Chapter 15
Other Determinants of Sensitivity

Naoyuki Okita and Atsushi Shibata

Abstract Cancer treatments such as radiotherapy and chemotherapy induce DNA
damage, which can be a factor determining therapeutic efficacy. A DNA double strand
break (DSB) is considered to be the most critical type of DNA lesion, since DSBs
cause cell death when they are unrepaired and generate mutations if they are misre-
paired. Ionising radiation (IR) produces a broad spectrum of DNA damage, including
DSBs, single strand breaks (SSBs) and base damages. Specific poly(ADP-ribose)
polymerase (PARP) inhibitors, currently being tested in clinical trials, compromise
SSB repair after IR, resulting in the accumulation of replication-associated DSBs.
Since replication-associated DSBs are effectively repaired by homologous recom-
bination, PARP inhibition sensitizes cells that are defective in homologous recom-
bination. In addition, PARP inhibition effectively blocks backup DSB repair in cells
defective in non-homologous end joining (NHEJ) following IR. Importantly, the sen-
sitization in NHEJ-defective cells occurs independently of DNA replication. In this
chapter, we discuss the multiple effects of PARP inhibition in DSB repair-defective
cells in the context of the potential availability of PARP inhibitor in clinical use. We
further discuss how a PARP inhibitor influences the type of cell death, which may
affect prognosis following cancer treatment. In cancer therapy using PARP inhibitors,
a comprehensive understanding of PARP signaling from DNA damage to cell death
may be required to augment DNA damage-induced cell death and to direct restrained
cell death in order to reduce inflammation responses in surrounding tissues.
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15.1 Involvement of PARP in DNA Double Strand Break
Repair

15.1.1 The Role of PARP in DNA Damage Responses

Ionizing radiation (IR) causes several types of damage to DNA strands including
DNA double strand breaks (DSBs), single strand breaks (SSBs), base damage, and
DNA cross-links. DSBs are a type of critical lesion that determine cellular fate,
because they may cause severe genomic instability through such means as a de-
letion or chromosomal translocation leading to carcinogenesis. In addition, cells
with unrepaired DSBs undergo cell death if excessive amounts of DNA damage
are generated or cell cycle checkpoint arrest is not fully functional. DNA damage-
dependent PARP (PARP-1, PARP-2 and PARP-3) are activated following binding
to SSBs, gaps or DSBs [1-5]. Activated PARP-1 and PARP-2 at SSBs or gaps re-
cruits SSB repair proteins, e.g. XRCC1, DNA polymerase , ATPX, and LIG3, via
polyADP-ribosylation on the target proteins, including PARP itself and the histones
[6-8]. Since SSBs are also formed during base excision repair (BER), PARP-1 and
PARP-2 also participate in this repair process (see also other chapters) (Fig. 15.1)
[9, 10]. These repair pathways are compromised by selective PARP inhibitors
against PARP-1 and -2 activities, which are currently being examined in a clinical
trial. Although endogenous levels of SSBs and base damage (or even IR-induced
SSBs) do not largely influence cell viability, these types of damage become toxic
lesions if unrepaired before DNA replication, i.e. unrepaired SSBs and base dam-
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age are converted to DSBs when a replication fork encounters this damage in the S
phase (Fig. 15.2) [11, 12].

The living cell generates oxidative species during cellular metabolism. It has
therefore been suggested that more than 10,000 SSBs per cell arise from oxidative
stress per day. In normal cells and even tumor cells, this damage is repaired without
affecting cell growth. However, if SSB repair or BER is compromised, unrepaired
SSB will be converted into toxic DSBs at replication forks. Replication-associated
DSB have a unique damage structure compared to DSBs that are directly induced
by IR: replication-associated DSBs have one end, while IR-induced DSBs have two
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Fig. 15.2 Induction of replication-associated DSBs by PARP inhibition. IR causes SSBs directly
or via the BER pathway (Fig. 15.1). In the presence of PARP inhibitor, SSB repair is delayed. If
the SSBs are not repaired prior to the entry of S phase, replication-associated DSBs are gener-
ated when replication forks encounter SSBs. Since PARP keeps binding SSBs until SSB repair
is completed, DNA ends at replication-associated DSBs may be masked by PARP proteins in the
presence of PARP inhibitor, which may block the access of other DSB repair proteins. To allow
access, the PARP-DNA ends may be removed by Artemis nuclease activity [15.1]. Since the DSB
end at the replication fork does not have a partner, these breaks are preferentially repaired by HRR
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ends (Fig. 15.2) [13—15]. Since a replication-associated DSB does not represent a
‘break’, the DNA structure is also known as a DNA double strand end (DSE) [15].
At two-ended DSBs directly induced by IR, Ku protein, which is a central non-
homologous end joining (NHEJ) factor, binds to both DSB ends, tethers and pro-
motes the rejoining of the DSB ends. In contrast, in replication-associated DSB, the
DSB is not effectively rejoined by NHEJ because Ku cannot bind the other side of
the break end (Fig. 15.2). Therefore, replication-associated DSBs are preferentially
repaired by homologous recombination repair (HRR), which is another DSB repair
pathway. Consistent with the model in DSB repair pathway choice at replication
associated DSBs, an increasing number of reports demonstrate that HRR defective
cells show hypersensitivity to PARP inhibitor [16]. Among tumor cells defective in
HRR, BRCA1 or BRCA2 defective tumor cells exhibit an exceptional increase in
sensitivity to PARP inhibitor [11, 12]. The exceptional effect can be also explained
by the finding that PARP-1 is involved in DNA repair, which requires BRCA2, at
stalled replication forks [17, 18]. Thus, it is likely that the strong synthetic lethal in-
teraction between PARP and BRCA1/2 is regulated by multiple unrevealed mecha-
nisms (for detailed descriptions, see other chapters in this volume).

15.1.2 Replication-Dependent Radiosensitization by PARP
Inhibition in Cells Defective in HRR, Including Artemis
and ATM

Inhibition of DNA damage-dependent PARP activities by PARP inhibitor enhances
the sensitivity of radiotherapy in tumor cells [19, 20]. IR induces ~1000 SSBs per
Gy. The SSBs, however, are rapidly repaired without cellular toxicity if SSB repair
is intact [21]. Numerous reports demonstrate that the radiosensitizing effect of PARP
inhibition requires DNA replication, because the enhanced sensitivity is attenuated
by the blocking of DNA replication polymerases [11, 12, 22]. The mechanism of
radiosensitization is therefore explained by the enhanced conversion of unrepaired
SSBs to DSBs during the S phase. Thus, the radiosensitization by PARP inhibition
is explained by the formation of toxic DSBs at the replication fork.

Generally PARP inhibitors cause a modest increase in radiosensitivity in tumors
[19, 23]. Interestingly, however, some radioresistant tumor cells exhibit hypersensi-
tivity to IR in combination with PARP inhibitor [23]. The difference is explained by
the rate of cell growth, i.e. PARP inhibition preferentially sensitizes tumor cells by
virtue of their elevated replication rates. This aspect is well investigated in actively
dividing glioma cells [23]. Consistent with the above notion, such actively divid-
ing cell lines show an apparent increase in radiosensitivity, even after low doses
of IR [24]. Hence, a PARP inhibitor can be a potent radiation sensitizer in highly
replicating tumor cells that do not contain mutations in the HRR genes. As a similar
mechanism, PARP inhibition exacerbates the cytotoxicity of the alkylating agents in
highly replicating cells, since SSBs are also generated during BER following treat-
ment with alkylating agents as described above [25].
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Interestingly, there is a report that PARP inhibitors augment radiosensitivity in
Artemis or ATM defective cells [25]. The data shows that, in the presence of PARP
inhibitor IR- or alkylating agent- induced replication-associated DSBs are not effec-
tively repaired in Artemis or ATM-defective cells. Artemis and ATM are involved in
a subset of DSBs, which potentially require DNA end processing in NHEJ and HRR
[26]. Whilst core NHEJ components are essential for the overall NHEJ process, Ar-
temis and ATM are required for the repair of IR-induced DSBs, which arise in the
heterochromatin (HC) region [27, 28]. ATM facilitates chromatin remodeling at the
HC region via phosphorylation of KAP-1 (KRAB-associated protein-1), which re-
lieves the compact chromatin structure to allow the access of DSB repair proteins at
the HC region [28, 29]. The involvement of Artemis in HC-DSB repair is apparent
under epistatic analysis, however, the precise role of Artemis is yet to be revealed.
Nevertheless, the current model proposes that, because of its nuclease activity, Ar-
temis is involved in the processing of a “dirty” DSB end, e.g. a DSB with base dam-
ages [26]. Notably, the enhanced radiosensitivity in Artemis and ATM cells with
PARP inhibitors is attenuated by the blocking of DNA replication, suggesting that
a subset of toxic DSBs, which arise in DNA replication, require Artemis and ATM
[25]. In the presence of a PARP inhibitor, PARP is kept at the DNA ends, prevent-
ing the access of other repair proteins required for further repair steps [30]. Thus,
Artemis may function in removing the PARP-DSB complexes recognized as “dirty”
ends, which potentially become toxic lesions at DNA replication. As an alternative
possibility, the repair of DSB arising at the HC region may require Artemis and
ATM. Artemis and ATM may be also involved in removing “dirty” ends prior to the
initiation of HRR at the replication forks. Hence, IR-induced SSBs can become tox-
ic DNA lesions following the formation of PARP-DSB complex in the presence of
PARP inhibitor if Artemis/ATM is downregulated. This also implies that the nature
of IR-induced SSBs could be different from endogenous SSBs, since PARP inhibi-
tion alone does not influence cell viability in Artemis/ATM defective cells [25, 27].

15.1.3 Replication Independent Effects by PARP Inhibition in
NHEJ Defective Cells: Ionizing Radiation

PARP inhibitors also enhance sensitization to IR in cells that are defective in the
core components of NHEJ, irrespective of DNA replication [25]. Classical NHEJ
(C-NHE)J) is comprised of the core components Ku, DNA-PKcs, DNA Ligase IV,
XRCC4, and XLF, which are responsible for the repair of most radiation-induced
DSBs [31, 32]. Besides the C-NHEJ pathway, an alternative NHEJ (A-NHEJ) path-
way (also known as the backup NHEJ), has been identified in the absence of C-
NHE]J factors [33]. In the A-NHEJ pathway, DSB ends undergo short range of end
resection, leading to deletion mutations (Fig. 15.3) [34]. In normal cells, Ku can
tether and stabilize two DSB ends, however, without the protection by Ku, the DNA
ends are resected by the nuclease activity of MREI1 and CtIP [35]. The precise
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Fig. 15.3 PARP inhibitor compromises A-NHEJ in the lack of Ku protein. In wild type cells,
Ku binds both DSB ends. Subsequently, Ku tethers both ends and recruit core NHEJ factors.
The NHEJ pathway in wild type cells are called classical NHEJ (C-NHEJ). Conversely, in the
absence of Ku, DSB ends are resected due to the lack of DSB end protection by Ku. Following
the resection, when DSB ends find microhomology sequences, they are annealed and rejoined by
SSB repair factors. This pathway is called alternative NHEJ (4-NHEJ). Thus, PARP inhibition
effectively compromises A-NHEJ pathway

mechanism for this resection remains to be elucidated. To rejoin DSB ends without
Ku, two DSBs frequently utilize microhomology sequences to tether and anneal
both ends. An SSB or gap is subsequently sealed by SSB repair proteins, includ-
ing PARP, XRCC1 and DNA Ligase III. Since PARP inhibition prevents the SSB
repair pathway, the A-NHEJ pathway is effectively compromised by PARP inhibitor
[25, 33].

The A-NHEJ pathway is active throughout the cell cycle phases. The usage is
enhanced due to increased resection activity in the S/G2 phase [37]. Nevertheless,
it is noteworthy that the activity of A-NHEJ is largely regulated by Ku status, rather
than by NHEJ status. This idea is supported by the data showing that A-NHEJ path-
way is not able to compensate C-NHE] in cells defective in DNA-PKcs or XRCC4,
because Ku can bind to DSB ends in these cells [38]. In G1 cells, most DSBs are
rejoined by NHEJ since HRR cannot function due to a lack of sister chromatid and
downregulated HRR proteins. Thus, it has been proposed that the A-NHEJ pathway
is the exclusive repair pathway in the absence of C-NHEJ. Consistent with this
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notion, PARP inhibition perfectly blocks all DSB repair in G0/G1-arrested Ku80
null cells [25]. Although null mutations in NHEJ genes are rarely reported in hu-
mans because NHEJ is the essential repair mechanism for cell survival, NHEJ is
downregulated in some tumors with high-grade malignancies such as carcinoma of
the bladder and glioblastoma multiforme [39-41]. Indeed, it has been reported that
bladder tumor extracts fail to conduct accurate NHEJ and instead use an error-prone
mechanism, which is likely regulated by A-NHEJ [42]. Furthermore, it has been
shown that the expression of NHEJ proteins is downregulated following treatment
with a histone deacetylase inhibitor, which is in clinical use [43]. Hence, a PARP
inhibitor can be a potent radiosensitizer, irrespective of replication status. More-
over, PARP inhibition may be utilized to exterminate tumors because it has been
suggested that cancer stem cells exist in a quiescent state as G0/G1 if the repair
pathway can be manipulated from C-NHEJ to A-NHEJ.

PARP-3 is effectively activated by DSB ends, but not SSBs [44]. Similar to
PARP-1 and -2, PARP-3 ADP-ribosylates PARP-3 itself and the histones [44]. The
ADP-ribosylated histones recruit APLF, which interacts with Ku. Thus, the inhibi-
tion of PARP-3 attenuates NHEJ activity, resulting in the delay of DSB repair. How-
ever, the inhibition of PARP-3 or loss of APLF does not reduce cell viability follow-
ing irradiation, because DSBs are finally repaired in PARP-3/APLF-defective cells,
despite the delay of repair. It is therefore highly likely that the enhanced sensitivity
in radiation or chemotherapeutic drugs with a PARP inhibitor is dependent on the
inhibition of PARP-1 and -2 in the SSB repair process. In summary, the radiosen-
sitizing effects of PARP inhibitors are manifested in replicating cells, and are aug-
mented under defects in HRR. In addition, radiosensitivity in non-replicating cells
is enhanced if C-NHEJ is downregulated.

15.1.4 Replication Independent Effects of PARP Inhibition in
NHEJ Defective Cells: Alkylating Agents

Alkylating agents are favorably utilized in radioresistant tumors, for instance, temo-
zolomide is usually given to treat glioblastoma, a type of brain tumor. Alkylating
agents form adducts at N- and O-atoms of DNA. M -methylation, which is known
to be a major DNA adduct, is removed by BER. PARP inhibition therefore causes
accumulation of SSBs following the administration of alkylating agents, which
also results in the formation of replication-associated DSBs. A combination of an
alkylating agent and PARP inhibitor enhances the sensitivity particularly in cells
defective in HRR as described in the above model. Interestingly, PARP inhibition
exhibits gross sensitization of Ligase IV deficient cells to methylmethane sulfonate
(MMS: an alkylating agent) [25]. It is important to note, however, that the enhanced
sensitivity is replication-independent. PARP inhibition promotes the replication-in-
dependent DSB formation from MMS-induced SSBs in close proximity, i.e. DSBs
arising from overlapping SSBs or from interactions between transcription and ob-
structed SSBs (Fig. 15.4) [45]. For instance, ~20 DSBs arise by PARP inhibition
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Fig. 15.4 Replication-independent DSB formation by PARP inhibition following treatment with
alkylating agent. A high dose of alkylating agent causes multiple alkylations on DNA strands. As
described in Fig. 15.1, an SSB is formed during BER. If two SSBs are ambilaterally generated in
close proximity, e.g. within <30 base pairs, duplex DNA is denatured and a DSB is formed. The
DSB is immediately repaired by NHEJ, since any DSBs are not observed in wild type cells even
in the presence of PARP inhibitor. However, the DSB formation becomes evident in NHEJ defec-
tive cells

if NHEJ is deficient following 1 mM MMS treatment, although these DSBs are
rapidly repaired in NHEJ-proficient normal cells [25]. Thus, the combined usage
of an alkylating agent and a PARP inhibitor may be a useful chemotherapy in non-
cycling radioresistant tumors.

Hence, studies reveal the molecular mechanisms of sensitization by PARP inhi-
bition following DNA damage induction. (1) Inhibition of PARP exhibits dramatic
synthetic lethality in BRCA1 and BRCA2 defective tumor cells. Increased lethality
is also observed in cells defective in other HRR components, including accessory
components, (2) Artemis and ATM, albeit to a lesser extent. The enhanced sensi-
tization is highly dependent on DNA replication. (3) Furthermore, PARP inhibitor
radiosensitizes tumor cells defective in NHEJ by blocking the backup NHEJ path-
way, independently of DNA replication. Radiotherapy is able to target tumor cells,
however, DNA damage in surrounding normal tissues is a cause for concern. It
would therefore be important to reduce radiation doses with PARP inhibition by
referring to a patient database with consideration of DSB repair capability.

The accumulation of DSBs in repair-defective cells switches the cellular fate from
survival to cell death. It would therefore be important to consider the effect of PARP
inhibition on downstream signaling that results in cell death. In the next section, we
discuss the involvement of PARP in DNA damage-induced cell death and suggest
a potential plan for manipulating the course of cell death to direct a restrained cell
death, which may reduce inflammation responses in surrounding normal tissues.
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15.2 PARP-Dependent Cell Death

15.2.1 PARP Overactivation-Induced Cell Death Triggered
by DNA Damage

DNA damage-dependent PARPs are activated in order to maintain genomic stability
following ionizing radiation. Cells irradiated with lethal levels of ionizing radia-
tion undergo various types of cell death including apoptosis, necrosis, and mitotic
catastrophe. Among such types of cell death induced by DNA damage, there are
two types of PARP-dependent cell death involving PARP overactivation follow-
ing lethal levels of DNA damage (Fig. 15.5). In these processes, the involvement
of PARP-1 in PARP-dependent cell death is evident. The first is PARP-dependent
cell death from depletion of intracellular NAD*/ATP level by PARP overactiva-
tion. Since poly(ADP-ribosyl)ation requires NAD* for the reaction, DNA damage-
induced overactivation of PARP decreases cellular NAD™ levels [46, 47]. Cellular
NAD" is used as a coenzyme for ATP synthesis by biochemical reactions such as
glycolysis, the TCA cycle, and the electron transport chain. Massive PARP over-
activation therefore induces ATP depletion via NAD* overconsumption [48]. The
intracellular ATP level is closely involved with the types of cell death. The execu-
tion of the apoptotic cell death mechanism, which is the most common type of
programmed cell death, requires ATP. On the other hand, excessive DNA damage,
followed by a breakdown of intracellular ATP level leads the cells to necrotic cell
death. In the past, PARP overactivation-induced cell death following the DNA dam-
age response had been therefore regarded as necrosis.

However some groups have recently reported evidence that PARP overactiva-
tion- cell death is another type of programmed cell death, necroptosis. In necropto-
sis, certain molecular mechanisms actively regulate the execution [49, 50]. Necrop-
tosis is dictated by the RIP1/RIP3 kinase complex and is involved in the regulation

Lethal DNA Damage Lethal DNA Damage
(DNA strand breakers) (DNA alkylators, Extra high dose of
/ DNA strand breakers)
PARP Activation ‘ PARP Massive Activation
AIF and/or RIP1 activation
Caspases Activation |
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a

Fig. 15.5 PARP-Dependent Cell Death induced by DNA Damage. a Typical DNA strand break-
ers induce apoptosis, which is dependent on caspase activation. b Massive DNA damage caused
by DNA alkylators and high dose of DNA strand breakers triggers necrosis-like programmed cell
death that is PARP-dependent cell death
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of physiological responses such as the response of the immune system. Although
it has been reported that PARP-1 is involved in the RIP1/RIP3 signaling pathway,
the mechanism seems to be different according to the types of the cell death in-
ducers [50-52]. In an alkylating agent-induced necroptosis cascade, PARP-1 ac-
tivation precedes RIP1/RIP3 activation, because RIP1 downregulation attenuates
PARP-1-mediated cell death without inhibition of PARP-1 activation [50]. How-
ever, the contribution of PARP-1 to RIP1/RIP3 activation in death receptor-induced
necroptosis remains controversial [51, 52]. The relationship between necrosis and
necropstosis in PARP overactivation-induced cell death remains unclear, because of
the indecisive discrimination between necrosis and necroptosis, and the definition
of necroptosis itself, appears to confuse many researchers. Nevertheless, it is note-
worthy that that certain types of PARP-dependent cell death are regulated based on
molecular mechanisms.

15.2.2 Poly(ADP-Ribose) as a Death Signal Molecule

The second type of PARP-dependent cell death is caused by a direct death signal
from the poly(ADP-ribose) polymer itself or from the poly(ADP-ribosyl)ation of
other targets. Since the PARG family members possess both endoglycosidic and ex-
oglycosidic activity, PARG reactions likely control the length of poly(ADP-ribose)
chain on the poly(ADP-ribosyl)ated proteins, and concurrently produce various
sizes of acceptor-free poly(ADP-ribose), including monomer, oligomer, and poly-
mer [53-55]. It has been shown that acceptor-free poly(ADP-ribose) can function
directly as a death signal [56, 57]. The execution of this type of cell death requires
the binding of poly(ADP-ribose) to AIF, followed by the translocation of AIF from
the mitochondrial membrane into the nucleus. The nuclear form of AIF triggers
the activation of DNA degrading complex, including CypA [58]. These findings
suggest that this type of PARP-dependent cell death could be a type of necroptosis.
It has also been shown that poly(ADP-ribose) polymer itself functions as a death
signal, although it remains unclear whether poly(ADP-ribosyl)ation of AIF can me-
diate similar signal transduction.

15.3 Involvement of PARP in the Cell Death “Execution”
Process

15.3.1 PARP Cleavage by Cell Death-Involved Proteases

PARP-1 and PARP-2 are death substrates that are cleaved during apoptosis [59, 60].
PARP-1 cleavage has been well-characterized (Fig. 15.6). During apoptotic cell
death, full-length PARP-1 (theoretical molecular weight, MW: 113 kDa) is cleaved



15 Other Determinants of Sensitivity 373

DNA Binding Automodification Catalytic
Domain __Domain_ Domain .
1 372 524 1014

g ] | I

Nuclear }211DEVDGZ1

: i Catalytic Core
i Localization :
Signal :  Caspase
i Cleavage Site
p24 fragment p89 fragment

Fig. 15.6 Structure of full length PARP1. PARP1 consists of three domains, which are the DNA
binding domain, automodification domain, and catalytic domain. The apoptotic PARP1 cleavage
site lies within DNA binding domain

mainly by the apoptotic proteases, caspase-3 and -7, into p89 (MW: 89 kDa) and
p24 (MW: 24 kDa) fragments [61-63]. The main recognition sequence in PARP-1,
20DEVD?1, is cleaved after the 213D residue by caspase-3 and caspase-7 [64]. p89
fragment inhibits homodimerization of intact PARP-1 molecules in a dominant
negative manner, resulting in a decrease of cellular PARP-1 activity [65]. The tight
binding of p24 fragment to DNA breaks leads to the inhibition of further activation
of uncleaved PARP-1 [66]. In any case, cleaved PARP-1 can function as a strong
inhibitor of PARP on DNA strands, because the p24 fragment can bind DNA breaks
and act as a dominant negative inhibitor of PARP-dependent repair. The block-
ade of PARP-1 activity by cleaved fragments inhibits DNA repair pathways, and
also diminishes secondary PARP-1 activation in response to DNA fragmentation
caused during apoptosis by cell death-related nucleases such as CAD. Furthermore,
the study of a cleavage-resistant mutant of PARP-1 has revealed that inhibition of
PARP-1 cleavage causes resistance to DNA damage-induced cell death [55, 67].
Importantly, the presence of cleavage-resistant PARP-1 causes the converse type of
cell death; apoptosis-type programmed cell death becomes necrosis or necrosis-like
programmed cell death [36, 68, 69]. Taken together with these findings, the physi-
ological significance of PARP-1 cleavage during apoptosis appears to be secure
completion of classical apoptosis, which is considered “restrained cell death” in
terms of the elimination of dead cells. While the physiological functions of PARP-1
fragments from apoptotic cleavage have been well studied, it has also been reported
that PARP-1 is cleaved by cathepsins and calpains during non-apoptotic cell death
[70-73]. However the exact means by which PARP-1 cleavage occurs during non-
apoptotic cell death are currently under investigation.
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15.3.2 Use of PARP Inhibitors for “Restrained Cell Death”

Increasing evidence reveals the role of PARP in DNA repair and cell death execu-
tion. To understand the exact effects of PARP inhibitors on cells or individuals, the
“change of death forms” that occur following PARP inhibition should be consid-
ered. The first is a change in the type of programmed cell death following a switch
of the dominant repair pathway caused by PARP inhibition. Programmed cell death
does not always occur at a specific cell cycle phase [74, 75]. Furthermore, consider-
ing the existence of mitotic catastrophe, which is another pathway of programmed
cell death that occurs at mitosis, it is possible that distinct types of cell death exist
at each interphase [75, 76]. The second is a change in the type of programmed cell
death following an alteration of the dominant execution process of cell death. When
DNA damage triggers cell death, PARP inhibition leads to the enhancement of both
the lethality caused by the inhibition of PARP-mediated DNA repair and apoptosis
via the cell death-specific inhibition of PARP activity. On the other hand, when cell
death induction is DNA damage-independent, PARP inhibition increases apopto-
sis while decreasing necrosis or necrosis-like programmed cell death. Considering
radiation therapy for cancer, the type of cell death following the DNA damage re-
sponse can be variable if DNA damage responsive genes are upregulated or down-
regulated in tumors and it can show tissue specificity. Since PARPs have multiple
functions in the DNA damage response and cell death processes, the eventual out-
come in irradiated cells cannot always be predicted. Nevertheless if both steps are
comprehensively controlled under radiotherapy with PARP inhibitor treatment, the
cancer prognosis will be significantly improved by switching cell death pathway to
the restrained cell death of cancer cells, which does not induce massive inflamma-
tion in surrounding normal cells as occurs during necrosis.

15.4 Summary

In this chapter, we discussed about the role of PARPs in DNA repair and cell death
following cancer treatment. Since PARPs have multiple functions in SSB, BER and
DSB repair, the comprehensive understanding of the role of PARPs in DNA repair
should be required for proposing the idea to augment therapeutic efficacy in chemo-
and radiotherapy with PARP inhibition. Further, we propose that it is also important
to consider the type of cell death in cancer cells following cancer treatment. The
type of cell death may be controllable by manipulating the activity of PARPs. If an
optimal mode of cell death is manipulated in cancer therapy, side effects such as
over inflammation response in surrounding normal tissue may be avoidable. Col-
lectively, a comprehensive understanding of PARP signaling from DNA damage to
cell death will be important to optimize a therapeutic protocol in cancer treatment.
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