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We review the rationale for seeking inhibitors of homologous
recombination (HR) repair for use in cancer therapy. Cells use
HR as one way to repair DNA double-strand breaks that arise
directly from treatments such as radiotherapy, or indirectly
during replication when forks encounter other damage. HR
occurs during the S and G, phases of the cell cycle and is
therefore more significant in dividing cancer cells than in non-
dividing cells of healthy tissue, giving a potential therapeutic
advantage to inhibiting the process. Also, some tumors consist
of cells that are defective in other DNA repair pathways, and
such cells may be sensitive to HR repair inhibitors because of
synthetic lethality, in which blocking two alternative pathways
that a cell can use to reach a needed end-point has a much
bigger impact than blocking either pathway alone. We review
strategies for identifying HR inhibitors and discuss current
progress.

Why is Homologous Recombination Repair Important
for Cancer Therapy?

Despite the advent of modern molecularly targeted therapy, the
mainstay of non-surgical cancer treatment is still radiotherapy and
chemotherapy. The cellular target for both of these modalities is
DNA, and a wide variety of DNA lesions that lead to cell death
are produced by these treatments. Some, such as radiation and
alkylating agents, target DNA directly, while others, such as
topoisomerase I and II inhibitors, inhibit enzymes critical for
DNA metabolism, leading to highly damaging lesions such as
DNA double strand breaks. It is not hard to understand
why DNA is the most important cellular target for cytotoxic
agents. Unlike all other molecules in the cell, DNA is critical for
survival as each molecule contains unique genetic material
required for cellular reproduction. Further, DNA damage, even
if repaired, can lead to inappropriately joined chromosomes that
are incompatible with reproductive integrity.
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Because of the critical importance of the integrity of DNA for
their survival, cells have evolved elaborate mechanisms for the
repair of lesions introduced into the DNA, whether they be base
damage, single and double strand DNA breaks, or DNA adducts.
Each of these lesions has one or more specific repair systems, often
involving multiple proteins that function to remove or to repair
the DNA lesion. It is these repair mechanisms that also markedly
attenuate the efficacy of DNA damaging cytotoxic agents (see
ref. 1 for an excellent review of the DNA lesions introduced by
anticancer agents and their respective repair mechanisms). In
recent years considerable attention has been focused on one of
these repair mechanisms—homologous recombination (HR)
repair—not only because it is involved in the repair of lesions
produced by many classes of anticancer agents, but also because of
the growing realization that many cancers are to some extent
deficient in HR repair and this can be exploited by a process
known as synthetic lethality (see below).

Potentially the most lethal of all DNA damages is the double
strand break (DSB), for such a break, if not repaired, can lead to
chromosome breakage and major loss of genetic material. DSBs
can be repaired both by non-homologous end joining (NHE])
and by HR repair, but for HR to be effective there is an absolute
requirement for a nearby undamaged identical copy of the
damaged DNA duplex (Fig.1). In mammalian cells, this
primarily involves the replicated chromatids of the same chromo-
some during the S and G, phases of the cell cycle.>> Thus, HR
repair is absent or only minimally involved during G; when
replicated chromatids are not present. In diploid yeast, repair of
HO-induced DSBs has been shown to occur preferentially in
Gy,*> however, radiation-induced breaks can be repaired either in
G; or Gy, in which case homologous chromosomes are involved.®
In contrast to the two-ended DSBs produced directly by agents
such as radiation (Fig. 1A), many anticancer agents produce
lesions that, if unrepaired prior to DNA synthesis, will stall and
collapse the replication forks, resulting in a single-ended DSB at
the fork (Fig. 1B). Lesions that lead to DSBs at replication forks
include base damage, DNA adducts and DNA intra- and inter-
strand crosslinks. These single-ended DSBs are repaired by the
HR machinery thereby allowing restart of replication. In addition,
HR is crucial in repairing the DNA DSBs produced by
topoisomerase inhibitors that block the ligating action of the
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targeting. Do such tumors exist with defects in base excision or
single strand break repair? The answer is “yes,” as has been
demonstrated in multiple studies (reviewed in ref. 11). Further
elucidation of these issues is given in the succeeding sections.

Non-homologous End Joining (NHEJ)
and Homologous Recombination (HR):
The Two Main Pathways for the Repair
of DNA Double Strad Breaks
and the Choice of Repair Pathway

Double-stranded DNA breaks can arise in many ways and
the exact nature of the broken ends and the circumstances by
which breaks arise impact the way cells react to breaks.

J

Nevertheless, cellular methods for rejoining DNA broken in
both strands can be classified into two main types, depending

on whether or not a separate undamaged template molecule

types of double-strand breaks (DSBs) from endogenous and exogenous
sources: (A) directly produced two-ended DSBs (like the ones produced

in the repair of many DNA lesions.

Figure 1. Homologous recombination participates in resolution of two main

by ionizing radiation) and (B) one-ended DSBs that result from single-strand
breaks (SSBs) encountering replication forks. SSBs are common intermediates

is used in the repair process (Fig.2). The conceptually
simpler process is non-homologous end-joining (NHE]), in
which the broken ends of the same molecule are rejoined by
a multi-step enzymatic process that does not involve another
DNA molecule. Recent studies suggest that NHE] is more

topoisomerase enzymes (topoisomerase I and II) during their
action in unwinding DNA during replication. In both situations
of a DSB produced by a stalled replication fork or one produced
by blocking of topoisomerase II in its action of passing one DNA
molecule through another, an unbroken identical DNA molecule
is in the immediate vicinity thereby allowing HR repair to occur.

Because of the important role of HR in repairing the lesions
produced by most anticancer drugs, it follows that cells with
defects in this repair mechanism will be sensitive to these drugs.
For example, cells with mutations in BRCALI are sensitive to
mitomycin C,” and cells with various defects in HR are sensitive
to tirapazamine, a hypoxia-activated drug producing DNA
damage that is repaired by HR.* In many cases, cells defective
in HR are also extremely sensitive to inhibition of base excision
repair or single strand breaks.”'® Such lesions occur frequently in
DNA and are repaired rapidly and efficiently by the base excision
and single strand break repair pathways. If either of these
pathways is inhibited the base damage or single strand break will
produce a stalled and collapsed replication fork, but this can be
resolved by the HR pathway. If, however, HR repair is defective,
such as in tumors with BRCA1 or BRCA2 inactivation, then
inhibitors of base or single strand break repair are extremely toxic.
This reflects the phenomenon of synthetic lethality (discussed
later in this review), which occurs when there is a strong and
lethal synergism between two otherwise non-lethal effects. It is
exemplified in this case by specific killing of HR-deficient cells by
inhibitors of poly(ADP-ribose) polymerase (PARP),”'® a protein
that facilitates both base excision and single strand break repair.
Importantly, the same logic can be applied for an inhibitor of HR.
If tumors could be identified with specific lesions in base excision
or single strand break repair, then these tumors should be sensitive
to an agent that inhibits HR. This would provide tumor specific
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complex than a simple ligation pathway, and is regulated by
the full DNA damage response involving the key serine-
threonine protein kinase ATM, especially when DSBs occur in
heterochromatin.'> NHE] is not always precise in that short
additions or deletions in the original DNA sequence are
commonly introduced at the break-site during the repair.

In contrast, homologous recombination (HR) repair usually
leads to an accurately restored molecule, as it relies on a separate
undamaged molecule with homologous sequence to help repair
the break. In principle, there are two major sources of homo-
logous donor sequence: the homologous chromosome, available
throughout the cell cycle, and the sister chromatid of the broken
molecule, which is only available after the DNA is replicated.
When a sister chromatid is not available, for example in the G,
phase, NHE] may be more appropriate for DSB repair, since HR
using the homologous chromosome as a template could lead to
loss of heterozygosity. Therefore, multiple mechanisms evolved to
ensure that the risk of genetic changes due to repair is minimal. In
general, the choice of repair pathways, and the onset and
regulation of HR depend on DNA damage signaling pathways,
the nature of the break, chromatin remodeling, transcription of
HR proteins, and cyclin-dependent kinase activities present in
later phases of the cell cycle'*'® (Fig. 2). This may explain why in
mammalian cells HR mainly involves only the sister chromatid,
and is usually restricted to the S and G, phases of the cell cycle.”’
However, in yeast, NHE] is not effective for repairing the
complex DSBs induced by radiation leaving HR as the main
mechanism for IR repair throughout the cell cycle.”

The key first step of HR is resection of double-stranded ends
(for more detailed overview of HR see refs. 20—23). End resection
is a two-step process, where initial limited resection mediated by
CtIP and MRE11/RAD50/NBS (MRN) is followed by extensive
resection involving EXO1 (or DNA2) and BLM. CtIP is the
major target of phosphorylation by CDK limiting HR to S and
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Figure 2. Double-strand break repair in mammalian cells. NHEJ, HR, MMEJ and SSA
pathways compete for the repair of DSBs. Proteins involved in various stages of DSB
repair are shown in teal. References for proteins involved at different stages can be
found in references 7 and 21-23. NHEJ is involved throughout the cell cycle, and HR
is involved after replication, when the sister chromatid is available. A simple DSB
occurring within euchromatin will be most likely repaired by NHEJ, while more
complex DSBs or those in heterochromatin will initiate the full DNA damage
response involving MRE11/RAD50/NBS1 (MRN) complex and ATM protein. MRN at
the DSB recruits ATM, which phosphorylates BRE1A/B complex leading to relaxation
of chromatin, facilitating repair by either NHEJ or HR. MRN recruits CtIP to initiate
resection. Extensive resection is performed upon recruitment of EXO1 or DNA2 and
the resulting single-stranded DNA (ssDNA) 3’-overhang is rapidly coated by RPA.
The ssDNA-RPA recruits ATRIP leading to activation of ATR. The RPA then is displaced
by Rad51 to form a nucleoprotein filament and initiate synapsis, a search for
homologous template and DNA strand invasion, leading to formation of a D-loop
intermediate. Synapsis is central to all HR reactions, and subsequent resolution of
the D-loop is accomplished by at least three different pathways: double-strand break
repair (DSBR), synthesis-dependent strand annealing (SDSA), and break-induced
replication (BIR). An alternative pathway, microhomology-mediated end joining
(MMEJ), which is active throughout the cell cycle, anneals short homologous
sequences revealed by limited resection. Single-strand annealing (SSA) mediates
repair when perfect repeats are revealed during end resection.

G, phases of the cell cycle and making DSB resection the major
point where the decision is made as to which pathway, NHE] or

The phrase

molecule, which acts as a template (Fig.2). Efficient
formation of RAD51 filaments requires several factors,
involving Rad51 paralogs (RAD51B, RAD5IC,
RAD51D, XRCC2 and XRCC3), RAD52 and
BRCA2. A series of reactions then occur that involve
extension of the broken ends followed by isomerization
and ligation. In addition, depending on how the
individual strands are cut and rejoined (the resolution
stage of the D-loop in Fig. 2) recombination can occur
between the parts of the initially broken and unbroken
molecules on either side of the break, or alternatively
the molecules may return to their original configura-
tion, leaving only a short region around the break-site
itself influenced by transfer of information from one
strand to the other (see refs. 23 and 25 for
comprehensive review of the DSBR (classical double-
strand break repair), SDSA (synthesis-dependent strand
annealing), and BIR (break-induced replication) sub-
pathways of HR). 5' to 3' strand resection can extend
for many kilobases until homologous sequence is
found. If resection uncovers direct repeat sequences,
both single-stranded DNA ends can be annealed
together to repair the break through a process called
single-strand annealing (SSA) (Fig. 2). SSA is RAD51-
independent and involves reannealing of RPA-covered
ssDNA by the RAD52 protein. SSA results in the
deletion of the repeat and the loss of the sequence
between the alternative DSB  repair
pathway, microhomology-mediated end joining
(MME]) anneals short regions of homology revealed
by limited resection and results in larger sequence
deletions than the ones occurring after NHE]. Figure 3
lists key proteins participating in DSB repair via the

repeats. An

HR pathway. Estimates suggest that there are more
than 200 proteins involved at different stages of HR,*
providing the necessary variety of context-specific
factors and explaining the extraordinary adaptability
of HR to repair DSBs, DNA interstrand crosslinks
(ICLs), and resolution of stalled/collapsed replication
forks. The fact that in human cells HR repair acts
preferentially in S phase and G, cells suggests that
inhibiting HR repair offers a potential advantage for
cancer therapy by selectively targeting cells that are
actively dividing.

Synthetic Lethality
and Synergistic Interactions

“synthetic lethality” (SL) was originally used by

HR, will process the DSB.?* Resection generates single-stranded
DNA (ssDNA), which then can anneal to the homologous
sequence. The exposed ssDNA is coated by the single strand
binding protein RPA, activating ATR and as a result, HR. RPA is
further replaced by RADS51, which catalyzes the key reactions of
synapsis: homology search and D-loop formation, when strands
from the broken molecule pair with the unbroken homologous
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geneticists to describe a situation with model organisms, such as
bacteria, yeast and flies, in which two mutations, neither of which
by itself is required for viability, nevertheless confer a lethal
phenotype when they are combined together in the same cell.””*’
Usually, this situation arises when each gene provides an
alternative method or route for the cell to accomplish the same

goal, so that both must be knocked out to prevent this from being
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Figure 3. Key proteins involved in homologous recombination (HR).
The main engine of HR is Rad51, which catalyzes the key reactions
of synapsis-homology search and DNA strand invasion. Altogether,
there are more than 200 proteins involved in different aspects of HR,
providing a sufficient number of context-specific factors to explain
the extraordinary versatility of HR, i.e., its functions in the repair

of double-strand breaks (DSBs), DNA interstrand crosslinks (ICLs),
and in resolution of stalled/collapsed replication forks. Any of the
proteins are potentially targetable for cancer therapy.

accomplished, thus killing the cell. The term “synthetic lethality”
is now used more loosely in anticancer drug discovery to denote
interactions between genes when loss of function is achieved not
only by mutating a gene, but also by inhibition of its product by a
drug. A concept related to SL is that of “synergistic interaction.”
In this case, combining two mutations that confer a similar but
moderate phenotype, such as radiation sensitivity, may lead to a
non-lethal but very strong phenotype, much greater than expected
from simply the additive effects of two independent phenotypes.
This is the case, for example, when yeast cells with genetic defects
in different repair pathways are treated with UV radiation (UV).*
The primary process for repairing UV damage in yeast is
nucleotide excision repair (NER) (see ref. 31 for review) and
mutant strains lacking only NER are highly sensitive to UV
radiation. In contrast, mutants lacking only HR repair are only
slightly sensitive to UV radiation.”> However, when a mutation in
HR (such as deletion of the RAD51 gene) is added to a strain
already defective in NER, the same dose of UV radiation now
causes much greater cell killing. In short, the HR mutation has a
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much greater relative effect in cells lacking NER than in cells
proficient in NER. The synergistic effect is thought to arise
because, in wild-type cells, the same lesions can be channeled into
either pathway, so that when only one pathway is blocked, the
other pathway can at least partially compensate by accepting
more of the damage. When both pathways are blocked, this
compensatory effect is abolished, since neither pathway is able to
compensate for loss of the other, and the full effect of the damage
is seen (reviewed in ref. 30).

The recent demonstration of SL between PARP and HR”'%*?
when these pathways are inhibited has drawn much interest to
the SL approach from the anticancer therapy community. The
current explanation for the extreme sensitivity of HR-deficient
cells to PARP inhibitors is based on a central role of PARP in the
base excision repair (BER) pathway that processes DNA base
damage and SSBs. Unrepaired SSBs stall and collapse replication
forks, and given the major role of HR in resolving stalled/
collapsed replication fork structures, tumors with defects in
BRCA1 or BRCA2, and consequently in HR, are sensitive to
inhibitors of PARP. Furthermore, we should expect that SL
relationships exist between HR and other proteins involved in
BER. This idea is supported by findings of increased sister
chromatid exchanges (SCEs) in SSB repair-defective cells,’** as
well as by our previous finding of hypersensitivity of HR-defective
cells to tirapazamine (TPZ), a hypoxia-activated drug that
produces base damage and SSBs.* We observed an increased
formation of secondary DSBs during replication after treatment of
wild-type cells with TPZ and we found an increase in SCE in the
TPZ-treated cells, indicating that unrepaired base damage and
SSBs were converted into DSBs during replication and that HR
was involved in the repair of those DSBs.® In addition, the
number of replication-associated DSBs and SCE frequencies were
increased many fold in the XRCCl1-deficient EM9 cells after TPZ
treatment compared with normal cells, confirming that elevated
levels of replication-associated lesions resulting from unrepaired
base damage and SSBs in EM9 cells were repaired through
HR (ref. 8 and unpublished observations by S.B. Chernikova and
J.M. Brown).

The synthetic lethality between HR and BER could be
exploited in two ways: (1) by using BER inhibitors in HR-
deficient tumors, and (2) using the expectation that tumors with
impaired BER should be sensitive to HR inhibitors. The first
strategy is best represented by the archetypal example of SL
between PARP and HR. The validity of the second approach is
demonstrated by the finding®
truncated polB variant similar to the variants found in tumors
is strongly dependent on HR after ionizing radiation. These
strategies have their limitations, as not every protein involved in
BER when defective would be synthetically lethal with an HR
defect. For example, knockdown of XRCCl, a protein essential in
BER, failed to show SL with BRCA2 deficiency.”” Helleday*
pointed out that the success of applicability of PARP inhibitors to
treatment of BRCA-defective tumors could be attributed to dual
roles of PARP in both BER and HR, and he concluded that
interactions such as the one between PARP and BRCA might be
rare. The question then remains if the SL approach is more widely

that survival of cells expressing a
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applicable or if it is restricted to a few specific proteins that may
have functions in both the pathways we are trying to inactivate.

Nevertheless, the finding of a SL interaction between BRCA
defects and PARP inhibition provided a proof-of-principle that SL
interactions targeting HR and other DNA repair pathways could
be identified. The recent discovery of SL interaction of BRCA2
and Rad52 within the HR pathway alone points to a magnitude
of possibilities that exist.”® Mammalian BRCA2 and yeast Rad52
share similar activities, thus it is likely that human Rad52
mediates an HR pathway similar to the BRCA2-dependent
pathway. Targeting alternative proteins, like Rad52 in BRCA2-
deficient tumors, may therefore become an effective monotherapy
strategy in targeting tumor cells. We expect to find more SL
interactions if we expand our approaches to combination
therapies. The synergistic effects seen in yeast when both HR
and NER are genetically defective supports the idea that
inhibiting HR enzymatically in human cells that are defective in
NER may dramatically increase their sensitivity to the effects of
these inhibitors when a cytotoxic drug is used that induces NER-
repairable damage (e.g., cisplatin). Although the evidence for SL
between HR and NER in humans is scarce,” we expect that many
new SL interactions between NER and HR that are useful for
anticancer therapy will be uncovered in the future. Both BER,
where PARP plays a central role, and NER, when defective, fail to
repair damages that stall and collapse replication forks requiring
resolution via HR, therefore most findings that apply to SL
between BER and HR should also be true for SL interactions
between NER and HR. Hence, searching for drugs that
specifically inhibit HR repair is currently a rational objective in
cancer therapy.

Inhibition of Homologous Recombination
as a Tumor Specific Strategy with Radiation Therapy

As discussed earlier, repair of radiation damage in mammalian
cells by HR occurs in late S and G, because of the requirement
for a nearby non-damaged homologous DNA duplex, which is
efficiently provided by the two chromatids in late S and G,. Cells
in the G; phase rely preferentially on NHE] for repair, a process
that occurs equally throughout the cell cycle. This is illustrated in
Figure 2. To date the focus of academia and industry in finding
inhibitors of DNA repair that could be used with radiotherapy has
been on NHE]J inhibitors because mutants in NHE] appear to be
much more sensitive than mutants in HR to killing by ionizing
radiation. However, choosing an inhibitor of NHE] as a sensitizer
for radiotherapy has the obvious disadvantage that NHE]
inhibitors radiosensitize tumor and normal tissues equally well.
At the present time there is no convincing strategy for selective
tumor radiosensitization by an inhibitor of NHE], other than the
elusive possibility of selective delivery of the inhibitor to the
tumor. However, as we discuss below there are compelling reasons
why an inhibitor of HR repair could be used for tumor-specific
radiosensitization. The following two strategies are likely to be
most effective for the combination of an HR repair inhibitor with
different radiation fractionation schemes—the first with conven-
tional fractionated irradiation, the second with large doses as
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currently employed in stereotactic ablative radiotherapy (SABR)
(also known as stereotactic body radiotherapy, SBRT).

The first strategy for selective tumor radiosensitization by an
HR repair inhibitor is based on the finding that mutants of HR
show radiation sensitivity comparable to NHE] mutants when
synchronized in late S/G,.?> The reason why this radiosensitivity of
mutants in HR repair has been overlooked is because in experi-
mental systems, whether it is cells in vitro or tumors in vivo, there
are always cells in G, which are not very radiosensitive, so the
population as a whole in the HR mutants is only minimally
sensitive. This is not the case for mutants in NHE] which are
sensitive throughout the cell cycle. In addition, mutations that
completely block HR repair do not kill yeast cells, but are lethal to
mammalian cells, probably because of the much larger genome
size. This initially made it hard to find HR repair mutants in
mammalian cells, leading to an early impression that HR repair
might not be important in mammals. The reason why inhibitors
of HR could be effective with radiotherapy is that the dose-
limiting normal tissues in radiotherapy are those that show
so-called “late effects” and these occur in very slowly or non-
dividing normal tissues (such as normal brain). The cells in these
tissues are all in Gy or Gy, and so cannot undergo HR following
irradiation. Thus an inhibitor of HR would not be expected to
change the radiosensitivity of the cells in these tissues. On the
other hand, as tumor cells are dividing they are in all phases of the
cell cycle, so those in S and G, would be radiosensitized by an HR
inhibitor. The fact that radiotherapy is typically given in many
small doses (on average 30 doses over 6 weeks), would allow the
tumor cells in G; at the time of irradiation to enter the S and
G, phases and be sensitized to subsequent doses provided the
inhibitor were given with each radiation dose fraction. Thus an
inhibitor of HR could be used to preferentially sensitize tumor
cells to irradiation without sensitizing the cells of the critical
normal tissues surrounding the tumor. This hypothesis has not
been tested yet in preclinical models because of the lack of a
drug that can specifically inhibit HR repair and is sufficiently
nontoxic to be given with all, or most, of the radiation fractions.
As indicated above this strategy would be expected to be useful
with conventional fractionated irradiation.

The second potential mechanism by which an inhibitor of HR
repair could be a preferential radiosensitizer of tumor vs. normal
tissue is based on the fact that a characteristic property of tumor
cells is their lack of a Gy arrest following irradiation as a result of
inactivation of the p53 pathway in tumor cells. Thus, following
irradiation, the majority of tumor cells fail to arrest in G; but
arrest in S and G, where HR can occur, whereas the majority of
the normal cells arrest at the G;/S boundary.

The validity of above strategies is supported by the work of
several authors who have demonstrated that various drugs that
inhibit HR sensitize tumor but not normal cells to irradiation.
For example Noguchi and colleagues® demonstrated that the
drug 17-AAG, which inhibits heat shock protein 90 (HSP90),
radiosensitized two human cancer cell lines (DU145 and SQ-5) in
vitro but did not radiosensitize the HFL III normal cell line. They
showed further that a 24 h exposure to 17-AAG decreased the
levels of the HR proteins BRCA2 and Rad51 but had no effect on
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the protein levels of the NHE] proteins DNA-PKcs, Ku80
and Ku70. They also demonstrated that the radiosensitization
could be attributed to a decrease in DNA DSB repair in the
tumor cell lines. Preferential radiosensitization in vivo of
tumor vs. normal tissue has also been demonstrated by
inhibition of HR through reduction in Rad51 levels using the
clinically used drug imatinib,”" as shown in Figure4 (data
from Choudhury et al.”"). The preferential radiosensitization
of tumor cells by imatinib is likely to arise from the fact that
tumor cells lack the G1/S block and therefore rely more on
HR than normal cells due to the expected preferential
accumulation of the tumor cells in S and G, following
irradiation. Because the accumulation of cells in the S and G,
phases of the cycle would be most evident following relatively
large doses this strategy would be expected to be most useful
when such doses are delivered as in SABR.

Current Inhibitors of HR

Despite many attempts to find specific inhibitors of HR, no
direct inhibitors of proteins catalyzing the HR reactions are
available to date. Nevertheless, many classes of novel anti-
cancer drugs that are currently in clinical trials have recently
been shown to target HR, and although they were not
developed as inhibitors of HR their activity may in fact be
related to their ability to inhibit HR.

The many potential ways that HR may be inhibited can be
appreciated by considering the large and growing number of
proteins known to be involved in the various aspects of HR.
Compounds known to modulate HR activity interfere
with the expression, nuclear localization, recruitment, and/
or activation of HR. For example, inhibitors of the tyrosine
kinases c-Abl (Imatinib or Gleevec) and EGFR (Etlotinib)
affect nuclear localization of Rad51 and BRCAI1, while
inhibitors of histone deacetylation (HDAC) (e.g., valproic
acid, PCI-24781), and of HSP90 protein (e.g., 17-AAG)
decrease the levels of active HR components, affecting either
expression or maturation of key HR gene products,*
like Rad51 and BRCA1L. On the other hand, proteasome
inhibitors (B-lactacystin, MG132, bortezomib, nelfinavir) do
not interfere with expression of Rad51, but impair HR
through inhibition of proteasome-dependent degradation of
mediator proteins, such as MDC1,* acting downstream of
the DSB sensors ATM and MRN, but before the formation
of a ssDNA/RPA recombinogenic intermediate.* Inhibition
of the more upstream targets has become possible with the
identification of mirin, a compound affecting the Mrell-
associated exonuclease activity.®

In light of the recent finding that Rad51 is phosphorylated
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Figure 4. Imatinib increases radiotherapy-induced tumor growth delay
without increasing intestinal toxicity in a PC-3 prostate cancer xenograft.

(A) Intestinal crypt cell survival in BALB/c mice following 1-18 Gy in vivo in the
presence of 50 mg/kg/d for 5 d. Surviving crypts were scored 3 d after
irradiation based on three mice per treatment group. Points, mean survival;
bars, SD. Inset, H&E-stained section of intestinal crypts before and after 14 Gy.
(B) Plot of growth delay of PC3 xenografts treated with PBS alone, imatinib
(50 mg/kg/d x 8 d) alone, 4 Gy x 5 plus PBS, or 4 Gy X 5 plus imatinib.
Irradiated mice were either pretreated with 3 d PBS (sham) or 3 d imatinib
(50 mg/kg/d i.p.) before irradiation and received daily PBS or imatinib i.p.
dosing during 4 Gy daily radiation fractions for a total treatment period of 8 d
similar to drug alone. For clarity, the median animal per group is shown.
The calculated mean growth delay based on 9-10 mice per group was

100 + 7 d for the combined treatment group, compared with 74 + 14 d for
the radiotherapy alone group (p = 0.003). There was no difference in growth
delay between the imatinib alone and control groups. (Adapted and reprinted
with permission from the American Association for Cancer Research:
Choudhury et al., “Targeting homologous recombination using imatinib
results in enhanced tumor cell chemosensitivity and radiosensitivity,” Mol
Cancer Ther 2009; 8:203-13).

in a Mec (an ATR homolog)-dependent manner in response to
DNA damage in yeast,“ it seems attractive to give closer con-
sideration to compounds that inhibit kinases that directly regulate
the HR process. NUG027, originally developed as a CDK2
inhibitor, has recently been shown to inhibit ATR.*” Consistent
with a key function of ATR resulting in resolution of stalled

replication forks through signaling to the HR pathway, NU6027
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has been shown to inhibit Rad51 foci formation. The downstream
target of ATR, the CHKI protein, has also been identified as a
regulator of HR,' and the inhibitor of CHK1, AZD7762, has
been shown to hamper assembly of Rad51 foci, as well as to
inhibit gene conversion.”® BRCA1 has been recently identified as
* and this phos-

phorylation has been shown to be essential for the formation of

a phosphorylation target of the CDKI1 kinase,
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BRCA1 and Rad51 foci, and for gene conversion.”** Consistent
with impaired HR, CDKI1 inhibiton (by RO-3306 and
AGO024322) decreased formation of Rad51 and BRCAI foci
and gene conversion.”® As expected of cells with defects in
HR, all groups of the aforementioned inhibitors were found to
sensitize cells to radiation, chemotherapy drugs, and PARP
inhibitors. %

In principle, screens aimed at identifying HR inhibitors can
either be target-based, i.c., they search for inhibitors of a specific
enzyme known to be involved in HR, or they can be phenotypic,
i.e., based on observing inhibition of a cellular phenotype that is
dependent on HR. Because of the great complexity of HR, most
high-throughput chemical screens are justifiably based on the
phenotypic approach. This enables them to detect compounds
that may have unknown or multiple enzymatic targets, rather than
requiring the screen to identify only inhibitors of one or more
chosen targets. Other reasons contributing to the success of the
phenotypic approach are in the utilization of cell-based assays
relevant to the human disease. Examples of successful phenotypic
screens that resulted in identification of small molecule inhibitors
of HR include a screen based on phosphorylation of a peptide
derived from histone H2AX in cell-free extracts derived from
Xenopus laevis eggs.”
potentially target any step leading to H2AX phosphorylation,

Compounds from this screen, which

have been narrowed down to the compound mirin, which has
been shown to interfere with the nuclease activity of Mrell and
subsequently with the MRN-dependent activation of ATM,
impairing HR repair.”> Another fruitful approach was based on
inhibition of the assembly of FANCD?2 foci in response to cross-
linking drugs and ionizing radiation.”’ The FANCD2 foci
formation happens after FANCD?2 is monoubiquitinated by a
complex of Fanconi Anemia proteins, and the foci are believed to
be the sites of HR repair. Among new compounds inhibiting
formation of FANCD2 foci were protein kinase inhibitors
(wortmannin, H-9 and alsterpaulone) and a natural compound,
curcumin.’® Further expansion of the screening library identified
more compounds, which included proteasome inhibitors, CDK
inhibitors, and an HSP90 inhibitor, well representing the main
categories of compounds known to inhibit HR (see above).
Significant overlap in terms of proteins involved must exist among
the different subpathways of HR, as compounds known to
sensitize cells to interstrand crosslinking (ICL) agents often
impair Rad51 foci formation and/or gene conversion, and vice

versa (refs. 41, 47, 51 and our observations). Our own strategy to
screen for inhibitors of HR was based on increased sensitivity to
the ICL-inducing agent chlorambucil (Chernikova and Brown,
unpublished observations). To screen against compounds that
would cause sensitivity to ICL by inhibiting other pathways
involved in repair of ICL, i.e., nucleotide-excision repair (NER)
and/or translesion synthesis, we re-screened compounds testing
positive for sensitization using a gene conversion assay and a
Rad51 foci formation assay. Both the gene conversion assay and
Rad51 foci formation assay are amenable to the high-throughput
format, therefore other approaches may include screening com-
pound libraries using these assays initially. As more HR proteins
are characterized and more compounds identified that impair each
subpathway of HR, we will have a better overview of the complex
HR system.

Although, as mentioned, no inhibitors of proteins directly
catalyzing the HR reactions are yet available, the situation might
change soon as several potential inhibitors of the Rad51
recombinase activity have recently been identified in an in vitro
target-based screen.’” Still at the initial stages of characterization,
these compounds have been shown to inhibit IR-induced
formation of Rad51 foci and gene conversion (A. V. Mazin,
personal communication).

Conclusions

Finding compounds that inhibit HR repair is currently an
attractive option in cancer research. Although complete inhibition
of recombination for any extended time period is likely to be
lethal to all dividing cells, partial or temporary inhibition is likely
to be useful in radiotherapy, since, such compounds are expected
to have a greater relative impact on radiation sensitivity in divid-
ing cancer cells than on nearby non-dividing healthy cells. Also,
HR inhibitors should be especially lethal to cancers that contain
mutations in certain genes in other branches of HR repair or in
some cases in BER or NER, through the phenomenon of syn-
thetic lethality. Success in finding inhibitors of HR has so far been
limited, but several strategies are available for screening libraries of
compounds, and promising leads are already on the horizon.
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