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ABSTRACT

In a recent study we reported that mammalian cells exposed to stress such as ionizing radiation can
survive with activation of caspase-3 or caspase-7. We found that sublethal activation of the executioner
caspases promotes chemical- and radiation-induced genetic instability and carcinogenesis, in contrast to

their perceived roles as tumor suppressors.

Apoptosis and carcinogenesis, the prevailing view

Major physiologic functions of apoptosis are the removal of
damaged or unwanted cells during development and main-
tenance of somatic tissue homeostasis. As such, it is gener-
ally assumed that apoptosis is an anticarcinogenic process.
Consistent with this point of view, many oncogenes that are
frequency overexpressed in cancer cells possess antiapop-
totic functions. Examples of these include BCL2' and Akt/
PKB.?

However, there is increasing recognition that the relation-
ship between apoptosis and carcinogenesis may not be so
straightforward. For example, MYC, a well-established power-
tul oncogene, has long been known to promote caspase activa-
tion and apoptosis.” More recently, it was established that Fas
ligand (CD95), a major factor known to initiate the extrinsic
pathway of cellular apoptosis, promotes carcinogenesis in mice
by activating downstream c-JUN and JNK pathways.*

Sublethal activation of caspases and its unexpected
consequences on genetic instability and
carcinogenesis

In a recently published study,” we set out to examine the
roles of apoptotic caspases-3 and -7 in radiation- and chem-
ical-induced genetic instability and carcinogenesis. In an ini-
tial series of experiments, we determined the fate of cells
with caspase-3/7 activation. We conducted these experi-
ments because much of the current paradigm surrounding
the roles of caspases is based the premise that once a cell
initiates the apoptotic process it will die, and thus DNA
damage in the apoptotic cells will not matter. Using a non-
invasive reporter that allowed us to sort cells with different
levels of caspase-3/7 activation, we found that many cells
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exposed to ionizing radiation can survive with a robust level
of caspase 3 activation. More importantly, the surviving cells
with enhanced levels of caspase-3 activation showed signifi-
cantly higher levels of DNA damage as measured by
yH2AX foci formation, comet assays, or chromosome aber-
ration analysis. A causative role for caspase-3 in mediating
DNA damage was confirmed by the use of cells expressing a
dominant negative version of caspase-3. Those cells showed
significantly reduced radiation-induced genetic instability.
The results were also confirmed in mice with caspase-3 defi-
ciency. Those mice showed significantly reduced radiation-
induced chromosome aberrations. Consistently, MCF10A
cells expressing a dominant negative version of caspase-3
showed a significantly reduced rate of radiation-induced
oncogenic transformation compared with wild-type control
cells. In addition, mice with caspase-3 deficiency showed a
significant reduction in skin carcinogenesis induced by
DMBA (7,12-dimethylbez[a]anthracene) + TPA(12-O-tetra-
decanoylphobol-13-acetate) treatment. Mechanistically, we
show that endonuclease G, a mitochondrial nuclease that
migrates to the nucleus during apoptosis to fragment host
cell DNA, is a key downstream effector of caspase-3/7 in
the generation of genetic instability. Our study therefore
provides definitive evidence that caspases 3 and 7, key play-
ers in apoptosis, promote rather than prevent carcinogenesis
(Fig. 1).

Our results are in agreement with several recent studies. One
report showed that treatment of glioma or mouse embryonic
fibroblast (MEF) cells with TRAIL or FasL, 2 apoptosis-induc-
ing factors, caused increased DNA damage and mutagenesis
that was caspase 8 dependent.® Another study showed that
stress-exposed cells could reverse the apoptotic process and
survive with genetic instability’ and yet another showed that
low level mitochondrial leakage and caspase 3 activation were
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Figure 1. Genetic instability and carcinogenesis induced by abortive apoptosis. The prevailing view of apoptosis (depicted on the left) is that exposure to stress leads to
changes in the mitochondria such as leakage of cytochrome c that activate caspase 3, which in turn activates downstream nucleases such as endonuclease G. Activated
nucleases then cause extensive DNA fragmentation and cell death. However, our recent study® shows that many cells exposed to radiation and chemical stress can survive
with caspase activation (depicted on the right). The cells with sublethal caspase activation exhibit increased genetic instability and carcinogenesis.

responsible for increased genetic instability and oncogenic
transformation in mouse MEF cells.®

Making sense of the newly revealed roles of apoptotic
caspases

How do we make sense of the fact that eukaryotic cells possess
mechanisms that appear to amplify the genotoxic effects of
environmental stress such as radiation exposure? Mechanisms
such as those described in our study are certainly detrimental
at the organismal level by significantly increasing the chances
of genomic instability and cancer when the organism is exposed
to stress. Although not clearly understood at present, we specu-
late that while caspase-mediated genetic instability is not
advantageous at the whole organism level, at the individual cel-
lular level it is reminiscent of the SOS response in E. coli in
which bacterial cells utilize an error-prone system to increase
the cellular mutation rate to adapt to environmental pressure
such as exposure to antibiotics.” Such a system allows individ-
ual cells to genetically adapt to environmental stress exposure
at a higher rate. In this respect it is especially interesting that
activated caspase 3 has been shown to be involved in cleaving
and inactivating key DNA repair genes such as DNA-PKcs'® in
apoptotic cells. One can imagine that cells with temporarily
deactivated DNA repair factors would exhibit increased genetic

instability that provides an advantage at the individual cell level
from an evolutionary point of view; this may be a fundamental
property of all eukaryotic cells.
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