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The efficacy of cancer chemotherapy and mdiotherapy relies
on generation of DNA damage. Since intrinsic DNA repair
pathways enable cancer cells to survive by repairing these
damaged lesions, inactivation of DNA repair coupled with
chemotherapy and radiotherapy has a potential to enhance
the effect of these therapies. Small molecule compounds that
inhibit specific DNA repair proteins have been developed, and
early clinical wials are ongoing. While DNA repair inhibitors
havebeen wied mostly as a part of combination therapies with
cyrotaxic agents, recent reports highlighted a new concept in
cancer therapy where DNA repair inhibitors could be used as
single agents to selectively kill cancer cells, This conceptisba-
sed on the findings that cancer cells are frequently defective
in particular DNA repair pathway(s) and the presumption that
inhibiton of the compensatory repair pathway(s) in such cells
might be useful to kil them. For example, poly{ADP-ribose)
polymerase (PARP) plays & critical role in DNA base-excision
repair, and inactvation of this protein increases the number of
single-strand breaks (5SBs), leading to double-strand breaks
that require 0 be repaired by homologous recombinadon
(HR) mediated by BRCAI and BRCAZ. Recendy, BRCAL- or
BRCA2-defective tumour cells were shown to be sensitive to
PARP inhibitors alone. This treaunent may be numour-specific
because only the BRCA1-/- or BRCAZ2-/- tumuours in the BR-
CAIl+/- or BRCA2+/- patents are completely defective in HR
repair The following short review alms at summarizing the
basic mechanisms of DNA repair and the therapeutic options
using DNA repair inhibitors in cancer therapy
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hibitors, PARP inhibitors, BRCA-defective tumours

The genome DNA is constantly and spontaneously damaged
by a variety of DNA-damaging exogenous and endogenous
agents. Among the damaged lesions. DNA double strand
breaks (D5Bs) are considered to be most serious [1]. If these
damaged lesions are insufficiently or inaccurately repaired, It
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would lead to cell death or survival of cells exhibiting genomic
instability which is fundamental to several human pathologies
including cancer (2], Several systems to repair DNA damage
have, therefore, evolved to maintain the genomic integrity.
Cancer chemotherapy and radiotherapy kill cancer cells
by inducing a diverse spectrum of DNA damage, which is nor-
mally also recognized by different intrinsic DNA repair
pathway(s) (Fig. 1) |3, 4]. lonizing radiation and radiomimetic
drugs such as bleomycin induce DSBs that are predominantly
paired by non-h logous end joining (NHE]), an error-
prone mechanism which directly rejoins DSB ends by ligation
and takes place throughout the cell cycle [S]. A part of radia-
tion-induced D5Bs is also repaired by homologous recomnbi-
nation (HR), a repair process of greater accuracy and
complexity acting during $-G2 phase and requiring a sister
chromatid to serve as a template [6]. Alkylating agents includ-
ing alkylsulph and ea compounds induce
DNA base modifications and single strand-breaks (SSBs),
wtuu:h are mlunly repaired by the base-excision repair (BER)
or id ision repair (NER) pathway, BER
and NER excise a single damaged DNA base and approximate-
Iy 24-30 DNA base pairs containing the damaged DNA lesion,
respectively (7, 8]. Another alkylator temozolomide alkylates
the OF position of guanine, which is directly repaired by the
alkyltransferase, Of-methylguanine-DNA methyltransferase
(MGMT) [9]. Platinum drugs, such as cisplatin, carboplatin,
and oxaliplatin, are DNA crosslinking agents and induce repli-
cation-associated DSBs, which are repaired by a combination
of NER and HR [10]. Antimetabolites, such as 5-fluorouracil
and thiopurines, inhibit nucleotide metabolism and replica-
tion fork progression. Topoisomerase inhibitors, such as
camptothecins and etoposide, trap topoisomerase [ or [ which
resolves torsional strains imposed on the double helix during
DNA replication, and prevent resealing of the DNA breaks [11].
Replication inhibitors such as hydroxyurea induce replicaton
fork stalling and collapse, resulting in indirect DSBs that are
repaired by HR [12]. Stalled replication forks are processed by
the Fanconi anemia (FA) pathway [13], endonuclease-mediat-
ed pathway [14], and RecQ-mediated repair, which involves
DNA helicases {15].
While each damaged DNA lesion is repaired predomi-
nantly by the lesion-specific DNA repair pathway, there are
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Fig. 1: Oveniaw of the diversa spectrum of DNA damage formed by cancer treatments and the major DNA repair pathway(sl used 10 process the

respactive types of damage

also some overlaps and interactions between the pathway(s)
acting for the repair of particular legions. For example, SSBs
are mostly repaired by BER, but if left unrepaired in the ab-
sence of BER, DSBs are formed, which will be repaired com-
pensatorily by HR.

The efficacy of cancer therapy that causes DNA damage
may be explained by the ability of the tumour cells to over-
come the intrinsic DNA repair pathways that normally repair
the damaged lesions. Selective inhibition of such repair path-
ways in combination with the DNA-damaging therapy can
increase the efficacy of the therapy [16]. Moreover, in umour
cells defective in particular DNA repair pathway(s), targeted
inhibition of the DNA repair pathway(s) that normally act(s)
compensatorily to prevent the generation of lethal damaged
lesions may be a promising approach to selectively kill -
mour cells. On the basis of these principles, various treatment
options using DNA repair inhibitors have been developed
and are under investigation in clinical trials (Tab. 1).

DNA repair inhibitors used as a part
of combination therapy

PARP inhibitors inhibiting multiple DNA repair pathways

Poly{ADP-ribose) polymerase (PARP) is an abundant nuclear
enzyme that detects S5Bs and stimulates the recruitment of
DNA repair proteins to the site of damage, facilitating BER
[17, 18]. Moreover, italso appears (o play a role in the repair of
other DNA lesions including DSBs [19]. Many small molecule
PARP inhibitors have been synthesised to enhance the re-
sponse of tumour cells to DNA damaging agents and led to
clinical trials [20] (Tab. 1).

Combination of PARP inhibitors with platinum
compounds

PARP inhibitors have been shown to preferentally kill neo-
plastic cells and induce complete or partial regression of a
wide variety of human tumour xenografts in nude mice wear-
ed with plainum compounds [21], Several clinical trials are
ongoing, testing platinum compounds in combination with
PARP inhibitors (Tab. 1)

Combination of PARP inhibitors with alkylating agents

‘The combination therapy of the alkylator temozolomide with
PARP inhihitors is currently under investigation in several
clinical trials (Tab. 1). Trials of GP1-21016, INO-1001, and AG-
014699 show success of this treatment.

Combination of PARP inhibitors with histone
deacatylase (HDAC) inhibitors

Recenuy, the combination therapy of the HDAC inhibitor
PCI-24781 with the PARP inhibitor Pj34 was shown to cause
a synergistic increase in apoptosis and a decrease in Rad51
expression in vitro and in vivo, suggesting that HDAC
enzymes are critically important in HR [22]. Although clini-
cal trials are awaited, these findings suggest a potential ther-
apeutic utility of HDAC inhibitors in combination with che-
motherapeutic agents that induce damage, which would be
repaired by HRL

Inhibitors of DNA-PK as sensitisers to radiotherapy
and DNA-damaging agents

The DNA-dependent protein kinase (DNA-FK) plays a key
role in NHE]. The inhibition of DNA-PK induces exireme sen-
sitivity to ionising radiation [24]. In addition, it also sensitises
tumour cells to DNA-damaging agents. NU7026 increased the
sensitivity of irradiated tumour cells to the PARP- | inhibitors
[25]. Several DNA-PK inhibitors have been synthesised and
evaluated in early clinical trials {26], Their clinical use is, how-
ever, currently restricted because of their toxicities even
normal cells

MGMT inhibitors as sensitisers (o alkylating agents

Expression of MGMT in human cancers is known to have
been sssociated with resisitance to therapies using alkylating
agents which may be overcome by the inhibition of MGMT.
Lomeguatrib, the inhibitor of MGMT, has shown efficacy in
combination with temozolomide in Phase I-11 trials [27, 28]
0f-benzylguanine, another inhibitor of MGMT, is currenty
under investigation in clinical trials (Tab. 1).
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Tab. 1: Ongoing clinical trials of small molecule inhibitors of DNA repair and cell cycle checkpoints
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Target Agent gﬂmlnlaﬁonltnrm Indication(s) Phase
5) or
m Py
PARP inhibitors ~ KU-0053436/A2D-2281  gemcitabine advanced pancreatic cancer Phase |
(KuDos Pharma/Astra
Zeneca)
dacarbazing d d mel not ly treated with sy Phase |
chemotherapy .
carboplatin, o paciitaxel/  advanced solid tumours Phasel
carboplatin
topotecan advanced solid lumours Prasa|
bevacizumab edvanced solid tumours Phase |
doxorubicin advanced BRCA1- or BRCA2-associated ovarian cancer Phase l planned
monatherapy advanced BRGA1/2 mitant ovarian and breast cancer Phase ll
monotherapy advanced fumows Phase |
maonatharapy matastatic triple negative breast cancer Phase I
manotherapy known BRCA or recurrent high grade serous/undifferentiated  Phase lf
ovarian carcnoma
manotherapy platinum sensilive serous ovarian cancer Phase Il
following treatment
with two or more platinum containing regimens
AGD 4699 (Pfizer) temolozomide solid umours Prass |
temolozomide malignant melanoma Prasell
monotherapy carriers of BRCAT or BRCAZ Phase i
itations with locally ad d or static cancars
of the breast or ovaries
AET-888 (Abbotf) manatherapy metastatic melanoma, solid tumours, Phase|
BRCA-deficient breast and ovarian cancer
topotecan, or topotecan/ relapsed or refractory acute leukasmia, high-risk Phase |
carboplatin mymlodysplasia, or agaressive myaloproliferative disorders
whole brain radiation cancer with brain metastases Phass | pianned
temozolomide solid tumours, metastatic melanoma, Phase |
BRCA-deficient breast and ovarian cancer
cyclophosphamide matastatic or unresectable solid tumours, non-Hodghin Prase |
lymphoma
in and solid canger Prasz|
{opotecan advanced or refractory solid tumours, lymphoma, or chronic  Phass |
Ilymphacytic lsukasmia
rinotecan Iymphoma, or metastatic or unresectable solid tumours Phase | planned
BS-201 (BiPan) monotherapy, or with advanced solid tumours Phase b
Irinotecan
gemcitabine, carboplatin solid tumours Phase |
temazolomide glioblastoma Phase Wi
topotecan, temozolomide,  advanced solid tumours Prasel
gemchabine, carbopiatin/
paciitaxel
carboplatin, paciitaxel uterine carcinosarcoma Prasall
advanted BRGA-1 or BRGA-2 associated Prase
manotherapy advanced epithelial ovarian, or paritoneal cancer Phasell
memo Clinical importance of DNA repair inhibitors In cancer therapy  1/2009
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Tab. 1 (continued)

Target Agent Combination therapy Indication(s) Phase
agmlls]ur
NO-1001 (notek) temozolomide melanoma and gligbiastoms Phass |
MGMT inhibitor  D8-benzyig i matastatic melanoma Phase 1
Gligdel watar, recurment gliobt muitiiarme Prasa i
surpery
Bmozoiomide recurment of progressive gliomas or brain stem tumowrs Phase
temazolomide recurrent or progr i of Prase |
temaozolomide tamazolomide-resistant gllobizstoma, gliosarcoma Phese i
radiptherapy, carmustine newly or L glioma Phassl
carmustine recurrent, metastatic, or incally advanced soft lissue Prase i
SBICOME
Newly diag Of rec proge carsbral Prase |
surgary anaplastic glomas
innotecan e PG cerebral anap gliomas Prase |
temazolomide § p glioma, astrocytoma, Phass 1l
oligodendrogiioma, oligoastrocytoma
carmusting childran with refractory CNS tumours Prsse |
mide, carmustine,  newly diagnosad glioblastoma multiforme or giiosarcoma Prass |
radiotherapy, autologous
stam cell ransplantation
carmustng recurmant or progressive gliomas of the brain Prase |
carmusting newly (kagnased suprenonal globlasioma muftionmes Prass
carmustine stage | or stage Il cutaneous T-call lymphoma that has not Prase |
responded to previous treatment
: liob it (WHO Grada M) anaplastic Prase |
radiotherapy, blood cells astrocytoma (WHO Grade Il
maodified by the insertion of
a chemotherapy resistance
gene, MGMTP140K
tpmozoiomide gliobiastoma multiforma that did not respond to previous Phase i
temazolomide and radiation therapy
Chik1 inhibitor UeN-m prednisons refractory solid tumours and lymphoma Prease |
irinotecan aovanced solld fumours Prasa|
monotherapy relapsed or refractory lymphoma Phass Il
npoiacan refapsed small cell lung cancer Phase
partiosine relapsed or refractory scuts leuksemia, chronic Phasa |
¥ o » ar ¥ h ast
Cytambine refractory or reiapsed acuts myelog - Prase|
or myeipdysplastic syndrome
monofhenapy unresactabie stage il or stags IV kidney cancer Prase i
fudarabin relapsed or refractory chronic lymphocytic isuksemia Phase I
of lymphocytic lymphoma
Chikt and Chi2 XLBA4 (Exilixis) gemcitabine advanced solid tumours Phasa |

inhibitor

The current status and information of sach clinical trial was rafarred o htp./clinicaitriais.gov/, a service of the LLS. National Institute of Health

inhibition of checkpaint signalling

Cell-cycle checkpoints are regulated by effector kinases, such
as ataxia telangiectasia mutated (ATM) and ATM and Rad3-
related (ATR), which regulate the activities of downstream

checkpoint proteins, such as checkpoint kinases 1 (Chk1) and

a potential target for cancer therapy.

2 (Chk2). Since the wiggering of these checkpoints is crucial
in DNA damage response, they are also widely invesdgated as
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Combination of Inhibitors of Chki and Chk2
with DNA-damaging agents

UCN-01 and XL844 are small-molecule inhibitors of Chkl,
and both Chk] and Chk2, respectively. UCN-01 was tried in
tombination with cisplatin and topotecan in patients with
advanced solid tumours [29, 30], and these combinations
have been relatively well tolerated with some preliminary
evidence of efficacy. The two compounds are also currenty
tested in early clinical trials (Tab. 1),

ATM Inhibitors

K1J-55933 is a competitive ATP inhibitor thar has high selec-
tivity for ATM and low cytoxicity [31]. Itincreases the cellular
cytotoxicity of ionising radiation and the chemotherapeutics
camptothecin, etoposide, and doxorubicin. KU-55933 is cur-
rently in preclinical development.

DNA repair inhibitors used as single agents

Targeting the specific DNA repair defects in turnours

Recently, the application of DNA repair inhibitors has been
extended to use them as single agents to target specific DNA
repair pathways that would be lethal for particular tumours.
The notable example is the recent development of treatment
with PARP inhibitors alone in patients with inherited breast
and ovarian cancers that lack wild-type copies of the BRCAI
or BRCA2 genes. Since BRCAL or BRCA2 is inacti 1 in

tance to cisplatin or PARP inhibitors in cancer cells deficient
in BRCAI or BRCAZ comrelated with restoration of the detect-
able levels of the BRCA1 or BRCA2 protein as a result of sec-
ondary mutations that restore the reading frame of the pro-
tein [34-36] These new findings demonstrate the need for
understanding the limitation together with the application of
DNA repair inhibitors in cancer therapy.

Conclusions

DNA repair inhibitors have a great potential to be used in fu-
ture cancer therapy, and are currently evaluated in early clin-
ical trials. They can be used to enhance chemotherapy and
radiotherapy. and also to selectively kill umour cells exhibit-
ing deficiencies in particular DNA repair pathway(s). Since
individuals with defects in DNA repair proteins other than
BRCA1 or BRCA2 are also predisposed 1o cancer, it is likely
that other DNA repair proteins can be targeted in a similar
manner. Berter understanding of DNA repair processes would
contribute to the identificadon of novel targets for cancer
therapy

Take-home message

Current DNA-damaging cancer treatments including chemo-
therapy and radiotherapy are not aften successful to cure tu-
mour-bearing patients because the responses to these thera-
pies vary among individual patients. The use of DNA repair

these tumour cells, the tumour cells are defective in HR, These
HR-defective BRCAI- or BRCA2-mutated cells were shown to
be more to PARP inhibitors than the heterozygote or
the wild-type cell lines, indicating the potential to be exploit-
ed as specific treatments of BRCA1- or BRCA2-defective tu-
mours [32, 33]

One explanation for this sensitivity is as follows. In the
absence of PARF, the number of 55Bs increases, leading to
DSBs as a result of stalled replication forks. Although such le-
sions would be normally repaired compensatorily by HR,
these lesions will be unrepaired in BRCAl- or BRCA2-defi-
cient cancer cells because they are defective in HR repair,
leading the tumour cells to death. The absence of significant
cell death in non-tumour heterozygous mutant cells treated
with PARP inhibitors was notable, since non-tumour cells in
patients bearing BRCA mutations are heterozygous possess-
ing one mutant allele and one wild-type allele. PARP inhibi-
tors may, therefore, selectively kill the tumours that show loss
of the wild-type BRCA allele.

Clinical trials using PARP inhibitors alone in the treat-
ment of BRCA-associated cancer are ongoing (Tab. 1). Phase
Il clinical trials using the PARP inhibitor AZD2281 as a single
agent 50 far show low toxicity and significant anti-tumour ac-
tivity. A separate phase Il trial with the PARP1 inhibitor
AG014699 is carried out in carriers of BRCAI or BRCAZ muta-
tions with Jocally advanced or metastatic cancers of the breast
or ovaries,

Resistance to DNA repair inhibitors

Resistance to chemotherapy is a major obstacle to effective
cancer therapy. Recently, three studies showed that resis-

inhibitors will provide a good opportunity to resolve this
problem and to realise wargeted and individualised cancer
therapy.
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