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ABSTRACT

Poly (ADP-ribose) polymerase (PARP) inhibitors effectively kill tumours defective in the
BRCA1 or BRCA2 genes through the concept of synthetic lethality. It is suggested that
PARP inhibitors cause an increase in DNA single-strand breaks (SSBs), which are converted
during replication to irreparable toxic DNA double-strand breaks (DSBs) in BRCA1/2 defec-
tive cells. There are a number of recent reports challenging this model. Here, alternative
models that are not mutually exclusive are presented to explain the synthetic lethality be-
tween BRCA1/2 and PARP inhibitors. One such model proposes that PARP inhibition causes
PARP-1 to be trapped onto DNA repair intermediates, especially during base excision repair.
This may in turn cause obstruction to replication forks, which require BRCA-dependent ho-
mologous recombination to be resolved. In another model, PARP is directly involved in cat-
alysing replication repair in a distinct pathway from homologous recombination.
Experimental evidence supporting these novel models to explain the PARP-BRCA synthetic
lethality are discussed.
© 2011 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

homologous recombination (HR) to suppress genetic instabil-
ity, which can lead to cancer (Venkitaraman, 2002). BRCA1

Inherited mutations in one copy of either the BRCA1 or BRCA2
gene is associated with a high risk of developing primarily
breast and ovarian cancer (Miki et al., 1994; Wooster et al.,
1995). Cancers arising in these individuals have lost a func-
tional copy of BRCA1 or BRCA2. Hence, the BRCA1 and BRCA2
proteins are tumour suppressors and are required for

and BRCA2 defective tumours are intrinsically sensitive to
PARP inhibitors, both in tumour models in vivo (Bryant et al.,
2005; Evers et al., 2010; Farmer et al., 2005; Liu et al., 2007;
Rottenberg et al., 2008) and in the clinic (Fong et al., 2009).
Only mild side effects have been reported from PARP inhibitor
treatment (Fong et al., 2009), which can be attributed to PARP
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inhibitors selectively targeting BRCA defective cells, owing to
their defect in HR (Bryant et al., 2005; Farmer et al., 2005). Nor-
mal cells, with intact HR, are not significantly affected, in line
with evidence that PARP-1~/~ mice are alive and healthy in
general (de Murcia et al., 1997; Wang et al., 1997).

The genetic interaction between PARP and BRCA can be de-
scribed as synthetic lethal. Synthetic lethality between two
genes occurs where individual loss of either gene is compati-
ble with life, but simultaneous loss of both genes results in cell
death. It has for a long time been suggested that a synthetic le-
thal approach could be used in the treatment of cancer
(Hartwell et al., 1997) and the PARP-BRCA interaction provides
the first example of a successful synthetic lethal approach
that has entered the clinic.

Although several years have passed since the initial reports
on the PARP-BRCA synthetic lethality, we have so far not seen
any other synthetic lethal approach reach the clinic. One pos-
sible reason for the slow pace in the development of new drugs
using this concept may be our inability to mechanistically ex-
plain the PARP-BRCA synthetic lethality. Indeed, mechanistic
understanding has not been helped by the publication of nu-
merous statements without support from the literature.
Here, I will review recent findings that affect our mechanistic
understanding of the PARP-BRCA synthetic lethality.

2. PARP-1 is not a base excision repair protein
It is well established that the PARP-1 protein binds to SSBs,

where it is activated to convert NAD" into ADP-ribose poly-
mers (PAR), and that the protein is required for efficient SSB
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repair (Fisher et al.,, 2007; Satoh and Lindahl, 1992; Strom
et al., 2011) by attracting XRCC1 to the site of damage (El-
Khamisy et al., 2003) (Figure 1A).

Traditionally, BER has been suggested to work as a series of
independent steps, starting with removal of the damaged
base, followed by separate recognition by AP-endonuclease
(APE), which makes a SSB incision. This unprotected SSB acts
as a substrate for SSB repair (SSBR) involving PARP-1
(Figure 1B). Indeed, PARP-1 has been suggested to have a role
in BER (Dantzer et al, 1999, 2000). This suggestion is well
founded, as PARP-inhibited or PARP-1~/~ cells are hypersensi-
tive to agents that cause base lesions (de Murcia et al., 1997;
Wang et al., 1997) and PARP-1 is required for the rapid closure
of alkylation-induced SSBs (Trucco et al., 1998). Furthermore, li-
gation of AP-sites generated from uracil or 8-oxoguanine lesions
is delayed in extracts from PARP-17/~ cells. A potential caveat of
these experiments is that damaged DNA and AP-sites can be
heat sensitive, which may cause these lesions to be converted
into SSBs (Lundin et al., 2005). In addition, alkylated DNA bases
effectively block replication elongation (Groth et al., 2010), and
the sensitivity in PARP-17/~ cells to those agents may be related
to a role for PARP-1 at replication forks (see below).

Other scientists have reported that BER kinetics are reduced
in the presence of the active PARP-1 protein (Allinson et al,,
2003). Thus, the role of PARP-1 in BER has remained elusive. Re-
cently, we have set up an assay to measure BER incision in cells
and the half-life of the SSB intermediate formed during BER
(Strom et al., 2011). Using this assay, we find that PARP-1 is not
required for BER in cells, but rather that the presence of PARP-
1 protein reduces the BER turnover (Strom et al., 2011). These
data support a model where BER occurs in a single, coordinated
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Figure 1 — Base excision repair (BER) is a separate process from DNA single-strand break (SSB) repair in mammalian cells, although the two
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that will then initiate SSB repair. (C) One-step model for BER: The glycosylase interacts with proteins involved in the early BER incision step and

excises the damaged base shortly before APE incision. The half-life of the SSB intermediate is very short and rapidly ligated by short patch repair,
which switches to long patch repair in case of ligation difficulty. PARP-1 has no role in BER, but can transiently bind the SSB intermediate. When
PARP-1 is inhibited, it can be trapped on the SSB intermediate and prevent the ligation step.
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step thatis PARP-1 independent (Figure 1C). Furthermore, these
data suggest that SSBR is distinct from this process.

In the DNA repair literature, it has not been suggested that
PARP-1 is essential for BER, as such a notion would be ill
founded. BER is an absolutely essential process and mouse
APE1 (Xanthoudakis et al., 1996), Polp (Gu et al., 1994) or XRCC1
(Tebbs et al., 2003) knockouts die at embryonic stages, in con-
trast to PARP-1~~ mice (de Murcia et al., 1997; Wang et al,,
1997). Repairing base lesions is essential for all life and the BER
process is also highly conserved through evolution, in contrast
to PARP proteins, which are poorly conserved and are not pres-
entin S. cerevisiae. Since some databases have annotated PARP-1
tobe a BER protein, there are now several papers in the literature
stating that this is the case. I do hope that this notion can be re-
vised, in light of currently available data.

Interestingly, we observe a complete opposite effect when
using PARP inhibitors to deplete PARP-1 rather than siRNA.
These data demonstrate that PARP inhibitors inhibit BER by
trapping the SSB intermediate, which may be an important
contributor for selectively killing BRCA defective cells (Strom
et al., 2011). Here, it is worth mentioning that BRCA defective
cells are far more sensitive to PARP inhibitors than to siRNA
knockdown of PARP-1 (Bryant et al., 2005; Farmer et al,
2005). Hence, trapping PARP on specific DNA lesions, including
BER intermediates, may be important for the effective killing
of HR defective cells.

3. SSBs do not accumulate as a primary lesion after

PARP inhibition

A short treatment (less than 24 h) with a PARP inhibitor is suf-
ficient to trigger cell death in BRCA defective cells. Our origi-
nally proposed model suggested that PARP inhibition results
in an increase in SSBs that then collapse replication forks into
toxic one-ended DSBs (Bryant et al., 2005; Farmer et al., 2005),
which are substrates for HR (Arnaudeau et al., 2001; Helleday,
2003). Since BRCA defective cells are unable to perform HR,
such toxic DSBs would accumulate in the cancer cells
(Figure 2A). Although PARP inhibition delays repair of induced
SSBs, the steady state level of SSBs is not increased with PARP
inhibition in either wild type or BRCA2 defective cells, as ob-
served using the alkaline comet assay (Gottipati et al., 2010).
Furthermore, we cannot identify any SSBs after PARP inhibition
or siRNA knockdown in undamaged cells using the sensitive al-
kaline DNA unwinding assay to detect SSBs (Strom et al., 2011).
In addition, other laboratories report that background levels of
SSBs appear to be normal in PARP-1~~ or siRNA depleted cells
(Fisher et al., 2007). Although there is a clear increase in YH2AX
foci after PARP inhibition, there is no detection of any increased
levels of DSBs as measured by pulsed-field gel electrophoresis.
This may also relate to the less sensitive method of pulsed-field
gel electrophoresis, which cannot distinguish fewer than 10
DSBs. Clearly, SSBs and DSBs will be formed after prolonged
PARP inhibitor treatment, especially in BRCA defective cells,
as cells enter apoptosis. Such DNA strand breaks are secondary
and merely a consequence during cell death.

Itis well established that an important role of PARP in SSBR
is the recruitment of XRCC1 (Caldecott, 2003; El-Khamisy et al.,
2003). If the mechanism of PARP inhibitors is through
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Figure 2 — Pathways underlying PARP-BRCA synthetic lethality. (A)
SSB replication run-off model. PARP-1 is involved in repair of SSBs,
which may in the presence of a PARP inhibitor persist and collapse
a replication fork into a one-ended DSB. Since BRCA defective
cancer cells lack HR, the resulting DSBs would be selectively toxic to
the cancer cells. (B) PARP-1 trapping model. PARP inhibitors trap
PARP-1 onto SSBs formed spontaneously or as an intermediate
during BER. Trapped PARP-1 may pose an obstacle to replication
that would require HR to bypass. (C) Replication restart model. In the
case of normal replication, forks will stall owing to lack of replication
factors or by obstacles on the DNA template. PARP and HR are
activated at stalled forks and mediate distinct pathways for restart.

deactivation of SSBR one would expect XRCC1 to also be syn-
thetic lethal to BRCA1 or BRCA2. In contrast to this expecta-
tion, siRNA depletion of PARP-1 but not XRCC1 reduces
survival in BRCA2 defective cells (Patel et al., 2011), suggesting
that the role of PARP-1 in SSBR has little to do with the in-
creased cell death in BRCA2 defective cells.

As mentioned earlier, PARP inhibitors trap a SSB intermedi-
ate during BER and delay SSBR. Hence, one may expect that
the background levels of SSBs to increase upon exposure to
a PARP inhibitor, as it would prevent repair of many of the
SSBs arising normally in the cell every day (Lindahl, 1993). It
is unclear why this is not the case, but may be explained by
a slow turnover of repair and induction of SSBs and base le-
sions under normal conditions. Anyhow, since a PARP
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inhibitor may trap PARP onto the lesion or a DNA repair inter-
mediate this complex may be converted to a more toxic lesion
during replication (Figure 2B). This would be a similar mecha-
nism of action as topoisomerase I poisons, such as campto-
thecin, which trap the topoisomerase I in a cleaved complex
on the DNA, which is converted to a more toxic lesion during
replication (Strumberg et al.,, 2000). Such a mechanism for
PARP inhibitors could be possible in the context of an HR de-
fective background, where it is suppressed in normal cells.
The intermediate formed by trapping PARP to the DNA lesion
is not comparable to the toxic lesions formed by camptothecin
at replication forks, since trapping PARP is not particularly
toxic to normal cells.

Another interesting aspect is that PARP inhibitors selec-
tively kill XRCC1 defective cells (Strom et al., 2011) by an un-
known mechanism. This is likely to be relevant to further
understanding the PARP-BRCA synthetic lethality.

4, Interaction between PARP-1 and HR, a story of
PARP inhibitors

The interaction between PARP-1 and HR has been well docu-
mented for decades. Instrumental to our understanding of
PARP-1, we should acknowledge Sydney Shall, who very early
on started to identify PARP inhibitors (Brightwell and Shall,
1971), paving the way for Barbara Durkacz in Dr Shall’s re-
search group to identify PARP as a DNA repair enzyme
(Durkacz et al., 1980). Using the PARP inhibitors, an increase
in sister chromatid exchanges (SCEs) following PARP inhibition
was demonstrated (Morgan and Cleaver, 1982; Oikawa et al.,
1980), which could later be verified in cells derived from
PARP-1 knockout mice (de Murcia et al., 1997; Wang et al,,
1997). The role of PARP-1 in controlling HR has for a long time
been a major research area and it was for a long time suggested
as a general recombination suppressor (Lindahl et al., 1995). In
our hands, we found that the general increase in HR was unre-
lated to the HR process itself, demonstrating that PARP-1is not
required for catalysing HR (Schultz et al., 2003). Although there
has been a longstanding interest in the genetic interaction be-
tween HR and PARP inhibitors, it was only when more potent
PARP inhibitors were synthesised that any translational aspect
could be investigated (Griffin et al., 1995). Furthermore, the
making of pharmacologically safe inhibitors, pioneered by Ku-
DOSLtd, was essential to make a difference in the clinic. In con-
clusion, the production of small molecule inhibitors of PARP
was critical in identifying the role of PARP in DNA repair and
as a target to selectively kill HR defective cancers.

5. PARP is hyperactivated in HR defective cells and
has a role in reactivating stalled replication forks

The PARP-1 protein has two very large DNA binding domains,
with the ability to not only bind SSBs (Satoh and Lindahl,
1992), but also DNA double-stranded ends as well as other
DNA structures (D’Amours et al., 1999, D’Silva et al., 1999), in-
cluding replication fork structures (Bryant et al., 2009). Interest-
ingly, increased PARP activity is found in replicating cells
(Lehmann et al., 1974) close to replication forks (Jump et al.,

1979) and in newly replicated chromatin (Anachkova et al,,
1989). Furthermore, PARP-1 interacts with several DNA replica-
tion proteins, many of which are poly(ADP-ribosyl)ated (Dantzer
et al., 1998; Simbulan-Rosenthal et al., 1996; Simbulan et al.,
1993). Indeed, the PARP-1 protein is activated at stalled replica-
tion forks and mediates effective restart of the stalled fork
(Bryant et al., 2009; Yang et al., 2004). A similar function has
also been demonstrated for several proteins involved in HR,
e.g. RAD51, BLM, XRCC3 and FANCM (Davies et al., 2007;
Petermann and Helleday, 2010; Petermann et al., 2010; Schwab
etal,, 2010). Since both PARP and HR proteins play an important
role in restarting stalled replication forks, these functions may
be important to understand the molecular mechanism for the
synthetic lethality between PARP and BRCA proteins.

Interestingly, a recent publication demonstrates that
BRCA2 protects from Mrell-depedent degradation of stalled
replication forks, a function unrelated to HR (Schlacher et al.,
2011). BRCAZ2 protein unable to protect stalled replication forks
still reverts to PARP inhibitor resistance, suggesting that this
function may not be so important for the PARP-BRCA synthetic
lethality. However, our own observations demonstrate that
PARPitselfis critical to prevent from Mrell-depedent degrada-
tion of stalled replication forks. Hence, the role of PARP and
BRCA?2 in both protecting from degradation of stalled forks is
likely highly relevant to the mechanism of synthetic lethality.

Non-homologous end joining (NHEJ) and DNA-PK also play
an important role at stalled replication forks (Lundin et al.,
2002; Saintigny et al., 2001), which is so far poorly defined. In-
terestingly, the toxicity, chromosomal aberrations and muta-
tions caused by PARP inhibitors in BRCA2 defective cells are
suppressed by inhibition or loss of DNA-PK (Patel et al., 2011).
Since chromosomal aberrations and mutations are repaired
duringreplication itis reasonable to believe that DNA-PK influ-
ences replication repair in a way that prevents PARP inhibitors
from being toxic in BRCA2 defective cells. These data suggest
that DNA-PK is first activated at replication forks to channel
the repair through a pathway that involves PARP and BRCA.
Hence, if DNA-PK is inactive the repair will be channelled
through a pathway that normally would not be used, but that
now would circumvent the PARP and/or BRCA pathway. Simi-
lar data has also been reported in DT40 Chicken cells following
treatments with camptothecin (Hochegger et al., 2006). Fur-
thermore, recent findings showing that loss of 53BP1 in
BRCA1 mutant cells alleviates hypersensitivity to PARP inhibi-
tors and restores HR suggest a role for BRCA1 and 53BP1in reg-
ulating the choice between HR and NHE] pathways for DNA
repair (Bouwman et al., 2010; Bunting et al., 2010).

We have previously reported that PARP-1 is hyperactivated
in BRCA2 and other HR defective cells (Gottipati et al., 2010). It
is reasonable to believe that this hyperactivation of PARP is
important to mediate survival in HR defective cells. The
PARP-1 hyperactivation is restricted to cells present in the S-
phase of the cell cycle, providing even more support for the
presence of PARP to relieve or repair replication damage oc-
curring in HR defective cells. I propose a model for the syn-
thetic lethality that involves separate pathways for PARP
and BRCA in mediating replication repair (Figure 2C) and is de-
pendent on a functional NHE] pathway.

In the clinic, some patients with confirmed BRCA muta-
tions respond poorly to PARP inhibitors (Fong et al., 2009),
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while other ovarian cancers, with no apparent BRCA defect re-
spond well to PARP inhibitor therapy (Gelmon et al., 2010).
This highlights the need for predictive biomarkers to identify
tumours that will respond to PARP inhibitor therapy. Since
BRCA2 defective cells with acquired resistance to PARP inhib-
itors also revert to a low level of PARP activation (Gottipati
et al,, 2010), the measurement of PAR polymers (a readout of
PARP activity) could be a useful biomarker to identify tumours
that will respond to PARP inhibitor therapy. Alternative
methods could be to determine RAD51 foci formation in tu-
mours, an indicator of functional HR (Mukhopadhyay et al.,
2010; Willers et al., 2009), or the presence of miRNAs such as
miR-182, which regulates the expression of the BRCA1 protein
(Moskwa et al., 2011). In addition, 53BP1 expression in BRCA1
negative tumours could potentially be used to determine sen-
sitivitiy to PARP inhibitors.

6. PARP inhibitors target PARP family members
other than PARP-1

Although most PARP inhibitors are developed to inhibit PARP-
1, most of them also inhibit PARP-2, in some cases PARP-3
(Farmer et al., 2005; Lehtio et al., 2009; Zaremba and Curtin,
2007), and potentially any of the other 16 members of the
PARP superfamily (Schreiber et al., 2006).

The most evident role of PARP-2 in suppressing the forma-
tion of spontaneous toxic lesions is the embryonic lethal phe-
notype observed in PARP-1/PARP-2 double knockout mice
(Menissier de Murcia et al., 2003), strongly suggesting a role
for PARP-2 in some form of DNA repair. Although PARP-2
has been suggested to play a role in BER together with PARP-
1 (Schreiber et al., 2002), other reports suggest only a minor
role for PARP-2 in SSBR (Fisher et al., 2007) and potentially
a more important role in replication repair (Bryant et al., 2009).

PARP-3 has recently been demonstrated to have a role to-
gether with APLF in accelerating NHEJ (Rulten et al., 2011),
which also to involves PARP-1 (Boehler et al., 2011). Other
data show that PARP-3 has a role in mitotic progression by as-
sociating and regulating NuMA and tankyrase 1(Boehler et al.,
2011). Furthermore, there are robust protein interactions be-
tween PARP-1, -2 and -3, which are of functional importance
(Augustin et al., 2003; Loseva et al., 2010; Schreiber et al,,
2002). For instance, PARP-3 can activate PARP-1 also in the ab-
sence of DNA (Loseva et al., 2010). Here, I have only briefly de-
scribed some of the emerging roles of PARPs 1-3 in DNA
repair, and we should expect to see more novel DNA repair
roles catalysed by these or other PARP superfamily members
uncovered in the not too distant future. Furthermore, PARPs
have functions outside DNA repair in transcription, mitotic
spindle formation, telomere cohesion, intracellular trafficking
and energy metabolism (Schreiber et al., 2006), processes that
may also contribute to the synthetic lethal phenotype be-
tween PARP and HR.

7. Conclusions and future directions

It is clear that the initial model, where PARP inhibitors cause
replication-associated DSBs by preventing SSBR and thereby

killing HR defective cells, is incomplete. Additional factors im-
portant in understanding the synthetic lethality are: (1) the
trapped PARP-1 on the SSB intermediate during BER; (2) the
role of PARP at stalled replication forks and (3) hyperactivated
PARP in HR defective cells, as a likely result of accumulation of
replication lesions in HR defective cells. Furthermore, given
that PARP inhibitors target PARPs other than PARP-1, which
also have important functions for cell viability and DNA re-
pair, we are likely to uncover new mechanisms for how
PARP inhibitors mediate selective killing of HR defective cells.

Future research should be aimed at understanding the
functions of the large PARP superfamily of proteins. As men-
tioned earlier, the success of PARP owes a debt of gratitude
to the academic chemical biology approach and the making
of pharmacologically active compounds by for instance Ku-
DOS Ltd. In the future, selective inhibitors for different PARP
family members should be developed to better be able to un-
derstand the roles of the individual PARP family members.
The mechanism underlying the PARP-BRCA synthetic lethal-
ity is clearly focussing on spontaneous damage arising at rep-
lication forks. A much stronger effort is needed to understand
the nature of the lesions and the repair pathways present at
replication forks. Increasing our understanding of the under-
lying mechanism for the PARP-BRCA synthetic lethality is
likely to help us to tailor novel synthetic lethal approaches
also for other cancers.
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