
Although the phage-like appearance of 
the virus was surprising, marine viruses are 
highly diverse, and morphologies tradition- 
ally characteristic of phages cannot be as- 
sumed to infect only prokaryotes ( 2 0 ,  21) .  
Our ex~erimental  work indicates that the 
observed virus is the lysing agent of A .  
anophagefferens . 

For A. anophagefferens, this study has 
established that viral control is an impor- 
tant consideration to be evaluated relative 
to the recurrence of blooms and their sud- 
den dissipation. Viral lysis of A. anophagef- 
ferens during bloom periods may also release 
cellular ~roduc ts  into the marine environ- 
ment. This release would increase the con- 
centration of dissolved and particulate or- 
ganic matter ( 2 2 )  and possibly dimethylsul- 
fide and acrvlic acid (23-26), chemical 
compounds that might be associated with 
the chronic toxicity of bivalve starvation. 

Another consideration in the popula- 
tion dynamics of A,  anophagefferens is the 
inactivation of virus bv environmental fac- 
tors, thus allowing for blooms. For example, 
high concentrations of iron promote 
"brown tide" blooms in Long Island bays by 
stimulating growth of A.  anophagefferens 
(8). Solid clay minerals and silts, iron ox- 
ides, and metal coagulants temporarily bind 
free virus particles (27-29), possibly precip- 
itating and removing the potential for viral 
infection from the water column and effec- 
tively removing viral control on  population 
densities. 
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p53 Status and the Efficacy of 
Cancer Therapy in Vivo 

Scott W. Lowe, Stephan Bodis, Andrea McClatchey, 
Lee Remington, H. Earl Ruley, David E. Fisher, 

David E. Housman, Tyler Jacks* 

The therapeutic responsiveness of genetically defined tumors expressing or devoid of the 
p53 tumor suppressor gene was compared in immunocompromised mice. Tumors ex- 
pressing the p53 gene contained a high proportion of apoptotic cells and typically 
regressed after treatment with gamma radiation or adriamycin. In contrast, p53-deficient 
tumors treated with the same regimens continued to enlarge and contained few apoptotic 
cells. Acquired mutations in p53 were associated with both treatment resistance and 
relapse in p53-expressing tumors. These results establish that defects in apoptosis, here 
caused by the inactivation of p53, can produce treatment-resistant tumors and suggest 
that p53 status may be an important determinant of tumor response to therapy. 

Although  the tumor-specific action of 
most anticancer aeents has been attributed 

u 

to  their debilitating effects on  actively pro- 
liferating cells, a n  increasing body of evi- 
dence suggests that anticancer agents in- 
stead induce apoptosis [reviewed in ( 1 ,  2 ) ] .  
This view has profound implications for 
understanding the therapeutic response of 
human tumors. First, events subsequent to  
the interaction between anticancer agents 
and their primary intracellular targets may 
have a substantial effect on  tumor response. 
Second, factors that increase the propensity 
for apoptosis may determine the therapeutic 
index wherebv anticancer agents selectivelv - 
destroy tumor cells. Finally, because apop- 
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tosis requires a genetic program, mutations 
in apoptotic pathways could produce drug- 
resistant tumors. 

Studies suggest that the p53 tumor sup- 
pressor gene is an essential component of the 
apoptotic program induced by anticancer 
agents in oncogenically transformed cells ( 3 ,  
4). T o  determine whether p53 influences 
tumor responsiveness in vivo, we developed 
a transplantable fibrosarcoma model in 
which tumors differed primarily in their p53 
status. Embryonic fibroblasts transformed by 
coexpression of the adenovirus early region 
1A ( E l A )  and activated ras oncogenes form 
tumors when subcutaneouslv iniected into , , 

nude mice regardless of their p53 status, but 
p53+lt cells are highly sensitive to apoptosis 
in vitro ( 5 ) .  In agreement with earlier stud- 
ies, oncogenically transformed p53+/+ cells 
formed fewer tumors and with a longer la- 
tency than p . 5 3 ~ '  cells. The p53-/- cells 
produced tumors at  all injected sites with an 
average latency of 8 + 4 days, whereas the 
p53+/+ cells produced tumors at 82 + 24% 
(P  < 0.11, t test) of sites injected, with an 
average latency of 18 + 7 days (P < 0.03). 
After reaching a palpable size, tumors de- 
rived from both p53+/+ and p53-I- cells 
grew at similar rates. 

The p53 status had a dramatic effect on  
tumor response to gamma irradiation. Most 
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tumors derived from p53+/+ cells responded 
well to 7 gray [(Gy) absorbed dose of ionizing 
radiation] (Fig. 1A and Table I) ,  typically 
regressing to less than 50% of their pretreat- 
ment volume within 5 davs. Some tumors 
disappeared completely, although all but one 
eventually regrew. The magnitude of the 
response varied with the clone injected. For 
example, tumors derived from one p53-ex- 
pressing clone (C8) responded well to 2 Gy, 
whereas another clone ( C  10) responded 
poorly to doses as high as 12 Gy (Table 1). 
In contrast, tumors derived from p53-I- cells 
displayed little, if any, response to 7 Gy of 
gamma radiation. Although some tumors re- 
mained the same size for several days, 9 of 10 
tumors were significantly larger by 1 week 
after treatment (Fig. 1B and Table 1). In 
several instances, gamma irradiation had no 
effect on tumor growth. Whereas tumors 
derived from p53+/+ cells showed enhanced 
sensitivitv to hieher doses of radiation. 

u 

~53- I -  tumors were refractory to levels as 
high as 12 Gy (Fig. 1, C and D, and Table 1). 

The p53 status also influenced tumor 
responsiveness to the chemotherapeutic 
drue adriamvcin. Adriamvcin treatment in- 
ducid a rapid regression bf tumors derived 
from p53+/+ cells but did not substantially 
affect the growth of p53-I- tumors (Fig. 1, 
E and F). Interestingly, the one tumor de- 
rived from b53+/+ cells that did not res~ond 
to adriamycin originated from a clone 
((210) that also produced relatively radiore- 
sistant tumors ( Table 1) .  

Untreated tumors derived from p53+/+ 
and p53-1  fibroblasts displayed a typical 
fibrosarcoma histology (Fig. 2, A and B). 
Both tumor types contained many mitotic 
figures and some necrotic zones. However, 
untreated tumors derived from p53+/+ cells 
contained more apoptotic cells compared 
with p53-deficient tumors, as measured by 
the terminal deoxytransferase-mediated de- 
oxyuridine-triphosphate-biotin nick end la- 
beling (TUNEL) assay (Fig. 2, C and D). 

Cell death in regressing tumors had mor- 
phological and physiological features of ap- 
optosis. Within 2 days after treatment with 
gamma radiation or adriamycin, tumors de- 
rived from p53+/+ cells contained many 
pyknotic cells that displayed fragmented nu- 
clei (Fig. 2C) and stained with TUNEL (Fig. 
2G). The remaining normal cells were often 
surrounded by large regions of extracellular 
space (Fig. 2, C and E). By contrast, treated 
p53-1- tumors contained few regions of 
pyknosis and cell loss (Fig. 2D), although 
there was a small increase in the number of 
TUNEL-positive cells interspersed through- 
out the tumor (Fig. 2, F and H). These data 
indicate that the regression of p53+/+ tu- 
mors was due to apoptosis, and that the 
p53-1  tumors, which did not regress, were 
resistant to apoptosis. 

All initially responsive tumors derived 
from p53+/+ clones became less responsive 
to subsequent treatments with gamma radi- 
ation, and several became completely resis- 
tant (Fig. 3A and Table 2). Moreover, tu- 

mors derived from p53+/+ clone C10 re- 
sponded poorly to the initial treatments 
(Fig. 3B and Tables 1 and 2), even though 
the injected cells readily underwent apop- 
tosis in vitro (3). Because an  intact apop- 
totic program appeared essential for tumor 
regression, we tested whether acquired re- 
sistance to therapy correlated with de novo 
p53 mutations. 

Mutations in b53 were detected in both 
resistant or relapsed tumors at codons mu- 
tated in human cancer ( Table 2) (6). Each 
of the C10-derived tumors had acquired 
missense mutations at codon 21 1. No wild- 
type sequence was detected in these tumors, 
suggesting that they also lost the normal 
p53 allele. Missense mutations at codon 13 1 
were observed in all recurrent tumors aris- 
ing from clone C6. In one of these tumors, 
a second mutation was observed at codon 
239 (7). In no  instance were mutations 
observed in the injected cell populations 
(8). Nevertheless, the fact that tumors aris- 

Table 1. Summary of tumor response to gamma 
radiation or adriamycin. Mlce were treated on day 
0 with the indicated dose of gamma radiation (in 
Gy) or adriamycin (Adr) (25). Tumor response is 
presented as the smallest tumor volume [mini- 
mum volume (mV)] after treatment, expressed as 
a percentage of the tumor volume on day 0 (VJ. 
The tumor volume 7 days after treatment (V,) IS 

expressed as a percentage of the volume on day 
0. Values are the average of two or more experi- 
ments. Standard deviations are shown where ap- 
pl~cable. NA, not applicable. 

Fig. 1. Response of p53 and 0.8 
tumor to gamma rad~atlon and 
adriamycin. Athymic nude 0,6 
mice were injected wlth em- 
bryonic fibroblasts trans- 
formed by EIA and an actlvat- 0,4 

ed ras oncogene (T24 H-ras), 
and tumor volumes were 0.2 
monitored (25). At the indlcat- 
ed times (arrows), mice with 0.0 
tumors derived from p53+lt 0.8 
(A, C,  and E) and p53-'- (6, 
D, and F) cells were irradiated g 0,6 
with either 7 (A and B) or 12 (C - 
and D) Gy or treated with ad- 
riamycin (E and F) (25). 2 0.4 

0 

L 

g 0.2 
? 

0.0 

Treat- 
'lone ment 

C1 7Gy 
9 Gy 

12 Gy 
Ad r 

C6 7 Gy 
9 GY 

12 Gy 
Adr 

C8 2 Gy 
5 Gy 
7 GY 
Adr 

C10 5Gy 
7 Gy 

12 Gy 
Adr 

A4 7 Gy 
12 Gy 
Adr 

A8 7Gy 
12 Gy 

A9 7Gy 
12 Gy 

E6 7 Gy 
Adr 

Tumor response 

reach 
mV 

SCIENCE VOL. 266 4 NOVEMBER 1994 



ing from certain clones harbor the same injected population. By selecting against 
p53 mutations suggests that the mutant apoptosis, both tumor growth and cancer 
cells existed as a small percentage of the therapy may have enriched tumors for 

Fig. 2 Histdogid and 
TUNEL staining of untreated 
tumors and tumors recovered 
40 to 48 hours after treatment 
with gamma radiation or ad- 
riamycin. Apoptotic cells un- 
dergo cell shrinkage, chroma- 
tin condensation, and nuclear 
fragmentation and typically 
activate an endonuclease that 
breaks genomic DNA, gener- 
ating products which can be 
detected with the terminal 
TUNEL method (27). Hema- 
toxylin-eosin staining of tumor 
sections from (A) an untreated 
p53+/+ tumor, (B) an untreat- 
ed p53-/- tumor, (C) a 
p53+/+ tumor, and @) a 

A d *  p 
tl , I 

. > 

p53-I- tumor after adriamy- 
cin treatment. TUNEL staining 
of sections from (E) an un- 
treated p53+/+ tumor, (F) an 
untreated p53-/-tumor, (0) a 
pa+'+ tumor, and (H) a 
p53-I- tumor after gamma ir- 
radii in. (E to H) TUNEL-pos- 
Rive cells were visualized with 
a horseradish peroxidas+ 
based detection method that 
produces a dark brown color. 
Tissue sections were counter- 
stained with methyl green. 
Magnifications: (A to D), 
x 1000; (E to H), x200. 

Table 2. Mutations in the p53 gene in recurrent and resistant tumors. Tumor complementary DNA 
corresponding to exons 5 to 8 of thep53 gene were amplied and sequenced (26). For each tumor, the 
treatment or treatments are indicated as the dose of gamma radiation (in Gy) or as adriamycin treatment 
(A). Tumor response is presented as the smallest tumor volume [minimum volume ( m u  after treatment, 
expressed as a percentage of the tumor volume on day 0 (VJ. The successive responses of tumors 
receiving multiple treatments corresponds to the order in w h i i  the treatments were given. Also shown 
is the detected nucleotide change, the affected codon in murine p53 (24), the corresponding human 
codon (6), and the predicted amino acid substitution. ND, not detected; NA, not applicable. 

Clone Tumor Treatments 

Mutational analyds 

Tumor response 
mVN, (%) Codon Nucleotide Amino 

change acid 
(human) change 

7 
5; 5 

2; 2; 2; 2 
A; 2; 2; 2; 2 

None 
2Gy x7'  

7; 7 

N A 
N A 

-Cys 
-Cys 
P b C y s  
Cys+Cly 

NA 
N A 
N A 
N A 

His+Arg 
His+Arg 
His+ Arg 

'Treatment consisted of seven daily doses of 2 Gy. tNo wild-type sequence detected. 

cells harboring p53 mutations. 
The p53 mutations were not detected in 

several recurrent tumors, including some 
that demonstrated complete resistance to 
additional therapy (Table 2). It i s  possible 
that some mutations were not detected by 
our analysis or involved other genes in the 
pathway. Alternatively, ~53-independent 
mechanisms may also produce radioresis- 
tant tumors (9). 

We have proposed that the involvement 
of p53 in oncogene-associated apoptosis is a 
direct mechanism of tumor suppression by 
p53 (5). In the presence of p53, oncogene- 
expressing cells can f o m  tumors, but cell 
survival is limited by their increased suscep- 
tibility to apoptosis (1 0). As a consequence, 
selection against p53 often occurs late in 
tumor progression. Anticancer agents may 
simply activate the apoptotic program intrin- 
sic to these sensitized cells. Thus, genetic 
alterations that accompany malignant trans- 
formation can increase the therapeutic index 
of radiation or chemotherapy. Other muta- 
tions may have the opposite effect, leading 
to tumor resistance. 

Overexpression of c-myc, ras, or E2F-1 or 

Fig. 3. Acquired resistance of tumors derived 
from p53+/+ cells. Athyrnic nude mice were in- 
jected with transformed embryonic fibroblasts 
(time 0) and treated as in Fig. 1. (A) Mice with 
tumors derived from clone C1 (open circles) or C8 
(closed circles) were treated with multiple doses of 
gamma radiation (2 Gy per dose and 9 Gy per 
dose, respectively) at the times indicated by the 
arrows. (B) Tumors arising from pa+/+ clone 
C10 were treated with gamma radiation (7 Gy, 
triangles; 12 Gy, closed circles) or adriamycin (10 
mgkg, open circles) as indicated (arrows). 
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loss of Rb function can promote spontaneous 
apoptosis and can enhance apoptosis in
duced by certain anticancer agents (4, 11-
13). In many of these instances, apoptosis 
involves p53 (4, 12-15). These observations 
predict that reintroduction of normal p53 
function into tumors harboring p53 muta
tions will enhance apoptosis after radiation 
or chemotherapy, an approach that has 
proved successful for cisplatin in a lung car
cinoma cell line (16). 

Our results suggest a basis for the associ
ation between p53 mutation and poor pa
tient prognosis [for examples, see (17-20)] 
and are consistent with studies linking p53 
mutation to drug resistance in human tu
mors. For example, p53 mutations dramati
cally reduce the probability that patients 
with B cell chronic lymphocytic leukemia 
will enter remission after chemotherapy 
(19). Mutations in p53 are also associated 
with tumor relapse in acute lymphoblastic 
leukemia (21), suggesting that attenuated 
p53 activity confers a selective advantage on 
tumor cells undergoing cancer therapy. Fi
nally, p53 mutations are strictly associated 
with anaplastic Wilms tumors (20), an ag
gressive subtype that is particularly resistant 
to therapeutic intervention. In these tumors, 
p53 loss is accompanied by attenuated apop
tosis (22). Because p53 mutations are among 
the most common alterations observed in 
human cancer, defects in p53 -dependent ap
optosis may be a significant impediment to 
successful cancer therapy. 
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bryonic fibroblasts transformed by E1A and T24 H-
ras {3, 5) were detached from tissue culture plates, 
washed, and resuspended in phosphate-buffered 
saline (PBS). Cells (2 x 106) were injected into each 
flank of athymic nude mice 4 to 8 weeks old. Tumor 
volumes were estimated from caliper measurements 
of tumor length (L) and width (/) according to the 
following formula: (L x /2)/2. In general, tumors were 
allowed to expand to a volume of 0.15 to 0.5 cm3 

before treatment. Mice receiving < 7 Gy were given 
a whole body dose in a Gammacell 40 irradiator 
containing a 137Cs source (-0.8 Gy/min). For higher 
doses, a lead shield was used to reduce radiation 
toxicity to the bone marrow and thoracic cavity. 
Adriamycin was injected intraperitoneal^ at a dose of 
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amount of adriamycin approached the maximum tol
erated dose for a single injection {23). Higher doses 
of adriamycin are capable of killing p53-deficient 
cells in vitro (3), but the concentrations required for 
this effect are toxic to the animal. 

M ore than 40 different medications can 
result in unremitting muscle and joint pain 
and occasionally compromised heart and 
lung function when used for long-term ther
apy. Symptoms eventually resolve after the 
therapy is discontinued. This side effect has 
been termed drug-induced lupus because it 
is clinically indistinguishable from the idio
pathic disease systemic lupus erythematosus. 
Both forms of lupus are accompanied by 
serum autoantibodies to constituents of the 
cell nucleus. The prototypic drugs associated 
with a lupus-like side effect include anti
arrhythmics such as procainamide and quin-
idine, the antihypertensive drug hydralazine, 
psychotropic drugs such as chlorpromazine, 
antibiotics such as isoniazid, and the anti
thyroid agent propylthiouracil (1). Al
though some of these drugs are aromatic 
amines or hydrazines, there is no apparent 
common denominator of a pharmacologic, 
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therapeutic, or chemical nature that links 
drugs with the capacity to induce lupus. 

Idiosyncratic drug reactions such as drug-
induced lupus may depend on metabolic 
transformation of the ingested agent to a 
reactive intermediate that displays biological 
activity different from the parent compound. 
Transformation to reactive metabolites with 
a* common property could also explain how 
chemically dissimilar drugs produce the same 
adverse reaction. Although the liver is con
sidered to be the main site of xenobiotic 
metabolism (2), drug-induced lupus is a sys
temic autoimmune disease with no clinical 
evidence of liver involvement (I). These 
considerations suggest three possibilities for 
the productive exposure of the immune sys
tem to labile metabolites: (i) Immunocytes 
encounter the reactive metabolite in the 
liver and then migrate to and expand in an 
immune compartment, (ii) The metabolite 
translocates from the liver to immune com
partments in a form that preserves its activ
ity. (iii) The reactive metabolite is produced 
locally within an immune compartment 
where it acts. Local production of the me-
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Drug-induced lupus is a serious side effect of certain medications, but the chemical features 
that confer this property and the underlying pathogenesis are puzzling. Prototypes of all six 
therapeutic classes of lupus-inducing drugs were highly cytotoxic only in the presence of 
activated neutrophils. Removal of extracellular hydrogen peroxide before, but not after, 
exposure of the drug to activated neutrophils prevented cytotoxicity. Neutrophil-dependent 
cytotoxicity required the enzymatic action of myeloperoxidase, resulting in the chemical 
transformation of the drug to a reactive product. The capacity of drugs to serve as my
eloperoxidase substrates in vitro was associated with the ability to induce lupus in vivo. 

810 SCIENCE • VOL. 266 • 4 NOVEMBER 1994 


