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FOREWORD 

The past few years have witnessed an astonishing international effort 
that established the role of some 20 new molecules in apoptosis and 
added activation or suppression of apoptosis to the accepted biological 
functions of a great many others already familiar in cancer biology. 
Some of these molecules are receptors, transducing cytokine-mediated 
signals; others appear to intensify or diminish the risk that a compro
mised cell will fire its apoptosis effector mechanism. All are of interest 
as potential targets for tumor therapy, and some may prove to be control 
points influenced in the pathogenesis of cancer and other diseases as 
diverse as viral infection, neurodegenerative disorders, and stroke. 
Sometimes, in the midst of these developments, a kind of euphoria ap
pears to have gripped the research community, with the expectation that 
apoptosis will afford explanations to many unsolved questions in cellu
lar regulation. This book, in a series of thoughtful and provocative ar
ticles--some from established leaders in the field, and others from 
younger scientists--seeks to redress the balance. 

One central issue is the role of apoptosis in defining the response of 
authentic tumor populations to chemotherapeutic agents. It is easy to 
construct experiments in which large differences appear in the initiation 
of apoptosis in populations of tumor cells exposed in vitro to a variety 
of potential therapies. But it is not always justifiable to interpret these 
results as indicating tumor resistance or sensitivity in the therapeutic 
sense. Clonogenic assays, applied to the same populations, sometimes 
produce different answers, presumably because they address a different 
end point (1,2). Rather than enumerating the cells that die (a process 
sensitive in the experimental context to the kinetics of death) they iden
tify those cells with the capacity to survive and replicate, even in the 
austere conditions of low-density culture. The clonogenic cells often 
represent a tiny fraction of the original population, not readily measured 
by the techniques used to enumerate cell kill, but potentially highly 
significant. Nonetheless, when such clonogenic cells are studied in de
tail, a high proportion bears mutations that are the fingerprints of re
paired DNA damage (3,4). These fingerprints clearly indicate the 
transient presence of DNA damage of a type known to activate apoptosis. 
The question therefore remains how such long-term surviving cells sus
tained such damage without becoming committed to death. 

v 



vi Foreword 

This question is only part of another, more general one. Although the 
molecular interactions of the terminal effector pathway of apoptosis 
have now been described in great detail, we know surprisingly little of 
the mechanisms coupling DNA damage to the activation of the pathway 
in the first place. New reagents are becoming available that indicate that 
critical damage-signaling molecules, such as p53, may become phos
phorylated, perhaps at sites that are specific to their particular types of 
DNA injury. But it is also clear that the cellular context in which these 
changes take place greatly influences the outcome of such signaling. 
Thus, in hepatocytes damaged by ultraviolet light the unequivocal, im
mediate p53 activation is coupled to cell-cycle arrest (5,6), whereas in 
some other cell types the same immediate injury and p53 activation lead 
to apoptosis. Moreover, powerful p53-independent death mechanisms 
are present in some cell types but not others. And, in the tissue context, 
these signaling and activation pathways might be profoundly influenced 
by local paracrine factors (7), which in tumors may emanate from adja
cent normal or neoplastic cells, including the vascular stroma and infil
trating lymphocytes. 

New questions are also suggested from the profusion of new signaling, 
modulating, and effector molecules now implicated in apoptosis. How re
dundant are the dozen odd members of the caspase family? Are caspases 
activated in different cellular locations, and if so does this have a biological 
meaning? There are many beautiful studies implicating the mitochondria as 
a source of caspase activation, but it is already probable that other intracel
lular sources may in appropriate circumstances be just as significant, includ
ing the cell membrane (unequivocally a source of ceramide following 
irradiation) or the nucleus. Should we be searching for activation mecha
nisms centered on the cytoskeleton and the endoplasmic reticulum also? 
Some provocative but now quite long-established data indicate that 
apoptosis-suppressormolecules, such as bcl-2, can have radically different 
effects when targeted to different intracellular membranes (8). 

Finally, cell biology has a trick of producing entirely new options, at 
times when these are least expected. The caspase cascade appears to afford 
a highly satisfactory explanation for the long-described cluster of structural 
events, involving coordinate changes in cell surface, nucleus, cytosol, and 
cytoskeleton, that led long ago to the identification of apoptosis on morpho
logical grounds. But it is not clear that caspase activation is the only means 
whereby these changes may be affected, nor even that other styles and 
modes of "programmed" cell death may not exist. 

It is with questions such as these that this book is concerned. 

Andrew H. Wyllie 
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PREFACE 
Semplice, non semplicistico 

What a pleasure to put together a book on this topic! We are delighted 
that so many of our good friends and colleagues have given their time not 
only to review their field of interest, but, as we requested, to muse on 
some of the conundrums that make this a field with many intriguing 
enigmas! There are cautionary caveats in many of the chapters and it 
seems that the field is moving into a well-earned reflective phase. When 
new concepts galvanize a community because they genuinely throw 
light on some long-standing problem-cynics call it the creation of a 
bandwagon-there is always a danger that the elegance of the concept 
engenders too simplistic and generalized a perception of the detail. It is 
something of a relief to read here that major players in the field are 
themselves concerned by many aspects of the models that have emerged. 
However, despite these concerns and calls for reflection, this is not a 
field in retreat. Quite the opposite. New data continue to intrigue and to 
move these models ahead. We learn, unsurprisingly, that we must 
accomodate complexity-a sine qua non in biology. We hope that the 
reader will take from these chapters a sense of excitement. It is somewhat 
glib and hackneyed to write that this new understanding of what makes 
cells so tough---defining why they won't die after chemotherapy-holds 
promise for novel forms of therapeutic intervention sometime in the 
future. We are sure it does. But, like Ted Weinert (1), we also think this 
may take a decade or two. Why so optimistic? Because modulation of 
cell survival pathways is a central process of carcinogenesis--how else 
can tumors survive with an increasingly unstable genome? Changing 
survival by the astute use of new agents should impact on a central aspect 
of tumor pathology. However, we are all aware of just how long it takes 
to move new concepts into clinical practice-just look at the signal 
transduction inhibitors. And guess what? The problems of selectivity are 
the same as faced us a decade or two ago. 

The book is called Apoptosis and Cancer Chemotherapy. Accord
ingly, we have invited a number of reviews that address some of the key 
mechanistic questions concerning the control of apoptosis and the mol
ecules that will either be targets for drugs in the future or may influence 
the efficacy of current therapies. These provide challenging perspec
tives on fields of growing complexity. There are, thankfully, also dis-

ix 
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senting voices who caution those who are caught in the apoptotic mael
strom to take stock of their commitment to particular paradigms and not 
to forget some well-tested concepts from an honorable past. We hope 
that, taken together, this provides a balanced view of the field as it is now. 
Of course, we have not managed to persuade everyone that we had 
wished to write to do so. Some were too busy, some never answered 
letters and E-mails, and some were in the midst of moving a laboratory. 
Others felt the field was reviewed to death anyway. We don't agree with 
that and hope that these unique perspectives brought to bear on this 
unfolding tale will stimulate the naIve reader to join the pursuit, and the 
more hardened campaigners will refresh their own perspective on a field 
that sometimes appears dauntingly complex. 

Finally, we are grateful to Andrew Wyllie for providing his pan
oramic view of the field and to Joe Bertino for ending the book with a 
clinician's call that we have everything to go for! And of course, we 
would like to sincerely thank our authors. We hope that the reader will 
appreciate the extra effort that has gone into preparing these critical and 
contemplative reviews. We are very grateful to Carol Miles and Renee 
Holland who helped edit manuscripts, and to all at Humana Press and 
Beverly Teicher for their patience and guidance throughout. 

REFERENCE 

John A. Hickman 
Caroline Dive 

1. Weinert T. DNA damage and checkpoint pathways: molecular anatomy 
and interactions with repair. Cell 1998; 94: 555-558. 
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ABSTRACT 

The widely held view that tumor cells treated with anticancer agents 
die from apoptosis, and that cells resistant to apoptosis are resistant 
to cancer treatment, is incorrect. Two principal factors have given 
rise to this dogma. First, cell killing has often been assessed in short
term assays that are influenced more by the rate, than the overall 
level, of cell death. Second, conclusions have been extrapolated from 
normal cells transformed with dominant oncogenes to tumor cells, 
without taking into account that tumor cells have invariably under
gone selection to an apoptotically resistant phenotype. If clonogenic 
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2 Brown and Wouters 

survival is used to assess cell killing, and real tumor cells are used, 
then apoptosis, and the genes controlling it, such as p53 and bc1-2, 
play little or no role in the sensitivity of tumor cells of nonhematologi
cal origin to anticancer drugs and radiation. 

INTRODUCTION: IS THIS A SERIOUS QUESTION? 

The concept that tumor cells exposed to radiation or anticancer drugs 
usually die from apoptosis has become such a widely held tenet of 
modem cancer treatment that it seems somewhat ridiculous to ask the 
question of whether apoptosis contributes to the outcome of cancer 
therapy. However, the tenet is on shaky ground. Though apoptosis is 
an extremely important process to study, understand, and exploit in 
future cancer treatment, its demonstrated role in presentday cancer 
therapy is mostly limited to tumors of hematological, particularly of 
lymphoid, origin. This chapter focuses on cells of nonhematological 
origin, and critically reviews the data underlying the hypothesis that 
these cancer cells, when treated with radiation or chemotherapeutic 
drugs, die of apoptosis, and that cells resistant to apoptosis are resistant 
to cell kill by these agents. 

As is discussed throughout this book, many genes have been identi
fied that affect the extent to which certain cell types undergo apoptosis 
during normal development, and following pathological stress. Together 
with the belief that apoptosis plays a major role in cell killing by DNA
damaging agents, these genetic studies lead naturally to the current 
belief that tumors with mutations in p53, high levels of Bc1-2, or high 
ratios of Bc1-2IBax, should be resistant to cancer treatment. Because 
there is now a wealth of data from clinical studies in which outcome 
has been correlated with the status of these and other genes affecting 
apoptosis, this hypothesis would seem an easy one to test. However, 
a major problem with such analyses is that it is often impossible to 
separate treatment sensitivity from patient prognosis. For example, 
tumors with mutated p53 can be more anaplastic and metastatic, and 
can have a higher proportion of proliferating cells and, in general, a 
more aggressive phenotype than similar tumors with wild-type p53. 
This can lead to a worse prognosis for patients whose tumors have 
mutated p53, independent of the intrinsic sensitivity of the tumor cells 
to cytotoxic therapy (1). Because such effects confuse the specific 
question of the role of apoptosis in treatment sensitivity, this review 
is restricted to the narrower question of whether the level of apoptosis 
and/or genes controlling apoptosis affect the sensitivity of cancer cells 
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to killing by genotoxic agents. The current view is that this is the case. 
Weinberg (2) summed up this position as follows: 

For years, it was assumed that radiation therapy and many chemo
therapeutic drugs killed malignant cells directly, by wreaking wide
spread havoc in their DNA. We now know that the treatments often 
harm DNA to a relatively minor extent. Nevertheless, the affected 
cells perceive that the inflicted damage cannot be repaired easily, 
and they actively kill themselves. This discovery implies that cancer 
cells able to evade apoptosis will be far less responsive to treatment. 

Widely quoted in support of this position, and in particular the 
role of mutated p53 in radiation and anticancer drug resistance, are 
pioneering studies with oncogenic ally transformed fibroblasts from 
embryos of p53 wild-type (p53+'+) and p53 knockout mice (p53-'-) 
(3",4"). Other supporting evidence includes the highly significant 
associations of mutated p53 with drug resistance in the National Cancer 
Institute (NCI) 60 cell-screening panel (5-). However, despite the seem
ingly strong case that cells die from cancer treatment because of 
apoptosis chiefly controlled by wild-type p53, much current data do 
not appear to fit. For example, several authors have reported that large 
changes in apoptosis do not lead to any changes in eventual cell killing 
(6--9--), or that p53 mutations and/or a high Bcl-2:Bax ratio do not 
necessarily lead to clinical resistance (1,10). The authors believe there 
are two principal reasons for the current confusion: 

1. Many investigators have used methods for assessing the extent of cell 
killing to anticancer drugs and radiation, based on early functional 
changes (such as dye uptake), or on growth inhibition, rather than on 
clonogenic survival. These can lead to incorrect assessments of overall 
cell kill. 

2. Conclusions derived from normal cells transformed with dominant 
oncogenes, such as EIA, and myc, have been extrapolated to tumor 
cells, despite the fact that apoptosis, particularly the early apoptosis 
characteristic of cells of lymphoid origin, often is an insignificant mode 
of cell death for the cells of the majority of solid tumors. 

Both of these issues are explored in more depth in the following 
sections. 

MEASURING CELL KILLING: 
A MAJOR PROBLEM IN MANY CURRENT STUDIES 

How should cell killing (or its counterpart, cell survival) be measured 
after a toxic insult? This would not seem to be a particularly difficult 
problem: A dead cell has many morphological features, loses metabolic 
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functions, and, in particular, fails to exclude dyes such as propidium 
iodide and trypan blue. If death is caused by apoptosis, then a number 
of well-characterized features occur, including chromatin condensation 
and fragmentation, formation of nucleosomal DNA ladders, and expo
sure of phosphotidyl serine in the outer cell membrane that can be 
detected with annexin V. Thus, dead cells can be readily identified and 
their proportion in a population quantitated. However, identification of 
dead cells, once they have died, is not the problem. The problem is 
that cells do not die immediately after treatment: They can take many 
hours to many days to die, and this is highly dependent on the cell 
type and the toxic agent being investigated (11,12). In addition, prolifer
ation of surviving cells in the population can further complicate the 
picture. Thus, in most circumstances with assays involving the whole 
cell population, there is no time at which an accurate assessment of 
cell-kill can be made by counting the number, or proportion, of cells 
alive or dead in the population. 

This is illustrated in Fig. 1, in which two hypothetical cell types, 
treated with an agent that produces 90% cell-kill, die with different 
kinetics: one (A) rapidly, so that most of the cells have died within 
I d; and the other (B) more slowly. The figure shows that an assessment 
of the percent viable cells, or percent dead cells, made at any time 
would conclude that population A was more sensitive to treatment than 
population B. A similar inappropriate conclusion would be reached if 
A and B were two treatments on the same cell population, but treatment 
A caused more rapid cell-kill than treatment B. Despite this, many, if 
not most, investigators assessing cellular sensitivity to genotoxic agents 
measure viability at 2-4 d after treatment by total population staining 
(the MIT or XIT assays), or they assess the extent of cell death from 
the proportion of cells incorporating a dye excluded by live cells, such 
as trypan blue or propidium iodide. 

The problem of correctly assessing the surviving fraction following 
a given treatment was solved for mammalian cells in the mid-1950s 
by Puck and Markus (13,,), who developed the technique of cloning 
individual cells in vitro. The ability of a single cell to grow into a 
colony (usually defined as more than 50 cells) is an assay that tests 
every cell in the population for its ability to undergo unlimited division. 
It is, for mammalian cells, the exact counterpart of assays measuring 
bacterial or yeast survival after treatment with cytotoxic agents. The 
assay has become widely used for assessing the response to cytotoxic 
agents of cells in vitro, as well as cells in normal tissues and tumors 
in vivo. When the logarithm of the percent surviving cells determined 
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Fig. 1. Responses of two hypothetical cell types that die with different kinetics, 
treated with an agent that produces 90% cell-kill. Cell population A dies rapidly, 
so that most of the cells have died within 1 d, and the other cell population, B, 
dies more slowly. For both populations, viability decreases as cells are killed, and 
then increases again as survivors proliferate. The panels show that measurement 
of the percent viable cells, or percent dead cells, made at any time would conclude 
that population A was more sensitive to treatment than population B. A similar 
inappropriate conclusion would be reached if A and B were two treatments on the 
same cell population, but treatment A caused more rapid cell-kill than treatment B. 

by c1onogenic assay is plotted against the dose of agent used, a straight 
line (sometimes with an initial shoulder region) is usually obtained, 
implying an exponential relationship between dose and cell-kill. For 
both radiation and anticancer drugs, this log cell-kill hypothesis for 
cell survival has been demonstrated under many different conditions 
to be effective in predicting the radiation or chemotherapy dose needed 
to cure experimental mouse tumors or multicellular spheroids (14-16-). 
Referring again to Fig. 1, plating the cells out following treatment to 
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measure colony formation would lead to the correct survival estimate 
of 10% for cell populations A and B. 

Therefore, the ability of cells to undergo unlimited proliferation as 
tested by their ability to form a colony has become the gold standard for 
assessment of cellular sensitivity. It is, however, important to be precise 
about the meaning of this: It is the best way to assess the proportion of 
cells surviving a particular treatment under the experimental conditions 
used. It does not mean that all responses of tumors can be reliably pre
dicted using a clonogenic assay of the cells treated in vitro. This was 
recently illustrated in studies by Waldman et al. (8--) and the authors 
(g.-). HCT116 human colon carcinoma cells, isogenic for the p53 target
gene p21WAFI (designatedp21+'+ orp21-i-), had the same response when 
tested by clonogenic survival in vitro (though they differed greatly in 
their level of apoptosis under the same conditions). However, when tu
mors were grown in vivo from the same cells, those from p21-'- cells 
were much more sensitive to radiation, as measured by growth delay, 
than their wild-type counterpart. This has recently been suggested as an 
inability of clonogenic survival to reflect tumor sensitivity (8--,17,18). 
However, if clonogenic survival is assessed from the irradiated tumors, 
then there is close agreement between this assay and the in vivo growth
delay assay for the two cell lines (9--). The difference, therefore, between 
the in vitro and in vivo data is the result of different environmental condi
tions of the cells at the time of treatment. 

When used with care (for example, it is vital that single cells and not 
clumps are plated, and that sufficient time is given for all colonies to ap
pear), there is little doubt that the clonogenic assay is the most reliable 
assay for assessing cell killing after genotoxic agents (1g.-). With this in 
mind, now the question may be asked about whether apoptosis is a reliable 
determinant of cell killing to radiation and anticancer drugs when assayed 
by clonogenic survival. Though there are many examples in the literature, 
particularly for cells of hematologic origin, in which apoptosis and cell 
killing assayed by clonogenic survival are well correlated, there are also 
many examples in which this is not the case. Figure 2, for example, shows 
the authors' results, in which the response of HCT116 cells that are either 
p21 +1+ or p21-1- have been assessed both for apoptosis and for clonogenic 
survival under identical treatment conditions to radiation, to etoposide, and 
to the bioreductive drug, tirapazamine.1t is clear from these data, and from 
other examples in the literature (6,7,20-,21-), that the extent of apoptosis 
is not a reliable indicator of cellular sensitivity to anticancer agents. The 
message from Fig. 2 is that cells can die from apoptosis at different rates, 
and that the dominant mode of cell death mayor may not be apoptosis. 
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Fig. 2. The response of HCT1l6 cell lines isogenic for the CDK inhibitor p21WAF1 

are shown following three different genotoxic treatments: etoposide, tirapazarnine, 
and radiation. The upper frames show that the loss of p21 (solid lines) sensitizes 
cells to death by apoptosis for each of these treatments in comparison to the wild
type cell line (dashed lines). However, the overall sensitivity, as assessed by 
clonogenic assay (lower frames), is unchanged. 

In the next section, one particular aspect of genotype and sensitivity, 
namely the impact of wild-type or mutant p53 on cellular sensitivity 
to genotoxic damage, is examined. 

DOES P53 STATUS AFFECT SENSITMTY 
OF CELLS OF NONLYMPHOID 

ORIGIN TO GENOTOXIC DAMAGE? 

Although there are many studies of the influence of p53 status on the 
sensitivity of cells to genotoxic agents, after the above discussion on the 
unsuitability of many of the assays used to measure cell killing, the au
thors have considered only those that have used clonogenic survival, and 
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have also focused only on those studies using ionizing radiation. This is 
because, fIrst, different anticancer drugs have different mechanisms of 
action that could involve p53 directly, independent of apoptosis (e.g., 
involving nucleotide excision repair), and, second, because investigators 
use a wide variety of exposure conditions for drugs, but use much more 
defIned radiation exposure conditions. There are also more studies with 
radiation than with all anticancer drugs combined. 

In reviewing the literature on the question of the influence of p53 on 
the radiation response of cells, the authors applied the following criteria: 
Only cells or tissues of nonhematologic origin have been considered; and 
only investigations in which clonogenic survival was used to assess cell 
killing were considered. Also excluded from the analysis are studies in 
which wild-type p53 was massively overexpressed in cells prior to radia
tion using viral vectors. Typically, this results in radiation-induced 
apoptosis and radiation sensitization (22,23). 

In the literature, the data conforming to these criteria that are relevant 
to this question fall into two principal categories. First are those papers 
in which a group of nongenetically matched cell lines have been as
sessed for statistical differences in radiation sensitivity between those 
that have wild-type p53 and those that have mutant p53. Of the 27 
publications in the total pool, 10 fall into this category, of which three 
fInd p53 mutated cells more radioresistant (24-26), three fInd p53-
mutations make no difference to radiation sensitivity (27-29), and four 
fInd p53-mutated cells more radiation-sensitive (30-33). Illustrative 
data from the two largest published series, each assessing radiation 
sensitivity and p53 status in cell lines or primary cultures from human 
cancers, are shown in Fig. 3. 

The second category includes publications in which investigators have 
used genetically matched cell lines in vitro or tissues in vivo from p53+'+ 
vs p53 -/- mice, or have used cells with or without expression of the human 
papillomavirus (HPV) protein E6, or have used transfection of mutant 
p53 or conditionally expressed p53. In this group, fIve investigations 
found p53-null/mutated cells more radioresistant (34-38), nine found no 
difference in radiation sensitivity between p53 wild-type or null/mutant 
cells (37,39-46), and three found p53-null or mutant cells more sensitive 
that wild-type cells (41-,47,48). Clearly, these data do not justify the con
clusion that p53-mutated or -null cells are more resistant to radiation
induced cell-kill than are p53 wild-type cells. 

For anticancer drugs, there have been few studies using clonogenic 
survival to determine the influence of p53 on the sensitivity of cells 
of nonhematological origin. However, even here, the available data 
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Fig. 3. Results from the two largest studies with human cancer cells on p53 status 
and cellular sensitivity to ionizing radiation. Cell sensitivity (the surviving fraction 
after 2 Gy) was assessed by colony formation. (A) Results shown are from primary 
tumor cell lines derived from head and neck cancers (28). In these studies, the 
p53 gene was sequenced to determine those tumors expressing wild-type or mutant 
p53. (B) Results show sensitivity ofp53 expressing vs p53 nonexpressing primary 
cultures from ovarian cancers (circles) and melanoma (triangles) (27). In these 
studies, high levels of p53 expression were used as a surrogate for p53 mutation. 
The filled diamond shows the mean +/-1 standard error of the mean for each 
population. 

also support the position that mutated p53 does not lead to drug resis
tance when assayed by clonogenic survival (43-,49). In fact, mutations 
in p53 have been shown to confer sensitivity to drugs whose toxicity 
is modulated by nucleotide excision repair, such as nitrogen mustard 
and cisplatin (49). 

Given the rather strong evidence that p53 status does not affect the 
sensitivity of cells to radiation and anticancer drugs, it is pertinent to 
ask how such a belief arose. Several factors have probably contributed. 

1. Lymphocytes, and lymphoma cells, are highly sensitive to anticancer 
therapy, and invariably die a rapid apoptotic death. The same is true 
of certain other tissues, such as the salivary gland, which also has a 
high sensitivity to radiation (50). 
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2. In early studies with genetically matched, EIA-transformed, fibroblasts 
from wild-type and p53 knockout mice, cell killing was assessed by 
dye-exclusion 1-2 d after treatment (3,4). These results indicated a 
huge influence of p5310ss in resistance to apoptosis, but did not measure 
clonogenic survival. 

3. As mentioned earlier, conclusions derived from normal cells trans
formed with dominant oncogenes have been extrapolated to tumor cells. 
The following section points out that these transformed normal cells 
are hypersensitive both to apoptosis and to killing as measured by 
clonogenic survival. This is not the case for tumor cells in general. 

4. The correlation of mutated p53 with resistance to anticancer drugs 
found in the NCI screen of 60,000 compounds tested against 60 different 
cell lines is actually a correlation, not of cell-kill, but of 2-d growth 
inhibition, with p53 status. Since wild-type p53 is required for growth 
arrest following DNA damage (51"), such a correlation of sensitivity 
to growth inhibition with wild-type p53 is expected. In fact, because 
there is little or no correlation of growth inhibition with cytotoxicity 
(52-), these data do not provide evidence for the involvement of p53 
in drug sensitivity to cell killing. 

Although wild-type p53 can influence the decision about whether 
or not cells undergo apoptosis following genotoxic insult, and this leads 
to differences in the rate at which cells die and leave the population, 
the available data do not support a role for p53 in determining the 
overall level of cell-kill in tumor cells. Assays for cell killing that can 
be affected by the rate at which cells die have led to erroneous conclu
sions about the influence of p53 on overall cell killing. Having said 
this, there may be subtle influences of p53 abrogation on radiosensitivity 
in some cells types. For example, Yount et al. (37) showed that, although 
abrogating p53 function did not change the overall radiosensitivity of 
human glioblastoma cells, it did increase the resistance of synchronized 
cells when irradiated in early G 1. 

ARE THERE SITUATIONS IN WHICH 
APOPTOSIS CAN CONTRIBUTE 

TO SENSITIVITY TO CYTOTOXIC AGENTS? 

Whether apoptosis can contribute to the overall cellular cytotoxicity 
of present anticancer therapies and whether apoptosis does contribute 
to such therapies in solid human tumors are clearly different questions. 
There are several examples in the literature in which apoptosis does 
contribute to the overall sensitivity of cells to treatment with radiation 
or chemotherapeutic agents, as assessed either by in vivo treatments 
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(3,53-) or by clonogenic assays in vitro (7,38,53-55; Wouters and 
Brown, unpublished data). However, a major difference between these 
studies and others, which have failed to find a link between apoptosis 
and overall sensitivity, has been the choice of the cells used in the 
study. For cells of nonhematopoetic origin, the cases in which apoptosis 
does contribute to overall sensitivity have mostly been those that used 
cells derived from normal tissues genetically engineered to express 
dominant oncogenes. Introduction of oncogenes, such as E1A (56), 
myc (53,57) or HPV E7 (58), renders them dramatically more sensitive 
to apoptosis in response to various genotoxic or nongenotoxic stresses, 
and can also make these cells hypersensitive to overall killing by 
radiation (3,7,54) and by various chemotherapeutic agents (unpublished 
data). Apoptosis in these cases is characteristic of lymphoid cells: Death 
is usually rapid after treatment, is dependent on the status of p53 (4,59), 
and can be inhibited by overexpression of Bcl-2 (53,60-62"). For 
example, in mouse embryo fibroblasts (MEFs) transformed with E1A 
and Ha-ras, cells with wild-type p53 undergo rapid apoptosis in re
sponse to genotoxic and nongenotoxic stress, but similarly transformed 
cells fromp53 knockout mice do not (4,62). This dramatic difference in 
apoptosis also translates into an increased sensitivity of the transformed 
p53+1+ MEFs in terms of the overall sensitivity as determined either 
by clonogenic survival (Wouters and Brown, unpublished data) or by 
tumor response in vivo (3"). 

It is important to realize that the loss of p53 in the transformed 
MEFs results not so much in resistance to treatment as much as it does 
in an elimination of the unusually hypersensitive response (in this case, 
presumably caused by apoptosis) that is found following expression 
ofE1A. The p53-null-transformed MEFs revert to an overall sensitivity 
that is closer to the untransformed parental cells. In other words, in 
normal mouse embryo fibroblasts, p53 modulates the hypersensitive 
phenotype induced by oncogenic stimuli. 

An illustration of the role that apoptosis can play in minimally 
transformed cells was recently demonstrated using Rat! cells engi
neered to conditionally express myc (53-). In this study, induced expres
sion of myc increased radiation sensitivity to both apoptosis and 
clonogenic survival, and this increased sensitivity was inhibited by 
expression of bcl-2. The authors of this study also showed a direct role 
for apoptosis during treatment of these cells in vivo. When grown as 
tumors in mice, expression of myc enhanced the sensitivity of the 
tumors to fractionated doses of radiation, and this was abrogated by 
expression of bcl-2, indicating that apoptosis was directly influencing 
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tumor response to radiation. This experiment thus provides direct evi
dence that expression of oncogenes in cells originally isolated from 
normal tissues can induce an apoptotically sensitive phenotype that is 
hypersensitive to treatment with anticancer therapies. 

Studies such as these, using engineered minimally transformed cells, 
have especially shaped the current opinion that apoptosis is an important 
determinant of the response of human tumor cells to cancer therapy. 
As discussed earlier, this has led to the notion that a tumor cell with 
mutant p53 will be more resistant than the same cell with wild-type 
p53, or that increased expression of Bcl-2 in cancer cells will be 
protective. Acceptance of this hypothesis assumes that cells derived 
from human tumors will behave in ways similar to the oncogenic ally 
transformed cells described above. However, a clear distinction between 
tumor cells and genetically engineered cells from normal tissues is the 
requirement of the tumor cells, during their evolution, to overcome 
any apoptotically sensitive state that may have been induced by initial 
oncogenic transformation. The selection against this apoptotically sensi
tive state is driven by the selective forces produced by microenviron
mental stresses, such as hypoxia (62--), reduced growth factor, and 
nutrient supply (57), and the requirement for anchorage-independent 
survival (63,64; see Fig. 4). 

It is therefore likely that the majority of tumors have evolved beyond 
the point at which they may have been apoptotically hypersensitive to 
genotoxic and nongenotoxic stress. This phenotypic evolution can occur 
with or without alteration of such genes as p53 or those in the bcl-2 
family, but is associated with a loss of the rapid induction of apoptosis 
following genotoxic treatment. This selection does not necessarily elim
inate the cell's ability to carry out apoptosis; in some cases, the majority 
of tumor cells may still die by this process, although usually in a more 
delayed manner, occurring several days after treatment, and often after 
cell division (9,65-). Selection against the apoptotically sensitive pheno
type is probably the explanation for the findings in this chapter that 
apoptosis in human tumor cells has minimal impact on the overall 
cellular sensitivity to present anticancer therapy. Several of these studies 
showed that, even in cases in which the level of apoptosis can be 
modified in human tumor cell lines by p53 (42,44), p21 (8--,9--), or 
bcl-2 (20-,21-,66), the overall sensitivity to various genotoxic agents 
was unrelated to the level of apoptosis. This finding indicates that, in 
these cases, apoptosis following genotoxic treatment occurs only in 
cells that have already lost their capacity to continue growth, often as 
a result of unrepaired or misrepaired DNA lesions (see Fig. 5). 
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Fig. 4. Malignant evolution and apoptotic sensitivity. Most differentiated adult 
cells, as well as normal mouse and human fibroblast cell lines, are resistant to 
the induction of apoptosis by genotoxic agents (left). These cells typically undergo 
permanent arrest or senescence following treatment. Initial oncogenic transforma
tion increases the proliferative potential and can dramatically sensitize these cells 
to apoptosis (middle). In general, these cells are more sensitive to apoptosis 
induced by both genotoxic and nongenotoxic stress (e.g., hypoxia, growth factor 
withdrawal, or anchorage independence). Cells in this state have also been shown 
to be hypersensitive to overall cell killing, as assessed by clonogenic assay. 
Examples of cells that can be classified within this apoptotically sensitive state 
include the ElA and ras-transfonned MEFs, the myc-expressing Ratl cells, many 
human stem cells, and hematopoetic tumor cells. Most solid human tumors, and 
tumor-derived cell lines, have evolved beyond this apoptotically hypersensitive 
state because of the selective pressure arising from various forms of nongenotoxic 
stress found within the tumor microenvironment (right). In response to genotoxic 
stress, the predominant mode of cell death for cells in this state mayor may not 
be apoptosis. Manipulations in the levels of apoptosis by means of genetic changes 
has only been shown to effect cells that are apoptotically sensitive (middle). 
Dramatic changes in the level of apoptosis in cells from human tumors often have 
no effect on overall survival. 

The studies with oncogenic ally transformed normal cells, however, 
do suggest the exciting possibility of improving cancer therapy by 
exploiting apoptosis. Development of therapeutic agents that are able to 
revert human tumors to the apoptotically sensitive phenotype associated 
with initial transformation would allow use of current cancer therapies 
with improved therapeutic potential. The key to the development of 
such therapies is an increased understanding of the genetic changes 
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Fig. 5. Two models are shown that illustrate the pathways to cell death in apoptoti
cally sensitive and apoptotically insensitive cells (as defined in Fig. 4). For apoptot
ically sensitive cells, genotoxic damage can signal an immediate apoptotic 
response. This signal is dependent on many genes, including p53, p21, bcl-2, and 
pRb. Cells that avoid death at this point undergo DNA repair, resulting in cells 
that have clonogenic potential, and those that do not. In those cells destined to 
die at this point, a secondary apoptotic decision is made. Cells now may either 
undergo apoptosis, or die by other means, such as reproductive or necrotic cell 
death. For apoptotically insensitive cells, which comprise the majority of cells 
from solid tumors, the primary apoptotic decision point is disabled. Following 
repair, cells that are destined to die still undergo a secondary apoptotic decision 
point, and thus the predominant mode of cell death mayor may not be apoptosis. 
The genes controlling apoptosis at both decision points are similar, and thus it is 
possible to modulate the levels of apoptosis in cells within the apoptotically 
insensitive state by genetic means (e.g., introduction of Bcl-2). However, modula
tion of apoptosis at this secondary point effects only the mode of cell death, and 
will thus have no significant effect on the overall fraction of surviving cells. 

that occur both during initial oncogenic transformation, and during the 
selection process that follows. Equally important will be the use of 
assays that correctly identify therapies that effect the overall level of 
cell-kill, as opposed to those that simply measure changes in the kinetics 
or mode of cell death. 
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ABSTRACT 

Basic cancer research provides a theoretical foundation for rational 
approaches to improve cancer diagnosis, prognosis, and therapy. 
For example, the p53 tumor suppressor can facilitate apoptosis in
duced by anticancer agents, implying that p53 mutations should 
contribute to radiation and drug resistance in human tumors. Indeed, 
p53 mutations do correlate with drug resistance in some tumor 
types, and reintroduction of p53 into p53 mutant tumors enhances 
chemosensitivity in vitro and in vivo. However, in many settings, the 
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relationship between p53, apoptosis, and chemosensitivity remains 
ambiguous. Although methodological shortcomings clearly contrib
ute to this confusion, the situation is further confounded by the 
fact that p53's apoptotic activity depends on context. Hence, the 
chemotherapeutic agent, tumor type, and genetic background may 
each impact on the relationship between p53 and chemosensitivity. 
An improved understanding of this complexity will be necessary to 
guide future efforts in exploiting p53 or other cancer genes for 
improved cancer treatment. 

INTRODUCTION 

Resistance to the cytotoxic agents used to treat cancer remains a 
significant problem in oncology. Because most anticancer agents were 
discovered through empirical screens, efforts to overcome resistance 
are hindered by limited understanding of why these agents are ever 
effective. The role of apoptosis in radiation and drug toxicity provides 
a compelling explanation for drug sensitivity and resistance. This view 
suggests that responsive tumors readily undergo apoptosis in response 
to cytotoxic agents, and that resistant tumors may have acquired muta
tions that suppress apoptotic programs. Many oncogenes and tumor
suppressor genes modulate apoptosis; hence, the role of apoptosis in 
radio- or chemosensitivity provides a mechanistic link between cancer 
genetics and cancer therapy. One of the most provocative examples of 
this relationship involves the p53 tumor suppressor. 

p53 AND CELLULAR RESPONSE TO DNA DAMAGE 

The p53 tumor suppressor has a remarkable number of biological 
activities, including central roles in cell-cycle checkpoints, apoptosis, 
senescence, maintenance of genomic integrity, and control of angiogen
esis. In tum, p53 can be activated by a large number of cellular stresses, 
including ribonucleotide depletion, hypoxia, oxidative stress, and cer
tain mitogenic oncogenes (1-3). Perhaps the best-studied activator of 
p53 is DNA damage, which can promote p53-dependent arrest or 
apoptosis (4-,5-,6-). Since radiation and many chemotherapeutic agents 
either directly or indirectly damage DNA, one can easily imagine that 
p53 status might affect the outcome of cancer therapy. Still, the precise 
nature of this impact is not intuitively obvious. 

p53 is a fundamental component of a DNA-damage-inducible GI 
checkpoint (6-), implying that p53 promotes cell-cycle arrest to facilitate 
DNA repair. If, as is often speculated, anticancer agents preferentially 
kill inappropriately proliferating cells, the inability to arrest following 



Chapter 2 I p53, Apoptosis, and Chemosensitivity 23 

DNA damage might contribute to the tumor selectivity of radiation 
therapy. Although indirect evidence in certain tumor cells is consistent 
with this possibility (7-), this hypothesis could not be confirmed in 
isogenic wild-type and p53-null murine fibroblasts (8). Apoptosis is 
another outcome of p53 activation following DNA damage. For exam
ple, radiation induces apoptosis in normal, but not p53-deficient, thymo
cytes, both in vitro and in vivo (4,5). These studies raise the possibility 
that cells lacking p53 might more readily survive certain forms of 
cancer therapy. 

p53 AND CHEMOSENSITMTY 

Studies using oncogenic ally transformed murine fibroblasts from 
normal and p53-deficient mice provide compelling evidence that the 
p53-dependent apoptotic program can affect the outcome of cancer 
therapy. In this setting, disruption of p53 function reduces apoptosis, 
thereby increasing cell survival and producing a multidrug-resistant 
phenotype (9-). Similar effects are observed in vivo, in which fibrosarco
mas derived from oncogenic ally transformed fibroblasts expressing p53 
display massive apoptosis and regress, but tumors derived from p53-
deficient cells show little apoptosis and continue to grow (10"). More
over, acquired p53 mutations are associated with resistance and relapse 
of tumors derived from p53-expressing cells. Although highly artificial, 
these experiments demonstrate that genetic control of cell death can 
have a dramatic impact on the efficacy of cancer therapy and make 
the clear prediction thatp53 mutations-by reducing apoptosis-should 
contribute to drug resistance in tumors. 

Consistent with this model, p53 mutations correlate with reduced 
drug toxicity in panels of cell lines from certain tumor types, including 
Burkitt's lymphoma (11-), astrocytomas (12), gliomas (13), melanomas 
(14), and testicular carcinomas (15). Moreover, dysfunctional p53 corre
lates with decreased sensitivity to anticancer agents in broad analysis 
of the 60 National Cancer Institute (NCI) cell lines derived from various 
tumor types, although the extent of this effect was agent-dependent 
( 16--). Because comparisons between human tumor lines are necessarily 
correlative, other studies directly induce or suppress p53 function, to 
examine its effects in cells of the same genetic background. In some 
settings, inactivation of p53 with exogenous genes, such as dominant
negative p53 mutants, Mdm-2, or human papillomavirus (HPV) E6 
protein, reduces the efficacy of cytotoxic agents (17-19), although p53 
inactivation can also have the opposite effect (see below). Perhaps the 
most striking responses, however, are seen following reintroduction of 
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p53 into p53-mutant tumor lines. Here, a large number of studies 
document marked increases in radiation- and drug-induced apoptosis 
following transfer of pS3 genes, both in vitro and in xenographs 
(20",21-24-). This is exactly what would be predicted if p53 enhances 
chemosensitivity. 

p53 MUTATIONS AND DRUG 
RESISTANCE IN HUMAN TUMORS 

Although cell culture studies are important and are experimentally 
tractable, the only relevant measure of drug efficacy is tumor regression, 
ultimately, in human patients. Consistent with the observations from 
some model systems, pS3 status is strongly linked to drug resistance 
in several tumor types. The most striking examples occur in lymphoid 
malignancies, including non-Hodgkin's lymphoma, acute myeloid leu
kemia, myelodysplastic syndrome, and chronic lymphocytic leukemia. 
When these patients are classified by pS3 status, tumor response, and 
survival, those patients harboring tumors with pS3 mutations are much 
less likely to enter remission, and are more likely to die, than those 
with tumors harboring wild-type pS3 genes (2S .. ,26-, 27). Furthermore, 
in acute lymphoblastic leukemia, p53 mutations in primary tumors 
are exceedingly rare, and most patients typically respond to therapy. 
However, a subfraction of patients relapse, and approx 30% of relapsed 
tumors harbor mutant pS3. Of those who relapse, patients with pS3 
mutant tumors are less likely to enter a second remission, compared 
to patients with tumors harboring wild-type pS3 (28-). Enrichment for 
cells with pS3 mutations is exactly what would be predicted if pS3 
mutations conferred a survival advantage to cells during chemotherapy. 

pS3 mutations are linked with drug resistance in carcinomas, as well. 
In breast cancer, pS3 mutations are a strong predictor of relapse and 
death (29"), and are associated with resistance to several therapeutic 
regimens (30-,31",32). In Wilms' tumor, pS3 mutations are associated 
with a more aggressive (anaplastic) tumor type that is refractory to 
therapy and displays reduced apoptosis (33). pS3 mutations are associ
ated with treatment failure or drug resistance in other solid tumors, 
including metastatic colon (34-), esophogeal (35), testicular (1S), and 
ovarian carcinomas (36--). Bax is a proapoptotic member of the 
Bcl-2 family that can act as a p53 effector in apoptosis. Low Bax 
protein expression correlates with drug resistance and radiosensitivity 
in breast cancer (37), which is consistent with the impact of p53 on 
anticancer agent sensitivity in this tumor type. 



Chapter 2 / p53, Apoptosis, and Chemosensitivity 25 

In addition to apoptosis, at least two other aspects of p53 biology 
may contribute to drug resistance. First, mutant p53 can upregulate 
expression of P-glycoprotein (PGP) , a membrane pump implicated 
in multidrug resistance because of its ability to prevent intracellular 
accumulation of certain drugs (38). Consequently, p53 mutations may 
indirectly promote drug resistance by enhancing PGP levels. However, 
p53 mutations do not correlate with elevated PGP expression in human 
tumors (25",39) and both radiation and non-PGP substrate drugs can 
display p53-dependent toxicity (40). Second, because p53 mutations 
relax genomic integrity, it is conceivable that secondary mutations 
actually produce drug resistance. However, this seems unlikely, because 
reintroduction of wild-type p53 has been shown to enhance chemosensi
tivity (see above). Nevertheless, genomic instability can only compound 
the problem. 

MANY STUDIES FAIL TO CORRELATE 
p53 MUTATIONS WITH REDUCED 

ANTICANCER AGENT CYTOTOXICITY 

Although the correlations described above are striking, many studies 
on human tumor lines or patients find no correlation between p53 status 
and radio- or chemosensitivity (see Chapter 1). In fact, others see an 
opposite effect (41-,42-). For example, bladder cancer tumors that are 
positive for p53 by immunohistochemistry (a surrogate marker for p53 
mutation) are more responsive to a variety of treatments than are tumors 
with undetectable p53 (43"). Similarly, in bladder cancer cell lines, 
cells expressing mutant p53 are more sensitive to radiation than their 
wild type counterparts (44). These observations are consistent with the 
notion that disruption of p53-dependent cell-cycle checkpoints can 
enhance chemosensitivity (7-). 

What can explain this apparent paradox? Much has been made of 
the variability between short-term and long-term clonogenic survival 
assays (see Chapter 1). The issue is further confounded by the fact that 
clonogenic survival in vitro may not accurately reflect cell-kill in vivo 
(45"); see also Chapter 1 for an opposing view), perhaps because 
autocrine or paracrine survival factors, which have a major impact on 
apoptosis, are, in tum, influenced by cell density or microenvironment. 
Still, p53 can enhance drug-induced toxicity in clonogenic survival 
assays (21-,46-,47) or, more importantly, in vivo (10--,20--,48"). A 
more likely explanation for this paradox is methodological, because 
current technologies are unable to properly classify tumors based on p53 
functional status. Finally, the diversity of p53 activities and subsequent 
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consequences of p53 loss may vary between settings. Because defects 
in damage-induced checkpoints may enhance chemosensitivity, but 
defects in apoptosis promote drug resistance, the clinical impact of p53 
mutation may be determined by which effect predominates. This, in 
tum, may be influenced by tumor type, chemotherapeutic agent, or 
genetic background. 

p53 DETECTION AND THE IMPACT 
OF THE p53 PATHWAY 

In correlative studies using human cell lines or tumors, the ability 
to make statistically relevant comparisons requires that samples be 
accurately classified based on p53 status. Most clinical studies rely on 
p53 immunohistochemistry as a surrogate marker for p53 mutations, 
but this method is subjective, and necessarily misclassifies a subset of 
tumors (49--). Direct sequencing of p53 is more accurate and can 
identify associations between p53 mutations and clinical parameters 
that immunohistochemistry cannot (49"), but is tedious and subject to 
normal cell contamination. In studies with limited material, misclassifi
cation of even a few tumors can affect the ability to uncover statistically 
significant differences. 

Even with accurate diagnosis of p53 status, two mechanistic issues 
can dramatically affect the interpretation of the results. First, tumors 
harboring different p53 mutations may not behave identically. Mutations 
in the p53 gene can occur in over 100 codons, and mayor may not 
be accompanied by loss of the wild-type allele (1,2). p53's apoptotic 
activity is highly sensitive to p53 dosage (4-,5-), and individual p53 
mutations can have distinct functional consequences (50,51). Indeed, 
recent studies suggest that certain p53 mutations result in tumors with 
a particularly aggressive clinical course (52,53). Second, p53 function 
can be compromised by various mechanisms, including gene mutation, 
deletion, extragenic mutations in the p53 pathway, or heteromeric pro
tein interactions (1,2). For example, following DNA damage, p53 is 
activated by kinases that produce changes in p53 phosphorylation and 
conformation (54,55). Upon activation, p53 regulates a series of target 
genes, including the p21 CIPIIWAFI cyclin-dependent kinase inhibitor and 
Bax. p53 also associates with a series of cellular or viral proteins that 
modulate its activity, including Mdm2, HPV E6, p33ING, and p19ARF 

(1,2,56-,57-). Extragenic mutations that affect p53 function occur in 
human cancer; for example, HPV E6 in cervical carcinomas; Mdm-2 
in a variety of tumors, and Bax in heredity nonpolyposis colorectal 
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cancer-type colon cancer (1,2,58"). In these settings, p53 status would 
be misclassified by all current technologies. Given these caveats, it is 
almost impossible to interpret negative results in clinical studies. 

CHEMOTHERAPEUTIC AGENT AND DOSE 

Chemotherapeutic agents can show a variable dependence on p53 for 
toxicity ( 16 .. ). For example, microtubule-targeting agents do not damage 
DNA, and can effectively kill p53 mutant cells (12,19,47-,59), although 
this effect is not universal (60). Another issue relates to dosage: In all 
settings, cytotoxic agents induce apoptosis in the absence of p53, if pro
vided at sufficiently high doses. This implies that p53 is not an essential 
component of the apoptotic machinery, but apparently determines the 
threshold of damage at which this machinery is engaged. Even HL60 
cells, a p53-deficient tumor line that is often considered drug sensitive, 
becomes much more drug-sensitive upon re-expression of p53 (23-). 
Hence, the impact of p53 on chemosensitivity may be influenced by 
whether or not a drug can be administered at sufficient levels to achieve 
a p53-independent effect. Finally, few studies have examined the effects 
of p53 on the cytotoxicity of combination therapy-the typical strategy 
used in patients. A better understanding of these issues may facilitate the 
design of more effective treatment protocols. 

Still, discrepancies relating p53 to chemosensitivity are observed 
between studies using the same agent. For example, inactivation of 
p53 enhances cisplatin toxicity in normal fibroblasts (41-); by contrast, 
ElA-expressing fibroblasts lacking p53 are more resistant than their 
p53 normal counterparts (61). Hence, in fibroblasts, a signal gene can 
change the impact of p53 on chemosensitivity. In the MCF7 breast 
carcinoma and U20S osteosarcoma lines, inactivation of wild-type p53 
with HPV E6 or a dominant-negative p53 mutant enhances cisplatin 
toxicity (42-). By contrast, inactivation ofp53 reduces cisplatin toxicity 
in murine thymocytes (47-). Finally, enforced p53 expression enhances 
cisplatin toxicity in many settings, including in xenographs derived 
from lung carcinoma cells (20--,24-). Thus, the role of p53 in chemosen
sitivity may depend on context. 

p53'S APOPTOTIC ACTMTY 
IS CONTEXT-DEPENDENT 

The prediction that p53 should enhance chemosensitivity is based 
on its apoptotic function; however, other functions of p53 may not 
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promote chemosensitivity. Perhaps positive correlations between p53 
and chemosensitivity will only occur in circumstances in which p53's 
apoptotic function predominates. In this regard, a major determinant 
of p53's apoptotic activity is cell type. In most normal tissues, p53 
does not produce apoptosis at sublethal levels of ionizing radiation, 
but rather, may promote cell-cycle arrest and/or facilitate DNA repair. 
However, some tissues, including cells of hematopoietic origin and 
intestinal stem cells, are intrinsically wired for damage-induced 
apoptosis, and, in these settings, apoptosis depends particularly on p53 
(4-,5-,48--,62-65-). Hence, in tumors derived from these tissues, p53 
may be in an apoptotic mode and may be a strong factor in determining 
cellular chemosensitivity. This appears to be the case in hematologic 
malignancies (see above). 

Tissue-independent changes also can affect p53 's apoptotic activity, 
including p53 levels or genetic background. In an osteosarcoma line, 
low levels of p53 promote cell-cycle arrest, but higher levels promote 
apoptosis (66). Alternatively, in a series of colon carcinoma lines, 
ectopic p53 expression produces either growth arrest or apoptosis, 
depending on intrinsic genetic factors (67"). Presumably, the impact 
of genetic background reflects the fact that certain oncogenic changes 
can reveal p53's apoptotic activity in cell types in which p53 normally 
facilitates growth arrest (9-). For example, both the E1A and myc 
oncogenes induce p53 protein and promote p53-dependent apoptosis 
in fibroblasts (68-,69-), and these changes also promote radio- and 
chemosensitivity (9-,70,71"). EIA's proapoptotic activity depends on 
its ability to inactivate th~ Rb tumor suppressor, and perhaps the 
E2Fs; indeed, loss of Rb and overexpression of E2F-I can promote 
p53-dependent apoptosis (72-74--). Still, Rb deficiency can also pro
mote p53-independent cell death in certain contexts (73). Recent 
studies demonstrate that the ability of these oncogenic changes to 
activate p53 depends chiefly on pl9ARF (74--,75--), an alternative 
reading-frame product of the INK4a tumor-suppressor locus (76). 
Although pl9ARF acts in a DNA-damage-independent signaling path
way to p53 (75",77--), it can synergize with radiation and chemothera
peutic drugs to facilitate p53-dependent apoptosis (75"). In contrast, 
the Bcl-2 oncogene can suppress p53's apoptotic function while 
allowing growth arrest (78). Hence, the outcome of p53 activation in 
tumors does not simply reflect tissue of origin, but also may be 
determined by the cumulative impact of the oncogenic mutations in 
each tumor cell. These issues, in tum, may have a substantial impact 
on p53's relationship to chemosensitivity. 
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THERAPEUTIC STRATEGIES 

An improved understanding of the relationship between p53 and 
chemosensitivity may lay the groundwork for new cancer therapies. In 
tumors that retain p53 function, it may be possible to superactivate 
p53 to promote apoptosis in combination with standard chemotherapy. 
For example, strategies to disrupt the p53-Mdm-2 negative feedback 
loop (79-,80-), or to mimic p19ARF (75--), have been presented. In 
tumors with p53 mutations, reintroduction of p53 should synergize 
with standard agents to induce apoptosis and promote tumor regression. 
Indeed, gene therapy strategies using this approach are currently in 
clinical trials (22). Although gene therapy suffers from gene delivery 
limitations, strategies that combine this with standard therapies are 
particularly attractive as patients continue to receive systemic therapy. 
Subsequent research may identify suitable targets for small-molecule 
inhibition, allowing reactivation of the p53 apoptotic program and 
chemosensitivity in the absence of p53. 

On the other hand, normal hematologic cells and certain stem cells 
of the small intestine are remarkably sensitive to apoptosis following 
radiation or chemotherapy (see above). It is interesting that damage to 
these tissues accounts for many of the most debilitating side effects of 
cancer therapy. Ironically, the presence of p53 in these normal tissues 
may be deleterious for cancer patients, because in these settings, p53 
activity contributes to the deletion of normal cells (48--). Perhaps 
agents that suppress p53 function in these tissues would make effective 
chemoprotective agents. 

CONCLUSIONS 

Despite extraordinary advances in the understanding of cancer, basic 
cancer research has yet to make a substantial impact on the treatment 
of human malignancy. Most cancer patients continue to receive highly 
toxic drugs derived from empirical screens, and the best therapy remains 
complete surgical resection of the tumor. Still, underlying the massive 
effort to identify the molecular defects in cancer cells is the premise 
that this information will eventually produce better diagnostic and 
prognostic tools, and will ultimately suggest rational therapeutic strate
gies. The role of p53 in apoptosis and chemosensitivity provides a 
provocative link between factors that influence tumor development and 
those involved in drug toxicity. Current clinical studies suggest that 
p53 status may be a useful predictive tool in some settings, although 
a better understanding the complexity of p53 regulation and activity 
will be necessary for this information to be broadly useful in diagnosis 
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or prognosis. Nevertheless, reintroduction of p53 into p53-defective 
tumors enhances apoptosis and the cytotoxicity following treatment 
with a broad range of anticancer agents. Hence, strategies to enhance 
p53 activity in tumor cells, by gene therapy or by the appropriate 
manipulation of downstream targets, are likely to have therapeutic 
benefit. 
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ABSTRACT 

The p53 tumor suppressor is a major determinant of chemo- and 
radiosensitivity of cancer cells. Loss of p53-dependent apoptosis, 
the most common deficiency in human cancer, correlates with resis
tance to therapy. Using bioinformatic and functional genomic ap
proaches, the p53 pathway leading to apoptosis is being unraveled, 
and includes signals that ultimately activate caspases, alter cyto
chrome-c release from mitochondria, and generate toxic oxygen 
species. Recently, a link between p53 and the tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL) death receptor 
KILLERlDR5 expression has been identified as a potential p53-depen
dent mechanism for signaling caspase activation after the exposure of 
mammalian cells to DNA-damaging drugs. The upstream pathway 
from DNA damage to p53 stabilization appears to involve kinases, 
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such as ataxia telangiectasia-mutated gene or DNA-PK, which phos
phorylate p53, thereby inhibiting Mdm-2 binding andp53 degradation, 
as well as acetylation events that activate latent sequence-specific 
DNA binding and transactivation by p53. The new information regard
ing specific phosphorylation and acetylation events, as well as elucida
tion of novel downstream mediators, offers multiple inroads into drug 
design, to modulate or bypass p53 function in killing cancer cells. 

INTRODUCTION 

There are many excellent reviews covering the basics of p53 structure 
and function, and the reader is encouraged to refer to them for older 
references (J .. ,2-4-). Several lines of evidence have implicated p53 
as a major determinant of chemo- and radiosensitivity. Studies of cells 
derived from the p53 knockout mice have suggested that p53 loss leads 
to resistance to apoptosis induced by exposure to ionizing radiation or 
a variety of chemotherapeutic drugs. Thymocytes from p53 -/- mice 
are radioresistant, and fibroblasts that have been transformed by ras 
and EIA are resistant to apoptosis induced by adriamycin, cisplatin, 
and 5-fluorouracil (5-FU). Data from the National Cancer Institute's 
cell screen of over 60 human cancer and leukemia cell lines, treated 
with more than 60,000 compounds, including a set of 123 standard 
antineoplastic agents, has suggested that the vast majority of clinically 
useful chemotherapeutic drugs are most effective in killing wild-type 
p53-expressing cells (5,6-). In some, but not all, cases, targeting p53 
protein for degradation by human papillomavirus (HPV) E6 protein 
has led to altered chemosensitivity (7-9). 

It has become clear from chemosensitivity testing of human cancer 
cell lines as a function of p53 status that there are important tissue 
specific differences in cancer cell sensitivity. For example, certain 
malignant hematopoietic cells are more sensitive to DNA-damaging 
drugs than solid-tumor cell lines, regardless of p53 status. Also, p53 
status does not always correlate with chemosensitivity. It is not too 
difficult to identify cell lines derived from a given tissue that express 
wild-type p53, and yet appear to be more resistant to DNA-damaging 
drugs, compared to cell lines from the same tissue type that express 
mutant p53 or no p53. Such observations suggest either that cancer 
cells evolve changes that suppress the role of wild-type p53 in chemo
sensitivity, or that p53 status may not always be critically important. 
The former possibility is favored for several reasons. First, p53 is the 
most commonly mutated gene in human cancer, and it is clear that loss 
of p53 correlates with malignant tumor progression and drug resistance 
in vivo in many tumor types (3). Second, p53 is a potent inducer of 
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apoptosis, and there is ample evidence that cells can evolve mechanisms 
to inactivate its function without mutation, for example, by Mdm-2 
overexpression. Thus, it is not too difficult to imagine scenarios in 
which critical events upstream or downstream of wild-type p53 could 
inhibit its activity as a tumor suppressor. Third, the introduction of wild
type p53 by using a replication defective adenovirus vector universally 
sensitizes cancer (or normal) cells to killing by a number of cytotoxic 
DNA-damaging anticancer agents (10). 

In order to understand the relationship between p53 and chemosensi
tivity, it becomes crucial to understand the complexities of p53 regula
tion and function (Fig. 1). The pathway upstream of p53 is being 
elucidated, and it appears to involve a number of very interesting genes, 
some of which are clearly tumor-suppressor genes in their own right. 
The targets of p53 continue to be uncovered and links between p53 
and cell execution are being made. For many years, p53 has been 
known as a major tumor-suppressor gene with no close homologs; 
however, this is rapidly changing, with the identification ofp73 (11,12), 
p42 (the p53-competing protein) (13), and p63 (KET) (14). However, 
no p53 homolog has been reported to be frequently inactivated in 
human cancer, including p73, which may be inactivated rarely in neuro
blastomas (11). 

REGULATORS OF p53 

Because p53 may be the most important suppressor of human cancer, 
there has been an intense effort to identify its mechanism of action. 
One of the basic approaches to this question has been to identify 
what proteins interact with p53, and how the interactions modulate 
its function. Historically, the first group of p53-interacting proteins 
discovered were several transforming viral oncoproteins. In fact, p53 
was discovered as an SV40 large T-antigen interacting protein. It is 
also targeted for inactivation by HPV E6, which, through E6-associated 
protein, an E3-ubiquitin ligase, resulted in its degradation. It appears 
that the p53 homolog, p73, unlike p53, is resistant to HPV E6-mediated 
degradation, and could suppress growth through the induction of 
apoptosis in E6-overexpressing cancer cells (15). Other p53-interacting 
viral proteins include the adenovirus ElB 55-kDa protein, which binds 
to p53 and inhibits its transcriptional activity, and the hepatitis B X 
protein, which sequesters p53 in the cytoplasm. p53 function in tran
scription is also inhibited indirectly by adenovirus EtA, through its 
p300/(CBP)-interacting domain (16), as well as by the adenovirus 
E40RF6 protein (17), and its function as an inducer of apoptosis is 
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Fig. 1. The p53 pathway in 1998. Multiple different cellular stresses stabilize 
the p53 protein through a mechanism that, at least for DNA damage, involves 
phosphorylation and acetylation, leading to enhanced DNA binding and transacti
vation of target genes. Phosphorylated p53 (serine 15) is stabilized by virtue of 
decreased MDM-2 binding and degradation. p53 is subject to positive and negative 
regulation by a number of interacting proteins, some of which are known tumor 
suppressor genes. Targets of p53-dependent transcriptional activation mediate 
many of its biological effects, as indicated. 
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blocked indirectly by the Adenovirus ElB 19-kDa protein, which is a 
homolog of the antiapoptotic protein Bcl-2 (18). 

As the list of cellular proteins that interact with p53 grows, it becomes 
possible to classify them into at least four groups. These include proteins 
involved in control of gene expression, such as TAPs, p300, or CBP; 
proteins involved in replication or repair such as ERCC3, RAD51, or 
RPA; tumor-suppressor proteins, such as p33INGI (19), breast cancer 1 
susceptibility gene (BRCAl) (20,21), WTl, p19ARF (22,23); and the 
negative regulator of p53, Mdm-2. The hypoxia-inducible factor 10. 
(HIF-lo.) was recently found to interact with p53, stabilize its expres
sion, and stimulate p53-dependent transcription (24). 

Mdm-2, which targets p53 for degradation and also binds its N
terminal region, thereby concealing its transactivation domain, confers 
resistance to killing by certain DNA-damaging agents, such as cisplatin 
(25). Strategies to bypass Mdm-2-dependent inhibition of p53-mediated 
apoptosis include the use of p53 mutants incapable of interaction with 
Mdm-2, drugs that block the p53-Mdm-2 interaction, or the use of 
adenoviruses that express growth-inhibitory targets of p53, such as 
p21, which is not sensitive to Mdm-2 (26). Although it may be expected 
that tumor suppressors that interact with p53 may enhance chemosensi
tivity, there is little evidence of this at present. It has been shown, 
however, that the p33INGI candidate tumor suppressor can enhance the 
p53-dependent killing of human skin fibroblasts by the DNA-damaging 
topoisomerase II inhibitor, etoposide (19). There is some evidence that 
BRCAI may enhance p53-dependent transcription, leading to increased 
apoptosis (20), and, although BRCA 1 phosphorylation is altered follow
ing exposure to a variety of DNA-damaging agents (27), it is not yet 
clear whether BRCAI can sensitize cells to cytotoxicity caused by 
exposure to DNA-damaging agents that induce cell killing through the 
p53 pathway. This will be of particular interest, given that enhanced 
DNA repair capacity, a role proposed for the BRCAI and BRCA2 gene 
products, may in some cases confer a survival advantage. At least in 
the case of BRCA2, loss of BRCA2 leads to radiation hypersensitivity 
(28). It is well known that loss of the ataxia telangiectasia mutated gene 
(ATM) protein, which functions upstream of p53, leads to radioresistant 
DNA synthesis, i.e., loss of Gland S-phase checkpoints manifested 
by continued DNA synthesis, despite DNA damage by ionizing radia
tion, and a severe hypersensitivity to the killing induced by such radia
tion. It should be emphasized that the loss of checkpoint control in AT 
cells does not account for the radiation hypersensitivity (29). In fact, 
this hypersensitivity to ionizing radiation is further increased by loss 
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of p21, the prototype cyclin-dependent kinase (CDK) inhibitor, which 
is a target ofp53 in Gl checkpoint control; loss of both ATM and p21 
has been correlated with delayed lymphomagenesis (30). 

REGULATION OF p53 
BY PHOSPHORYLATION AND ACETYLATION 

It has been known since the early 1980s that p53 protein is stabilized 
following exposure of mammalian cells to ultraviolet light. Work by 
Kastan and colleagues in the early 1990s revealed that p53 protein is 
stabilized following exposure to ionizing radiation, leading to cell
cycle arrest in G 1 by a posttranscriptional mechanism. Although the 
p53 protein has numerous phosphorylation sites and could be phosphor
ylated by a number of kinases in vitro, including S-phase and G21M 
CDKs, casein kinase II, and DNA-dependent protein kinase (DNA-PK), 
elucidation of the role of phosphorylation events and the mechanism of 
stabilization has remained enigmatic until recently (31,32--,33"). Re
cent experiments by Shieh et al. (32) and Siliciano et al. (33) has 
revealed that, following exposure of mammalian cells to ionizing radia
tion, the p53 protein becomes rapidly phosphorylated at serine 15. 
DNA-PK was shown to be capable of phosphorylating p53 in vitro 
at serine 15 and 37, which reside within its transactivationIMdm-2-
interacting domain. The phosphorylated p53 interacts poorly with 
Mdm-2, which normally binds to and inhibits the transactivation func
tion of p53, and also targets its degradation by the proteasome. Thus, 
it is currently believed that, through DNA-damage-induced phosphory
lation, p53 becomes stabilized by inactivation of the pathway, which 
normally makes it a labile protein. In addition to regulation of its 
stability, there is potential for regulation of p53 function through phos
phorylation. The phosphorylation of p53 by CDKs has been shown to 
selectively modulate its DNA-binding function (31). The crystallization 
of the p53-Mdm-2-binding pocket has provided a strategy for drug 
development for Mdm-2-overexpressing cancers. It may be predicted, 
based on the new information on serine 15 phosphorylation, that drugs 
that enhance this phosphorylation, or that block dephosphorylation at 
serine 15, may have potent cytotoxic effects. It will be of interest 
to determine if p53 stabilization, which follows oncogene activation, 
nucleotide-depleted, or hypoxic conditions, also involves serine 15 
phosphorylation and the same or different kinases. 

New evidence obtained by Shiloh (34) and Kastan et al. (35) suggests 
that the p53 and ATM proteins co-immunoprecipitate, that ATM-depen
dent kinase activity is increased following 'Y-irradiation, and that p53 
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becomes phosphorylated by this ATM-dependent kinase activity. The 
mechanism of increased ATM kinase activity remains unclear. 

Evidence obtained within the past year has linked acetylation events 
to regulation of p53 by p300/CBP and p300/CBP-associated factor 
(P/CAF) (36-). Acetylation of p53 on lysine residues 382 and 320 
within its C-terminal domain has been found to disrupt interactions 
between the C-terminal domain and the core DNA-binding domain, 
thus allowing the core domain to adopt an active conformation. Thus, 
phosphorylated and acetylated p53 becomes activated in terms of DNA 
binding and activation of gene expression. Evidence obtained by Saka
guchi et al. (37) suggests that acetylation of p53 may be driven by 
prior phosphorylation following DNA damage, i.e., full-length p53 
containing its N-terminal region, which is phosphorylated following 
DNA damage was found to be a much better substrate for acetylation 
by p300 or P/CAF. These observations suggest that there may be several 
possible sequential steps in p53 activation following DNA damage, 
including: activation of a kinase, such as ATM or DNA-PK; phosphory
lation of the N-terminal region of p53 at serine 15 and 37; inhibition 
of interaction between phosphorylated p53 and Mdm-2, leading to 
decreased p53 degradation, (this step is subject to further regulation 
by other proteins, such as the p19ARF tumor suppressor); acetylation of 
the C-terminal region of p53 at lysines 382 and 320; activation of latent 
DNA-binding activity of p53; and trans activation of downstream target 
genes. This upstream pathway of p53 regulation provides new targets 
for drug discovery to modulate chemosensitivity. 

DOWNSTREAM TARGETS OF p53 

The best-characterized function of p53 is in transcriptional activation, 
although p53 could also repress gene expression and signal through 
protein-protein interactions (1). Most tumor-derived mutants of p53 
are defective in DNA binding and trans activation. All targets directly 
upregulated by p53 contain consensus DNA-binding sites, and in part 
explain the biological effects of p53, including cell-cycle arrest in G 1 
(p21WAFl) or G2 (14-3-30' [38J, growth arrest and DNA damage induc
ible gene 45 [GADD45] [39]), repair (GADD45, p21 WAF1), inhibition 
of growth factor signaling insulin growth factor-binding protein 3 
(IGF-BP3), inhibition of angiogenesis thrombospondin 1 (Tspl), and 
apoptosis induction (Bax, Fas, p53-inducible gene 3 [PIG3], p53-induc
ible TRAIL death receptor 5 [KILLERlDR5]) (40-,41-). Recently, p85, 
a regulator of the signaling protein, phosphatidylinositol-3 kinase has 
been identified in the p53-dependent apoptotic response to oxidative 
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stress (42). However, it is not yet clear whether p85 is a direct down
stream target of p53-dependent trans activation. 

Little is known about what determines which biological effect of 
p53 dominates, but it is clear that there are cell-type-specific differences 
in p53 function. For example, p53 tends to cause apoptosis in hemato
poietic cells, but fibroblasts tend to arrest. However, overexpression 
of p53 at high levels or exposure of wild-type p53-expressing epithelial 
cancer cells to cytotoxic doses of DNA-damaging agents generally 
leads to apoptosis. It is likely that upstream regulators of p53 may 
direct activation of different transcriptional programs. For example, 
there is evidence that phosphorylation of p53 by CDKs could selectively 
affect its target specificity in DNA binding (38). The precise mechanism 
that determines the outcome of p53 activation remains a mystery. How
ever, it is likely that p53 is the favored target for inactivation in human 
cancer, because it activates multiple downstream effector target genes 
that mediate its effects. There is probably much redundancy in this 
pathway that is critical for generational health and cancer prevention. 

DEATH RECEPTORS, p53, AND DNA DAMAGE 

Studies in Caenorhabditis elegans and Drosophila have provided evi
dence for a genetic basis for programmed cell death. The pathway leading 
to death in higher organisms is being elucidated (43"). Death can be 
triggered by extracellular signals that engage so-called death receptors, 
such as the Fas receptor or the tumor necrosis factor (TNF) receptor. 
Following binding of the ligand to the extracellular cysteine-rich repeats, 
members of the TNF receptor family trimerize within the cell membrane. 
Association of receptors is in part facilitated by their protein-protein 
interacting cytoplasmic death domains. The death domains of death re
ceptors recruit so-called adaptor molecules that also contain death do
mains. The adaptor for the Fas receptor is known as Fas-associated death 
domain (FADD). This adaptor contains a death domain at its C-terminus 
and a second protein-protein interaction domain, known as the death
effector domain (DED) at its N-terminus. The DED of adaptors binds to 
the DED (also known as the prodomain) of caspases. The recruitment of 
caspases to the receptor-signaling complex generates an active entity (the 
death-inducing signaling complex), which signals subsequent proteoly
sis and endonucleolytic cleavage. Caspases have the property of autoacti
vation, which leads to cleavage into pI 0 and p20 subunits that can act on 
downstream caspases. The TNF receptor associates with TNF receptor
associated death domain (TRADD), which, through its death domain, 
binds to FADD and transmits a death signal. The TNF receptor can also 
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triggernuclearfactor-KB activation, leading to decreased toxicity follow
ing exposure of cells to TNF. 

A relatively new member of the cytotoxic cytokine family is the 
TNF-related apoptosis-inducing ligand (TRAIL) (44). There are at 
least four TRAIL receptors (DR4, KILLERlDR5, decoy TRAIL recep
tor no. 3 lacking an intracellular domain [TRIO], and decoy TRAIL 
receptor no. 4 containing a truncated death domain [TRUNDDD that 
have been discovered (see Fig. 2) within the past year (45",46). TRID 
and TRUNDD are antiapoptotic decoy receptors that can inhibit 
TRAIL-induced apoptosis by competing for ligand binding. The two 
proapoptotic TRAIL receptors are DR4 and KILLERlDR5. The precise 
signaling pathway of TRAIL-mediated apoptosis remains unclear. Al
though FADD has been implicated in the apoptotic pathway of TRAIL 
(47-49), FADD is not required for TRAIL-induced apoptosis (50"). 

A potential mechanism of p53-dependent apoptosis was suggested 
when the KILLERlDR5 receptor was identified as a candidate p53 
target gene that is induced following exposure of wild-type p53-con
taining cells to a variety of DNA-damaging agents, including adriamy
cin, etoposide, and radiation (41). KILLERlDR5 is an extremely potent 
growth-inhibitory gene through apoptosis induction. The mechanism 
of KILLERlDR5 induction by p53 appears to require new transcription, 
and may in part be mediated by p53 DNA-binding sites located within 
the genomic regulatory sequences of the KILLERlDR5 gene (R. Taki
moto and W.S. EI-Deiry, unpublished observations). Recent studies 
have uncovered a p53-independent pathway of KILLERlDR5 induction 
following exposure of cells to TNF-a (51). Although the TNF-a induc
tion appears to be transcriptional, the transducer(s) of the signal re
mains unknown. 

Chemotherapeutic agents and radiation can induce p53-dependent 
expression of the death receptor Fas (52); (and see Chapter 12). There 
is also recent evidence that Fas ligand may be upregulated following 
exposure of cells to cytotoxic DNA-damaging agents (53). It is possible 
that p53-mediated apoptosis induced by DNA damage involves upregu
lation of these receptors, which then signal to downstream caspases, 
leading to apoptosis. Although the Fas-signaling pathway may be in
volved in p53-dependent apoptosis, neither the Fas receptor nor the 
FADD adaptor are required for DNA-damage-induced p53-dependent 
death (50,54; G. S. Wu and W.S. EI-Deiry, unpublished observations). 

Some data have suggested that decoy receptors of TRAIL are ex
pressed only in normal cells, but not in transformed and tumor cells 
(45"). Because TRAIL can preferentially kill tumor cells over normal 
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Fig. 2. p53 regulates the expression of death receptor genes in apoptosis induction. 
These include the Fas receptor and the TRAIL receptor KlLLERlDR5. KILLER! 
DR5 is part of a growing family of TRAIL death receptors that includes two decoys 
(TRlD and TRUNDD) and the proapoptotic receptor DR4. The proapoptotic TRAIL 
receptors signal caspase activation through a mechanism that may involve the FADD 
adaptor. However, there is an unknown mechanism of caspase activation by these 
TRAIL receptors, because FADD is not required for TRAIL receptor death signaling. 
Although they may be involved in p53-dependent cell death, neither Fas nor FADD 
are required for DNA damage-induced p53-dependent death. It is not yet known if 
TRAIL receptors are required for p53-dependent death. It may be that multiple p53 
targets, such as Fas, bax, KlLLERlDR5, and PIG3, serve partly redundent roles in 
p53-dependent apoptosis, so that inactivation of anyone of them alone is not suffi
cient to completely disable the p53 pathway. Such a hypothesis fits well with the 
fact that p53 is a highly favored target for mutation in human cancer, far beyond any 
of its targets, which are rarely, if ever, mutated. 
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cells, it shows promise for future use in the treatment of human cancers. 
However, there is no current information about the efficacy of combin
ing TRAIL and classical cytotoxic agents. It is also not yet clear if 
decoy receptors can inhibit p53-dependent or DNA-damage-induced 
cell death, or whether their expression modulates the cytotoxicity of 
antineoplastic drugs. 

All the known TRAIL receptor genes localize to human chromosome 
8p21, a hotspot for translocations and a site where tumor suppressors 
have been mapped by allelic losses in head and neck, colon, breast, 
and prostate cancer. Thus, TRAIL receptor genes represent candidate 
tumor-suppressor genes, not only based on their genomic location, 
but also because of their function as signaling molecules involved in 
apoptosis induction. However, as with other targets of p53, such as 
bax, p21, or Fas, it is expected that mutations in KILLERlDR5 would 
be rare in human cancer, because the more common p53 mutations 
disable multiple targets simultaneously. At least one death-domain
truncating loss of function mutation in the KILLERlDR5 gene has been 
identified in a head and neck squamous cell carcinoma that contained 
wild-type p53 (55). However, it is not clear if such a mutation contrib
uted to the emergence of this head and neck cancer, and whether it 
affected its response to therapy. 

INHIBITORS OF DEATH AND CHEMOSENSITMTY 

As the pathways of cell death have unfolded, so have a number 
of mechanisms for blocking apoptosis. Viruses have been useful in 
identifying some of these mechanisms (e.g., viral FLICE-inhibitory 
protein (FLIPs), crmA, and the Bcl-2 homolog 19-kDa, EIB protein, 
from adenovirus). Cellular proteins also function as potent inhibitors 
of apoptosis, and such molecules can lower the sensitivity of cancer 
cells to cytotoxic agents. It is well known, for example, that Bcl-2 is 
an inhibitor of apoptosis, and the overexpression of Bcl-2 has been 
linked to chemoresistance (56); and other chapters in this book). Re
cently, it has been shown that Bcl-2 is able to inhibit Bax-induced 
apoptosis, as well as cytochrome-c release (57), a process that occurs 
in cells undergoing apoptosis (58). Bcl-XL. another Bcl-2 family 
member, identified as an antiapoptotic molecule, inhibits cell death 
induced by a variety of apoptotic stimuli, and its expression level has 
been correlated with chemoresistance in certain tumor types. Thus, 
there is evidence that elevated expression of Bcl-2 and Bcl-XL confers 
resistance to apoptosis and chemosensitivity (55). Bcl-2 has been pre-
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viously reported as a target for transcriptional repression by p53 (see 
Chapter 7). 

The cellular homolog of a viral FLIP was recently found to be 
overexpressed in human melanoma (59"). Cellular FLIPs (both the 
short form, FLIPs. and the long form, FLIPL) contain two DEDs that 
interact with the DEDs of FADD and FLICE (also known as caspase-
8 or Mch-5), thereby blocking transmission of the Fas-induced death 
signal. In addition, FLIPL contains a defective caspase-like domain, 
because of a substitution of the active-site cysteine residue by a tyrosine. 
It is not yet clear whether FLIPs inhibit TRAIL receptor signaling, but 
it appears that FLIPs do not block apoptosis induced by ')I-irradiation 
or growth factor withdrawal (59"). 

Another mechanism for attenuating p53-dependent apoptosis and 
chemosensitivity involves the Mdm-2 oncoprotein. Mdm-2 is amplified 
or overexpressed in a significant number of human tumors. Overexpres
sion of Mdm-2 has been correlated with increased resistance of human 
glioblastoma cells to the DNA-damaging agent, cisplatin (25). Mdm-2 
not only inhibits endogenous p53-dependent apoptosis, but also inhibits 
growth suppression following infection of Mdm-2-overexpressing can
cer cells by p53-expressing adenovirus (26). 

CONCLUSIONS 

p53 is a major determinant of chemosensitivity and radiosensi
tivity. There is a beginning understanding of the mechanism that 
signals its stabilization after DNA damage, and the targets that mediate 
its biological effects. The relationship between multiple-target gene 
expression and death vs cell-cycle arrest is currently under investiga
tion. Much opportunity exists for novel cancer therapeutics aimed 
at modulating various aspects of the p53 pathway, to enhance cell 
killing. 
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ABSTRACT 

The plethora of biochemical and genetic data on p53 is chiefly based 
on in vitro and cell culture systems or the analysis of tumors late in 
their life history. Translating this data into truly physiological systems 
reveals many levels of complexity, and draws into question many of 
the dogmas and assumptions that litter the field. To advance knowl
edge of the p53 response pathway and utilize the information ratio
nally in the clinic will require a concerted attempt to broaden 
understanding of the physiological biochemistry of the p53 family 
of proteins in vivo. 

THE p53 RESPONSE: OVERVIEW 

A large body of data places the transcription factor p53 at the focus 
of converging pathways from diverse cellular insults that can elicit 
coordinated cellular responses that result in adaptation to the insult (1). 
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Fig. 1. A representation of the structure of mammalian p53. In humans p53 is 
composed of 393 residues. There are five highly conserved boxes and five identifi
able regions subserving different functions . However, it should be recognized that 
the functions are interdependent, and regulation in one domain can profoundly 
influence other domains. Interactions with other macromolecules are of great 
significance (see text). 

The history of the p53 field and the complex biochemistry of this critical 
tumor suppressor have been well reviewed elsewhere, and readers are 
directed to these sources (2-4,5ee; see Chapter 3). The purpose of this 
chapter is to give a perspective based not on neoplasia per se, but on 
the current view of the physiological role of the p53 pathway. Particu
larly, the chapter highlights the heterogeneity of p53 responses seen in 
vivo and reviews data suggesting that p53 has roles over and above 
simply being a tumor suppressor. The expansion of the p53 family to 
include other members is discussed. Finally, consideration is given the 
implications of the (as yet incomplete) view of the homeostatic role 
of p53 for therapeutic developments. 

The current model of p53 function shows this 393-amino-acid nuclear 
phosphoprotein being composed of several critical domains (Fig. 1). 
The C-terminus contains an oligomerization domain and residues that 
can be modified by phosphorylation, RNA binding, O-glycosylation, 
and acetylation. As a consequence, the DNA-binding properties of 
homo tetramers of p53 may be modified, and conversion between 
active and inactive forms regulated. The central DNA-binding domain 
contains critical residues that either contact DNA or are essential for 
the stability of the protein backbone, which in tum is needed for the 
correct orientation of those contact residues. It is in this domain, and 
principally in those critical residues, that missense mutations lead to 
the loss of function phenotype so characteristic of neoplasia. N -terminal 
of the DNA-binding domain is a proline-rich region with striking simi-
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larity to SH3-binding proteins, and which appears to be involved in 
physical interaction with elements of signal transduction pathways, for 
example, c-abl. At the very N-terminus is an acidic domain involved 
in transcriptional activation by the recruitment of the basal transcription 
machinery, once p53 has bound to consensus p53-responsive elements 
within promoters of target genes. In addition, the N-terminus has a 
region that interacts with Mdm-2, and by so doing causes regulation 
of both p53 activity and leveL This is achieved by the Mdm-2 targeting 
p53 for ubiquitin-mediated proteolysis, as well as acting as a steric 
block to interaction of p53 with the transcriptional apparatus. Data has 
recently accrued that posttranslational modification of p53 by phosphor
ylation of specific residues at the N-terminus can further regulate these 
interactions and activities. In general, it is argued that transcriptional 
regulation of p53 mRNA expression is not important; however, whether 
this is true in vivo remains an open question. Finally, it should be 
highlighted that, as well as DNA-sequence-specific (via the central 
DNA binding domain) binding, p53 can interact with DNA in a nonse
quence-specific manner, and also with a very large number of cellular 
proteins. In many cases, the biological relevance of such interactions 
is not entirely clear. 

COMPLEXITY OF THE p53 RESPONSE 

An In Vivo Perspective 
The widespread availability of well-characterized anti-p53 antibodies 

allowed pathologists in the early 1990s to provide a detailed compen
dium of p53 expression profiles in human tumors, and, in many cases, 
this correlated well with mutation of the p53 gene (6). Much less 
attention had been paid to the issue of the normal expression of p53 
protein and the induction of p53 expression by homeostatic mecha
nisms. The work of Kastan et aL (7) and Lu and Lane (8) led to the 
investigation of the p53 response to DNA damage in vivo (9). It was 
shown that low-dose (recreational) exposure to solar-simulated light 
was a potent inducer of p53 protein in normal human cells, without 
inducing discernible growth arrest or apoptosis. These studies were 
followed by collaborative investigation of the p53 response to ionizing 
radiation in the mouse, which included painstaking quantitation (10). 
Taking these two studies together, it became very clear that, although 
p53 protein accumulation could be seen after genotoxic insult, the 
response was heterogeneous: Not all cells responded. This was essen
tially at odds with in vitro cell culture studies. Moreover, on the basis 
of conventional radiobiological target theory or (in the case of UV 
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irradiation) direct experiment, it was clear that all cells had received 
very significant DNA damage (11). Hence, even within a single tissue 
type (skin or gastrointestinal epithelium), there was quantitative varia
tion in the p53 response. 

These observations led to a systematic examination of the murine 
response to ionizing radiation in terms of p53 protein accumulation 
( 12-,13-), when ionizing radiation was employed because it gives identi
cal dosage to all cells, without the vagaries of pharmacokinetics and 
metabolism seen with chemical agents. The critical observation was 
that "the coupling between ionizing radiation, p53 accumulation, and 
apoptosis (here a surrogate index for p53 activity) is dependent on cell 
type in vivo" (]2-). This was validated by biochemical assays as well 
as by immunostaining (13-). Some populations of cells (e.g., gut, spleen, 
choroid plexus, bone marrow) were exquisitely sensitive to ionizing 
radiation, rapidly accumulating p53 protein and showing downstream 
events. Other populations (e.g., myocardium, adrenal, kidney, osteo
cytes of bone) showed accumulation of p53 protein, but there was no 
evidence of apoptosis. Finally, other tissues, such as brain, skeletal 
muscle, and liver, showed minimal induction of p53 protein. It should 
be clearly recognized that, in both of the first two groups, there was 
often extreme cell-to-cell variation within histological identical cellular 
populations. There is a rough correlation between these groupings and 
the categories of proliferative architecture defined by Leblond (see ref. 
14), but this is by no means absolute. Although some data does suggest 
that the p53 response is cell-cycle-regulated (15,16), this is not an 
entirely satisfactory explanation for the systematic heterogeneity ob
served: For example, consider the marked induction in the myocardium. 
Furthermore, when additional experiments relating to p53 activity (as 
opposed simply to level) were performed, even more heterogeneity 
was observed. 

In order to evaluate p53 activity in vivo, as opposed simply to p53 
level, three groups generated similar transgenic mice in which p53-
responsive elements were linked to a reporter gene, j3-galactosidase, 
so that the activity of p53 could be assayed on a cell-by-cell basis in 
vivo (13-,]7-,18-). In these mice, the heterogeneity of the p53 protein 
response was mirrored in terms of j3-galactosidase activity. For example, 
in the gut, p53 protein accumulation and j3-galactosidase correlated 
well. Similarly, the absence of radiation-induced p53 response in the 
liver was reflected by the absence of j3-galactosidase activity. Else
where, however, the situation was more complex. For example, in the 
spleen, essentially all cells accumulate p53 protein (12-), but there is 
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considerable variation in the ~-galactosidase response (13-). In the 
myocardium, where there is accumulation of biochemically character
ized p53 protein, there is no induction of ~-galactosidase activity (13-). 

A further level of complexity is seen when different cellular insults 
are considered. For example, Bellamy et al. (19) have shown clearly 
that, in cultured hepatocytes, ionizing radiation does not induce p53 
protein accumulation, but UV light does, and the liver in vivo can be 
shown to accumulate p53 protein after insult with certain chemical 
agents (20). These data strikingly demonstrate that the heterogeneity 
manifest in biochemical studies is amplified when one begins to con
sider the in vivo perspective. 

A Developmental Perspective 

When considering the cell-type variation of the p53 response, the 
authors considered how the heterogeneity was established in develop
ment. For example, was the variation set up from a subset of cells, 
progressively acquiring the response from an unresponsive starting 
point, or was the reverse true, with all cells responding initially, and 
there being progressive restriction ofthe response during development? 
Early studies had suggested that p53 was regulated at either the mRNA 
or protein level during rodent development, and that it may have a role 
in development (21). However, the generation of p53-null mice by 
several groups strongly argued against such a view, particularly given 
their very mild phenotype, but with high penetrance of neoplasia (proof 
of p53 having a tumor-suppressor role). However, several studies did 
demonstrate that the targeted expression of p53 in development could 
cause significant architectural and cellular defects. For example, using 
an MMTV promoter, Godley et al. (22) showed that there was profound 
failure of renal organogenesis. Similarly, expression in the developing 
lens could have dramatic consequences (23). It has also shown that 
the absence of mdm-2 was not compatible with gestation beyond 6 d 
unless p53 was also absent, suggesting that the tight control of p53 
and Mdm-2 in development was essential (24). Finally, the groups that 
generated the original p53-null mice subsequently reported that there 
was a low, but very significant, level of developmental abnormality in 
the p53-null mice, with evidence of neural tube defects, particularly 
exencephaly (25-,26-). Taken together, the above data suggest that, not 
only is p53 regulated in development, but it has some important roles 
to play. Direct evidence for this comes from the marked perturbation 
of Xenopus development by the overexpression of wild-type p53 (27), 
or inactivation of p53 by the use of either dominant-negative p53 
mutants or the Xenopus homolog of Mdm-2 (28). 
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Examination of p53 protein expression in normal mouse development 
reveals that detectable protein is only seen in the neuraxis, and that 
this protein is biochemically active, as judged by activation of 13-
galactosidase in an identical distribution in the p53 reporter mice 
(13-,17-,18-). This profile of expression may be correlated with the 
abnormalities of the neuraxis reported in p53-null embryos (25-, 26-). 
When the authors examined the expression of p53 after irradiation of 
developing mice, a clear picture emerged: In the earliest times examined 
(d 8.5), all cells showed marked accumulation of p53 protein, but with 
progressive gestational age there was restriction to the profile seen in 
the adult. The kinetics of this change mirrored the well-established 
periods of particular radiosensitivity of mammalian development. How 
is the p53 response developmentally regulated? In both ES cells (29,30) 
and F9 teratocarcinoma cells (31), there are stockpiles of p53 protein 
present, but these appear to be inactive. In the case of ES cells, the 
protein is mostly cytoplasmic, and there appears to be a relative defect 
in nuclear transport. It is only on the induction of differentiation that 
activation of the pathway is effected, with resultant downstream se
quelae. Such data are consonant with previous studies, suggesting that 
there is an effect of p53 on differentiation in several systems (32-34). 
The possible role of other transcription factors in regulating these 
properties is suggested by the potential role of PAX6 in controlling 
p53 expression in vivo (35). Another potential regulator of p53 function 
is Mdm-2 (and its homologs), and regulation of Mdm-2 expression in 
development has been reported in the rat (36); similar regulation is 
seen in mouse development (S.1. Campbell and P.A. Hall, unpublished). 
However, at present, there is no clear picture of how these different 
elements functionally interact. 

A further level of p53 complexity has come from the recent recogni
tion that there exists at least two family members exhibiting striking 
homology over the activation, DNA-binding, and oligomerization do
mains (see Fig. 2). They differ very much at the C-terminus, with both 
p73 (37") and p63 (38--) having very long extensions, and p63 has a 
40-amino-acid N-terminal extension. They appear to be closely related 
to mollusc sequences obtained by Friend (cited in ref. 39), and it may 
be that p53 is the more recently evolved form. The existence of p53 
homologs, of course, may explain the relatively mild phenotype of the 
p53-null mice (for example, with no detectable alteration of differentia
tion pathways known in cell culture to involve p53), because there are 
many examples in biology of at least partial functional complementation 
between family members. There is extreme conservation of critical 
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Fig. 2. p53 homologs: similarities and differences. The recognition of possible 
homologs of p53 in the mammalian genome and the identification of a potential 
mollusk (invertebrate: squid, Loligo) homolog raise the notion of a family of p53 
proteins. All have similarities in the conserved boxes, including conservation of 
critical contact residues in the N-terminal transactivation domain and in the DNA
binding domain. It is now clear that the p73 and p63 genes result in diverse 
polypeptides as a result of alternative promoter usage and alternate splicing as 
described by Yang et al. (36b). Some of these species are illustrated here (adapted 
from ref. 1), but other isoforms certainly exist. For example, alternate promoter 
usage gives rise to N terminal deletions of p73 in a similar manner to that 
shown for p63. Similarities in the oligomerization domain exist, with the figures 
representing percent identity. In the long C-terminal extension of p73a, p51b 
(KET), and squid sequence, there is a region of homology (thick bar), denoted a 
sterile alpha mutant (SAM) domain (36a). This is absent from the splice variants 
of p73 and p63. 

residues in the Mdm-2 binding region, the SH3 domain, the DNA
binding domain, and the oligomerization domain. So much so that it 
seems probable that there will indeed be profound similarities in the 
biochemistry and biology of p53 family members. However, at present, 
very little is known about the properties of p73 or p63, but certainly 
p73 appears to be able to bind DNA and transactivate p21 WAFl, as well 
as induce apoptotic death (40). In the C-terminal extensions of both p63 
and p73a, there is a SAM domain typical of protein-protein interaction 
regions of a number of developmentally regulated proteins. In p73-j3, 
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this domain is lost by alternate splicing. Indeed, as information accrues 
about p73 and p63 in man and other mammals, it seems that diverse 
isoforms are generated by alternate splicing. Nevertheless, one might 
speculate (based on the available data, and analysis of the sequences 
of p73 and p63, because of the crystal structure of p53 domains) that 
there may be potential for hetero-oligomerization, and a similar, but 
not necessarily identical, profile of DNA binding. It may be that this 
simply reflects a small fraction of the p53 family. Until more is known 
about these intriguing genes, there must be great caution in interpreting 
much of the data on p53 that has accrued over the past two decades. 
For example, it may be that the rather confusing data on the role of 
p53 in differentiation gleaned from overexpression studies in culture 
(and which should be contrasted with the absence of differentiation 
effects in p53-null mice) might be explained by influence of nonphysio
logical overexpression of p53, affecting the properties of p73 and/or 
p63 by the formation of hetero-oligomers, which are not normally seen. 

BIOCHEMICAL PERSPECTIVES 
ON IN VIVO COMPLEXITY 

Recent rapid progress provides new insight into the possible mecha
nistic basis of the heterogeneity of the p53 response. The absolute level 
of p53 within a cell may be a critical control point. Low levels of p53 
protein may, at least in culture systems, be actively antiapoptotic (41"). 
At higher levels of protein growth, arrest phenomena appear to predomi
nate, but at high levels apoptotic responses become manifest (42--). 
The physiological effect of overexpression or inactivation is highlighted 
by the manipulations of Xenopus development by Hoever et al. (27) 
and Wallingford et al. (28). How levels of p53 are regulated is currently 
a very active area. Certainly, the interaction with Mdm-2 is a critical 
point of regulation (43). There is a general view that p53 is not controlled 
by the transcription of the p53 gene, but it has been reported that p53 
is a target for its own transcriptional regulation (44), and, as is so often 
the case, the in vivo physiological relevance of this is uncertain. Another 
level of control on p53 seems to be translational regulation of nascent 
p53 mRNA (45,46). The functional level of p53 protein may also be 
regulated by control of its subcellular localization, as emphasized by 
Moll et al. (47), and this is regulated in a cell-cycle-dependent manner 
(15). In addition, the possibility that both p53 (48) and Mdm-2 (49) 
are actively shuttled in and out of the nucleus adds further levels of 
control to the system. Over and above the issue of p53 level and 
location, its effects are clearly cell-type-dependent. For example, there 



Chapter 4 I Function of p53 Gene Family 61 

is increasing recognition that the profile of genes that p53 can transcrip
tionally regulate is cell-type-specific. For example, the authors have 
shown that the tyrosinase gene that encodes the rate-limiting step in 
melanogenesis is regulated by p53 (K. Nylander et al. 1999, submitted), 
and Nishimori et al. (50) have reported a brain-specific p53-regulated 
gene, BAIl. It makes sense that the adaptive responses that need to be 
elicited in different tissues (and cell types within tissues) will differ 
both quantitatively and qualitatively. In addition, it would seem that 
there is differential activity of wild-type and mutant p53 on target-gene 
promoters (51,52): Certainly there are many precedents for this in the 
field of transcriptional control. The recognition that p53 activates gene 
expression as part of a complex with p300 (53), and that interactions 
with human menopausal gonadotropin proteins can influence DNA 
binding (54), open up considerable scope for the further regulation of 
the p53 response. Furthermore, cofactors that can regulate p53 function, 
such as p33INGI (55) and JMY (N. LaThangue et aI., submitted), have 
recently been reported. Finally, the upstream kinases that regulate p53 
(and Mdm-2 [56]) activity are clearly of considerable potential utility 
for the cell to use as fine tuners of the p53 pathways function; these 
are not yet fully defined, but include DNA-dependent protein kinase 
(57--,58--), and possibly ataxia telangiectasia-mutated gene. The in 
vivo or physiological relevance of these burgeoning mechanisms of 
p53 regulation can only at present be speculated upon. 

CLINICAL IMPLICATIONS OF p53 BIOLOGY 

A large body of data has accrued suggesting that assays of p53, 
whether mutation analysis or expression studies, may provide clinically 
useful information, ranging from enhancing diagnostic precision (59) 
to allowing enhanced prognostication (60) or predicting therapeutic 
response. This area remains complex to interpret, with many studies 
of inadequate size or poorly designed or methodologically unsound. 
Nevertheless, there is a clear trend that, in at least some tumor types 
(for example, breast cancer), abnormal p53 function is associated with 
an adverse prognosis. Other studies, beginning with the seminal obser
vations of Lowe (61,62), suggest that there may be a relationship 
between p53 function and sensitivity to therapeutic agents. This is 
reviewed in Chapters 2 and 3 in this book. Again, as they describe, 
the literature has become complex and difficult to interpret, perhaps 
in part because of the conflation of various tumor types and systems 
and assays. However, from the above discussion of the biological 
complexity of the normal p53 pathway, it can be seen why this might 
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be so. The heterogeneity of the response between tissues and within 
cellular populations makes extrapolation difficult: Each cell type and, 
consequently, tumor type will have to be considered separately, until 
there is sufficient information to understand the mechanistic basis of 
the heterogeneity of the responses. Furthermore, it is well established 
that there are differing patterns of p53 overexpression in tumors, and 
there can be heterogeneity of mutation in tumor subclones. The former 
phenomena may reflect physiological responses to stresses acting on 
the tumor (hypoxia, metabolic disturbance, DNA damage, and so on) 
or pathological events, such as protein stabilization, contingent on p53 
mutation. There may also be differentiation-related effects or reactivated 
developmental processes. At present, there is little mechanistic under
standing of these phenomena in vivo, nor any understanding of how 
they impact on tumor behavior and response to therapy. Wynford
Thomas and Blaydes (63) have postulated that the differing involvement 
of p53 in histological subtypes of tumor may indeed reflect the diverse 
physiological roles of p53 in cell types and tissues. This may also be 
influenced by rnicroanatornically regulated patterns of the expression 
profile of other p53 related genes: Certainly this should be investigated. 

Many experiments have demonstrated that the introduction of func
tional p53 protein into cells can induce growth arrest and/or cell death. 
Indeed, this provides good evidence for the tumor-suppressor activities 
of p53, although the studies usually employ considerable overexpres
sion of p53, and not the modest physiologically relevant levels normally 
seen in vivo. Consequently, there is considerable excitement and interest 
in the concept that manipulating the p53 pathway may be of therapeutic 
utility, and there are advocates of several strategies. For example, the 
use of adeno- and retroviral delivery systems to introduce wild-type p53 
has been proposed. In addition, there has been interest in manipulation of 
mutant p53 protein, with the goal of reactivating wild-type activity. 
Certainly, in biochemical and cell culture assays, there is evidence that 
this approach can work. An alternative approach is to make use of the 
lack of function of p53 in tumor cells, and the need for certain viruses 
to inactivate p53 in order to proceed through a lytic cycle. In such 
circumstances, a mutant virus defective in the function of p53 inactivat
ing ORFs will only replicate if p53 is already inactive. There is evidence 
that this approach may be clinically useful. An alternate strategy may 
be to target the normal cells in the body that limit the effectiveness of 
radio- and chemotherapy (bone marrow, gut, mucosa, and so on) and 
inhibit the p53-dependent apoptotic response here, hence, enhancing 
the potential therapeutic ration of current regimes. A limitation on this 
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may be the existence of apoptotic pathways independent of p53. For 
example, even in p53-null mice, in which there is a clear relationship 
between apoptosis and p53 function (10), at later time points, apoptosis 
is seen in the gut in the absence of p53 function (64). 

Despite the importance of p53 in human neoplasia and evidence that 
overexpression of p53 in cell lines in vitro can reverse the transformed 
phenotype, it may be quite inappropriate to conclude that restoration 
of p53 activity will necessarily be beneficial. A particularly striking 
example of this comes from the elegant studies of Ewald et al. (65"). 
Using a tissue-specific regulatable promoter, p53 function was inacti
vated in vivo by the expression of the p53-binding domain of SV 40 
large T-antigen in salivary gland epithelium. When T-antigen is turned 
on (and hence p53 inactivated), there is progressive cellular hyperplasia 
and atypia. Turning T-antigen off (and hence restoring p53 function) 
leads to regression of these morphological lesions. In separate experi
ments, if T-antigen is left on for longer, there are more severe changes, 
which appear to be overtly neoplastic but benign. Again, these will 
regress if p53 function is restored by turning T-antigen off. However, 
if T-antigen is left on for longer, then overtly malignant tumors arise, 
which persist even in the absence of T-antigen expression: Presumably, 
other molecular events have occurred leading to the tumors persisting, 
irrespective of p53 function. Remembering that the clinical phase of 
tumors is short, compared with the life-span of the tumor, any manipula
tion of p53 will be late, and presumably in the milieu of multiple genetic 
changes and heterogeneity derived from the existence of multiple clonal 
sub lines within the tumor. 

One final perspective on the issue of the complex biology of p53: 
The p53 pathway has essential roles without its critical place as a tumor 
suppressor, which may be a more recent evolutionary development (21). 
This broader perspective of p53 function emanates from the important 
observation of the role of p53 as a suppressor of teratogenesis 
(66--,67--). Potential teratogens (ionizing radiation or benzapyrene) 
were shown to elicit far more embryopathy in the absence of a function
ing p53 pathway than when it is functional, suggesting that p53 has 
an important (and possibly critical) role as a teratological suppressor. 
A fuller understanding of these issues will inevitably require a better 
understanding of p53 family physiology, and it may be that the p53 
family members have important modulating roles in development and 
differentiation. The message of this chapter is that, although there has 
been tremendous progress in the understanding of the biochemistry of 
p53, and although there is a good overall picture of the pathway(s) 
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in which it is involved, understanding of the biology of p53 in real 
physiological systems is remarkably crude and, until there is, it will 
be difficult to bridge the gap between bench and bedside. This must 
be the goal, and renewed effort should be placed on in vivo studies, 
because that may resolve the many apparent paradoxes that exist in 
the areas that form the focus of this book. 
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ABSTRACT 

The most clearly understood function of mismatch repair (MMR) 
is its role in the correction of mismatches occurring during DNA 
replication or DNA recombination. However, expression of MMR 
proteins is also now associated with sensitivity of mammalian cells 
to an ever-increasing range of DNA-damaging agents, and loss of 
MMR has been correlated with reduced ability of cells to undergo 
apoptosis, induced by a wide variety of clinically important chemo
therapeutic drugs. The mechanisms by which MMR affects DNA 
damage-induced apoptosis are unclear. It has been proposed that 
certain types of DNA damage induce futile MMR activity and/or 
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MMR-dependent replication stalling, which could lead to cell death. 
Alternatively, MMR may modulate the probability of bypassing DNA 
lesions by recombination-dependent mechanisms. Experimental mod
els have implicated MMR as being necessary to activate (c-Jun NH2-
terminal kinase), c-Abl nonreceptor tyrosine kinase, p53-dependent 
apoptosis, and G2 arrest in response to DNA damage. Thus, loss of 
MMR in cells may affect many signaling pathways, leading to im
portant cellular responses to DNA damage, including apoptosis, 
although the relative contribution of any given pathway will depend 
on the cell type being examined. Correlation of MMR status with 
prognosis and response of tumors to treatment are beginning to 
emerge; however, larger prospective studies need to be done. If 
reduced apoptosis of patients' tumors is mediated by loss of MMR, 
this will provide new challenges for how to overcome drug resistance. 

INTRODUCTION 

Mismatch repair (MMR) plays an important role in maintaining the 
integrity of the genome, and in repairing mispaired bases in DNA 
(1-). In addition, expression of MMR proteins is now associated with 
sensitivity of mammalian cells to an ever-increasing range of DNA
damaging agents (2-), and loss of MMR has been correlated with 
reduced ability of certain tumor cells to undergo drug-induced apoptosis 
(3-). Thus, loss of expression of MMR proteins is correlated with 
resistance, or tolerance, to methylating agents, 6-thioguanine, cisplatin 
(and carboplatin), doxorubicin, etoposide, and ionizing radiation. 
Clearly, many of these agents are clinically important in the treatment 
of cancer. How loss of MMR leads to drug resistance is not understood. 
Inactivation of MMR genes in mice causes cellular resistance to methyl
ating agent and cisplatin (4--,5). Restoration ofMMR activity by chro
mosome transfer into MMR-defective human tumors leads to increased 
sensitivity to a range of drugs (6). These observations argue against 
resistance being caused by increased mutations at other drug-resistance 
genes in these mutator cells, and supports a direct involvement of MMR 
proteins in sensitivity to DNA damage (Fig. 1). Thus, in mammalian 
cells, it has been proposed that certain types of DNA damage induce 
futile MMR activity (7-) or MMR-dependent replication stalling (8-), 
which could lead to cell death. Recent data from this laboratory has 
raised a third possibility: MMR may modulate the probability of by
passing DNA lesions by recombination-dependent mechanisms (60"). 
The absence of MMR in human ovarian tumor models correlates with 
loss of p53-dependent apoptosis (3), although how MMR-generated 
signals lead to apoptosis is unclear. In MMR-deficient colon and endo-
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Fig. 1. MMR-dependent and -independent cell death. DNA damage can have a 
number of consequences affecting cell sensitivity. The damage can be rapidly 
repaired, with loss of repair leading to hypersensitivity. The damage can lead 
directly to cell death, such as double-strand break-induced apoptosis. Alternatively, 
certain types of DNA adducts are poorly recognized by repair pathways, and do 
not directly lead to cell death without DNA replication. 

metrial tumor models, cisplatin activates c-Jun NH2-terminal kinase 
(JNK) and the c-Abl nonreceptor tyrosine kinase less efficiently than 
MMR-proficient cells (9-). 

Mutations in MMR genes occurs in the cancer-susceptibility syn
drome, hereditary nonpolyposis colorectal carcinoma (HNPCC) 
(10-12), which results in a predisposition to colorectal carcinoma, as 
well as to a number of other tumors, including adenocarcinomas of 
the endometrium, stomach, and ovary (13). Mutations in the MMR 
genes hMLH1, hMSH2, hPMS2, and hPMS1 have all been found to 
be associated with HNPCC; the vast majority of mutations are seen in 
either hMLH1 or hMSH2 (14). Transgenic mice with genetic inactiva-



72 Brown 

tion of MMR genes have confirmed the tumor susceptibility associated 
with defects in Mlh1, Msh2, and Pms2 (15), although no tumor suscepti
bility was observed in Pms1 knockouts (16"). One of the striking 
features of the resulting MMR-defective tumors is their greatly in
creased rate of mutation at micro satellite sequences, known as micro
satellite instability (MIN +) (17). For many tumor types, the MIN + 
phenotype has also been detected in sporadically occurring disease 
(18): For example, in ovarian cancer, about 15% of sporadic tumors 
exhibit the MIN + phenotype. This suggests that these tumors are also 
MMR-defective, but mutations ofMMR genes have only been observed 
at low frequency in MIN+ sporadic tumors (19). Recent evidence 
suggests that methylation of the promoter of MMR genes may play an 
important role in transcriptional silencing of MMR genes, either during 
acquisition of drug resistance (61-) or during tumorogenesis (20-). 

MECHANISM OF HUMAN 
STRAND-SPECIFIC MISMATCH REPAIR 

The most clearly understood function of MMR is its role in the 
correction of mismatches occurring during DNA replication or DNA 
recombination (1-). The proposed model for postreplication MMR is 
based on work with DNA adenine methylation-instructed MMR path
way of Escherichia coli (21"). Thus, it is proposed that MutS protein 
recognizes and binds mispaired nucleotides that result from polymerase 
misincorporation errors. Initiation of the bacterial repair reaction occurs 
via mismatch-dependent incision of the newly synthesized, unmethyl
ated strand at a hemimethylated d(GATC) site, and it is this nick in 
the new strand that actually directs repair. The nature of the strand 
signal has not been defined in any eukaryotic organism, but DNAs 
containing a nick are subject to mismatch-dependent, strand-specific 
repair by human cell extracts in vitro (22). 

MutS and MutL homologs in mammalian cells exist primarily as 
heterodimeric proteins (Fig. 2). Thus, hMSH2 protein associates with 
hMSH3 and hMSH6. These complexes are referred to as MutSa 
(hMSH2lhMSH6) and MutSI3 (hMSH2lhMSH3). Both complexes rec
ognize short insertions of bases, but Gff mismatches appear to be 
primarily recognized by MutSa (23). Adenine nucleotide binding and 
hydrolysis by MutSa has been suggested to act as a molecular switch 
that determines the timing of downstream MMR events (24-). Thus, 
hMSH2-hMSH6 complex is ON (binds mismatched nucleotides) in 
the ADP-bound form and OFF in the ATP-bound form. A central role 
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Fig. 2. Model of human MMR. MutSa (a heterodimer of hMSH2 and hMSH6) 
and MutSI3 (a heterodimer of hMSH2 and hMSH3) recognize short insertions of 
bases, but Gff mismatches appear to be primarily recognized by MutSa. The 
hMSH2-hMSH6 complex binds mismatched nucleotides in the ADP-bound form, 
and not in the ATP-bound form. ATP hydrolysis has not yet been shown to be 
necessary for MutSI3 binding. The hMLH I protein forms a complex with hPMS2 
referred to as MutLa. It has been proposed that MutS homologs binding to 
mismatched DNA allow recruitment of MutLa, which then allows MMR to 
proceed. Studies implicate Po18, and possibly POlE, as well as peNA in the repair 
DNA synthesis step of MMR. 
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for the adenine nucleotide-binding domain is consistent with the ATP
dependent translocation model of MMR proposed by Allen et al. (25). 

The MutL homologs also form heterodimers; thus, the hMLHl pro
tein forms a complex with hPMS2, referred to as MutLa. Defects in 
either MutL homolog leads to loss of mismatch correction at, or prior 
to, the excision stage of repair (26). It has therefore been proposed 
that MutS homologs binding to mismatched DNA allows recruitment 
of MutL homologs, which then allows MMR to proceed. How this 
occurs is unclear. 

Studies so far implicate the DNA polymerase Po18, and possibly 
POlE, in the repair DNA synthesis step ofMMR (27). In Saccharomyces 
cerevisiae, proliferating cell nuclear antigen (PCNA) has also been 
suggested to participate in MMR (28). PCNA is a required component 
of the eukaryotic replication apparatus, forming a homotrimeric sliding 
clamp around the helix, and increasing the processivity of DNA Po18 
and POlE (29). 

HOW DOES MMR COUPLE TO APOPTOSIS 
AND LOSS OF MMR LEAD TO DRUG RESISTANCE? 

Modell: Futile Repair Cycles 
The role of MMR in drug resistance was first identified in the 

alkylation tolerance phenotype observed in cells selected for resistance 
to monofunctional alkylating agents, such as N-methyl-N-nitro-N-nitro 
guanidine (MNNG) andN-methyl nitrosourea (MNU) (30). The concept 
of tolerance is one in which the damaged base is not removed from 
the DNA, but appears unable to induce cytotoxic effects (7). Agents 
that methylate DNA, such as MNNG and MNU, are mutagenic and 
cytotoxic as a result of the formation of Gi-methylguanine. Under 
normal circumstances, this lesion is directly repaired by the enzyme 
methyl transferase (MGMT). Functional loss of this enzyme, most 
commonly by epigenetic silencing, results in cellular hypersensitivity 
to killing and mutagenesis by such agents (31). However, resistance 
(or tolerance) to methylating agents can occur because of inactivation 
of MMR (32,33). Although the association between defective MMR 
and tolerance to certain methylating agents is clear, the mechanism 
underlying this phenomenon remains undefined. It has been proposed 
that these methylated bases are not a block to replication, but instead 
the DNA polymerase inserts the best-fitting base into the nascent strand 
opposite the modified guanine. It has been shown that 06MeG'T intro
duces the least structural distortion to the DNA (34-). In the absence 
of efficient methyltransferase function, this mismatched 06MeG·T base 
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pair is recognized by the MMR pathway as abnormal. Repair synthesis, 
which occurs in the newly synthesized strand opposite 06MeG, is 
doomed to failure because of the inability to find a good complementary 
match for the methylated base. It is proposed that repeated, futile 
attempts to repair this mismatch eventually results in cell death, perhaps 
by the generation of strand breaks (7). Tolerance would therefore arise 
when the MMR system could no longer initiate these aborted attempts 
at repair. 

Model 2: Mismatch-Repair-Dependent Replication Stalling 
The observation that loss of MMR correlated with acquisition of 

resistance to cisplatin opened up a much wider examination of the role 
of MMR in drug resistance beyond monofunctional methylating agents 
(3). Loss of MMR is now associated with resistance to a diverse range 
of DNA-damaging agents (2), and hence any model of resistance must 
take into account this wide variety of types of DNA damage. hMutSex 
recognizes 1,2-cisplatin crosslinks in a duplex DNA in which the com
plementary DNA strand contains two C residues opposite a 1,2-diguanyl 
crosslink (35). However, this is a relatively poor substrate for hMutSex, 
and a duplex molecule, in which the platinated guanine residues are 
opposite noncomplementary bases, is bound with much greater affinity 
(36). Such structures can arise in the cell if platinum-damaged DNA 
has undergone replication. Cellular proliferation, and hence, presum
ably, DNA replication is required for induction of apoptosis by cisplatin 
in sensitive cell types (37). Certain cisplatin-resistant human ovarian 
cells, which have lost MMR protein expression, appear able to bypass 
cisplatin DNA intrastrand crosslinks during DNA replication (38). The 
mechanisms leading to bypass are mostly unknown, but if loss of MMR 
leads to reduced replication stalling and increased bypass, then this 
could lead to resistance. In general, replicative bypass of 1,2-diguanyl 
cisplatin adducts has been considered inefficient, but the replicative 
polymerases 8 and E are indeed able to bypass these adducts in structures 
that resemble replication forks, although, so far, no role for MMR in 
this process has been demonstrated (39). Thus, one possible mechanism 
of cisplatin toxicity is that inability to bypass this lesion in MMR
proficient sensitive cells has an intrinsic probability of being lethal, or 
of generating a signal that activates an apoptotic pathway. A direct 
corollary of this model is that cisplatin resistance may be acquired by 
reducing the probability of lethal events occurring, or of preapoptotic 
signals being generated during replication, allowing replication bypass 
and cell survival. 
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Fig. 3. Recombination-bypass model for drug resistance mediated by loss of 
MMR. Certain types of DNA damage induced by chemotherapeutic drugs such 
as cisplatin are poorly repaired, and may persist in the genome. The author proposes 
that signals are generated during DNA replication of this unrepaired damage that 
could lead to cell death, but have the potential to be bypassed in a RAD52-
dependent manner that will lead to damage tolerance and cell survival. This 
recombinational bypass can be inhibited by MMR expression; thus, loss of MMR 
leads to increased drug resistance caused by increased bypass. 

Model 3: Modulation of Recombination Bypass 
Recently, the author et al. has shown that S. cerevisiae acquire 

resistance to cisplatin and carboplatin if MMR genes are inactivated 
(60"). Thus, genetic inactivation ofMMRgenes (MLH1, MLH2, MSH2, 
MSH3, MSH6, but not PMS1) in isogenic strains of S. cerevisiae leads 
to increased resistance to the anticancer drugs cisplatin and/or car
boplatin, but has no effect on UVC sensitivity. However, inactivation 
of MLH 1, MLH2, or MSH2 has no significant effect on drug sensitivities 
in rad52 mutant strains. Thus, drug resistance mediated by loss of 
MMR appears to require expression of RAD52, a protein known to be 
required for recombination (40). The author proposes a model (Fig. 3) 
in which MMR proteins can modulate levels of adduct tolerance during 
DNA replication by a recombination-dependent mechanism, such as a 
sister chromatid exchange (SCE). Support for this hypothesis in human 
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ovarian tumor cells is provided by loss of hMLHl, correlating with 
acquisition of cisplatin resistance and increased cisplatin-induced SCEs, 
both of which are reversed by restoration ofhMLHl expression (60"). 
Furthermore, elevated somatic recombination has been shown in HeLa 
cells that are methylation-tolerant and defective in MMR compared to 
the parental line (41). 

As already discussed, bypass of DNA lesions during DNA replication 
has been suggested as a mechanisms for cisplatin-adduct tolerance (38). 
The author proposes that loss of MMR proteins can lead to increased 
RAD52-dependent recombinational bypass of adducts (see Fig. 3). The 
1,2-intrastrand crosslink induced by cisplatin is poorly repaired, either 
because of not being recognized by nucleotide excision repair (NER) 
(42) or by inhibition of repair, for instance, by damage-recognition 
proteins (43). DNA damage persistence or nonrepaired DNA lesions 
could lead to a cytotoxic signal being generated during DNA replication, 
perhaps by stalling of the replication complex. RAD52-dependent re
combinational bypass during replication would lead to resistance, but 
inhibition of this process by MMR would lead to sensitivity. It is known 
that MMR proteins can inhibit levels of recombination in yeast and 
mammalian cells (41,44). Therefore, resistance may be acquired by 
loss of MMR proteins, reducing the probability of lethal signals being 
generated during replication by allowing increased recombination
dependent bypass and cell survival. 

The experimental data discussed earlier, and all three of the models 
discussed above, predict that MMR is necessary to engage apoptosis 
in response to certain types of DNA damage. However, the signal 
pathways leading from MMR to apoptosis are as yet unclear. Cisplatin 
activates JNK and the c-Abl nonreceptor tyrosine kinase less efficiently 
than in MMR-deficient colon and endometrial tumor models in MMR
proficient cells (9). Furthermore, in tumor cell models selected for 
cisplatin resistance in vitro, loss of MMR occurs concomitantly with 
loss of p53 function and ability to undergo p53-dependent apoptosis 
(3). However, restoration of MMR activity, although restoring drug 
sensitivity, does not restore p53 function (45). Loss of MMR correlates 
with loss of G2 arrest induced by certain drugs (46), although there is 
no evidence that the loss of G2 arrest is functionally linked with the 
loss of drug-induced apoptosis. Thus, loss of MMR in cells affects 
many signaling pathways, leading to important cellular responses to 
DNA damage, including apoptosis, although the relative contribution 
of any given pathway may depend on the cell type being examined. 
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A micro satellite instability (MIN)+ phenotype has been shown to 
correlate with reduced survival and poor disease prognosis in breast 
cancer (47-). Conversely, MIN+ correlates with good prognosis in 
colon cancer (48). These differences may reflect the different impact 
of a mutator phenotype on tumor progression (in the case of colon 
cancer) vs lack of MMR on drug sensitivity (in the case of breast 
cancer). MIN + has been suggested to occur in 15-20% of sporadic 
ovarian tumors, and two separate studies have raised the possibility 
that this may have prognostic significance, although possible correla
tions with response to chemotherapy were not explored (49,50). An 
increase in ovarian tumors has been observed that is immunologically 
negative for the hMLHI subunit of the MMR MutLa heterodimer in 
samples taken at second-look laparotomy after chemotherapy (36%), 
compared to untreated tumors (9.5%) (8). Together with the data ob
served in cell line models (3,51), these observations encourage larger 
studies to be done in ovarian tumors correlating MMR with response 
to chemotherapy. 

The acquisition of an MIN + phenotype will lead to greater levels 
of genomic instability and higher mutation rates at genes throughout 
the genome. This has the possibility of increasing the mutation rate at 
genes involved in drug resistance or in tumor progression (52). Thus, 
if a tumor does recur with resistant disease because of defects in MMR, 
it may be more likely to progress to a more advanced, aggressive 
neoplasm. Chemotherapeutic drugs, such as cisplatin, can induce hyper
methylation in DNA of tumor cells (53). The increasing evidence for 
methylation of MMR gene promoters in silencing transcription would 
suggest that chemotherapeutic agents that induce hypermethylation may 
also lead to increased inactivation of genes involved in drug resistance 
or tumor progression (20). 

CIRCUMVENTION OF DRUG 
RESISTANCE MEDIATED 

BY LOSS OF MISMATCH REPAIR 

If reduced apoptosis and drug resistance of patients' tumors is medi
ated by loss of MMR, can new methods be devised to circumvent 
drug resistance? 
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Utilization of Drugs That Do Not 
Require Mismatch Repair to Engage Cell Death 
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The ideal would be to find an agent to which MMR-defective tumors 
are hypersensitive. So far, no such agent has been identified, although 
it has been suggested that the sensitivity to some drugs is not affected 
by MMR status (2). For instance, although resistance to cisplatin and 
carboplatin can be mediated by loss of MMR, the sensitivity of colon 
tumor cells to the platinum analog, Oxaliplatin, appears not to be 
affected by MMR status (54). This needs to be examined in a wider 
variety of experimental models. Oxaliplatin is presently undergoing 
clinical trials in patients with colon and ovarian cancer. 

Inhibition of Replicative Bypass 
If loss of MMR mediates resistance by increasing replicative or 

recombinational bypass of DNA lesions, then inhibition of this bypass 
could lead to resistance. A specific role for DNA polymerase t has 
been suggested in bypass of DNA lesions (34). The DNA polymerase 
inhibitor, aphidocolin, has been shown to increase the sensitivity of 
cisplatin-resistant cell line models (55). The original proposal was that 
this sensitization was caused by inhibition of DNA repair in resistant 
cells, but it would be worth re-evaluating this drug in models of defined 
MMR status. 

Given that genetic inhibition of RAD52 in yeast sensitizes cells to 
cisplatin and carboplatin, and abrogates the resistance mediated by loss 
of MMR, these would be interesting targets for new sensitizers of 
chemotherapeutic drugs. However, proof of principle (that loss of 
RAD52 conferred increased sensitivity) would have to be established 
in human cells. 

Reversal of Loss of MMR 
Reversing the loss of MMR expression in resistant cells should 

sensitize tumors to anticancer drugs such as cisplatin and doxorubicin. 
The author has recently shown that 5-azacytidine treatment of cisplatin
resistant derivatives of ovarian tumor cells resulted in decreased methyl
ation of the hMLH1 promoter and increased expression of the hMLHl 
protein, with a corresponding increase in cisplatin sensitivity (61-). 
Thus, tumors that have lost hMLHl expression because of promoter 
methylation may be especially sensitive to combined treatment with 
cisplatin and 5-azacytidine. 
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Genetic Therapy 
Genetic therapy approaches may provide a new means of targeting 

tumors with specific genetic defects. Tumor specific expression of 
suicide gene vectors would be one means of killing tumor cells without 
affecting normal cells (56). For instance, it may be possible to design 
suicide gene vector systems that utilize defects in MMR to deliver 
increased levels of a suicide gene to tumor cells. The ability of MMR
defective cells to tolerate damage and allow DNA replication to proceed 
could be utilized to design vectors containing specific types of damage, 
that the suicide-gene vector would replicate and express preferentially 
in MMR-defective cells, but not in normal cells. An EIB-attenuated 
adenovirus that replicates preferentially in tumor cells defective in p53 
(57) has preferential replication, and prevents tumor growth in nude 
mice of ovarian tumor cells that are cisplatin-resistant and defective 
in MMR (58). However, viral replication and oncolysis correlates with 
the loss of p53 function observed in these models, rather than with the 
loss of MMR (45). 

CONCLUSIONS 

The past few years has seen an explosion in the understanding of 
basic mechanisms ofMMR in human cells, and an increasing awareness 
of the possible role of MMR proteins in determining the sensitivity of 
tumor cells to a wide variety of important chemotherapeutic drugs. The 
precise mechanisms through which loss of MMR leads to drug resis
tance remain unclear. Novel approaches to modulate or target MMR
defective tumors need validation in animal models. It is also now 
essential to properly evaluate the relevance of MMR protein expression 
to clinical drug resistance, both intrinsic and acquired. The MIN status 
of tumors can be readily assayed using peR assays and measured from 
not only tumor biopsies, but also from serum samples from patients 
(59-). Such noninvasive means of monitoring the molecular changes 
in a tumor provide the exciting possibility of being able to determine 
the appropriate therapy for a given patient based on molecular genetic 
determinants of disease progression. 
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ABSTRACT 

The cellular response to anticancer agents that damage DNA includes 
cell-cycle arrest, activation of DNA repair, and induction of 
apoptosis. However, the signals that determine cell fate, that is, 
survival or apoptosis, are largely unknown. The c-Abl tyrosine kinase 
is activated by diverse types of DNA damage. The available informa
tion supports a model in which certain sensors of DNA lesions 
activate the c-Abl kinase. Other findings support a proapoptotic 
function for the activated c-Abl kinase that is mediated by at least 
several downstream effectors known to be associated with the induc
tion of apoptosis. 
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INTRODUCTION 

The response of cells to DNA damage includes cell-cycle arrest, 
activation of DNA repair, and, in the event of irreparable damage, the 
induction of apoptosis. The decision by a cell to repair DNA lesions 
and progress through the cell cycle, or to undergo apoptosis is of 
importance to mutagenesis and carcinogenesis. In this context, incom
plete repair of DNA damage before replication or mitosis can result 
in the accumulation of heritable genetic changes. In treatment with 
anticancer agents that damage DNA, the balance between induction of 
repair or a cell-death program is also central to therapeutic effect. The 
signals activated in response to the detection of spontaneous DNA 
lesions are conceivably similar to those induced by exposure to geno
toxic anticancer agents. However, the nature of these signals and the 
basis for a survival or cell-death response are largely unknown. 

For genotoxic anticancer agents, the upstream signals responsible 
for activating cellular response mechanisms can be distinguished from 
early events associated with exposure to drugs that damage other cellular 
components. For example, the detection of DNA lesions needs to be 
converted into informational signals that regulate cell-cycle progression 
and activation of DNA repair. Also, the sensing that DNA lesions are 
irreparable needs to be converted into signals that activate a cell-death 
response. The available evidence is insufficient to determine whether 
events in the DNA-damage response differ with respect to the induction 
of a repair-survival or a cell-death pathway. What is needed, at least 
in part, to address the mechanisms employed in determining cell fate 
is a better definition of signals activated by DNA damage, and how 
those signals affect cell behavior. This chapter describes a role for the 
c-Abl tyrosine kinase in the response of cells to genotoxic anticancer 
agents, and how c-Abl executes a proapoptotic function. 

ACTNATION OF c-Abl 
IN RESPONSE TO DNA DAMAGE 

The c-Abl tyrosine kinase is a ubiquitously expressed 145-kDa pro
tein that contains SH3, SH2, and SHI (catalytic) domains in the 
N-terminal region (1). Also contained in the C-terminus are nuclear 
localization motifs (2), a bipartite DNA-binding domain (3), and 
F- and G-actin-binding domains (4,5). Alternative splicing results in 
the expression of two c-Abl isoforms (la and Ib) (6) which are both 
detectable in the nucleus and cytoplasm. c-Abl shares homology with 
the mammalian c-abl-related gene (Arg) product (7) and proteins ex
pressed in the sea urchin (E-Abl), fruit fly (D-Abl), and nematode 
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(N-Abl) (8-10). Targeted disruption of c-Abl in mice is associated with 
normal fetal development, but the pups are runted and die as neonates 
with defective lymphopoiesis (11-,l2-). Other studies demonstrating 
that c-Abl-deficient mice exhibit defects in spermatogenesis have sup
ported a functional role for c-Abl in meiosis (13). 

c-Abl activity is induced in cells exposed to the alkylating agents, 
cisplatin and mitomycin C (14--). Similar findings have been obtained 
after treatment with the antimetabolite l-[3-D-arabinofuranosylcytosine 
(ara-C), and ionizing radiation (lR) (14-16). Cisplatin forms DNA 
intrastrand cross links (17). Mitomycin C forms monofunctional and 
bifunctional DNA lesions (18). By contrast, ara-C incorporates into 
DNA and inhibits strand elongation (19,20), and IR induces DNA 
strand breaks (21,22). These findings have collectively supported the 
activation of c-Abl by diverse forms of DNA damage. Because c-Abl 
contains a DNA-binding domain (3), direct interaction with damaged 
DNA could contribute to the induction of c-Abl activity. However, the 
interaction of c-Abl with sensors of DNA damage, such as the DNA
dependent protein kinase (DNA-PK), has lent support to a model in 
which c-Abl is a target for activation by an upstream effector. 

DNA-PK consists of the 470-kOa catalytic subunit DNA-PI,:s and 
the Ku heterodimer. The serine/threonine protein kinase activity of 
DNA-PKcs is induced by recruitment of DNA-PK to sites of DNA 
lesions through the DNA-binding protein Ku (23). Ku binds to DNA 
ends and also associates with the carboxyl terminus of DNA-PK,:s near 
the protein kinase domain (23). Recent studies have demonstrated that 
DNA-PKcs associates constitutively with c-Abl (24--). Significantly, 
DNA damage induces association of the c-Abl-DNA-PKcs complex 
with Ku, and the activation of c-Abl by a DNA-PKcs-dependent mecha
nism (24). In this context, DNA-PK phosphorylates the C-terminal 
region of DNA-PKcso and thereby disassociates DNA-PKcs from Ku 
(23,24). Thus, Ku and c-Abl exhibit opposing effects on DNA-PKcs 
activity. These findings indicate that DNA-PK contributes to activation 
of c-Abl in the response to DNA damage, and that the phosphorylation 
of DNA-PKcs by c-Abl represents a potential feedback mechanism. 

DNA-PKcs is related to members of the phosphatidylinositol (PI) 
3-kinase family, which includes the product of the ataxia telangiectasia 
mutated (ATM) gene and the FKBP12-rapamycin-binding protein 
(FRAP) (25). Other studies have demonstrated that c-Abl associates 
with the ATM protein, and that ATM may also contribute to activation 
of c-Abl in the response to DNA damage (26",27"). Although the 
precise mechanisms responsible for the activation of c-Abl remain 
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unclear, the potential consequence of the interactions between c-Abl 
and DNA-PK or ATM may contribute to cell fate in the response to 
DNA damage. In this context, cells defective in DNA-PK or ATM 
are hypersensitive to the lethal effects of IR (28-31), whereas c-Abl
deficient cells are resistant to IR-induced cell death (32 .. ). c-Abl
deficient cells are also resistant to killing by other anticancer agents, 
such as ara-C, which damage DNA (33). 

ROLE OF c-Abl 
IN DNA-DAMAGE-INDUCED APOPTOSIS 

Transient transfection of wild-type, but not a kinase-inactive, c-Abl 
is associated with the appearance of cells with sub-Gl DNA (32). The 
finding that overexpression of c-Abl is also lethal has provided support 
for the induction of apoptosis. To assess a role for c-Abl in apoptosis, 
MCF-7 cells were used that stably express the dominant-negative 
c-Abl(K-R). MCF-7/c-Abl(K-R) cells exhibited resistance to killing by 
ara-C (33) and by IR (32). By contrast, the MCF-7/c-Abl(K-R) cells 
exhibited little resistance to treatment with the protein kinase inhibitor 
staurosporine. Terminal deoxynucleotidyl transferase nick-end labeling 
(TUNEL) assays were used to confirm that ara-C- and IR-induced cell 
death was by apoptosis (32,33). Moreover, c-Abl (K-R) expression 
decreased the appearance of ara-C- and IR-treated cells with sub-Gl 
DNA content (32,33). To confirm the link between c-Abl and apoptosis, 
mouse embryo fibroblasts (MEFs) were studied that are deficient in 
c-Abl expression (abl-'- mice with targeted disruption of the c-abl 
gene) (12). The Abl-'- MEFs exhibited resistance to the killing 
effects of ara-C and IR (32,33). The finding that induction of cells 
with sub-Gl DNA content is decreased in the Abl-'- MEFs, com
pared to wild-type cells, has further supported a role for c-Abl in 
DNA-damage-induced apoptosis (32,33). 

c-Abl FUNCTIONS UPSTREAM 
TO PROAPOPTOTIC EFFECTORS 

Interaction Between c-Abl and p53 
Treatment of cells with ara-C is associated with binding of c-Abl 

and the p53 tumor suppressor (34). Similar observations have been 
obtained with the topoisomerase inhibitors, camptothecin and etoposide, 
and with IR exposure (34,35"). These findings indicate that diverse 
agents that damage DNA activate c-Abl and induce the interaction of 
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c-Abl with p53. However, the demonstration that c-Abl binds to p53 
following treatment of the MCF-7/c-Abl(K-R) cells with genotoxic 
agents indicates that activation of the c-Abl kinase is not necessary for 
the binding of these proteins (34,35). Importantly, c-Abl binds directly 
to p53 and enhances the transactivation function of p53 (36). Moreover, 
the binding of c-Abl to p53 is abolished by deletion of a proline-rich 
domain within the C-terminus of c-Abl (~Prol) (36). The functional 
significance of the c-Abl-p53 interaction is supported by studies demon
strating that c-Abl induces G 1 phase growth arrest by a p53-dependent 
mechanism (35-37"). Other studies have indicated that c-Abl induces 
apoptosis by an interaction with p53 (32). Transfection of c-Abl into 
cells that stably express the human papillomavirus E6 protein to promote 
degradation of p53 is associated with a decreased apoptotic response, 
compared to that obtained with expression of c-Abl in wild-type cells 
(32). Also, stable expression of both c-Abl(K-R) and E6 resulted in 
resistance to DNA damage-induced apoptosis that was more pro
nounced than that obtained with expression of c-Abl(K-R) or E6 alone 
(32). Other studies in p53 -/- cells indicate that c-Abl induces apoptosis, 
at least in part, by a p53-dependent mechanism (32). 

c-Abl Functions Upstream to Stress-Induced Protein Kinases 
The stress-activated protein kinases (SAPKs) are induced in cells 

treated with ara-C, alkylating agents, topoisomerase inhibitors, and IR 
(38-43). These findings have indicated that, like c-Abl, diverse types 
of DNA damage induce the activation of SAPK. Other studies have 
shown that c-Abl functions upstream to SAPK in the response to 
ara-C, alkylating agents, and IR (14,15). In concert with these 
findings, expression of an activated form of Abl induces SAPK 
activity (15,44-46). The available evidence indicates that c-Abl 
interacts directly with MEKKl, an upstream effector of the SEKlI 
SAPK pathway, in the response to DNA damage (unpublished data). 
Activation of SAPK by agents such as tumor necrosis factor (TNF), 
which act by mechanisms not involving DNA damage, occurs in 
c-Abl-deficient cells, and thereby through c-Abl-independent pathways 
( 14). The finding that diverse classes of DNA-damaging agents, includ
ing ara-C, cisplatin, and IR, also activate p38 mitogen-activated protein 
kinase (MAPK) (47) by a c-Abl-dependent mechanism (48) has sup
ported the involvement of c-Abl in at least two stress-activated path
ways. Both SAPK and p38 MAPK have been implicated in the induction 
of apoptosis (42,43,49,50), and thereby may contribute to the proapop
totic function of c-Abl in the response to DNA damage. 
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c-Abl Inhibits Phosphatidylinositol 3-Kinase Activity 

Phosphatidylinositol-3 kinase PI-3K is activated by growth factor 
receptors and has been implicated in the transduction of survival signals 
(51). Inositol lipids phosphorylated at the D3 position by PI-3K are 
necessary for the activation of the Akt (protein kinase B) serine/ 
threonine protein kinase (52-55). The PI-3K-Akt pathway inhibits 
induction of apoptosis by the c-Myc protein (56) and by serum with
drawal (57). These findings have indicated that signals that downregu
late PI-3K would be proapoptotic. Autophosphorylation of PI-3K on 
serine inhibits PI-3K activity (58,59); other signals that negatively 
regulate this kinase are unknown. In this context, the finding that 
c-Abl interacts with DNA-PKcs and ATM, members of the PI-3K family, 
prompted studies on the interaction, if any, with PI-3K. The results 
demonstrate that c-Abl interacts directly with the p85 subunit of 
PI-3K (60). Activation of c-Abl by treatment with IR or ara-C is 
associated with c-Abl-dependent phosphorylation ofPI-3K. The results 
also show that phosphorylation of p85 by c-Abl inhibits PI-3K activity 
in vitro and in treated cells (60). These findings support the hypothesis 
that activation of c-Abl by DNA damage downregulates PI-3K by 
phosphorylation of p85. Whereas the Aktlprotein kinase B is a down
stream effector ofPI-3K that participates in the suppression of apoptosis, 
c-Abl could contribute to the regulation of cell fate through downregula
tion of PI-3K. 

c-Abl Activates Proapoptotic Protein Kinase C 8 
The protein kinase C 8 (PKC8) isoform is involved in the induction 

of growth arrest (61) and has been found to exhibit a tumor suppressor 
function (62). Other studies in cells treated with ara-C, alkylating agents, 
or IR have shown that PKC8 is activated by proteolytic cleavage 
(63,64). PKC8 is cleaved in the V3 region by caspase-3 to a 40-
kDa, catalytically active fragment (65). Moreover, overexpression of 
activated PKC8 in cells is associated with chromatin condensation, 
nuclear fragmentation, induction of sub-Gl DNA, and lethality (65). 
Of the known PKC isoforms (66), the ubiquitously expressed PKC8 
(67) appears to be unique as a substrate for tyrosine phosphorylation 
(68). Recent work has shown that PKC8 is constitutively associated 
with c-Abl (69). The SH3 domain of c-Abl interacts directly with PKC8; 
c-Abl phosphorylates and activates PKC8 in vitro. Also, treatment of 
cells with IR or ara-C is associated with c-Abl-dependent phosphoryla
tion of PKC8 and translocation of PKC8 to the nucleus (69). The 
significance of this event is supported by the finding that activated 
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Fig. 1. Role for c-AbJ as an upstream effector of proapoptotic signals. 

PKC8 fonns a nuclear complex with p53, and thereby may contribute 
to an apoptotic response (unpublished data). Further experimentation is 
needed to define the effects of nuclear PKC8, the functional interaction 
between activated c-Abl and PKC8 in the response to DNA damage 
could potentiate the proapoptotic effects of c-Abl through induction of 
PKC8 activity. 

CONCLUSIONS 

An important question concerning treatment with genotoxic antican
cer agents is how DNA damage is converted into intracellular signals 
that control cell fate. The available infonnation supports a model in 
which sensors of DNA lesions, for example, DNA-PK and perhaps 
ATM, phosphorylate and thereby activate the c-Abl kinase (Fig. 1). 
The available data also supports a role for c-Abl in induction of an 
apoptotic response to DNA damage. Downstream effects of the acti
vated c-Abl kinase include induction of p53-mediated transactivation, 
induction of SAPK and p38 MAPK, inhibition of PI-3K, and activation 
of PKC8 (Fig. 1). Because these downstream effectors of c-Abl have 
been associated with the induction of apoptosis, c-Abl may function 
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in coordinating multiple events that each contribute to the cell-death 
response. Studies of c-Abl-dependent signaling mechanisms have been 
performed in cells treated with anticancer agents that act by damaging 
DNA. The physiologic function of c-Abl is therefore likely to reside 
in the elimination of cells that accumulate spontaneous, and irreparable, 
DNA lesions. 
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Taking into consideration that such knowledge is far from complete, 
this chapter attempts to critically examine this question. It presents 
a discussion of some of the experimental and clinical observations 
that provide insights into the complexities of chemotherapeutic drug 
mechanisms and the role of Bcl-2 family proteins as modulators of 
tumor cell susceptibility to apoptosis. 

Bcl-2 AS MULTIDRUG-RESISTANCE GENE 

Defects in normal programmed cell death (PCD) mechanisms play 
a major role in the pathogenesis of tumors, allowing neoplastic cells 
to survive beyond their normally intended life-spans, subverting the 
need for exogenous survival factors, providing protection from hypoxia 
and oxidative stress as tumor mass expands, and allowing time for 
cumulative genetic alterations that deregulate cell proliferation, inter
fere with differentiation, promote angiogenesis, and increase cell motil
ity and invasiveness during tumor progression. Though influenced by 
myriad genes, the core molecular machinery responsible for nearly all 
PCD, and its morphological equivalent, apoptosis, can probably be 
reduced to a few proteins that exist as multi gene families in higher 
eukaryotes, such as mammals. 

One of these key gene families is represented by Bcl-2 and its 
homologs, of which there are at least 16 in humans 0-,2-). The 
apoptosis-suppressing Bcl-2 gene was discovered as a proto-oncogene 
found at the breakpoints of t( 14; 18) chromosomal translocations in low
grade B-cell lymphomas. These lymphomas represent quintessential 
examples of human malignancies in which the neoplastic cell expansion 
can be attributed primarily to failed PCD, rather than to rapid cell 
division. Initial gene transfection studies of Bcl-2 demonstrated that 
overproduction of the protein significantly prolongs cell survival in the 
face of classical apoptotic stimuli, including lymphokine deprivation 
from factor-dependent hematopoietic cells, glucocorticoid treatment of 
thymocytes and lymphoid leukemia cells, ,,(-irradiation of thymocytes, 
and nerve growth factor-deprivation from fetal sympathetic neurons 
(I-). Conversely, antisense-mediated suppression of Bcl-2 expression 
was demonstrated to induce or accelerate cell death. It was thus that 
Bcl-2 emerged as the first example of an intracellular apoptosis-suppres
sor, and the first identified proto-oncogene that contributed to neoplasia 
through effects on cell life-span regulation, rather than cell division. 
Subsequent genetic studies of Caenorhabditis elegans mutants revealed 
an antiapoptotic Bcl-2 homolog, ced-9, implying that Bcl-2 governs 
an evolutionarily conserved step in the PCD machinery, a hypothesis 
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further supported by experiments in which human Bcl-2 was found to 
be capable of rescuing, at least partially, ced-9-deficient worms (3",4"). 

Not long after the antiapoptotic properties of Bcl-2 were recognized, 
cancer drug pharmacologists noted that the cell death induced by most 
chemotherapeutic agents in vitro resembled apoptosis, at least when 
the compounds were employed at clinically relevant concentrations 
(5,6). These observations prompted explorations of the effects of Bcl-
2 overexpression on tumor cell responses to anticancer drugs, revealing 
that Bcl-2 represents a novel type of multidrug-resistance protein that 
prevents or markedly delays apoptosis induction by most chemothera
peutic agents currently in clinical use (7--9-). Conversely, reductions 
in Bcl-2 achieved by antisense methods were shown to increase the 
susceptibility of cancer cells to apoptosis induction by multiple chemo
therapeutic drugs (10-,11-). This suppression of drug-mediated cytotox
icity, which is mediated by Bcl-2, is unrelated to rates of drug uptake 
or efflux, drug metabolism, nucleotide pools, amounts of drug-induced 
damage to macromolecules such as DNA, or rates of repair (9-,12-). 
Rather, Bcl-2 suppresses steps that occur downstream of drug-induced 
damage that would otherwise result in apoptotic cell death. Subsequent 
analysis of other antiapoptotic Bcl-2 family proteins, such as Bcl
XL> produced similar results, again demonstrating a unique multidrug
resistance phenotype unlike the MDR-family of drug-efflux proteins, 
glutathione and related endogenous antioxidants, DNA-repair enzymes, 
or other classical chemoresistance proteins. 

Further evidence that Bcl-2 family proteins might be intimately 
connected to chemoresponses in cancer came from studies of the mecha
nisms by which the tumor suppressor p53 induces apoptosis. The p53 
protein has been implicated by numerous studies in responses to geno
toxic-stress injury, inducing cell-cycle arrest and apoptosis when DNA 
is damaged by anticancer drugs or radiation. Though p53 may use 
several cell type-specific mechanisms for inducing apoptosis, a direct 
connection to the Bcl-2 family was revealed when the promoter region 
of the proapoptotic bax gene was found to contain several typical p53-
binding sites, and the bax gene was shown to be a direct transcriptional 
target of p53 (13). Moreover, overexpression of Bax, as well as some 
other proapoptotic members of the Bcl-2 family, can render tumor cells 
relatively more sensitive to the cytotoxic actions of several anticancer 
drugs (14); ablating bax reduces drug-induced apoptosis (15), thus 
further supporting an important role for Bcl-2 family proteins as not only 
modulators of chemoresponses, but also as possible direct mediators of 
their ultimate cytotoxic actions. 
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CLINICAL CORRELATIVE STUDIES 
PRESENT A CONFUSING PICTURE 

Reed 

With abundant data from in vitro gene-transfection studies, xeno
graph tumor models in animals, and transgenic mouse experiments 
providing the foundation for clinical investigations, a number of groups 
have set out to explore the potential prognostic significance of Bcl-2 
or its family members regarding predicting survival and chemo
responses in patients (16---18-,19). In interpreting the results of these 
clinical-correlative studies, it is important to recognize that many are 
not well controlled, contain only small numbers of patients, or have 
no bearing on the question of Bcl-2 as a chemoresistance and radiopro
tective protein, because the treatment modality was primarily surgical. 
Moreover, none of the studies performed to date have used truly quanti
tative means to measure the relative amounts of Bcl-2 family proteins 
in cancer cells, relying instead on qualitative methods, such as immuno
histochemistry or semiquantitative indirect immunofluorescence flow
cytometric assays. Nevertheless, several correlative studies of this type 
have provided support for the hypothesis that Bcl-2, or its close relatives 
Bcl-XL and Mcl-I, confers a clinically important chemoresistant pheno
type on cancer cells, including studies of patients with acute myeloge
nous leukemia (AML), acute lymphoblastic leukemia (ALL), chronic 
lymphocytic leukemia (CLL), non-Hodgkin's lymphomas, multiple my
eloma, and prostate cancer (16-19). In addition, attempts to compare 
the relative levels of Bcl-2 or other antiapoptotic Bc1-2 family proteins 
in leukemia or solid tumor cells before treatment, and again at the time 
of relapse, have demonstrated an apparent upregulation of Bcl-2, or a 
selective survival of those tumor cells that contain higher levels of 
Bcl-2 in some patients with ALL, AML, CLL, neuroblastomas, and 
prostate cancer. However, clinical correlative studies have not uni
formily demonstrated an adverse prognostic role for higher levels of 
Bcl-2 protein production, and some have even shown that expression 
of Bcl-2 can bear a strong association with favorable clinical outcome 
(20---22-). What then explains these seemingly discrepant observations? 

APOPTOSIS VS CLONOGENIC SURVIVAL 

Without exception, when Bcl-2 has been overexpressed by gene 
transfection in any given tumor cell line, and then compared side 
by side with control-transfected, otherwise isogenic cells, enhanced 
resistance to anticancer-drug-induced apoptosis has been observed. This 
increased resistance imparted by Bcl-2 overexpression can typically 
be observed as a requirement for higher concentrations of drug to kill 
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a given percentage of the tumor cells (e.g. 50%) within a defined 
amount of time (typically 2-3 d). In all cases, however, this protection 
imparted by Bcl-2 is relative, because, if enough drug is applied, the 
cells can be killed, which is consistent with the second rule of pharma
cology (i.e., enough of anything will block [or kill] anything). Thus, 
some discrepancies between in vitro and in vivo observations could 
be attributable to dose issues, but this seems inadequate to account for 
everything. More at issue may be the question of whether short-term 
cytotoxicity assays of the sort described above (EDso at 2-3 d) provide 
adequate information about what one can expect in the clinic. 

Many in vitro studies of Bcl-2 have demonstrated a pronounced 
delay in drug-induced apoptosis, but not necessarily a true block of 
cell death, which implies that Bcl-2 may merely postpone the inevitable. 
This observation is not particularly damning if one considers the many 
differences between the in vitro experimental design and the in vivo 
clinical circumstance, such as maintenance of drugs at constant concen
trations in vitro, compared to cyclical or bolus-type administration in 
vivo, in which drug is present only transiently. Thus, even a delay in 
cell death may produce an opportunity for rescue of sublethally damaged 
tumor cells, if the drug were removed. Moreover, to the extent that 
removal of drug is sufficient to rescue remaining viable cells from 
eventual death, it might also contribute to further genetic instability of 
drug-damaged cells. A particularly striking example has been reported 
with the antimicrotubule drugs in tumor cells protected by overexpres
sion of Bcl-XL' in which washing drug from the Bcl-XL-protected cells 
after vincristine- or vinblastine-induced G21M-phase arrest prompted 
cells to re-enter G1 and progress through S in the absence of cell 
division, resulting in tetraploidy (23). Nevertheless, it does beg the 
questions of what defines the commitment step from which the cell 
cannot be rescued, and how important are Bcl-2 family proteins for 
regulating this step? 

Examination of the effects of Bcl-2 overexpression on clonogenic 
survival of drug-treated cells may be more germane than short-term 
cytotoxicity studies, because clonogenic survival assays provide the 
additional benefit of determining not only whether cells survived, but 
also whether they retained replicative potential (24). Given that clono
genic survival necessitates both the maintenance of cell survival and 
adequate preservation of chromosomal integrity for successful execu
tion of the cell division cycle, however, it is perhaps not surprising 
that Bcl-2 overexpression has been shown to be sufficient for increasing 
clonogenic survival in some cases, but not in others (25-,26-). Asking 
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Bcl-2 to do both may be requiring it to fulfill functions beyond its 
intended role as a regulator of cell life and death. Clearly, from the 
clinical standpoint, a viable tumor cell that cannot replicate is of little 
danger to the patient. But, what if millions of such cells remain viable 
in the body, perhaps for many days or a few weeks, and occasional 
ones experience genetic alterations that permit them to regain replicative 
competence? In that case, even preventing cell death could be sufficient 
to contribute to relapses. 

Leaving issues of replicative integrity aside, how much is known 
about cell-death commitment concerning chemotherapeutic drugs? Re
cent studies have demonstrated that blocking apoptosis induced by 
anticancer drugs is not necessarily synonymous with blocking cell
death commitment. The effectors of apoptosis are a family of cysteine 
proteases that cleave peptide bonds just distal to aspartic acid residues 
occurring in specific amino-acid-sequence contexts. These proteases, 
known as caspases, are initially produced as single polypeptide chains 
representing inactive zymogens, but are converted to active proteases 
by proteolytic cleavage at specific aspartic acid residues, thus giving 
rise to the fully active heterotetrameric enzymes (26-). Treatment of 
tumor cells with chemotherapeutic drugs uniformly results in proteolytic 
processing of certain caspases and cleavage of caspase substrates, such 
as poly ADP-ribose polymerase (PARP). Moreover, using broad-speci
ficity, irreversible inhibitors of caspase, such as benzyloxycarbonyl
valinyl-alaninyl-aspartyl-fluoromethylketone (zVAD-fmk), it has been 
demonstrated that apoptosis can be partly, if not completely, prevented 
following exposure of tumor cells to etoposide, cisplatin, ara-C, ara-F, 
nitrosureas (bichloronitrosurea; BCNU), and other drugs. However, in 
many cases, despite blocking apoptotic proteases with zVAD-fmk or 
similar compounds, drug-damaged cells nevertheless die through what 
appears to be a delayed necrosis (24,27-30-). This delayed nonapoptotic 
cell death is preceded by, and indeed, is probably caused by, mitochon
drial damage, resulting in release of certain mitochondrial proteins, 
including cytochrome-c from these organelles, interrupting electron
chain transport, causing generation of free radicals, loss of the electro
chemical gradient across the inner membrane, and presumably ATP 
depletion (31, 32). 

Though caspase inhibitors fail to prevent anticancer-drug-induced 
mitochondrial damage and the commitment to cell death, clonogenic 
survival studies indicate that Bcl-2 and Bcl-XL can prevent or reduce 
drug-induced cell death under the same circumstances (32). Thus, at 
least when examined so far, Bcl-2 family proteins appear to govern a 
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cell-death commitment step upstream of anticancer-drug-induced cas
pase activation and apoptosis. Though the mechanisms by which Bcl-
2 accomplishes this remain debatable (2-,31-33), it is noteworthy that 
many Bcl-2 family proteins, including Bcl-2 and Bcl-XL' reside in 
mitochondrial membranes, chiefly the outer membrane. Moreover, Bcl-
2 and Bcl-XL can prevent mitochondrial changes associated with drug
induced cell death, including cytochrome-c release, loss of dt\J, and 
generation of reactive oxygen species (ROS), though caspase-indepen
dent mechanisms (31,32). Conversely, the proapoptotic Bax protein 
can induce these changes in mammalian cells, and in yeasts which 
contain no apparent Bcl-2 homologs and no caspases (31,32,34,35-). 

BCL-2-INDEPENDENT PATHWAYS FOR APOPTOSIS 

Although Bcl-2 clearly can govern a cell-death commitment step 
upstream of caspase activation, it has been shown that Bcl-2-indepen
dent pathways for caspase activation and apoptosis induction also exist 
(36). For example, in some (but not all) types of cells, apoptosis trig
gered by Fas (CD95) and certain members of the tumor necrosis factor 
(TNF) family of death receptors is not blocked by overexpression of 
Bcl-2 or other antiapoptotic members of the Bcl-2 family (see Fig. 1). 
Fas and similar TNF-family receptors, including TNFR1, DR3lWeasle, 
DR4 (TRAIL-RI), DR5 (TRAIL-R2), and CAR, all contain death do
mains within their cytosolic tails, and directly induce caspase activation 
through ligand-induced recruitment of cytosolic procaspases, which 
can interact with specific adaptor proteins (FADD; TRADD) that bind 
to the death domains of these receptors (37,38). Activation of the 
caspases, which interact with TNF-family receptor complexes (e.g., 
caspases-8, -10), can trigger a cascade of proteolysis, involving pro
cessing and activation of the zymogen forms of other downstream 
caspases (e.g., caspases-3, -6, -7), which serve as the final effectors 
(executioners) of apoptosis (32). In many types of cells, this death 
receptor pathway for apoptosis runs via a Bcl-2-independent pathway, 
circumventing the participation of mitochondria or other organelles, 
where Bcl-2 and many of its homologs reside as integral membrane 
proteins. 

How is this Bcl-2-independent process relevant to cancer chemother
apy? Some kinds of tumor cells apparently are induced to express TNF 
family receptors and/or ligands when damaged by anticancer drugs, 
including some T-cell leukemias, hepatocellular carcinomas, and colon 
cancers (39-41-). The result is an autocrine (or paracrine) self-destruc
tion (39-41-). Moreover, p53 has been reported to upregulate transcrip-
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Fig. 1. Apoptosis Pathways. Apoptosis occurs when terminal-effector caspases are 
activated. Activation of these caspases can occur through several routes, including via 
mitochondria-dependent and -independent pathways. Two mechanisms of mitochon
drial participation have been described: one involves opening of the mitochondrial 
permeability transition (PT) pore complex, with organelle swelling and rupture of the 
outer membrane (left), causing release of cytochrome-c (dark circles), and possibly 
other caspase activators (open circles); the other appears to allow for direct release of 
cytochrome-c, without evidence of PT pore opening (right). Bcl-2 blocks cyto
chrome-c release and PT pore opening. Some apoptotic stimuli involve TNF-family 
death receptors, which activate upstream caspases. These caspases can either directly 
cleave and activate downstream effector caspases (Bcl-2-independent), or they can 
indirectly activate effector caspases through effects on mitochondria (Bcl-2-depen
dent). Positive feedback loops exist with effector caspases, causing mitochondrial 
damage (dashed lines). Moreover, when sufficient cytochrome-c has been lost, re
sulting cessation of electron-chain transport can produce reactive oxygen species 
(ROS) that induce PT pore opening (dashed line). In the presence of caspase inhibitors, 
mitochondria damage can lead to necrosis-like cell death, typically involving genera
tion of ROS, loss of membrane potential (Ill\!), and impaired ATP production. 
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tion of Fas and DR5 (reviewed here and in ref. 42), linking these death 
receptors closely to this guardian of the genome. Thus, to the extent 
that this death receptor pathway is responsible for the cytotoxic actions 
of anticancer drugs in tumors, Bcl-2 overexpression may be irrelevant. 
Differences among tumors, even among tumors of the same lineage, 
however, make it difficult to predict how important this Bcl-2-indepen
dent pathway is within the context of clinical responses, because studies 
have shown that many tumors and leukemias do not rely on this auto
crine mechanism for cell death. Further complicating attempts to predict 
chemoresponses, it has been shown that even apoptosis induced via 
Fas can be blocked substantially by Bcl-2 or Bcl-XL overexpression 
in some cells, but not others. Recent comparisons of cell lines in which 
Bcl-2 overexpression was or was not Fas-protective suggest that two 
types of cellular contexts can be identified: one in which Fas ligation 
leads to abundant amounts of pro-caspase-8 processing that is Bcl-2-
independent, and another in which Fas triggers only small amounts of 
caspase-8 activation that is Bcl-2-suppressible (43). Again, even cells 
derived from the same lineage, such as T-cell leukemias, can differ in 
terms of which of these two Fas-signaling mechanism they rely on. 
Debatin discusses this in Chapter 12. 

The basis for this difference in Bcl-2 sensitivity appears to reside 
in whether caspase-8 does or does not require a mitochondria-dependent 
amplification step to achieve sufficient activation of downstream ef
fector caspases for apoptosis. For example, addition of recombinant 
caspase-8 at relatively high concentrations to cytosolic extracts results 
in activation of downstream caspases as well as apoptosis-like destruc
tion of exogenously added nuclei. However, if lower concentrations of 
active caspase-8 are added, then downstream caspase activation and 
nuclear destruction are minimal, unless mitochondria are added to the 
cytosolic extracts (44). Bcl-2 apparently can block caspase-8-mediated 
apoptosis only in cases in which a mitochondria-dependent amplication 
of the caspase cascade is required. Though caspase-8 may employ 
several mechanisms for bringing mitochondria into the picture, one 
intriguing pathway involves caspase-8-mediated cleavage of a cytosolic 
Bcl-2 family protein, Bid. Bid is a proapoptotic protein, which upon 
cleavage by caspase-8, translocates to mitochondrial membranes, binds 
to other Bcl-2 family proteins, and induces release of cytochrome-c 
from mitochondria (J. Yuan, X. Wang, personal communications). Once 
in the cytosol, cytochrome-c then binds to the ced-4-like protein, 
Apaf-l, inducing Apaf-l to form complexes with pro-caspase-9, and 
triggering the dATP/ ATP-dependent activation of caspase-9 (45). Over-
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expression of Bcl-2 or Bcl-XL blocks both Bid-induced apoptosis and 
release of cytochrome-c from mitochondria. 

Taken together, these observations concerning alternative pathways 
of Fas-induced apoptosis (i.e., Bcl-2-dependentlindependent), and vari
ations in the extent to which anticancer drugs utilize a death receptor
type mechanism for triggering tumor cell apoptosis, illustrate some of 
the complexities in attempting to predict clinical responses from analy
sis of Bcl-2 or Bcl-2 family protein levels. 

MULTIPLE MECHANISMS OF BCL-2: 
HOW DOES IT WORK? 

Perhaps it would be easier to correlate Bcl-2 expression with clinical 
responses of tumors to anticancer drugs and radiation, if one knew 
how the Bcl-2 protein works. Bcl-2 appears to defy the dictum: "One 
gene ---+ One protein ---+ One function." Rather, Bcl-2 is a multifunctional 
protein. At least three general functions for Bcl-2 and its antiapoptotic 
homologs have been identified: dimerization with other Bcl-2 family 
proteins; binding to nonhomologous proteins; and formation of ion
channels/pores (2,31-33,36,46). A thorough discussion of the participa
tion of Bcl-2 in these various biochemical functions is beyond the scope 
of this chapter, but the relevant point is that the relative importance of 
any of these three general mechanisms probably varies, depending on 
cell context (cell background) and the apoptotic stimulus involved. For 
example, Bcl-2 or Bcl-XL reportedly binds, or at least can be co
immunoprecipitated, not only with other several other members of the 
Bcl-2 family (both pro- and antiapoptotic), but also at least three proteins 
that can bind caspases (Apaf-I, Bap28, FLIP), a protein kinase (Raf-
1), a protein phosphatase (ca1cineurin), a regulator of Hsc70IHsp70 
molecular chaperones (BAG-I), the spinal muscular atrophy (SMN) 
protein, a p53-binding protein (53BP-2), and others (2,33). The extent 
to which any of these protein interactions with Bcl-2 and Bcl-XL is 
essential to antiapoptotic functions may differ greatly, depending on 
whether the host cell expresses some of these proteins, and whether 
the stimulus for apoptosis is p53 (e.g., 53BP-2), elevated Ca2+ (e.g., 
calcineurin), cytochrome-c release (e.g., Apaf-l), or something else. 
Similarly, some Bcl-2 family proteins are structurally similar to the 
pore-forming domains of bacterial toxins (33,46), and have been re
ported to regulate channel/pore-like phenomenon in the membranes 
where they insert, including the mitochondria (e.g., opening/closing of 
the mitochondrial permeability transition pore complex; and release of 
cytochrome-c), endoplasmic reticulum (e.g., Ca2+ efflux from ER), 
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and nuclear envelope (e.g., protein translocation through nuclear pore 
complexes) (1,2,31-33). Thus, the ability to ascertain the relative level 
of Bcl-2 activity in a tumor cell is complicated by not knowing which 
of these various facets of Bcl-2 to measure. 

REGULATION OF CELL DEATH AND MORE 

Not only does Bcl-2 potentially employ multiple mechanisms for 
controlling cell life and death, but it also has an affect on cell prolifera
tion. The antiapoptotic proteins Bcl-2, Bcl-XL> and Bcl-W have been 
reported to suppress cell proliferation, probably by making it more 
difficult of cells to exit the quiescent (Go) state and enter the cell cycle 
(47-,48-). This function of Bcl-2 can be separated from its antiapoptotic 
actions. For example, site-directed mutagenesis of tyrosine 28 to phenyl
alanine in Bcl-2 ablates it ability to impede cell proliferation, but has 
no apparent affect on its antiapoptotic activity (48-). Moreover, somatic 
point mutations in the bcl-2 genes of tumors have been described, 
which appear to generate mutant Bcl-2 proteins that no longer suppress 
proliferation, but which still block cell death with efficiency indistin
guishable from the wild-type protein (49-). At present, few clues exist 
that might explain how Bcl-2, Bcl-XL> and Bcl-W suppress cell prolifer
ation, but binding to another protein(s) involved in regulating cell
cycle entry is probably the leading hypothesis. 

It has been argued that the ability of Bcl-2 to inhibit cells from 
entering the cell-division cycle may contribute to its cytoprotective 
effects, for example, by helping to prevent cells with damaged DNA 
from attempting to replicate their genomes. Within the context of tumor
igenesis, however, the inhibitory effects of antiapoptotic Bcl-2 family 
proteins on cell proliferation create a conflict of interest. On the one 
hand, tumors may rely on such proteins as Bcl-2 to prolong their life
span, and to render them tolerant to hypoxia, growth factor deprivation, 
detachment from extracellular matrix, and the apoptotic drives of dereg
ulated oncogene expression and genomic instability. On the other hand, 
suppression of proliferation is counterproductive to the clonal expansion 
of tumor cells, and thus could result in selective pressure for loss of 
Bcl-2 expression. At some point in the pathogenesis of most tumors, 
these competing and not necessarily compatible goals must be dealt 
with for maintaining cell survival while driving cell division. The 
resolution to that conflict could include: mutating Bcl-2, so that its 
cytoprotective actions are preserved, but its antiproliferative effects are 
lost; altering the expression or function of the putative protein(s) that 
interacts with Bcl-2 to impede cell cycle entry; or generating other 
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lesions in the apoptotic machinery that render Bcl-2 superfluous, and 
thus allowing for loss of Bcl-2 expression. It is tempting to speculate 
that this conflict between the goals of tumor cell survival and cell 
division may explain the observations that Bcl-2 expression represents 
a favorable prognostic indicator for some kinds of solid tumors (20-22). 

HOW SHOULD BCL-2 FAMILY GENE 
EXPRESSION BE MEASURED IN TUMORS? 

Ideally, attempts to delineate the relative importance of Bcl-2 family 
proteins with respect to tumor responses to chemotherapy or radiation 
would make use of highly sensitive and specific measures of Bcl-2 
family protein activity. Instead, what is available is a variety of surrogate 
markers that merely assess the structural status of bcl-2-family genes 
or that assess qualitative changes in the levels of their encoded rnRNAs 
or proteins. Some of the issues that ought to be considered in interpreting 
various measures of Bcl-2 family gene expression are presented here. 

First, for historical reasons, many clinical-correlative studies have 
focused on Bcl-2 as a biomarker, but this is only because Bcl-2 was 
the first member of the family to be discovered. There is no a priori 
reason to suspect that Bcl-2 is any more or less important than any of 
the other approx 16 members of the human Bcl-2 protein family. Be
cause the relative ratios of pro- and antiapoptotic Bcl-2 family proteins 
dictate the ultimate sensitivity or resistance of cells to myriad apoptotic 
stimuli, relying solely on measures of bcl-2 gene expression may be 
misleading or simply uninformative (50). The advent of chip-based 
genomic and proteomic technologies should make it possible in the 
future to simultaneously assess the levels of rnRNAs or proteins within 
the entire gene family. 

Second, measures of bcl-2 family gene structure can be unreliable 
indicators of gene expression. For example, t(14;18) translocations are 
involved in the activation of the bcl-2 proto-oncogene in >85% of 
follicular non-Hodgkin's lymphomas (low-grade lymphomas), and in 
about one-third of diffuse large B-celllymphomas (intermediate-grade 
lymphomas). Consequently, PCR, Southern blotting, and other DNA
based assays for detection of the t(14; 18) have been explored as potential 
prognostic markers (see ref. 16-). Most of these studies, however, have 
failed to find a convincing correlation between the presence or absence 
of translocations and patient survival, responses to chemotherapy, or 
other measures of clinical outcome, probably in part because elevated 
Bcl-2 protein levels can commonly be found in lymphomas that do 
not contain t(14; 18) translocations, either because of bcl-2 gene amplifi-
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cation, or other mechanisms that do not require structural changes to 
the bcl-2 gene. In contrast to these DNA-based assays, immunohisto
chemical detection of Bcl-2 protein has been identified as an indepen
dent prognostic indicator of shorter disease-free or shorter overall 
survival in several studies of intermediate-grade lymphomas, in which 
simultaneous analysis of t(14;18) was uninformative (51-53). 

Third, measures of bcl-2 family mRNA levels may not be indicative 
of protein production, representing a limitation to the application of new 
DNA-chip-based technologies. For example, bcl-2 transcripts contain a 
region upstream of the open reading frame that has been shown to 
regulate translation (54). Moreover, the relative levels of the Bcl-2, 
Bax, Mcl-l, and other possible Bcl-2 family proteins can be modulated 
by changes in their rates of protein turnover. 

Fourth, measures of the levels of Bcl-2 family proteins, such as 
immunohistochemistry, immunofluorescencelflow cytometry, and im
munoblotting, may be misleading if they fail to detect various posttrans
lational modifications that can alter the function of these proteins. For 
instance, cytosolic Bid may be inactive until cleaved by caspases, as 
mentioned above. Conversely, cleavage of Bcl-2 and Bcl-XL by caspases 
has been reported to convert them from cytoprotective to cytodestructive 
proteins (55). Moreover, phosphorylation of Bcl-2 has been associated 
with either enhanced or reduced antiapoptotic function, depending on 
the specific sites that become phosphorylated within the protein (56,57). 
Likewise, phosphorylation of the proapoptotic BAD protein plays a 
critical role in the regulation of its function, with phosphorylation 
inactivating the protein by preventing it from dimerizing with Bcl-2/ 
Bcl-XL> and dephosphorylation restoring its cytotoxic activity (58). 

Fifth, the intracellular locations of some Bcl-2 family proteins are 
subject to regulation. In some types of cells, most of the Bax protein 
molecules are located in the cytosol, where they apparently have little 
influence on cell death, but, after apoptotic stimuli, these cytosolic Bax 
molecules translocate to mitochondrial membranes, where they induce 
cytochrome-c release and trigger apoptosis (59). Thus, measures of 
Bax protein that fail to consider where the protein is located in the cell 
may not necessarily correlate with Bax activity, if it is discovered that 
this process of Bax translocation is differentially regulated in cells (i.e., 
permissive vs resistant to Bax translocation). 

Sixth, the functional state of Bcl-2 family proteins may be dictated 
by their interactions with other proteins, and thus are not directly 
reflected by the levels of expression. Though controversial, for example, 
it has been argued that the apoptotic sensitivity of cells is controlled 
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by the percentage of the total Bax protein molecules sequestered in 
dimeric complexes with Bcl-2, Bcl-XL> or other antiapoptotic Bcl-2 
family proteins (60). Conversely, protection by Bcl-XL may correlate 
with binding to Apaf-l or other proteins, rather than dimerization 
with Bax (2,31-33,61). Thus, techniques that fail to measure these 
protein-protein interactions may not necessarily be reflective of the 
bioactivity of the proteins. 

Seventh, conformational changes in Bcl-2 family proteins may deter
mine whether they are inactive vs active. Evidence has been presented 
that Bcl-2, Bcl-XL> and Bax, for example, can exist in two profoundly 
different conformational states, representing either a compact aqueous
soluble form or a membrane-integrated form associated with channel 
formation (46). The events that regulate these conformational transitions 
remain mostly unknown, and techniques for readily measuring them 
in clinical specimens are not yet available. 

CONCLUSIONS 

With the large size of the Bcl-2 gene family and the enormous 
complexity in the regulation of Bcl-2 family gene expression and protein 
function, it is somewhat miraculous that immunohistochemical assess
ment of single members of the Bcl-2 family and some assays of 
bcl-2 family gene structure have revealed strong correlations with clini
cal behavior in specific types of tumors. This implies that, although 
the gene family is large, certain members appear to play dominant 
roles in the pathogenesis or progression of particular cancers. Moreover, 
the striking observation that gene-transfer experiments performed in 
numerous laboratories, using multiple tumor cell lines, have almost 
uniformly demonstrated that elevations in Bcl-2 or Bcl-XL increase 
resistance to apoptosis induced by anticancer drugs, and provides a 
compelling argument that the relative amounts of these proteins are 
strong determinants of chemoresponses, despite the diverse mechanisms 
responsible for regulating their bioactivities. Probably the best determi
nants of the relative importance of Bcl-2 and its various homologs in 
controlling chemoresponses in cancers will come when potent antago
nists of these proteins are finally available through drug screening, 
drug design, or other methods, and these compounds enter clinical trials. 
Until then, attempts to gain a greater understanding of the molecular 
mechanisms of action of Bcl-2 family proteins within tumor-specific 
contexts should proceed with hope of revealing optimal strategies for 
modulating the functions of these proteins in clinically useful ways for 
patients with fatal malignancies. 
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ABSTRACT 

Bax is a member of the Bcl-2 family that regulates apoptosis by 
promoting cell death. Abnormal expression of this protein has been 
linked to pathological features such as colorectal cancer, enhanced 
tumorigenesis, and male sterility. Currently, the molecular mecha
nism by which Bax regulates apoptosis is unknown, despite intensive 
investigation of a variety of proposed models. Emerging evidence 
suggests that Bax can undergo differential conformational changes, 
and that its site of action appears to reside in mitochondria. 

INTRODUCTION 

Bax (Bcl-2-associated protein X) was first isolated by irnmunoprecip
itation as a heterodimer with Bcl-2 (1"). Overexpression of Bax in an 
IL-3-dependent cell line (FL 5.12) was shown to accelerate cell death 
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induced by IL-3 withdrawal. Subsequently, it was demonstrated that 
overexpression of this protein promotes apoptosis induced by a variety 
of cellular insults (2). 

Three different transcripts of Bax (termed a, 13, and 'Y), representing 
alternatively spliced forms, were identified from cDNA clones isolated 
by library screening. However, Baxa appears to be the only transcript 
expressed in cells. The gene for human Bax contains 6 exons and codes 
for a protein of 192 amino acids. In human, the bax gene has been 
mapped to chromosome region 19q13.3--q13.4 (3) and it appears that 
this gene can be transcriptionally activated by p53 (4,5). Currently, 
Bax from mouse, rat, and human have been cloned. Sequence analyses 
of these proteins indicate that they share high degree of homology 
(1",6). 

Sequence analysis of Bax indicates that this protein, like other mem
bers of the Bcl-2 family, has three conserved regions, known as the 
BHI (amino acids 97-118), BH2 (amino acids 150-165), and BH3 
(amino acids 59-73) domains. The BH3 domain of Bax (LKlRRIG
DELD) is believed to be required for dimerization to pro survival factors 
Bcl-2 and Bcl-XL (7-,8-). However, the importance of this region in the 
regulation of cell death remains controversial (9-,10). Another notable 
feature of the Bax sequence is the presence of a predicted hydrophobic 
membrane-spanning segment at the carboxyl terminal end. In Bcl-2, a 
similar C-terminal hydrophobic segment is believed to be required for 
anchoring the protein to endoplasmic reticulum, mitochondria, and 
outer nuclear membranes (11, 12). 

ROLE OF Bax IN TISSUE 
DEVELOPMENT AND ONCOGENESIS 

Bax is widely distributed in many tissues within the body (13). 
Physiologically, Bax is believed to be involved in maintaining cellular 
homeostasis in spleen and thymus, which are the two main organs 
responsible for lymphocyte production. In Bax knockout mice, selective 
hyperplasia of these lymphoid tissues was observed (14-). Bax also 
appears to playa role in mammalian reproduction systems. In males, 
Bax plays a crucial role in spermatogenesis: Bax-deficient male mice 
were found to be sterile (14-,15). In females, follicles in ovaries of 
knockout mice have excess granulosa cells (14-), and their oocytes are 
highly resistant to treatment with the chemotherapeutic agent, doxorubi
cin (16). Bax also appears to playa role in neuronal development: An 
increased number of neurons were found in Bax knockouts (17). In a 
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BaxlBcl-XL double knockout system, the absence of Bax counteracted 
the increased cell death in immature central nervous system neurons 
in Bcl-XL-deficient mice, yielding relatively normal neuron levels (18). 

The involvement of Bcl-2 family members in cancer was first dem
onstrated for Bcl-2. Bcl-2 was found to be overexpressed in human 
follicular B-cell lymphoma caused by a t[14; 18] interchromosomal 
translocation (19-21). The connection between Bax and tumorigenesis 
was initially reported in human colon cancer of the microsatellite muta
tor phenotype, a cancer that is typified by deletion or insertion mutations 
in repeat sequences. For Bax, mutations were found in approx 50% of 
the MMP+ tumors within the G8 tract of codons 38-41 of the third 
exon (ATG GGG GGG GAG) (22,23"). In these tumors, mutations 
leading to the formation of either G9 or G7 tract cause a frame shift 
in the Bax gene, resulting in an inactive protein product. Similar findings 
were noted in hereditary nonpolyposis colorectal cancer (HNPCC). An 
increased incidence of Bax mutations in the (G)g tract of Bax was 
observed through the progression of colorectal adenoma to carcinoma 
(24). Bax has also been reported to act, to some extent, like the tumor 
suppressor p53 (25-). In a brain tumor model, an increase in tumor 
growth and a decrease in apoptosis were found in Bax-deficient mice. 

SUBCELLULAR LOCALIZATION OF Bax 

Because of the presence of a predicted C-terminal membrane
spanning domain and the propensity of Bax to form heterodimers with 
membrane-associated Bcl-2, it has been widely assumed that Bax is a 
membrane protein. However, by the conventional hypotonic lysis, 
Dounce homogenization, and differential centrifugation analyses, it was 
found that Bax in murine thymocytes and splenocytes was predomi
nantly in the cytosolic fraction (26--,27-). Bcl-2, in contrast, was found 
exclusively in the membranes. Bcl-XL> which also has a predicted 
membrane-spanning domain, was found to exist in both soluble and 
membrane-bound forms (26--,27-). In addition to thymus and spleen, 
Bax also appeared to be predominantly soluble in brain and liver (Hsu 
and Youle, unpublished data). The cytosolic localization of Bax was 
confirmed by tagging Bax to the green fluorescent protein (GFP). This 
enabled the visualization of biologically active Bax in living cells and 
in real time. GFP-Bax expressed in COS-7 cells was cytosolic, based 
on its diffuse pattern, and on its rapid recovery from fluorescent photo
bleaching (28-). 
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Although Bax was cytosolic in healthy cells, upon induction of 
apoptosis in murine thymocytes with dexamethasone or 'Y-irradiation 
and in HL-60 promyelocytic leukemia cells treated with staurosporine, 
a significant shift in the subcellular localization of Bax from the cytosol 
to the membranes was observed (26"). This shift in Bax localization 
was confirmed by GFP-Bax transiently expressed in COS-7 cells (28-). 
Upon induction of apoptosis by staurosporine, GFP-Bax, which initially 
displayed a diffuse cytosolic state, changed to a punctate membrane
bound state. The site of Bax insertion overlaps with mitochondria, 
suggesting that this organelle is a primary site for Bax location during 
early stages of apoptosis. 

More recently, several reports have suggested that Bax resides in 
mitochondria in healthy cells (6,8-,29-31). These studies were carried 
out either by immufluorescence staining of cells overexpressing Bax 
or by the GFP-Bax visualization system. Overexpression of Bax, in 
many cases, is toxic to cells, even in the absence of apoptotic stimuli 
(32). It is possible that the mitochondrial localization of Bax observed 
in these studies, in fact, represents the membrane-bound state of Bax 
found in cells undergoing apoptosis. 

DIMERIZATION AND DIFFERENTIAL 
CONFORMATIONS OF Bax 

One of the few activities associated with members of the Bel-2 
family is their propensity to form dimers. Bax has been shown by a 
number of investigators to be capable of forming either homodimers 
or heterodimers with Bel-2 and Bel-XL by immunoprecipitation and 
yeast two hybrid select systems 0",33,34). Based on the tendency of 
Bax to promote cell death, it has been proposed that the relative ratio 
of Bax heterodimers to Bax homodimers serves as a switch that dictates 
the cell fate (2,35). According to this model, exposure of the cell 
to cytotoxic insults may promote the formation of Bax homodimers. 
However, this death-initiation step may be blocked, if sufficient quanti
ties of the prosurvival factors Bel-2 or Bel-XL are present to form 
heterodimers with Bax. Thus, depending on the relative ratio of Bax 
heterodimers to Bax homodimers, the cell may proceed toward either 
cell survival or cell death. 

However, several reports describing site-directed mutagenesis of 
Bax, Bel-2, and Bel-XL have suggested that these proteins may function 
independent of dimer formation (9-,10,36--39). In these studies, muta
tions were introduced into the genes encoding these proteins. These 
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mutations, in many instances, were able to abrogate the propensity of 
Bax, Bcl-2, and Bcl-XL to form dimers without affecting their biological 
activities. Thus, these observations raise the question of why members 
of the Bcl-2 family form dimers, and yet they can function in a dimer
independent manner. 

The unexpected and intriguing finding of Bax being in a different 
subcellular compartment than Bcl-2 in murine thymocytes, with the 
former being a soluble protein and the latter being a membrane protein, 
provided the first indication that dimer formation between these two 
proteins may not normally occur in healthy cells (26",27-). Bax homo
and heterodimerizations were re-examined with the aid of several 
epitope-specific monoclonal antibodies generated against different spe
cies of Bax (27-,40-). These studies took advantage of the fact that 
Bax and a significant fraction of Bcl-XL are soluble in murine thymo
cytes, and thus do not require the presence of detergents during the 
immunoprecipitation process. It was found that Bax readily forms 
homo- and heterodimers in the presence of nonionic detergents such 
as nonidet P-40, but it does not form dimers in the absence of detergent. 
In fact, the type of dimer formed by Bax appears to be highly dependent 
on the type of detergent used during the immunoprecipitation process 
(Table 1). This detergent-dependent dimerization of Bax appears to 
coincide with a detergent-induced exposure of an N-terminal epitope 
of Bax (amino acids 9-16), as detected by a conformation-sensitive 
monoclonal antibody, J.LBax 6A 7. Taken together, it appears that the 
presence of nonionic detergents somehow caused a conformational 
change in Bax, to enable its homo- and heterodimer formation. It is 
interesting that detergents, which are normally thought to dissociate 
protein-protein interactions, in this case activate dimer formation. How 
this detergent-induced conformational change of Bax relates to the 
apoptosis-induced subcellular localization change remains to be 
explored. 

FUNCTION OF Bax 

The molecular cascade by which Bax regulates cell death is still 
unknown. Recently, it has also been reported that Bax-induced cell 
death may be blocked by Bax inhibitor-l (B-1), an integral membrane 
protein with six transmembrane helices (41). However, the mechanism 
of Bax regulation by B-1 is not known, because they do not appear to 
interact with one another. 
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The recent identification of the crystal structure of Bcl-XL provided 
a first clue about the potential mechanism played by members of the 
Bcl-2 family (42-). The most prominent feature associated with Bcl
XL> based on X-ray and NMR analyses, appears to be the presence of 
two central a-helices, termed a5 and a6. These two hydrophobic 
a-helices resemble the membrane translocation domain of diphtheria 
toxin and colicins. Because the similar domains of diphtheria toxin 
and colicins have ion channel activity in vitro, several studies were 
carried out to test the plausibility of Bcl-2 family members being ion
conducting channels (43--46). These studies measured ion conductance 
by recombinant Bcl-XL> Bcl-2, and Bax, using the synthetic lipid vesi
cles and planar lipid bilayers. It was found that Bcl-2 and Bcl-XL are 
more selective for cations such as K+, but Bax is more selective for 
anions such as CI-. The typical conductance of Bax is in the pS range 
and appears to be dependent on both pH and voltage. How this activity 
may regulate cell death remains unclear, but recent studies on changes 
in mitochondrial membranes during apoptosis suggest several areas 
for research. 

Bax-dependent cell killing appears to be linked to caspase activation 
(32, 47). Inclusion of a pan-caspase inhibitor, such as zVAD-fmk, has 
been shown to be effective in delaying cell death promoted by Bax 
(32). Caspase activation is initiated by the release of cytochrome-c from 
mitochodria (48). Several reports have suggested that overexpression of 
Bax leads to the loss of inner mitochondrial potential, a phenomenon 
also known as mitochondrial permeability transition (47,49). It has also 
been reported that mitochondrial FoFl-ATPase proton pump may be 
required for Bax-induced killings (50). These observations, taken to
gether, have led to the proposal that Bax may form pores on mitochon
drial surface, leading to the dissipation of mitochondrial potential and 
to the release of cytochrome-c (51). One could envision that these 
series of processes (Fig. I) would first require a signaling mechanism 
that switches Bax from its normal physiologically inactive state, possi
bly represented by its cytosolic form, to an active apoptotic state, 
possibly represented by its mitochondria-bound form. Interestingly, the 
6A 7 antibody binds the membrane-bound form of Bax and not the 
soluble form (40). In addition, these processes would also require a 
specific targeting system that selectively directs Bax to the mitochon
drial membranes, and not to other cellular organelle membranes. Identi
fying these key components of the apoptosis molecular cascade 
involving Bax will undoubtedly provide further insights into the intri
cate regulation of apoptosis by members of the Bcl-2 family. 
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ApoptosiS 

~ 587 

Fig. 1. Molecular regulation of Bax-induced cell death. In healthy living cells, 
Bax is a soluble protein, and probably exists in an inactive state. Upon induction 
of apoptosis, an unknown mechanism triggers the insertion of Bax into mitochon
dria. It is not known whether this mechanism acts directly on Bax or on mitochon
dria, or both. Insertion of Bax then causes the release of cytochrome-c and the 
activation of caspases, leading to cell death. 
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ABSTRACT 

Bax is a member of the Bcl-2 family of proteins, with proapoptotic 
activity. In cells, the protein is found in the cytosol and in the 
mitochondrial membrane. At least in some cell types, a translocation 
from the cytosol to the mitochondria has been detected during 
apoptosis. The protein contains a hydrophobic C-terminal domain 
presumably involved in the membrane attachment. Bax can form ion 
channels in artificial lipid membranes: These can be described as 
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multiconductance, pH-sensitive, voltage-sensitive channels with 
rather poor ion selectivity. Overexpression of Bax in cells, or addition 
of recombinant Bax protein to isolated mitochondria, triggers loss 
of the mitochondrial membrane potential and release of cytochrome-c, 
both early events during apoptosis. 

INTRODUCTION 

Apoptosis or programmed cell death is an essential physiological 
process required for normal development and maintenance of tissue 
homeostasis (1,2). However, apoptosis is also involved in a wide range 
of pathologic conditions, including acute neurological injuries, neurode
generative diseases, immunological diseases, AIDS, and cancer (3-5). 
Several signaling pathways appear to be involved in inducing apoptosis, 
depending on the initiating stimulus. Proteins of the Bcl-2 family, 
together with mitochondria, cytochrome-c, and caspases, have, among 
others, been identified as essential parts of the apoptotic signaling 
pathways (6-9). Bcl-2 family members can be subdivided into two 
groups according to their function: the antiapoptotic members on one 
side and the proapoptotic members on the other side (Table 1). 

PRIMARY STRUCTURE 

The Bel-2 family of proteins share homology within specific regions 
called Bel-2 homology (BH) domains, which mediate protein interac
tions (10-12). The proteins can interact in specific ways to form either 
homo- or heterodimers. The BHl and BH2 domains are required for 
Bel-2 and Bel-XL to dimerize with Bax, and to suppress apoptosis 
(13). However, mutations in Bel-XL have been described that prevent 
heterodimerization with Bax or Bak, but still maintain antiapoptotic 
activity, suggesting that the antiapoptotic proteins can also function 
independently to regulate cell survival (14). 

The BH3 domain of proapoptotic proteins, such as Bax, Bak, or Bad, 
is sufficient, but are not required for their binding to Bcl-2 or Bel-XL, and 
to promote apoptosis (15-). In fact, this domain seems to playa dominant 
role, because introduction of the BH3 domain of Bax into Bel-2 is suffi
cient to convert Bel-2 to a killer protein (16). In addition, there are pro
teins, such as Bid, Bik, and Bim, which have BH3 domains, but lack 
identifiable BHl and BH2 domains, and which are nevertheless efficient 
proapoptotic proteins, confirming the key role of the BH3 domain in 
triggering apoptosis. Mutagenesis studies demonstrate that the proapop
totic activity of the BH3 domain is mediated through heterodimerization 
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Table 1 
Members of the Bcl-2 Protein Family, with Pro

and Antiapoptotic Activity (24,52-54) 

Antiapoptotic 

Bel-2 
Bel-XL 
Bel-w 
Mel-t 
At 

Proapoptotic 

Bax 
Bax 
Bok 
Bel-Xs 
Bad 
Bid 
BiklNbk 
Bim 
Krk 
Mtd 
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with either pro- or antiapoptotic proteins. For example, the BH3 domain 
of Bid can heterodimerize with either Bcl-2 or Bax. However, a Bid mu
tant that binds to Bax, but not to Bcl-2, is still apoptotic in FL5.l2 cells 
(17-). In contrast, the BH3 domain of Bad requires binding to Bcl-2 to 
kill the same cells (18-). These results do not facilitate comprehension 
of the mechanism by which the BH3 domain triggers apoptosis. 

A fourth domain, BH4, is found in the N-terminal region of antiapop
totic proteins only, except Bcl-Xs which also contains a BH4 domain. 
This domain has been shown to bind to several proteins, including 
Raft, Ced-4, and ca1cineurin (19-21). Mutants of Bcl-2 lacking the 
BH4 domain not only lose their antiapoptotic activity, but behave like 
killer proteins (22-). Such processed forms of Bcl-2 have been shown 
to be produced through caspase cleavage during apoptosis, and were 
found to accelerate the apoptotic process (23). 

Finally, some of these proteins display a hydrophobic amino-acid 
sequence at the C-terminus, which is required for their membrane 
interaction and localization, as described later. 

Despite all this information concerning the primary structure of these 
proteins, little is known about the mechanism of action of the Bcl-2 
family members. To date, Bcl-2 has been shown to interact with at 
least 13 different proteins including Bax, Bak, Bid, Bad, Raf-l, cal
cineurin, Ced-4, Bag-I, R-Ras, H-Ras, p53-BP2, survival motor neuron 
protein (SMN), and the prion protein, pr-I (24). These extensive interac
tions with proteins of different functions complicate the understanding 



132 Martinou and Antonsson 

of the mode of action of Bel-2, although it is important to keep in 
mind that the physiological relevance of these interactions has not 
always been demonstrated. 

THREE-DIMENSIONAL STRUCTURE 

A hint into the function of the Bel-2 family proteins came from the 
recent solved three-dimensional (3-D) structure of Bel-XL (25"). The 
protein showed structural homology to the pore-forming domains of 
certain bacterial toxins, in particular, diphtheria toxin and the colicins, 
A and E 1. These bacteria toxins are pore-forming proteins that function 
as channels for ions or small proteins. The structure of Bcl-XL, lacking 
the hydrophobic C-terminal domain, consists of two central hydropho
bic helices (as and (6) surrounded by five amphipathic helices, as 
well as a 60-residue flexible loop. The BH1, BH2, and BH3 domains 
are all located in close proximity on the surface of the protein, and 
form an elongated hydrophobic eleft that has been shown to represent 
the binding site of the BH3 domain of Bak. The flexible loop, which 
is located N-terminal of the BH3 domain, contains several phosphoryla
tion sites that have been shown to undergo extensive phosphorylation 
in the immature B-cell line WEHI-231, when exposed to anti-IgM 
(26-). In these cells, Bcl-2 was ineffective at suppressing anti-IgM
mediated apoptosis. However, a Bel-2-deletion mutant, lacking the 
predicted flexible loop, was not phosphorylated, and it was able to 
block apoptosis in the same cells. Bel-2 has also been shown to be 
phosphorylated in many tumor cell lines, following exposure to paeli
taxel (Taxol) (27,28). Although the kinase responsible for Bel-2 phos
phorylation has not been elearly identified, a good candidate is the 
c-Jun N-terminal kinase/stress-activated protein kinase, which is acti
vated by several stimuli known to lead to cell death (29-). 

CHANNEL-FORMING ACTMTY 

As predicted from the 3-D structure, Bel-XL was subsequently shown 
to form channels in synthetic lipid membranes (30-). Like Bel-XL, both 
Bel-2 and Bax display channel-forming activity in synthetic lipid mem
branes (31-,32-). The channels formed by the Bel-2 family of proteins 
can be described as multiconductance (large conductances above 1 nS 
have been reported for both Bax and Bcl-2), pH-sensitive, voltage-sensi
tive channels with rather poor ion selectivity. Although both the pro- and 
antiapoptotic proteins can form channels, their channel-forming proper
ties and requirements are not identical. Bel-2 and Bel-XL channels are 
rather cation-selective, but Bax is anion selective at physiological pH. 
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Differences in the amino-acid composition of the as and a6 helices might 
explain the differing electrophysiological properties of the channels 
formed by the pro- and antiapoptotic proteins. However, the channel
forming requirements also differ between the pro- and antiapoptotic pro
teins. Bax can form pores at neutral pH, whereas Bcl-2 requires low pH. 
Bax channel formation is dependent on the lipid composition of the mem
brane. In membranes composed of noncharged lipids, phosphatidylcho
line, and cholesterol, no channel-forming activity was detected 
(unpublished observations). However, including a negatively charged 
phospholipid, phosphatidylserine, in the membrane enabled the protein 
to form channels. Thus, one possible regulatory mechanism of the chan
nel-forming activity ofBax could be the lipid composition in the microen
vironment of the mitochondrial membrane. 

LOCALIZATION 

Bcl-2 family members have been shown to be membrane-associated 
or cytosolic, depending on whether they contain a C-terminal hydropho
bic domain (13). Bcl-2 has been reported to be associated with endoplas
mic reticulum, mitochondrial membranes (possibly at the contact sites), 
and the nuclear envelope (33). In contrast, Bax seems to be exclusively 
associated with mitochondrial membranes. Recent studies indicate that 
protein localization changes during apoptosis. This is reviewed here 
in Chapter 8. For example, Bax was found to move from the cytosol to 
the mitochondria, when apoptosis was induced (34-). The mechanisms 
responsible for this translocation are unknown, but it appears that 
the C-terminal domain is required. It is possible that, under normal 
conditions, the hydrophobic domain is masked, allowing the protein 
to remain cytosolic; its unmasking during apoptosis allows the protein 
to translocate to the mitochondria. Protein-protein interaction with 
Bcl-2 family members or other proteins, and/or conformational changes 
in the Bax protein, may protect or expose the hydrophobic domain, 
which could in tum lead to a change in the subcellular localization. 
However, specific association with the mitochondrial membrane sug
gests some form of specific interaction, rather than unspecific hydropho
bic interactions induced simply by exposure of the hydrophobic domain. 
A proposed model for activation and translocation of Bax from the 
cytosol to the mitochondrial membrane is shown in Fig. 1. 

MITOCHONDRIA DURING APOPTOSIS 

Using a cell-free system, Newmeyer et al. (35--) first reported the 
requirement of mitochondria in an apoptosis system. Later on, Li 
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Fig. 1. Models for activation and translocation of Bax from the cytosol to the 
mitochondrial membrane. Bax is kept either in the cytosol, with the C-terminal 
hydrophobic domain masked through interactions with other proteins and/or con
formational changes in the protein itself, or bound to its mitochondrial receptor 
in an inactive conformation. Pathway 1. Cytosolic Bax is activated through interac
tion with an activating protein (for example, Bid), which induces exposure of the 
C-terminal domain, resulting in translocation and binding to the mitochondrial 
receptor (R) and channel formation in the membrane. Pathway 2. Bax is bound 
to its mitochondrial receptor (R) in an inactive conformation. Binding of an 
activating protein (Bid) during apoptosis induces a conformational change in Bax 
that activates the protein, and leads to channel formation in the membrane. 

et al. (36--) discovered that cytochrome-c, together with dATP and 
Apaf-l, a ced-4 homolog, were sufficient to induce proteolytic pro
cessing and activation of caspase-9 in vitro. They showed that cyto
chrome-c forms a complex with Apaf-l and caspase-9 in the cytosol. 
The binding of caspase-9 to Apaf-l, cytochrome-c, and adenosine 
triphosphate (ATP) , induces its activation. Using different cell 
types, several laboratories have now clearly demonstrated that cyto
chrome-c is released from mitochondria into the cytosol during 
apoptosis (37,38). In addition to cytochrome-c, apoptosis-inducing fac
tor (AIF), another protein present in the intermembrane space of the 
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mitochondria, has been reported to be released during apoptosis (39). 
However, the molecular identity of AIF is still unknown. Cytochrome-c 
release is accompanied by a drop in the mitochondrial membrane poten
tial. Whether the release of cytochrome-c precedes or follows the loss 
of membrane potential is still debatable. The idea that the membrane 
potential of mitochondria could play a major role in the apoptotic 
process was first announced by Hennet et al. (40), who reported that the 
membrane potential of L929 cells overexpressing Bcl-2 was elevated, 
compared to wild-type cells. Moreover, these authors showed that the 
resistance of L929 cells to tumor necrosis factor (TNF) was linked 
with the membrane potential level. Subsequently, several laboratories 
have reported a loss of mitochondrial membrane potential occurring 
early in the apoptotic process in several cell types. The loss of membrane 
potential, together with the leakage of mitochondrial proteins, has been 
attributed to opening of the so-called permeability transition pore (PIP). 
The PIP is an entity whose exact composition is unknown, though it 
is thought to be composed of several proteins, including hexokinase, 
mitochondrial creatine kinase, a voltage-dependent anion channel pres
ent on the outer membrane, the inner membrane adenine nucleotide 
translocator (ANT), and the matrix cyclophilin D. Finally, Bax (but 
not Bcl-2 or Bcl-Xd was recently found to be part of this complex 
(41). The PIP has been proposed to be located at the contact sites 
between the inner and outer mitochondrial membranes. Bcl-2 was not 
found to co-purify with the PTP complex, although electron microscopy 
studies have shown localization of the protein to mitochondrial mem
brane contact sites (33). The PIP functions as a calcium-, voltage-, 
pH-, and redox-gated channel with several levels of conductance and 
poor ion selectivity. It can be inhibited by cyclosporin A, which binds 
to cyclophilin D, bongkrekic acid, a ligand of the ANT, and with 
Bcl-2 (24,42,43). Bcl-2 seems to act both upstream and downstream 
of the PIP. It prevents the release of cytochrome-c during apoptosis 
in several cell types; it also inhibits opening of the PTP induced by 
H20 2, calcium, and ter-butylhydroperoxide. This effect was observed 
in liver mitochondria isolated from transgenic mice, in which the 
trans gene was specifically overexpressed in hepatocytes, which con
tained high levels of Bcl-2 (44"). It was also observed in liposomes, 
in which the PIP had been artificially reconstituted (41). According 
to Shimizu et al. (44"), Bcl-2 prevents PIP opening by increasing 
proton efflux from the matrix, thereby inhibiting mitochondrial respira
tion (only when mitochondria are stressed). Diminution of mitochon
drial respiration could prevent the production of free radicals, which 
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often occurs when mitochondria are decoupled. This would explain 
the antioxidant properties that had been previously attributed to 
Bcl-2 (45,46). In addition, Bcl-2 was recently shown to inhibit apoptosis 
downstream of PTP opening, i.e., following cytochrome-c efflux from 
mitochondria (37). 

HOW IS CYTOCHROME-c RELEASED 
FROM MITOCHONDRIA DURING APOPTOSIS? 

Because of its localization on mitochondria, and because of its chan
nel activity, Bax was an obvious candidate to test as an inducer of 
cytochrome-c release. As predicted, it was found that Bax can directly 
induce the release of cytochrome-c from isolated mitochondria (47,48). 
Bcl-2 can prevent the release of cytochrome-c, not only in cells undergo
ing apoptosis, but also when co-added with Bax to isolated mitochon
dria. Bcl-2 could act by inhibiting Bax insertion in the mitochondria, 
or by inhibiting, directly or indirectly, Bax-channel activity. The mecha
nisms by which Bax triggers cytochrome-c efflux from mitochondria 
are hitherto unknown. Cytochrome-c could be released directly through 
the channel formed by Bax, or could be the result of an indirect mecha
nism consecutive to Bax-channel formation. Whether or not the PTP 
is involved in this process is still controversial. It has indeed been 
shown that opening of the PTP results in a leakage of cytochrome-c 
and other mitochondrial proteins into the cytosol (49). In support of 
this idea, mitochondrial swelling and rupture of the outer mitochondrial 
membrane have been reported to occur during Fas-mediated apoptosis 
of Jurkat T-cells, and in FLS.12 cells following IL-3 deprivation (50). 
Mitochondrial swelling could be responsible for the rupture of the 
outer mitochondrial membrane, because the surface area of the inner 
membrane, with its cristae, is much larger than that of the surrounding 
outer membrane. If this model is correct, many mitochondrial proteins, 
in addition to cytochrome-c, are expected to be released from mitochon
dria into the cytosol. Description of the rupture of the outer mitochon
drial membrane during apoptosis was surprising because such a 
morphological change had never been described before, despite inten
sive electron microscopy studies. Instead, the opposite, i.e., a mitochon
drial shrinkage described as mitochondrial pyknosis, has been reported: 
Mitochondria are condensed and their matrix becomes hyperdense (51-). 
Mitochondrial condensation would be caused by loss of water and ions 
from the mitochondria, and would represent a point of no return for 
the cell. At this stage, however, no alteration of the nucleus morphology 
was detected. Changes in membrane permeability leading to mitochon-
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drial swelling appeared, only as a late event, in a cell displaying a 
necrotic, rather than an apoptotic, appearance. Mitochondrial swelling 
or mitochondrial shrinkage: The question remains open. The answer 
to this question may be difficult to obtain, because not all mitochondria 
may be affected during the apoptosis process. Indeed, it is possible 
that just a subpopulation of mitochondria, (only those proximal to 
the cell death stimulus) might be affected, and, subsequently, may be 
responsible for the downstream activation of caspases, leading to cell 
death. Such a mechanism can be envisaged, particularly in neurons, in 
which mitochondria are present not only in the cell body, but also 
in the most distal part of the neurites. How attrition of mitochondria 
in neurites, with a release of cytochrome-c, could lead to the demise 
of the cell body is an important question that needs to be clarified if 
one wants to understand how neurons degenerate following lesions of 
their axons. It would also be interesting to determine what is the minimal 
amount of cytochrome-c (i.e., the minimal level of altered mitochondria) 
required to activate caspases. 

Cytochrome-c release from isolated mitochondria, following addi
tion of Bax, was also found to occur in the absence of mitochondrial 
swelling, suggesting that the PTP was not involved in this process. 
However, cyclosporin A, a strong inhibitor of the PTP, was able to 
inhibit the effect of Bax, suggesting that some components of the PTP 
(at least cyclophilin D) might participate in the release process (47). 
This result contrasts with the authors' findings that cyclosporin A, in 
the absence of Caz+, failed to inhibit the Bax-induced cytochrome-c 
release from isolated mitochondria (48). It has also been reported that 
the PTP, reconstituted in liposomes filled with cytochrome-c, failed to 
release cytochrome upon opening of the PTP with atractyloside (41). 
Recently, it was found that, in both yeast and mammalian cells, Bax 
required a functional mitochondrial ATP synthase in order to be pro
apoptotic. Thus, the killing effects of Bax were abrogated by oligomy
cin. The relationship between Bax and the mitochondrial proton pump 
is not yet clear. Also, it is unknown whether Bax-induced release of 
cytochrome-c requires a functional ATP synthase. 

CONCLUSION 

Although a substantial amount of new information has emerged 
during the past year concerning the structure and function of the 
Bcl-2 family of proteins, the molecular mechanisms by which these 
proteins exert their pro- and antiapototic functions still remain unclear. 
It appears that the proteins might act at different levels in the apoptotic 
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signaling cascades, and that they have several functional mechanisms; 
for example, channel-forming activity and receptor-ligand activity me
diated through the BH domains. These two mechanisms may have an 
additive or cumulative effect, or work independently, dependent on the 
signaling pathways. 
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ABSTRACT 

The mechanism of action of the proapoptotic gene bak has so far 
proved to be elusive. Early molecular clues suggested that bakfimc
tioned as a competitive inhibitor of protective members of the 
bc1-2 family. Although this might still be an explanation for the 
apoptosis induced by overexpression of bak in cells, more recent 
data suggests that bak may have a role distinct from the other 
proapoptotic gene, bax. Important questions remain to be answered 
for bak. In particular, different subcellular compartments are occu
pied in different cells, suggesting that a general bak function might 
disrupt the integrity of a number of key organelles. 
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INTRODUCTION 

With the general availability of sequence databases, investigators 
have become used to identifying the unknown function of a protein by 
searching for regions of homology shared with proteins of known 
function. For the Bcl-2 family of proteins, shared domains have been 
identified within the family, but have not been ascribed a function by 
homology with other proteins in the databases. Expression experiments 
in cells in culture have established that the proteins fall essentially 
into two classes, proapoptotic or antiapoptotic. It is these experiments, 
coupled with genetic experiments in the nematode Caenorhabditis ele
gans (]e) and in Drosophila (2), that have defined the cell-death path
way. Despite this, it is still not certain what the mechanism of action 
of these proteins is. 

HOW DOES bak COMMIT CELLS TO APOPTOSIS? 

Expression studies have provided few surprises and remarkably little 
insight into bak's mechanism of action. In almost all cells, overexpres
sion of bak from a strong viral or cellular promoter results in the 
induction of cell death. A single exception exists in the lymphoblastoid 
cell line WI-L2 (3). In this background, cells expressing bak are actually 
protected from apoptosis induced by serum withdrawal or by menadione 
treatment. Clearly, some different set of molecular interactions occurs 
in these cells that may be related to the presence of Epstein-Barr virus 
(EBV) proteins (the line is EBV-transformed), some of which have 
been implicated in the control of apoptosis. 

Bak AND Bcl-2 STRUCTURE 

Bak, together with the five mammalian proteins most closely related 
to Bcl-2, contains the three signature domains of the family, the BHI, 
BH2, and BH3 domains (4-6). It is these domains that allow bak to 
interact with a subset of protective members of the family. Data from 
the solution of the crystal structure of Bcl-XL underscores the structural 
significance of the three domains, which appear to be in close proximity 
and form an extended hydrophobic cleft. Together with the arrangement 
of the (l helices, the Bcl-XL structure is reminiscent of the structure of 
the transmembrane domain of the diphtheria toxin (7"). The bacterial 
toxins, by insertion into membranes, form pH-dependent membrane 
pores. This attractive hypothesis may account for the ability of the 
Bcl-2 proteins to regulate the ionic balance of the mitochondria or the 
endoplasmic reticulum. It should be noted, however, that the bacterial 
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toxins form channels in the plasma membrane of cells, and not in 
intracellular membranes. This is important because the plasma mem
brane is exposed to much greater pH fluctuation. Experiments in vitro 
that have examined the ability of Bcl-2 family proteins to form channels 
in isolated lipid membranes have proved inconclusive (8,9). Although 
the channel formed by Bcl-XL appears to be cation selective, it is only 
mildly selective at pH 4.0. These experiments have also established 
that bax channel-forming activity can be blocked in vitro by Bcl-2 
(10). This pH is very unlikely to be sustained in mammalian cells, but 
it is not possible to rule out transient pH changes regulating the channel. 
Acidic pH does appear to induce dimerization of Bcl-2 (11). 

A fourth domain, shared only by the protective members of the 
family Bcl-2, Bcl-XL and Bcl-w, is not present in either proapoptotic 
bak or bax. Recent experiments have suggested that the function of 
this domain is to allow the protective members of the family to interact 
with Apaf-l, the mammalian homolog of ced-4 (12). Apaf-l was puri
fied as an adenosine triphosphate (ATP)-dependent activity required 
for caspase activation in cytosolic extracts (13"). In addition to 
Apaf-I, Apaf-2 is also capable of activating the caspases in vitro. 
Apaf-2 was identified as cytochrome-c; Apaf-l shares homology with 
the C. elegans genes ced-3 and ced-4. This remarkable protein, there
fore, contains domains that allow it to function like these two central 
cell-death regulators of programmed cell death in C. elegans. The 
ced-3 homology domain is involved in protein-protein interactions with 
caspases, and the ced-4 homology domain may be responsible for 
nucleotide (ATP) binding. 

In the nematode C. elegans, activation of the cell death caspase 
ced-3 requires ced-4 function. The two proteins form a complex with the 
worm Bcl-2 homolog ced-9 (14-16). By analogy, the role of the protec
tive members of the family in mammalian cells is to prevent the interac
tion of Apaf-l with one of the caspases, blocking cell death. Because 
neither bak nor bax can interact with Apaf-l, the death-promoting poten
tial of these proteins resides in their ability to compete with Apaf-l for 
binding to Bcl-2, resulting in the interaction of freeApaf-1 with acaspase. 
In mammalian cells, the caspase present in the complex may vary, de
pending on the localization of the complex in the cell. 

ORGANELLE-SPECIFIC DEATH COMPLEXES 

Access to the death pathway from the plasma membrane receptor 
Fas requires the recruitment of a signal-transduction complex, termed 
the death-inducing signaling complex (DISC) (]7-). This complex re-
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suIts in the direct activation of procaspase-S at the plasma membrane, 
and the initiation of an apoptotic cascade (18). The protein-protein 
interactions required to assemble the complex depend on the presence 
of a number of domains on the proteins, including death domains, 
death-effector domains, and card domains. The complex includes both 
activators and inhibitors of the pathway, and the exact composition of 
proteins in the complex determines whether the pathway is activated 
or not (19). It appears from recent experiments that the plasma mem
brane may not be the only site within the cell at which such a complex 
is assembled. In the endoplasmic reticulum, recent results suggest the 
presence of such a complex. 

The endoplasmic reticulum-resident protein Bap31 is an integral 
membrane protein that binds to Bcl-XL (20). By analogy with the Fas 
receptor disk complex, Bap31 contains a weakly homologous death
effector domain. Other components of the complex include procaspase
Sand ced-4 (Apaf-l) (21). The chain of events following an endoplasmic 
reticulum-resident apoptotic signal appears to involve the cleavage of 
Bap31 by activated caspase-S. The resulting Bap31 fragment (p20) is 
then capable of initiating apoptosis. Bax, and presumably Bak, then 
prevent Bcl-XL from becoming a part of this complex, and so probably 
allow procaspase-8 activation and cleavage to take place (20). There
fore, the endoplasmic reticulum has direct access to the apoptotic ma
chinery via the protein Bap31. 

In HeLa cells, the subcellular distribution of Bak suggests that the 
protein is predominantly localized to the endoplasmic reticulum, with 
only a small fraction of the protein in mitochondria. This pattern does 
appear to vary with cell type, but strongly suggests that, at least in 
HeLa cells, Bak initiates apoptosis from the endoplasmic reticulum. 
Bak was originally cloned as a binding partner of the adenovirus 
EIB19k protein, which is localized to the endoplasmic reticulum! 
nuclear envelope (22). In a wide variety of cells, EIB19k is a potent 
blocker of apoptosis, and its correct subcellular distribution is required 
for its antiapoptotic function (22). Therefore, EIB 19K must be blocking 
apoptosis by preventing activation of a program resident in the endoplas
mic reticulum. 

Recent genetic analysis of the lethality of bak in the yeast Saccharo
myces pombe and bax in Saccharomyces cerevisiae has implicated two 
endoplasmic reticulum-resident proteins, calnexin and BI-l, respec
tively. In S. pombe, calnexin is required for bak-dependent lethality (23). 
Because calnexin functions as part of the quality-control machinery 
involved in the folding of N-glycosylated proteins, this is another exam-
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pIe of the link between endoplasmic reticulum function and apoptosis. 
By contrast, bax lethality in yeast is blocked by the overexpression of 
the human endoplasmic reticulum-resident protein BI-I, suggesting that 
a critical component of bax lethality in yeast is present in the endoplas
mic reticulum (24). 

The presence of these interacting proteins in the endoplasmic reticu
lum suggests that a number of signaling pathways exist in this organelle, 
some of which are coupled to apoptosis, because it appears that the 
endoplasmic reticulum's response to insult is graded (Fig. 1). Initially, 
in an attempt to cope with increasing accumulation of denatured or 
unfolded proteins, the cell upregulates a number of proteins, including 
the endoplasmic reticulum chaperone, glucose response protein 78 
(GRP78 [Bip]) (25). These proteins attempt to restrict the damage by 
functioning as molecular chaperones to the lumenal proteins, and, in the 
case of Bip, may help to restore integrity to the endoplasmic reticulum 
membrane (26). Renal epithelial cells treated with iodoacetamide, an 
alkylating agent, upregulate both HSP70 and GRP78 (25). Antisense 
experiments that target the downregulation of GRP78 lower the toler
ance of the cell to idoacetamide. In a similar model, using the mouse 
lymphoma cell line WEHI7 .2, cells that undergo apoptosis in response 
to thapsigargin fail to generate a calcium-mediated GRP78/GRP94 
stress response (26). The GRP78/GRP94 stress response is operative 
in these cells when induced by tunicamycin, which suggests that there 
are at least two signaling pathways to GRP174/GRP98 in most cells, 
but, in WEHI7.2 cells, one of these has been lost. 

The pathway that signals from the endoplasmic reticulum to the 
nucleus is poorly understood, but it is possible to partially reconstruct 
a framework for the response. The pathway is probably initiated by 
different forms of endoplasmic reticulum stress, including Ca2+ distur
bances, defects in N-linked glycosylation, or trafficking. The secondary 
response to some of these insults will be the stress response mediated 
by GRP78/GRP94. Finally, a transcriptional response initiated through 
the transcription factor CIEBP homologous protein (CHOP) induces 
apoptosis (27). CHOP is a member of the HLH family of transcription 
factors that is induced by endoplasmic reticulum stress (28). Expression 
of CHOP alone in cells does not commit them to apoptosis in the 
absence of a stress response, suggesting that CHOP targets in the 
nucleus, or that an essential cofactor is not present unless the cell has 
received a previous insult. Finally, embryo-derived fibroblasts from 
CHOP-/- mice are significantly less susceptible to apoptosis induced 
by endoplasmic reticulum stress (28). 
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But how do bak and Bel-2 interact with this pathway? One possibility 
is that critical pores on the endoplasmic reticulum membrane are under 
bakIBel-2 control. This may be related to the function of GRP78 (Bip) 
in the endoplasmic reticulum, which, during translocation of the nascent 
polypeptide chain from the ribosome to the lumen of the endoplasmic 
reticulum, seals the translocon pore, and maintains the integrity of the 
endoplasmic reticulum at a time when it would be vulnerable to the 
collapse of its permeability barrier with the cytosol (26). If some of 
the antiapoptotic effects of bip are related to this activity, Bel-2-family 
protectors and killers might play a role in modifying the opening of 
endoplasmic reticulum membrane pores during normal and pathologi
cal conditions. 

SUBCELLULAR DISTRIBUTION 

A substantial body of evidence now exists suggesting that the 
Bel-2 family of proteins initiate or block apoptosis through effects on 
the mitochondria. Apoptosis appears to be initiated at the mitochondria 
by the release of cytochrome-c, resulting in the activation of cytoplasmic 
caspases. This is blocked in cells overexpressing bel-2 (30,31). In 
addition, Bel-XL appears to playa role in the regulation of mitochondrial 
volume and the maintenance of membrane potential (32). 

In the case of CD95 (APO-I/Fas) signaling, an intriguing set of 
results suggest that there may be considerable complexity to a cell's 
response, which depends once more on the particular cell background 
(33). Cells in culture can be elassified based on their response to Fas
induced apoptosis. Type 1 cells are characterized by the rapid activation 
of caspase-3 and caspase-8 by the receptor-associated DISC complex. 
Type 2 cells show limited recruitment of a DISC complex and much 
slower activation of both proteases. In both these cell types all mitochon
drial apoptogenic activities are blocked by Bel-2 or Bel-XL over expres
sion, but only in type 2 cells does this result in blocking CD95-mediated 
apoptosis. Consistent with these data is the observation that only in type 
2 cells does Bel-2IBel-XL overexpression inhibit caspase activation. 
The model for the interaction of the cell-death proteins present in the 
nematode C. elegans suggests that they are most similar to the type 2 
cells. Type 1 cells, which bypass the mitochondria in favor of direct 
activation of the caspase(s), would then appear to use a more recent 
evolutionary program. In this sense, one must return to the concept 
that what is true for the DISC complex at the plasma membrane is 
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also true for the distribution of other caspase complexes in the cell. 
So mitochondria may be involved both mechanistically and incidentally 
in cell death. 

Although the timing of these events relative to each other remains 
controversial, both events appear to be blocked by overexpression of 
Bcl-2 or Bcl-XL' strongly suggesting that the mitochondria are one of 
the key organelles involved in the initiation of apoptosis. 

Although the Bcl-2 family proteins are normally resident in the 
mitochondrial outer membrane, they are also present on the endoplas
mic reticulum/nuclear membrane (34,35). Bcl-2, targeted to the mito
chondria or to the endoplasmic reticulum, protects the cell from 
apoptosis to a degree that is dependent on the cell background. In 
MDCK cells, Bcl-2, localized to the mitochondria, is effective in 
blocking apoptosis induced by serum starvation, but is inactive if 
localized to the endoplasmic reticulum (36). Conversely, endoplasmic 
reticulum-localized Bcl-2, expressed in Ratllmyc cells, is much more 
effective if targeted to the endoplasmic reticulum. These results sug
gest that Bcl-2 does not have access to the apoptotic complex in 
Ratl/Myc cells, if located on the mitochondria. Because the proapop
totic genes antagonize this function, each organelle may have its own 
complex with which it can initiate apoptosis. In addition, cells may 
respond to specific apoptotic stimuli by initiating apoptosis in spe
cific organelles. 

The Bcl-2 family of proteins, therefore, have a role in the function 
and policing of the endoplasmic reticulum, which is both a specialized 
compartment for folding and assembly of secretory proteins, and an 
important sensor for some types of cell stress that can lead to apoptosis. 
Indeed, the normal endoplasmic reticulum responds to a variety of 
signals from cell-surface receptor, which maintain the expression of the 
endoplasmic reticulum-resident chaperones GRP78 (Bip) and GRP94 
under nonstressed conditions (37). In addition, there is also a well
described endoplasmic reticulum signaling pathway that responds to 
the accumulation of unfolded proteins by transcriptionally upregulating 
a set of endoplasmic reticulum-resident proteins (38,39). This endoplas
mic reticulum lumen-to-nucleus signaling pathway is referred to as the 
unfolded protein response, and is activated by the accumulation of 
misfolded proteins in the endoplasmic reticulum. Compounds that affect 
endoplasmic reticulum function, such as thapsigargin and tunicamycin, 
are capable of inducing GRP78 and GRP94 and apoptosis (40). But 
how is this sensing capability of the endoplasmic reticulum linked 
to apoptosis? 
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DEATH IS A CALCIUM-MEDIATED EVENT 

The involvement in apoptosis of both the mitochondria and the 
endoplasmic reticulum raises the question of how these organelles 
activate the effector caspases. Because it is most likely that bak and 
bax perform the same function in both these organelles, there should 
be some common effector. The best candidate for this is probably 
calcium. The cells' intracellular stores of calcium reside principally 
in two organelles, the endoplasmic reticulum and mitochondria. 
The calcium concentration in cells is extremely low in the cytosol 
« 10-7 M), but in the endoplasmic reticulum it is orders of magnitude 
higher. This gradient between the endoplasmic reticulum and cytosol 
is maintained by a Ca2+ -ATPase that pumps calcium back into the 
endoplasmic reticulum against the concentration gradient. Opening of 
endoplasmic reticulum-resident calcium channels in response to signals 
permits a rapid and transient rise in the cytosolic calcium concentration 
and the activation of calcium-sensitive enzymes. Should the calcium 
concentration rise to dangerous levels in the cytosol, a low-affinity but 
high-capacity calcium pump in the mitochondria removes calcium from 
the cytosol to the mitochondria. Agents that disrupt the function of the 
endoplasmic reticulum calcium pump induce apoptosis. In particular, 
the plant-derived compound, thapsigargin, selectively inhibits the endo
plasmic reticulum pump, and induces apoptosis in a wide variety of 
cells. Apoptosis induced by thapsigargin is blocked by overexpression 
of bc1-2. The antiapoptotic effect appears to be caused by the ability 
of bc1-2 to maintain calcium uptake into the endoplasmic reticulum 
(41). Low extracellular calcium reduces the ability of Bc1-2 to protect 
thapsigargin (TG)-treated cells. This capacitative re-entry of calcium 
may be required to fully restore the endoplasmic reticulum calcium 
pool, which is something Bc1-2 cannot completely accomplish, because 
of its endoplasmic reticulum membrane-bound location. The Bc1-2 
block of TG-induced apoptosis also appears to restore function to the 
endoplasmic reticulum. TG induces a delay in the endoplasmic reticu
lum processing of cathepsin D (42). In Bc1-2-overexpressing cells, 
this delay is prevented, suggesting some restoration of endoplasmic 
reticulum function in the presence of calcium disturbances. Because 
the proapoptotic proteins also reside on this membrane, and can bind 
to Bc1-2, an attractive model based on competition would be that 
Bc1-2 is, or directly affects a calcium-dependent pore or transporter in 
the endoplasmic reticulum, and this is blocked by bak or bax. Overex
pression of bak in cells results in apoptosis, because of the inability 
of the cell to maintain calcium homeostasis in the endoplasmic reticu-
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lum, or to employ the emergency calcium response of the mitochondria. 
This leads to the idea that the stress response is the sensor, and that 
while calcium disregulation is the effector. The link between the stress 
response and the disregulation of calcium is not elear, principally be
cause we do not know which calcium-response proteins induce 
apoptosis. 

ORDER ON THE PATHWAY 

Understanding the chronology of molecular events related to bak 
and the Bel-2 family proteins is an important issue. In the nematode 
C. elegans, the apoptotic pathway has been ordered genetically, but, 
crucially, this gives only limited insight into the biochemical events. 
Epistatic analysis places ced-9 upstream of the caspase ced-3, but does 
not establish whether ced-9 inhibits the active or inactive form of 
ced-3. Mammalian experiments aimed at elucidating this aspect of the 
pathway have established that both Bik (a BH3-containing Bel-2 family 
member) and Bak appear to act downstream of the block imposed 
by Crm-A (43). Because Crm-A preferentially inhibits ced-3/1CE and 
caspase-8, these experiments suggest that Bak induces apoptosis by 
activation of downstream caspases. This does indeed seem to be the 
case. Cell death induced by Bik and Bak results in the activation of 
caspase-7 and the eleavage of the caspase substrate poly-ADP ribose 
polymerase (PARP). In contrast to Crm-A, apoptosis induced by Bak 
and Bik is inhibitable by the caspase inhibitor iap. Although these 
experiments provide a more complete picture of the order of events 
related to Bak killing and caspase activation, they still do not establish 
whether Bak and Bik act directly on the caspase enzyme itself, or on 
an inhibitor of the enzyme. The most compelling evidence that 
Bel-XL interacts directly in a complex comes from experiments in which 
epitope-tagged Apaf-l was immunoprecipitated with caspase-9 from 
293 cells. Apaf-l appears to co-immunoprecipitate only with 
caspase-9 (44,45), unlike the C. elegans homolog of Apaf-l, ced-4, 
which associates with most prodomain caspases. In addition to its 
association with caspase-9, Apaf-l also interacts with Bel-XL, but this 
binding is mediated by a region on Apaf-l distinct from that which 
binds caspase-9. Thus, Apaf-l, caspase-9, and Bel-XL form a complex 
in 293 cells, under conditions in which one of the components is 
overexpressed. Co-expression of either Bak or Bax attenuated the inter
action of Bel-XL with Apaf-l. Although this is a predictable result, 
because both Bak and Bax bind directly to Bel-XL, it once again suggests 
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that pro- and antiapoptotic protein of the Bcl-2 family alter the composi
tion of a caspase-Apaf-l complex, resulting in the activation or repres
sion of caspase activity. 

CONCLUSIONS 

The distribution of the Bcl-2 family of proteins, including Bak, 
suggests two things. First, the mechanism of action of the proteins will 
be concerned with membrane-mediated events. Because the proteins 
are present in both the mitochondrial and endoplasmic reticulum/nuclear 
membrane, models of apoptosis must explain the mechanism of action, 
so that, despite the downstream consequences of Bak or Bcl-2 activity, 
the primary effect at the membrane is the same. Second, a great deal 
of the evidence that suggests the mechanism of action of the Bcl-2 
family proteins is based on overexpression experiments. These data, 
coupled with immunoprecipitation in overexpressing cells, has a great 
potential to mislead. These experiments are almost never quantitative, 
and it is often impossible to assess the relative affinities for the protein 
partners. If one molecule in 1000 of protein X binds to a Bcl-2 protein, is 
this significant? It is possible to do these experiments using quantitative 
methodology, or even to use specific crosslinking agents in nonoverex
pressing cells. 

Finally, it must be acknowledged that these interactions take place 
within the architecture of the cell, and if one speculates on the interaction 
of Bcl-2 with other proteins, the subcellular localization must justify 
this. The Bcl-2 proteins can now be put, with some confidence, at their 
correct position on the apoptotic pathway, but their mechanism of action 
is still elusive. 

Apoptosis research has been in a phase that has greatly helped in 
understanding the complexity of the protein-protein interactions that 
control the pathway. What is needed for the future are much more 
careful experiments in normal cells that will reveal the specifics. 
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ABSTRACT 

Recent characterization of a number of specific mitochondrial events, 
which mayor may not precede the downstream activation of apoptotic 
caspases, has focused much attention on the absolute requirement 
for mitochondrial involvement in the irreversible commitment to cell 
death. Although the mitochondrial release of cytochrome-c appears 
essential for at least some caspase-mediated events, the mechanism 
of its release is not clear, particularly regarding a specific role 
for changes in mitochondrial membrane potential and permeability 
transition. Mitochondrial-independent activation of caspases via ac
tivation of the F as-F asL pathway is certainly well defined, although 
a role for mitochondrial-mediated amplification of this cascade sup
ports the concept that mitochondria may ultimately authorize cellular 
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demise. Evidence that mitochondria represent a convergence point 
for a number of pro- and antiapoptotic signals is presented in the 
context of their dependence on caspase-mediated events. 

"We may be lost, but we're making great time. "-Yogi Berra 

INTRODUCTION 

The field of apoptosis appears to be undergoing something akin to 
the process itself. For decades, the phenomenon was recognized, but, 
for a variety of regulatory reasons, this failed to trigger an explosion 
of activity until the late 1980s, when research into active cell death 
suddenly attracted significant attention. A process of initiation began 
in which the molecular events accompanying apoptosis were identified, 
and this eventually coalesced, in the mid 1990s, into a view of how 
apoptosis occurs. As we enter the final executioner phase the remarkable 
success in delineating the process is already prompting pundits to say 
that the field is dead, and that its researchers are poised to be eaten 
up by the voracious scientific community. 

The goal in this brief discussion is to outline progress toward the 
elucidation of the central mechanisms of apoptosis, and to then take 
stock of what these may tell about those cell death processes we actually 
care about. We will argue that, although an understanding of the process 
is indeed being reached, there is very little real knowledge about how 
the mechanisms of apoptosis relate to those events in which it plays 
a role, in terms of the molecular control of cell life and death. One may 
feel confident that apoptosis is of major importance in development, 
oncogenesis, and inflammation, but there is only a glimmer of how 
the mechanisms of apoptosis are engaged in any of these situations (or 
even which mechanisms are the most critical). 

We will propose several pathways to account for the different ways 
in which the central mechanisms of apoptosis function, and begin to 
outline models for how these mechanisms interact. By the time this 
discussion sees print, many more insights will have been gained from 
new developments in the field, and these too will need to be incorpo
rated, if these models are to have any value. 

TOWARD THE CENTRAL 
MECHANISMS OF APOPTOSIS 

The finding that the Caenorhabditis elegans ced-3 gene is a cysteine 
protease, with homology to interleukin-1 ~ converting enzyme (ICE) 
(caspase-l) 0--), and when overexpressed induced apoptosis in mam-
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Table 1 
Some Substrates Whose Cleavage Contributes to Cell Death 

and/or Apoptotic Phenotype 

Substrate Caspase Function Ref 

Inhibitor of 3 Associates with and inhibits 7" 
caspase-activated endonuclease; cleavage 
DNaselDNA releases endonuclease 
Fragmentation function 
Factor 45 

Lamin 6 Cleavage dissolves nuclear 8 
envelope 

p21-activated 3 and? Cleavage activates kinase, g.. 

kinase 2 which mediates bleb bing 
Gelsolin 3 and? Cleavage activates actin 10" 

binding, which contributes 
to blebbing 

MEKK 3 ? Accelerate apoptosis 11 
Retinoblastoma 3 ? Accelerate TNF-induced 12 

apoptosis 
Focal adhesion 3 Accelerates apoptosis by 13 

kinase (pp 125FAK) disruption of matrix 
signaling complex 

malian cells (2), led to the discovery and characterization of the caspase 
family. Based on knockout studies, caspases-I (3) and -2 (4) probably 
do not play major roles in apoptosis, but other caspases, such as 
caspase-3 (5··), certainly do. Most available evidence suggests that 
orchestration of the final death throes of a cell is mediated by caspases-3, 
-6, and -7 via cleavage of key protein substrates. Although many 
caspase substrates have been identified, only a few have been clearly 
demonstrated to play defined roles in the apoptotic process. These are 
summarized in Table I. In addition to these are the caspases themselves, 
which are activated by caspase cleavage (6). Many other caspase sub
strates have been identified, but their roles in the apoptotic process 
have generally not been established (i.e., their cleavage occurs, but 
may be a bystander phenomenon). 

It is clear that other key substrates remain to be identified. The 
apoptosis-associated phosphatidylserine extemalization (FLOP) (14), 
which helps to target apoptotic cells for phagocytosis (15), depends on 
caspase activation (16), but proceeds independent of bleb bing or nuclear 
changes (17). Adherent cells lose adhesion during apoptosis, although 
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the caspase-dependent events leading to this phenotype have not been 
completely elucidated. Finally, the plasma membrane eventually loses 
integrity, and, although this is dramatically accelerated by caspase 
activation (18), it is not obvious which substrates are intimately involved 
in the final dissolution of the cell. 

How are the initial caspases activated? When cytotoxic T cells induce 
apoptosis in their targets, they do this through introduction of a serine 
protease, granzyme B, into the cytosol, which in turn directly activates 
caspase-3 (19). Although serine proteases have been implicated in some 
forms of apoptosis, other examples of caspase activation by serine 
proteases during apoptosis have not been described. Therefore, whether 
or not lysosomal proteases (for example) may participate in triggering 
apoptosis via caspases (or other means?) remains an open question. 

A second way in which caspases are activated is via their aggregation 
and autocleavage. Crosslinking of so-called death receptors, such as 
Fas and TNFR, recruits adaptor proteins, such as Fas-associated death 
domain (FADD) (20) and RIP (receptor-interacting protein)-associated 
ICHIlNedd 2 homologous protein with a death domain (RAIDD) (21), 
which in turn bind the prodomains of some caspases. FADD interacts 
via the binding of its death-effector domain (DED) to another DED in 
the prodomain of caspase-8 (22,23). RAIDD interacts with caspase-2 
via the binding of its caspase activation recruitment domain (CARD) 
with a CARD in the prodomain of caspase-2 (21). By bringing the 
caspase molecules together, the weak: protease activity of the procas
pases cleaves each partner, causing two caspases to process and assem
ble into one active caspase complex (with two independent active 
proteolytic sites) (24). Once activated, the caspase can now cleave and 
activate key substrates, as well as other, downstream, caspases. 

In C. eiegans, the ced-3 caspase is activated via its interaction with 
ced-4 (25,26). In the vertebrates, a ced-4-like protein apoptotic protease
activating factor (Apat)-l, is similarly capable of activating one of the 
caspases, caspase-9 (27). However, this effect of Apaf-l is dependent 
on at least one co-factor, cytochrome-c (28). In the current version of 
the vertebrate apoptosome model, cytochrome-c binds to a WD repeat 
region at the C-terminus of Apaf-l, and this allows the Apaf-l CARD 
domains located toward the N-terminus to bind the CARD in the 
prodomain of caspase-9. The effect is to allow the caspase to auto
process, and, in turn, to activate downstream caspases (29). 

This role of cytochrome-c in caspase activation via Apaf-l has 
focused attention on the significance of the mitochondria in apoptosis. 
Several years ago, any role for mitochondria in apoptosis was ques-
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tioned, when cells lacking mitochondrial DNA were shown to neverthe
less undergo apoptosis (30). Subsequently, a correlation between onset 
of apoptosis and a loss of mitochondrial inner transmembrane potential 
(a W m) was noted, and attributed to a mitochondrial permeability transi
tion (PT) (31). Pharmacologic inhibitors of the PT were reported to 
inhibit apoptosis, thus supporting a role for this mitochondrial event. 
A simple model suggested that triggering the PT (which could occur 
as a consequence of reactive oxygen species [ROS], ceramide, Ca2+, 
or caspases) would lead to cytochrome-c release, and this would thus 
link upstream signals to downstream caspase activation via the 
apoptosome. 

Although it is likely that this represents one pathway to apoptosis, 
some evidence suggests that mitochondria can release apoptosis without 
undergoing aPT (32-). However, the alternative mechanisms for cyto
chrome-c release without loss of aWm have been elusive (which, of 
course, doesn't mean they don't exist). 

Significantly, Bcl-2 acts to inhibit the release of cytochrome-c from 
mitochondria, in vitro and in vivo (33-,34"). In one cell-free system, 
cytochrome-c completely bypassed the Bcl-2 block, suggesting that the 
site of action of Bcl-2 was at the level of the mitochondria and not 
downstream of it (34"). However, some recent studies have suggested 
that Bcl-X can bind to Apaf-l (35), and that Bcl-X and Bcl-2 can 
function downstream of cytochrome-c release to prevent caspase activa
tion (36,37). Interpretation of these results is, however, confounded by 
the fact that these inhibitors often delay, rather than fully inhibit, 
apoptosis. Thus, it is possible that cytochrome-c release may appear 
in cells that had not yet died, whereas control cells without Bcl-2 
had already passed the point of detectable apoptosis. Future studies, 
particularly using in vitro systems, will help to resolve this issue. 

EYES ON THE PRIZE: 
BIOLOGICAL IMPACT OF THE EXECUTIONER 

With so much effort devoted to identifying the central mechanisms 
of apoptosis, it is easy to lose sight of some of the principal reasons 
for caring about these mechanisms. One is the reasonable assumption 
that a detailed understanding of how cells actually die, when apoptosis 
is induced, will provide insights into those biological processes that 
depend on (or are influenced by) apoptosis. An overview of such 
processes might therefore be useful. We will then ask whether under
standing of the nature of the executioner has helped to shed light on 
these processes. 
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Although there are many biological processes that are influenced 
by the process of apoptosis, they can be grouped into four general 
types: cell death caused by damage or stress, cell death in developmental 
processes, the regulation of cell death in neoplastic transformation, and 
the impact of different modes of cell death on whether or not an 
inflammatory response will occur. 

Cellular damage or stress, leading to apoptosis or other forms of cell 
death, has obvious ramifications for health and disease. For example, the 
initial focal necrotic lesions seen in ischemic injury of the heart or brain 
subsequently extend through apoptosis, and pharmacologic control of 
this death is therefore desirable. Because caspases are central to the 
apoptotic process, inhibition of caspase activity holds promise as a way 
to manage this intervention. Indeed, some studies have suggested that 
cell death in neurons, induced by withdrawal of survival factors, can 
be effectively blocked by caspase inhibitors (38). Similarly, caspase 
inhibitors have been shown to block cell death induced by ligation of 
Fas/CD95 (39). 

However, it is by no means clear that inhibition of caspases is an 
effective way to block cell death induced by a variety of agents in a 
variety of cells. Caspase inhibitors block the appearance of the apoptotic 
phenotype in virtually all cases, but several studies have shown that 
cell death proceeds nevertheless. This has been seen for cell death 
induced by c-Myc, withdrawal of growth factors, glucocorticoids, and 
transient treatment with DNA-damaging agents, staurosporine, and ul
traviolet (UV) radiation (40). Instead of a relatively rapid apoptotic 
death, a slower nonapoptotic death was often observed (41). These 
studies suggested that the commitment to cell death occurs prior to the 
activation of caspases in these cases. The nature of this commitment 
remains hypothetical (see Understudy for the Executioner: When Are 
Mitochondria Central?). 

In development, apoptosis contributes to form by removing cells 
from the embryo (42). Apoptosis also contributes in a more subtle way 
to shape repertoires of functional cells, such as in the selection of 
lymphocytes to respond to foreign, but not self, peptides (43), and in 
the death of neurons that form complex connections in the brain. Here, 
the role of caspases is supported by mutations that alter or destroy 
caspase activity. In C. eiegans, mutation of the ced-3 caspase effectively 
eliminates cell death from the developing animal (44). Significant ef
fects of caspase mutations have also been seen in other organisms. In 
Drosophila, mutation of one caspase, Drosophila cell-death protease 
(DCP)-l, results in a defect in cell death in the larvae (45). In the 
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mouse, targeted disruption of the caspase-3 gene results in severe 
defects in developmental apoptosis of neurons, so that the brain is 
grossly enlarged, although apoptosis in developing lymphocytes re
mains intact (5"). If caspases are not essential for cell death, as sug
gested above, then why do these mutations have such effects? However, 
if caspases are essential for cell death, then why are the effects in mice 
and flies only partial? Presumably, redundancy plays a role in answering 
the last question, but more information is needed before this can be 
stated with confidence. 

A third area in which the process of apoptosis appears to play a 
central role is that of oncogenesis. The realization that transformation 
occurs not only as the result of an increase in cell proliferation, but 
also as a consequence of a decrease in cell death, has provided a new 
framework for thinking about cancer. But it has also been realized for 
many years that cancer also presents a paradox: If the central mecha
nisms of apoptosis antagonize cellular oncogenesis, why have most 
tumors not simply lost the ability to undergo apoptotic cell death? 
Although many tumors can resist death through expression of antiapop
totic mechanisms (e.g., Bcl-2) or mutations in the initiation pathways 
(e.g., p53), when the cells do undergo death, it is via apoptosis. This 
suggests (at least at first approximation) that the central mechanisms 
of execution are intact in most (if not all) tumors. Why? Is there 
something wrong with our assumption that the central mechanisms of 
apoptosis offset oncogenesis? Or is there a factor we are not taking 
into consideration? There are at least three possibilities, and they are 
all interesting. 

The first is that the molecular mediators of execution also participate 
in cellular events that are essential to the survival (as well as the death) 
of the cell. This idea, that death is the mirror of life (46), predicts that 
loss of the executioner mechanism would fail to give cells a growth 
advantage. For example, cytochrome-c is critical both for activation 
of the vertebrate apoptosome (see Toward the Central Mechanisms of 
Apoptosis) and for oxidative phosphorylation in the cell. Simply losing 
cytochrome-c does not provide a growth advantage. In contrast, it is 
not as clear that the other members of the apoptosome complex, 
Apaf-l and caspase-9 (27), might not be completely dispensable for 
cell survival. Yet, inhibition of caspase activation does not appear to 
give a growth advantage to cells (40), and, although absence of cas
pase-3 produces dramatic developmental defects in mice (5 .. ), there 
is no obvious oncogenic effect of this knockout. This explanation does 
not provide a satisfactory solution to the cancer/apoptosis paradox. 
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The second possible explanation is that the real executioner has not 
been properly identified. Focus has been directed at the activation 
and function of the caspases. Evidence that these are required for the 
orchestration of apoptosis is convincing, but inhibition of caspases does 
not necessarily block cell death per se, even if it blocks the manifestation 
of apoptosis. A tumor that loses the ability to activate caspases may 
still be fully susceptible to cell death that is initiated by the triggers 
of apoptosis, even though this death will not show the apoptotic pheno
type. A more careful consideration of the role of the mitochondria and 
the point of no return in the process of active cell death may help to 
support this explanation. However, this position is incompatible with the 
observations, mentioned above, that disruption of caspase-3 expression 
does effectively prevent developmental cell death in the brain, and thus 
caspase activation does appear to be necessary and sufficient for at 
least some forms of death. 

This leads to a third possibility: There are multiple pathways of 
cell death, in which caspases (and other players) have fundamentally 
different roles in determining whether a cell lives or dies. If so, then 
it may be that simply not enough tumors and lines have been examined 
for defects in specific elements of the apoptotic executioner, in order 
to make a definitive statement. That is, a tumor may have gained a 
growth advantage through disruption of part of the apoptosome, but 
the pathway leading from a death receptor to caspase activation may 
still be intact. If only the latter is examined, one might conclude that 
the central mechanisms of apoptosis in this cell are fully functional. 
Further studies will help to confirm or refute this idea. 

We have considered the perspective that the main issue of biological 
importance is cell life vs cell death, placing essentially no emphasis 
on the mode of cell death. This would clearly be a mistake. If a cell 
dies in the body, how it dies is of tremendous importance, because this 
will determine how it will be cleared. Apoptotic cells are cleared silently 
by phagocytosis, and recent evidence suggests that apoptotic bodies 
actually inhibit the expression of proinflammatory cytokines from some 
phagocytes (47). This is a function of apoptosis-associated plasma 
membrane changes that include an externalization of phosphatidylser
ine, which is dependent on caspase activation (see Toward the Central 
Mechanisms of Apoptosis). In contrast, cells that die via necrosis recruit 
a potent inflammatory response. How this occurs, i.e., what intracellular 
molecules that are released during necrosis induce inflammation, is 
almost completely unexplored. Further, despite predictions of the role 
of necrosis vs apoptosis in initiating inflammation, and the dramatically 
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different outcomes of these modes of cell death, little information exists 
regarding how the elements and regulators of the central executioner 
of apoptosis (say, in tissue cells) influence the nature of an inflammatory 
response upon damage to that tissue. 

Thus, the activation and function of caspases during the executioner 
phase of apoptosis clearly has an impact on the inflammatory conse
quences of the death of the cell. The extent to which it influences cell 
death, in response to damage, during development, or as a safeguard 
against oncogenic transformation, is not universal, and might vary with 
the specific cell type and the pathway of apoptosis that has been initiated. 

UNDERSTUDY FOR THE EXECUTIONER: 
WHEN ARE MITOCHONDRIA CENTRAL? 

As discussed above, mitochondrial release of cytochrome-c is an 
important step in caspase activation under some circumstances. Is this 
the point at which a cell becomes irrevocably committed to die? If 
mitochondria have irreversibly lost the ability to generate adenosine 
triphosphate, and if, instead, the oxidative phosphorylation machinery 
generated ROS, this might indeed commit a cell to die. If so, then 
caspase-dependent and -independent mechanisms leading to cyto
chrome-c release might account for caspase-dependent and -indepen
dent commitment to death. Following cytochrome-c release, the 
activation of the apoptosome and subsequent function of caspases would 
orchestrate the apoptotic events that normally follow this commitment, 
but the fate of the cell would be sealed when the mitochondria be
came involved. 

A simple answer to the question, "When are mitochondria central 
to the apoptotic process?" might be this: when Bcl-2 effectively blocks 
apoptosis. Bcl-2 binds to the mitochondrial outer membrane, and effec
tively inhibits the release of cytochrome-c during the apoptotic process, 
thereby preventing apoptosome activation and caspase function. When 
Bcl-2 fails to protect cells, as is the case with Fas-ligation in T lympho
cytes (48), a reasonable explanation is that, in such cells, the activated 
caspase-8 acts directly to process and activate caspase-3, with no re
quirement for mitochondrial amplification of this effect, and thus no 
opportunity for Bcl-2 to block. As attractive as this answer is, however, 
it is probably only an approximation. In addition to targeting mitochon
dria, Bcl-2 also resides on the nuclear membrane and the endoplasmic 
reticulum. Enforced targeting to the endoplasmic reticulum (vs mito
chondria) results in a Bcl-2 that is still capable of blocking apoptosis 
under limited conditions (49). In addition, Bcl-2 can interfere with the 
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Fig. 1. A few of the pathways through which extracellular signals may be linked 
to downstream caspase activation via the intermediate mitochondrial release of 
cytochrome-c: one in which stimuli, such as DNA damage, mediate the caspase
independent release of cytochrome-c, potentially via translocation of the proapop
totic protein Bax; alternatively, FasL ligates to its receptor, Fas, resulting in 
upstream activation of caspase-8, which may in tum mediate cytochrome-c release 
via its interaction with proapoptotic Bcl-2 family members, including Bid. Poten
tially, the mitochondrial release of cytochrome-c may also function as an amplifica
tion loop to potentiate the effects of caspase-3. 

function or activation of some transcription factors (50-), and this may 
also contribute to its antiapoptotic effect. Thus, the ability of Bc1-2 to 
block an apoptotic pathway is at best only an approximation of the 
importance of mitochondria in that pathway. 

Essentially three pathways connect cellular signals to the mitochon
drial release of cytochrome-c (Fig. 1). One pathway is triggered by 
stressors (e.g., UV, staurosporine) via an unknown mechanism, which 
results in cytochrome-c release without a requirement for caspase func
tion. Potentially, this could involve the translocation of Bax from the 
cytosol to the mitochondria, an event that has been observed under 
such circumstances (51,52). Furthermore, Bax has also been shown to 
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be capable of inducing cytochrome-c release in mammalian cells 
(37,53), and even in yeast mitochondria (54), where there appear to 
be no other Bcl-2 family members. A second pathway is triggered by 
ligation of death receptors, such as Fas (CD95), resulting in activation 
of upstream caspases such as caspase-S. Caspase-S then is capable of 
triggering cytochrome-c release, probably through interaction with a 
subset of proapoptotic Bcl-2 family members, especially Bid (55). A 
third pathway, also caspase-dependent, may involve obligate activation 
of downstream caspases, such as caspase-3 (this is to account for those 
cases in which caspase-3 is required for cell death, as discussed above). 
It may simply be that, when levels of active procaspase exceed a 
threshold, which is set by the relative levels of such inhibitors as 
X -linked inhibitors of apoptosis (XIAP) (56), the caspase autoprocesses 
and triggers death. This threshold may also depend on the presence 
of a pathway that amplifies the downstream caspase signals through 
mitochondrial release of cytochrome-c. 

Figure 1 makes it clear that mitochondria are not obligatory for all 
forms of apoptosis. When the apoptotic signal involves the ligation of 
a death receptor, this can lead directly to caspase activation, such as 
occurs when Fas-ligation activates caspase-S. The upstream caspase 
can, in tum, directly cleave and activate downstream caspases, such 
as caspase-3. In this setting, Bcl-2 family members probably do not 
act to inhibit apoptosis, as mentioned above. However, in some cells, 
ligation of a death receptor leads to apoptosis that can be inhibited by 
Bcl-2 family members. This is most easily explained by the idea that, 
when the upstream caspase is limiting, an amplification signal is needed. 
For example, in a cell-free system of caspase-3 activation, addition of 
mitochondria greatly enhanced the effects of low doses of caspase-S 
(57), and this effect was inhibited by Bcl-2 in vitro. In intact cells, 
therefore, mitochondrial amplification (via cytochrome-c release) of a 
small caspase-S signal might be needed if the effect is going to proceed 
through caspase-3 to apoptosis. 

Basically, there are two major pathways: one in which caspases are 
directly activated through ligation of death receptors, and one in which 
caspases are activated via the function of Apaf-l. These are not as 
disparate as they might appear, because both appear to act via the 
aggregation of caspases containing large prodomains. The aggregation 
of even two caspase molecules is sufficient to cleave and activate the 
protease, via the relatively weak enzymatic activity of the zymogens 
(6). The fundamental difference between these two modes of activation 
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is the role of cytochrome-c in the vertebrate apoptosome, engaging 
Apaf-l, and allowing it to aggregate procaspase-9 (29). This, of course, 
brings the mitochondria into the picture, and the release of cytochrome-c 
by the mitochondria is an important focus for regulatory influences. 

WHEN MITOCHONDRIA KILL 

To return, then, to the problem raised in the chapter title: Apoptotic 
stimuli can cause a commitment for cell death in the absence of caspases, 
and this may be coincident with mitochondrial changes, such as the 
release of cytochrome-c. But what is this commitment? The release of 
cytochrome-c has been reported to correlate with the opening of the 
mitochondrial permeability transition pore in the inner membrane, and 
this has been suggested to be responsible for caspase-independent death 
(41). One way this might occur is through the generation of ROS 
(58,59), which may then kill the cell. Evidence that caspase-independent 
apoptosis is via ROS is lacking, however. 

Cytochrome-c release can occur without the loss of mitochondrial 
transmembrane potential that accompanies the permeability transition, 
especially in the absence of caspase function (32-). Therefore, other 
mechanisms for mitochondria-mediated cell death might be necessary to 
explain caspase-independent death. One that quickly comes to mind is 
the loss of electron transport function that occurs when cytochrome-c is 
not associated with its partners in the electron transport chain. Such loss 
of electron transport during apoptosis has been described (60). Is this 
responsible for caspase-independent cell death? One can certainly envi
sion cells starving to death as a major mechanism if energy metabolism 
is disrupted. One prediction, then, might be that cells that are adapted to 
grow in the absence of mitochondrial function (e.g., rhoO cells) will not 
display mitochondrial-mediated, caspase-independent cell death upon 
induction of apoptosis in the presence of caspase inhibitors. 

Another possible mechanism for the caspase-independent death may 
be the release of apoptosis-inducing factor (AIF) (61). This partially 
characterized factor is reported to activate caspases, and also to act 
directly on nuclei to induce DNA fragmentation (62). It is released 
from mitochondria following a permeability transition, but it may be 
released under other conditions as well. Further characterization of this 
factor will be enlightening. 

In any case, it is important to note that, whatever the mechanism of 
caspase-independent death following apoptosis induction and inhibition 
of caspases, the effects are inhibitable by other antiapoptotic molecules. 
These include Bcl-2, Bcl-X, and Bcr-Abl (63). The ability of Bcl-2-fam-
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ily proteins to interfere with this mode of cell death further implicates 
the mitochondria as a likely source of the execution, whatever it is. 

It is not always the case, however, that inhibition of caspases fails 
to protect cells from caspase-independent death. Caspase-3 and -9 
knockout mice accumulate neurons to an astonishing extent (5",64,65), 
and these cells appear by all accounts to be fully alive. Earlier reports 
also showed that caspase inhibitors block cell death in neurons, induced 
by withdrawal of growth factors, and again, these cells appeared to 
remain fully functional (i.e., there was no evidence of a slow death 
that followed the apparent survival in the presence of the caspase 
inhibitors) (38). Assuming that these forms of death do not go through 
a death receptor with an upstream caspase (and it is not clear that this 
can be assumed), then, in some cells, apoptosis-inducing signals might 
proceed to the mitochondria, but not result in death, unless caspases 
are activated. It is interesting to speculate that some primary cells can 
perhaps withstand some or all of their mitochondrial function being 
disrupted, and simply repair those functions (and/or make new mito
chondria). The induction of mitochondrial biogenesis, following an 
apoptotic signal, has been described (66). 

This raises a potentially exciting possibility. If primary cells can 
survive apoptosis-inducing signals, provided that caspases are blocked, 
and if proliferating or transformed cells cannot (because of the mito
chondrial death mechanism), then new approaches to cancer chemother
apy are suggested in which the death of the primary cells is prevented 
by caspase inhibitors. The transformed cells will not only die, but may 
die in a manner that promotes inflammation, perhaps adding to the 
anticancer effect. Although highly speculative, the failure to detect any 
obvious defects in the executioner mechanism of tumors (e.g., defects 
in Apaf-llcaspase-9 function) might be a consequence of the failure 
of such defects to provide a growth advantage to a transformed cell. 

Is the field of apoptosis dead? If the death of this field is as fundamen
tally interesting as the death of a cell, then we will happily acknowledge 
it. One might even say "Death is dead, long live death," but no one 
would get it. Except, of course, the reader who has stayed with us this far. 
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INTRODUCTION 

The first antitumor drug (aminopterin) was introduced into the treat
ment of childhood leukemia by Farber almost 50 yr ago. In the past 
20 yr combination therapy with several anticancer drugs has been used 
successfully, for example, to achieve long-term remission and cure in 
70-80% of patients with acute lymphoblastic leukemia (ALL). Antican
cer drugs have not been designed for a specific cellular or molecular 
target, but have been identified in assays based on their capacity to inhibit 
proliferation and c1onogenicity of tumor cell lines. Cell death induced 
by anticancer agents has been considered to be a consequence of a block 
in proliferation, or simply of toxicity, but recent studies, many of which 
are reviewed in this book, have shown that most anticancer agents induce 
apoptosis ( 1 ). In agreement with this, several key molecules in the cellular 
death program, such as p53 and proteins ofthe Bcl-2 family, are involved 
in the regulation or modulation of chemosensitivity of tumor cells 
(2,3",4,5-,6-,7), and they form the core of the texts contained herein. 
Although a controversial issue, recent data also suggest an active role 
forthe CD95 (APO-l/Fas) system, one ofthe best-characterized ligand
driven apoptosis pathways, in the process of drug-induced cell death, 
or the cellular response, one of the best-characterized ligand-driven 
apoptosis pathways, to stress stimuli (8,9--). 

THE CD95 (APO-lIFas) SYSTEM 

CD95, a member of the tumor necrosis factor (TNF) nerve growth 
factor superfamily, is constitutively expressed in many cells and may 
be induced in many tissues by appropriate stimuli. Likewise, CD95 
ligand (CD95L) is constitutively expressed in several tissues, and may 
be induced, for example, in T-cells following activation (10). After 
crosslinking of the receptor by the multimeric ligand in the membrane
bound or soluble form, a death-inducing signaling complex (DISC) is 
formed that involves the death domains of the receptor: the adapter 
molecule Fas-associated death domain (FADD) and a chimeric adapter! 
caspase (caspase-8, or FADD-like ICE [FLICE]) (9,11). Activation 
of caspase-8 leads to the cleavage of downstream caspases, such as 
caspase-3 and its substrates. In some cells, this pathway, making use 
of only a few signal transduction molecules, directly leads to cell death 
(type 1 cells); in other cells (type 2), mitochondrial function seems to 
be a critical checkpoint for execution of the death program initiated 
by CD95 triggering (]2--). CD95 is constitutively expressed in many 
tumor cells, including hematopoietic malignancies (13,14). However, 
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sensitivity for C095-mediated apoptosis requires additional stimuli, as 
demonstrated for T-lymphocytes, in which prolonged activation is asso
ciated with increased susceptibility toward the CD95 death signal (15). 
In addition, studies on constitutive expression of CD95 in clinical tumor 
samples may be misleading, because exogenous stimuli, such as cyto
kines or cytotoxic drugs, may be able to upregulate receptor expression. 

Failure to upregulate CD95 expression, or defects in the receptor, 
ligand, or signal molecules, may result in apoptosis defects in tumor 
cells (13). Mutations of C095 in lpr mice and C095L in gld mice 
constitute important descriptions of a pathology associated with an 
apoptosis gene defect (8). However, neither lpr nor gld mice develop 
overt malignancy, but rather suffer from a lymphoproliferative syn
drome cause by the inability to delete long-term activated T-cells. 
The disease of lpr and gld mice is recapitulated in patients with an 
autoimmune lymphoproliferative syndrome, in which mutations of the 
C095 receptor, primarily located in the death domain of the molecule, 
have been found ( 16-,17-). Patients develop extensive lymphadenopathy 
and hepatosplenomegaly with autoimmune disease such as immune 
thrombocytopenia. In contrast to this nonmalignant polyclonal disease, 
mutations of C095, e.g., in lymphoblastic leukemia, are rare (18-). Thus, 
in contrast to p53 deficiency in knockout mice and in patients with Li
Fraumeni syndrome, there is no evidence for a direct tumor-suppressor 
function of C095. However, in some affected families, an increased tu
mor incidence, in particular, Hodgkin's disease, has been described. 

C095 and CD95L may be present in the same cell after appropriate 
stimulation, leading to autocrine suicide or paracrine death by binding 
of the membrane-bound or soluble ligand to its cognate receptor. Activa
tion-induced cell death (AICD) in T-cells appears to be an important 
mechanism for the termination of an immune response (19-). The pathol
ogy of lpr and gld mice and patients with CD95 deficiency may be 
explained by a deficient AICO. However, other death-inducing ligand 
(OIL)-receptor systems, such as TNF, may also playa role, and may 
contribute to the redundancy of apoptosis-inducing systems under con
ditions in which one system is blocked. Induction of CD95L-receptor 
interaction has been suggested to occur in different pathological condi
tions, such as HIV-infection, aplastic anemia, and liver failure (13). 
Various stimuli, including cytotoxic drugs, may exert cytotoxicity by 
increasing CD95 receptor, induction of C095L and triggering of an 
autocrine or paracrine form of cell death: these findings will now 
be reviewed. 
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Based on the concept of activation-induced death in T-cells, the 
cytotoxicity of anticancer treatment using cytotoxic drugs or "i-irradia
tion has been studied with respect to involvement of CD95 receptor
ligand interaction. In human T-cell lines, such as CEM cells or lurkat 
cells derived from patients with ALL of T-cell type, but also in patients' 
cells, doxorubicin (DXR) and other cytotoxic drugs used in the chemo
therapy of leukemias were found to induce CD95L expression (20--). 
The cell lines used constitutively express CD95, and are sensitive for 
CD95-mediated apoptosis, that is, triggered via the agonistic antibody, 
anti-APO-I, or the natural ligand. By blocking CD95 receptor-ligand 
interaction, for example, by using antibodies such as an anti-APO-I 
F(ab)2 fragment, or by using cell lines in which CD95 was downregu
lated on prolonged exposure to an anti-CD95 antibody, drug-induced 
apoptosis was strongly diminished. The contribution of CD95L
receptor interaction to drug-induced cytotoxicity was most pronounced 
at the lower concentrations ofDXR (up to 50-100 ng/mL), which may 
be achieved during therapy in vivo. In DXR cell lines derived from 
parental-sensitive cells, no induction of CD95L was found (21). Induc
tion of CD95L and activation of CD95L-CD95 interaction have also 
been found with bleomycin in hepatoblastoma cells, 5-fluorouracil 
(5-FU) in colon carcinoma cells, and with various chemotherapeutic 
drugs in medulloblastoma and neuroblastoma cells (22,23-,24). Also, 
"i-irradiation has been observed to lead to increased transcription of 
CD95L mRNA (25-,26"). In addition to CD95L, increased expression 
of CD95 is induced in cells with a low constitutive level of CD95 
expression (22,24). However, induction of CD95L is not found in all 
tumor cells (27). 

DRUG-INDUCED SENSITIZATION 
OF THE CD95 PATHWAY 

Induction of increased CD95 expression in tumor cells by cytotoxic 
drugs provides an additional aspect, because cytotoxic T-cells use the 
CD95 system as one of the key mechanisms to kill their target cells 
(28). Thus, tumor cells that express the CD95 receptor may be turned 
into highly susceptible targets for killer cells (T-cells, NK cells, LAK 
cells). Clinically relevant concentrations of diverse anticancer drugs, 
such as cisplatin, DXR, mitomycin, fluorouracil, or camptothecin, have 
been shown to sensitize colon carcinoma cell lines and leukemic cell 
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lines for CD95-induced apoptosis by an agonistic antibody, CD95L, 
or activated killer cells (29 .. ,30). Sensitization may be caused by upreg
ulation of CD95 expression and/or opening of downstream pathways. 
This finding may explain why low-dose chemotherapy is effective in 
certain tumors. For example, maintenance therapy is an indispensable 
element in the treatment of acute leukemias. The doses of methotrexate 
and 6-mercaptopurine used may be too low to mediate a direct cytotoxic 
effect, but may be sufficient to sensitize leukemia cells for physiological 
apoptosis signals by upregulating expression of death regulators, such 
as CD95. Likewise, 5-FU is successfully used in adjuvant therapy of 
colon carcinomas. These data suggest that chemotherapy not only has 
an immunosuppressive effect on the effector side, but may also be 
immunomodulating on the side of the target cell. 

CD95 SYSTEM AND CELLUlAR STRESS RESPONSE 

The findings described so far imply that activation of DILlreceptor 
systems, such as CD95L and CD95, are part of the cellular response 
to cytotoxic treatments that damage DNA, disturb metabolism, or affect 
the mitotic apparatus, at least in some cells. How is the initial insult 
translated into a molecular response that leads to activation of apoptosis 
pathways? Genotoxic damage has been found to cause increased accu
mulation of p53, and consequently p53 has been implicated in the 
apoptosis response of a cell following DNA damage, as described 
elsewhere in this book. Indeed, increased transcriptional activity of 
p53 seems to be involved in upregulation of CD95 in drug-treated 
hepatoblastoma cells, and temperature-sensitive mutants of p53 have 
been found to directly upregulate CD95 (22,31-). Thus, upregulation 
of the receptor may be a direct link to established apoptosis pathways, 
by which p53 may initiate the apoptosis response of the cell. The p53 
protein may function by sensing damaged DNA and transcriptionally 
activating the expression of apoptosis-promoting molecules, such as 
CD95 and Bax. However, increased expression of CD95L appears to 
be independent of p53. 

Recent data suggest a close connection between induction of CD95L, 
following treatment with anticancer drugs or 'Y-irradiation, and the 
activation of the cellular stress response, which includes the sphingoli
pid second messenger, ceramide, and stress-activated protein kinases 
(SAPK). This leads to phosphorylation and activation of the transcrip
tion factor c-jun (SAPKI[JNKD (25-26",32-,34"). Ceramide, which 
accumulates in response to different types of cellular stress, such as 
chemo- and radiotherapy, induces expression of CD95L, cleavage of 
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caspases, and apoptosis. Phorbol ester treatment, known to antagonize 
ceramide generation and JNKlSAPK activity, as well as 'Y-irradiation 
and CD95-mediated cytotoxicity, downregulates DXR-induced upregu
lation of CD95L, cleavage of CPP32, and cell death. Fibroblasts from 
type A Niemann-Pick patients (NPA), genetically deficient in ceramide 
synthesis, fail to upregulate CD95L expression, and to undergo 
apoptosis after 'Y-irradiation or D XR -treatment (32-). CD95L expression 
and apoptosis in NPA fibroblasts can be restored by exogenously added 
ceramide. The critical role of the SAPKlJNK cascade is further demon
strated by recent findings showing that the CD95L promoter contains 
an (AP)-l side (25-). Thus, a transcriptionally active AP-I complex 
may be formed following phosphorylation of c-jun by the JNK pathway, 
activated in response to cytotoxic drugs, 'Y-irradiation, and UV-irradia
tion (25-,26--,32-33-). In addition to AP-I, nuclear factor-KB (NF-KB) 
has been identified as a transcription factor that also leads to increased 
expression of CD95L (25-). 

REACTIVE OXYGEN SPECIES AND MITOCHONDRIA 

Various anticancer agents, including DXR, have been described as 
leading to increased production of reactive oxygen species (ROS). ROS 
production may be a consequence of physical-chemical interaction of 
drugs with intracellular molecules, or, alternatively, may be a conse
quence of disturbed mitochondrial function, leading to generation of 
oxygen radicals and formation of a permeability transition pore complex 
(35--). Release of ROS from the mitochondria may then activate 
NF-KB. Topoisomerase-2 inhibitors, such as etoposide and teniposide, 
have been found to directly induce NF-KB-mediated transcription using 
a CD95L-promoter construct (25-). Thus, stress-induced apoptosis in
volving increased expression of CD95L seems to be mediated by activa
tion of NF-KB and AP-I. The finding that ROS are involved in driving 
activation of the CD95 system point to an important role for mitochon
dria, not only in the execution, but also in the control phase of cell 
death (35",36). However, mitochondria can also be targeted directly 
by chemotherapeutic drugs that do not lead to increased expression of 
CD95 or CD95L (37-). Betulinic acid, a newly discovered anticancer 
compound with specific activity toward neuroectodermal tumors, leads 
to rapid activation of mitochondria in the absence of activation of 
CD95L or CD95-expression. CD95-resistant neuroblastoma cells still 
retain sensitivity for betulinic-acid-induced death; blockade of the apop
togenic mitochondrial function, for example, by enforced overexpres
sion of Bcl-2 or Bcl-XL inhibits cell death. 
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The signaling pathway initiated by formation of a death-inducing 
signaling complex, e.g., by crosslinking of C095 death domains, may 
also be triggered independently of C095L. This has been demonstrated 
for UV-induced apoptosis, which was found to involve signaling 
through C095, without requirement for endogenously produced C095L 
(38,39). Likewise, induction of apoptosis in serum-starved fibroblasts 
by enforced expression of c-myc seems to involve signaling through the 
C095 receptor in the absence of increased production of C095L (40). 

The data from in vivo studies do not provide a definitive answer on 
the role of activation of the C095 system in anticancer-therapy-induced 
apoptosis. Although lpr and gld mice do not exhibit an increased tumor 
rate, lpr mice do exhibit reduced radiosensitivity (26 .. ). In a series of 120 
ALL patients, only two cases with mutations of the C095 receptor have 
been identified ( 18-). Both cases were refactory to chemotherapy. A clini
cal study in acute myelogenous leukemia (AML) patients has also found 
a favorable outcome for C095+ AML vs C095- AML (7). Thus, the 
relative importance of a cell-death pathway, such as C095, may become 
evident under conditions of cellular stress and activation, for example, by 
drugs. In addition, the relative impact of a single death pathway, such as 
the C095 pathway, may be overcome by the redundancy in the system of 
OILs, such as TNF or TNF-related apoptosis-inducing ligand (TRAIL) 
(41"). Cellular stress leads to simultaneous expression of CD95L, 
TRAIL, and TNF (Herr and Oebatin, unpublished data). Some of these 
pathways are reviewed in Chapter 3. 

Irrespective of upstream triggers (OIL systems) or modulators (mito
chondria), activation of the caspase cascade is involved in most forms 
of apoptosis as a downstream effector system. Chemoresistance can 
be mediated by inhibition of caspase activation, e.g., by zVAO-fmk or 
Crm-A, a poxvirus-derived serpin, or by antisense approaches targeting 
caspase-1 and -3, indicating that several members of this protease 
family are involved (42). C095-resistant cell lines that fail to activate 
caspases upon C095 triggering, or have decreased expression of C095, 
are cross-resistant to drug-mediated apoptosis (42,43). 

Caspase activation (particularly caspase-3) reflecting downstream 
activation of apoptosis effector molecules has been found in most 
studies on drug-induced apoptosis, but a requirement for activation of 
the C095 system could not always be demonstrated. Using C095-
resistant cell lines and blockade of the receptor, several studies per
formed in leukemia cell lines have suggested that drug-induced 
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apoptosis is CD95-independent (44-,45"). However, induction of 
CD95L has only been investigated in one of these studies, and was 
found to be induced following drug treatment. In addition, experiments 
using FADD dominant-negative transgenic mice or FADD knockout 
mice, in which CD95-mediated death was abrogated, have found that 
cell death can still be induced by cytotoxic agents in fibroblasts, or by 
-y-irradiation in thymocytes (46,47--). However, apoptosis signaling 
through death receptors may involve alternative pathways, such as the 
Daxx pathway (48). So, the discrepancies may be explained by cell
type-specific differences, the different concentrations of the drugs used 
in the different studies, the effectiveness (affinity) of blocking agents, 
and/or redundancy in the system, such as participation of other DILl 
receptor systems (TRAIL, TNF). Additionally, there are likely to be 
death-receptor-independent induction pathways of cell death, and these 
may work in parallel to the death-receptor-activated mechanisms. 

Activation of mitochondria during drug-induced apoptosis seems to 
be a crucial event that coordinates and integrates several upstream and 
downstream pathways. This is reviewed in Chapter 11. Thus, activation 
of upstream (caspase-8) and downstream (caspase-3) effector caspases 
can be mediated by perturbance of mitochondria, leading to permeability 
transition (PT) and release of apoptogenic molecules, such as cyto
chrome-c and AIF (35"). In so-called type 2 cells, perturbance of mito
chondrial function is an essential part of the CD95 pathway (12--). 
Mitochondrial PT is induced by several anticancer drugs, and may be 
induced in a CD95-independent fashion, e.g., by betulinic acid, which 
leads to direct activation of mitochondria. Cytochrome-c and AIF re
leased from mitochondria are then able to directly activate caspase-3 and 
-8, respectively (48). In neuroblastoma cells, activation of the receptor
proximal caspase-8 is upstream of mitochondrial PT in DXR-induced 
death, but downstream of mitochondria in betulinic-acid-induced 
apoptosis. In Bcl-2- or bcl-XL -transfected cells, CD95-associated activa
tion of caspase-8 is still found following DXR, despite inhibition of both 
caspase-3 activation and apoptosis. In contrast, cleavage of caspase-8 
and caspase-3, mitochondrial PT, and apoptosis are simultaneously 
blocked in Bcl-2-transfected cells treated with betulinic acid. 

CONCLUSIONS 

Most of the available data suggest that activation of caspase-3 or re
lated caspases is the crucial mediator of drug-induced apoptosis. In an 
integrated view, caspase-3 activation may result from multiple pathways 
that act as amplifiers of the death cascade (Fig. 1). These include signals 
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drugs 

t 
Fig. 1. The scenario integrates the various levels and compartments that have 
been shown to be triggered during cell death in response to treatment with cytotoxic 
drugs. Induction of death receptors, such as CD95 and DIL, such as CD95L, may 
result from activation of stress pathways (for the CD95L) and p53 (for the CD95 
receptor). p53-dependent pathways are not included, for space reasons. As a critical 
event, activation of upstream (caspase-8 [FLICE]) or downstream (caspase-3 
[CPP32]) caspases is shown, which act on substrates to exert the death program. 
Mitochondria appear to be a central coordinator or amplifier of various pathways, 
which include the generation of oxygen radicals (ROS) and the release of apopto
genic factors (cytochrome c and apoptosis-inducing factor [AIF]) to activate up
stream and downstream caspases. The role of prototypic BcI-2 family members 
that promote (Bax) or inhibit (BcI-2) apoptosis is considered to be mediated 
through control of mitochondrial function. 
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by ligand-dependent (or -independent) crosslinking of death receptors, 
such as CD95, a mechanism which may be triggered by p53 and the 
ceramide-JNK-dependent stress pathway, and may depend on cell type 
and stimulus. In fact, in type I, but not type II, cells (for the CD95 path
way), doxorubicin induces the formation of a death-inducing signaling 
complex that contains CD95, FADD, and caspase-8 (S. Fulda and K.M. 
Debatin, unpublished). Signaling through this receptor-driven amplifier 
system seems to require additional amplification in most cells. Activation 
of mitochondrial PT by death-receptor-dependent signals, such as up
stream caspases (caspase-8) or other mechanisms (e.g., ceramide), or by 
direct effects of the antitumor drug, appears to be the central amplifier in 
this process. This is suggested by the cytotoxicity of mitochondriotropic 
drugs, such as betulinic acid, and by the fact that drug-induced apoptosis 
is blocked by Bcl-2 in most cases. Activation of mitochondrial PT with 
sustained release of apoptogenic factors (cytochrome-c, AlP) is appar
ently able to mediate cleavage of upstream and downstream caspases, 
leading to final execution of the apoptosis program. 

Current studies on a direct interplay between cytotoxicity of antican
cer agents and apoptosis pathways may provide a new molecular under
standing of sensitivity and resistance of tumor cells. The pathways 
critical for triggering of the cell-death program may serve as molecular 
targets for tailored therapy, using established anticancer agents, and 
may provide rational strategies for novel treatment approaches. The 
CD95 pathway appears to be an important component of cell death 
response in some forms of drug-induced apoptosis. 
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ABSTRACT 

The type 1 receptor for the insulin-like growth factors (IGF-IR) 
plays a major role in the control of cell proliferation, both in vitro 
and in vivo. Downregulation of the IGF-lRfunction by a variety of 
procedures causes large-scale apoptosis of cells, especially when 
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the cells are in anchorage-independent conditions. The ability of the 
targeted IGF-IR to discriminate between contact-inhibited cells and 
cells in anchorage-independence has been exploited in animals to 
abrogate tumor growth. 

INTRODUCTION 

It is self-evident that a tissue or an organ will grow when the number 
of cells produced per unit time exceeds the number of cells that die 
in the same period. More precisely, an increase in cell number of any 
given cell population (in vivo or in vitro, normal or abnormal) depends 
on three parameters (1): 

1. The length of the cell cycle. A shortening in the length of the cell cycle 
will cause cells to divide more frequently, resulting in an increase in 
cell number. 

2. The growth fraction, i.e., the fraction of cells in a population that are 
actively in the cell cycle. In many cell populations, a sizable fraction 
of cells is in G/O, in which the cells are in a sort of hibernation, from 
which they can be rescued by appropriate stimuli. An increase in the 
growth fraction, i.e., a decrease in the G/O fraction, will also result in 
an increased production of cells. 

3. A decrease in the rate of cell death. This third parameter was all but 
ignored until recently, when apoptosis suddenly became the fashionable 
way for cells to die. But it had been known for several years that an 
increased production of cells (parameters 1 and 2) was not sufficient 
to explain why tumors grow and normal tissues in the adult animal do 
not (2). Some extent of reduced cell death had to be postulated (3). 

Given that the growth of a cell population depends on a balance between 
cell division and cell death, it follows that both processes can be targeted 
in any strategy aimed at inhibiting the growth of tumors. There are 
countless ways to inhibit cell division or increase cell death, but one 
reasonable approach is to interfere with the function of growth factors 
and their receptors, which certainly play an important role among the 
environmental signals that regulate cell proliferation. Among the growth 
factor receptors, considerable interest has recently centered around the 
type 1 insulin-like growth factor receptor (IGF-1R), activated by its 
ligands. There are two good reasons for this. First, the IGF-1R acts in 
at least five different ways in controlling the size of a cell population. 
It is known to be mitogenic in vivo and in vitro, it promotes growth 
in size of the cell, sends a powerful antiapoptotic signal, it is quasi
obligatory for the transformation of cells, and it also modulates cell 
differentiation. Second, in general, most cells require more than one 
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growth factor for cell division, and each cell type has its preferences. 
Epithelial cells prefer epidermal growth factor (EGF), fibroblasts like 
platelet -derived growth factor (PDGF), neuronal cells respond to several 
specific growth factors, and each lineage of hemopoietic cells has its 
own constellation of primary growth factors (interleukins, granulocyte
colony stimulating factor [G-CSF] and so on). But, in the great majority 
of cell types, the second growth factor is IGF-l, or IGF-2 (4), both of 
which use the IGF-IR for their mitogenic activities. This means that 
the IGF-IR plays a role in regulating the growth of a large number of 
cell populations. 

ANATOMY OF THE IGF-l RECEPTOR 

This is not the place to discuss in detail the structure and function 
of the IGF-IR, but a few essential things should be mentioned (4-): 
The fully functional receptor is a dimer that is activated by at least three 
different ligands, IGF-l, IGF-2, and insulin (at high concentrations); it 
has 70% homology to the insulin receptor (IR), with which it shares 
some of the signaling pathways; it consists (like the IR) of an extracellu
lar ligand-binding subunit, the a-subunit, and of a transmembrane 
l3-subunit, which is bound to the a-subunit by disulfide bonds; ligand 
binding causes autophosphorylation of the receptor. Tyrosine auto
phosphorylation is by far the most studied as the mechanism of receptor 
activation, but it is perhaps time that other alternatives to receptor 
activation (or inactivation) should be considered, as for instance, serinel 
threonine phosphorylation or conformational changes; and the C-termi
nus of the IGF-IR (roughly the last 100 amino acids) has the least 
homology with the IR, and is dispensable for mitogenesis and protection 
from apoptosis, but is required for the transformation of cells in cultures. 

TARGETING OF THE IGF-l RECEPTOR 

When dealing with growth factors and their receptors, there are two 
principal ways to interfere with their function: either by targeting the 
ligand(s) or the receptor. In the case of the IGF system, targeting of 
the ligands is not the proper choice, at least in humans, who produce 
both IGF-l and IGF-2 through adult life. Given the functions of the 
IGF-IR mentioned in the Introduction, if one thinks of anticancer 
strategies, downregulation of the IGF-IR function is what one would 
like to accomplish. By downregulation of IGF-IR function, what is 
meant here is either interference with its function, or, more simply, 
decreasing the number of receptors. Five different approaches have 
been described in IGF-IR targeting: use of antibodies against the a-
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subunit, pioneered by Arteaga et al. (5); stable transfection, with a 
plasmid expressing an antisense RNA to the IGF-IR RNA (6--); use 
of antisense oligodeoxynuc1eotides against the IGF-IR (7); use of 
dominant -negative mutants of the receptor (8,9); and targeted disruption 
of the IGF-IR genes by homologous recombination (10,11"). All of 
these approaches have been shown to be effective both in vitro and in 
vivo, and each of them has its advantages and disadvantages. 

EFFECTS OF TARGETING THE IGF-l RECEPTOR 

Effects In Vivo 
When both the IGF-IR genes and the IGF-2 genes are disrupted, 

homozygous mouse embryos grow to a size that is 30% the size of wild
type littermates (10,11). The newborn mice are nonviable. Disruption of 
the IGF-2R genes markedly increases the levels ofIGF-2 in the plasma, 
and the embryos are 145% the size of wild-type littermates (12). The 
newborn mice suffer perinatal mortality. Disruption of both the IGF
lR and the IGF-2R produce mice that are normal in size and viable 
(12). It is now agreed that, under these conditions, IGF-2 (the ligand) 
signals through the IR (13,14). Thus, strictly speaking, the IGF-IR 
may be required for optimal growth of embryos, but it is not an abso
lute requirement. 

Effects In Vitro 
This laboratory has developed a fibroblast cell line from the mouse 

embryos null for the IGF-IR genes (10,11") designated as R- cells, 
which has been used extensively in many laboratories, because of the 
absence of background noise. R - cells grow in 10% serum (15-), 
which means again that the IGF-IR is not an absolute requirement for 
growth in tissue culture. However, R - cells are refractory to transfor
mation by a variety of viral and cellular oncogenes (4-), indicating that 
the receptor is more important for transformation than for normal 
growth. Indeed, when the IGF-IR function is downregulated (see 
above), growth of cells in monolayer is very little affected, but colony 
formation in soft agar is drastically reduced (16). This finding raises 
the possibility that targeting of the IGF-IR may distinguish between 
normal growth and anchorage-independent growth, and, by extrapola
tion, between normal and abnormal growth. 

Effect on Tumor Cells In Vivo 
Targeting of the IGF-IR by antisense strategies or by dominant

negative mutants causes massive apoptosis of tumor cells in vivo (9,17). 
The extent of apoptosis is so dramatic that it results in abrogation of 
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tumorigenesis in syngeneic rats and nude mice, and in inhibition of 
metastases (18). The dominant-negative mutant described by D' Am
brosio et al. (9), designated as 486/STOP, is especially interesting, 
because it consists of a 486-amino-acid polypeptide (from the a-sub
unit), which is partially secreted in the environment. Therefore, not 
only does it induce apoptosis in the tumor cells expressing it, but it 
also has a bystander effect. For instance, when tumor cells expressing 
486/STOP are coinjected with wild-type tumor cells into nude mice, 
both types of cells undergo apoptosis, and the result is abrogation of 
tumor growth by the wild-type cells (19). The ratio of wild-type: 4861 
STOP-expressing cells determines semiquantitatively the extent of inhi
bition of growth of wild-type tumor cells. At a ratio of 1 :4, the coinjec
tion of cells expressing 486/STOP can actually completely abrogate 
tumorigenesis by wild-type human lung cancer cells. 

IGF-l RECEPTOR SIGNALING IN APOPTOSIS 

The induction of apoptosis by downregulation of IGF-IR function 
is the logical corollary of experiments showing that IGF-l protects 
cells from apoptosis induced by a variety of agents (20). This protective 
effect is even more dramatic when the IGF-l R is overexpressed (21,22). 
Therefore, the mechanism by which targeting the IGF-IR induces 
apoptosis can be investigated by turning the problem around and asking 
how the IGF-IR, activated by its ligands, protects cells from apop
totic injuries. 

The first step is the identification of the domain(s) in the receptor 
that are required for protection from apoptosis. As mentioned above, 
the C-terminus of the IGF-IR is dispensable for mitogenesis (but not for 
transformation). 0' Connor et al. (21) carried out a mutational analysis of 
IGF-IR protection in cells that undergo apoptosis when interleukin-3 
(IL-3) is withdrawn. Their findings can be summarized as follows: A 
mutation at the ATP-binding site (lysine 1003) completely inactivates 
the IGF-IR protective effect (as well as other functions); mutations in 
the tyrosine kinase domain (tyrosines 1131, 1135, and 1136) severely 
impair, but do not abrogate, protection; and the deletion of the 
C-terminus does not affect the antiapoptotic effect of the IGF-IR. 

These findings are compatible with several papers that have recently 
appeared, which show that the antiapoptotic effect of the IGF-IR is 
dependent on the activation of phosphatidylinositol-3 kinase (PI-3K), 
which activates AktIPKB (23--25). PI-3K associates with IRS-l (26), 
which is one of the major substrates of the IGF-IR. Activation of the 
IGF-IR causes tyrosyl phosphorylation of IRS-l (27), which then sig-
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nals through PI-3K and AktIPKB. Indeed, a recent paper has shown 
that Akt then phosphorylates Bad (28,29), thus inactivating it. The 
circle is seemingly closed. From the receptor, through IRS-I, PI 3-K, 
and AktIPKB, one arrives at the inhibition of proapoptotic members 
of the Bcl-2 family. There is no question that this pathway is involved 
in the mechanism by which IGF-I protects cells from apoptosis. In 
fact, this pathway is also involved in other antiapoptotic signaling: for 
instance, the antiapoptotic effect of ras (30"). However, this question 
can be legitimately posed: Is this the only pathway used by the IGF-IR? 

THE STRANGE CASE OF 32D CELLS 

The IGF-IR has been sending signals, not to the cell, but to investiga
tors, that it has pathways that it does not share with other receptors. 
The PI-3K1ras pathway is a well-known mitogenic pathway that is 
shared not only by the IR and the IGF-IR, but also by several other 
growth factor receptors. The first clue that the IGF-IR was also using 
a pathway that was not shared with other receptors, and was ras
independent, came from observations with R - cells, especially the 
finding that an activated ras could not transform R - cells, although it 
easily transformed other 3T3 cells with a physiological number of IGF
IR (31). Several investigators (24,25,32), although acknowledging the 
importance of the PI-3Kinase-Akt pathway, have suggested that the 
IGF-IR also uses another, unidentified pathway. The best demonstra
tion, though, that the IGF-IR uses another pathway comes from experi
ments with a murine hemopoietic cell line, called 320 cells (Fig. I). 
These cells, like many other hemopoietic cell lines, are IL-3-dependent: 
Withdrawal of IL-3 causes rapid apoptosis. The peculiarity of 320 
cells, however, is that they have no IRS-lor IRS-2 (33), and very low 
levels of either the IR (33) or the IGF-IR (22). When the IR or IRS-I 
are overexpressed, 320 cells still fail to survive IL-3 withdrawal: A 
combination of the two actually results in the growth of cells in the 
absence ofIL-3 (33). Thus far, everything is compatible with the proper 
activation of the PI-3K-Akt-PKB pathway, which requires a proper 
expression of both the receptor and IRS-I. 

The surprise came with the IGF-IR, which, when overexpressed in 
320 cells, completely protects them from IL-3 withdrawal (22,34). 
Clearly, the IGF-IR sends an antiapoptotic signal in the absence of the 
IRS proteins that are needed by the IR. True, PI-3K can also bind 
directly to the C-terminus of the IGF-IR, but this alternative is rapidly 
ruled out by the observation that a truncated IGF-IR (lacking a direct 
binding site for PI-3K) also protects 320 cells from apoptosis (34). 
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THE STRANGE CASE OF 32D CELLS 

1) IL-3 withdrawal causes massive apoptosis 
2) the IGF-I receptor gives full protection 
3) the Insulin receptor gives no protection 
4) 32D cells have no IRS-l nor IRS-2 
5) Insulin receptor plus IRS-l give protection 
The IRS-l pathway, therefore, does protect cells 
from apoptosis, but the IGF-I receptor has 
a 2nd pathway, not IRS-l dependent 
and not shared with the Insulin receptor 

Fig. 1. The strange case of 32d cells. 
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Finally, the protective effect of the IGF-IR in 32D cells is insensitive 
to very high doses of wortmannin, as high as 1,000 nM, and of 
LY294002, both of which are inhibitors of PI-3K. We are not fond of 
using inhibitory drugs to test pathways, because many specific drugs 
invariably tum out to inhibit other reactions. However, if an event (in 
this case, protection from apoptosis) is insensitive to high concentrations 
ofPI-3K inhibitors, one has to conclude that PI-3K is not a requirement 
under those conditions, because these inhibitors may have other func
tions, but one thing they certainly do is to inhibit PI-3K. Clearly, the 
IGF-IR can protect cells from apoptosis by a mechanism that is IRS
proteins- and PI-3K-independent. This should not be construed as con
tradicting other reports on the activation of the PI-3K pathway (see 
above). The IGF-IR certainly uses that pathway, but, in its absence, 
it uses another one that it does not share with the IR. The identification 
of this pathway is one of the most important challenges to be faced in 
this field, because it would allow the inhibition of IGF-IR signaling 
without inhibiting the IR signaling. 

THERE IS STRENGTH IN NUMBERS 

We have mentioned above that the various functions of the IGF-IR 
can be mapped to distinct domains of the receptor. Another way in which 
a cell can modulate its response to IGF-I is by modulating the IGF-IR 
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number. The levels of expression of the IGF-IR vary, even under physio
logical conditions, although the variations are modest. There are a num
ber of other growth factors and intracellular molecules that either increase 
or decrease the numberofIGF-lRlcell (4-). Among the former are PDGF, 
basic fibroblast growth factor, and estrogens; among the factors that de
crease IGF-IR levels are p53, interferon, and the tumor-suppressor gene 
WT1. These moderate changes in receptor levels can have dramatic effect. 
For instance, p53 cannot induce apoptosis in 32D cells, unless it can 
decrease IGF-IR levels (22), and certain breast cancer cells do not re
spond to IGF-l, unless they are previously primed by estrogen (35). 

The best evidence of the importance of receptor number in modulat
ing responses to IGF-l comes from the experiments of Rubini et al. 
(36), which show that a small increment in IGF-IR number can make 
a huge difference in the response to IGF-l. 

IGF-l RECEPTOR AND APOPTOSIS: 
PART OF THE PROBLEM 

OR PART OF THE SOLUTION? 

Evidence is overwhelming that the IGF-IR activated by its ligands can 
protect from a variety of proapoptotic agents. Conversely, a functional 
impairment of the IGF-IR can cause massive apoptosis. Yet, the activa
tion of the IGF-IR is known to stimulate the differentiation of myoblasts 
(37,38), osteoblasts (39), adipocytes (40), neurons (41,42), and several 
other cell lines. The role of the IGF system in differentiation has been 
studied in greater detail in myoblasts. Myoblasts in cultures are undiffer
entiated cells, which can grow indefinitely in serum, but differentiate into 
myocytes, if the serum is removed or decreased. If, after serum removal, 
the cells are incubated with either IGF-l or IGF-2, they are stimulated 
to proliferate, but the stimulation is short-lived, and is followed by differ
entiation (43,44). The problem is that differentiation, especially in neu
rons, keratinocytes, and hemopoietic cells, is usually followed by cell 
death. Terminally differentiated granulocytes have a very short life-span, 
and keratinocytes of the stratum corneum are constantly lost from the 
epidermis. This means that the IGF-IR, on one side, promotes survival, 
and, on the other side, by inducing differentiation, gently invites the cells 
to their own funerals (kindly supervised by the caspases). 

ABSCOPAL EFFECT OF IGF-l RECEPTOR TARGETING 

The previous section asked a philosophical question, and involved 
a certain degree of metabiology, which can be defined as a discipline 
that is to biology what metaphysics is to physics. This section is not 
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metabiological. On the contrary, it is based on facts that have been 
repeated many times, but, because they do not have any sensible expla
nation, they do not even allow intelligent questions, let alone philosophi
cal ones. The original data was given by Resnicoff et al. (6--), and 
Baserga et al. (45,46). The basic experiment is very simple: Inject a 
syngeneic transplantable tumor in a naYve rat (or mouse), and let it 
grow to a palpable size. Then, inject the same tumor cells in the 
controlateral side, in which, however, the IGF-IR has been targeted 
(antisense strategies or dominant-negative mutants). The tumor cells 
with a targeted IGF-IR, of course, undergo apoptosis, and therefore 
do not grow at all (see above). The surprise is that the original wild
type tumor regresses. The effect is so rapid that it cannot be attributed 
to immunological mechanisms, at least not to conventional ones. This 
abscopal effect (i.e., an effect observed at a distance from the site of 
treatment) does not depend on how the IGF-IR has been downregulated: 
It can be induced whether the cells of the second injection have been 
treated with an antisense oligodeoxynucleotide, or are expressing an 
antisense RNA or a dominant-negative mutant (45). It can also be 
obtained by placing the targeted cells in a diffusion chamber, which 
is subsequently removed. Indeed, what is most bizarre is that other, 
unrelated cells can be placed in the diffusion chamber, and will produce 
the same abscopal effect, provided the IGF-IR is downregulated. The 
animal eventually becomes resistant to the subsequent implantation of 
wild-type cells. Because this resistance to subsequent implantation of 
syngeneic tumor cells lasts at least 1 yr, it is probably a classic immune 
response. But the immediate effect, which occurs quickly in naYve 
animals, does not have the characteristics of an immune response. If 
the receptor is not downregulated, the cells fail to induce regression 
of the wild-type tumor. 

ON LEAPING BEFORE LOOKING 

We would have classified the abscopal early effect of IGF-IR tar
geting in animals as a peculiar artifact, except that it seems to occur 
also in brain tumors of humans, based on clinical trials that are presently 
being conducted at Thomas Jefferson University (D. Andrews, et al., 
in preparation). This cannot, therefore, be ignored, and we are trying 
here to offer, not an explanation, but a hypothesis. There are, however, 
two other items that have to be considered at this point: Glioma cells 
expressing an antisense RNA to the IGF-IR RNA (6 .. ) secrete in the 
medium, an activity that causes apoptosis of tumor cells. This activity 
has been identified as a peptide of mol wt < 1 kDa. Second, a physical 
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Table 1 
Induction of Apoptosis by Synthetic Peptides 

Peptides 

YLEPGPVTA 
YLRPGPVTA 
YLAPGPVTA 
YAEPGPVTA 
YLEAGPVTA 
ALEPGPVTA 
YLEPGAVTA 

% cell recovery (24 h) 

3.0 ± 0.1 
3.5 ± 0.2 
7.4 ± 0.4 

186.0 ± 4.6 
221.0 ± 3.9 
224.0 ± 3.2 
260.0 ± 9.0 

C6 cells were pretreated with the indicated peptides at 10-5 M for 24 h in serum
free medium, and tested for apoptosis, as described in ref. 17. Results are given in 
percentage recovery of cells, over initial seeding. Amino acid substitutions in the 
original peptide (the first one in the list) are indicated in bold characters. Each value 
represents the mean of four independent determinations. Adapted from ref. 48. 

association between the IGF-IR and (MHC)-c1ass 1 complexes has pre
viously been described (47). Because the purification of the peptide from 
the medium conditioned by targeted glioma cells is still following 
the exasperating time schedule of protein purifications, we decided to 
take a huge leap and try the effect on tumor cells of other, already pub
lished, peptides associated with MHC-c1ass 1 complexes. Three peptides 
were tested, and all three induced apoptosis, even at concentrations of 
10- 12 M, in naive animals (48--). The results with representati ve peptides, 
at a concentration of 10-5 M, are summarized in Table 1. Certain amino
acid substitutions (for instance, E to R) have no effect on the ability of the 
original peptide to induce apoptosis of tumor cells, but other substitutions 
(last fourpeptides in Table 1) completely abrogate the proapoptotic activ
ity of the synthetic peptides. It is not, therefore, aspecific peptide toxicity, 
because one single amino-acid substitution can render a peptide inactive 
at concentrations of 10-5 M (although the active peptides are still active 
at 10-12 M). We tested the YLRPGPVTA peptide on various human tumor 
cell lines, and it induced apoptosis (in increasing order of efficacy) in 
glioblastomas, ovarian carcinomas, colorectal carcinoma, small-cell 
lung carcinoma, and prostatic carcinoma. Finally, the active peptide can 
inhibit tumor growth when injected in vivo in nude mice. 

We have therefore formulated the following hypothesis, which has 
the advantage that it can be tested: Downregulation of the IGF-IR 
causes the release of toxic peptides (probably MHC-c1ass I-associated 
peptides), which induce apoptosis of tumor cells; these peptides can 
also induce apoptosis of tumor cells, whose receptor has not been 
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IF THE IGF-I RECEPTOR IS UBIQUITOUS, HOW CAN IT BE A GOOD 

TARGET FOR ANTI-CANCER THERAPY? 

~ IT IS NOT AN ABSOLUTE REQUIREMENT FOR NORMAL GROWTH, BUT ••• 

~ IT IS REQUIRED FOR GROWTH IN ANCHORAGE-INDEPENDENT 

CONDITIONS (LOCAL RECURRENCES? METASTASES?) 

~ TARGETING OF THE IGF-I RECEPTOR INDUCES MASSIVE APOPTOSIS 

OF TUMOR CELLS IN VIVO, WITH NEGLIGmLE TOXICITY TO NORMAL 

CELLS 

~ IT INDUCES A HOST RESPONSE THAT CAN KILL SURVIVING TUMOR 

CELLS EVEN AT A DISTANCE (ABSCOPAL EFFECI) 

Fig. 2. 

targeted, thus generating an abscopal effect; and since these peptides 
are antigenic, they eventually produce an immune response that renders 
the animals refractory to the subsequent injection of wild-type tumor 
cells. The principal merit of this hypothesis is that it is compatible with 
all the results obtained thus far. But there are some indications that 
this hypothesis may not be, after all, so outlandish. Thus, Lafarge
Frayssinet et al. (49) found that suppression of IGF-l production in a 
rat hepatoma cell line (by an antisense approach) caused a fourfold 
increase in the expression of MHC-class 1 antigens. Albert et al. (50) 
reported that dendritic cells acquire peptide antigens from apoptotic 
cells. Most important, Marchand et al. (51) had very similar results to 
ours, in humans: They used a peptide encoded by gene MAGE-3, an 
antigen of melanoma cells that was supposed to induce immunity. 
To their surprise, the injection of this peptide caused regression of 
melanomas before an immune response could be detected. They were 
as puzzled of their results as we are of ours, but perhaps it is time that 
we let the results talk to us, instead of us talking to them. 

CONCLUSIONS 

Our conclusions are presented in Fig. 2, which is self-explanatory. 
This is not the only way of treating cancer, nor is this the only growth 
factor receptor that should be targeted. But we do think that the 
IGF-IR is such a good target in animals that it deserves to be tested 
in depth in humans. 
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vivo. Drug-induced apoptosis may be suppressed by overexpression 
of antiapoptotic proteins such as Bcl-2, and/or by survival signals 
in the tumor microenvironment. These signals include the action of 
growth factors, cell-cell interactions, and interactions of cells with 
extracellular matrix. In vivo, tumor cells are likely to receive a 
combination of these signals from within their microenvironment. 
These survival signals may be heterogeneously distributed, and some 
cells may therefore exist in what could be termed a survival niche; 
others may be more vulnerable to apoptosis, including that induced 
by anticancer agents. The emergence of a viable and drug-resistant 
subpopulation of tumor cells following drug treatment may therefore 
depend on the signals derivedfrom within a particular survival niche. 
This chapter focuses on the survival niche, in which drug-resistant 
B-cell lymphomas may reside, and describes attempts to create this 
cellular environment in vitro. 

INTRODUCTION: IMPORTANCE 
OF THE SURVIVAL NICHE 

Apoptosis is a default process (lee). Cells require survival signals 
to prevent the engagement of this death program. Cell survival is 
mediated via signaling through various surface receptors, which, de
pending on cell phenotype include those for insulin-like growth 
factor-l (IGF-l) (2; and see Chapter 13), interleukin-3 (IL-3) (3), nerve 
growth factor (NGF) (4) and CD40 ligand (CD40L) (5). Numerous 
studies of cell fate in vitro suggest that cell-cell interactions and interac
tions of cells with extracellular matrix (ECM) make an equally im
portant contribution to the survival of a cell (6,7). In vivo, cells are 
likely to receive a combination of signals from soluble factors and 
stromal interactions within their microenvironment. These survival sig
nals may be heterogeneously distributed, and some cells may therefore 
exist in what could be termed a survival niche; others may be more 
vulnerable to apoptosis, including that induced by anticancer agents. 
Bcl-2 family members regulate the threshold at which apoptosis may 
be engaged (see Chapters 7-10), and it seems likely that these may 
be downstream recipients of survival signaling pathways. Indeed, the 
phosphorylation of Bad by protein kinase B (PKB), downstream of 
IGF-l receptor ligation, is one established example of such a survival 
signaling pathway (see Chapter 13). However, in many studies of the 
effects of the enforced hyperexpression of Bcl-2 or of Bcl-XL on cell 
fate after damage, apoptosis is only delayed, rather than suppressed, 
and often no clonogenic advantage is observed (see Chapter 1). It is 
therefore questionable whether overexpression of one of the antiapop-
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totic members of the Bcl-2 family alone can provide true drug resistance, 
allowing survival and subsequent proliferation of drug-treated cells. 
We would argue that Bcl-2, in concert with other family members and 
binding proteins, only functions to suppress drug-induced apoptosis 
when the cells in which these proteins are expressed are stimulated by 
the appropriate cocktail of survival signals within the survival niche. 
The emergence of a viable and drug-resistant subpopulation of cells 
following drug treatment may depend on the signals derived from 
within a particular survival niche. One example of coordinated survival 
signaling was observed in our recent study of cultured primary breast 
epithelia, in which cells were plated on different types of ECM, and 
provided with various combinations of soluble factors. Apoptosis was 
only avoided when the cells received at least two signals, one via ligation 
of the IGF-l (or insulin) receptor, and the other through interaction with 
the appropriate laminin-rich ECM. What is really interesting about 
these data is that although the IGF-l receptor was autophosphorylated 
upon stimulation by IGF-l in the absence of the appropriate ECM-cell 
interaction, the survival signal was only propagated through insulin 
receptor substrate-l (IRS-I) and phosphatidylinositol-3 kinase (PI-3K), 
if the cells interacted with this ECM (N. Farrelley, C. Dive, and C. H. 
Streuli, et aI., 1. Cell. BioI., in press). In these studies, IGF-l and a 
laminin-rich ECM constitute a minimal survival niche for these alveolar 
epithelial cells in vitro. 

Here we reviewed the clinical problem of drug resistance in B-cell 
lymphoma. We then discuss some of the survival signals that constitute 
the B-cell survival niche within the germinal center (GC) of secondary 
lymphoid tissues. We speculate on the effects on drug resistance of 
B-Iymphoma cells within the survival niche in vivo, and describe at
tempts to create this protective B-cell environment in vitro. Finally, new 
data are presented on the mechanism of GC-derived signal-mediated 
suppression of drug-induced apoptosis in B-Iymphoma cells. 

THE CLINICAL PROBLEM: 
B-LYMPHOMA AND DRUG RESISTANCE 

Approximately 15,000 new cases of non-Hodgkin's lymphoma arise 
in the United States each year, 50% of which are follicular lymphomas 
(FL). The median age of patients at presentation with FL is 50-60 
yr (8). Lymphomas are clinically divided into indolent low-grade or 
aggressive high-grade forms. The low-grade lymphomas have a favor
able prognosis, and these patients have a mean survival time of 6-10 
yr (9,10). High-grade tumors have a poor prognosis, with a mean patient 
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survival time of 6 mo from first diagnosis. Low-grade lymphomas 
initially regress, but relapse with drug-resistant tumors, and the disease 
becomes incurable (8). Relapsed low-grade lymphomas re-emerge with 
a morphology similar to the original tumor, or undergo a blastic transfor
mation to high-grade, in which the lymphoma becomes more aggressive. 
In the past, treatment involved radiotherapy, but it was later discovered 
that low-grade lymphomas were sensitive to alkylating agents, pres
enting a chemotherapeutic approach to the treatment of this type of 
disease. Although there are advantages to using chemotherapeutic drugs 
rather than irradiation, such as an increased mean survival time of 10 
yr instead of 5 yr, the pattern of remission followed by relapse still 
occurs, and remains a major problem. New types of therapy, such as 
the administration of interferon-a or antibodies against specific tumor 
cell markers, are currently in development, but as yet do not appear 
to be successful (9,10). So, although the majority of FL cells engage 
apoptosis after chemotherapy, a small, clinically undetectable subpopu
lation of cells do not die. These cells may remain dormant for a period 
of years (acquiring further mutations) before rapid regrowth, or they 
may continue to proliferate, slowly becoming clinically detectable as 
a relapsed drug-resistant tumor years later. What is different about this 
subpopulation of cells that increases their ability to resist drug-induced 
apoptosis? One of many possibilities is that the subpopulation of drug
resistant cells is located within an microenvironment that provides 
optimal survival signaling to suppress apoptosis. Unfortunately, there 
are no tractable FL cell lines available for mechanistic studies of survival 
signaling and drug resistance; Burkitt lymphoma (BL) cell lines are 
frequently used for this purpose. BL is a far more chemosensitive 
disease, although there is also a problem with disease relapse in Afri
can children. 

REGULATION OF B-CELL FATE 
AND THE ROLE OF CD40 

To address questions of how B-Iymphoma cells might exhibit an 
increased threshold for the induction of drug-induced apoptosis, we 
first need to know how apoptosis is regulated in normal B-cells. During 
normal immune function, the development of the B-cell compartment 
is regulated by ECM and cell--cell interactions in the GCs of secondary 
lymphoid tissues (11 .. ,12). This is accompanied by changes in the 
expression of Bcl-2 and Bcl-XL (]3.). The CD40 molecule plays a 
central role in the regulation of Bcl-2 and Bcl-XL> and of B-cell fate. 
CD40 is expressed on the surface of early and mature B-Iymphocytes, 
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and is activated by its ligand, CD40L, which is presented on the surface 
ofT-lymphocytes and of follicular dendritic cells within the GC (11"). 
CD40 is a type 1 integral-membrane protein (14), and a member of 
the tumor necrosis factor receptor (TNF-R) superfamily, which includes 
CD95 (Fas/APO-l) (15, see Chapter 12) and NGF (16). Ligation of 
CD40 activates a pathway that is essential for the initiation of immuno
globulin (lg)-isotype switching and secretion during the B-cell matura
tion process. An important stage in B-cell development is the process 
in which both positive and negative selection occurs. B-cells, which 
produce high-affinity Ig protein/antigen receptors, are positively se
lected by signaling via CD40 (13-). The great majority of B-cells express 
low-affinity Ig, and these are eliminated in the GC by apoptosis (17), 
mediated via tumor necrosis factor (TNF)-a and CD95 ligand (CD95L) 
(15,18) crosslinking their respective receptors and initiating an apop
totic caspase cascade. 

CD40 signaling has been shown to rescue isolated GC B-cells from 
spontaneous apoptosis in vitro (19-) and, in combination with interleu
kin-4 (IL-4), to promote the proliferation of both normal and malignant 
B-cells (20,21). Crosslinking of the CD40 receptor correlates with an 
increase in cell number, and recent evidence suggests that the CD40 
molecule must be trimerized to produce a survival signal (22). Paradoxi
cally, CD40 contains a sequence with limited homology to the death
effector domains found in CD95 and TNF-l. However, CD40 can signal 
for death in certain circumstances, e.g., in neurons (23), and in epithelia 
and mesenchymal cells (24), emphasizing the importance of cellular 
context, as well as environmental factors. 

SUPPRESSION OF APOPTOSIS BY CD40 
IN B-LYMPHOMA CELL LINES 

CD40 signaling can also suppress apoptosis induced by various 
stimuli in B-Iymphoma cell lines. It was shown by Parry et al. (25) 
and Merino et al. (26) that CD40 could suppress IgM and IgD receptor
mediated apoptosis, both in mature human B-cells and in the murine 
WEHI-231 B-Iymphoma cell line. CD40 signaling also suppressed 
apoptosis induced by calcium (Ca) ionophore, anti-IgM, or irradiation 
in Mutu Group I BL-cells (21,27,28). CHEP BL and L3055 BL cells 
were also protected from radiation-induced apoptosis by CD40 signal
ing, but only in those cells expressing wt p53 (29-). The authors have 
recently shown that CD40 signaling suppressed chlorambucil- and 
etoposide-induced apoptosis in the Mutu BL-cell lines (30", Taylor, 
S. T. et aI., unpublished results). Taken together, these data imply that 
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CD40 plays an important role in B-Iymphoma cells to suppress 
apoptosis induced by chemotherapeutic agents, as well that induced 
by more physiological stimuli. 

B-Iymphoma cells in vivo receive multiple survival signals from the 
GC environment, including CD40 ligation. Many B-Iymphomas ex
hibit deregulated expression of Bcl-2, and it is unknown to what ex
tent this and environmental factors, such as cell-cell interactions to 
present CD40L, cytokine signaling, and ECM-cell interactions, may 
combine to enhance the survival of drug-treated B-Iymphoma cells. 
This was one question that the authors set out to address (see Mimick
ing the B-Cell Survival Niche in Vitro; 30"; S. T. Taylor et aI., 
submitted). 

EFFECT OF CD40 SIGNALING ON EXPRESSION 
OF BCL-2 AND BCL-Xt IN B-CELLS 

Initial studies showed that CD40 signaling caused an increase in 
Bcl-2 expression, implying that this was the mechanism by which CD40 
promoted B-cell survival (31-). Holder et al. (21) confirmed that CD40 
stimulation rescued GC B-cells from apoptosis, but pointed out that 
the initial survival signal appeared to be unrelated to increased levels 
of Bcl-2. A delay in Bcl-2 induction suggested that a mechanism other 
than Bcl-2 upregulation mediated the survival of the B-cells during 
the ftrst 24 h after CD40 stimulation (21). Bcl-XL was subsequently 
implicated in CD40-mediated B-cell survival. CD40 ligation correlated 
with a rapid induction of Bcl-XL mRNA, and protein expression was 
detectable 3 h after CD40 stimulation (32-,33-), when Bcl-2 and Bax 
levels were unaffected (33). Thus, it appears that downstream targets 
of CD40 survival signaling in normal B-cells include both Bcl-XL and 
Bcl-2. Upregulation of Bcl-XL occurs within a few hours of CD40 
stimulation, providing short-term protection; Bcl-2levels increase later, 
and are associated with long-term cell survival. 

HOW DOES CD40 SIGNAL FOR B-CELL SURVNAL? 

Although the signaling pathway(s) elicited by stimulation of CD40 
have been extensively studied (Fig. 1), and several CD40-binding pro
teins have been identifted, it remains unclear how this signaling path
way(s) results in changes in the expression of Bcl-2 or Bcl-XL' to 
suppress apoptosis. Ligation of CD40 has several consequences, includ
ing initiation of phosphatidylinositol (PI) signaling cascades, effects 
on the intracellular concentration of cyclic adenosine monophosphate 
(cAMP), activation of nonreceptor tyrosine kinases (TKs), such as Lyn 
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Fig. 1. Schematic of CD40 signaling pathways. Dotted lines represent putative 
pathways; solid lines represent pathways that have been demonstrated in B-cells. 

and Syk, and activation of the transcription factors, nuclear factor
KB (NF-KB) and the zinc-finger protein, A20. These events are now 
briefly reviewed. 

The CD40-binding partner, CD40-associated protein (CAP-I) (34) 
or CD40-receptor-associated factor-l (CRAF-I) (35), was identified 
using a yeast 2-hybrid screen. This protein appears to have homology 
with two putative signal-transduction molecules, the TNF-R-associated 
factors, TRAF-l and TRAF-2 (36). From its structure, it seems likely 
that CAP-l/CRAF-l can interact with DNA, and possibly has the 
potential to regulate gene transcription, suggesting a direct link between 
CD40 ligation and an alteration in gene expression (33,35). Phosphory
lation of phospholipase Cyl (PLCyl), phospholipase Cy2 (PLCy2), 
PI, PI-3K, and also GTPase-activating protein (GAP), are all sequelae 
of stimulation of CD40 (37,38). In certain cell types, activation of 
PI-3K pathway leads to the phosphorylation of Bad, and thus a suppres
sion of apoptosis, and, although it has yet to be demonstrated, the 
available evidence suggests that CD40 signaling may also result in Bad 
phosphorylation. Knox et al. (39) showed that tyrosine phosphorylation 
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is important in CD40 signaling, especially in the rescue of GC B-cells 
from apoptosis. However, they disputed the link between CD40 and 
the PI signaling pathway, which involves phospholipase (PLC). These 
authors inferred that intracellular levels of cAMP increased in those 
GC B-cells that had been selected (i.e., those destined to survive), and 
suggested a link between CD40 signaling and the increase in intracellu
lar cAMP concentration (40). In 1991; Uckun et al. (41) linked CD40 
signaling to a TK pathway. Stimulation of CD40 resulted in phosphory
lation and activation of the nonreceptors TK, Lyn and Syk (37,38). 
Association of CD40 with these TKs is indirect, and has been suggested 
to occur through adaptor molecules, such as a 28-kDa protein phosphor
ylated on CD40 signaling (37). Crosslinking CD40 on B-cells activates 
NF-KB within 5-10 min (42), and TK activity mediates this activation 
of NF-KB. Lyn, Fyn, and Syk nonreceptor TKs were phosphorylated 
by CD40 (37); and Berberich et al. (42) investigated which of these 
PTKs was the most likely to be involved in activating NF-KB. Both 
herbimycin A and an antioxidant, ammonium pyrrolidine dithiocarba
mate, blocked CD40-mediated NF-KB activation. This confirmed that 
TKs were involved, and that the likely candidate was Syk, because 
this TK is known to be activated by oxidants (43). Recent evidence 
for the importance of NF-KB in apoptosis is linked primarily to the 
activation of NF-KB by the TNF-RI (44). In this scenario, NF-KB can 
be either pro- or antiapoptotic, depending on the cell type in which it 
becomes activated. However, when activated by CD40 in B-cells, it is 
associated with the suppression of apoptosis. A cytokine-inducible, 
zinc-finger protein, A20, has also been associated with CD40-dependent 
events, and is regulated by NF-KB (45). However, the transcriptional 
targets of A20 are presently unknown, although their encoded proteins 
are involved in the suppression of apoptosis (46). A great deal is known 
about the signaling events elicited by CD40 ligation, but how these 
events result in suppression of apoptosis remains to be deduced. 

OTHER GC-DERIVED SIGNALS 

What other survival signals would be found in a GC survival niche 
and could combine with CD40 signaling to enhance B-cell survival in 
vivo? Upon binding of its ligand, IL-4R is phosphorylated, and the 
protein 4PS binds to the phosphorylated receptor, either directly or 
through an adaptor protein. 4PS can then interact with a number of 
proteins, including PI-3K and Grb-2 (47). It would be expected that 
association of Grb-2 and Sos to IL-4R would lead to Ras activation 
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and signaling through the mitogen-activated protein kinase (MAPK) 
pathway. However, this does not occur, and it is suggested that, because 
of the absence of Shc phosphorylation by IL-4R, Ras cannot be not 
activated (47). Therefore, although GrB-2 and Sos are activated, the 
downstream signaling events must still be elucidated. IL-4R also acti
vates a JaklStat pathway involving Jaks 1 and 3 and Stat 6, which can 
mediate gene transcription (47). IL-4 suppressed apoptosis in Ramos 
B-cells, but did not upregulate Bcl-XL (48). Stimulation of the IL-4 
receptor inhibited the expression of the early-response gene Berg36, 
which was induced by a lethal concentration of Ca ionophore. This 
inhibition of Berg 36 was specific to IL-4, and could not be induced by 
CD40 ligation. Because Berg36 was shown to mediate the proapoptotic 
stimulus, its inhibition by IL-4 contributed to a suppression of Ca 
ionophore-induced apoptosis. Thus, IL-4 signaling can suppress 
apoptosis in BL cells. 

Cell-cell contacts are critically important for B-cells within the Gc. 
Here, B-cells interact with T-cells (resulting in the presentation of 
CD40L), and with follicular dendritic cells, which express the a4~1 
integrin ligand, vascular cell adhesion molecule-l (VCAM-l). Activa
tion of this integrin has been shown to promote the survival of B-cells 
(49). Other integrins in different cell types have also been shown to 
promote the suppression of apoptosis and survival (50-52). Activation 
of the integrins leads to the phosphorylation of Shc and association 
with Grb and Sos, which in turn activates Ras and the MAPK pathway 
(50-52). Integrins also activate focal adhension kinase (FAK) by phos
phorylation, which leads to the activation of PI-3K, but whether this 
is a direct interaction is unclear. Thus, stimulation of B-cells via the 
VCAM-l-a4~1 interaction and the T-cell interaction both activate the 
PI-3K, which, as previously discussed (see Chapter 13), can transmit 
a survival signal. 

MIMICKING THE B-CELL SURVIVAL NICHE IN VITRO: 
EFFECTS OF THIS CELLUlAR ENVIRONMENT 

ON DRUG-INDUCED APOPTOSIS 

In 1991, Banchereau et al. (19-) published an elegant system in a 
successful attempt to promote tonsillar B-cell proliferation in vitro. 
B-cells were cocultured with confluent, irradiated murine fibroblasts 
transfected with the human CDw32 receptor (which binds an added 
agonistic anti-CD40 antibody), in the presence of recombinant human 
IL-4. We initially used this system to show that this combination of 
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Fig. 2. Schematic of an in vitro survival niche for B-cells, incorporating VCAM-Fc 
fusion protein, antimouse IgG and anti-CD40, and IL-4. 

survival signals delayed chlorambucil-induced apoptosis in Mutu BL 
cells (30"). The system was then modified, that the feeder layer was 
replaced with a substrate coated with the VCAM-Fc fusion protein 
and antimouse IgG antibody to present anti-CD40 antibody (Fig. 2). 
This was used to show that the GC environment provided a c1onogenic 
advantage to chlorambucil-treated BL cells. Parental BL cells upregu
lated BcI-XL' and c1onogenicity was further enhanced in a BL clone 
(BL-BcI-2), which overexpressed BcI-2. Drug-treated BL BcI-2 cells 
did not exhibit any c1onogenic advantage in the absence of the GC
derived signals (Fig. 3). 

Because of concerns about Epstein-Barr virus (EBV)-encoded pro
teins in Mutu BL and the unknown status of p53 in these cells, drug 
resistance in the GC environment was examined further, using JLP 119 
BL cells. This cell line is not so typical of BL; JLP119 cells express 
wt p53, and do not contain the EBV genome. Both of these features 
are important, because FL cells characteristically have wt p53, and are 
not associated with EB V infections. Therefore, the JLP 119 cells allowed 
us to study the response of DNA-damaged malignant B-cells to extracel
lular signals similar to those that FL cells would encounter in the GC 
of a lymph node. JPL119 cells stabilize p53 after DNA damage, and 
upregulate p21 WAF.'. This occurs in the presence or absence of GC
derived survival signals, and thus the survival niche does not prevent 
the activity of one sensor of drug-induced damage, but rather changes 
the cellular response to it downstream (see Fig. 4). 
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Fig. 3. Combined survival signals (IL-4, interaction with YCAM, and ligation of 
CD40) provide a clonogenic advantage to chlorambucil-treated BL cells, which 
is enhanced by the overexpression of Bcl-2. 

The role of each individual survival signal in the suppression of 
etoposide-induced apoptosis in JLP119 cells was examined. The anti
CD40 antibody must be immobilized to stimulate the increase in Bcl
XL protein, and this upregulation occurs faster when IL-4 is present 
(IL-4 does not upregulate Bel-XL itself). All three survival signals 
presented alone can delay etoposide-induced apoptosis, but combine 
to enhance cell survival. Given the finding that CD40-activated 
NF-KB in B-cells, its role in the upregulation ofBcl-XL was investigated. 
In the presence of all three stimuli (CD40 activation, IL-4, and 
VCAM-Fc), NF-KB was translocated to the nucleus. This translocation 
of NF-KB to JLP119 nuelei by the GC signals could be blocked by 
(E)-capsaicin, which was previously shown to act by inhibiting the 
degradation of NF-KB inhibitor, IKB (53; S. T. Taylor et aI., sub
mitted). Bax immunoprecipitates with Bcl-XL in JLPl19 cells. Although 
the cellular content of Bax remained unaltered in the absence or presence 
of IL-4 and VCAMIFc fusion and etoposide, the GC signals suppressed 
a pronounced etoposide-induced increase in immunofluorescence asso
ciated with the N-terminus of Bax, measured by flow cytometry. This 
change induced by etoposide suggests that Bax does not necessarily 
require an increase in overall protein levels to induce apoptosis, but 
Bax may undergo a conformational change and/or a change in binding 
partners to become an active promoter of apoptosis (S. T. Taylor et 
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al., submitted), a change(s) suppressed by VCAM-Fc and IL-4. This 
observation shows that, although CD40 signaling is important in the 
suppression of apoptosis, other signals from the GC environment, such 
as IL-4 and VCAM-I, also play important roles (Fig. 4). 

SUMMARY 

This chapter puts forward the idea of a survival niche, in which 
combinations of environmental signals promote cell survival. Cells 
within such an environment may be particularly resistant to drug
induced apoptosis. Even in initially chemosensitive tumors, apparently 
successful drug treatment may select for that minor cell subpopulation 
within a survival niche, which subsequently repopulates the tumor. We 
predict that, only with fuller comprehension of the complexities of 
combinatorial survival signaling, will investigators be able to think 
rationally about design of novel agents that might overcome this type 
of drug resistance. 
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of the tumor, such as hypoxia. However, most solid-tumor cells have 
acquired additional genetic alterations that reduce their sensitivity 
to chemotherapy- and hypoxia-induced apoptosis. One question that 
has not been explored is how the hypoxic microenvironment of tumors 
affects the apoptotic response of tumor cells to chemotherapy during 
treatment. Although it is widely accepted that the decreased prolifera
tive capacity of hypoxic tumor cells makes them more refractory to 
killing by chemotherapeutic agents that require cell proliferation to 
be effective, agents now exist that are able to induce apoptosis under 
growth-inhibiting hypoxic conditions. In addition, new strategies to 
make tumors more oxic, by inducing apoptosis, should also improve 
tumor response to chemotherapy. 

INTRODUCTION 

Evidence is accumulating that the tumor microenvironment affects 
both the malignant progression of transformed cells and their therapeutic 
response to chemotherapy and radiotherapy (1 •• ). Although these two 
consequences, attributable to the adverse conditions in the tumor micro
environment, seem distinct, they are in fact intimately linked by their 
effect on apoptotic cell death. Of the many factors that fluctuate in the 
microenvironment of solid tumors, changes in oxygen availability seem 
to be the most critical. In a landmark study, Thomlinson and Gray (2") 
proposed that the rapid growth rate of tumors exceeded their ability 
to develop vasculature to supply tumor cells that were> 150 f.1m from 
the vessel lumen. Therefore, tumor cells become chronically hypoxic 
as oxygen diffusion becomes limiting because of cellular metabolism. 
This concept is further underscored by the highly angiogenic-dependent 
nature of solid tumor growth. It is now known that a second mechanism 
exists in which tumor cells can become hypoxic as the result of transient 
changes in vessel opening and closing (] .. ). This latter mechanism has 
been termed transient hypoxia because cells become reoxygenated upon 
vessel opening. In contrast, diffusion-limited hypoxic cells have less 
probability of becoming reoxygenated, and will die unless they are 
able to access a blood supply. 

Previous studies on solid tumors have led investigators to champion 
several hypotheses based on tumor physiology, to explain the refractory 
nature of solid tumors to chemotherapy. These hypotheses include a 
physical barrier to delivery of the chemotherapeutic compound by 
constricted blood vessels (3), cessation of cell proliferation induced by 
low-oxygen conditions (4), decreased cytotoxic drug activity under low
oxygen conditions (5), and induction of stress proteins that impart 
resistance to the cytotoxicity of certain chemotherapeutic compounds 
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Fig. 1. Model for the role of hypoxia in the clonal selection and expansion of 
cells with diminished apoptotic sensitivity to chemotherapy. 

(6) . Conceptually, all of these factors could be important in increasing 
the survival of tumor cells to chemotherapy. However, in advanced 
cervical cancer, changes in the tumor microenvironment brought about 
by fluctuating oxygen levels have been found to be an independent 
prognostic factor predicting disease-free survival and local control, 
regardless of treatment (7e). Additional studies by other groups for 
squamous cell carcinoma of the head and neck (8e) and soft-tissue 
sarcomas (9-) also indicate that patients with hypoxic tumors treated 
with radiotherapy andlor chemotherapy have a greater chance for meta
static disease, compared to well-oxygenated tumors. These studies, 
especially those in which tumor oxygenation predicted for a worse 
outcome in patients treated with surgery alone, suggest that the tumor 
microenvironment is not just making cells more refractory to killing 
by therapeutic modalities that require oxygen to be effective, but that 
it is also making tumor cells more aggressive. 

HYPOXIA AND MINIMALLY 
TRANSFORMED RODENT CELLS 

An insight into how low-oxygen conditions may affect the aggres
siveness of tumors is that hypoxia initiates apoptosis in oncogenically 
transformed cells, and can provide a selective pressure for the expan
sion of populations of oncogenic ally transformed rodent cells with 
reduced apoptotic sensitivity. This applies not only to hypoxia 
(Fig. 1; 10-e), but to chemotherapeutic agents as well (11"). Resistance 
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to chemotherapy will result, because many of the same genes that 
modulate sensitivity to hypoxia-induced apoptosis also modulate 
sensitivity to chemotherapy-induced apoptosis (12). Thus, transformed 
cells that possess mutations in their apoptotic program because of 
inactivation of the p53 tumor-suppressor gene or the overexpression 
of antiapoptotic genes, such as bcl-2, will have a survival advantage 
in a low-oxygen environment. This hypothesis was tested in mixing 
experiments that demonstrated that small numbers of transformed cells, 
which lack wild-type p53, possess a survival advantage over isogenic 
cells that possess wild-type p53, when exposed to multiple rounds of 
hypoxia followed by aerobic regrowth (10--). In immune-deficient mice, 
transplanted tumors possessing a wild-type p53 genotype were found 
to have apoptotic areas that colocalized with hypoxic areas, further 
supporting the hypothesis that the tumor microenvironment may play 
an important role in malignant progression. Some tumors, derived from 
either p53 wild-type or p53-null cells, can also die by necrosis when 
exposed to hypoxia for long periods of time, indicating that this form 
of cell death is possible in both cell types, and does not act as a 
selective pressure. 

HYPOXIA AND HUMAN PAPILLOMAVIRUS 

Since human papillomavirus (HPV) infection is strongly associated 
with cervical neoplasia, and tumor hypoxia has prognostic significance 
in human cervical carcinomas, the authors examined the relationship 
between hypoxia and apoptosis in human cervical epithelial cells (ECs) 
expressing high-risk HPV type 16 oncoproteins. In vitro, hypoxia stimu
lated both p53 induction and apoptosis in primary cervical ECs infected 
with the HPV E6 and E7 genes (13-). Cervical fibroblasts infected with 
E6 and E7 did not undergo apoptosis when exposed to hypoxia, but, 
instead, growth arrested. Furthermore, cell lines derived from HPV
associated human cervical squamous cell carcinomas were substantially 
less sensitive to apoptosis induced by hypoxia, indicating that these 
cell lines have acquired further genetic alterations that reduced their 
apoptotic sensitivity. Although the process of long-term cell culturing 
alone resulted in selection for subpopulations of HPV oncoprotein
expressing cervical ECs with diminished apoptotic potential, exposure 
of cells to hypoxia greatly accelerated the selection process (13-). These 
results provide evidence for the role of hypoxia-mediated selection of 
cells with diminished apoptotic potential in the progression of human 
tumors, and, in part, offer an explanation why cervical tumors that 
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possess low p02 values are more aggressive, and potentially more 
resistant to chemotherapy. 

To investigate the relationship between hypoxia and apoptosis in 
spontaneous human tumors, apoptotic regions were correlated with 
hypoxic regions in biopsy specimens of patients with squamous cell 
carcinoma of the cervix, prior to initiation of treatment. Analysis of 
contiguous histological sections indicated that apoptosis colocalized 
with hypoxia (c. K. Kim et aI., unpublished observations). A direct 
correlation between clinical stage and incidence of colocalization was 
suggested by the data, with extensive colocalizations found in patients 
with advanced stages of the disease. Colocalization of apoptosis and 
hypoxia occurred in regions distal to blood vessels, similar to that 
found in experimental rodent tumors. Taken together, both rodent and 
human studies suggest that the tumor microenvironment can act as a 
selective pressure for the expansion of transformed cell populations 
with reduced apoptotic sensitivity to chemotherapeutic agents. 

MECHANISM AND IMPLICATIONS 
OF HYPOXIA-INDUCED APOPTOSIS 

What events are required to increase the susceptibility of untrans
formed cells to stress-induced apoptosis? One event is the deregulated 
expression of growth-promoting proto-oncogenes, such as myc, the 
adenovirus E1A gene, or HPV E7 gene. How and what targets these 
oncogenes affect are still under investigation, but all three oncogenes 
stimulate an increase in p53 protein levels. Thus, the increase in p53 
protein levels makes cells with deregulated oncogene expression highly 
sensitive to changes in their microenvironment, leading to apoptotic 
cell death rather than growth arrest. Although a number of potential 
transcriptional targets of p53, such as Bax (14), IGFBP-3 (15), and 
p53-inducible genes (PIGs) (16), have been identified that might play 
a role in apoptosis, the requirement of transcription in p53-mediated 
apoptosis under low-oxygen conditions is unclear. Data indicates that 
a p53 gene product that lacks ability to induce transcriptional activity 
is still quite able to induce apoptosis under certain conditions (17--,18--). 
In contrast, induction of a G liS-phase checkpoint induced by DNA 
damage requires p53's transcriptional activity. 

It has been proposed that p53's transrepressor activity is used in 
signaling apoptosis. Although hypoxia increases p53 protein accumula
tion and sequence specific DNA binding activity, known p53 target 
genes, such as p21, GADD45, bax, and Fas, are not transcriptionally 
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Fig. 2. Ribonuclease protection assay of total RNA from MCF-7 cells exposed 
to hypoxia (Hyp) or ionizing radiation (lR). The probe fragments, migrate higher 
than the protected fragments because of extra unprotected bases present in the 
RNA. Note that hypoxia only induces c-fos mRNA expression, but none of the 
p53-responsive genes (GADD45, p21, or bax) are induced by hypoxia, in contrast 
to IR. The L32 ribosomal protein and the glycolytic enzyme GAPDH are used 
as hybridization and loading controls. 

upregulated under hypoxic conditions (Fig. 2; 19). Furthermore, bax 
knockout cell lines are just as sensitive to hypoxia-induced apoptosis 
as their wild-type counterparts, indicating that the reason transcriptional 
induction of p53 is dispensable under hypoxic conditions is not the 
result of pre-existing high levels of proapoptotic gene expression. Thus, 
hypoxia represents a model system in which p53's transcriptional activ
ity is uncoupled from its apoptotic-promoting activity. Examination 
of two genes, MAP4 and a-tubulin, which have been shown to be 
transcriptionally repressed in a p53-dependent manner by ultraviolet 



Chapter 15 I Chemotherapy and Apoptosis 229 

light, are also repressed under hypoxic conditions in a p53-dependent 
manner (20; C. Koumenis, M. Murphy, and A. Giaccia, unpublished 
observations). This latter study indicates that, although the activation 
of p53 is not increased under hypoxic conditions, its ability to transre
press gene expression is increased. 

What are the critical upstream and downstream targets of the p53 
signal-transduction pathway under hypoxic conditions? Elegant studies 
have demonstrated that p53 and Ref-l can interact to increase DNA
binding and transcriptional activity of p53 (21). Although it has been 
reported that Ref-l is active under hypoxic conditions (22), its interac
tion with p53 under hypoxia is unproductive, becauseof its diminished 
role in increasing transcription of downstream effector genes (19). 
Similarly, proposed interactions between p53 and other hypoxia
inducible transcription factors do not increase the transcriptional activity 
of downstream p53 effectors present in the genome (although they 
can activate p53 reporter genes) (23). One critical determinant in p53 
regulation is the transcriptional coactivator CREB-binding protein 
(CBP), which links p53 to RNA polymerase, and which also possesses 
histone acetyltransferase activity (24-,25-,26-). Thus, a potential expla
nation for the failure to detect p53-effector transactivation is that CBP 
becomes limiting under hypoxic conditions, so that a transcriptionally 
active p53 cannot activate transcription of critical downstream effectors, 
because it lacks this essential coactivator to link it directly to the 
transcriptional machinery. Alternatively, p53 transrepressor activity 
may be induced under hypoxic conditions, and it is possible that CBP 
may be a target of p53-induced transrepression (24-J. Clearly, under
standing the posttranslational modifications induced by hypoxia will 
give better insight into how p53 functions in signaling apoptotic cell 
death. 

CHEMOTHERAPEUTIC AGENTS THAT INDUCE DNA 
DAMAGE AND KILL HYPOXIC CELLS BY APOPTOSIS 

Studies on minimally transformed rodent and human cells, although 
mechanistically informative, may not reflect of the apoptotic sensitivity 
of spontaneous human tumors that have accumulated additional genetic 
alterations compared to the ones introduced in these experimental para
digms. This is discussed in Chapter 1. However, spontaneous human 
solid tumors, in many instances, still possess intact, although dimin
ished, stress-inducible apoptotic programs. One question that has been 
inadequately addressed is what chemotherapeutic agents that are pres
ently in clinical protocols are able to kill hypoxic cells by apoptosis? 
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The answer to this question is not known. One very promising agent, 
tirapazamine, is a clinically effective hypoxic cell cytotoxin (1). Al
though tirapazamine can induce apoptotic cell death, tirapazamine can 
also kill cells by reducing clonogenic survival. In fact, it is quite able to 
kill a wide variety of human tumor cells that possess highly diminished 
apoptotic programs. 

More than two decades ago, Lin et al. (27) proposed that quinone
based compounds, such as mitomycin C, would exhibit cytotoxic activ
ity in hypoxic regions by redox modulation of its benzoquinone ring. 
Thus, mitomycin C represents a chemotherapeutic compound that is 
active under hypoxic conditions in experimentally and spontaneously 
derived tumors. In a different set of experiments, Grau and Overgaard 
(28) examined the cytotoxic effects of a variety of commonly used 
chemotherapeutic agents, based on an in situ local-tumor-control assay. 
They found that carmustine (BCNU), vincristine (VCR), and etoposide 
(VP16) all reduced the surviving fraction of hypoxic cells, but 
5-fluorouacil (5-FU) and methotrexate (MTX) had no effect on hypoxic 
tumor cells. Although, in both studies described above, the mechanism 
of hypoxic cell killing was not vigorously addressed, data is accumulat
ing that some chemotherapeutic agents are active under hypoxic condi
tions. Recent ongoing experiments by Denko et al. (unpublished) 
indicate that VP-16 induces apoptotic cell death under hypoxic condi
tions, in a series of colorectal tumor cell lines. Clearly, much work is 
needed to investigate the genetic determinants that make hypoxic solid
tumor cells sensitive to chemotherapeutic killing, and how or if these 
determinants could be exploited therapeutically. 

SIGNAL-TRANSDUCTION MODULATORS 
AND SURVIVAL FACTOR INHIBITORS 

As mentioned, oncogenic transformation by ras/E1A, myc, or 
E6/E7 appears to sensitize cells to hypoxia-induced apoptosis. A com
mon phenotype of cells exposed to hypoxia is reduced macromolecular 
(protein, RNA, and DNA) synthesis (29). This raises the possibility 
that hypoxia could be inducing apoptosis by reducing the levels of 
constitutively active antiapoptotic or survival genes. As a first step 
to test this hypothesis, the authors investigated whether the specific 
inhibition of RNA polymerase II (RNAPII) can act as a signal for 
apoptosis (30-). Untransformed and transformed cells were treated with 
two highly specific RNAPII inhibitors, 5,6-dichloro-l-~-D-ribofurano
sylbenzimidazole (DRB) and a-amanitin. Both DRB and a-amanitin, 
which inhibit RNAPII function by two distinct mechanisms, substan-
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tially increased apoptosis in a time- and dose-dependent manner in 
p53+1+ - and p53-'--transformed mouse embryonic fibroblasts (MEFs) 
and in HeLa cells under oxic conditions, demonstrating that this type 
of apoptosis does not require wild-type p53. The specificity of this 
effect was demonstrated by the fact that engineered expression of an 
a-amanitin-resistant RNAPII gene rendered cells resistant to apoptosis 
by a-amanitin without affecting their sensitivity to ORB. This indicated 
that a-amanitin induces apoptosis solely by inhibiting RNAPII function, 
and not by a nonspecific mechanism. Inhibition of RNAPII for the 
same periods of time in untransformed cells, such as Rat1 or human 
AG 1522 fibroblasts, did not result in apoptosis, but in growth arrest. 
In contrast, upregulated expression of c-Myc in Rat! cells dramatically 
increased their sensitivity to ORB, suggesting that apoptosis following 
inhibition of RNAPII function is substantially enhanced by oncogene 
expression. Apoptosis induced by RNAPII inhibition was independent 
of the cell cycle or ongoing ONA replication, because ORB induced 
similar levels of apoptosis in asynchronous cells and cells synchronized 
by collection at mitosis. 

These results provide biochemical and genetic evidence that the 
specific, nongenotoxic inhibition of RNAPII function can activate a 
rapid, p53-independent apoptotic program in a variety of oncogenic ally 
transformed cells. The differential sensitivity of untransformed and 
transformed cells to apoptosis elicited by transcriptional inhibition, 
coupled with the finding that this type of apoptosis is independent 
of p53 status, suggest that inhibition of RNAPII may be exploited 
therapeutically for the design of successful antitumor agents. These 
should be effective under certain stress-inducing conditions, such as 
hypoxia, in which macromolecular synthesis may already be somewhat 
compromised. Furthermore, these results are consistent with a model 
in which p53 inhibits RNAPII function, either globally or at specific 
promoters, to induce transrepression of antiapoptotic genes (Fig. 3). 
RNAPII inhibitors induce apoptosis in cells that also undergo apoptosis 
when p53 function is increased, either by genotoxic damage or by 
forced p53 overexpression (e.g., transformed MEFs, HeLa, myc
expressing Rat! cells). Thus, we propose that p53 acts, under hypoxic 
conditions, to amplify the apoptotic signal (perhaps by suppressing the 
expression of survival genes), which, in the absence of p53, would 
cause little or no apoptosis. Thus, agents that inhibit transcription can 
act as a new class of chemotherapeutic agents, exhibiting selectivity 
toward oncogenic ally transformed cells, that does not require oxygen 
to be functional. 
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Fig. 3. Model for the role of RNAPII activity in protecting oncogenically trans
formed cells from undergoing apoptosis. An untransformed cell normally has 
very low sensitivity to apoptotic stimuli, and exposure to RNAPII inhibitors or 
exogenous stress results in either a cell-cycle arrest or mitotic death. Oncogenic 
transformation of the cell results in an increase in its sensitivity to apoptotic 
stimuli (A). However, this apoptotic sensitivity is counteracted by the presence 
of one or more survival genes, or apoptotic inhibitors (I), whose presence and/or 
activity is tightly dependent on ongoing RNAPII activity. Exposure of this cell 
to RNAPII inhibitors (and possibly exogenous stress like hypoxia, low serum, or 
UV lionizing irradiation) results in an inhibition of the activity or cellular levels 
of (I), which subsequently leads to a shift toward the apoptotic state. p53 may be 
transducing the inhibitory effect of these stresses to the RNAPII holoenzyme. 
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A well-documented effect of inhibition of RNAPII is the induction 
of changes in chromatin conformation, which include the dissociation 
and dispersion of the nucleolus into the nucleoplasm (31,32). It is 
possible that a-amanitin and DRB induce a relaxation of the structure 
of chromatin, thereby making it more accessible to nucleases that are 
either constitutively active or become activated by oncogenic transfor
mation. A more plausible target for RNAPII inhibitors, though, is the 
expression of antiapoptotic genes. For example, the synthesis of proteins 
of the Bcl-2 family that exhibit antiapoptotic activity (Bcl-2, Bcl-XL) 

may be the target of these inhibitors. However, the very long half-life 
of the Bcl-2 protein (about 14 h) (33), and the very rapid onset of 
apoptosis following DRB or a-amanitin administration, suggests that 
a different and perhaps yet unidentified member of this family or an 
entirely different family of apoptotic suppressors may be primarily 
responsible for maintaining a suppression of apoptosis in oncogenically 
transformed cells. In addition, Bcl-2, Bcl-XL, and Bax levels do not 
change under hypoxic conditions, indicating that alterations in their 
expression are not needed for hypoxia-induced apoptosis. These types 
of observation are addressed in Chapter 7. 

Recently, Mayo et al. (34-) demonstrated that NF-KB activation, 
which accompanies ras transformation, is required to suppress p53-
independent apoptosis induced by ras. This implies that Ras elicits the 
induction of antiapoptotic proteins in conjunction with an increase in 
the apoptotic sensitivity of transformed cells. This study also supports 
the model described in Fig. 3, and identifies specific antiapoptotic 
gene products that are involved in suppression of oncogene-induced 
apoptosis. Chu et al. (35) have reported that NF-KB activation induces 
the expression of c-IAP2, a member of the inhibitors of apoptosis 
family (lAP). This gene family of apoptotic suppressors is homologous 
to the baculovirus inhibitors of apoptosis that suppress apoptosis of 
the host cell. In addition to the lAP family, a new family of secreted 
apoptotic inhibitors was recently identified in rodent cells. These pro
teins (called secreted apoptosis-related proteins [SARPS]) were isolated 
from quiescent cells that exhibit increased antiapoptotic activity, com
pared to cells stimulated with serum to enter the cell cycle (36). How
ever, although SARP-l expression inhibits apoptosis, expression of 
SARP-2 appears to increase the apoptotic potential of transfected human 
MCF-7 cells. Therefore, their role as pro- or antiapoptotic gene products 
remains to be clarified. 



234 Koumenis, Denko, and Giaccia 

NF-KB inhibition may also prove useful in inducing apoptosis in 
hypoxic areas oftumors. Koong et al. (37-,38) previously demonstrated 
that hypoxia induces NF-KB activity. Because of the recently demon
strated antiapoptotic role of NF-KB, we can speculate that the role of 
NF-KB upregulation under hypoxia in some cell types is to prevent 
apoptosis by the hypoxic stress. Furthermore, because many trans
formed cell types possess increased NF-KB levels, inhibition of 
NF-KB may increase the sensitivity of hypoxic tumor cells to die when 
exposed to chemotherapeutic agents. For example, synthetic peptides 
that carry the nuclear localization signal for NF-KB have been shown 
to compete with endogenous NF-KB for nuclear transport, and possibly 
could act in tumors to inhibit NF-KB activity (39). Other chemical 
agents that have been shown to inhibit NF-KB activity could also serve 
as proapoptotic agents. One such agent is caffeic acid phenethyl ester 
(CAPE), the active component of the folk medicine, propolis. Propolis 
has long been used for its anti-inflammatory and antiallergenic proper
ties, presumably because of its anti-NF-KB properties (40). CAPE has 
been found to inhibit NF-KB activity by directly inhibiting DNA binding 
of NF-KB without affecting IKB activity (41), and has also been shown 
to prevent the formation of papillomas in mice treated with carcinogens 
(42). Is the antitumor effect of CAPE caused by inhibition of NF-KB 
activity? Such a connection has not yet been established, but should 
be investigated. 

STRATEGIES TO MAKE TUMORS MORE OXIC 

Another possible strategy to circumvent the therapeutic problems 
associated with hypoxic tumor cells is to make tumors more oxic. At 
present, there are several possible strategies that may be used to increase 
tumor oxygenation. The first strategy can be broadly defined as physio
logical manipulation of tumor oxygenation. The combination of carbo
gen breathing and polyethylene glycol-hemoglobin (PEG) hemoglobin 
increase tissue p02, and also increase the effectiveness of radiotherapy 
and chemotherapy in experimental solid tumor systems (43). Clinical 
trials are presently ongoing to assess whether these strategies will be 
beneficial either in improving local control of tumor growth or disease
free survival, compared to matched control populations that do not 
receive these adjuvants to their therapy. A second strategy is to shrink 
tumor size by first administering microtubule-inhibiting agents, such 
as paclitaxel (or its family members) before fractionated radiotherapy 
(44--,45). Mechanistically, it has been hypothesized that paclitaxel treat
ment synchronizes cells in the radiosensitive G21M phases of the cell 
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cycle, and thereby makes the oxic cells more sensitive to radiation
induced killing. In some tumors, the rapid shrinkage of tumor size by 
paclitaxel-induced apoptosis enhanced tumor responsiveness by induc
ing reoxygenation of remaining hypoxic tumor cells. Thus, apoptosis 
can play an indirect role in eradicating hypoxic tumor cells by causing 
tumor shrinkage that results in reoxygenation of poorly perfused tumor 
regions. Last, antiangiogenic therapy is the most ardently pursued anti
tumor strategy that also induces tumor shrinkage and reoxygenation of 
hypoxic tumor cells (46). In a strategy elegantly pioneered by Folkman 
et al. (46) tumor shrinkage is achieved by eliminating vascular Ees 
that are critical in composing the tumor microvasculature. Experimental 
tumors treated with novel antiangiogenic molecules, such as endostatin, 
exhibit tumor shrinkage that correlates with apoptotic cell death. There
fore, a novel use of chemotherapeutic and antiangiogenic agents that 
induce apoptotic cell death is to shrink tumor size to increase tumor 
oxygenation. In this manner, apoptosis-inducing chemotherapeutic 
agents will be used as tumor debulking agents to increase tumor oxygen
ation, and need not be, in themselves, the primary treatment modality. 

CONCLUSIONS 

The tumor microenvironment presents a formidable opponent in 
successful anticancer therapy, both directly, by inhibiting tumor cell 
proliferation, and indirectly, by selecting for populations of transformed 
cells that possess diminished apoptotic programs. The latter result can, 
in part, explain the strong clinical relationship between tumor hypoxia 
and tumor control. Although a small percentage of classical chemothera
peutic compounds exhibit some cytotoxicity under hypoxic conditions 
(with the exception of the highly hypoxic cell cytotoxic bioreductive 
agent, tirapazamine), the ability to use presently existing or novel 
chemotherapeutic agents to kill hypoxic cells rapidly by apoptosis will 
provide two important measures of therapeutic gain. First, the killing 
of hypoxic tumor cells with apoptosis-inducing chemotherapeutic 
agents will complement the killing of oxic cells by modalities such as 
radiotherapy, which exhibit a significant enhancement in effectiveness 
under oxic conditions. In other words, the two approaches would be 
highly complementary. Second, the use of chemotherapeutic agents 
that induce rapid apoptosis will shrink the tumor, and make it more 
oxic and more responsive to treatment by radiotherapy. Thus, future 
goals should be to identify apoptosis-inducing compounds or molecules 
that not only specifically kill transformed tumor cells, but kill trans
formed tumor cells that are hypoxic. The selective inhibition of endoge-
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nous antiapoptotic genes, which work in a p53-independent manner, 
and provide important survival signals under hypoxic conditions, should 
receive more attention. Last, the identification of naturally occurring 
compounds that inhibit EC-survival signals may be highly useful in 
shrinking solid-tumor size, to increase the effectiveness of radiotherapy. 
The many ways the adverse conditions of the tumor microenvironment 
can affect tumor progression and therapeutic outcome have only begun 
to be appreciated. Because apoptosis plays key roles in tumor progres
sion and resistance to chemotherapy, a more thorough investigation of 
how tumor hypoxia affects the apoptotic program of transformed cells 
is needed to better develop newer and more effective strategies to 
subvert this old foe. 
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in the death of the patient. Molecular alterations involved in the 
pathogenesis and progression of prostate cancer frequently include 
lesions that disrupt normal cell death mechanisms. Available nonsur
gical therapies for prostate cancer involve the induction of apoptosis. 
This chapter describes the current understanding of how cell death 
regulatory molecules may influence treatment outcomes. Based on 
the expanding awareness of the molecular regulation of cell death 
in prostate cancer, novel, more effective treatment strategies may be 
designed and implemented. 

INTRODUCTION 

American men have a one in six chance of developing prostate 
cancer, and current estimates suggest that as many as 40% over the 
age of 50 yr have prostate cancer. This means that approx 9.7 million 
Americans, equivalent to the population of Paris, are now living with 
prostate cancer. Although projections indicate that over 41,000 deaths 
will be attributable to the disease in 1998 in the United States alone, 
it is clear that the majority of men with histologic evidence of prostate 
cancer will not develop clinically significant disease. Selecting which 
of these patients with localized prostate cancer are likely to benefit from 
surgical intervention or other treatment modalities, such as radiation and 
chemotherapy, is frequently difficult. 

The pattern of prostate cancer progression is uniquely predictable, 
characterized by local tumor growth followed by regional lymph node 
metastases, and subsequently by bone marrow metastases in advanced
stage disease. Many patients with advanced-stage prostate cancer benefit 
from androgen ablation as a means of achieving tumor controL An initial 
response rate of about 80-90% can be achieved in patients with metastatic 
prostate carcinoma by reducing serum testosterone to castrate levels. Al
though most patients with advanced prostate cancer are initially respon
sive to hormonal ablation therapy, approx 10-20% of patients are 
refractory to treatment. Furthermore, patients who exhibit an initial thera
peutic response typically relapse within 3 yr, with rapidly fatal, androgen
independent, metastatic carcinoma. Tumor recurrences are thought to 
represent clonal selection of pre-existing, androgen-independent cells. 

ANDROGEN-DEPRIVATION THERAPY 
AND APOPTOSIS INDUCTION 

The efficacy of androgen-ablation therapy is thought to be associated 
with the induction of apoptotic cell death in the androgen-dependent 
prostatic epithelial cells (EC). Although apoptosis induction may con-
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tribute to the clinical response in androgen-sensitive prostate cancers, 
it is not necessarily an invariable outcome of androgen-ablation therapy 
0-), Tumor biopsies obtained from a series of 18 prostate cancer 
patients, sampled prior to and 7 d following castration, demonstrated 
that the rate of apoptosis remained unchanged following castration in 
9 patients, increased in 6 patients, and decreased in 3 patients, whereas 
the proliferative indices decreased in 15 patients and remained un
changed in 3 patients (1-). These findings indicate that clinical respon
siveness of prostate carcinomas to androgen-ablation cannot, in all 
cases, be attributed to apoptosis induction alone. 

An understanding of the molecular pathogenesis of prostate cancer 
and the biochemical mechanisms of androgen-independent tumor 
growth are needed to enhance the prediction of disease outcome, and to 
develop more effective therapeutic interventions. Although substantial 
effort has been devoted to understanding the positive and negative 
regulatory events controlling cellular proliferation, the involvement of 
the deregulation of programmed cell death (PCO) in multistep neoplasia 
has, until recently, received relatively little attention. It is likely that 
pathways regulating cell-death susceptibility are disrupted during the 
development and progression of prostate neoplasia. 

Numerous investigators have established in experimental models 
that androgen ablation results in the death of over 80% of the prostatic 
ECs within 10 d, by the derepression of an endogenous PCO cascade 
(2,3). Activation of the PCO cascade in the prostate by androgen 
ablation has been shown to result in the enhanced expression of specific 
genes. Specifically, elevations of intracellular calcium in response to 
castration have been shown to result in early activation of a Ca2+ _Mg2+_ 
dependent endonuclease responsible for the endonucleolytic cleavage 
of ON A, which is the hallmark of apoptosis (2,4). In fact, pharmacologic 
modulation of intracellular calcium has been suggested as a strategy 
to induce apoptosis in hormonally unresponsive prostate cancer. 
Additionally, the upregulation of other genes, such as TGF-13 and 
TRPM-2, has been shown to immediately precede the onset of PCO 
in the prostate, and has been implicated in the mediation of this process 
(5,6). More recently, it has been observed that many of the genes that 
are induced in the prostate by androgen deprivation, and are associated 
with apoptosis (jos, myc, hsp-70), are also associated with cellular 
proliferation, leading to the proposal that apoptosis may, in fact, result 
from defective cell-cycle progression (7). 

Examination of the deregulation of cellular proto-oncogenes and 
tumor-suppressor genes has provided valuable insights into the molecu-
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Fig. 1. Immunohistochemical detection of human Bcl-2 in stage-D, hormone
independent prostate cancer. Paraffin-embedded tissue sections were stained with 
a monoclonal antibody against human Bcl-2, using standard procedures. 

lar basis of multistep neoplasia. Several molecular alterations have 
been implicated in the pathogenesis and progression of prostate cancer, 
including the deregulated expression of the bcl-2 proto-oncogene (Fig. 
1) and inactivating somatic mutations of the p53 tumor-suppressor gene 
(Fig. 2) (8"). Bcl-2 has been shown to inhibit apoptotic cell-death 
induction in many experimental systems by as-yet poorly understood 
mechanisms. Additionally, wild-type, but not mutant, forms of p53 have 
been shown to participate in cell-cycle arrest and apoptosis induction 
following DNA damage. Additional alterations occur in prostate cancer, 
such as changes involving the androgen receptor and cell-cycle regula
tory genes (9). 

ALTERATIONS IN Bcl-2 FOLLOWING TREATMENT 

In normal prostate tissue, Bcl-2 expression is restricted to the basal 
cells of the glandular epithelium, which are resistant to the effects of 
androgen deprivation (8"). In contrast, the Bcl-2-negative secretory 
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Fig. 2. Immunohistochemical detection of p53 in stage-D, hormone-independent 
prostate cancer. Paraffin-embedded tissue sections were stained with a monoclonal 
antibody against p53 standard procedures. 

glandular ECs undergo apoptotic cell death in response to androgen 
deprivation. Therefore, the secretory cells of the prostatic glandular 
epithelium require testosterone, to remain viable and proliferate. Immu
nohistochemical studies of prostate cancer suggested that Bcl-2 expres
sion could contribute to tumor progression following androgen-ablation 
therapy (8ee) . In this study, Bcl-2 protein levels were undetectable in 
13 of 19 cases of androgen-dependent prostate cancers; however, in 
androgen-independent prostate cancers, 10 of 13 cases displayed intense 



246 McDonnell et al. 

staining for Bcl-2 protein. Studies by other groups have confirmed 
the finding that androgen-independent prostate cancers are typically 
immunoreactive for Bcl-2 protein. Thus, it appears that Bcl-2 may 
enable prostate cancer cells to remain viable despite castrate levels of 
androgen, and that hormone-ablation therapy may be selecting for 
Bcl-2-positive cells that fail to undergo PCD following hormone 
ablation. 

Expression of Bcl-2 has been shown to adversely correlate with 
clinical outcome in patients undergoing radical prostatectomy for treat
ment of clinically localized prostate cancer. Bcl-2 expression has also 
been shown to be an adverse prognostic indicator in patients with 
locally advanced or metastatic prostate cancer, receiving hormonal 
therapy. Additionally, expression of Bcl-2 within prostate carcinoma 
cells is associated with resistance to cell-death induction by various 
chemotherapeutic agents (10). Members of the Bcl-2 family are poten
tially important molecular targets for phosphorylation-dependent regu
lation of apoptosis. Cancer cells treated with the chemotherapeutic 
drug, taxol, or its analog, paclitaxel, have been proposed to undergo 
apoptosis through inactivation of Bcl-2 by phosphorylation of a serine 
residue (11-13). This phosphorylation of Bcl-2 is proposed to involve 
the serine/threonine protein kinase c-Raf-l, because suppression of 
c-Raf-l inhibits both taxol-induced apoptosis and phosphorylation of 
Bcl-2 (11). Conversely, the antiapoptotic function of Bcl-2 may require 
phosphorylation of serine 70, one of several residues targeted by the 
c-Jun N-terminal kinase (14,15). More recently, it has been demon
strated that Bcl-2 phosphorylation, following paclitaxel or vincristine 
treatment, involves protein kinase A (PKA) (16). The PKA inhibitor 
Rp diastereomers of cyclic adenosine monophosphate (cAMP) blocked 
both Bcl-2 hyperphosphorylation and apoptosis. However, it was not 
determined if the sites of phosphorylation by PKA occur at the same 
sites as with other previously tested agents. 

Direct evidence has recently been provided that the upregulation of 
Bcl-2 expression, associated with the progression of prostate cancer 
from androgen-dependence to androgen-independence, is a biologically 
meaningful event (17--19). The androgen-sensitive Dunning G and 
LNCaP prostate cancer cell lines were engineered to express Bcl-2 
protein using standard gene-transfer techniques. Tumors from Bcl-2-
expressing cells grown as xenografts in male nude mice exhibited a 
significant growth advantage following castration, but a significant 
reduction in the rate of growth was observed in the parental control 
tumors. The rate of apoptosis in control Dunning G tumors exhibited 
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a transient, but significant, decrease following castration, which was 
accompanied by a corresponding decrease in the proliferative index. 
In contrast, the spontaneous rate of apoptosis was lower in Bc1-2 trans
fectant tumors, compared to control tumors, and remained unaltered 
following castration. Additionally, the proliferative index in Bc1-2 
transfectant tumors remained unaltered following castration (17-,19). 
These findings suggest that acquisition of androgen-independent growth 
may not be entirely accounted for on the basis of a decreased susceptibil
ity to undergo apoptotic cell death. Several recent observations have 
demonstrated that the induction of apoptosis in prostate cancers does 
not invariably occur following castration (1"). The mitotic index and 
rate of growth of androgen-sensitive R3327PAP prostate cancer ex
plants were significantly reduced following castration, but this was not 
accompanied by a corresponding increase in the rate of apoptosis (20). 

It is intriguing that the level of p53 protein was augmented in both 
the vector control and LNCaP-Bc1-2 tumors following castration (19). 
The maximum induction of p53 was observed on postcastration d 3, 
coincident with the peak in apoptosis in the vector control, but not 
LNCaP-Bc1-2, tumors. The augmentation in p53 expression was pre
ceded by a transient elevation in the level of c-Myc protein in both 
vector control and LNCaP-Bc1-2 tumors. Enforced expression of 
c-Myc has been shown to result in apoptosis induction in some cell 
types, and also to transcriptionally activate the p53 promoter. In fact, 
it has been suggested that c-myc-mediated apoptosis may in part depend 
on the availability of wild-type p53 (21). It has also been demonstrated 
that Bc1-2 can inhibit apoptosis induction mediated by either c-myc 
(22) or wild-type p53 (23). 

RESISTANCE TO THERAPY: POTENTIAL ROLE OF Bax 

The augmentation in the level of Bax protein observed in both vector 
control and LNCaP-Bc1-2 tumors may also be a relevant event in the 
induction of apoptosis in prostate cancer cells following androgen 
ablation (19). Bax, a member of the bcl-2 gene family, has been shown 
to function as a dominant -acting cell death effector protein. The bax 
promoter also possesses a functional p53-binding element, and bax 
has been shown to be transactivated by wild-type p53 protein. These 
observations suggest that bax may be a transcriptionally regulated target 
of p53 and an important mediator of p53-dependent apoptosis. Recent 
experimental evidence in support of this contention has been provided 
(24). It is thought that an important determinant of the susceptibility 
of a cell to undergo cell death induction is the relative amount of 
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Bcl-2 and Bax within a cell (25). If this interpretation is correct, then the 
protection ofLNCaP-Bcl-2 tumors from apoptosis induction following 
castration could be attributed to the abrogation ofBax function by Bcl-2. 

Although a role for Bax in the mediation of cell death in prostate 
cancer cells in response to androgen ablation has not yet been directly 
demonstrated, several observations suggest that this is plausible. First, 
the time-course of Bax induction in vector control LNCaP tumors 
corresponds to the time-course of apoptosis following castration. Addi
tionally, we have previously demonstrated that Bax protein is also 
induced in the rodent ventral prostate following castration and again 
corresponds, temporally, with apoptosis induction (]7-). Conversely, 
the androgen-sensitive Dunning G prostate carcinoma cell line does 
not exhibit an increase in either the rate of apoptosis or Bax protein 
following castration (1e). It may also be relevant in this context that, 
among the most common molecular alterations observed during prostate 
cancer progression, p53 inactivation and upregulation of Bcl-2 are 
potential modulators of Bax function. In LNCaP prostate carcinoma 
cells the acquisition of androgen-independent growth may not be exclu
sively a consequence of selection for an apoptosis-resistant phenotype, 
but may also involve the ability to supplant the requirement for 
androgen-stimulated proliferation. Together, these findings suggest 
a model for a cascade of events involving the sequential upregulation 
of c-myc, p53, and Bax that may be important mediators of the apop
totic response in androgen-dependent prostatic ECs following androgen 
ablation (Fig. 3). 

ALTERATIONS IN CALCIUM HOMEOSTASIS 
AND SIGNALING PATHWAYS 

MEDIATING APOPTOSIS INDUCTION 

A modest and sustained increase in intracellular Ca2+ is considered 
to be important in triggering apoptosis in benign and malignant prostatic 
ECs. The ability of Bcl-2 to modulate intracellular Ca2+ was examined 
in Dunning G prostate carcinoma cells following apoptosis induction, 
and has recently been described (26-). Adriamycin and thapsigargin, 
an endoplasmic reticulum Ca2+ -pump inhibitor, were effective inducers 
of apoptosis in control, but not Bcl-2-transfected, cells. These treatments 
were accompanied by a sustained rise in cytoplasmic and nuclear Ca2+ 
in control cells, but only modest increases were observed in Bcl-2-
expressing cells. Furthermore, Ca2+ was excluded from nuclei isolated 
from Bcl-2-expressing cells, but was sequestered in control nuclei, 
following the addition of ATP. These findings suggest that Bcl-2 may 
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Fig. 3. Molecular alterations following hormone ablation in LNCaP tumor xeno
grafts. Maximum induction of c-Myc protein occurs on d 1 following castration, 
preceding the maximum induction of p53 and Bax protein, and the peak rate of 
apoptosis, which occurs on d 3. 

regulate levels of intranuclear Ca2+ independently of cytosolic Ca2+ 
levels, and that the ability of Bcl-2 to inhibit sustained increases in 
intracellular Ca2+ may provide the basis for resistance to cell death 
induction in these cells. The importance of alterations in intracellular 
Ca2+ in the control of apoptotic cell death in some experimental systems 
seems well established. What remains unclear is the specific events 
that these alterations are regulating. It is noteworthy that several of the 
enzymes implicated in the mediation of apoptosis are Ca2+ -dependent, 
such as the Ca2+ _Mg2+ -dependent endonuclease, transglutaminase, and 
ced-4. Alterations in intracellular Ca2+ may also be anticipated to influ
ence nucleocytoplasmic trafficking and the regulation of transcription. 

THE p53 CONTROVERSY 

The p53 tumor-suppressor gene is a transcription factor that functions 
in cell-cycle regulation, DNA repair, and PCD. In response to DNA 
damage, p53 functions to inhibit the cells from entering the cell cycle, 
allowing the cell to either repair the DNA or trigger an apoptotic 
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signal that mediates the selective deletion of the affected cell. The 
identification of p53-responsive genes that mediate these outcomes is 
a matter of widespread interest. It appears that the p53-dependent 
transcriptional regulation of p21 WAFIICIPl is an important event for mediat
ing G 1 cell-cycle arrest in response to genotoxic damage. It has been 
shown that wild-type p53 is able to transcriptionally upregulate the 
cell-death effector of the Bcl-2 family, Bax, and to potentially downreg
ulate Bcl-2 itself (27). Furthermore, Bcl-2 protein expression was in
creased specifically in prostatic glandular ECs in p53-deficient mice 
[27]. Because the ratio of Bcl-2 to Bax is believed to be an important 
determinant of cell death susceptibility, it may be considered that p53 
regulates apoptosis by modulating the expression of Bcl-2 family mem
bers. It has also been suggested that a deficiency of Bax promotes drug 
resistance and oncogenic transformation by attenuating p53-dependent 
apoptosis (28). 

Somatic mutations in p53 have been identified in diverse types of 
cancer. The induction of p53 protein following irradiation may exhibit 
cell-type specificity in cells isolated from human prostate tissue. ECs 
derived from normal prostate, benign prostatic hyperplasia (BPH), and 
adenocarcinoma showed no evidence of p53 accumulation following 
radiation; however, in stromal cells derived from the same patients, 
increased levels of p53 protein were observed. Additionally, increased 
expression of p21 WAFIICIPl was observed only in the stromal cells. The 
significance of these observations with respect to the radiation respon
siveness of prostate cancer has yet to be determined. 

The p53 gene is located on the short arm of chromosome 17, and 
it has been reported that loss of heterozygosity (LOH) on chromosome 
17 occurs in approx 20% of prostate cancers. Somatic mutations within 
p53 most commonly occur in the DNA-binding domain, but have also 
been identified in the carboxyl terminal nuclear localization domain, 
trans activation domain, and the oligomerization domain. Mutations in 
the p53 gene typically result in an increased half-life of the p53 protein, 
which then enables its detection by immunohistochemical methods; 
wild-type p53 protein is difficult to detect under these same conditions 
(29,30). These mutations usually result in the loss of function of p53 
and consequent reduction in cell-cycle control and increased instability 
in genomic integrity. The reported incidence of p53 mutations in local
ized prostate cancer varies considerably, ranging from 0 to 80%. It is 
not surprising, therefore, that the significance of p53 mutations in 
localized prostate cancer is controversial. Recent immunohistochemical 
evidence suggests that the frequency of p53 mutations in prostate cancer 
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from radical prostatectomy specimens varies between 47 and 80%. 
Additionally, Yang et al. (31) have demonstrated that clustered p53 
immunoreactivity in localized prostate cancer is correlated with a higher 
incidence of tumor recurrence, compared to similar lesions that lack 
evidence of p53 mutations. 

Arguably, there is more consistent evidence that p53 mutations con
tribute to the progression of prostate cancer. It has been shown that 
p53 protein expression is correlated with higher Gleason score, nuclear 
grade, pathological stage, and proliferation in localized primary prostate 
carcinomas, and that there is a increase in p53 mutations in advanced 
prostate cancer, with the highest incidence occurring in androgen
independent tumors (30). Several other studies have demonstrated that 
p53 protein expression serves as an adverse prognostic indicator in 
prostate cancer (32). The contribution of p53 inactivation to the resis
tance of prostatic ECs to the effects of androgen-deprivation is incom
pletely understood. The significance of the augmentation in the level 
of p53 following castration may be related to DNA repair processes, 
and may not necessarily be associated with the molecular events of 
cell-cycle reentry. Subsequent observations from p53 knockout mice 
indicate that postcastration elevations of p53 enhance rates of cell 
death in the prostate, but are not essential for cell-death induction. The 
potential contribution of other members of the p53 gene family, most 
notably the p73 protein, to cell death regulation in the prostate is 
unknown. 

On the basis of these observations, it might be anticipated that the 
inactivation of p53 and the expression of Bcl-2 may each confer a 
growth advantage to prostate cancer cells, as well as resistance to 
therapeutic cell death induction. The relationship between the occur
rence ofp53 mutations and upregulation of Bcl-2 in stage-D, androgen
independent bone marrow metastases has recently been examined (30). 
In case-matched tissue samples, the expression of Bcl-2 inversely corre
lated with p53 protein accumulation (p < 0.01). The presence or absence 
of p53 protein accumulation and/or Bcl-2 expression did not correlate 
with tumor burden or patient survival in stage-D, androgen-independent 
prostate cancer bone marrow metastases. It should be noted that the 
ability to detect a modest impact on survival is limited by the small 
numbers of patients, and by currently available therapeutic interven
tions. The data imply that p53 mutations and expression of Bcl-2 are 
independent genetic processes in advanced prostate cancer. The data 
also indicated that these molecular alterations, although common, are 
not necessary for fatal progression of prostate cancer, in that a subset 
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of these cases had no demonstrable evidence of Bcl-2 expression or 
p53 mutations. 

Experimental evidence indicates that Bcl-2 can block p53-mediated 
apoptosis, and that inactivation of p53 in cells that overexpress Bcl-2 
does not genetically complement during in vivo tumorigenesis (23). It 
may be that Bcl-2 and p53 serve repressor and effector functions, 
respectively, of a common cell-death pathway; therefore, the inverse 
correlation between Bcl-2 expression and p53 mutation would be ex
pected. Although Bcl-2 is able to inhibit p53-dependent apoptosis induc
tion following genotoxic damage, the mechanistic basis of this 
inhibition has not been elucidated. Recently, however, it has been 
demonstrated that the nuclear import of wild-type p53 protein, following 
DNA damage, was significantly inhibited in Bcl-2-transfected, but not 
control prostate cancer cells (33). Furthermore, enforced expression of 
Bcl-2 significantly inhibited the ability of p53 to transactivate a p53-
responsive promoter element in cotransfection assays. 

CONCLUSIONS 

It is now widely appreciated that the deregulation of cell death, as 
well as cell proliferation, can contribute to the malignant phenotype. 
Further, it is recognized that the molecular regulators of cell death 
share features with the regulators of the cell cycle. More recently, it 
has become apparent that the efficacy of many therapeutic interventions 
may be a consequence of their common feature of effective cell-death 
induction, selectively, in cancer cells. An extension of this realization 
is that the refractoriness of many types of cancer to available anticancer 
therapy is the selection, or the acquisition, of molecular mechanisms 
to suppress cell-death induction. These mechanisms of resistance fre
quently involve the inappropriate expression of a cell-death repressor, 
such as the bcl-2 proto-oncogene, or the inactivation of a cell-death 
effector such as bax, or the p53 tumor-suppressor gene. Strategies 
involving restoration of these cell death regulatory pathways are now 
being designed and implemented. Currently, at the University of Texas 
M.D. Anderson Cancer Center, neoadjuvant adenoviral-mediated, wild
type p53 gene transfer is being evaluated in patients with locally ad
vanced prostate cancer, prior to prostatectomy. It is anticipated that the 
efficacy of this therapy may depend on context-dependent variable 
such as the p53 status in individual tumors and the expression levels 
of Bcl-2. Treatment strategies designed to overcome Bcl-2-associated 
therapeutic resistance are also being developed, including adenoviral
mediated bax gene transfer and Bcl-2 antisense. Thus, recent insights 
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into the molecular basis of cancer have provided the rationale for 
the consideration of novel approaches to treat cancer involving the 
restoration of cell death signaling pathways. These strategies provide 
the potential for improving long-term disease-free survival. 
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ABSTRACT 

The female gonad represents a unique organ when the efficacy and 
actions of chemotherapeutic drugs are evaluated, because a finite 
and irreplaceable stockpile of germ cells (oocytes) housed within 
the ovaries unfortunately suffer the same consequence of anticancer
drug exposure that is deemed clinically desirable in a tumor mass, 
namely, the induction of apoptosis. Only recently has emphasis been 
placed on dissecting the intracellular machinery responsible for 
committing germ cells to mass suicide when the ovary is exposed to 
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chemotherapy. Thus, the possibility of developing novel drugs or 
approaches that spare these precious germ cells while still providing 
efficient cancer cell killing can begin to be explored. This new area 
of investigation, coupled with the fact that ovarian cancer is the 
leading cause of mortality in women who develop gynecologic tu
mors, combine to make the ovary a clinically important, but very 
complex, organ for further in-depth study of the relationships between 
chemotherapy and apoptosis. 

INTRODUCTION 

Ovarian cancer accounts for approx 4% of the total cancers diagnosed 
per year, and is the seventh most common cause of tumors in women 
(1,2-). The majority of patients diagnosed with ovarian cancer are 
between 50 and 60 yr of age, and 60-70% of these women present 
with advanced stages of the disease (stage III or IV) at the time of 
diagnosis. It is widely believed that tumors of the surface epithelium 
represent the vast majority (85-90%) of ovarian cancers, which are 
then subcategorized as serous cystadenocarcinoma (42%), mucinous 
cystadenocarcinoma (12%), endometrioid carcinoma (15%), undiffer
entiated carcinoma (17%), and clear cell carcinoma (6%). The re
maining forms of ovarian tumors are thought to arise from the 
transformation of granulosa, stromal, or germ cells (1,2-). It should be 
pointed out, however, that recent work has challenged currently ac
cepted concepts regarding the etiology ovarian cancer. It has been 
argued that cells within MUllerian duct remnants, originating from 
the paraovarian and ovarian hilar regions, as opposed to cells of the 
mesothelial lining of the ovarian surface (Fig. 1), may actually be the 
progenitors of at least some ovarian cancers (3). 

Whatever the case, of great concern is the severity of ovarian cancer 
and the poor prognosis for survival of these patients, primarily because 
no symptoms are manifested during early stages of the disease. Al
though several serum parameters, such as a-fetoprotein, CA-125, or 
carcinoembryonic antigen, have been used as ovarian tumor markers, 
no reliable end point yet exists to enable early screening. As such, 
ovarian cancers represent the most common cause of death in women 
who develop gynecologic tumors (1,2-). Of further concern, the efficacy 
of ovarian cancer therapies is limited because of the inherent resistance 
of these tumors to currently available chemotherapeutic drugs and/or 
the propensity of ovarian cancer cells to quickly develop resistance to 
treatment. Although ovarian cancers, in general, exhibit relatively high 
response rates to fIrst-line chemotherapy regimens (e.g., up to 85% of 
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Fig. 1. Schematic diagram of the structure of the adult human ovary. 

primary surface epithelial cell lesions initially react well to chemother
apy), they are extremely prone to recurrence and 80% of such recurrent 
cancers exhibit resistance to a subsequent round of chemotherapy (4,5). 

Another important consideration when evaluating chemotherapy and 
the ovary concerns the anticancer-drug-mediated destruction of innocent 
or bystander cells present within the female gonads, i.e., germ cells (6-8). 
Unlike males, who continually produce mature germ cells (sperm) capa
ble of fertilization throughout adult life, females do not share the luxury of 
a renewable germ cell pool. At birth, females of most, if not all, vertebrate 
species are endowed with a finite number of irreplaceable oocytes, each 
enclosed by a single layer of somatic (granulosa) cells in a structure re
ferred to as a primordial follicle (Fig. 1; 9-,10). This pool of follicles 
serves as the stockpile from which all eggs released at ovulation in adult
hood are derived. Throughout the life of the female, this germ cell reserve 
is gradually depleted, so that near-exhaustion of the follicle pool occurs 
about the fifth decade of life, leading to the menopause ( 10,11). Of central 
relevance to discussions of chemotherapy and the ovary, it is currently 
believed that many anticancer drugs accelerate this process of normal 
germ cell loss, and thus hasten the time to menopause (6-8). Until re
cently, however, the mechanisms underlying this undesirable side effect 
of many chemotherapy regimens were ill-defined (12--). 
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Therefore, this chapter will cover the present understanding of che
motherapy as it relates to apoptosis in ovarian tumors, followed by an 
evaluation of new data implicating apoptosis and its signaling molecules 
in the context of chemotherapy-induced infertility in women treated 
for both gynecologic and nongynecologic cancers. 

ETIOLOGY OF OVARIAN CANCER 

A significant hereditary component of ovarian cancer that may account 
for as many as 5-10% of ovarian tumors has been described (2-,13,14). 
Currently, the most studied hereditary factor is the tumor-suppressor 
gene, BRCAl, which is located on the long arm of chromosome 17 
(17q12-21). Although the function of the BRCAI gene product has yet 
to be fully defined, mutations within this gene may account for 70-80% 
of familial ovarian cancers. Unfortunately, screening for BRCAI gene 
mutations as a marker for ovarian neoplasia will likely prove problematic 
because the gene is extremely large (> 100 kb), and more than 40 distinct 
mutations have been identified among affected families. A second tumor
suppressor gene, BRCA2, has recently been characterized and localized 
to chromosome 13q12-q13. Thus far, however, mutations of this gene 
have been found to confer only a low risk for an affected individual to 
develop ovarian cancer. Similarly, despite the fact that spontaneous or 
mutagen-induced alterations of other tumor-suppressor genes (i.e., p53, 
Rb), as well as several proto-oncogenes (i.e., K-ras, c-myc, c-erb B2, c
fms), collectively occur in at least 90% of ovarian cancers, relatively little 
is known of the significance of these mutations in the initial neoplastic 
transformation of ovarian cells (Table 1). 

The oncogenic potential of the ovarian surface epithelium has also 
been causally linked to the high rate of normal cell proliferation that 
occurs with repair of the surface of the ovary following each ovulation 
(Fig. 1). It has been proposed that disruption of regular ovulatory cycles, 
such as that occurring with multiple pregnancies or with the use of oral 
contraceptives, may reduce the risk of development of ovarian cancer 
(15-). In keeping with this notion, women with Turner's syndrome, who 
are anovulatory, rarely develop epithelial ovarian cancer. Conversely, 
ovulation-inducing treatments (e.g., the use of exogenous gonadotropins 
for fertility control) may increase the risk of developing ovarian cancer 
( 15-). At present, however, it is not clear if suppressing ovulation, specifi
cally for reducing the risk of ovarian tumorigenesis, is justified by the 
limited clinical data available, or if mutations in the above-described 
genes combine with postovulatory surface epithelial cell proliferation to 
produce an optimum growth environment for ovarian neoplasia. 
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Table 1 
Relationship Between Mutation of Tumor-Suppressor Genes 
or Overexpression of Proto-Oncogenes and Ovarian Cancer 

Gene (mutation! 
overexpression) 

BRCAI (mutation) 
BRCA2 (mutation) 

c-myc (gene 
amplification) 

c-erbBl/Herl 
( overexpression) 

c-erbB2/Her2Ineu 
( overexpression) 

c-erbB3/Her3 (lack 
kinase activity) 

c-fms (overexpression; 
unusual transcripts) 

K-ras (point mutation, 
amplification) 

AKT2 (amplification) 

p53 (loss-of-function 
mutation) 

RetinoblastomalRb 
(mutation) 

Frequency 
of observation % 

5-10 
<2 

30-50 of 
malignant 
tumors 

36-54 

20-35 

Benign: 61 
Borderline: 100 
Malignant: 89 
Stage III 

invasive: 78 
20-50 

12 

Stages 1111: 10-15 
Stages IIII1V: 

40-50 
Borderline 

tumors: 4 
Unknown 

Prognosis/clinical outcome 

Conveys genetic predisposition 
Not determined; lower risk of 

ovarian, as compared with 
breast cancer development 

Most frequent in advanced 
serous carcinomas 

Correlates with more 
aggressive tumors 

Lower survival rate; prognostic 
value controversial 

Role in transformation?; 
prognostic value unknown 

Overexpression in stages IIII1V 
(high tumor grade) 

More common in mucinous vs 
serous carcinomas; 
commonly found in 
borderline cancers; prognostic 
significance uncertain 

Associated with aggressive 
tumors; poor prognosis 

Decreased patient survival time 

Prognostic significance 
unknown 

RELATIONSHIP OF APOPTOSIS TO DIAGNOSIS 
AND PROGNOSIS OF OVARIAN CANCER 

In ovarian carcinomas, a high apoptotic index is directly correlated 
with a high mitotic index, severe histologic grade of tumor, and an 
overall poor prognosis for long-term survival (16). One obvious inter-



262 Tilly and Johnson 

pretation of these data is that mitotically active cancerous cells in 
aggressive malignant tumors are also more prone to cell-cycle anomalies 
and, hence, apoptotic cell death. From a genetic standpoint, a number 
of disruptions within cellular pathways that result in programmed death 
of normal cells have been identified in ovarian carcinomas, and altered 
expression of one or more of these genes within cancerous ovarian 
tissues has been linked to chemotherapy resistance. Thus, a recent focus 
of interest has been to determine if abnormal profiles of these specific 
proteins and enzymes, known to either mediate or suppress apoptotic 
cell death, can serve as predictive indicators for remission and long
term survival in ovarian cancer patients. 

For example, the expression pattern of the antiapoptotic protein, 
Bcl-2, varies with individual forms of ovarian cancer, but elevated 
Bcl-2 is weakly associated with prolonged patient survival (17-19). 
This apparent paradox may be explained by the observation that cells 
expressing high levels of Bcl-2 exhibit a reduced rate of proliferation, 
and thus a slower growth of the solid tumor would be predicted (20). 
More recent studies have documented elevated levels of the related 
death-suppressor protein, Bcl-XL, in cancerous, when compared to nor
mal, ovarian surface epithelium (21). However, the usefulness of 
Bcl-XL expression patterns in predicting ovarian tumor severity or 
patient survival has not been established. In a cohort of 215 patients 
with ovarian cancer, an increased level of the proapoptotic Bcl-2-related 
protein, Bax, when found in the absence of Bcl-2, paradoxically, was 
again found to be related to poor clinical prognosis (19). Although more 
work is clearly needed to clarify the relationship between expression of 
Bcl-2 family members and ovarian cancer treatment outcome, these 
initial observations suggest that a disrupted balance or ratio of Bax to 
Bcl-2/Bcl-XL may impact on patient survival by deregulating apoptosis 
in the tumor. Consequently, this alters sensitivity of ovarian cancer 
cells to antineoplastic drugs. 

Mutations in the gene encoding the p53 tumor-suppressor protein 
represent the most common form of aberration leading to human can
cers, in general; one-half of patients with ovarian carcinomas overex
press mutant p53 (15-,22). Mutations in p53 have been detected more 
frequently in stage IIIIIV ovarian cancers (50%), compared with stage 
IIII tumors (15%), and mutant p53 is highly expressed in the most 
aggressive forms of ovarian carcinomas. Consequently, of all the data 
generated to date regarding female gonadal tumors, there is strong 
consensus that disruption of normal p53 function, either by allelic 
losses or mutations, is clearly one of the critical events responsible for 
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development of advanced-stage ovarian carcinoma, and possibly the 
initial neoplastic event (Table 1). This proposal would be consistent 
with the well-known bifunctional role of p53 as a prominent inhibitor 
of cell-cycle progression, as well as an inducer of cell death (23",24); 
thus, inactivating mutations in p53 would allow for rapid tumor growth 
resulting from a loss of proliferative control concomitant with a lack 
of cell elimination via apoptosis. 

DEVELOPMENT OF DRUG RESISTANCE 
IN OVARIAN CANCERS 

Ovarian tumors initially demonstrate relatively high response rates 
to chemotherapy: Up to 85% of primary ovarian epithelial carcinomas 
respond to first-line therapy, and 60% may show complete clinical 
remission. Chemotherapeutic agents, such as platinum compounds, dox
orubicin and taxanes, used alone or in combination with each other 
or with alkylating agents (e.g., cyclophosphamide), have the greatest 
antitumor actions in ovarian carcinoma (25,26). As discussed earlier, 
however, unfortunately, ovarian tumors are prone to frequent recurrence 
and to the development of resistance to subsequent rounds of chemo
therapy. As in other forms of cancer, chemotherapeutic drug resistance 
in ovarian tumors is undoubtedly multifactorial, although a unifying 
feature of resistance may be an alteration in the expression or function 
of one or more apoptosis-related genes or their products. This hypothe
sis, in the context of ovarian cancer, will be further evaluated with the 
following two examples. 

First-line therapy based on platinum compounds (i.e., cisplatin, car
boplatin) is relatively successful in advanced cases of ovarian cancer: 
Approximately 70% of patients treated with cisplatin-based therapy 
achieve initial tumor remission (26); however, the lO-yr survival rate 
is still only about 13%. At least some of the antitumor effects of 
cisplatin are via the effect of platinum-DNA crosslinks on G2-stage 
cell-cycle arrest leading to apoptotic cell death (27), with the latter 
event involving caspase-3 activation (28). Development of ovarian 
cancer cell resistance to platinum therapy has been linked to a reduced 
susceptibility to drug-induced apoptosis, which is believed to be a 
consequence of loss of wild-type p53 function. The resultant inability 
of mutant p53 to promote cell death has been further proposed to involve 
a loss of p53-mediated bax gene transactivation (29). Furthermore, the 
propensity for ovarian cancer cells to overexpress cell-death-sup
pressing proteins, such as Bcl-2 and Bel-XL, may provide further protec
tion from cisplatin-induced apoptosis. 
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However, not all results are consistent with this interpretation of the 
role of p53 mutations in development of resistance to chemotherapy; 
other studies have reported that cisplatin retains cytotoxic effects in 
ovarian cancer cells expressing mutant p53 (30). The reasons for these 
discrepancies remain to be clarified, although one likely answer is that 
DNA damage induced by platinum-based compounds is sensed by the 
cancer cell through multiple pathways (31). Amelioration of just one 
sensor (e.g., p53) may not fully abrogate the cell's ability to die, and 
thus development of a drug-resistant phenotype probably depends on 
multiple hits in the cellular genotoxic-response pathways, leading to 
apoptosis. 

Cytotoxicity following chemotherapy with taxanes (i.e., paclitaxel, 
docetaxel) is primarily the result of the ability of these agents to promote 
tubulin assembly into stable microtubules, thus preventing tubulin de
polymerization and cell division (32). Paclitaxel treatment results in a 
marked increase in the percentage of cells in the late G2 to M phase 
of the cell cycle, followed by apoptotic cell death. Unlike platinum 
compounds and doxorubicin, expression of wild-type p53 is not neces
sarily a prerequisite for cytotoxicity induced by paclitaxel in ovarian 
cancer (33,34). Although loss of normal p53 function has been reported 
to further sensitize some cell types to paclitaxel-induced cell death (35), 
the emergence of taxane-resistant tumor cells, which can ultimately lead 
to treatment failure, does not appear dependent on p53 mutations. 
Consequently, first-line therapy using paclitaxel in combination with 
cisplatin may prove as effective, if not more so, than other cisplatin
combinatorial regimens because of the different mechanisms of action 
of each drug (22). 

In addition, paclitaxel has received considerable attention as a salvage 
treatment for ovarian cancer after patients become refractory to, or 
relapse from, platinum-based therapy, but objective responses occur 
in only 20-30% of patients, and are usually of short duration (36). 
Mechanisms leading to taxane treatment failure have yet to be estab
lished, but such resistance may be associated with overexpression of 
either the mdr-l or mrp gene (37), or from altered expression of tubulin 
isotypes that affect the binding of taxanes to microtubules, and thus 
decrease the overall levels of tubulin polymerization (38). Although 
bax overexpression per se does not appear to alter the incidence of 
apoptosis in several ovarian cancer cell lines, paclitaxel-induced cyto
toxicity is markedly enhanced by elevated levels of Bax (39). This 
observation may be explained by the ability of paclitaxe1 to induce 
phosphorylation of Bcl-2, an event that can result in increased intracellu-
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lar levels of unbound Bax, and thus facilitate Bax:Bax homodimer 
formation, leading to enhanced cell-death susceptibility. In further sup
port of this, overexpression of Bcl-2 or Bcl-XL has been shown to 
inhibit paclitaxel-induced apoptosis in several tumor cell lines (40,41). 
Such results indicate that monitoring the relative levels of Bcl-2 and 
related proteins in individual patients, prior to first-line and subsequent 
rounds of chemotherapy, may be beneficial for prescribing the most 
efficacious combinatorial anticancer-drug-treatment regimen. 

CHEMOTHERAPY AND OVARIAN 
GERM CELL APOPTOSIS 

As advances are made in understanding the mechanisms of action 
of chemotherapeutic drugs, and in using this information for the devel
opment of new drugs capable of more efficient tumor cell killing, 
investigators and clinicians must also be cognizant of the severity of 
side effects of such therapies in cancer patients. This point becomes 
even more critical as long-term survival rates for a number of cancers 
are improved, and thus steps to ensure a high quality of posttherapy 
life should be taken, when possible, in providing optimum patient care. 
Of the many drawbacks faced by cancer patients given chemotherapy, 
one of the most worrisome is the loss of fertility, and, in the case of 
women, the acceleration of the time to menopause (6-8). For both 
outcomes, premature depletion of the oocyte stockpile is thought to be 
the underlying mechanism, although, until recently, little effort was 
placed on defining the specific events activated in oocytes by anticancer 
drugs that lead to their demise and, hence, ovarian failure. Aside from 
infertility following chemotherapy, young girls and women who lose 
ovarian function early in life because of anticancer drug treatment, also 
prematurely face the general health risks observed in normal postmeno
pausal women who do not receive hormone replacement therapy, includ
ing osteoporosis, cardiovascular disease, and neurodegenerative 
disorders. 

Recent efforts to clarify the molecular biology of ovarian failure in 
female cancer patients arose from a foundation of earlier work directed 
at elucidation of the genes and pathways responsible for the normal 
depletion of germ cells from the ovary throughout life. As one would 
expect, apoptosis is the program used in all vertebrate species, and 
perhaps invertebrate species (42), to normally delete germ cells and 
follicles from the ovary (10,11). As one would further expect, Bcl-2 
family members, p53, and caspases comprise the basic ovarian cell
death machinery (43,44-). For example, apoptosis in the rodent and 
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human ovary is well correlated with increased expression of the pro
apoptotic molecule, Bax (45,46), and knockout of the bax gene in 
mice leads to dramatic defects in both ovarian germ cell and somatic 
(granulosa) cell death (47",48). Conversely, ablation of functional Bcl-
2 by gene targeting in mice yields females with a compromised endow
ment of germ cells in postnatal life (49). Nuclear translocation of p53 
has also been demonstrated to occur in ovarian granulosa cells destined 
for apoptosis (50), possibly as a consequence of DNA damage induced 
by reactive oxygen species (51), and serving to increase expression of 
the bax gene (45,52"). Consistent with the role of caspases in further 
disrupting homeostasis and dismantling the cell, leading to its fragmen
tation during apoptosis (53"), members of this family of proteases 
probably function as the downstream executioners of ovarian cell death. 
This is evidenced by both gene-expression studies (46,54) and sub
strate-cleavage experiments (55), as well as targeted disruption of the 
caspase-2 (Ich-1) locus in mice, which endows females with a surfeit of 
oocyte-containing primordial follicles in their starting stockpile shortly 
after birth (56--). 

With these data in mind, and working under the presumption that 
oocytes, like tumor cells, would respond to chemotherapeutic drugs with 
inappropriate engagement of the specific components of the intracellular 
cell-death machinery discussed above, the actions of one specific anti
cancer drug, doxorubicin (DXR; also referred to as 14-hydroxydauno
mycin), in murine oocytes, were recently explored in detail (Fig. 2; 
12--). Results from this series of in vivo and in vitro studies revealed 
that eggs, upon exposure to therapeutically relevant doses of DXR, 
rapidly undergo apoptosis, as defined by cytoplasmic condensation 
(retraction of the oocyte plasma membrane away from the zona pellu
cida protein coat that surrounds the egg), membrane budding, DNA 
cleavage, and, finally, fragmentation of the oocyte into apoptotic bodies 
of unequal sizes (Fig. 2; 12--,56"). This set of morphological and 
biochemical events is observed both in vitro and in vivo, supporting 
the use of cultured oocytes as a model for dissecting the events responsi
ble for apoptosis induction in the female germline. 

Consistent with the ability of DXR and related compounds to trigger 
apoptosis in tumor cells via generation of ceramide, through activation 
of either ceramide synthase (57-) or sphingomyelinase (58), female 
germ cells appear to use ceramide as the initial death signal. This is 
evidenced by the fact that pretreatment of oocytes with sphinogosine
I-phosphate, a component of the sphingolipid cycle that effectively 
suppresses ceramide-promoted stress kinase activation and apoptosis 
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Fig. 2. Proposed model of chemotherapy-induced apoptosis in female germ cells_ 
The upper panel (left) shows the morphology of a healthy murine oocyte; the 
lower panel (left) reveals the cellular budding and fragmentation observed to 
rapidly occur in oocytes treated with anticancer drugs. The center panel depicts the 
intracellular-death pathways believed to be activated oocytes following exposure to 
DXR, with key control checkpoints highlighted in bold letters (compiled from 
refs. 12, 43, and 49). Abbreviations: SMase, sphingomyelinase; PKC, protein 
kinase C; SPP, sphingosine-I-phosphate; SAPK, stress-activated protein kinases; 
JNK, c-jun N-terminal kinase. Note that although SMase is indicated within the 
membrane, this does not imply the specific involvement of neutral, as opposed 
to acidic, sphingomyelinase in DXR-induced signaling in oocytes. 
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(59-), abolishes DXR-induced apoptosis (12-). Moreover, preliminary 
data have shown that prior activation of protein kinase C in oocytes 
conveys resistance to DXR-induced death (60), in agreement with the 
reported ability of protein kinase C activators to inhibit signaling events 
and apoptosis initiated by ceramide in various somatic cell lineages 
(61 .. ). 

The downstream targets of ceramide, or other yet-undescribed early 
signals activated by anticancer drugs, in germ cells remain to be fully 
elucidated, although it is known that functional Bax protein is of abso
lute necessity for apoptosis to occur in oocytes exposed to DXR in 
vivo or in vitro (]2--). This observation is consistent with data above 
indicating that Bax also plays a central role in normal cell loss from 
the ovary in both rodent models (45,47--,48") and humans (46). Finally, 
Bax probably activates the caspase-effector arm of the cell-death path
way in oocytes as a means to commit DXR-exposed germ cells to 
apoptosis. Not only have peptide inhibitors of caspases been reported 
to block apoptotic events in oocytes treated with DXR (12"), but recent 
data derived from analysis of germ cells in caspase-2 (Ich-l)-deficient 
female mice support a central role for this specific caspase family 
member in chemotherapy-induced oocyte loss (56"). Collectively, cur
rent data argue that ovarian germ cells exposed to anticancer drugs 
respond with the same discrete and orderly series of intracellular events 
normally used to eliminate oocytes and follicles from the ovary 
(43,44--). Thus, manipulation of key checkpoints in the oocyte apoptosis 
pathway prior to and during chemotherapy may protect this precious 
and irreplaceable cohort of eggs from certain death. 

CONCLUSIONS 

From the data discussed herein, it is clear that apoptosis, and its 
regulatory genes and signals, are probably fundamental to understand
ing and improving the efficacy of the cytotoxic actions of chemothera
peutic drugs in the female gonads. Regarding the status of chemotherapy 
and ovarian cancer, more work is certainly needed to expand on the 
limited clinical data presented, as well as the hypotheses raised in 
the preceding paragraphs. There should be particular emphasis on the 
development of molecular markers to screen for ovarian neoplastic 
transformation and early stages of the disease. Further exploration is 
also needed into the possibility that the profile of expression of 
apoptosis-regulatory genes in individual patients should be accounted 
for, when determining the best course of adjuvant chemotherapy. The 
survival rates in patients with other forms of cancer following high-
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dose anticancer drug treatment is dramatically influenced by the pre
existing genetic environment within the tumor (62). Regarding chemo
therapy and premature ovarian failure, additional studies to define the 
molecular events underlying germ cell loss in women treated for various 
forms of cancer may one day allow development of oocyte-sparing 
drugs that retain tumoricidal activity. Although exactly how this will 
be accomplished is at present unknown, research in this field has not 
only defined commonalities between oocytes and cancer cells in the 
context of chemotherapy-initiated proapoptotic signaling, but differ
ences as well, such as the lack of p53 involvement in DXR-induced 
germ cell demise (Fig. 2; 12--). This final area of investigation is critical 
for ensuring that the clinical outcome of any chemotherapeutic regimen 
is not only long-term remission, but also to provide the highest quality 
of life for cancer survivors posttherapy. 
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animal, and clinical studies. The functions of members of the Bcl-2 
family during homeostasis of the normal intestinal epithelium are 
described by referring to immunohistochemical studies and to experi
ments involving knockout mice. Of particular importance is Bcl-2 
itself, which appears to be a critical regulator of cell survival in the 
crucial stem-cell zone at the base of colonic crypts. Changes in 
Bcl-2 expression appear to be important during colorectal tumorigen
esis; the protein is most abundant at the early adenoma stage, and 
Bcl-2 positivity is an independent predictor of good prognosis. 
Frameshift mutations in bax appear to be common in those colorectal 
carcinomas that display microsatellite instability. 

INTRODUCTION 

Colonic carcinoma is a common malignancy in the Western world, 
and the multistep hypothesis of carcinogenesis (1) has recently led to 
increased understanding of the genetic changes that occur during the 
progression from normal mucosa to adenoma to carcinoma. Moreover, 
the crypt-villus axis in normal intestinal epithelium provides an excel
lent model system for studying the apoptosis of cells at different points 
along a differentiation hierarchy (2"). This chapter will discuss the 
roles of various members of the Bcl-2 family of proteins during homeo
stasis of the normal intestinal epithelium, and in colon carcinogenesis. 

Treatment of advanced colorectal carcinoma by chemotherapy is 
currently not particularly successful (3), and many chemotherapeutic 
agents also cause dose-limiting toxicity to the normal intestine. Because 
chemotherapeutic drugs induce apoptotic cell death, it has been sug
gested that the expression of various apoptosis-regulating Bcl-2 family 
proteins might influence the responses of both normal and malignant 
intestinal epithelium to chemotherapy. Animal models have proved 
helpful in elucidating the effects of Bcl-2 and Bax expression on chemo
therapy-induced apoptosis in the normal intestine, but clinical studies 
of the responses of human tumors have not yet shown any clear-cut 
effects. However, these clinical studies are difficult to interpret, and 
the reasons for this are discussed. 

EXPRESSION AND EFFECTS OF Bcl-2 FAMILY 
PROTEINS IN NORMAL INTESTINAL EPITHELIUM 

The crypt-villus axis in normal intestinal epithelium permits study 
of the effects of expression of various proteins on cells at different 
stages in the pathway of differentiation (2--). Briefly, cells originate 
from a putative stem-cell zone located at or near the crypt base, prolifer-
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Fig. 1. Immunohistochemical expression of various members of the Bcl-2 family 
within small intestinal and colonic epithelia. Bcl-2 expression in the small intes
tine is controversial and is illustrated by"?". Data are taken from refs. 
5-7,]3,16,17,20,21. 

ate rapidly within the crypt compartment, and then differentiate as they 
continue to pass upward toward the villus (small intestine) or table 
(colon). Cells are shed from the surface of the epithelium by a process 
distinct from classical apoptosis (Fig. 1). 
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The immunohistochemical expression of members of the Bel-2 fam
ily therefore provides evidence of their function within this epithelium. 
Further analysis of function comes from studying the phenotype and 
intestinal apoptosis of mice rendered homozygously null for each partic
ular gene. Apoptotic cells can be readily detected in the crypt compart
ment of intestinal epithelia by light microscopy of conventional 
hematoxylin and eosin sections, and low levels of spontaneous apoptosis 
can be observed (2"). 

Initial publications of the immunohistochemical distribution of 
Bel-2 in the human intestine demonstrated expression in the lower parts 
of the crypts of both small and large intestine, with little or no expression 
in more differentiated cells (4-). The colonic expression pattern has 
been confirmed by a number of other investigators (5,6). However, the 
small intestinal expression has been questioned by some observers, 
especially in murine specimens (7"). A 30-kDa phosphorylated form 
of Bel-2 protein has also been detected in normal human colonic mucosa 
(8). Homozygously bcl-2-null mice have been generated independently 
by three groups (9-12). The phenotype of all these mice was identical 
in most tissues, but, although the first two groups found no intestinal 
phenotype (9-11), Kamada et al. (12) did report abnormalities in the 
shape and length of small intestinal villi in their bcl-2-null mice. Using 
the mice generated by Nakayama et al. (9,10), Merritt et al. (7--) found 
no difference in the level of spontaneous apoptosis in the small intestine 
of bcl-2-null mice, compared with their wild-type counterparts. How
ever, the level of spontaneous apoptosis was greatly elevated in the 
colon of bcl-2-null mice, and this occurred specifically at the base 
of colonic crypts, where immunohistochemical Bel-2 expression had 
previously been detected in wild-type animals. This suggests that, irre
spective of whether immunoreactivity is detected in the small intestine, 
the major function of Bel-2 is in controlling the level of apoptosis in 
the putative stem-cell zone at the base of colonic crypts. 

The other antiapoptotic family members studied have been Bel-XL 
and Bel-w. Bel-XL expression has been detected in all the cells within 
the crypt-villus axis of the small intestine except Paneth cells. In colonic 
crypts, the intensity of staining for Bel-XL was more intense apically 
than at the base of the crypts, in contrast to Bc1-2 (]3-). Bcl-Xcnull 
mice died at embryonic d 13, so study of any intestinal phenotype has 
not been possible (14). Bel-w has only been detected by Northern blot 
analysis in colonic tissue, and no published data exist on its expression 
pattern within the epithelium (15). 
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Of the proapoptotic Bcl-2 family members, there is most data on 
Bax. Bax immunoreactivity in the mouse small intestine was strongest 
in the Paneth cells, with also some weak staining in villus enterocytes. 
Immunoreactivity in the colon was strongest in epithelial cells in the 
upper half of crypts (16-,]7-). No change in Bax immunoreactivity was 
observed in bcl-2-null mice (]7-). Homozygously bax-null mice showed 
no overt intestinal phenotype (18), and no differences in the levels 
of spontaneous small intestinal or colonic apoptosis were seen when 
compared with wild-type counterparts (19). 

Bak expression in human intestine has been detected in the villus 
enterocytes of the small intestine, and in the more differentiated cells 
at the luminal surface of the colon (20-). There are no publications to 
date documenting bak-null mice. Bad expression could not be detected 
in human small intestine, and only weak expression was seen in the 
colonic mucosa. Strong immunoreactivity was seen in smooth muscle 
cells of the colon (21-). Another immunohistochemical study on mice 
showed weak cytoplasmic Bad immunostaining in the small intestine, 
particularly near the villus tip, and negligible staining was seen in the 
colon (17-). Increased levels of Bad staining were observed in the 
intestinal mucosa of bcl-2-null mice (17-). There have been no publica
tions to date documenting bad-null mice. Immunohistochemical pat
terns of expression of the known Bcl-2 family members are summarized 
in Fig. 1. 

Bcl-2 FAMILY OF MOLECULES 
IN COLORECTAL CANCER 

Since apoptosis is often deregulated during neoplasia, is there any 
evidence to suggest that apoptosis-modulating members of the Bcl-2 
family are involved in colorectal carcinogenesis? Most work in this 
area has involved immunohistochemical studies of sporadic human 
colonic tumors, rather than model systems. 

The immunohistochemical expression of Bcl-2 in human colonic 
neoplasms has been studied by a number of groups. Within the conven
tional adenoma to carcinoma pathway, adenomas have generally been 
found to express more Bcl-2 than carcinomas. However, methodological 
differences, particularly the criteria used to assign a specimen as either 
Bcl-2-positive or -negative, and the number of tissue samples studied, 
mean that the percentage of tumors in each category varies widely 
among papers (5,6,22-29). Table 1 gives details of those studies per
formed up to 1997. In one of these studies, there appeared to be 



T
ab

le
 1

 
S

um
m

ar
y 

o
f 

In
di

vi
du

al
 S

tu
di

es
 o

f 
Im

m
un

oh
is

to
ch

em
ic

al
 B

cl
-2

 E
xp

re
ss

io
n 

D
ur

in
g 

P
ro

gr
es

si
on

 
fr

om
 C

ol
on

ic
 A

de
no

m
a 

to
 C

ar
ci

no
m

a 

E
ff

ec
t 

o
f B

cl
-2

 
A

ut
ho

r 
an

d 
N

o.
 o

f 
%

 
N

o.
 o

f 
C

ha
ra

ct
er

is
ti

cs
 

%
 

po
si

ti
vi

ty
 o

n 
re

f. 
no

. 
ad

en
om

as
 

po
si

ti
ve

 
ca

rc
in

om
as

 
o

f c
ar

ci
no

m
as

 
po

si
ti

ve
 

C
ri

te
ri

a 
fo

r 
po

si
ti

vi
ty

 
pr

og
no

si
s 

H
ag

ue
 (

5)
 

13
 

92
 

22
 

A
ll 

st
ag

es
 

86
 

A
ny

 s
ta

in
in

g 
cl

as
si

fi
ed

 
N

ot
 t

es
te

d 
po

si
ti

ve
 

O
fn

er
 (

22
) 

0 
10

4 
A

ll 
st

ag
es

 
47

 
A

ny
 s

ta
in

in
g 

cl
as

si
fi

ed
 

Im
pr

ov
ed

 p
ro

gn
os

is
 

N
 

po
si

ti
ve

, 
bu

t 
0

0
 

su
bc

la
ss

if
ie

d 
fu

rt
he

r 
0 

by
 %

 
B

os
ar

i 
(2

3)
 

49
 

10
0 

20
5 

A
ll 

st
ag

es
 

47
 

C
la

ss
if

ie
d 

po
si

ti
ve

 i
f 

N
o 

co
rr

el
at

io
n 

w
it

h 
>

 1
 %

 c
el

ls
 s

ta
in

ed
. 

pr
og

no
si

s 
S

ub
cl

as
si

fi
ed

 f
ur

th
er

 
as

 f
oc

al
 o

r 
di

ff
us

e 
B

ro
nn

er
 (

6)
 

26
 

10
0 

24
 

A
ll 

st
ag

es
 

92
 

A
ny

 s
ta

in
in

g 
cl

as
si

fi
ed

 
N

ot
 t

es
te

d 
po

si
ti

ve
 

S
in

ic
ro

pe
 (

24
) 

24
 

71
 

21
 

M
os

tl
y 

D
uk

es
' 

C
 

67
 

C
la

ss
if

ie
d 

po
si

ti
ve

 i
f 

N
ot

 t
es

te
d 

0.
5%

 c
el

ls
 s

ta
in

ed
. 

In
te

ns
it

y 
o

f 
st

ai
ni

ng
 

al
so

 s
co

re
d 



S
in

ic
ro

pe
 (

25
) 

0 
11

0 
S

ta
ge

 2
 o

nl
y 

65
 

C
la

ss
if

ie
d 

po
si

ti
ve

 i
f 

Im
pr

ov
ed

 p
ro

gn
os

is
 

>
5

%
 c

el
ls

 s
ta

in
ed

. 
In

te
ns

it
y 

o
f 

st
ai

ni
ng

 
al

so
 s

co
re

d 
W

at
so

n 
(2

6)
 

19
 

63
.2

 
53

 
A

ll
 s

ta
ge

s 
36

.5
 

C
la

ss
if

ie
d 

as
 d

if
fu

se
 i

f 
N

ot
 t

es
te

d 
>

5
0

%
 c

el
ls

 s
ta

in
ed

, 
fo

ca
l 

if
 a

re
as

 c
on

-
ta

in
ed

 s
ta

in
in

g 
>

5
0

%
 o

f 
ep

it
he

li
al

 
ce

ll
 c

yt
op

la
sm

 
N

 
B

ar
et

to
n 

(2
7)

 
44

 
86

 
95

 
A

ll
 s

ta
ge

s 
67

 
A

ny
 s

ta
in

in
g 

cl
as

si
fi

ed
 

Im
pr

ov
ed

 p
ro

gn
os

is
 

0
0

 
po

si
ti

ve
 

-
L

an
gl

oi
s 

(2
8)

 
0 

74
 

A
ll

 s
ta

ge
s,

 
5 

C
la

ss
if

ie
d 

po
si

ti
ve

 i
f 

N
o 

co
rr

el
at

io
n 

w
it

h 
pa

ti
en

ts
 

>
 1

0%
 c

el
ls

 s
ta

in
ed

 
pr

og
no

si
s 

<
4

5
 y

r 
M

an
ne

 (
29

) 
0 

13
4 

A
ll

 s
ta

ge
s 

50
 

C
la

ss
if

ie
d 

po
si

ti
ve

 i
f 

Im
pr

ov
ed

 p
ro

gn
os

is
 

sc
or

e,
 b

as
ed

 o
n

 in
te

n-
si

ty
 a

nd
 d

is
tr

ib
ut

io
n 

o
f 

st
ai

ni
ng

 >
0

.5
 

So
m

e 
of

 th
es

e 
ha

ve
 a

ls
o 

st
ud

ie
d 

pr
og

no
st

ic
 s

ig
ni

fic
an

ce
. 

T
he

 t
ab

le
 l

is
ts

 t
ho

se
 s

tu
di

es
 p

ub
lis

he
d 

up
 t

o 
19

97
. 

D
if

fe
re

nt
 s

tu
di

es
 u

se
d 

va
ry

in
g 

le
ve

ls
 o

f 
st

rin
ge

nc
y 

w
he

n 
as

si
gn

in
g 

B
cl

-2
 s

ta
tu

s 
to

 t
um

or
s, 

an
d 

th
e 

sa
m

pl
e 

nu
m

be
rs

 a
ls

o 
va

rie
d 

co
ns

id
er

ab
ly

; 
th

es
e 

va
ria

bl
es

 m
ay

 a
cc

ou
nt

 f
or

 
th

e 
di

ff
er

en
t 

pe
rc

en
ta

ge
s 

of
 B

cl
-2

-p
os

iti
ve

 tu
m

or
s 

cl
ai

m
ed

 b
y 

in
di

vi
du

al
 a

ut
ho

rs
. 



282 Pritchard 

reciprocity of expression of Bcl-2 and p53 in the small proportion of 
neoplasms that dual-stained for both proteins (26). This study (26) also 
demonstrated higher levels of Bcl-2 expression in normal colonic crypts 
adjacent to carcinomas, compared to normal crypts more than 5 em 
from the neoplasm. These patterns of Bcl-2 staining suggest either that 
changes in Bcl-2 expression occur at the earliest stages of colorectal 
tumorigenesis, or that tumors arise from the Bcl-2-positive putative 
stem cells at the colonic crypt base (i.e., the apparent increase in 
Bcl-2 expression simply reflects cell of origin). 

Ilyas et al. (30) found no difference in Bcl-2 immunoreactivity 
between sporadic colorectal carcinomas with different levels of micro
satellite instability, but did find that carcinomas arising in patients with 
ulcerative colitis had a much lower level of Bcl-2 expression, suggesting 
that these tumors arose via a different pathway. 

Some of the studies quoted above have attempted to correlate 
Bcl-2 status with other tumor parameters, and with prognosis. Studies 
that have assessed the effect of Bcl-2 status on the response to chemo
therapy will be discussed later. As shown in the table, four studies 
have shown Bcl-2 positivity to be associated with a favorable clinical 
prognosis in colonic carcinoma (22,25-,27,29--), and only one large 
study has shown no correlation (23). The study of Sinicrope et al. (25-) 
was particularly robust in assessing prognosis within a group of patients 
with the same stage of tumor. Those colon carcinomas that one would 
suppose should undergo less apoptosis, because of Bcl-2 expression, 
actually had an improved prognosis; this contrasts with findings in 
other tumors, such as lymphoma and carcinomas of the prostate and 
breast, in which Bcl-2 confers a poorer prognosis. The reasons for this 
correlation have not been fully established, but the finding that colonic 
adenomas, in general, express more Bcl-2 than carcinomas suggests 
that those carcinomas that still express Bcl-2, although within the same 
Dukes' stage, may actually represent tumors at an earlier stage in their 
overall development, and therefore have a better prognosis. 

Changes in the immunohistochemical expression of various other 
Bcl-2 family members have also been studied in a series of 30 colonic 
adenocarcinomas and 24 adenomas in which the expression levels were 
compared with those in adjacent normal mucosa (31). The intensity of 
Bcl-XL staining was seen to increase in about 60% of carcinoma cases, 
in a pattern reciprocal to Bcl-2 staining. Bak expression decreased in 
about 90% of cases, and no change in Bax immunoreactivity was 
observed. The relevance of these findings to the role played by these 
proteins during colorectal tumorigenesis remains to be clarified, but 
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the authors speculate that Bel-XL may be the predominant antiapoptotic 
Bel-2 family member in advanced colon cancer, contributing to both 
tumor progression and chemoresistance. 

Bax MUTATIONS OCCUR IN COLON CARCINOMAS 
THAT DISPLAY MICRO SATELLITE INSTABILITY 

Frameshift mutations have been demonstrated in a tract of eight 
deoxyguanosines within bax, in about 50% of primary microsatellite
mutator phenotype colonic adenocarcinomas (32"). Similar mutations 
were found in a number of microsatellite-mutator phenotype colorectal 
carcinoma cell lines (32--). The same bax mutations have also been 
found in 41 % of micro satellite-unstable colorectal cancers in another 
cohort (33), as well as in 33% of gastric cancers and 12% of endometrial 
cancers. Colonic tumors that display microsatellite instability are less 
likely to have p53 mutations, and the authors speculate that bax muta
tions, by affecting the coupling of p53 to apoptosis, eliminate the 
selective pressure on p53 mutations during colorectal tumorigenesis. 
However, experiments detailing the effects of 'Y-radiation on intestinal 
apoptosis in bax-null mice (discussed in Animal Studies in Normal 
Intestinal Epithelium) demonstrate that the extent to which this 
apoptosis is dependent on Bax is much less than on p53 (19). This 
suggests that p53-driven Bax expression is not crucial in the normal 
intestine, hence, the full significance of bax mutations in colonic carci
nomas remains to be clarified. However, this finding means that immu
nohistochemical studies for members of the Bcl-2 family need to be 
interpreted carefully, because such experiments cannot assess whether 
the protein being detected is functionally active. 

ARE EFFECTS OF THERAPY IN INTESTINE AFFECTED 
BY EXPRESSION OF Bcl-2 FAMILY PROTEINS? 

It has been hypothesized that the failure of a mutated stem cell to 
be deleted by apoptosis is one of the earliest events during colorectal 
tumorigenesis. A number of dietary (e.g., fiber) and chemopreventive 
agents (e.g., nonsteroidal anti-inflammatory drugs) are thought to pre
vent colonic tumor formation by promoting such apoptosis. Current 
chemotherapeutic agents used for the treatment of colorectal carcinoma 
also induce apoptotic cell death in both normal and malignant cells. 
Because the Bel-2 family of proteins are known regulators of apoptosis, 
is there any evidence to suggest that these proteins regulate the effects 
of pharmacological agents in the intestine, with effects on both tumor 
formation and tumor therapy? 
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In Vitro Studies 
Butyrate is generated in the colon as a result of bacterial fermentation 

of dietary fiber, and the ability of butyrate to induce apoptosis in colonic 
cells has been proposed as one of the possible mechanisms by which 
dietary fiber is protective against colorectal carcinoma. Hague et al. 
(34) have studied butyrate-induced apoptosis in one colorectal carci
noma and three adenoma cell lines. In one adenoma line that lacked 
Bcl-2, butyrate-induced apoptosis appeared to be mediated by Bak, 
and, in other lines, Bcl-2 appeared to protect against this type of 
apoptosis. These in vitro studies, therefore, suggest that Bcl-2 family 
members may influence the carcinogenic potential of dietary compo
nents in the intestine. 

bcl-2 has been transfected into a number of colorectal carcinoma 
cell lines and resulted in growth inhibition (35). The effects of such 
bcl-2 transfection on the sensitivity of colorectal carcinoma cell lines 
to various chemotherapeutic agents have not been widely studied. 
However, Bcl-2 expression has been shown to affect the sensitivity of 
other transformed cells to the class of drugs most commonly used 
to treat advanced colon cancer, namely, thymidylate synthase inhibi
tors (36). 

Animal Studies in Normal Intestinal Epithelium 
As mentioned above, neither homozygously bcl-2 nor bax-null mice 

have any major intestinal phenotype. Assessment of the spontaneous 
levels of apoptosis in the intestine showed an increased level concen
trated at the colonic crypt base in bcl-2 null mice (7"), but no differences 
in the crypts of bax-null mice (19). More informative data on the 
role played by these proteins in controlling apoptosis in the intestinal 
epithelium was obtained when these animals were stressed either by 
administration of 'V-radiation or the chemotherapeutic agent, 5-fluoro
uracil (5-FU). 

bcl-2-null mice showed elevated levels of apoptosis 3 h after 8 Gy 
of 'V-radiation: This was again concentrated specifically at the base of 
colonic crypts. No differences were seen in the level of 'V-radiation
induced apoptosis in the small intestine when bcl-2-wild-type mice 
were compared with null mice. Similar results were obtained with 
5-FU. 4.5 h after a 40 mg/kg intraperitoneal injection of 5-FU, 
bcl-2-null mice showed greatly increased levels of apoptosis specifically 
at the colonic crypt base. However, by 24 h, the time-point of peak 
apoptosis after 5-FU, there was no difference in the level of colonic 
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apoptosis between bcl-2 wild-type and null mice, suggesting that 
bcl-2 at this site normally functions to delay apoptosis, rather than to 
prevent it completely (19). Again, Bcl-2 expression had little effect on 
the small intestinal apoptosis induced by 5-FU. 

The consequences of administering agents that induce intestinal 
apoptosis have also been studied in homozygously bax-null mice. No 
differences in intestinal apoptosis were observed between bax wild
type and null mice 4.5 h following I or 8-Gy -v-radiation or 4.5 h 
following 40-mg/kg 5-FU (19). However, bax-null mice showed signifi
cantly less small intestinal and midcolonic apoptosis 24 h following 
40-mg/kg 5-FU (19). In contrast to bcl-2-null mice, the reduction in 
apoptotic yield in bax-null mice following 5-FU occurred throughout 
the crypt, rather than being concentrated at any particular cell positions. 
Although immunohistochemical studies have only demonstrated Bax 
expression in Paneth cells and differentiated enterocytes (16-,17-), the 
data from bax-null mice suggests that there is sufficient functional Bax 
protein at other crypt cell positions to affect their capacity to undergo 
apoptosis in response to some types of cytotoxic insult. 

These studies in mice suggest that expression of genes such as 
bcl-2 and bax can indeed act as arbiters of the cell death induced by 
radiation and chemotherapeutic drugs in the normal intestinal epithe
lium. The important questions are whether their expression levels also 
influence either the toxicity induced by cumulative doses of these agents 
in the normal intestine or the chemosensitivity of tumors. The influence 
upon toxicology has yet to be formally tested, and the issue of tumor 
chemosensitivity is discussed below. 

Clinical Studies in Colorectal Carcinoma 

One group has studied whether Bcl-2 expression affected the re
sponse of 5-FU-based chemotherapy (modulated with interferon) in 
135 patients with advanced colorectal adenocarcinoma (37). No differ
ence in overall survival was seen, based on tumor Bcl-2 status. However, 
such studies are very difficult to interpret, because of such factors as 
intra- and interpatient heterogeneity, and the inherent general chemore
sistance of colonic carcinomas. Either very large and detailed clinical 
studies or an alternative experimental approach are needed to obtain 
a definitive answer to this question. To date, no clinical studies of 
the effect of Bcl-2 on adjuvant chemotherapy in colon cancer have 
been published. 



286 Pritchard 

Chemopreventive Studies 
Numerous lines of evidence suggest that nonsteroidal anti-inflamma

tory drugs (NSAIDs) are chemopreventive agents in colorectal cancer, 
and recent studies have suggested that this effect is caused by inhibition 
of one particular isoform of the cyclo-oxygenase enzyme (COX-2). It 
now appears that COX-2 expression modulates intestinal apoptosis via 
changes in Bcl-2 expression. Tsuji and Dubois (38-) first demonstrated 
that forced expression of the COX-2 gene in rat intestinal epithelial 
cells resulted in resistance of these cells to undergoing butyrate-induced 
apoptosis, and the cells showed increased levels of Bcl-2 protein. Thus, 
overexpression of COX-2 led to phenotypic changes in the cells that 
could enhance tumorigenic potential. The same group has advanced 
these studies by showing that treatment of the COX-2-overexpressing 
colon carcinoma cell line, HCA-7, with the prostaglandin E2 (PGE2), 
resulted in increased levels of Bcl-2 protein, again suggesting that 
COX-2 expression leads to inhibition of apoptosis by modulating 
Bcl-2 expression (39). Hence, by inhibition of COX -2, and thus decreas
ing the expression of Bcl-2, NSAIDs promote intestinal apoptosis. This 
may be sufficient to prevent tumor formation. 

CONCLUSIONS 

Members of the Bcl-2 family of proteins appear to have important 
effects in controlling apoptosis in normal intestinal epithelium. Bcl-2 
expression is strongest in the presumed stem cells at the base of colonic 
crypts, where it plays a crucial role in protecting these cells from toxic 
insult. This protection from toxins may allow the stem cells at this site 
to tolerate mutations. This may explain why colorectal tumors are 
relatively common, and why the earliest colonic tumors show highest 
levels of Bcl-2 expression. Bcl-2 expression in colorectal carcinoma 
seems to be associated with tumors that have a better prognosis. This 
may be because these cancers actually represent tumors at an earlier 
point in the carcinogenic pathway, which will thus have an inherently 
better prognosis. Recent studies have also suggested that bax mutations 
may play an important role in the development of those colonic tumors 
that show micro satellite instability. 

The expression levels of members of the Bcl-2 family of proteins 
also influence the apoptosis induced by a number of pharmacological 
agents in the intestine. It is therefore possible that the expression of 
various members of this family of proteins will influence the response 
of normal intestinal epithelium to both chemopreventive and chemo
therapeutic agents, and also the response of colonic tumors to current 
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treatment regimens. If these hypotheses prove to be correct, then phar
macological agents targeted at members of the Bcl-2 family, although 
not necessarily having any therapeutic effect themselves, may improve 
the efficacy, or reduce the toxicity of current chemotherapeutic drugs, 
by affecting the relative propensities of tumor and normal tissue to 
undergo apoptosis. 
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ABSTRACT 

Apoptosis is an integral part of normal mammary gland development, 
differentiation, and function. Numerous descriptive and mechanistic 
studies of programmed cell death pathways in normal and malignant 
mammary cells have been presented. This chapter reviews the evi
dence that established breast cancer treatments act via apoptotic 
pathways, and how ongoing laboratory work defining these 
pathways might lead to the development of new therapeutic ap-
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proaches. Also, the possibility that evaluation of apoptotic-related 
molecules or events might serve as prognostic or predictive factors 
is discussed. 

INTRODUCTION 

Activation of programmed cell death (PCD) plays a role in nearly 
all phases of mammary gland development and function. Studies using 
human tissues have shown that normal breast tissue goes through a se
quence of proliferation and apoptosis through the course of the menstrual 
cycle. A mitotic peak is noted morphologically at d 25, concurrent with 
the peak levels of progesterone and estrogen in the luteal phase. This is 
followed by an apoptotic peak at d 28, in association with the drop in 
steroid hormones marking the end of the 28-d cycle (1). Classic studies 
in animal models have shown that the extensive cell death and tissue 
remodeling that occur during postlactational involution are also a conse
quence of PCD (2-). It is increasingly evident that hormone-responsive 
breast cancer retains a similar PCD pathway that is triggered by hormonal 
manipulation. Also, similar or identical pathways exist in endocrine-un
responsive breast cancer cells, even though endocrine manipulations can 
no longer initiate the pathways. Indeed, a majority of the standard chemo
therapeutic agents used in breast cancer treatment appear to trigger apop
totic responses. Thus, careful dissection of the component parts of these 
pathways has become a goal that might have several practical im
plications for breast cancer management. It is the aim of this chapter to 
examine two such areas. First, the evidence that established breast cancer 
treatments act via apoptotic pathways, as well as how definition of the 
component parts of the process might provide opportunities for develop
ment of new therapeutic approaches, will be examined. Second, the 
possibility that characterization of apoptotic-related molecules or events 
might provide prognostic information about patient outcome, or pre
dictive information about likelihood of response to a particular interven
tion, will be reviewed. These and other topics about PCD in normal and 
malignant mammary epithelium are reviewed in greater detail else
where (3-,4,5--). 

PROGRAMMED CELL DEATH IN HORMONE
DEPENDENT BREAST CANCER CELLS 

Human breast cancer cell lines have been the primary model system 
used in vitro and in vivo to examine effects of cancer therapy on PCD 
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pathways in breast cancer. These models have permitted dissection of 
the role that PCD plays in breast cancer cell response to endocrine 
interventions. These studies are critical, because hormonal therapy has 
been a mainstay of breast cancer therapy for over 100 yr. About two
thirds of primary breast cancers express estrogen receptor (ER) and! 
or progesterone receptor (PR) at diagnosis, and these tumors often 
respond to hormonal treatments, such as ovarian ablation, antiestrogens, 
and aromatase inhibitors. Although these therapies have traditionally 
been considered to be cytostatic rather than cytotoxic, their use often 
results in at least partial tumor regression, suggesting that a net decrease 
in cell number results. This clinical observation suggests that hormonal 
therapy might both inhibit cell proliferation and promote cell death. 

Estrogen Withdrawal 
Kyprianou et al. (6-) first reported that regression of estrogen-depen

dent MCF-7 breast tumors in nude mice was associated with apoptosis. 
Decreased proliferation, increased apoptosis, oligonucleosomal DNA 
fragmentation, and enhanced expression of several apoptosis-related 
mRNAs, including transforming growth factor-~l (TGF-~l), sulfated 
glycoprotein-2, and c-myc, characterized this process. This study 
showed that the malignant hormone-responsive MCF-7 cells retain the 
ability to activate a PCD pathway in response to estrogen deprivation. 
The issue is controversial, though, because other investigators have 
not been able to demonstrate apoptosis of MCF-7 tumors under similar 
conditions, perhaps because of variation in MCF-7 lines and!or experi
mental design (7). 

The findings have been confirmed in vitro, however. Warri et al. 
(8) showed that MCF-7 cells growing in tissue culture demonstrated 
apoptotic morphology with estrogen depletion; Wilson et al. (9) ob
served high-mol-wt DNA cleavage in estrogen-deprived MCF-7 cells. 
The importance of bel-2 in this process is suggested by several studies 
showing that treatment of MCF-7 cells with 17~-estradiol in tissue 
culture leads to a time- and dose-dependent increase in bel-2 mRNA 
levels, whereas bax and bel-XL mRNA expression is not affected (10,11). 

Antiestrogen Treatment 
The apoptotic effects of antiestrogens have also been established via 

a series of laboratory studies. Bardon et al. (12) first showed that 
tamoxifen, its metabolite 4-hydroxytamoxifen, and the antiprogestin 
RU 486, induced morphological changes of apoptosis in ER-positive 
human breast cancer cell lines. Warri et al. (8) confirmed this find-
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ing using the antiestrogen toremifene in ER-positive ZR-75-1 and 
MCF-7 cells. Also, treatment of MCF-7 cells with the pure antiestrogen, 
ICI 182,780 led to decreased cell number in conjunction with high
mol-wt DNA cleavage, but in the absence of apoptotic morphological 
changes (9). A functional role for TGF-f31 in this process is implicated 
by a study in which treatment of MCF-7 cells with an anti-TGF-f31 
antibody blocked tamoxifen-induced DNA fragmentation (13). Further, 
involvement of the Bcl-2 protein is supported by the observation that 
treatment with tamoxifen or the pure antiestrogen, ICI 164,384, signifi
cantly inhibited estrogen-induced increases in Bcl-2 in MCF-7 cells 
(10,11). Thus, in aggregate, studies using human breast cancer cells 
growing in tissue culture, or in xenograft models, support the hypothesis 
that hormonal interventions, such as estrogen withdrawal or antiestro
gen administration, work through both inhibition of cell proliferation 
and induction of PCD. 

PROGRAMMED CELL DEATH IN MODELS 
OF HORMONE-INDEPENDENT BREAST CANCER 

Although the majority of tumors in women with newly diagnosed 
breast cancer possess ER, only a fraction actually respond to endocrine 
maneuvers. In addition, many breast cancers either initially lack ER 
or evolve to a hormone-unresponsive state over time. This raised the 
question of whether these hormone-independent cancers still retained 
the ability to undergo PCD, even though endocrine therapy could not 
initiate the pathway(s). Studies using a variety of conventional and 
novel agents have addressed this question. 

Peptide Growth Factors and Their Receptors 

The importance of peptide growth factor pathways in breast cancer 
cell growth and death is increasingly evident. In particular, the receptor 
tyrosine kinases, epidermal growth factor receptor (EGFR) and HER-
2/neu/c-erbB2 (hereafter called HER-2), are overexpressed in up to 
one-third of breast cancers. Their overexpression has been associated 
with poor clinical outcome in several studies. Autocrine or paracrine 
loops involving these two growth factors are attractive therapeutic 
targets. In vitro studies using human breast cancer cell lines have shown 
that either ligand binding or antibody treatment against these types of 
receptors may induce apoptosis, depending on experimental conditions. 
For example, EGF induces PCD in the ER-negative MDA-MB-468 
cell line, which overexpresses EGFR (14). This process is character-
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ized by concentration-dependent cytotoxicity, apoptotic morphologic 
changes, DNA fragmentation, and activation of several downstream 
caspases. Similar studies have shown that either ligand binding or 
antibodies directed against the extracellular domain of HER-2 can 
inhibit proliferation and induce apoptosis in breast cancer cells that 
overexpress that protein (5",15-). These findings have direct implica
tions for ongoing clinical efforts to use monoclonal antibodies directed 
against EGFR or HER-2, either alone or in combination with conven
tional cytotoxics for management of human breast cancer. 

Chemotherapeutic Agents 

Numerous studies have demonstrated that treatment of ER-negative 
(and -positive) human breast cancer cell lines with established chemo
therapeutic agents triggers PCD. The authors' initial studies of treatment 
of MDA-MB-468 cells with fluoropyrimidine inhibitors of thymidylate 
synthase showed that these agents lead to growth inhibition, loss of 
clonogenic capacity, apoptotic morphologic changes, oligonucleosomal 
DNA fragmentation, and induction of TGF-l3l mRNA (16). The ability 
to induce PCD in these cells is not limited to fluoropyrimidines. 

Several studies have provided evidence that treatment of a variety 
of human breast cancer cell lines with paclitaxel (a drug that stabilizes 
microtubules and does not damage DNA) also results in growth inhibi
tion, apoptotic morphology, and characteristic DNA fragmentation 
(17,18). Activation of several caspases is also a feature of the death 
pathway for both of these drugs. In vitro work also suggests that 
pac1itaxel results in Bc1-2 phosphorylation, which may result in loss 
of Bc1-2 function, perhaps via interference with its binding to the 
proapoptotic Bax protein (19). The topoisomerase II inhibitor, etopo
side, also induces PCD, confirming that multiple chemotherapeutic 
agents with diverse mechanisms of action induce PCD in ER-positive 
and -negative human breast cancer cell lines (18,20). These models 
can be used to dissect the molecular changes that characterize the 
initiation and execution phases of PCD in breast cancer cells. The 
implications of the observed changes can then potentially be explored 
in mechanistic studies. For example, MCF-7 cells transfected with 
bcl-xs show increased sensitivity to etoposide and paclitaxel (18). Also, 
intratumoral injection of an adenoviral vector containing bcl-xs into 
MCF-7 tumors growing in nude mice led to partial tumor regression 
in conjunction with apoptotic morphologic changes at the injection site 
(21-). Thus, this is but one example of how in vitro studies might 
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focus work on chemotherapy sensitivity and resistance toward particular 
molecular targets, which may play a functional role in determining 
cell death. 

Novel Approaches to Induce Apoptosis 
Descriptive studies of PCD in model systems have also permitted the 

identification of new inducers of apoptosis that might have therapeutic 
potential. Of the many avenues under exploration, only a few are 
mentioned here as representative of the diverse types of ongoing studies: 
polyamine analogs, fatty acid synthase inhibitors, and gene therapy. 

A potential relationship between polyamines and PCD is suggested 
by the findings that spermidine and spermine stabilize chromatin, and 
that polyamine-depleted cells undergo changes in chromatin and DNA 
structure. As a consequence, the authors have investigated a class of 
compounds that target the polyamine metabolic pathways. In particular, 
the ability of the unsymmetrically alkylated polyamine analog, N-ethyl
Nll-«cyclopropyl)methyl)-4,8-diazaundecane, to deplete intracellular 
polyamines, inhibit growth, and induce high-mol-wt and oligonucleoso
mal DNA fragmentation in human breast cancer cell lines has been 
established (22). Multiple analogs that disrupt the polyamine metabolic 
pathways are under development, and hold promise as a way to decrease 
cell proliferation and increase cell death. In addition, in vitro studies 
of the ability of these agents to potentiate chemotherapy-induced cell 
death are warranted. 

A fraction of human breast, ovarian, endometrial, colorectal, and 
prostate cancers express elevated levels of fatty acid synthase, the major 
enzyme necessary for endogenous fatty acid biosynthesis. Cancer cells 
that express high levels of fatty-acid-synthesizing enzymes use endoge
nously synthesized fatty acids for membrane synthesis; normal cells 
preferentially use dietary lipids. Thus, inhibition of fatty acid synthase 
with agents like cerulenin, a noncompetitive inhibitor of fatty acid 
synthase, could be selectively toxic for cancer cells with increased fatty 
acid biosynthesis. Indeed, cerulenin treatment of ZR-75-1 human breast 
cancer cells resulted in dose-dependent reduction in clonogenic poten
tial, morphologic evidence of apoptosis, and high-mol-wt DNA frag
mentation (23). Thus, the difference in fatty acid synthesis between 
malignant and normal cells is potentially an exploitable target for 
induction of PCD in breast cancer cells. 

The identification of crucial modulators of PCD sequences might 
make possible efforts to use those molecules as triggers of PCD via 
gene therapy strategies. Already noted above is work showing that a 
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replication-deficient adenovirus expressing bcl-xs can induce apoptosis 
in breast cancer xenografts growing in nude mice (21-). Other investiga
tors (24) have used a liposome-p53 complex for the in vivo delivery 
of wild-type p53 to MDA-MB-435 tumors, which are known to possess 
mutant p53. This treatment led to reduction in size in some tumors, 
with concomitant evidence of apoptotic morphology in treated, but not 
untreated, tumors. These studies provide proof of the principle that 
components of the PCD pathway can be targeted, although the problem 
of delivery is, of course, enormous. 

CLINICAL STUDIES OF APOPTOSIS 
AND BREAST CANCER 

A key question is how observations made in experimental model 
systems currently pertain to treatment of women with breast cancer. 
Two major types of translational studies have been pursued to test this 
link. The first type tests the prognostic implications of a particular 
marker via characterization of tumors obtained at a single point in 
time, usually time of diagnosis; the second examines the predictive 
implications of the biomarker via serial tissue sampling during a course 
of therapy to evaluate sequential changes associated with tumor re
sponse or resistance to the treatment. 

Apoptotic Markers as Prognostic Factors 

Many investigators have evaluated apoptotic and proliferative indices 
and/or expression of critical apoptotic markers like p53 or Bcl-2 family 
members as prognostic or predictive markers for women with newly 
diagnosed breast cancer. Ideally, studies of this type should be carried 
out in tissue banks derived from a large cohort of women who received 
defined therapy, e.g., women enrolled in a clinical trial. In practice, of 
course, this is extremely difficult to do, and the discrepant results that 
are summarized below probably reflect in part heterogeneity of tumor 
types and therapy, as well as a lack of standardization of the assays 
used to evaluate the parameter under study. 

In a study of 288 invasive breast cancers, high apoptotic index 
correlated with increased grade, tumor necrosis, aneuploidy, high 
S-phase fraction and mitotic index, negative ER and PR, and mutant 
p53. High mitotic index was significantly associated with decreased 
survival in lymph-node-negative and -positive patients, but had no 
independent prognostic value (25). 
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Aberrant p53 expression is found in 20-50% of breast cancers, 
depending on the method of detection used. Most studies suggest that 
the presence of mutant p53 is correlated with other poor prognostic 
factors, such as high S-phase fraction, high tumor grade, and lack of 
steroid receptors (5"). Its value as an independent prognostic factor 
for recurrence or survival is uncertain. One large study of 1400 women 
with node-negative breast cancer, treated only with local therapy, 
showed that immunohistochemical expression of p53 protein was asso
ciated with negative steroid receptors, older age, tumor size >2 cm, 
and higher recurrence rate. In multivariate analysis, p53 expression 
correlated with relapse and survival, as did all of the factors mentioned 
above (26). 

The prognostic value of Bcl-2 and Bax protein expression in breast 
cancer has also been extensively studied, and is reviewed elsewhere 
(5"). In sum, Bcl-2 expression is associated with the presence of ER, 
wild-type p53, lower-grade histology, low proliferative index, and Bax 
expression. It is inversely correlated with EGFR, HER-2, and p21 
expression. Studies linking Bcl-2 expression with lymph node status 
have given mixed results. Work to date does not adequately address 
whether Bcl-2 and/or Bax expression is an independent prognostic 
factor for relapse or death. A single study suggests that absence of 
Bcl-2 or Bax expression, or especially both, predicts the later develop
ment of metastatic disease with lymph node-negative breast cancer. 

Apoptosis as a Predictive Factor 

Although preclinical work outlined above strongly suggests that both 
endocrine and chemotherapy approaches for breast cancer work, in 
part, via induction of apoptotic pathways, support for this hypothesis 
from human studies has only recently emerged. Ellis et al. (27--,28--) 
have used the setting of preoperative systemic therapy for operable 
breast cancers to demonstrate that administration of both chemotherapy 
and antiestrogens induces apoptosis. As part of a trial of two types of 
anthracycline-containing regimens, core needle biopsies were obtained 
from 27 patients with large operable breast cancers, 7 d before chemo
therapy and 24 h after first chemotherapy administration. Sufficient 
tissue was available in both samples from 19 patients to assess apoptotic 
index via an in situ end-labeling assay, proliferative index using Ki67 
expression, and Bcl-2 protein expression by immunohistochemistry. 
The median apoptotic index before and after treatment was significantly 
increased from 0.46% pretreatment to 1.02% after treatment (p = 
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0.009). Median Ki67 scores before and after treatment were 19.2 and 
15.8% respectively, which was a nonsignificant decrease (p = 0.16). 
Median Bcl-2 expression also did not change (60% pretreatment and 
72% posttreatment, p = 0.84). Nine of 13 patients who manifested a 
clinical response to chemotherapy showed a > 50% increase in apoptotic 
index; 3 of 4 nonresponders showed no change in apoptotic index. 
This small study provides preliminary support for the concept that 
chemotherapy treatment does induce apoptosis in human breast cancer, 
and that induction of apoptosis or lack thereof may predict the likelihood 
of subsequent clinical response (27"). 

A similar study design was used to assess apoptotic effects oftamoxi
fen and leI 182,780 in women with operable breast cancer (28--). In 
two companion trials, women were randomly assigned to tamoxifen 
or placebo for 1-7 wk before surgery, or to leI 182,780 or placebo 
for 1 wk before surgery. Pretreatment samples were obtained before 
drug administration, and posttreatment specimens were taken at the 
time of definitive surgery. In the tamoxifen trial, adequate pairs of 
samples were available from 17 patients taking tamoxifen, and from 
22 patients given placebo. Tamoxifen recipients had a median apoptotic 
index of 0.45% before treatment and 0.54% after treatment; the corre
sponding indices were 0.53 and 0.67%, respectively, in placebo-treated 
women: Neither of these differences was significant. However, a similar 
analysis confined to women with positive ER showed a significant 
increase in apoptotic index from 0.34 to 0.47% (p = 0.005) with 
tamoxifen treatment. No difference was seen in ER-negative tumors, 
or in treated or control women with ER-negative tumors. Also, no 
significant modulation of Ki67 was observed in this study. 

Analysis of paired tumors from 13 leI 182,780 patients and 9 placebo 
patients also demonstrated that leI 182,780, but not placebo, treatment 
led to increased apoptotic index. Median apoptotic index increased 
from 0.34% before treatment to 0.97% after leI 182,780 administration 
(p = 0.003); no significant changes were noted in the placebo group. 
Evaluation by ER status could not be performed because of the small 
numbers of patients. These studies provide preliminary clinical data 
that antiestrogens also induce apoptosis in human breast cancers in 
patients. The short duration of therapy precludes any assessment of 
change in apoptotic index as a predictor of subsequent clinical response. 

Because experimental studies suggest a function for p53 in chemo
therapy sensitivity, the role of p53 expression as a predictor for response 
to antineoplastic therapy has also been studied in several small preopera
tive chemotherapy studies. Results have been mixed. Two studies sug-
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gested that patients whose tumors express mutant p53 are more likely 
to demonstrate progressive disease during chemotherapy, but two other 
studies failed to substantiate any relationship between p53 status and 
chemotherapy response (5--). Also, a large cooperative group trial 
evaluating p53 status and clinical outcome, after observation or adjuvant 
cyclophosphamide, methotrexate, 5-fluorouracil, and prednisone ther
apy, failed to confirm any relationship between p53 expression and 
clinical outcome (29-). Thus, the importance ofp53 status as a predictive 
factor is also uncertain; the need for studies on large numbers of 
clinical samples, from women of defined status and standardization of 
methodology for p53 assessment, is only too obvious. 

Three studies have examined the relationship between Bcl-2 expres
sion and response to endocrine therapy (5--). Together, they suggest 
that Bcl-2 expression is associated with enhanced response to hormonal 
therapy. Patients whose tumors expressed both ER and Bcl-2 derived 
the greatest benefit from therapy. This may be explained, in part, by 
laboratory findings that Bcl-2 is an estrogen-regulated protein; thus, 
its presence, like that of PR, implies a functional estrogen response 
pathway within the cell that would be susceptible to the effects of 
hormonal intervention. 

CONCLUSIONS 

Studies from preclinical model systems and human tissues have 
shown that apoptosis plays a role in normal mammary gland develop
ment and function. Work carried out using mostly human breast cancer 
cells growing in tissue culture or nude mice suggests that the critical 
components of this apoptotic pathway(s) are preserved in malignant 
cells, and that appropriate stimuli, such as hormonal manipulation or 
chemotherapy administration, can trigger PCD. That these approaches 
also induce PCD in tumors in women is suggested by preliminary 
studies of primary endocrine therapy or chemotherapy. Thus, the current 
challenge is to delineate the components of these pathways, their activa
tors, and their inhibitors, because their identification could provide 
opportunities for the development of new therapeutic approaches. Sev
eral examples of novel agents and their targets are described here and 
elsewhere (3-,4,5--). In addition, tailoring of therapy to the individual 
tumor phenotype is an important goal. Therefore, studies that define 
the potential of apoptotic markers to serve as prognostic or predictive 
factors in breast cancer treatment are critical pursuits as well. 
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that this regression may be the consequence of apoptosis induced by 
neurotrophin deprivation. Indeed, several ligand-receptor pathways 
have been identified that appear to be important in regulating neu
ronal survival or cell death. Furthermore, analysis of gene expression 
in neuroblastomas suggests that the bc1-2 family genes and the cas
pases may also play important roles in regulating neuronal survival. 
Finally, like many tumors, apoptosis may be a common pathway 
of cell death in response to chemotherapeutic agents. Therapeutic 
approaches aimed at selectively activating PCD in neuroblastomas 
are under development, and may lead to a more effective and less 
toxic approach to the treatment. 

INTRODUCTION 

Neuroblastomas are heterogeneous in terms of genetic features and 
clinical behavior. A remarkable feature of these tumors is the propensity 
to undergo spontaneous differentiation. Furthermore, some tumors are 
very responsive to chemotherapy, but others are quite resistant. This 
chapter evaluates the data regarding mechanisms of inducing apoptosis 
in neuroblastoma cell lines and primary tumors. The authors review 
ligand-receptor interactions that either induce or protect against 
apoptosis, and also examine the expression and function of genes in
volved in promoting or preventing apoptosis within the cell, such as 
the bcl-2 family and caspase families. Finally, the role of these genes 
in chemotherapy-induced cell death is reviewed. 

CLINICAL HETEROGENEITY OF NEUROBLASTOMA 

Neuroblastoma is the most common solid tumor of childhood (1). 
This tumor has the remarkable propensity to undergo spontaneous 
regression, particularly in infants. In some older patients, the tumor 
may differentiate into a benign ganglioneuroma. Unfortunately, in the 
majority of patients, neuroblastomas are metastatic at diagnosis, and 
most of these children ultimately die of their disease, especially if they 
are over 1 yr of age at diagnosis (1). The reason for such divergent 
and age-dependent clinical outcomes appears to be strongly related to 
genetic features of the tumor at diagnosis. 

GENETIC HETEROGENEITY OF NEUROBLASTOMA 

Several genetic features have been found to be characteristic of 
subsets of neuroblastomas, including hyperdiploidy with whole chro
mosome gains, amplification of the MYCN oncogene, and deletions of 
the short arm of chromosome 1 (l p) (2). Hyperdiploidy is characteristic 
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of tumors in infants, particularly those who are prone to undergo sponta
neous regression or who respond well to chemotherapy. However, the 
most aggressive tumors, particularly those that are metastatic in older 
patients, frequently have MYCN amplification, and the majority of these 
also have Ip deletion (2). Partial trisomy for 17q is also a common 
genetic change in neuroblastomas, and its presence in the karyotype 
is generally associated with a worse outcome. Other deletions and 
rearrangements are also found, such as deletion of llq or 14q, but thus 
far these features have not been consistently associated with clinical 
behavior. 

ROLE OF THE Trk GENE FAMILY IN 
NEUROBLASTOMA SURVIVAL AND DIFFERENTIATION 

Neuroblastomas are derived from sympathetic neurons. The survival 
and differentiation of these cells are dependent on the presence of nerve 
growth factor (NGF), which is a member of a family of neurotrophins 
that includes brain-derived neurotrophic factor (BDNF), neurotrophin-
3 (NT3), and NT4. The receptor for NGF is TrkA, the receptor for 
BDNF and NT4 is TrkB, and the receptor for NT3 is TrkC. It appears 
that each of these ligand-receptor pathways may be important for 
subsets of neurons, as well as subsets of neural tumors. 

In neuroblastomas, the expression ofTrkA and TrkC has been associ
ated with a favorable outcome; expression of the full-length TrkB 
receptor is associated with MYCN amplification and a poor outcome 
(3,4--,5--,6). Tumors expressing TrkB consistently express the ligand 
BDNF (Fig. 1); favorable neuroblastomas rarely express the ligands 
for TrkA or TrkC (6,7). TrkA-expressing, favorable neuroblastomas 
appear to be dependent on exogenous NGF for survival, at least in 
vitro. In the absence of NGF, the cells undergo programmed cell death 
(PCD), and die within 5-7 d; in the presence ofNGF, the cells differenti
ate into ganglion cells, and can survive for months in vitro (Fig. 1;4"). 
Interruption of either the autocrine loop of TrkB and BDNF in unfavor
able neuroblastomas, or the TrkAffrkC pathways in favorable tumors, 
may lead to PCD in the tumors. 

OTHER RECEPTORS AND APOPTOSIS 
IN NEUROBLASTOMAS 

Low-affinity neurotrophin receptor (LNTR) is a gene that encodes 
a protein, p75, which binds all the NGF family neurotrophins with low 
affinity (8-10-,11-). This gene is a member of the tumor necrosis factor 
receptor (TNFR) family of transmembrane receptors, which have been 
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Fig. 1. Effects of neurotrophins and their receptors on neuroblastoma cells. At left 
is an undifferentiated neuroblastoma cell. Favorable neuroblastoma cells generally 
express TrkA. Cells expressing TrkA in the presence of NGF will differentiate 
into a ganglion cell, and the corresponding tumor would become a benign ganglio
neuroma. In the absence NGF, the TrkA-expressing cells eventually undergo 
apoptosis. Unfavorable neuroblastomas, particularly those with MYCN amplifica
tion, express TrkB and its ligand BDNF. This provides an autocrine survival 
pathway that favors continued proliferation. 

associated with triggering PCD. Sometimes apoptosis is triggered in 
the presence of ligand; in other cases, it is the absence of ligand that 
leads to PCD. A neuroblastoma cell line was transfected with LNTR, 
and then showed a high level of cell death, especially in the absence 
of serum (11-). This increased tendency to undergo PCD was inhibited 
by NGF. There is evidence that NGF binding of p75 may lead to 
activation of NF-KB (10-). NGF was shown to induce neuronal cell 
death in another cell line after transfection with LNTR (8): Thus, this 
receptor may mediate either survival or cell death, depending on the 
cell type or the stage of neuronal differentiation (9). 

CD95IFas/APOl is also a member of the TNFR family of receptors. 
These receptors have been associated with the induction of PCD in the 
presence ofFas ligand (CD95L), and this cell death is mediated through 
a death domain. Current evidence suggests that engagement of CD95 
with CD95L is a common pathway for induction of apoptosis in a 
number of cell systems (Fig. 2). Indeed, chemotherapy-induced 
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Fig. 2. Diagrammatic representation of the CD95/CD95L pathway in neuroblasto
mas. Upregulation of the ligand or receptor (or both) in response to chemotherapy 
leads to activation of the signaling pathway, with activation of caspases, proteolytic 
cleavage ofPARP, downregulation of BcI-2 and BcI-XL• and, ultimately, apoptosis. 

apoptosis is mediated by upregulation of CD95L and interaction with 
CD95 in an autocrine or paracrine manner (see Apoptosis, CD95, and 
Response of Neuroblastomas to Chemotherapy; 12--). The downstream 
effectors for the apoptotic response are the caspases (see Expression 
and Function of Caspase Family Genes in Neuroblastomas). 

PCD AND Bcl-2 
IN THE DEVELOPING NERVOUS SYSTEM 

PCD plays a crucial role in the embryonic development of the nervous 
system (13). During neurogenesis, PCD occurs in defective and redun
dant cells, to create a permissive environment for axonal growth (14). 
Bcl-2, a protein that functions to inhibit apoptosis, is expressed in a 
developmentally regulated manner in neural tissue (J 5-17). Studies 
using cultured sympathetic neurons and embryonic sensory neurons 
have demonstrated Bcl-2 can protect cultured neural cells from 
apoptosis induced by withdrawal of NGF (15,18-). Bax appears to be 
required for this process to occur (19-). Agents that prevent PCD 
can rescue PC-12 pheochromocytoma cells from neurotrophic factor 
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deprivation (20). Bel-XL, an apoptosis-inhibiting member of the Bel-2 
family, can also rescue primary sympathetic neurons from apoptosis 
induced by NGF withdrawal (21). Thus, regulation of the entire 
Bel-2/Bax/Bel-XL family appears to be important in determining 
whether neural cells survive or die. 

EXPRESSION AND FUNCTION 
OF Bcl-2 FAMILY MEMBERS IN NEUROBLASTOMAS 

Several studies have found that Bel-2 is widely expressed in neuro
blastoma tumors (22-,23-27) and tumor-derived cell lines (28-,29-). 
Moreover, the level of Bel-2 expression in tumors is inversely related 
to the apoptotic index, as measured by morphologic assessments and 
terminal deoxynueleotidal transferase-mediated dUTP-biotin nick end 
labeling (TUNEL) assays of DNA fragmentation (23,27,29-,30,31). 
There have been conflicting reports about the relationship between 
Bel-2 expression and prognostic features associated with this disease. 
One group reported an association between Bel-2 expression, MYCN 
amplification, and unfavorable histology (25). Other investigations, how
ever, have failed to confirm these correlations (24,26). In neuroblastoma 
cell lines, both Bel-2 and Bel-XL (but not Bel-Xs) are expressed (28-). 
Bel-2 is primarily expressed in lines of chromaffin lineage; Bel-XL is 
expressed in both chromaffin and nonchromaffin lineage neuroblastoma 
cell lines (28-,29-). Generally, neuroblastoma cell lines that express 
high levels of one protein express lower levels of the other (28-). 

EXPRESSION AND FUNCTION 
OF CASPASE FAMILY GENES IN NEUROBLASTOMAS 

Caspases are cysteine proteases that play an important effector role 
in mediating PCD that has been initiated by a variety of other mecha
nisms. At least 10 caspases have been identified (caspase-l to caspase-
10), although each goes by one or several other names. The prototypic 
mammalian caspase is intedeukin-l-converting enzyme (ICE, or cas
pase-l), a homolog of the cysteine protease ced-3, which is a required 
protein for normal PCD during development of the nematode. Two 
groups have looked at the expression and function of selected caspases 
in neuroblastomas (32-,33). 

One group examined the expression of caspase-3 (also known as 
CPP32) in a neuroblastoma cell line, after exposure to staurosporin 
(Table 1), an agent known to induce PCD (33). They demonstrated 
proteolytic processing of caspase-3, intracellular relocation, and pro
cessing of the protein substrate poly-ADP-ribose polymerase (PARP) 
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Table 1 
Examples of Apoptosis-Inducing Agents and Their Mechanism of Action 

Agent 

Differentiating agents: retinoids 
9-cis-retinoic acid 
13-cis retinoic acid 
All trans retinoic acid 
Fenretinide 

DNA strand-breaking agents 
Cisplatin 
Doxorubicin 
Etoposide (VP-16) 
Cyclophosphamide (4HC) 

Protein kinase inhibitors 
Staurosporine 

Other 
Peroxynitrate 

Mechanism of action 

Mechanism unknown 

CD95ICD95-L 

Caspase activation 

PARP activation 

within 3-6 h after staurosporin exposure. The second group measured 
caspase-l, -2, and -3 in 52 primary neuroblastomas by Northern, West
ern, and immunohistochemistry, and/or compared these findings to 
other clinical and biological features (32-). They found high levels 
of expression and nuclear localization of caspase-l and caspase-3 in 
favorable neuroblastomas with high TrkA expression and no MYCN 
amplification. Furthermore, caspases-l and -3 were translocated to the 
nucleus in apoptotic cells, suggesting that these proteins were playing 
an important role in the peD occurring in neuroblastomas, and poten
tially with spontaneous regression occasionally seen in these tumors. 

RETINOIDS AND APOPTOSIS IN NEUROBLASTOMA 

An array of pharmacological agents with variable mechanisms of 
action can induce apoptosis in neuroblastoma cells in vitro (Table 1). 
Of this group, the most thorough understanding has emerged from 
studies on the retinoids. All-trans retinoic acid (ATRA) can induce 
neuroblastoma cells to differentiate or undergo apoptosis, depending 
on the cell phenotype (34-). Three phenotypic variants of neuroblastoma 
cells in culture have been described. N-type cells constitute the neuro
blastic phenotype. These cells have neuritic processes and display 
biochemical characteristics of neuronal cells. S-type cells are 
substrate-adherent, epithelial in phenotype, and display biochemical 
features of immature Schwann, glial, or melanocytic cells. The third 
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phenotypic variant is I-type cells, with intermediate morphology and bio
chemical features of both N- and S-type cells. S-type cells do not express 
Bcl-2, and are particularly sensitive to induction of apoptosis by ATRA. 
This is in contrast to N -type cells, which express Bcl-2, and are less sensi
tive to RA-induced apoptosis (35,36). Neuroblastoma cells that differen
tiate in response to RA are resistant to chemotherapy-induced apoptosis. 
This resistance is associated with upregulation of Bcl-2 (36). 

The effects of the retinoids are agent -specific and dose-dependent. 
13-cis RA is capable of slowing growth and inducing differentiation, 
at least in vitro. However, its effects on inducing PCD in neuroblastomas 
are less clear (34-,37). 9-cis RA is more effective than ATRA at inducing 
apoptosis in neuroblastoma cells (38). Successful induction of apoptosis 
by 9-cis RA requires that it be cleared from the cells by a washout 
technique in culture, which may have implications for in vivo dosing 
with this agent (38). Finally, there is a novel retinoid called N-(4-
hydroxyphenyl)retinamide (fenretinide), which appears to be particu
larly potent at inducing apoptosis (39,40). The mechanism through 
which the retinoids induce apoptosis has not been clearly defined. There 
have been no reports demonstrating activation of the caspase pathway 
in response to retinoids in neuroblastoma cells. 

APOPTOSIS, CD95, AND RESPONSE 
OF NEUROBLASTOMAS TO CHEMOTHERAPY 

A variety of DNA-damaging agents have been shown to induce 
apoptosis in neuroblastoma cells in vitro (28-,36,41"). Several studies 
have indicated that neuroblastoma cells undergo apoptosis in response 
to DNA-damaging agents after arrest in G21M of the cell cycle (42,43). 
Neuroblastoma cells treated with these agents show classic morphologic 
features of apoptosis and evidence of DNA damage. The CD95 system 
has recently been shown to mediate chemotherapy-induced apoptosis 
in neuroblastoma (12--). CD95, a member of the TNFR superfamily, 
triggers cell death in a variety of cell types. In neuroblastoma cells, 
doxorubicin, cisplatin, and etoposide induce expression of CD95, as 
well as the ligand, CD95L (Fig. 2; ]2--). Chemotherapy-induced 
apoptosis mediated by CD95 in neuroblastoma involves activation of 
ced-3-like proteases, resulting in cleavage ofPARP, an enzyme involved 
in DNA repair (12--). These results suggest that autocrine or paracrine 
activation of CD95/CD95L leads to a death response in neuroblastoma 
cells after treatment with these specific chemotherapeutic drugs. 
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Both Bcl-2 and Bcl-XL can modulate chemotherapy-induced 
apoptosis in neuroblastoma cells. Single-gene transfection studies have 
shown that deregulated expression of Bcl-2 or Bcl-XL in a dose-depen
dent manner can confer resistance to apoptosis induced by cisplatin or 
4-hydroxycyclophosphamide, and delay apoptosis induced by etopo
side (28-,41 .. ,44). 

Not all cytotoxic agents induce apoptosis by engaging CD95. Betu
linie acid (BA), a pentacyclic triterpene, induces apoptosis in a number 
of cell types, including neuroblastoma, and this appears to be indepen
dent of the CD95 and p53 pathways (45). BA-induced apoptosis is 
associated with increased caspase activity, enzymatic processing of the 
upstream caspase component, FLICE (caspase-8), and PARP cleavage. 
BA-induced apoptosis, however, is independent of CD95/CD95L acti
vation. BA-induced apoptosis is associated with induction of the 
apoptosis-facilitating proteins, Bax and Bcl-Xs. Both Bcl-2 and Bcl
XL can inhibit apoptosis induced by BA in a manner similar to its 
protection from DNA-damaging agents (12--). 

Caspase activation appears to be the final common pathway for 
induction of apoptosis by most agents. Staurosporin, an alkaloid inhibi
tor of protein kinases, is also able to induce apoptosis in neuroblastoma 
cells (46). Staurosporin-induced apoptosis is associated with proteolytic 
processing ofCPP32 (caspase-3), PARP activation, and PARP cleavage. 
In some systems, however, PARP activation is not always associated 
with proteolytic processing of PARP. Peroxynitrate (PN), which forms 
through a reaction of superoxide with nitrous oxide, has recently been 
shown to induce apoptosis in the NSC34 neuroblastoma spinal cord 
cell line (47). In this system, PN-induced apoptosis was associated 
with morphologic features of apoptosis and increased PARP immunore
activity, but there was no evidence of PARP cleavage. It has been 
suggested that PN induces DNA damage that stimulates PARP, which 
depletes intracellular energy stores, resulting in cell death (47). This 
possibility will require further investigation; however, these results 
suggest that additional pathways may function to mediate specific drug
induced apoptosis in neuroblastoma. 

Therapeutic strategies based on in vitro studies of neuroblastoma 
cells have led to several current clinical trials in patients with neuro
blastoma. Most notable are the protocols utilizing retinoie acid (RA) 
in the treatment of advanced stage disease, which are based on in vitro 
assays indicating RA can inhibit neuroblastoma proliferation. A phase 
1 trial utilizing 13 cis-RA following bone marrow transplantation for 
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Stage 4 neuroblastoma has suggested that the drug is well tolerated, 
with minimal toxicity (48), and its therapeutic efficacy is currently 
under investigation. 

An improved understanding of the molecular pathways controlling 
the survival/death response of neuroblastoma cells should provide in
sight into mechanisms that could ultimately be targeted for novel thera
peutic intervention. In support of this possibility are studies indicating 
that neuroblastoma cells, regardless of their Bcl-2 or Bcl-XL expression, 
are sensitive to induction of apoptosis by adenoviral-mediated expres
sion of the death-facilitating protein Bcl-Xs (44). The possibility of 
therapeutically engaging the death pathway directly is intriguing, but 
will require the development of targeted gene therapy approaches. 
Finally, therapeutic interventions aimed at either blocking the Trk li
gand-receptor interaction, or selectively inhibiting the Trk family of 
receptors, may provide a therapeutic approach that is more effective 
and less toxic than currently used chemotherapeutic agents. 

ACKNOWLEDGMENTS 

This work was supported in part by grants NS-34S14 (G.M.B.) and 
CA-69276 (V.P.e.) from the National Institutes of Health, and from 
the Audrey E. Evans Endowed Chair (G.M.B.). 

REFERENCES 

o of special interest 
00 of outstanding interest 

1. Brodeur GM, Castleberry RP. Neuroblastoma. In: Principles and Practice of 
Pediatric Oncology. Pizzo PA, Poplack DG, eds. 1. B. Lippincott; Philadelphia. 
1993; pp. 739-767. 

2. Brodeur GM, Maris JM, Yamashiro DJ, Hogarty MD, White PS. Biology and 
genetics of human neuroblastomas. J Pediatr Hematol Onco11997; 19: 93-101. 

3. Brodeur GM, Nakagawara A, Yamashiro DJ, Ikegaki N, Liu X-G, Lee CP, Evans 
AB. Expression of TrkA, TrkB, and TrkC in human neuroblastomas. J Neuro
Onc 1996; 12: 37--41. 

004. Nakagawara A, Arima-Nakagawara M, Scavarda NJ, Azar CG, Cantor AB, 
Brodeur GM. Association between high levels of expression of the TRK gene 
and favorable outcome in human neuroblastoma. New Engl J Med 1993; 328: 
847-854. 
First paper to demonstrate a relationship between high TrkA expression and 
favorable outcome in neuroblastomas. It also demonstrated that neurotrophin 
deprivation in high TrkA-expressing tumors could lead to PCD. 

005. Nakagawara A, Azar CG, Scavarda NJ, Brodeur GM. Expression and function 
ofTRK-B and BDNF in human neuroblastomas. Mol Cell Bioi 1994; 14: 759-767. 



Chapter 20 I Apoptosis in Neuroblastomas 315 

First report of TrkB expression in neuroblastomas and the first to suggest that 
the co-expression ofTrkB and BDNF may represent an autocrine survival pathway 
for aggressive neuroblastomas. 

6. Yamashiro DJ, Nakagawara A, Ikegaki N, Liu X-G, Brodeur GM. Expression 
of TrkC in favorable human neuroblastomas. Oncogene 1996; 12: 37-41. 

7. Ryden M, Sehgal R, Dominici C, Schilling FH, Ibanez CF, Kogner P. Expression 
of mRNA for the neurotrophin receptor trkC in neuroblastomas with favourable 
tumour stage and good prognosis. Br J Cancer 1996; 74: 773-779. 

8. Rabizadeh S, Oh J, Zhong L-T, Yang J, Bitler CM, Butcher LL, Bredesen 
DE. Induction of apoptosis by the low-affinity NGF receptor. Science 1993; 
261: 345-348. 

9. Barrett GL, Bartlett PF. The p75 nerve growth factor receptor mediates survival 
or death depending on the stage of sensory neuron development. Proc Natl Acad 
Sci USA 1994; 91: 6501-6505. 

·10. Carter BD, Kaltschmidt C, Kaltschmidt B, Offenhauser N, Bohm-Matthaei B, 
Baeuerle PA, Barde Y-A. Selective activation of NF-KB by nerve growth factor 
through the neurotrophin receptor p75. Science 1996; 272: 542-545. 
Demonstrated an important role for NF-KB signaling by NGF through the 
p75 receptor. 

·11. Bunone G, Mariotti A, Compagni A, Morandi E, Della Valle G. Induction of 
apoptosis by p75 neurotrophin receptor in human neuroblastoma cells. Oncogene 
1997; 14: 1463-1470. 
Demonstrated that expression of p75 may be important for the induction of 
apoptosis in neuroblastomas. 

12. Fulda S, Sieverts H, Friesen C, Herr I, Debatin KM. CD95 (APO-l/Fas) system 
mediates drug-induced apoptosis in neuroblastoma cells. Cancer Res 1997; 57: 
3823-3829. 
This important paper demonstrated the role of the CD95 pathway in mediating 
drug-induced apoptosis. Generally, it had been presumed that chemotherapy 
killed cells based on their mechanism of action, but many may die earlier as a 
result of activating the death program. 

13. Ellis R, Yuan Y, Horvitz H. Mechanisms and functions of cell death. Ann Rev 
Cell Bioi 1991; 7: 663-698. 

14. Oppenheim R. Cell death during development of the nervous system. Ann Rev 
Neurosci 1991; 14: 453-501. 

15. Garcia I, Martinou I, Tsujimoto Y, Martinou J-C. Prevention of programmed 
cell death of sympathetic neurons by the bcl-2 proto-oncogene. Science 1992; 
258: 302-305. 

16. Greenlund LJS, Korsmeyer SJ, Johnson EMJ. Role of BCL-2 in the survival 
and function of developing and mature sympathetic neurons. Neuron 1995; 
15: 649-661. 

17. Abe-Dohmae S, Harada NKY, Tanaka R. Bcl-2 gene is highly expressed during 
neurogenesis in the central nervous system. Biochem Biophys Res Comm 1993; 
191: 915-921. 

·18. Allsopp TE, Wyatt S, Paterson HF, Davies AM. Proto-oncogene bcl-2 can selec
tively rescue neurotrophic factor-dependent neurons from apoptosis. Cell 1993; 
73: 295-307. 
Bcl-2 was shown to be important in preventing apoptosis caused by neurotrophin 
deprivation in neuronal cells. 



316 Brodeur and Castle 

-19. Deckwerth TL, Elliot JL, Knudson CM, Johnson EMJ, Snider WD, Korsmeyer 
SJ. BAX is required for neuronal death after trophic factor deprivation and during 
development. Neuron 1996; 17: 401-411. 
Bax was shown to be an important mediator of apoptosis caused by neurotrophic 
factor deprivation in neuronal cells. 

20. Batistatou A, Greene L. l-Aurintricarboxylic acid rescues PC-12 cells and sympa
thetic neurons from cell death by nerve growth factor deprivation: correlation 
with suppression of endonuclease activity. J Cell Bioi 1991; 115: 461-471. 

21. Gonzalez-Garcia M, Garcia I, Ding L, O'Shea S, Boise LH, Thompson CB, 
Nunez G. Bcl-x is expressed in embryonic and postnatal neural tissues and 
functions to prevent neuronal cell death. Proc Natl Acad Sci USA 1995; 92: 
4304-4308. 

-22. Hoehner JC, Hedborg F, Wiklund HJ, Olsen L, Pahlman S. Cellular death in 
neuroblastoma: In situ correlation of apoptosis and bcl-2 expression. Int J Cancer 
1995; 62: 19-24. 
Showed an inverse correlation between Bel-2 expression and apoptosis in neuro
blastoma tumor samples, and a gradient related to the tumor blood supply. 

23. Hoehner JC, Gestblom C, Olsen L, Pahlman S. Spatial association of apoptosis
related gene expression and cellular death in clinical neuroblastoma. Br J Cancer 
1997; 75: 1185-1194. 

24. Ramani P, Lu QL. Expression of bcl-2 gene product in neuroblastoma. J Pathol 
1994; 172: 273-278. 

25. Castle VP, Heidelberger KP, Bromberg J, Ou X, Dole M, Nunez G. Expression 
of the apoptosis-suppressing protein bcl-2 in neuroblastoma is associated with 
unfavorable histology and N-myc amplification. Am J Pathol 1993; 143: 
1545-1550. 

26. Ikegaki N, Katsumata M, Tsujimoto Y, Nakagawara A, Brodeur GM. Relationship 
between bcl-2 and myc gene expression in human neuroblastoma. Cancer Let 
1995; 91: 161-168. 

27. Ikeda H, Hirato J, Akami M, Matsuyama S, Suzuki N, Takahashi A, 
Kuroiwa M. Bcl-2 oncoprotein expression and apoptosis in neuroblastoma. J 
Pediatr Surg 1995; 30: 805-808. 

-28. Dole MG, Jasty R, Cooper MJ, Thompson CB, Nunez G, Castle VP. Bcl-xL is 
expressed in neuroblastoma cells and modulates chemotherapy-induced 
apoptosis. Cancer Res 1995; 55: 2576-2582. 
Demonstrated that expression of the apoptosis suppressing protein Bel-XL helps 
to protect cells from chemotherapy-induced apoptosis. 

-29. Reed JC, Meister L, Tanaka S, Cuddy M, Yum S, Geyer C, Pleasure D. Differential 
expression of bcl2 protooncogene in neuroblastoma and other human tumor cell 
lines of neural origin. Cancer Res 1991; 51: 6529--6538. 
First report of differential Bcl-2 expression in neuroblastomas and related tumors. 

30. Hanada M, Krajewski S, Tanaka S, Cazals-Hatem D, Spengler BA, Ross RA, 
Biedler JL, Reed Je. Regulation of bcl-2 oncoprotein levels with differentiation 
of human neuroblastoma cells. Cancer Res 1993; 53: 4978-4986. 

31. Oue T, Fukuzawa M, Kusafuka T, Kohmoto Y, Imura K, Nagahara S, 
Okada A. In situ detection of DNA fragmentation and expression of bcl-2 in 
human neuroblastoma: relation to apoptosis and spontaneous regression. J Pediatr 
Surg 1996; 31: 251-257. 



Chapter 20 I Apoptosis in Neuroblastomas 317 

032. Nakagawara A, Nakamura Y, Ikeda H, Hiwasa T, Kuida K, Su MS, et al. High levels 
of expression and nuclear localization of interleukin-l beta converting enzyme (ICE) 
and CPP-32 in human neuroblastomas. Cancer Res 1997; 57: 4578-4584. 
First report characterizing patterns of expression of caspase family members in neu
roblastomas, and relating this to evidence of apoptosis in these tumors. 

33. Posmantur R, McGinnis K, Nadimpalli R, Gilbertsen RB, Wang KK. Character
ization of CPP32-like protease activity following apoptotic challenge in SH
SY5Y neuroblastoma cells. J Neurochem 1997; 68: 2328-2337. 

034. Melino G, Thiele CJ, Knight RA, Piacentini M. Retinoids and the control of growth! 
death decisions in human neuroblastoma cell lines. J Neuro-OncoI1997; 31: 65-83. 
Describes the importance ofretinoids in regulating neuroblastoma cell survival. 

35. Melino G, Annicchiarico-Petruzzelli M, Piredda L, Candi E, Gentile V, Davies 
PJ, Piacentini M. Tissue transglutarninase and apoptosis: sense and antisense 
transfection studies with human neuroblastoma cells. Mol Cell Bioi 1994; 14: 
6584-6596. 

36. Lasorella A, Iavarone A, Israel MA. Differentiation of neuroblastoma enhances 
bcl-2 expression and induces alterations of apoptosis and drug resistance. Cancer 
Res 1995; 55: 4711-4716. 

37. Melino G, Draoui M, Bellincampi L, Bernassola F, Bernardini S, Piacentini M, 
Reichert U, Cohen P. Retinoic acid receptors alpha and gamma mediate the 
induction of "tissue" transglutarninase activity and apoptosis in neuroblastoma 
cells. Exp Cell Res 1997; 235: 55-61. 

38. Lovat PE, Irving H, Annicchiarico-Petruzzelli M, Bernassola F, Malcolm AJ, 
Pearson AD, Melino G, Redfern C. Apoptosis of N-type neuroblastoma cells 
after differentiation with 9-cis-retinoic acid and subsequent washout. J Natl 
Cancer Inst 1997; 89: 446-452. 

39. Di Vinci A, Geido E, Infusini E, Giaretti W. Neuroblastoma cell apoptosis induced 
by the synthetic retinoid N-(4-hydroxyphenyl)retinarnide. Int J Cancer 1994; 
59: 422-426. 

40. Ponzoni M, Bocca P, Chiesa V, Decensi A, Pistoia V, Raffaghello L, Rozzo C, 
Montaldo PG. Differential effects ofN-( 4-hydroxyphenyl)retinarnide and retinoic 
acid on neuroblastoma cells: apoptosis versus differentiation. Cancer Res 1995; 
55: 853-861. 

0041. Dole MG, Nunez G, Merchant AK, Maybaum J, Rode C, Bloch C, Castle VP. 
Bcl-2 inhibits chemotherapy-induced apoptosis in neuroblastoma. Cancer Res 
1994; 54: 3253-3259. 
This important paper demonstrated the role that Bcl-2 plays in preventing 
apoptosis in response to chemotherapy. This showed that Bcl-2 not only protected 
cells from physiological mechanisms of PCD, but that it could also protect cells 
from chemotherapy-induced apoptosis. 

42. Piacentini M, Fesus L, Melino G. Multiple cell cycle access to the apoptosis 
death programme in human neuroblastoma cells. Fed Eur Biochem Soc 1993; 
320: 150-154. 

43. Cece R, Barajon I, Tredici G. Cisplatin induces apoptosis in SH-SY5Y human 
neuroblastoma cell line. Anticancer Res 1995; 15: 777-782. 

44. Dole MG, Clarke MF, Holman P, Benedict M, Lu J, Jasty R, et al. Bcl-xS 
enhances adenoviral vector-induced apoptosis in neuroblastoma cells. Cancer 
Res 1996; 56: 5734-5740. 



318 Brodeur and Castle 

45. Fulda S, Friesen C, Los M, Scaffidi C, Mier W, Benedict M, et al. Betulinic 
acid triggers CD95 (APO-IlFas)-and p53-independent apoptosis via activation 
of caspases in neural tumors. Cancer Res 1997; 57: 4956-4964. 

46. Boix J, Llecha N, Vj Y, Comella 1. Characterization of the cell death process 
induced by staurosporine in human neuroblastoma cell lines. Neuropharmacology 
1997; 36: 811-821. 

47. Cookson M, Ince P, Shaw P. Peroxynitrite and hydrogen peroxide induced cell 
death in the NSC34 neuroblastoma spinal cord cell line: role of poly (ADP
ribose) polymerase. J Neurochem 1998; 70: 501-508. 

48. Villablanca JG, Kahn AA, Avramis VI, Seeger RC, Matthay KK, Reynolds CP. 
Phase I trial of 13-cis-retinoic acid in children with neuroblastoma following 
bone marrow transplantation. J CUn Onco11995; 13: 894-901. 



21 Response of Testicular Tumors 
to Chemotherapy 
Relative Role of Drug-DNA Interactions 
and Apoptosis 

Christine M Chresta, PhD 

CONTENTS 

ABSTRACT 

INTRODUCTION 

CHARACTERISTIC GENETIC ALTERATIONS IN GCT: 

ORIGIN OF GCTs AND KARYOTYPE ANALYSIS 

DRUG SENSmVITY OF GCT: RELATIVE ROLES OF 

DRUG DNA INTERACTIONS AND SUSCEPTIBILITY TO 

ApOPfOSIS 

CELLULAR RESPONSE TO DNA DAMAGE 

ApOPfOSIS AND GENES THAT REGULATE CELL DEATH 

P53 
BCL-2 FAMILY MEMBERS 

CONCLUSIONS AND OUTLOOK 

REFERENCES 

ABSTRACT 

Testicular germ cell tumors (GeT) are one of the few solid tumors that 
can be cured by chemotherapy, even when metastatic. The success of 
therapy is probably related to the unusual susceptibility of this tumor 
type to undergo apoptosis. The DNA damage threshold for drug
induced apoptosis is very low and the kinetics of programmed cell 
death are unusually rapid, being more similar to those ofhematologi
cal malignancies than those of other solid tumors. This chapter 
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Table 1 
Anticancer Agents that Have Produced Complete Responses 

in Testicular Germ Cell Tumors 

Drug Mechanism of action Ref and date 

Actinomycin D ± Transcription (1), 1960 
Methotrexate or Antimetabolite 
Chlorambucil Alkylation/crosslink 
Bleomycin Free radical SSB and DSB (35), 1980 
Vinblastine Microtubule (destabilizer) 
Cisplatin ± Platination/crosslink (36), 1974 
Bleomycin (37), 1977 
Vinblastine 
Etoposide ± Topoisomerase II poison (38), 1980 
Cisplatin (39), 1987 
Bleomycin 
Taxol Microtubule (stabilizer) (40), 1996 

Summary of some of the clinical trials that have resulted in complete responses in 
patients with testicular GeTs. It demonstrates that this disease is responsive to agents 
of many different mechanisms of action so that Taxol, cisplatin, and etoposide have 
all shown activity against this disease as single agents. 

outlines the genetic alterations that occur during conversion of the 
normal germ cell into a pluripotential tumor, and discusses how they 
could contribute to drug sensitivity. It also analyzes the relative roles 
that drug-DNA interactions and apoptosis play in chemosensitivity. 
Recent studies employing isogenic cell line pairs of GeTs differing 
in expression of p53, and the Bcl-2 family members show that these 
proteins play an important role in both drug-induced apoptosis and 
long-term loss of reproductive potential in this disease. 

INTRODUCTION 

Testicular cancer has been a model for a curable neoplasm since 
1960 (1). Unlike other common solid tumors, the majority of male 
germ cell tumors (GCTs) can be cured by chemotherapy, even when 
metastatic. Early clinical studies provide important clues to the basis 
of drug sensitivity. The reader is encouraged to refer to the recent 
review by Einhorn (2-), whose seminal work on cisplatin resulted in 
a major improvement in treatment of this disease. Clinical studies 
highlight that, although cisplatin is probably the most effective drug 
against testicular tumors, the sensitivity of GCTs is not limited to 
platinating and crosslinking agents (Table 1). Testicular tumors have 
also been cured by DNA strand-break-inducing agents and microtubule 
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poisons. This collateral sensitivity to diverse agents suggests that sensi
tivity is not likely to be related to a particular drug-repair pathway or 
target protein. Rather, these studies suggest perturbation of the cell is 
sensed and coupled to activation of cell death at a lower threshold than 
seen in more resistant tumor types. 

Several laboratories are attempting to determine if GCTs have unique 
genetic changes/defects that contribute to tumor formation and the 
chemosensitivity. Obviously, such genetic alterations could provide a 
vital target for drug hunters to improve therapy in more chemoresistant 
solid tumors. This chapter focuses on the genetic and phenotypic alter
ations in GCTs that could contribute to the unusually chemosensitive 
phenotype, concentrating, first, on in vivo data, and second, on data 
from model systems in vitro. 

CHARACTERISTIC GENETIC ALTERATIONS IN GCT: 
ORIGIN OF GCTS AND KARYOTYPE ANALYSIS 

Testicular GCTs and the premalignant lesion, carcinoma in situ (CIS), 
arise from primordial germ cells, which are the direct precursors of 
sperm. Malignant transformation of germ cells can result in develop
ment of seminomas, which resemble primordial germ cells, or of non
seminomatous GCTs, which exhibit embryonal-like differentiation 
patterns. 

All GCTs, including CIS, have an unusual karyotype: They are 
polyploid, ranging in chromosome number from hyperdiploid to tetra
ploid ( 3,4). These features of genetic instability and polyploidy indicate 
that there may be defects in cell-cycle checkpoints, resulting in a lack 
of fidelity during DNA replication and cell division. The two most 
characteristic chromosomal abnormalities in GCTs are trisomy of the 
long arm of chromosome 1 and one or more copies of an isochromosome 
i(l2p). This isochromosome results in multiple copies of genes on the 
short arm of chromosome 12, and, in some cases, reduced copies of 
the long arm 12q (3). Chaganti et al. (5,6) have identified several 
candidate oncogenes on i(12p), including c-ki-ras-2 and cyclin D2. It 
is not yet known if the increased copy number of these genes contributes 
to tumorigenesis, although it is possible that overexpression of cyclin 
D2 could perturb cell cycle control through complexing with the cyclin
dependent kinases 4 and 6, which inactivate Rb. This would allow cells 
to proliferate with damaged DNA, and could result in genetic instability 
in GCTs. In theory, it could also enhance drug sensitivity, if cells 
damaged by chemotherapy fail to arrest at checkpoints. The author will 
return to this point later in relation to in vitro studies. 
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Other unique features of testicular tumors are the genetic alterations 
that do not occur during tumorigenesis. In contrast to the majority of 
solid tumors, mutations are rarely found in the p53 or pRb genes, 
although the expression of both these proteins is altered (7). Rb protein 
expression is very low, but the expression of wt p53 protein is unusually 
high (6,8-12). Recent studies of the small percentage of patients with 
relapsed disease have uncovered the presence of an increased frequency 
of p53 mutations in this subset of patients, suggesting wt p53 probably 
contributes to susceptibility of GCTs to therapy (13"). This is supported 
by a study of cell lines derived from these tumors with mutant p53, 
which were found to be resistant to drug-induced apoptosis (13"). 

Unlike ectopically overexpressed wild-type p53, the p53 of GeTs is 
controlled. High levels of p53 in GeTs does not result in corresponding 
overexpression of p53-dependent genes (14,15-). In fact, the p53-depen
dent, cyelin-dependent kinase inhibitor, p21, which in several situations 
has been demonstrated to inhibit p53-dependent apoptosis (16,17-), is 
expressed at very low levels in GCTs (6,14). This inverse relationship 
between p53 and p21 expression could be related to the exquisite 
apoptosis susceptibility of this tumor type. 

DRUG SENSITMTY OF GCT: 
RELATIVE ROLES OF DRUG DNA INTERACTIONS 

AND SUSCEPTIBILITY TO APOPTOSIS 

Over the past decade, each of the steps involved in drug action have 
been investigated in model systems of GCTs. In some studies, GCTs 
were compared to drug-resistant solid tumors (bladder and colon carci
noma), and, in others, GCT cell lines ranging in drug sensitivity 
were analyzed. 

The drug cisplatin provides an interesting case study. Initial plati
nation of DNA is, paradoxically, lower in GCTs than in more resistant 
bladder and colon tumors (18-20). This suggests that enhanced drug 
uptake or reduced detoxification are not the basis of the unusual chemo
sensitivity of GCTs (18,21). However, the majority of GeT cell lines 
display a reduced capacity to remove cisplatin-induced intra- and in
terstrand crosslinks (18,20,22). The persistence of the adducts appar
ently results from a defect in the incision step of nueleotide excision 
repair (NER) (23"). However, two findings suggest a defect in NER 
is not the sole reason for drug sensitivity in GCTs. First, some GCT 
cell lines (denoted by a star in Fig. lA) exhibit normal repair, yet are 
still hypersensitive to cisplatin (18-20,22). Second, although defects 
in NER could enhance cell killing by cisplatin and alkylating agents, 
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Fig. 1. Lack of correlation between DNA damage and death. (A) Comparison of 
loss of viability (IC50) and percent cisplatin DNA adducts remaining in TGCT 
and TCC cell lines following 24 (circle) or 48 h (square) incubation in drug-free 
medium. DNA damage was measured either by atomic absorption spectroscopy 
or antibodies to cisplatin DNA adducts. Cytotoxicity was assessed by colony 
formation. Each point represents an individual cell line. The GCTs are represented 
by open symbols and the bladder tumors by closed symbols. Data is summarized 
from refs. 19, 20, and 22. *There are two GCT cell lines that show similar repair 
capacity to TCCs, but still show enhanced sensitivity (19,20,22). (B) Comparison 
of DNA strand breaks produced by the indicated concentrations of etoposide 
(circles) and bleomycin (triangles), with the loss of viability produced by the 
same concentrations of these agents. DNA damage measured by alkaline elution 
is expressed in rad equivalents, and viability assessed by colony fonnation is 
expressed as a percentage relative to the untreated control. Each point represents 
an individual cell line. The GCTs are represented by open symbols and the bladder 
tumors by closed symbols. Data for etoposide are from ref. 14-. 

it would be unlikely to explain the collateral sensitivity to 'Y-irradiation, 
bleomycin, and etoposide. As can be seen in Fig. IB, concentrations 
of etoposide or bleomycin that result in similar levels of DNA damage 
(400-500 rad equivalents) in GCTs, and in transitional carcinoma of 
the bladder (TCC), consistently resulted in much greater loss of viability 
in GCTs (Fig. lB). Furthermore, in contrast to the studies with cisplatin, 
there is no evidence for a defect in repair of DNA strand breaks 
(C. M. Chresta, unpublished data). 

Taken together, the clinical and in vitro evidence of collateral sensi
tivity to multiple agents suggest that it is the response to DNA damage 
(the downstream events) that differs in GCT, and results in such extreme 
chemosensitivity. This has recently been examined, and is discussed 
in detail below. 
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CELLULAR RESPONSE TO DNA DAMAGE 

Following drug treatment, the cancer cell has two possible fates: to 
arrest in cell cyele, repair damage, then continue to divide; or to die with 
or without attempt to repair. The fate is to some extent determined by the 
level of damage suffered by the cell. However, as can be seen in Fig. 1B, 
cell death is activated at lower levels of DNA damage in GCTs than 
in resistant cell types. Why is the threshold of cell death lower? One 
possibility is that GCTs do not arrest at cell-cyele checkpoints. It has been 
found that, after etoposide treatment, GeTs fail to arrest at the 
GlIS border, and Rb remains hyperphosphorylated (inactivated) (14). 
Evasion of this checkpoint may occur for two reasons. First, GCTs do 
not significantly upregulate p21 protein following DNA damage (14). 
Since the stoichiometry of p21 to the cyelin-dependent kinase (CDK) 
complex is important for inhibition of the CDK, low levels of p21 could 
explain the lack of G 1 checkpoint in this cell type. Alternatively, overex
pression of D2-type cyelins, resulting from the presence of isochromo
some 12p (see above), could result in activation of CDKs and override 
the G 1 checkpoint (6). Low levels of p21 are related to less-differentiated 
types of GCT, and appear to be inversely correlated to the expression of 
cyelin-D2 (6). Low levels of p21 could also contribute to chemosensitiv
ity, as has been reported in colon tumors (17-,24). 

APOPTOSIS AND GENES 
THAT REGULATE CELL DEATH 

GCTs undergo rapid apoptosis in response to chemotherapy (14,25). 
In contrast to the majority of solid tumors, which undergo a stable cell
cyele arrest, and then commence apoptosis 24--48 h after drug treatment, 
GCTs activate apoptosis as early as 4 h after drug treatment. Huddart 
et al. (25) noted that cisplatin (15 IJ.M) results in activation of apoptosis 
6-9 h after drug treatment, and that, by 24 h, >90% of cells were 
dead. Apoptosis and loss of reproductive potential occurs in GeTs at 
levels of DNA damage that are actually sublethal to most tumor types 
( 14). However, the important questions are, "Why are GeTs exquisitely 
sensitive to apoptosis?" and "Is apoptosis susceptibility important for 
long-term survival?" As discussed in Chapter 1, susceptibility to 
apoptosis does not always correlate with loss of long-term viability. 

p53 

One possible basis for the unusual apoptosis susceptibility of GCTs 
is the presence of wild-type p53. Extremely high levels of wild-type 
p53 protein are maintained in testicular tumors. However, the p53 is 
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not inactive: When the cells are challenged with a DNA-damaging 
agent, p53 becomes transcriptionally active (13-15-). 

Several studies have attempted to determine if p53 is important for 
apoptosis susceptibility in GeTs. Some have compared cell lines derived 
from different patients; others employ cell lines derived from murine 
testicular tumors. The murine studies, which compared wt p53-express
ing teratocarcinomas to those from p53-deletion mutant mice, were all 
in agreement that p53 is required for drug-induced apoptosis (15-,26). 
Lutzker and Levine (15-) initially demonstrated that p53 was required 
for etoposide-induced apoptosis, and Zamble et al. (26) subsequently 
demonstrated cisplatin-induced apoptosis was also p53-dependent. The 
results from studies of human testicular tumor cell lines are more 
controversial. A study by Houldsworth et al. (13") supported a role 
for p53: Cell lines that express mutant p53 (derived from tumors of 
relapsed patients) were resistant to cisplatin-induced apoptosis. How
ever, Burger et al. (27,28) have shown that a GCT cell line (NCCIT), 
with mutant p53, is sensitive to cisplatin-induced apoptosis, but another 
(2102EP), with wtp53, is apoptosis-resistant. This controversy probably 
results from variability in the genetic background of the tumors. The 
importance of p53 will not be truly dissected until cells differing only 
in p53 status are derived and analyzed in xenograft models. It is impossi
ble to rule out the importance of a gene that controls apoptosis by 
merely comparing nonisogenic lines: These cells probably differ in 
expression of several proteins involved in the numerous steps on the 
pathway to cell death. The most significant finding is that p53 mutations 
occur more frequently (20% of cases) in the tumors of the small subset 
of patients, who do not respond to therapy. This supports a potentially 
important role for p53 in chemosensitivity in the clinic (13"). 

Another area of controversy (see Chapters 1-3) is whether p53 status 
and apoptosis susceptibility affect long-term survival. The only study 
on this subject in GCTs thus far used murine teratocarcinoma cell lines 
treated with cisplatin (26). Despite immense differences in susceptibility 
to apoptosis, the p53 wild-type and negative cells did not show differ
ences in a clonogenic survival assay. However, there are two points to 
note before deciding that p53 plays no role in chemosensitivity in this 
disease. First, clonogenic assays do not always reflect the in vivo 
response of tumors to therapy: In some situations, apoptosis assays 
have been a better predictor of in vivo response (17-,29). Second, results 
with cisplatin may differ from those with other agents, because p53 is 
involved in repair of cisplatin damage. In several situations, p53 has 
been shown to protect cells from cisplatin cytotoxicity, because p53-
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dependent genes enhance nucleotide excision repair. These opposing 
effects of p53 on drug sensitivity may confound assays of long-term 
survival (30-32). 

BCL-2 FAMILY MEMBERS 

A second factor that could account for the low threshold of drug
induced apoptosis is whether regulators of apoptosis, such as the 
Bcl-2 family members, are differentially expressed or activated in testic
ular tumors. GCTs in culture have a high Bax:Bcl-2 ratio, compared 
to resistant tumors, and it has been suggested this could contribute to 
chemosensitivity (14). In support of this hypothesis, studies of clinical 
samples have shown underexpression of Bax in drug-resistant GCTs 
(13"). In addition, studies of ovarian germ cells have shown Bax to 
play an essential role in the response to chemotherapy (33-). However, 
as yet, an actual requirement for Bax in the drug response of testicular 
GCTs has not been tested. 

Low Bcl-2 expression, or its complete absence, has been noted in 
both cell line models and clinical samples of GCTs (11,12,14,27,28,34). 
To determine directly if low levels of Bcl-2 affected chemosensitivity, 
Bcl-2 was expressed ectopically in the GeT cell line 833K. Paradoxi
cally, overexpression of Bcl-2 in GCTs does not confer drug-resistance, 
but, instead, increased drug sensitivity. Drug-induced apoptosis and 
loss of cloning potential are both augmented by overexpression of 
Bcl-2. This suggests that in the germ cell setting Bcl-2 may be regulated 
differently, and is unable to confer a survival advantage. In contrast, 
Bcl-XL does confer drug resistance in the GCTs (34). These findings 
indicate that comparison of Bcl-2 expression in nonisogenic cell lines 
by immunoblotting may not predict the activity of Bcl-2, and may 
explain some of the controversial findings in this field (27,28). 

CONCLUSIONS AND OUTLOOK 

In vivo and in vitro studies have shown GCTs to be collaterally 
sensitive to activation of apoptosis by many agents. The recent findings 
of p53 mutations and low Bax expression in drug-resistant patients 
supports the idea of a role for these proteins in drug sensitivity. Defects 
in nucleotide excision repair may also enhance the response of GCTs 
to cisplatin. It will be of interest to determine whether the molecular 
defect responsible for inefficient NER is present in the tumors of 
patients that relapse. Potentially, this defect could be used as a marker 
to design therapy with agents unaffected by NER, such as taxol and 
etoposide. The proapoptotic activity of Bcl-2 in the GeT cell line 833K 
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was surprising (34), and it suggests the possibility that survival signaling 
pathways may be differentially affecting the activity of Bcl-2 family 
members in this tumor type. Obviously, how the activity of these 
proteins is controlled is of immense importance for treatment of resistant 
tumors. To convert overexpressed antiapoptotic Bcl-2 to inactive or 
proapoptotic Bcl-2 would be extremely useful in anticancer therapy. 
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CONCLUDING REMARKS 

Has the Information Explosion on Apoptosis Affected 
Clinical Practice? 

Much has been learned and written on cell death via apoptosis in the 
last several years. Has this knowledge been "translated" into clinical 
practice? Clearly there is an awareness among oncologists that some 
tumors, particularly lympoid tumors, as well as certain other chemosen
sitive tumors, e.g., testicular tumors or "Wilms" tumor, choose to die 
when confronted with DNA damage caused by X-rays or chemothera
peutic agents, explaining the high cure rates in these diseases. As 
described in this book, apoptosis involves activation of caspases medi
ated by different signals among them interaction to Fas ligand with the 
Fas receptor. 

In one subset of lymphomas, indolent or "low-grade" lymphoma 
(nodular or diffuse small cell lymphoma), elevated levels of Bcl-2, an 
antiapoptotic molecule, may be a major cause oflack of curability of this 
disease, or perhaps these cells find a "survival niche" as described in one 
of the chapters in this book. This molecule and its family members, in 
work reviewed in several ofthe chapters here, may also explain in part 
why certain other tumors, e.g., colon cancers, do not readily apoptose 
after chemotherapy treatment, but can survive this insult and repair criti
cal DNA damage. The role ofBcl-2 in preventing apoptosis has led to a 
major effort to downregulate Bcl-2 in tumors, mainly by introducing 
antisense molecules into tumor cells, with some encouraging results in 
low-grade lymphomas. It remains to be seen if this simple strategy will 
overcome the inherent resistance of solid tumors that express Bcl-2 to 
chemotherapy. 

Major culprits in lack of solid tumor sensitivity to chemotherapy also 
include the presence ofp53 mutants, nonfunctional pRb, or both abnor
malities. In most studies these abnormalities are associated with poor 
prognosis, and perhaps decreased sensitivity to chemotherapeutic agents. 
Paclitaxel may be an exception to this statement. Restoring wild-type 
p53 or pRb to tumor cells with these defects slows tumor growth and 
results in apoptosis, and surviving tumor cells appear to be more sensi
tive to drugs. These strategies are now being pursued with enthusiasm in 
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the clinic, but patients usually die from disseminated disease, and the 
problem of getting these genes into all cancer cells has not yet been 
solved. Our own studies show that cells lacking pRb and with mutant p53 
upregulate DNA synthesis target enzymes (dihydrofolate reductase, 
thymidylate synthase) as a consequence of increased levels ofE2F, not 
sequestered by hypophosphorylated pRb (1). Paradoxically, transfected 
cells overexpressing E2F-l are more sensitive to the Topo II inhibitor 
doxorubicin (2). The picture remains complex and difficult to translate 
easily to the clinic. 

What about other tumors that harbor p 16 and p 19 deficiencies or ras 
mutations, or overexpress cyclin D 1 ? Inhibitors of ras farnesylation are 
currently in early clinical trial, and the outcomes of these trials are 
eagerly awaited. What about the effect of mismatch repair deficiency on 
radiation and chemosensitivity? All of these questions are being 
addressed and could have an important impact on how we treat cancer 
patients. One outcome of these studies would be to be able to stratify 
patients and select therapy based on their genetic makeup. A perhaps 
more important and ultimate goal would be to find the Achilles heel for 
each tumor, and trick it into committing suicide via apoptosis, or perhaps 
even better, to deliver an apoptosis-producing molecule selectively tar
geted to tumor cells. 

Clearly, next decade will be an exciting one, and novel and more 
selective treatments for cancer patients will be generated. Much more 
has to be learned about apoptosis and nonapoptotic cell death, but the foun
dation for translation of these advances to the clinic is nearing completion. 

Joseph R. Bertino, MD 
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