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Paradoxical Role of Apoptosis in Tumor Progression
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Abstract Tumors frequently acquire resistance to apoptosis that is expected to contribute to malignant phenotype
and reduce sensitivity to treatment. In fact, inactivation of p53 tumor suppressor gene resulting in suppression of apoptosis
serves as a negative prognostic marker. Surprisingly, expression of a strong anti-apoptotic protein Bcl-2, another
mechanism to avoid apoptosis, was found to be associated with a favorable prognosis. This paradoxical anti-progressor
function of Bcl-2 has been explained in literature based on the negative effect of Bcl-2 on cell proliferation. Here, by
analyzing accumulated experimental and clinical data, we provide evidence supporting another hypothesis that defines
apoptosis as an accelerator of tumor progression. Themechanism of anti-progressor function of Bcl-2 is based on creation
of tumors thatmaintain control of genomic stability by eliminating selective advantages for the cells that acquire resistance
to apoptosis through loss of p53. Thus, inhibition of apoptosis does not lead to loss of genomic stability and creates tumor
environment that no longer supports further tumor progression and inhibitors of apoptosis can be considered as factors
suppressing tumor progression. J. Cell. Biochem. 88: 128–137, 2003. � 2002 Wiley-Liss, Inc.
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Defects in apoptotic signaling pathways are
common in cancer cells [Evan and Vousden,
2001; Zornig et al., 2001 and references
therein]. Inhibition of programmed cell death
seems to be important for tumor initiation since
apoptosis is thought to be involved in the pro-
cess of eliminating cells with damaged DNA
and cells with anomalies in cell cycle regulation
(i.e., cells of high risk of malignant transfor-
mation). Moreover, impaired apoptosis may
enhance tumor progression and promote met-
astasis by enabling tumor cells survival in
circulation and in abnormal cellular micro-
environment.Furthermore, inactivationofapop-
toticresponsemayincreasecancercellresistance
to various forms of therapy [Johnstone et al.,
2002, review].

Several oncogenes have been defined among
genes encoding negative regulators of apoptosis

(prototype is Bcl-2). On the other hand, there
are multiple examples of tumor suppressor
genes among pro-apoptotic genes (prototype is
p53). This suggests that a loss of apoptosis may
be the most important characteristic of malig-
nant cell phenotype presumablyassociatedwith
an unfavorable prognosis for cancer patients.
Surprisingly, the analysis of the results of
numerous clinical studies that estimates the
prognostic value of various tumor markers
indicates that such schematics are frequently
oversimplified.

Bcl-2 AS A FAVORABLE PROGNOSTIC
MARKER: CLINICAL DATA

The mechanism regulating the escape of
tumor cells from apoptosis can be divided into
two categories: (i) inactivation of sensors of
apoptotic stimuli (such as inactivation of p53,
the major mediator of different types of stress)
or certain elements of apoptotic machinery (i.e.,
inactivation of caspases) and (ii) upregulation
of anti-apoptotic factors (such as overexpres-
sion of Bcl-2, or activation of Akt). Although,
both mechanisms are known to contribute to
the resistance of apoptosis in many tumors, the
analysis of clinical data shows a remarkable
difference between them in terms of their asso-
ciationwithpositive or negative prognosis of the
disease. Inactivation of p53 (and elimination of
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p53-dependent apoptosis) correlates with poor
clinical outcome and is specific for the tumor at
advanced stages of progression [Zhang et al.,
1998; Castiglione et al., 1999; Megha et al.,
2002]. However, upregulation of Bcl-2, another
frequent event in tumors that is also associat-
ed with inhibition of apoptosis, does not unequi-
vocally correlate with pessimistic prognosis
[Joensuu et al., 1994; Binder et al., 1995;
Kobayashi et al., 1997; Berardo et al., 1998;
Inada et al., 1998; Hamilton and Piccart, 2000
and references therein]. On the contrary, over-
expression of Bcl-2 is frequently associatedwith
better clinical outcome and more favorable
prognosis confronting the fact that Bcl-2 as an
oncogene should contribute to tumor progres-
sion and resistance to treatment [Kobayashi
et al., 1997; Berardo et al., 1998; Inada et al.,
1998]. This puzzling observation was initially
made for breast cancers: overexpression of Bcl-2
was found to positively correlate with higher
histological tumor grade, normal ploidy, estro-
gen receptor positivity, and absence of metas-
tases, all characteristic of a less malignant
disease [Joensuu et al., 1994; Binder et al.,
1995; Kobayashi et al., 1997]. In colorectal
adenoma, Bcl-2 expression is frequently higher
than in normal mucosal epithelium, while in
carcinoma Bcl-2 levels are decreased compared
with adjacent normal tissue [Krajewska et al.,
1996]. Similar conclusions can be found in clini-
cal literature describing immunohystochemical
analyses of gastric [Liu et al., 1998], prostate
[Diaz et al., 2000], cervical [Tjalma et al., 1998],
esophageal [Koide et al., 1997], and endometrial
carcinomas [Saegusa and Okayasu, 1997].
It should be noted that there are plenty of

works that present a different view on the pro-
gnostic value of Bcl-2 and show examples of
association of Bcl-2 expression with higher
tumor grade and less favorable prognosis thus
contradicting to the above-described phenom-
enon. This apparent controversy has been dis-
cussed in several reviews [Hamilton and
Piccart, 2000 and references therein).
Thus, there are a number of malignancies

in which expression of a strong anti-apoptotic
factor Bcl-2 is associated with less malignant
phenotype and favorable prognosis. On the
other hand, frequent loss of powerful pro-
apoptotic factor p53 is a characteristic of advan-
ced tumors and is associated with accelerated
tumor progression and unfavorable prognosis.
Hence, two different genetic events, both

frequently acquired by transformed cells and
resulting in inhibition of apoptosis, have oppo-
site effects on tumor progression. The reason for
this discrepancy may not be necessarily linked
to the regulation of apoptosis by Bcl-2 or p53
since bothproteinshaveadditional functions. In
fact, inactivation of p53 results in numerous
changes in cell phenotype reflecting multifunc-
tionality of this protein that includes loss of
checkpoint control. Additional functions, such
as mild interference with cell cycle progression,
have also been assigned to Bcl-2 [Huang et al.,
1997]. However, Bcl-2 seems to be much less
diverse in its functions than p53, being primar-
ily an anti-apoptotic factor acting on leakage
prevention of apoptotic mediators (i.e., cyto-
chrome c) from mitochondria.

In an attempt to elucidate the underlying
cause for a ‘‘positive’’ prognostic value of Bcl-2
and why the consequences of Bcl-2 expression
creates the effect opposite of p53 suppression,
we will review observations concerning the role
of Bcl-2 and other anti-apoptotic factors, mem-
bers of Bcl-2 family, in tumor progression and
prognosis.

Bcl-2 FAMILY MEMBERS AND TUMOR
PROGNOSIS: CLINICAL DATA

Bcl-2 family consists of two groups of structu-
rally related proteins playing opposite roles in
apoptosis. They act by regulation of permeabil-
ity of mitochondrial pores controlling release of
cytochrom c and other triggers of caspase acti-
vation. Anti-apoptotic members of Bcl-2 family
that reduce the rate of cell death and contribute
to the accumulation of cell mass are often con-
sidered as oncogenes, while pro-apoptotic genes
causing accelerated cell death are defined as
candidate tumor suppressors. However, as in
the case with Bcl-2 itself, there are reports
describing properties of Bcl-2 family members
that contradict these presumptions. For ex-
ample, elevated expression of a pro-apoptotic
member of Bcl-2 family, Bax, was shown to be
associated with poor prognosis in esophageal
squamous cell carcinoma and Bak in bladder
cancer [Haitek et al., 2001; Kurabayashi et al.,
2001; Takayama et al., 2001]. Similarly, ex-
pression of another pro-apoptotic protein
Mcl-1 was defined as unfavorable prognos-
tic marker for lung, head, and neck cancer
[Krajewska et al., 1996; Eerola et al., 1999;
Hotz et al., 1999].
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Importantly, this tendency well fits with
another line of observations showing a correla-
tion between tumor aggressiveness and its
apoptotic rate. Thus, in breast tumors the
significant increase in the proportion of apopto-
tic cells was observed in recurrent tumors as
compared with primary lesions. Consistently,
the chance for survival patients carrying pri-
mary tumors with higher apoptotic index was
significantly shorter [Vakkala et al., 1999]. In
colorectal carcinoma, spontaneous apoptosis
occurs more frequently in advanced aneuploid
tumors [Li et al., 2000]. Numerous examples
of a positive correlation between the number of
apoptotic cells in the tumors and tumor grade
can be found in literature for a large variety of
solid tumors [Tanji et al., 1998; Eerola et al.,
1999; Hotz et al., 1999; Li et al., 2000; Sjostrom
and Bergh, 2001]. Altogether, the accumulated
information indicates an increase in sponta-
neous apoptosis in the course of tumor progres-
sion, thus providing additional support for
positive prognostic value of anti-apoptotic gene
expression. We, therefore, can conclude that
there are enough observations contradicting
with the conventional view on pro- and anti-
apoptotic factors in tumor progression to
address this problem experimentally.

Bcl-2 AS AN ANTI-PROGRESSOR: LESSONS
FROM EXPERIMENTAL MODELS

One of the first experimental indications of
anti-progressor function of Bcl-2 came from the
lab of GalinaDeichman [Deichman et al., 1998].
Tumor progression in these studies was esti-
mated in a strictly quantitative manner by
monitoring acquisition of a malignant pheno-
types (suchas tumorigenicity andability to form
experimental and spontaneous metastases)
during serial of alternate in vitro/in vivo passa-
ging of spontaneously transformed Syrian ham-
ster fibroblasts (originally low tumorigenic and
non-metastatic) with gradual selection of in-
creasingly malignant variants that results in
isolation of numerous independent strains of
extremely tumorigenic and highly metastatic
variants. Deichman’s group then analyzed how
transduction of the original cells with different
oncogenes would affect highly reproducible
process of tumor progression. Transduction
with oncogenic c-myc or v-Ha-ras did not have
any detectable effect on this process, while in-
activation of p53 (by a dominant negative

mutant) and overexpression of bcl-2 both
modified tumor progression in this model. As
expected, p53 suppression accelerated selection
of metastatic variants. Overexpression of bcl-2,
however, caused an opposite effect, resulting in
a significant delay in the appearance of meta-
static phenotype with no influence on tumor-
igenicity. This model provides experimental
confirmation of the effect described in the
above-mentioned works: two anti-apoptotic
events, inactivation of p53 and overexpression
of bcl-2, resulted in opposite influence on tumor
progression.Moreover, this work indicated that
bcl-2 and p53 differentially effected specifically
the rate of tumor progression measured by
speed of accumulation of metastatic variants
but did not differ in their effect on tumorigeni-
city or any other estimated properties of
transduced tumor populations, thus question-
ing the reputation of bcl-2 as an oncogene by
ruling out its direct anti-tumor effect.

Another piece of evidence supporting anti-
progressor role of bcl-2 came from the analysis
of transgenic mouse models describing para-
doxical inhibition of carcinogenesis by bcl-2 [De
La Coste et al., 1999; Vail et al., 2001]. L-PK-c-
myc transgenic animals develop hepatic tumors
that resulted from targeted expression of c-myc
oncogene in the liver [De La Coste et al., 1999].
Two phases of abnormal hyperproliferation of
hepatocytes are observed in these animals. The
first one occurs at 1 month of age and is ac-
companied by the high rate of apoptosis among
new hepatocytes, resulting in the clearance of
the majority of dysplastic cells by 2 months of
age. During the next relatively ‘‘quiescent’’
period, heterologous dysplastic changes accu-
mulated in the liver varying from slight to
severe dysplasia. The second phase of hyper-
proliferation occurred at the 5th month after
birth resulting in the appearance of neoplastic
foci and liver tumors developed in 80% of mice
between 6 and 8 months. These animals were
crossedwithL-PK-bcl-2 transgenicmiceexpres-
sing high levels of bcl-2 protein in the liver
without any detectable phenotypic changes.
This experiment was likely planned with the
expectation to observe rapid tumor formation
accelerated by anti-apoptotic function of bcl-2.
To authors’ surprise, the effect of bcl-2 trans-
gene was quite the opposite: authors observed a
strong and highly significant inhibition of
carcinogenesis in double transgenic animals,
as compared with the single transgenic c-myc
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littermates. Remarkably, the first wave of
hyperproliferation and the appearance of dys-
plastic foci were not affected, even though
apoptosis was considerably inhibited. In this
study, negative influence of bcl-2 on cell pro-
liferation (‘‘slow re-entry of quiescent cells into
cell cycle’’) was suggested as a potential mech-
anism of ‘‘tumor suppressor’’ function of bcl-2.
The decrease of mitotic index in hepatocytes
during the second hyperproliferative phase
seems to support this idea. However, the lack
of effect of bcl-2 on the first proliferation wave
points to another explanation of the pheno-
menon: bcl-2 does not inhibit myc-induced
over-proliferation per se but rather slows down
the progression of primary hyperplastic pre-
malignant lesions by interfering with ad-
ditional accumulation of genetic events that
cooperatewith c-myc. Importantly, substitution
of bcl-2 transgene with dominant negative p53
mutant was accompanied with acceleration of
tumorigenic effect of c-myc transgene [De la
Coste et al., 1999]. At the same time, the use of
bclXL transgene, another anti-apoptotic bcl-2
familymember, failed to cause the effect of bcl-2.
However, due to the insufficient information on
the effect of bclXL transgene on apoptosis and
proliferation rate in liver, it is impossible to rate
the significance of this result.
Similar results were obtained using another

transgenic model of hepatocarcinogenesis: mice
carrying TGF-a transgene under the control of
metallothionein (MT1) promoter that is highly
expressed in the liver [Vail et al., 2001]. These
mice are characterized by a highly elevated
proliferation of hepatocytes especially profound
in young animals and remaining high up to the
point of tumor development. Introduction of
bcl-2 under the same promoter into germ line of
MT1-TGF-a mice caused a decrease in the
incidence of HCC, delayed appearance of tu-
mors that were characterized by a slow growth
rate. As in the previous example, bcl-2 trans-
gene did not affect the initial stages of car-
cinogenesis, including hyperproliferation and
appearance of dysplastic adenomas, but sup-
pressed progression of pre-malignant lesions
towards invasive cancer.
Thus, in both cases the ‘‘tumor suppressor’’

function of bcl-2 is likely to be a reflection of its
effect on tumor progression rather than on
tumor initiation. This anti-progressor function
of bcl-2 is hard to explain by its negative
influence on the cell cycledocumented in several

in vitro and in vivo experiments [Huang et al.,
1997; Furth et al., 1999], since no differences in
proliferation rateswere observedat early stages
of carcinogenesis. One could argue that slower
growth of tumors in bcl-2 transgenicmicemight
be the result of anti-proliferative effect of bcl-2.
However, this difference is likely to be the
reflection of slower progression of these tumors
rather than a direct effect of bcl-2 overexpres-
sion: introduction of bcl-2 into tumorigenic cell
lines usually results in development of faster
growing tumors [Kajiwara et al., 1999; Gurova
et al., 2002].

ANTI-PROGRESSOR FUNCTION OF
APOPTOSIS: A HYPOTHETICAL MODEL

Thus, the analysis of clinical and experimen-
tal data brings us to a conclusion that Bcl-2 is
capable of suppressing tumor progression. This
function does not seem to be limited to Bcl-2-
mediated effect on cell proliferation. The hypo-
theses explaining these results can be summed
in two groups. According to one view, Bcl-2 has
no active causative role in reducing tumor
progression rates but rather it is a neutral
marker of certain types of slow-progressing
tumors, the properties of which are determined
by various Bcl-2-unrelated factors. For exam-
ple, it was demonstrated that expression of Bcl-
2 is positively regulated by estrogen [Teixeira
et al., 1995; Kandouz et al., 1996], and therefore
Bcl-2 serves as a favorable prognostic marker
simply as a marker of relatively benign hor-
mone responsive breast tumors. This obviously
cannot be a general explanation, since Bcl-2 has
been reported a positive prognostic marker in
colorectal and gastric tumors that are not
estrogen-dependent [Krajewska et al., 1996;
Inada et al., 1998] Another example of the same
type is negative regulation of Bcl-2 expression
by some p53 mutants [Haldar et al., 1994]
that can result in a decrease in expression of
Bcl-2 in advanced tumors with mutated p53.
Again, this is not likely to be a universal
mechanism, since Bcl-2 regulation by p53
mutants is more an exception rather than a
general rule. However, this phenomenon (lower
level of Bcl-2 in advanced tumors) can be also
explained by a switch to another anti-apoptotic
member of Bcl-2 family, BclXL accompanied by
parallel decrease in Bak expression, observed in
some tumors [Krajewska et al., 1996; Eguchi
et al., 2000].
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Another group of hypotheses makes a func-
tional link between Bcl-2 and reduced tumor
progression. Any attempts to connect anti-
apoptotic and anti-progressor functions of Bcl-
2 seems to contradict common sense, which tells
that inhibition of apoptosis should facilitate
tumor cell survival and resistance to treatment
and, therefore, should be the property of more
aggressive tumors. In fact, inactivation of p53
fits this expectation resulting in rapidly pro-
gressing tumors with no p53-mediated apopto-
sis. Hence, it would be logical to look for the
mechanisms of anti-progressor function of Bcl-2
among those properties of this factor that are
unrelated to apoptosis (exactly as it has been
proposed in above-cited studies), such as anti-
proliferative effects of Bcl-2. There is, however,
another simple model that can (i) explain anti-
progressor function of Bcl-2 independently of
any additional properties of this protein besides
anti-apoptotic ones and (ii) resolve the problem
of opposite effects of Bcl-2 expression and p53
inactivation on tumor progression.

Tumor progression can be viewed asDarwin’s
selection of cell variants under conditions of a
strong competition for rapid accumulation. Two
factors can greatly accelerate this process: (i)
high degree of genetic variability, generating
many phenotypic variants for testing, and (ii)
effective elimination of the less adapted ones,
providing space for expansion of the winners.
Overexpression of Bcl-2 and loss of p53 both act
by blocking apoptosis and therefore should
presumably slow down the selection rate by
reducing cell turnover in the population (factor
(ii)). But do they cause similar effects on gen-
eration of genetic variability?

From the first glance, suppression of apopto-
sis (regardless of the mechanism) is expected to
increase in degree of genetic variability. The
role of apoptosis as a genomic stability keeper
was suggested based on thep53 studies inwhich
repression of p53-mediated apoptosis was ac-
companied with dramatic increase in mutation
rate. This putative link, however, is not more
than a correlation, since it has never been
accurately checked in functional assays, which
among themultiple p53 functions is responsible
for the control of genomic stability. Hence p53
function as a ‘‘guardian of the genome’’ may not
necessarily be attributed to apoptosis.

To clarify this problem, we directly compared
the effects of Bcl-2 overexpression and p53
inactivation, both resulting in suppression of

apoptosis, on the genetic stability determined
by a standard assay based on a frequency of
CAD gene amplification in cell population
maintained in constant presence ofCADprotein
inhibitor PALA [Gurova et al., 2002]. The
results of these experiments came as a surprise:
while p53 suppression had an expected effect,
causing several orders of magnitude-fold
increase in the frequency of gene amplification,
ectopic expression of bcl-2 (that was enough to
suppress apoptosis) did not result in a detect-
able change in genomic stability. This result
showed that (i) apoptosis is not an essential
factor of control over genomic stability and (ii)
although inactivation of p53 and expression of
bcl-2 both suppress apoptosis, they have differ-
ent effect on genomic stability: in contrast to
p53 inactivation, bcl-2 overexpression does not
make cell permissive to gene amplification and
genetically unstable. This finding pointed to a
potential cause of dramatic differences between
the effects of p53 inactivation and Bcl-2 expres-
sion on tumor progression and provided an
important support for our hypothesis on ‘‘anti-
progressor’’ function of bcl-2.

CRUCIAL EXPERIMENT: Bcl-2 PREVENTS
SELECTION OF GENETICALLY UNSTABLE

p53-DEFICIENT CELLS IN
EXPERIMENTAL TUMORS

To directly check how tumor progression
depends on apoptosis sensitivity of the original
tumor, we created tumor cell population differ-
ing in their apoptotic potential and monitored
the expansion of ‘‘more malignant’’ rare var-
iants inside such tumors in vivo [Gurova et al.,
2002]. As ‘‘a more malignant variants, we used
cells either with inactivated p53 or with over-
expressed bcl-2, both resistant to DNA damag-
ing agents and hypoxia due to suppression of
apoptosis. Instead of waiting for a infrequent
spontaneous appearance of such variants in
growing tumor,wemixed small number ofGFP-
labeled p53-deficient or bcl-2 overexpressing
cells (prepared in vitro by transduction of a
dominant negative mutant of p53 or bcl-2)
with an excess of parental cells, possessing
wild type p53 and expressing low levels of bcl-
2, and monitored their proportion at different
stages of growth of subcutaneous tumors in
mice. The first important observation made
was that both cell variants were accumu-
lated with the same rates inside growing
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tumors: by the 12th day of growth, the parental
cells in the tumors were almost completely
substituted by green fluorescent cells. We
concluded that p53 deficiency and bcl-2 expres-
sion provided tumor cells with similar selective
advantages in a primary tumor. However, as it
was mentioned above, the outcome of over-
growth of selected cell variants is very different:
in one case (p53 inhibition), we have a fast
progressing tumor,while in the other case (bcl-2
expression) the tumor is characterized by a
reduced progression rate [Deichman et al.,
1998].
Effective tumor progression requires high

degree of genetic variability that is achieved
by inactivation of p53 genomic stability control
mechanism. As we had shown, such cells can be
quickly accumulated in tumor presumably due
to their resistance to apoptosis. However, what
would happen if the original cell populationwas
already resistant to apoptosis?Would then p53-
deficient cells have a chance for accumulation?
We experimentally addressed these questions
by creating tumors that formed from excess of
bcl-2-overexpressing cells mixed with a small
number of GFP-labeled p53-deficient variants
and monitored the proportion of green fluores-
cent cells in the course of tumor growth. The
resultswere remarkably different fromwhatwe
saw in the previous experiments: p53-deficient
cells failed to accumulate in tumor population if
it consists of the cells expressing bcl-2, thus
preventing tumor from the expansion of gene-
tically unstable cells and subsequent fast
progression.
Similar conclusion has been made in a recent

work from Scott Lowe’s group [Schmitt et al.,
2002a], which used a mouse model of myc-
driven lymphomas to compare biological effects
of inactivation of p53, suppression of caspase
9 (acting downstream of p53) and expression of
Bcl-2, all resulting in suppression of apoptosis.
All three variants showed similar selective ad-
vantages before apoptosis-sensitive variants.
However, apoptosis-defective lymphomas that
retain intact p53 genes do not display the
checkpoint defects and gross aneuploidy that
are characteristic of p53 mutant tumors. At the
same time, they completely alleviate pressure
to inactivate p53 during lymphomagenesis.
Authors concluded that apoptosis is the only
p53 function selected against during lymphoma
development, whereas defective cell-cycle
checkpoints and genomic instability are mere

byproducts of p53 loss. Thus, similar con-
clusions were made after independent analyses
of different experimental tumor models.

Bcl-2 AS AN ‘‘ANTI-PROGRESSOR’’:
PUTATIVE MECHANISM

AND PRACTICAL OUTCOMES

Based on all the information discussed above,
we propose the following model which explains
why Bcl-2can be a positive prognostic marker
(Fig. 1). With an increase in size of a primary
tumor that has wild type p53 and low Bcl-2
expression, hypoxic conditions inside the tumor
create conditions that favor Darwin’s selection
of cells with reduced sensitivity to hypoxia-
induced apoptosis. Escape from death can be
achieved equally well by either activation of
anti-apoptotic gene expression (i.e., Bcl-2) or
from the loss of pro-apoptotic factors (i.e., p53)
[Graeber et al., 1996; Shimizu et al., 1996].

Since the appearance of either mutation is a
rare event and the expansion of mutated cell
clone progresses rapidly, the event that came
first had a strong chance dominate in the tumor
and prevent the expansion of mutations result-
ing in the same phenotypic alteration through
an alternative mechanism. This means that in
real tumors p53 inactivation or Bcl-2-overex-
pression are likely to be alternative genotypes
that are rarely combined together. If p53muta-
tion occurs first, it will result in the formation of
a tumor with a high level of genetic instability,
leading to higher rates of progression, metas-
tases, invasion, and poor prognosis. If theBcl-2-
overexpressing clone appearsfirst, thiswill lead
to formation of a tumor in which the control of
genomic stability is unaffected and which no
longer favors selection of p53-deficient cells.
Such a tumor would be characterized by low
rates of progression and favorable prognosis.

In fact, there are some clinical observation
confirming that the two tumor markers, p53-
deficiency and Bcl-2 overexpression, are rarely
expressed together in one tumor. Bcl-2 protein
was abundant in the cell lines obtained from
breast, head, and neck carcinomas that main-
tainwild typep53 [Joensuu et al., 1994; Berardo
et al., 1998; Castiglione et al., 1999, Tete, 1999;
Lazaris et al., 2000]. On the contrary, p53
accumulation (indicative of p53 mutations)
was associated with low Bcl-2 expression in
breast cancer [Berardo et al., 1998; van Slooten
et al., 1998].
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Fig. 1. Alternative scenarios of progression in the tumors that acquired resistance to apoptosis through two
different genetic mechanisms (see explanation in the text). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Moreover, in some experimental system, we
can find examples of the mutual exclusion of
these two anti-apoptotic factors: erythroleuke-
mia cell lines, induced by F-MuLV frequently
overexpress bcl-2 and this event was shown to
precede the emergence of p53 mutations, sug-
gesting that bcl-2 expression may delay p53
mutation in leukemic cells [Howard et al.,
2001]. Interestingly, the majority of F-MuLV-
induced erythroleukemia cell lines established
from primary tumors induced in p53-deficient
mice express low to negligible levels of bcl-2
[Howard et al., 2001].
Data from the transgenic mouse model con-

firmed our prediction from the other side:
enforced acceleration of apoptosis by overex-
pression of bax, potential tumor suppressor,
induced tumorigenesis on a tumor-predisposed
p53 deficient background, even though apopto-
sis rate of thymocytes (to which transgene
expression was restricted in this model) in
lckpr-bax mice was increased, comparing with
p53�/� animals [Knudson et al., 2001]. Al-
though, authors explained this unusual fact
by the putative positive influence of bax on
cell growth rate (what we certainly can not ex-
clude), it well fits our model postulating fas-
ter progression of apoptosis-prone tumors.
In summary, there is a series of puzzling

experimental and clinical observations indicat-
ing that Bcl-2 expression, associated with apop-
tosis suppression, can act to slow down tumor
progression,while p53 inactivation, though also
resulting in apoptosis suppression, has stimu-
lating effect on tumor progression. We have
suggested a plausible explanation for this
apparent discrepancy by showing that Bcl-2
expression has no effect on control of genomic
stability but provide cells in vivo with strong
selective advantages, thus devaluating and
preventing expansion of cells with mutant p53
that are capable of rapid progression due to
genomic instability. Thus apoptosis could be
viewed as a factor promoting tumor progression
by stimulating rapid turnover and provoking
selection of malignant cells with mutant p53.
These considerations demand a new outlook
on the role of apoptosis in cancer origin and
stimulate an experimental exploration of a new
cancer prevention and treatment strategy that
is based on theuse of pharmacological inhibitors
of programmed cell death.
It is important to stress that lack of selective

advantageous for genetically unstable p53-

deficient variants in the tumors formed by
apoptosis resistant cells is not absolute and
may be devaluated under conditions of cancer
treatment. Schmitt et al. [2002b] has recently
shown that treatment ofBcl-2-expressingmouse
lymphomas with chemotherapeutic drugs re-
sults in senescent-like growth arrest in the
tumor, creating conditions that favor selection
of p53-deficient variants resuming growth and
further tumor progression.
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