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1. ABSTRACT

The following review focuses on our current
knowledge as to how the cell death regulatory machinery is
activated to mediate irradiation-induced cell death. In
particular, we will address recent developments related to
the following questions: 1.) Which cell death regulatory
genes mediate irradiation-induced cell death? 2.) What is
the mechanism of irradiation-induced activation or
suppression of cell death regulatory genes (proteins)? 3.)
How does the condition of the cell death regulatory
machinery affect the cell’s sensitivity or resistance to
irradiation? Now more than ever, it seems clear that
irradiation —induced apoptosis is a complex process
involving all three major cell death regulatory pathways:
the mitochondria pathway (Bcl-2/Apaf-1), the lap pathway,
and the death receptor pathway. Depending on the cellular
context, one or multiple pathways may be activated to
mediate irradiation-induced cell death. Therefore, a
comprehensive understanding of these processes demands
systematic strategies in contrast to traditional approaches
that focused on one gene/protein. For this reason, we will
also examine recent studies applying genomic (proteomic)
methods in this area.

2. INTRODUCTION - CELL DEATH REGULATORY
PATHWAYS

Cell death or apoptosis induced by irradiation can
be viewed as a series of cascading events, beginning with
direct cellular damage inflicted by irradiation, followed by

sensing of cellular damage, signal transduction and
checkpoint, activation of cell death regulatory genes and/or
proteins, caspase activation and cellular destruction, and
removal of apoptotic corpses. Topics related to cellular
damage detection and signal transduction pathways have
been meticulously covered in recent reviews (1,2). In this
review, we will focus our attention on the activation of cell
death regulatory genes/proteins that are directly responsible
for cell death induced by irradiation.

2.1.Three pathways directly regulate caspase activation.

Apoptosis is a fundamental biological process
essential for normal development and tissue homeostasis
(3-5). The execution of apoptosis is carried out by an
unusual class of proteases, caspases (for ¢ysteine aspartic
acid-specific proteasg). Caspases are synthesized as
inactive zymogens, which are widely expressed in both
dying and living cells. Once activated, caspases will cleave
structural proteins, enzyme inhibitors, etc. which in turn
will lead to destruction, fragmentation and engulfing of the
dying/dead cell (6). Crucia as it is, caspase activation is
under the control of multiple cell death regulatory
pathways, which are outlined in Figure 1. In the following
paragraphs, we will refer to these pathways as the
mitochondria pathway (the Bcl-2/Apaf-1 pathway), the lap
pathway, and the death receptor pathway.

Cell death regulatory pathways are highly
conserved across al metazoans. In fact, the crucia
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Figure 1. Simplified schematic presentation of the three
major cell death regulatory pathways, which, when
activated, all lead to the activation of caspases (in dashed
square). Colors distinguish the organism to which the
gene/protein belongs (eg. C. elegans, Drosophila, and
Mammals). * Most mammalian genes have multiple
names, only oneis listed due to space limitation.

importance of caspases in mediating programmed cell
death was first demonstrated in C. elegans. Animas
mutated for Ced-3 were deficient in developmental cell
death (7,8). Genetic analysisin C. elegans aso delineated
the regulatory pathway that controls the activation of Ced-
3, namely the Ced-9/Ced-4 regulatory pathway (9). The
mammalian orthologs of Ced-9 and Egl-1 are the Bcl-2
family proteins which regulate the integrity of
mitochondria (10,11) (Figure 1). Pro-apoptotic Bcl-2
family members can cause cytochrome c release from
mitochondria and subsequent activation of Apaf-1, the
mammalian Ced-4 ortholog (12). Activated Apaf-1 will
cause the cleavage and activation of Caspase-9 and in turn,
the activation of effector caspases (Figure 1).

laps (nhibitor of gooptosis protein) were first
identified in insect viruses as potent inhibitors of apoptosis
(13). Subseguently, other orthologs were identified in flies
as well as mammals (14). laps inhibit the enzymatic
activity of caspases through direct interaction, mediated by
its N-terminal BIR (Baculovirus lap Repeat) motifs (13).
laps may also negatively regulate caspase activity by
targeting them for proteosome-mediated degradation, a
function carried out by the C-terminal RING (Redly
Interesting New Gene) domain present in some but not all
laps (15). laps may be considered as a universal “Brake’ to
apoptosis. The inhibitory function of Iaps can be released
by lap antagonists. Antagonists of |aps were first identified
through genetic studies in Drosophila, namely reaper, hid,
grim and more recently sickle (16-21). Interestingly, these
four Drosophila IAP antagonist genes are located in
proximity at the 75C1-2 chromosome region. The
functional activity of these antagonist proteins is mediated
by a tetra-peptide motif located in their N-terminal.
Binding of this motif to IAP proteins relinquishes the
inhibitory effect of IAP on caspases (20,22). This tetra-
peptide motif, A-(V/T/)-(PIA)-(FIYNIIV), as well as the
corresponding functional mechanism is conserved in
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mammalian systems (23). To date, at least two mammalian
proteins have been identified that possess this tetra-peptide
motif and function as lap antagonists. However, unlike
their fly counterparts, the tetra-peptide domain of Smac
(Second mitochondria derived ectivator of caspase)/Diablo
(24,25) and Omil(HtrA2) (26-28) is not located on the N-
terminal of the full length protein, it is instead exposed at
the N-terminal only after post-translation processing.

The death receptors are a subclass of growth
receptors that have an intracellular “death domain”
signature motif (29-32). The binding of corresponding
ligands will cause the oligomerization of the death
receptors, which will bring together caspase 8 through
adaptor proteins such as Fadd (Fas associated protein with
death domain) and/or Tradd (TNF receptor associated
protein with death domain) (33,34). The proximity of
dormant (full length) caspase 8 molecules will cause auto-
proteolytic activation and subsequent activation of
downstream caspases (35).

Interestingly, it seems that all of the three major
cell death regulatory pathways are conserved in
Drosophila. A systematic search for cell death regulatory
protein motifs (such as BH and death domains) in
Drosophila genomic and EST sequences reveded that the
fly genome has potential orthologs for all major cell death
regulatory protein families (36). Most of these potential
structural orthologs have been proven to be functionally
conserved as well, including the Drosophila orthologs for
Apaf-1/Ced-4 (37-39), Bcl-2 (40,41), Fadd/Tradd (42), RIP
(43), Survivin (44), etc.

2.2. Theinterrelated cell death regulatory networks

The basic regulatory pathways are well conserved
during evolution. However, the cell death regulatory
machinery in mammals is conceivably much more complex
than that in invertebrates. Structurally, the increased
complexity can be largely attributed to the increased
number of participants in each step of the pathway. For
example, while only two Bcl-2 family members have been
identified in C. elegans and Drosophila (genome projects
for both organisms are finished), at least 19 Bcl-2 family
members have been characterized in the human genome.
Another indicator of increased complexity appears to be
novel regulatory mechanisms of cell death regulatory
gened/proteins. For example, in C. elegans, Ced-4 induces
Ced-3 activation independent of cytochrome c. In contrast,
cytochrome c interaction is very important for the function
of its orthologs in humans (Apaf-1) and flies (Hac-
1/Dark/Dapaf-1). This interaction is mediated through the
WD repeat domain, which is present in both Apaf-1 and
Hac-1, but not in Ced-4 (37-39).

Although assigning cell death regulatory
genes/proteins to different pathways helps us conceptualize
the global picture of cell death regulation, it should be
stressed that the interrelations of these proteins are not
linear in nature.  Rather, complex interactions exist
between regulatory pathways and the outcome of the
life/death decision appears to be the result of an integrative
process. For example, athough caspase 8 is a regulatory
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Figure 2. The integration of cell death regulatory control
by Apaf-1/Hac-1 and |ap antagonists depicted in the “Gas’
and “Brake’ model. Apaf-1-like molecules function as
“gas’ for caspase activation, which is checked by the
“brake” laps.

caspase in the FassTNFR pathway, one of its substrates,
Bid, is a pro-apoptotic component of the Bcl-2 pathway
(45). The cleavage of Bid by caspase 8 releases the pro-
apoptotic activity of Bid, which will counter-act the anti-
apoptotic activity of Bcl-2 and induce mitochondrial
damage and cytochrome c release (45,46). Similarly, in
mammalian systems, the lap antagonist Smac is released
from mitochondria in response to apoptotic stimuli, a
process that is regulated by the Bcl-2 family proteins (47).
Thus Smac is part of the mitochondria pathway as well as
an lap antagonist.

Genetic model systems such as Drosophila offer
considerable  advantage  for deciphering the
interrelationship among pathways. For example, genetic
analysis of the interrelationship between lap antagonist
Reaper and Hac-1 (Homologue of gpaf-1 and ced-4; aso
known Dark and Dapaf-1) revedled that the function of
these two pro-apoptotic genes converge at the same caspase
(37). The integration of signals from their corresponding
pathways is best explained by the analogy of “gas’ and
“brake” (Figure 2). Both laps and Hac-1 are expressed in
amost all cells. While Hac-1 acts as “gas’ for caspase
activation, laps are the “brake’ that inhibits precocious
caspase activation. The stereotypic pattern of cell death
observed during the development of Drosophila embryos
can be regulated through either an increase of “gas’ or
removal of the “brake” by lap antagonist, or both. Indeed,
while lap antagonists such as Reaper and Grim are
specifically expressed in cells designated to die in the
ventral nerve cord (16,18), Hac-1 expression in the pro-
cephalic region is necessary for proper cell death in the
brain (37). The functional interrelationship observed
between Reaper and Hac-1 seems to be well conserved
between mammalian lap antagonists and Apaf-1 (48).
Apaf-1 induced caspase activation is negatively regulated
by mammalian laps, an inhibition that can be removed by
antagonist Smac and HtrA2 (24,26-28,49,50).

It should also be noted that while this review
focuses on genes and pathways directly involved in
controlling caspase activation (and thus apoptosis),
components of these pathways are subject to regulation
and/or modification by other cellular systems. These
controlling mechanisms are essential for proper cell death
regulation, as the decision to die or live is, and has to be,
based on the input of multiple factors. For example, the
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sensitivity to irradiation-induced cell death is affected by
the availability of growth factors. Because of that, there is
alarge (and seemingly ever increasing) number of cellular
components that have been found capable of affecting the
cell death process. However, these factors exert their
influence via members in the core cell death regulatory
pathways. In essentially all examined cases, tumor cell
apoptosis induced by irradiation was accompanied by
caspase activation (51). As we will discuss in the
following section, activation of the core cell death
machinery is the determinative step of irradiation induced
cell death.

3. CELL DEATH REGULATORY GENES INVOLVED
IN IRRADIATION -INDUCED APOPTOSIS

Irradiation may induce a variety of cellular
damage and depending on specific cellular context, may
elicit different signal transduction mechanisms that induce
cell death (1,2). However, the fina step of caspase
activation and apoptosis in this process is always mediated
through genes and proteins of the core cell death regulatory
pathways that directly control the activation of caspases. In
other words, the balance between the forces promoting and
inhibiting caspase activation in a live cell has to be
modified to shift the balance of life and death. This change
in the activity of cell death regulatory proteins in response
to irradiation can be mediated via transcriptional
activation/suppression (52) (53), RNA stahility (54),
trandational regulation (55), post-trandational modification
(56,57), protein stability (58) and protein subcellular
localization (59).

Although it is true that, in experimental settings,
cell death can eventually occur even when protein synthesis
is blocked, this should not lead us to conclude that
transcriptional  activation is not a factor of utmost
importance for irradiation-induced cell death. Many cell
death regulatory genes are transcriptionally regulated in
response to irradiation (52,60,61). The fact that P53 and
other transcription factors play an important role in
mediating apoptosis and determining tissue sensitivity to
irradiation strongly argues that transcriptional regulation is
a very important mechanism in vivo in mediating
irradiation induced cell death. Indeed, in anin vivo system,
cycloheximide treatment has been found to negate or
significantly suppress irradiation-induced cell death in the
testis and kidneys of neonate rats (62).

Another necessary caution that should be
considered when identifying genes mediating irradiation
induced cell death is to discern causal involvement v.s.
consequential involvement. For example, Bid is truncated
after irradiation in Jurkat cells. However, rather than
causing the initial caspase activation, truncated Bid may be
a result of caspase activation and subsequently acts as an
augmentation agent in areinforcing feedback loop (63,64).

3.1. The mitochondria pathway
3.1.1. Bcl-2 family

There are three subclasses within this family,
which are distinct in protein motif composition and their
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corresponding role in regulating mitochondria integrity
and cell death (11). The first class are the “multi-domain”
pro-apoptotic proteins, such as Bax and Bak, which al
contain BH (Bcl-2 Homologous)3, BH2 and BH1 signature
motifs. When activated, presumably through
oligomerization, they cause cyctochrome c release and
caspase activation. The second class are the anti-apoptotic
family members, which al have a BH4 domain in addition
to BH1-3 domains. Through forming heterodimers with
the first class members, they inhibit the pro-apoptotic
activity and stabilize the mitochondria membrane integrity.
This inhibition, however, can be relinquished by the third
class of the family, a group of pro-apoptotic proteins that
only have the BH3 domain (65,66).

Bcl-2 family members have long been implicated
in irradiation-induced cell death. Bcl-2 and Bax were
among the first group of cell death regulatory genes
identified as potential mediators of irradiation—induced cell
death. Bax istranscriptionally induced by irradiation and is
often accompanied by a suppression of Bcl-2 expression
(52,53). The suppression of Bcl-2 and induction of Bax
appears to be dependent on P53 function (67). Consensus
P53 binding elements are present in the promoter region of
the Bax gene, which are required for its P53 responsiveness
(68).

In addition to Bcl-2 and Bax, BH3-only family
members are also involved in irradiation induced cell death.
For example, Bid is induced by irradiation in human T-
lineage derived cells (69). Noxa, another member in this
class, is induced by irradiation in a P53-dependent manner
to cause cell death (70). It is worth noting that in C.
elegans the expression of the BH3-only protein Egl-1, is
also transcriptionally regulated (71).

The activity of the Bcl-2 family proteins is also
subject to post-transcriptional regulation. The conserved A
and U rich elements of the Bcl-2 mRNA regulate the
stability of Bcl-2 RNA (54). More importantly,
phosphorylation of Bcl-2 has significant impact on its anti-
apoptotic activity, although the outcome of the impact may
vary in different cellular contexts (56,57,72). Stress
kinases such as INK are activated in response to irradiation
(73). The status of the INK pathway has significant impact
on irradiation-induced apoptosis (74). The finding that
Bcl-2 is adirect substrate of INK1 suggests that the stress-
signaling pathway could, at least in part, exert its effect on
cell death regulation through  post-translational
modification (75). The pro-apoptotic activity of Bax was
reduced after phosphorylation by the P21-activated kinase
(76). Addition of growth factor could induce
phosphorylation of BAD and the dismissal of its pro-
apoptotic activity (77). Conversely, the calcium-activated
protein phosphatase calcineurin could undo this effect on
Bad and induce cell death (78). These post-trand ational
modifications may account for the influence of stress and
growth factor signaling pathways on irradiation induced
cell death (74,79). Finally, regulation of protein stability
may also be involved. After UV irradiation, Bcl-2 protein
is degraded by the proteasome (80). However, it is not
clear whether the observed degradation is the cause of
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caspase activation or rather the result of the apoptotic
destruction process.

The relative levels of Bcl-2 family members
strongly affects the sensitivity of cells to irradiation
induced cell death. Irradiation-induced cell death was
significantly increased in mice mutated for Bcl-w, Bcl-2,
and Bcl-XL (81,82). Mice mutated for Bax alone showed
normal levels of cell death after irradiation (82). However,
this is apparently due to the overlapping function of Bax
and Bak, as MEFs derived from mice null for both Bax and
Bak were highly resistant to irradiation induced cell death
(65,66). Severa studies have suggested that the ratio
between Bcl-2 and Bax levels in cancer cells is associated
with their sensitivity to irradiation (83). It is important to
mention that the role of Bcl-2 family members in
irradiation induced cell death appears to be conserved.
Over-expression of the Drosophila ortholog of Bax/Bok,
dBorg-1, in the eye disc also sensitizes the retinal cells to
UV-induced cell death (41).

3.1.2. Ced-4/apaf-1/hac-1 family

Although the mammaian and Drosophila
orthologs of Ced-4 were identified only recently (12,37-
39), it did not take long to find that proteins in this family
were aso involved in irradiation induced cell death.
Seemingly contradicting the fact that activation of Apaf-1
requires cytochrome c released from mitochondria (59),
both Apaf-1 and its Drosophila counterpart, Hac-1 are
regulated transcriptionally during embryonic development.
Both are significantly up-regulated in the procephalic
regions prior to the onset of massive cell death in the
nervous system (37,84). Transcriptiona regulation of
Apaf-1 is apparently important for developmental cell
death. Down-regulation of apaf-1 in the procephalic region
leads to supernumerary neuronal cells in the fog (forebrain
over-growth) mice (85). In a strikingly analogous manner,
the procephalic expression of Hac-1 in Drosophila embryos
is aso required for neurona cell death and brain
development (37-39). In Drosophila embryos, Hac-1 is
also up-regulated in response to UV irradiation in early
stage embryos. This transcriptional activation is required
for UV—induced cell death in embryos (86). Although
currently there is no report of irradiation-induced
transcriptional activation of Apaf-1 in mammalian systems,
it certainly remains a possibility. Apaf-1 is a direct
transcriptional target of E2F and P53 and is implicated in
E2F induced cell death (87,88). It must be stressed that the
induction of cell death regulatory genes by irradiation is
highly dependent on tissue characteristics and cell
differentiation status. In Drosophila, Hac-1 is only induced
by UV irradiation during early embryogenesis. During
middle stage embryogenesis, only Reaper is activated by
UV to mediate the cell death response (86).

Sensitivity to irradiation -induced apoptosis is
affected by the cellular levels of Apaf-1. Apaf-1 knock-out
mice are resistant to UV-induced cell death (84), while
over expression of Apaf-1 sensitized glioma cells to
irradiation-induced cell death (89). Similarly, UV -induced
cell death in early stage embryos was mostly abolished in
hac-1 mutants (86).
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3.2. Thelap pathway
3.2.1.thelaps

Just as caspases are universally expressed,
transcription of laps has been detected in essentialy all
tissues. Surprisingly, the expression of Ciapl in severa
human cancer cell lines was significantly altered in
response to ionizing irradiation (60). In addition, the
expression of Xiap can be regulated at the translation step
by irradiation. In the 5 UTR of the Xiap mRNA, there is
an IRES (Internal Ribosome Entry Sequence), which could
mediate mRNA cap-independent translation under stress

conditions. Low doses of gamma irradiation increased
Xiap expresson through IRES-mediated trandation

mechanism, which conferred resistance to irradiation
induced cytotoxicity (55).

The level of cellular laps appears to be a very
important factor in determining the apoptotic response to
irradiation. While gain-of-function laps inhibit irradiation-
induced cell death (90), loss-of-function or down regulation
of laps sengitizes the cell to irradiation induced cell death
(92).

3.2.2. Thelap antagonists

Being the molecular “brake” for caspase
activation, laps play an important inhibitory role in
regulating apoptosis. In order for cell death to occur, this
“brake” needs to be released by lap antagonists. In
Drosophila, the antagonists are regulated transcriptionally
during development and are only expressed in cells that are
designated to die (16,18-21). The only exception is Hid,
which is aso regulated by post-transdlational modification
(92). Within 10-20 minutes of X-ray irradiation, mRNA of
reaper, hid and sickle are up-regulated (16,21,unpublished
observations). The H99 mutant embryos, which lack the
reaper, hid and grim genes, are highly resistant to X-ray -
induced cedll death (16). Irradiation-induced activation of the
reaper geneismediated at least in part by direct transcriptional
activation though Drosophila ortholog of P53 (93).

Mammealian functiond orthologs of Drosophila lap
antagonistswereidentified recently. Two reported antagonists,
Smac (24,94) and HtrA2/omi (26-28) both have the tetra
peptide motif shared by Drosophila 1ap antagonists. However,
unlike the Drosophila proteins, the tetra-peptide lap-binding
motif in Smac and HtrA2 is only revedled at the N-terminal
after post-trandationa processing. The regulation of their
activity in response to apoptosis-inducing stimuli seems to
occur through trandocation instead of transcription. In live
cdls, Smac is located in the mitochondria  HtrA2 is
membrane bounded with a significant portion embedded in the
mitochondria. Upon UV-irradiation both Smac and HtrA2 are
released into the cytosol to act on the laps (24,26-28). The
level of these Igp antagonists in mammalian cells apparently
contributes to the sendtivity to irradiation, a high level of
HtrA2 sendtizesthe cell to irradiation induced cell death while
lower levels convey resistance (26,27). It remains to be
determined if there exists transcriptionaly regulated
mammalian lap antagonigts.

3.3. Thedeath receptor pathway
The expression of both the death receptors and
their ligands can be induced/increased by irradiation. Fas
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(CD95/Apo-1) was induced by UV irradiation in breast
carcinoma cells (95) as well as in the spleen (61,96). Fas
ligand (FasL) was induced by UV irradition in lymphoma
cells (97). The induction of Fas may depend on P53, since
it is absent in several cancer cell lines with mutated P53
(98) or cell lines derived from P53 -/- mice (99). However,
it is clear that UV irradiation, especialy UV-B could aso
activate a membrane-initiated pathway which leads to the
activation of Map kinases, especialy the so called stress-
activated kinases, JNK and P38 (73,100,101). One
transcription factor of this pathway, NF-kappa B, could
also activate the transcription of Fas (102,103). Besides
transcriptional activation, UV may directly activate the Fas
pathway by inducing clustering of FAS independently of
FasL (104).

In addition to Fas and FasL, TRAIL (TNF-related
apoptosis inducing ligand) and DR5 (a death receptor that
binds to TRAIL) were also involved in irradiation induced
cell death. Transcription of Trail was activated after
irradiation in several T lineage derived cells, including
Jurkat and MOLT-4 (69). Treatment with TRAIL
sensitized resistant lymphoma cells to irradiation —induced
cell death (105). mMRNA levels of Dr5 in the thymus,
spleen and small intestines was increased almost 30 fold
after gamma irradiation of wild type mice (61). However,
the induction is absent in tissues from P53 null mouse,
suggesting it is mediated through P53 transcriptional
activation (61).

4. THE COMPLEXITY OF IRRADIATION-
INDUCED CELL DEATH AND SYSTEMATIC
APPROACHES

4.1. Overlapping protein functions and compensatory
pathways.

Asreviewed above, most components of the three
major cell death regulatory pathways have been implicated
in irradiation-induced cell death (Table 1). Such a
multigenic system poses a great challenge for traditional
genetic and molecular biology approaches which address
questions such as “Which gene is required for this
process?’. For example, both Bax and Bak can promote
cytochrome c release from mitochondria independently of
each other (65,66,108). Thus only when both Bax and Bak
are mutated, is UV-induced cell death in MEF cells blocked
(65,66). Functional overlap also exists in other steps of cell
death regulation, such as the death receptors and the lap
antagonists. Indeed, when the cell death machineries were
compared among worm, fly, and human, it was apparent
that the increase in protein family number and thus partial
redundancy and increased system complexity is the favored
trend during the evolution of complex organisms (109).

Looking beyond individual steps, compensatory pathways
may exist to mediate irradiation -induced cell death. First,
different pathways in the signal transduction circuit could
mediate irradiation-induced responses, perhaps depending
on the nature of irradiation as well as the cellular context.
For example, UV irradiation-induced cell death can be
mediated via membrane —initiated or DNA damage-
initiated  signa transduction ~ pathways  (110).
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Table 1. Cell death regulatory genes activated or suppressed after irradiation

Mechanism/Pathway  Transcription Post- Protein modification  Translocation
transcription
Mitochondria Bcl-2, Bcl-XL, Bcl-W, Bax, Bak, Bid, Bcl-2,
Bid, Noxa, hac-1, etc.
lap/antagonist Ciapl, reaper, hid, sickle, etc. Xiap Smac, HtrA2
Death receptor Fas, FasL, Trail, DR5, DcR2, DcR3,

Tradd, etc.

List of core cell death regulatory genes /proteins that have been reported as being activated or suppressed in response to

irradiation. Drosophila genes are itaicized.

Reflecting the existence of aternative or compensatory
pathways, there exists much conflicting evidence on
whether P53 is required for irradiation-induced cell death
(111-114).

Furthermore, even within the core cell death
regulatory machinery that directly regulates caspase
activation, alternative and compensatory pathways may
exist under certain conditions. For instance, Fas activation
is observed after irradiation in some cell lines in a P53
dependent manner, however Fas is not required for p53-
mediated cell death (115,116). Evidently these results
strongly indicate the existence of overlapping or aternative
pathways. Compensatory pathways were also observed
when irradiation induced cell death was studied in caspase
knock-out mice. While caspase-3 is activated in wild type
hepatocytes to mediate irradiation induced apoptosis, in
caspase-3 -/- hepatocytes, caspase 6 and 7 were activated to
induce cell death (117).

4.2. Tissueand cellular status specificity

The many conflicting evidence in the vast
amount of literature on irradiation-induced cell death
suggests that the mechanism of irradiation-induced
apoptosis may vary according to tissue types and cellular
status. Indeed it has long been observed in clinical
radiation therapy that the sensitivity to irradiation is
different among tissues (118). However, the molecular
basis of tissue-specific sensitivity to irradiation is far from
clear. Bouvard et a. reported that when whole-body
irradiation was applied to 8 week old mice, Fas is induced
in the spleen but not in other tissues such as the heart and
liver (96). Burns et a. confirmed that while Fas
transcription was up-regulated after irradiation in the
spleen, it was not activated in the thymus and the small
intestines, although apoptosis was induced in all three types
of tissues (61). The evidence indicated that the molecular
response is different not only between sensitive and
resistant tissues, but also among sensitive tissues.

Using a DNA micro-array containing probes for
approximately 1,200 human genes (~ 4% of the genome),
Amundson et d. identified 48 genes whose expression was
significantly changed after ionizing irradiation in the
myeloid cell line ML-1 (60). Among the 48 genes
identified were the cell death regulators Fas, Ciapl, Bak,
and Bcl-XL. Based on the results obtained from the ML-1
cells, Amundson et al. further tested the expression of 12
“irradiation responsive’ genes in a panel of 12 cell lines of
different tissue origin and P53 status. They found that the
response of these genes to ionizing irradiation or UV

14

irradiation varied dramatically among different cell lines.
For example, the same dosage of irradiation induced Ciap
in some cell lines while suppressed it in others (60). There
was also no obvious correlation between the P53 status in
these cell lines and their varied response to irradiation.

Even for cell lines derived from the same tissue
origin, the response to irradiation may differ. For example,
Gong et al. reported that although radiation activated DR5
in MOLT-4 cells, it failed to do so in other Human T—
lineage derived cells (69).

Differentiation status is another important factor
in determining apoptotic response to irradiation.
Differentiated keratinocytes are sensitive to UV-induced
apoptosis, which is dependent on P53 function. In contrast,
undifferentiated keratinocytes are relatively resistant to
UV-induced cell death. The apoptosis induced by UV in
the undifferentiated keratinocyte is independent of P53
function (119). This distinction is important for our
understanding of carcinogenesis because non-melanoma
skin cancer arises from the undifferentiated basal
keratinocytes.

When measured using the Drosophila GeneChip
(Affymetrix Inc.) with 13,000 probe sets (covering
essentially the whole genome), the genomic responses to
UV and x-ray irradiation are dramatically different among
undifferentiated embryos, differentiating embryos and post-
mitotic embryos (Zhou, et a., unpublished observation).
While UVC irradiation could induce apoptosis in both
undifferentiated and differentiating embryos, the
mechanism is different. In early stage undifferentiated
embryos, Hac-1 was induced by UV and this induction is
required for UV-induced apoptosis. In middle stage
differentiating embryos, however, lap antagonist Reaper (but
not Hac-1) wasinduced by UV to mediate cell desth (86).

Overall, these findings suggest that the molecular
mechanism activated by irradiation to induce cell death not
only depends on the nature of the irradiation source, but
also on the specific cellular context. While in some cell
types, such as the MEF, one pathway is essential and
required for irradiation induced cell desth (65), in others
alternative and compensatory pathways may be used to
convey radiation sensitivity.

5. CONCLUSION AND PERSPECTIVES

Comprehensive understanding of the molecular
mechanism mediating irradiation-induced apoptosis holds
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great promise for improved prognosis and treatment of
many diseases. Although much information has been
accumulated from research focusing on the role of a
particular gene on irradiation-induced cell death, we are
still far from a thorough understanding of this process. In
addition to the complexity of cell death regulatory
mechanisms, tissue type and cellular context differences
aso play a cruciad role in determining the molecular
mechanisms mediating irradiation-induced apoptosis.
Reflecting the complexity of this process, single gene
oriented approaches in predicting clinical radiosensitivity
have been largely unsuccessful (51). Enlightened by
accumulated experience and knowledge in this field and the
availahility of extensive genome information, we have just
started to sketch and comprehend the complexity of this
process. To make substantial progressin our understanding
of radio-sensitivity and resistance, several basic questions
remain to be addressed in depth: How different are tissue-
specific responses to irradiation? What cellular factors
determine the apoptosis regulatory mechanism activated by
irradiation? While it is clear that some proteins play a
crucial role in mediating irradiation-induced cell death
under specific circumstances, the search for one gene or
pathway that universally mediates irradiation induced cell
death should be abandoned. Appreciating the intricate
nature of this process, many problems should be
approached from a systems biology point of view (120).
That is, we should systematically monitor all involved
components and decipher the interactions and
interrelationships that account for the function as well as
plasticity of thiscellular process.
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