constructs were electroporated 
into ung' or ung- (or in some cases mutSt or 
mutS-) E. coli strains and subsequently incu- 
bated in novobiocin-containing LB media for 30 
to 240 min. Portions of cells were also plated ""y' Lys G'g"' ... Tgr STOP Gly ... ... Tyr Lys Gly ... 

(wild type) (truncated) (uild type) 
onto LB-Amp media to determine transforma- 
tion efficiency. Luciferase activity and DNA and LUCIFERASE 
RNA synthesis were determined from 30 to + - + ACTIVITY 
240 min after IPTC induction. Normalized lu- 
ciferase activity was determined on the basis of transformation efficiency and total luciferase activity (32). K445, Lys445. 
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