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Abstract
PARP inhibitors show promise as combination and single agents in cancer chemotherapy. Here,
we evaluate results obtained with mouse fibroblasts and the common laboratory PARP inhibitor,
4-amino-1,8-naphthalimide (4-AN), and analyze the potential for enhanced cytotoxicity following
the combination of a DNA damaging agent and a PARP inhibitor. Methylated DNA bases are
repaired by the monofunctional glycosylase-initiated single-nucleotide base excision repair (BER)
pathway. An intermediate of this process has a single-nucleotide gap in double-stranded DNA
containing the 5′-deoxyribose phosphate (dRP) group atone margin. This 5′-dRP group is
removed by the lyase activity of pol β prior to gap filling, then completion of repair is by DNA
ligation. PARP-1 binds to and is activated by the 5′-dRP group-containing intermediate, and
poly(ADP-ribos)ylation is important for efficient repair. 4-AN-mediated sensitization to the
methylating chemotherapeutic agent temozolomide is extreme, producing a level of cytotoxicity
not seen with either agent alone. In contrast, with agents producing oxidative DNA damage
repaired by bifunctional glycosylase-initiated BER, there is only weak sensitization by co-
treatment with PARP inhibitor. Other clinically utilized DNA-damaging agents repaired by
different DNA repair pathways also reveal minimal 4-AN-mediated sensitization. This
information has potentially important implications for strategic use of PARP inhibitors in
chemotherapy.
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Introduction
Results from clinical trials indicate that PARP inhibitors may allow selective killing of
cancer cells, because they target deficiencies in DNA repair that are unique to individual
types of cancer vs. normal tissues (1). However, information on PARP molecular biology
necessary to predict PARP inhibitor effects is not yet clear in the literature and is not well
recognized. Understanding PARP inhibitor mechanisms in model systems, such as human
and mouse cells in culture, has the potential for informing strategies on cancer
chemotherapy. Studies of DNA repair and cell signaling in model systems have identified
types of DNA damage that result in PARP activation and this information is key to
enhancing predictions on the outcome of therapeutic approaches with PARP inhibitors.
Here, we discuss our perspective on the roles of PARP in mammalian cells and how the
presence of the inhibited PARP-1 protein during base excision DNA repair impacts cell
killing.
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I) Background on DNA base excision DNA repair
The predominant repair pathway for removal of a single base lesion in double-stranded
DNA is base excision repair (BER). Single base lesions occur through endogenous events
including spontaneous base loss and deamination, or uracil incorporation during replication.
Damage can also arise through base oxidation and alkylation from endogenous and
exogenous sources. For example, methyl methanesulfonate (MMS) is a directly acting DNA
methylating agent causing alkylation of base nitrogens (e.g., 7-methylguanine), whereas the
oxidizing agent peroxynitrite produces reactive oxygen species (ROS) and oxidized base
damage(e.g., 8-oxoguanine).

There are several known sub-pathways of BER differentiated by the enzymes involved and
the size of the repair patch (reviewed in (2)). In the simplest single-nucleotide BER sub-
pathway, repair is initiated by a lesion-specific monofunctional DNA glycosylase (i.e., N-
methylpurine DNA glycosylase (MPG) in the case of a methylated base) that removes the
damaged base leaving the toxic abasic (AP) site. The DNA backbone is incised 5′ of the AP
site by AP endonuclease 1 (APE1) producing a 1-nt gap with 3′-OH and 5′-dRP groups at
the margins (Fig. 1A, left side). DNA polymerase β (pol β) removes the 5′-dRP blocking
group and performs single-nucleotide gap filling synthesis. In contrast, many of the
glycosylases specific for oxidative DNA damage are bifunctional with an associated AP
lyase activity that cleaves the DNA backbone 3′ to the abasic site leaving 3′-dRP and 5′-
PO4 termini(Fig. 1A, right side). Now, APE1 cleaves the 3′ blocking group leaving a
substrate suitable for DNA synthesis and ligation. In this case, formation of a 5′-dRP
blocking group does not occur and there is no requirement for pol β 5′-dRP lyase gap
tailoring activity (3). The 5′ and 3′ intermediates of repair are identified (Fig. 1A).

II) Binding of PARP-1 to intermediates of BER
PARP-1 plays a role in DNA damage recognition and repair. It binds to nicks and strand-
breaks in DNA, including the 5′-dRP containing intermediate of BER. When bound to such
DNA, PARP-1 becomes catalytically activated synthesizing poly(ADP-ribose) (PAR)
polymers from NAD+, and resulting in poly(ADP-ribosyl)ation of itself as well as other
proteins involved in DNA repair and chromatin remodeling. Following auto-modification,
PARP-1 is able to complex with other BER proteins such as pol β and XRCC1 enabling
their recruitment to the damage site. With loss of the abasic site sugar by pol β lyase activity
and completion of repair by pol β gap filling and DNA ligation, PARP-1 dissociates from
DNA and the PAR is rapidly cleaved, primarily by poly ADP-ribose glycohydrolase (4).

In previous photoaffinity labeling studies with mouse fibroblast cell extracts, PARP-1 was
found to be the predominant protein factor binding to the BER intermediate (5). Use of
various alternate BER intermediates as model binding ligands revealed binding specificity
for an analog of the natural 5′-dRP intermediate with much less binding using a BER
intermediate with a 5′-PO4 (6). These results are consistent with a biological role for the
interaction between PARP-1 and the 5′-dRP-containing intermediate (Fig. 1A, left side).
The molecular mechanism of this specificity is not yet understood.

III) PARP inhibition and cellular hypersensitivity to DNA damage
Enhanced cytotoxicity associated with PARP inhibition correlates closely with PARP-1
binding to the 5′-dRP group-containing BER intermediate (Fig. 1A, left side). In the
presence of DNA alkylation, and an inhibitor of its catalytic activity, PARP-1 still binds to
sites of DNA damage, but auto-ribosylation is prevented (7). It is proposed that in its
inhibited, inactivated state, PARP-1 binding to DNA is persistent, hindering the BER
process. It is also proposed that the cytotoxicity of DNA-bound and inhibited PARP-1 is
linked to formation of replication-dependent double-strand breaks.
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Analysis of MMS-treated mouse embryonic fibroblasts shows that PAR synthesis is
completely inhibited by the PARP inhibitor 4-amino-1,8-naphthalimide (4-AN) (8)(Fig. 1B).
As expected, wild-type fibroblasts are highly (40-fold) sensitized by 4-AN to methylating
agents, e.g., MMS (Fig. 1C). In contrast, combination of 4-AN and the oxidant peroxynitrite
has a negligible effect on cytotoxicity (Fig. 1D) (9). The predominant DNA modifications
induced by peroxynitrite include 8-oxoguanine (10), where repair is initiated by the
bifunctional 8-oxoguanine DNA glycosylase (OGG1), producing a 3′-blocked repair
intermediate (circled, Fig. 1A, right side). The difference in BER following treatment with
the alkylating agent, MMS and the oxidizing agent, peroxynitrite is the initiation step by a
monofunctional vs. a bifunctional glycosylase, respectively (Fig. 1A). Only in the former
case (repair of alkylated base damage) will there be an intermediate with the 5′-dRP
blocking group (circled, Fig. 1A, left side) and strong 4-AN-mediated sensitization (Fig.
1E). If the repair intermediate does not have a 5′-dRP group, PARP-1 binding is expected to
be relatively weak, and the effect of inhibiting DNA-bound PARP-1 will be diminished (Fig.
1E). These observations suggest the 5′-dRP blocking group is critical for binding PARP-1
and for 4-AN-mediated extreme sensitization to DNA damage.

IV) Influence of pol β expression on the effect of PARP inhibition
The hallmark phenotype of pol β null cells is hypersensitivity to SN2 alkylating agents such
as MMS, and SN1 alkylating agents such as methyl nitrosourea (MNU) and the
chemotherapeutic methylating agent, TMZ (Fig. 2A) (11, 12). Pol β null cells are similarly
hypersensitive to exposure to the thymidine analog 5-hydroxymethyl-2′-deoxyuridine
(hmdUrd), an agent that is incorporated into cellular DNA and removed by a
monofunctional DNA glycosylase, SMUG1 (12). Hypersensitivity to methylating agents in
pol β null mouse fibroblasts can be reversed by deleting the DNA glycosylase responsible
for initiating repair (13) or by expression of either the full-length pol β protein or the 8 kDa
dRP lyase domain having 5′-dRP gap tailoring activity (14).

As already noted, 4-AN is a potent inhibitor of PARP-1 catalytic activity in methylating
agent-treated cells, and when cells are treated with the combination of TMZ plus 4-AN,
there is a very strong sensitization of both wild-type and pol β-null variants (Fig. 2B) (9).
But, importantly, pol β-null cells are more sensitized than are wild-type cells (i.e., 100-and
40-fold, respectively; Fig. 2B and C). Positive TMZ/PARP inhibitor data have been reported
in a number of other cellular systems, e.g., human tumor cell lines and xenografts (15, 16).
Similar pol β-dependent sensitization results were obtained with other similar DNA
damaging agents (MMS, MNU and hmdUrd) (Fig. 2C). It appears that through its role in
removing the 5′-dRP group, pol β reduces PARP inhibitor-mediated sensitization. In the
absence of pol β, the cell will be deficient in 5′-dRP lyase activity, allowing for enhanced
binding of PARP-1 at the intermediate and greater 4-AN-mediated sensitization.

In the case of peroxynitrite treatment, the minimal 4-AN sensitization observed in wild-type
cells (Fig. 1D), was also seen under conditions of pol β-deficiency (Fig. 2D) (9). Similar
data were obtained in both cell types for clinically utilized IR and bleomycin (Fig. 2C).
Bleomycin is a radiomimetic agent and requires a redox active metal ion and molecular
oxygen to form reactive oxygen species resulting in oxidized sugars and abasic sites with 3′-
blocking groups such as 3′-phosphoglycolate (17). Repair may involve pol β, but 5′-
blocking groups are not abundantly formed, and pol β null cells are only minimally
hypersensitive to peroxynitrite and bleomycin, also to IR (3, 18). Again, the results suggest a
requirement for a 5′-dRP blocking group intermediate for cellular hypersensitivity in pol β-
deficient cells and strong 4-AN sensitization.
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V) Summary of 4-AN-mediated sensitization to other agents
As discussed above, cells are highly sensitized to TMZ by PARP inactivation, especially in
the absence of pol β (Fig. 2B). In contrast, PARP inhibition has a considerably lesser effect
when combined with an oxidant chemotherapy drug (bleomycin) or IR (Fig. 2C). The
chemistry of DNA damage and repair, therefore regulates inhibitor effects, since in the
absence of the 5′-dRP group-containing repair intermediate there is minimal PARP
inhibitor-mediated sensitization.

We also considered other chemotherapeutic DNA damaging agents; first we evaluated
cisplatin (cisPt), a DNA crosslinking agent. The platinum of cisPt binds covalently to the N7
position of purines, mainly guanine, then forms intra-and inter-strand crosslinks (19). Intra-
strand crosslinks are bulky adducts on only one DNA strand and can be repaired by
nucleotide excision repair (NER). The platinum inter-strand lesion can undergo NER, but is
also processed by mismatch repair, homologous recombination (HR) and translesion
synthesis (TLS). Pol β null cells show no hypersensitivity to this agent, and combination
with 4-AN results in minimal sensitization in both cell types (Fig. 3A) (5). Cytosine
arabinoside (Ara C) is an example of a nucleoside analog (20) where cytotoxicity occurs as a
result of DNA synthesis chain termination (21). Pol β null cells are only slightly
hypersensitive to this agent, and 4-AN co-treatment again results in only low-level
sensitization (Fig. 3B). Camptothecin (CPT) is a topoisomerase 1 (Top1) inhibitor resulting
in trapping of the Top1 cleavage complex and formation of protein-linked single-strand
breaks (SSBs). Repair by tyrosyl-DNA phosphodiesterase, polynucleotide kinase and SSB
repair may involve pol β gap-filling synthesis, but it does not involve a 5′-blocked repair
intermediate. Interestingly, 4-AN treatment resulted in some sensitization to CPT, especially
in pol β null cells (4.6-fold) (Fig. 3C), but still this was extremely modest compared with the
methylating agent TMZ (Fig. 3D).

Concluding remarks – Perspective on predicting PARP inhibitor
sensitization

PARP inhibitors are increasingly utilized in chemotherapy as part of a combination regime
or as monotherapy agents. Studies in mouse fibroblasts indicate that the magnitude of the
effect of a PARP inhibitor in combination with a DNA damaging agent is dependent on the
precise nature of the DNA repair process. Inhibiting PARP bound to a 5′-dRP-containing
intermediate results in a dramatic cell sensitization effect, whereas in the absence of a 5′-
dRP group, both PARP-1 binding and inhibitor-mediated sensitization is minimal. We
hypothesize that an excess of 5′-dRP group-containing intermediates accumulate in a pol β-
deficient cell, such that PARP-1 binding and PARP inhibitor sensitization are increased.
This information may be useful in predicting the effect of a DNA damaging agent and PARP
inhibitor combination with other cell types and agents, and possibly even in a clinical
setting.
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Figure 1.
A, Scheme of pol β-dependent BER initiated by a monofunctional (left side) or bifunctional
(right side) DNA glycosylase showing formation of 5′-or 3′-blocking groups (circled),
respectively, in repair intermediates. The specific interaction between PARP-1 and the5′-
dRP-containing intermediate is indicated. B, Inhibitory effect of 4-AN (10 μM) on PAR
synthesis in MMS-treated MEFs (10 mM for 20 min at 4 °C) as measured by a commercial
ELISA assay (Trevigen). C, Sensitivity of wild-type MEFs to a 1 h exposure to MMS
(circles) and the sensitization obtained by co-treatment with 4-AN (10 μM for 24 h;
squares). D, Sensitivity of wild-type mouse fibroblasts to a 1 h exposure to peroxynitrite
(circles) and the absence of sensitization provided by co-treatment with 4-AN(10 μM for 24
h; squares). The plot was drawn to the same scale as in C. Cell sensitivity was obtained by
growth inhibition assays as described previously (12). E, Comparison of 4-AN-mediated
fold-sensitization of wild-type MEFs to MMS (40-fold) and peroxynitrite (negligible).
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Figure 2.
A, Hypersensitivity (3.2-fold) of pol β null mouse fibroblasts (open symbols) to TMZ (4 h
exposure). B, Sensitization to TMZ cytotoxicity by 24 h exposure to the PARP inhibitor, 4-
AN (squares). C, Comparison of 4-AN mediated sensitization in wild-type and pol β null
MEFs to agents resulting in damage repaired by monofunctional and bifunctional BER
pathways. D, Low level sensitization by 4-AN of pol β null cells to peroxynitrite.
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Figure 3.
Level of hypersensitivity of pol β null MEFs (open circles) to exposure to A, cisPt (1 h); B,
Ara C (24 h) or C, CPT (24 h) compared with wild-type MEFs (closed circles). A–C,
Sensitization of pol β null (open squares) and wild-type MEFs (closed squares) by 24 h
exposure to 4-AN (10 μM). D, Comparison of 4-AN mediated sensitization to TMZ and
other types of clinically-utilized DNA damaging agents in wild-type and pol β null mouse
fibroblasts.
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