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Abstract Apoptosis is conventionally regarded as an anti-cancer mechanism that
eliminates or prevents mutant cell expansion necessary for tumor development and
progression. However, evidence for the paradoxical role of apoptosis in tumor
progression is accumulating. In this chapter, we describe the mechanisms by which
apoptosis serves as a vehicle for accumulating genomic instability to promote
malignant progression of tumors, and show a direct association between apoptosis
and tumor progression in clinical settings. The negative therapeutic implications of
increased apoptosis on clinical outcome and the need to inhibit apoptosis or dis-
able proliferation in apoptotic tumors are discussed.
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Introduction

Apoptosis represents a major mechanism by which tissue maintains homeostasis.
Apoptosis also plays an important role in protecting tissues against tumorigenesis
and malignant conversion. Cell loss occurs once tumors have grown more than a
few million cells [1, 2]. Intracellular stresses such as hypoxia, nutrient deprivation,
telomere shortening, and cell elimination by the host immune system are thought
to contribute to steady attrition of a portion of cancer cells in solid tumors [3–5].
A hypothetical link between apoptosis and tumorigenesis has been described by
Hanahan and Weinberg [6]. According to their model, the process of tumorigen-
esis and malignant conversion forces expression of proapoptotic factors that assist
with elimination of ‘mutant’ cells and protection from transformation. Thus,
mechanisms contributing to acquired resistance to apoptosis serve as a potential
mechanism for cell survival and neoplastic conversion.

For cells to acquire the ability for limitless replicative potential or resistance to
apoptosis, cells need to uncouple their growth/proliferation programs from envi-
ronmental signals. It is, however, becoming abundantly clear that there are situations
in which tumor cells undergo programmed cell death under conditions of optimal
growth stimulation and in the absence of environmental stress. In these tumors, the
apoptosis program is wired independently of cell–cell and cell-environmental
communications. Interestingly, despite the proficiency for spontaneous cell death,
the surviving tumor cells exhibit increased ability for malignant progression. This
suggests that the very same process used for protecting cells against malignant
conversion can contribute to greater vulnerability to malignancy. In metastatic
melanoma, spontaneous regression of individual metastatic deposits is seen
throughout the life history of the disease, yet the final outcome is usually death [7].
Similarly, spontaneous regression has been reported in metastatic renal carcinoma,
neuroblastoma, colorectal carcinoma, and a wide range of solid tumors [8], sug-
gesting that spontaneous cell loss is not an infrequent event. Yet, despite the loss of
tumor cells, the final outcome is not often favorable. The fact that cell loss can occur
in vitro under optimal growth and normoxic conditions suggests that cell loss seen
in vivo is not necessarily due to nutrient deprivation or hypoxia but rather these
tumor cells are intrinsically programmed to undergo apoptosis.

Causes of spontaneous death. Spontaneous loss of cells occurring in the
absence of extracellular factors suggests that the fully transformed cells may be
intrinsically unstable due to specific genetic abnormalities, and that in the process
of achieving stability they undergo apoptotic cell death. Factors responsible for
spontaneous apoptosis in tumors are diverse. In some tumors apoptotic cells are
found near foci of confluent necrosis suggesting that mild ischemia may contribute
to the initiation of apoptosis. The release of cytokines such as TNF-a by infiltrating
macrophages is regarded as one of the contributing factors. The extrinsic or death
receptor pathway of apoptosis involves stimulation of external surface receptors by
FasL and TRAIL leading to activation of caspase-8. In the intrinsic or mito-
chondrial pathway, proapoptotic signals meet at the mitochondria with resultant
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loss of the mitochondrial membrane potential, release of cytochrome c and acti-
vation of the caspase-9 signaling cascade [9, 10]. The intrinsic pathway is regu-
lated by members of the Bcl-2 family that have either antiapoptotic (Bcl-2, Bcl-xL,
Bcl-W, Mcl-1) or proapoptotic (Bax, Bim, Bak, Bid) function. The p53 tumor
suppressor protein functions in apoptosis by transcriptional upregulation of genes
(e.g., Bax, PUMA) that are directly involved in apoptosis [11, 12]. Both apoptotic
pathways converge on the same execution pathway resulting in the activation of
caspase-3, DNA fragmentation and formation of apoptotic bodies. Tumor cells
exhibit resistance to apoptosis through overexpression of FLIP, reduced expression
of CD95, TRAIL DR4 or DR5 receptors, or by overexpression of IAPs or altered
expression of the Bcl-2 family members [10].

Paradoxical role of Bcl-2 and Bax in tumor progression. Upregulation of
Bcl-2, Bcl-xL, and Mcl-1 are associated with inhibition of apoptosis; however,
their expressions do not often correlate strictly with poor clinical prognosis
[13, 14]. In breast cancer, Bcl-2 overexpression is associated with normal ploidy,
estrogen receptor positivity, and absence of metastasis; all characteristics associ-
ated with better clinical outcome and a more favorable prognosis that is contra-
dictory to its predicted role in apoptosis resistance [15, 16]. In colorectal adenoma,
Bcl-2 levels are decreased compared to the adjacent normal tissue [17]. Similar
data are reported in cervical, prostate, and endometrial cancers [18]. Overex-
pression of Mcl-1 is associated with poor prognosis for lung, and head and neck
cancers [17–20]. Thus, there are malignancies in which Bcl-2 family member
overexpression correlates with favorable prognosis and those in which it is cor-
relative of high tumor grade. Paradoxically, elevated expressions of the proa-
poptotic proteins Bax and Bak have been associated with poor prognosis in
esophageal carcinoma and bladder cancer, respectively [21–23]. In breast tumors,
an increase in the proportion of apoptotic cells was observed in recurrent tumors as
compared with primary lesions, and patients with tumors with higher apoptotic
indices were associated with shorter survival [24]. Several examples of a positive
correlation between the apoptotic index and the tumor grade have been reported
[25–27]. The role of apoptosis suppression as a vehicle for enhancing genomic
instability was tested by measuring the effects of Bcl-2 overexpression on the
frequency of CAD gene amplification in cells exposed to the CAD inhibitor
PALA. Bcl-2 overexpression failed to increase the frequency of CAD gene
amplification. However, similar analysis on cells expressing mutant p53 showed
enhanced frequency of CAD gene amplification. These data suggest that although
both p53 inactivation and Bcl-2 overexpression suppress apoptosis, apoptosis
inhibition by Bcl-2 overexpression does not make the cells genetically unstable
[28]. These data are consistent with low grade tumors produced by Bcl-2 over-
expressing cells, further confirming that apoptosis inhibition by Bcl-2 overex-
pression does not favor selection of tumor cell variants to increase genomic
instability [28].

Apoptosis as a mechanism for driving genomic instability. Reduced rates of
apoptosis correlate with fewer cell divisions and, hence, the possibility of gener-
ating fewer mutant clones. On the other hand, higher rates of apoptosis would
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require increased rates of cell division to compensate for cell loss, and conse-
quently lay the foundation for accruing genomic instability [29, 30]. As discussed
above, Bcl-2 overexpression and p53 loss both act by blocking apoptosis; how-
ever, only the latter enhances accumulation of genomic instability. In this context,
it is interesting to note that Bcl-2 overexpression and mutant p53 are rarely
coexpressed in a tumor. Bcl-2 overexpression was found in breast and head and
neck cancers expressing wild type p53 [13], [31–34], whereas breast tumors with
p53 accumulation (indicative of mutant p53 expression) showed low Bcl-2
expression [31, 35]. p53 is inactivated late in most cancers, suggesting that loss of
p53 function in later stages of tumorigenesis may translate into higher rates of
apoptosis and consequently higher rates of proliferation during the course of tumor
development that would enable expansion and accumulation of mutant clones
favoring malignant progression. Clinical data show that noncomedo-ductal car-
cinoma in situ (DCIS) breast cancers express normal levels of Bcl-2 compared to
comedo-DCIS that express weak or negligible Bcl-2, strong Bax and mutant p53.
Accordingly, comedo-DCIS lesions are characterized by high apoptotic and
mitotic indices [36], and are at greater risk for recurrence and malignant pro-
gression compared to noncomedo-DCIS. Evidence for a direct link between
increased apoptosis and tumorigenesis was recently demonstrated with a mouse
model harboring the loxP-targeted allele of Mcl-1 and albumin promoter-driven
Cre-recombinase. Hepatocytes of Mcl-1 fl/fl-AlbCre mice lacking Mcl-1 exhibited
increased apoptosis and spontaneously developed hepatocellular carcinoma-like
lesions at [50 % higher incidence [37]. These data suggest that apoptosis and
proliferation work in concert to drive malignant progression.

Mechanisms contributing to tumor progression in apoptotic tumors.
Apoptosis allows elimination of unwanted or unstable cells by processing them
into an array of smaller bodies called apoptotic bodies by cellular blebbing and
fragmentation. Apoptotic bodies have intact plasma membrane and adequate
energy supply to maintain their membrane integrity. Cells undergoing apoptosis
and apoptotic bodies expose phosphatidylserine on their surface that promote
recognition by professional (macrophages, dendritic cells, B-lymphocytes) and
nonprofessional (epithelial cells and fibroblasts) phagocytes, resulting in quick
ingestion and lysosomal degradation [38]. It is generally believed that apoptosis
does not induce inflammation because the apoptotic bodies are rapidly cleared to
prevent release of harmful immunogenic materials from the dying cells [39]. We
posit that the clearance rates of apoptotic bodies and the presence of associated
inflammation will depend upon the extent and rate of apoptosis. Tumor tissues
undergoing massive apoptotic cell loss such as comedo-DCIS breast cancers are
generally associated with a strong inflammatory response. It is possible that these
cells are recruited to mop-up the overwhelming amounts of released apoptotic
bodies, or that the slow clearing of apoptotic bodies induces the inflammatory
response. Either way, a tumor microenvironment rich in inflammatory cells would
promote tumor progression. Additionally, slow or incomplete removal of apoptotic
bodies would result in the accumulation of released genetic material into the
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cellular milieu and, thus, trigger the horizontal transfer or uptake of the DNA by
neighboring tumor or stromal cells.

Horizontal transfer of genetic material via cell–cell fusion. Horizontal
transfer of genes has been reported in bacteria and fungi and plays an important
role in the generation of antibiotic resistance and the adaptation to new environ-
ments [40]. Thus, horizontal transfer of genes represents a powerful mechanism
for bacterial diversification. Cell–cell fusion is considered to play an important
role in horizontal transmission of genes and malignant transformation [41–43].
Transfer of genetic information could occur via fusions between tumor and stromal
cells or between tumor cells. Human glioblastoma grafted to hamster cheek
pouches produced hybrid human/hamster tumors in which human chromosome
segregation occurred within the first transplant generation and showed widespread
metastasis. At least seven genes from the six human chromosomes were retained
of which three genes implicated in oncogenesis (CD7, CXCR4 and PLAGL2)
showed continued expression [44]. CXCR4 (also called fusin), a G-protein coupled
chemokine receptor for SDF-1 has been implicated in proliferation, motility,
homing and metastasis of cancer cells and is associated with regions of cell death
and angiogenesis. These data suggest that in vivo stability of the resulting hybrids
depends upon the selective growth advantage provided by the DNA taken up.

Horizontal transfer of DNA via apoptotic conversion. There is increasing
evidence that even cell-free cancer DNA can be transferred to induce malignancy.
Holmgren et al. [45] demonstrated that DNA can be transferred from apoptotic
cells to recipient neighboring cells by phagocytosis. Cocultivation of cell lines
containing integrated copies of the Epstein-Barr virus (EBV) resulted in rapid a
uptake of EBV DNA to the nucleus of the phagocytosing cell. Once transferred,
the expression of EBV encoded genes was detected at both the mRNA and protein
levels. Similarly, apoptotic bodies derived from c-Ha-rasVal [12] and c-myc
transformed rat embryo fibroblasts (REFs) were able to transform p53-/- or p21-/-
mouse embryo fibroblasts (MEFs) but not wild type MEFs [46, 47]. FISH analysis
confirmed that entire chromosomes are transferred from the apoptotic bodies of
REFs and become integrated into the mouse host genome. However, the stability
of the integrated DNA can be maintained only if it confers a selective growth
advantage to the recipient cell. Following uptake of the apoptotic genetic material,
normal recipient cells with the activated Chk2/p53/p21 DNA damage response
pathway block replication of the transferred DNA, thereby protecting them from
the potentially harmful effects of the apoptotic DNA [48]. Similar uptake of
apoptotic bodies with resultant acquisition of and propagation of drug resistance
genes has been demonstrated in prostate cancer cells [49]. Since p53 is lost in most
cancers, horizontal transfer of genetic material from the dying tumor cells to
recipient tumor cells may serve as a driving force for accumulation of genomic
instability and high mutability of tumor cells. Apoptotic DNA from the dying
tumor cells can also be transferred to recipient stromal cells (fibroblasts, endo-
thelial cells, macrophages). Such transfers could actively modify the structure and
behavior of the surrounding microenvironment, and potentially provide an
explanation for pro-tumorigenic and pro-metastatic properties of the tumor
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microenvironment. Apoptotic DNA was detected in the nuclei of *15 % of the
phagocytosing cells [45], suggesting that horizontal DNA transfer is an efficient
mode of enhancing genomic diversity of tumor cells that is dictated by the rate and
extent of apoptosis in the tumor. In contrast, mutation of specific genes is an
inefficient process that requires amplification of the mutated cells and is limited by
activities of surveillance mechanisms that monitor and maintain the genomic
integrity. It is possible that the fluidity of the cell membrane is increased in cells
sensitive to apoptosis, making it more receptive for cell fusion and DNA transfer.
Given the manner in which even highly differentiated epithelial cells are stimu-
lated to become phagocytic by the proximity of an apoptotic body, it is one of the
less studied but more remarkable components of apoptosis [48, 50]. Horizontal
DNA transfer or apoptotic conversion may be clinically important particularly in
tumors characterized by high spontaneous apoptosis such as comedo-DCIS breast
cancer since these tumor cells also express mutant p53.

Genetic exchanges occurring either via cell–cell fusions or by apoptotic con-
version can provide the residual tumor with new attributes for survival, growth,
progression and metastasis. It is possible that the phenotypic and genotypic
diversity (or heterogeneity) observed in cells within a tumor, between primary and
recurrent tumors, primary and metastatic tumors, and/or between metastases of the
same tumor arise at least in part by horizontal transmission of genes and gene
products by cell–cell fusions or direct incorporation of apoptotic DNA into cancer
or stromal cells.

Cancer stem cell activation. Recent studies have invoked the role of cancer
stem cells to explain the relationship between enhanced apoptosis and tumor
progression. It has been proposed that in tumors with high apoptotic rates, the
dying cells may free up space for cancer stem cells to proliferate into and populate
the tumor [51, 52]. To determine the association between apoptosis and increased
tumor growth/progression, Enderling et al. [53] simulated tumor development for
different spontaneous cell death rates, and initialized each simulation with one
cancer stem cell, stopping the simulation after 35 months or when the tumor
reached confluence. When random cell death among tumor cells was increased, an
increase in the number of stem cells was observed [53]. While spontaneous cell
death can reduce the number of tumor cells in the short run, they can facilitate
sufficient symmetric stem cell divisions to enrich the stem cell pool and ultimately
promote malignant expansion [54]. These findings have therapeutic implications
since conventional anti-cancer therapies are directed towards eradicating apopto-
sis-sensitive tumor bulk populations while sparing the therapy of resistant cancer
stem cells. Thus, the accelerated tumor recurrence following therapy may be
explained by the opportunistic proliferation of quiescent tumor cells into the space
made available by the initial killing. This treatment recovery cycle could favor the
creation of new stem cells by symmetrical division of previously quiescent stem
cells as the latter are considered to be more resistant to radiation [55] and che-
motherapy [56] compared to their nonstem counterparts [53]. As the tumor returns
to its pretreatment size, the tumor could become more refractory to treatment. This
notion is supported by observations that high rates of apoptosis in cancer cells
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correlate with tumor progression [30], whereas upregulation of anti-apoptotic
factors suppresses tumor progression and improves prognosis [18, 28]. Alterna-
tively, apoptosis may accelerate tumor generation or progression by preferentially
eliminating cells that retain normal apoptosis sensitivity while sparing apoptosis-
resistant mutant cells for expansion of mutant clones [57, 58].

A prototype clinical disease depicting pertinence of apoptosis adverse
effects. The relevance of detrimental effects of apoptosis to clinical settings is best
illustrated with comedo-type ductal carcinoma in situ. Among the several ductal
carcinoma in situ (DCIS) subtypes of preinvasive breast cancer, comedo type
DCIS or comedo-DCIS accounts for *10 % of all DCIS and confers the greatest
risk for progression and post-operative recurrence [59, 60]. Comedo-DCIS tumors
are easily distinguished from other DCIS by the characteristic central comedo-
necrosis [61] that results from extensive spontaneous apoptosis [62]. Yet despite
abundant cell loss, comedo-DCIS often demonstrates microinvasion, chromosome
aneuploidy, and higher proliferation and recurrence rates compared to non-comedo
DCIS tumors [63–65]. MCF10DCIS.com human breast cancer cells produce
tumors that resemble clinical comedo-DCIS and recapitulate the temporal
sequence of progression from in situ to invasive cancer [62, 66, 67]. Using the
MCF10DCIS.com model, we have demonstrated that spontaneous apoptosis
contributes to the etiology and progression of comedo-DCIS [62] (Fig. 1). Spon-
taneous MCF10DCIS.com cell loss is activated by the mitochondrial pathway with
upregulation of Bax, decreases in Bcl-2 and loss of p53 [62]. Clinical comedo-
DCIS, like MCF10DCIS.com cells, show a significant drop in Bcl-2 expression
combined with an increase in mutant p53 levels [36]. MCF10DCIS.com cells
undergo spontaneous apoptosis in vitro under optimal growth conditions indicating
that cell loss in vivo is not due to extraneous factors, but rather they are prepro-
grammed to undergo apoptosis [62]. The high rates of apoptosis in comedo-DCIS
are accompanied by compensatory increases in PCNA-positive cells that are
enriched for the CD44+/CD24- phenotype (Fig. 2). CD44+/CD24- cells have
tumor-initiating properties in breast cancer [68]. The CD44+/CD24- phenotype is
associated with stem cell-like characteristics [69], enhanced potential for invasion
[70], radiation resistance [71] and with distinct genetic profiles that correlate with
adverse prognosis [72]. These data corroborate that abundant cell loss in comedo-
DCIS provides increased opportunities for selecting cell variants with greater
malignancy potential. The presence of an intact myoepithelial layer is indicative of
DCIS lacking invasive potential. Interestingly, apoptosis is also implicated in the
initiation of progression of clinical and MCF10DCIS.com-derived comedo-DCIS
tumors as both luminal epithelial and myoepithelial cells are concurrently elimi-
nated by apoptosis [62] (Fig. 2). These data provide clinical support for the
adverse effects of apoptosis in neoplastic progression and show that apoptosis is
tightly linked with the coordinated and concerted events that lead up to malignant
progression (summarized in Fig. 3).

Therapeutic implications. The majority of anti-cancer therapies work by
inducing apoptosis in tumors. In tumors undergoing high rates of natural (spon-
taneous) or therapy-induced apoptosis, increased horizontal transfer of genetic
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material by cell–cell fusions or apoptotic conversion, cancer stem cell activation,
and/or associated inflammatory response may all contribute to the adverse effects
of chemo- and radio-therapy, viz., initial tumor regression that is accompanied by
quicker relapse, a greater tumor burden and therapy resistance [73]. Thus, it would
seem that using therapies that induce apoptosis in tumors experiencing high rates
of spontaneous apoptosis is counterintuitive. Inhibiting apoptosis in these tumor
tissues may be beneficial as it could decrease compensatory proliferation of

Fig. 1 Progression of MCF10DCIS.com to comedo-DCIS occurs by high rates of spontaneous
apoptosis of luminal epithelial and myoepithelial cells. Panels a, a0: early DCIS lesions; b, b0:
comedo-DCIS lesions; c, c0: MCF10DCIS.com multicellular tumor spheroids undergoing
spontaneous apoptosis in vitro. Panels a and c, H&E staining; b, silver staining; a0–c0, TUNEL
staining. Thin and thick arrows in b0 show apoptotic luminal epithelial and myoepithelial cells,
respectively
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Fig. 2 Progression of MCF10DCIS.com-derived comedo-DCIS lesions is accompanied by
increase in PCNA-positive and CD44+ (CD24-negative, not shown) cells. Panels a, a0 PCNA
expression in early and comedo-DCIS lesions, respectively. Note the presence of cells with
uniform nuclei in early lesions (panel a) compared to cells with larger or pleiomorphic nuclei in
the vicinity of the apoptotic core (indicated by arrow) of advanced lesions (panel a0). Panels b, b0

CD44 expression. Note low CD44 expression in early lesion (thin arrow in b) and strong CD44
expression in advanced comedo-DCIS (thick arrow in b and b0). Panels c, c0 H&E and PCNA
staining, respectively, of MCF10DCIS.com multicellular tumor spheroids generated in vitro.
Note the appearance of large nucleated cells in the apoptotic core (arrow in c) with PCNA
expression (c0). Panels d–e cell–cell fusion propensity. MCF10DCIS.com cells were prelabeled
with DiI (red) or DiO (green) and cocultured. Note the formation of fused cells in panel d0 and e
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surviving tumor cells, decrease activation and expansion of initiated or cancer
stem cells, decrease acquisition of genetic instability by inhibiting horizontal DNA
transfer and reduce inflammation. Taking into account the adverse effects of
apoptosis in malignant transformation and progression, it would seem that dis-
abling proliferation of stem and nonstem cells in ‘‘apoptotic tumors’’ may be
necessary to achieve a longer lasting clinical response.

Conclusion

Contrary to the popular belief that apoptosis acts to safeguard cells from neoplastic
conversion and progression, apoptosis must also be viewed as a ‘‘not so innocent’’
participant that actively promotes tumor progression. The latter paradoxical role
becomes relevant to tumors experiencing high rates of natural (spontaneous)
apoptosis or therapy-induced apoptosis, and must be taken into account when
therapy decisions are made.
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