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Abstract

Maintenance of genomic stability is a critical determinant of cell survival and is necessary for 

growth and progression of malignant cells. Interstrand crosslinking (ICL) agents, including 

platinum-based agents, are first-line chemotherapy treatment for many solid human cancers. In 

malignant cells, ICL triggers the DNA damage response (DDR). When the damage burden is high 

and lesions cannot be repaired, malignant cells are unable to divide and ultimately undergo cell 

death either through mitotic catastrophe or apoptosis. The activities of ICL agents, in particular 

platinum-based therapies, establish a “molecular landscape,” i.e., a pattern of DNA damage that 

can potentially be further exploited therapeutically with DDR-targeting agents. If the molecular 

landscape created by platinum-based agents could be better defined at the molecular level, a 

systematic, mechanistic rationale(s) could be developed for the use of DDR-targeting therapies in 

combination/maintenance protocols for specific, clinically advanced malignancies. New 

therapeutic drugs such as poly(ADP-ribose) polymerase (PARP) inhibitors are examples of DDR-

targeting therapies that could potentially increase the DNA damage and replication stress imposed 

by platinum-based agents in tumor cells and provide therapeutic benefit for patients with advanced 

malignancies. Recent studies have shown that the use of PARP inhibitors together with platinum-

based agents is a promising therapy strategy for ovarian cancer patients with ”BRCAness”, i.e., a 

phenotypic characteristic of tumors that not only can involve loss-of-function mutations in either 

BRCA1 or BRCA2, but also encompasses the molecular features of BRCA-mutant tumors. On the 

basis of these promising results, additional mechanism-based studies focused on the use of various 

DDR-targeting therapies in combination with platinum-based agents should be considered. This 

review discusses, in general, (1) ICL agents, primarily platinum-based agents, that establish a 

molecular landscape that can be further exploited therapeutically; (2) multiple points of potential 

intervention after ICL agent–induced crosslinking that further predispose to cell death and can be 

incorporated into a systematic, therapeutic rationale for combination/maintenance therapy using 

DDR-targeting agents; and (3) available agents that can be considered for use in combination/

maintenance clinical protocols with platinum-based agents for patients with advanced 

malignancies.
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INTRODUCTION

Human cellular components, including cellular DNA, are subject to a variety of endogenous 

and environmental damages [1]. Much of this damage can interfere with fundamental 

cellular processes and lead to cell death. Damaged cells have developed multiple repair 

mechanisms to restore genomic integrity and to maintain viability. These repair processes 

are used not only by normal cells but also by cancer cells, to achieve continuous growth and 

progression. Malignant cells possess an extensive network of repair mechanisms that allows 

resolution of DNA damage and maintenance of genomic integrity [2]. Knowledge of these 

pathways has allowed for the development and application of specific chemotherapeutic 

drugs that target DNA, through DNA crosslinking, and exploitation of the limitations of 

DNA damage response (DDR) and DNA repair in malignant cells.

DNA crosslinking produces toxic lesions and can be divided into two major categories: 

intrastrand crosslinking, which occurs when two nucleotides of the same DNA strand are 

covalently linked, and interstrand crosslinking (ICL), which occurs when nucleotides 

belonging to different DNA strands are covalently linked. The linkage of nucleotides on 

different DNA strands through an intermediate alkylating agent requires the agent to have 

two separate reactive groups. In these “bifunctional” alkylating agents, each reactive group 

of the agent covalently binds to a different nucleotide and the ICL is formed. Crosslinking 

agents have been described as more clastogenic than mutagenic, meaning that they perform 

their action at the chromosomal level rather than the DNA sequence level [3].

ICL agents have been used in clinical practice for more than 70 years, following the 

introduction of a nitrogen mustard for the treatment of leukemia and Hodgkin disease [4]. 

Platinum-based agents, one of the most widely used categories of ICL agents, were 

introduced later when cisplatin, the first such agent, was first shown to have anti-tumor 

properties by Rosenberg in 1969 [5]. The number of antitumor drugs with ICL properties 

used for clinical purposes has increased in recent years. Cisplatin-based combinations 

remain first-line therapy for a number of solid tumors including lung, bladder, ovarian, and 

testicular cancers [6]. ICLs block the separation of DNA strands, thus interfering with the 

fundamental processes of DNA transcription and replication. If ICLs are not repaired before 

mitosis, they can lead to cell death via the apoptosis pathway. Multiple pathways participate 

in the recognition of DNA crosslinks, including MAPK, ATR, and p53, which can result in 

activation of Caspase 9 or FasL to initiate apoptosis [7, 8].

ICL drugs can be categorized into two broad groups: alkylating agents and psoralens-parent 

compounds of the larger family of plant-derived furocoumarins (Figure 1). The larger family 

of alkylating agents consists mainly of nitrogen mustards, mitomycin C, and platinum-based 

agents. Psoralens, which are mostly used in dermatological diseases such as psoriasis and 

vitiligo, first require activation by UV light before they can intercalate into DNA and form 

ICLs with thymines [9].
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In this review, we focus on combination platinum-based and DDR-targeting cancer therapy. 

Platinum-based agents are widely used for solid tumors and have been studied extensively in 

terms of efficacy, mechanism of action, and side effects. The most commonly used DDR-

targeting agents are poly(ADP-ribose) polymerase (PARP) inhibitors. In recent years, a 

relatively large number of these agents have been developed, and many are being tested in 

clinical trials. The broader field of DDR-targeting agents includes ATR inhibitors, WEE-1 

inhibitors, and Chk1/2 inhibitors. These agents have only recently been used clinically, and 

information about their antitumor activity is limited. In general, the use of PARP inhibitors 

and other DDR-targeting agents has been predicated on the induction of synthetic lethality, 

i.e., “a situation in which a defect in one gene or protein is compatible with cell viability, but 

results in cell death when combined (synthesized) with another gene or protein defect” [10]. 

Although the concept of synthetic lethality originated with early geneticists using the fruit 

fly [11], its recently appreciated relevance to oncology science has been dramatically 

accelerated by technical advances in genomic medicine [10]. Closely associated with the 

concept of synthetic lethality is “BRCAness.” BRCAness has generally been defined as a 

phenotypic characteristic of tumors that not only can involve loss-of-function mutations in 

either BRCA1 or BRCA2, but also encompasses the molecular features of BRCA-mutant 

tumors [10, 12]. The assumption in the search to further define BRCAness within the 

context of experimental and clinical oncology is that tumors with BRCAness will respond to 

specific DDR-targeting therapies similarly to tumors with either BRCA1 or BRCA2 loss of 

function mutations [10, 12].

A principle of modern oncological science and clinical practice is to achieve better 

responses while avoiding side effects and the development of resistance. While a therapeutic 

response of cancers to PARP inhibition due to BRCA1 and BRCA2 mutations has been 

demonstrated, a wider use of PARP inhibitors in cancers with other “native” or drug-induced 

deficiencies in other homologous recombination genes and/or DDR genes has not been 

widely investigated. This approach would incorporate the concept of using platinum-based 

drugs, in part, to create a favorable “molecular landscape” that could potentiate the activities 

of DDR-targeting agents to maintain the platinum responses or possibly induce synthetic 

lethality.

MOLECULAR LANDSCAPE OF PLATINUM-BASED AGENTS AND 

RESISTANCE MECHANISMS

Platinum-based agents establish a “molecular landscape” that can be further exploited 
therapeutically

An understanding of the “molecular landscape” that platinum-based agents establish in 

cancer cells requires a comprehensive understanding of their mechanism of action. If the 

platinum-based agent is not biologically neutralized by the cancer cell’s transmembrane 

transporter system, then it can react with the cell’s DNA, RNA, and proteins [13]. It is 

widely accepted that platinum-based agents exert their cytotoxic effects predominantly via 

nuclear DNA damage, yet their effects on other compartments of the cell should not be 

ignored [14]. Platinum-based drugs exert pleiotropic effects that include widespread 

interactions with cellular molecules that can lead to clinical side effects, limiting their usage. 
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The broad range of intracellular molecular targets of platinum-based agents was clearly 

demonstrated by Wisnovsky et al., who showed that platinum-induced mitochondrial DNA 

(mtDNA) damage is sufficient to mediate the activity of a platinum-based chemotherapeutic 

drug, even without damaging nuclear DNA [15].

Platinum-based agents generate DNA lesions on the purine bases (adenine [A] and guanine 

[G]) of DNA; the N7 atoms of the imidazole rings are the most accessible site for platinum-

based drugs to bind DNA [16]. The first reactive event that takes place is the production of a 

monofunctional DNA adduct, which following subsequent reactions, can lead to a variety of 

DNA lesions [17]. These lesions could be summarized as (1) DNA monoadducts, (2) 

intrastrand crosslinks, (3) DNA-protein crosslinks, and (4) ICL [14, 18] (Figure 2).

Monoadducts are generated when a platinum-based agent loses a molecule of water and then 

reacts with a purine (Figure 2.A.1). Monoadduct creation is also the first step in the 

development of intrastrand crosslinks. The majority of intrastrand crosslinks are 1,2-d(GpG) 

crosslinks, followed by a small number of 1,2-d(ApG) [14] (Figure 2.A.2). ICLs occur when 

the platinum-based agent links a guanine/adenine from one strand with a guanine/adenine of 

the other strand. The most common position of interaction between the agent and the DNA 

is the N7 position of guanine [3, 19].

The nature of ICL lesions, i.e., both DNA strands targeted, leads to inhibition of DNA 

replication fork separation, thus affecting critical cellular processes such as DNA replication 

and gene transcription. Although platinum-based agents are considered to lack cell cycle 

specificity, cytotoxicity is increased with exposure to the drug during S phase. Cisplatin 

causes cell cycle arrest in G2 phase and accumulation of cancer cells in G2/M phase, 

ultimately leading to apoptosis [17, 19–21].

As discussed above, the effects of platinum-based agents are not limited to DNA but extend 

to RNA and proteins. Osborn et al. reported that platinum-based drugs can interact with 

tRNA and rRNA in vitro, demonstrating that these drugs can potentially interact with RNA-

based regulatory pathways [22]. Karasawa et al. identified a variety of proteins that interact 

with platinum-based drugs after they traverse the cellular membrane. These interacting 

proteins largely included heat shock and ribosomal proteins, and the authors suggested that 

these types of interactions are the major cause of cisplatin’s cytotoxic side effects in specific 

organ systems (nephrotoxicity and ototoxicity) [23].

Extensive research has revealed multiple mechanisms that underlie recognition and repair of 

DNA damage induced by platinum-based agents. A better understanding of these 

mechanisms has become important because virtually all cancers become highly resistant to 

this type of chemotherapy. The cellular repair response to platinum-based agent–induced 

DNA damage cannot be predicted due to the complexity of these lesions, and the alkylation 

damage can elicit a variety of repair mechanisms. The most important DNA repair 

mechanisms implicated within the context of platinum-based agents are the three excision 

repair pathways—the nucleotide excision repair (NER), base excision repair (BER), and 

mismatch repair (MMR) pathways, which are involved in repairing DNA (SSBs)—and the 

homologous recombination (HR) and non-homologous end-joining (NHEJ) pathways, that 
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repair DSBs [24]. Importantly, these pathways are also related to clinical resistance to 

platinum-based agents.

The NER pathway involves more than 30 protein factors and is the major pathway for 

repairing DNA lesions induced by platinum-based agents. Platinum-based agent-induced 

DNA damage is initially recognized by the heterodimer XPC/hHR23B, which binds with 

higher affinity to helix-distorting DNA lesions than to non-damaged, double-stranded DNA 

[25, 26]. The binding of XPC/hHR23B to the DNA lesions provides a substrate for the 

TFIIH complex to attach and function as a repair factor [27]. The enzymes of this complex 

detect and verify the DNA damage. After this step, 24–30 base pairs of the lesion-containing 

area are excised and then repaired [28].

Another DNA repair pathway involved in repair of SSBs generated by platinum-based 

agents that is functionally related to the NER pathway is BER. A major difference between 

NER and BER is the size of the lesion that can be recognized. In BER, a DNA glycosylase 

enzyme recognizes and then removes the nitrogenous base part of the affected nucleotide. 

After this step, an AP endonuclease removes the abasic site; a DNA polymerase fills the gap, 

and a DNA ligase seals the DNA area [29]. Studies have shown that patients who have 

specific single nucleotide polymorphisms (SNPs) in major BER genes show a better 

response to platinum-based treatment, supporting the significance of the BER pathway in the 

repair platinum-induced DNA lesions [30].

MMR is also required for the recognition and resolution of specific DNA lesions generated 

by platinum-based agents [31]. The lesions that are detected by MMR are mispaired or 

unpaired bases. After detection, assembly of multiple factors takes place to excise the error, 

and DNA polymerases also gather to repair the base sequence [32]. The human MutS 

protein homolog 2 protein has been shown to detect 1,2-d(GpG) intrastrand DNA crosslinks 

induced by cisplatin [33]. Tumor cells that have a deficient MMR system are not able to 

repair DNA areas with unpaired bases, leading to accumulation of these lesions, a process 

called “microsatellite instability,” that can ultimately lead to cell death [34].

HR is another major DNA repair pathway that plays an important role in repairing the DNA 

lesions induced by platinum-based agents [19]. After NER-mediated identification and 

resolution of a DNA lesion, the process of HR “fills in” the resulting DNA gaps. HR-

dependent ICL repair occurs during late S or G2 phase [19]. It is well-documented in the 

literature, that critical components of the HR mechanism which mediate the repair of DSBs 

are BRCA1 and BRCA2 [35, 36]. Although BRCA1 and BRCA2 have many pivotal roles in 

DNA repair, one of the most crucial roles seems to be direct binding of BRCA2 to the 

RAD51 protein to form a complex on the DNA. This complex leads to the recruitment of 

proteins to the DNA lesions that initiates the HR repair process [12, 37]. HR repair of DNA 

lesions requires a second, homologous DNA that can act as a template for the repair reaction 

[38–42]. Information from the homologous ‘donor’ sequence is copied into the damaged 

site, allowing for the precise restoration of the original DNA sequence [42]. Ovarian cancer 

patients with germline mutations in BRCA1 and/or BRCA2 exhibit impaired ability to repair 

DNA lesions via HR. This event could potentially explain the increased sensitivity that these 

tumors, and some prostate cancers, have to platinum-based drugs [43, 44].
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Finally, NHEJ is also involved in the repair of ICL DNA lesions, but to a lesser extent 

compared with the repair pathways discussed above [45]. In contrast to HR, which repairs 

DSBs maintaining the genetic information contained in the homologous DNA strand, NHEJ 

often introduces errors while repairing the DNA lesion. NHEJ functions throughout the cell 

cycle to directly ligate broken DNA ends. First, the end-binding KU70/80 heterodimer 

complex binds to the DNA ends and activates DNA-dependent protein kinase catalytic 

subunits. Then the DNA lesion is removed, and finally, a DNA ligase IV-XRCC4 rejoins the 

two DNA ends. In contrast to HR, NHEJ can generate translocations and/or deletions and is 

generally considered to be error-prone [45, 46].

Mechanisms of resistance to platinum-based agents

The mechanisms associated with resistance to platinum-based agents involve three related 

activities: altered cellular accumulation of the agent, cytosolic inactivation/metabolism of 

the agent, and altered DNA repair. These activities can overcome the therapy effects of the 

platinum-based agent [13]. Amable et al. [13] reviewed these resistance mechanisms within 

the context of cisplatin treatment, but these resistance pathways are relevant to all platinum-

based agents. Each of these mechanisms can singly or in combination contribute to cancer 

cell resistance.

A reduction in intracellular accumulation of platinum-based agents can be achieved by 

cancer cells either by increased drug efflux or by decreased drug influx. Thus far, it has been 

reported that a significant number of membrane transporters facilitate the influx of platinum-

based agents into cancer cells. One of the most studied and understood is the copper 

transport protein 1 (CTR1). CTR1 mRNA levels were found to be high in ovarian cancer 

patients who had a good response and an increased disease-free survival period after 

treatment with cisplatin [47]. High CTR1 levels have the capacity to transfer more drug into 

the cell and achieve better therapeutic results. Cells resistant to cisplatin demonstrate low 

levels of CTR1 mRNA and also decreased levels of cisplatin [48]. Kim et al. reported that 

reduced drug accumulation in cancer tissues is an important mechanism of platinum 

resistance in patients with non-small cell lung cancer [49]. Additionally, the increased efflux 

of platinum-based agents has also been suggested as a resistance mechanism; however, it is 

thought to be of relatively minor significance compared with the decreased influx 

mechanisms [13]. Thus far, two efflux mechanisms have been reported: P-type ATPase 

transporters and ATP-binding cassette transporters.

Cytosolic inactivation/metabolism of platinum-based agents is an alternative cellular 

mechanism of platinum resistance. The major pathway of this mechanism is conjugation of 

the platinum-based agent with glutathione (GSH), and neutralization through exportation of 

the GSH-conjugated molecules [50].

Finally, alterations in DNA repair mechanisms, mainly those involved in the NER pathway, 

can induce resistance to platinum-based agents. Increased NER-related gene expressions 

have been correlated with resistance to platinum-based drugs [51–53]. The excision repair 

cross-complementation group 1 factor (ERCC1) is one of the best-studied examples, being 

highly expressed in platinum-resistant ovarian and gastric cancers. ERCC1 forms a 

heterodimer complex with ERCC4, also called XPF endonuclease, forming the ERCC1-XPF 
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enzyme complex [54]. Recently, Amable et al. reviewed a comprehensive list of studies that 

found correlations between the high levels of ERCC1 and cisplatin resistance [13]. These 

studies included data from ovarian [55], cervical [56], lung [57], liver [58], and gastric 

cancers [59], and indicated that high ERCC1 expression may be a promising potential 

biomarker for cisplatin resistance [13]. On the other hand, low ERCC1-XPF expression was 

found in testicular cancers, which are very responsive to platinum-based agents [14]. 

Additionally, ERCC1-XPF expression has been suggested as a determinant of cisplatin 

therapy efficacy in non-small cell lung cancer [60].

GENE MUTATIONS AND SIGNALING PATHWAYS THAT REGULATE 

RESPONSE TO PLATINUM-BASED AGENTS

The development of resistance to platinum-based agents and the consequential limitation of 

treatment choices within this type of chemotherapy necessitate the development of new 

therapeutic strategies and approaches. Identification of specific gene mutations, and gene 

expression profiles that can predict response to platinum-based agents is of paramount 

importance. This will require a greater understanding of specific cell signaling pathways that 

mediate the response to these agents. Pharmaceutical regulation of such genes and pathways 

could dramatically improve the effects of platinum-based agents.

Zhao et al. reported that SNPs in the BER pathway affected the prognosis of platinum-based 

chemotherapy in patients who had advanced non-small cell lung cancer. Patients who had 

specific SNPs in three major BER genes were found to have a better response to platinum-

based treatment [30]. This finding can be explained by the fact that these SNPs might cause 

defects in BER pathway efficacy and thus decreased levels of DNA repair after DNA 

damaging platinum-based chemotherapy.

Reles et al. studied nearly 200 ovarian carcinomas to analyze the effect of p53 genetic 

alterations on the response to platinum-based chemotherapy. They found that p53 alterations 

were significantly correlated with resistance to platinum-based chemotherapy, early relapse, 

and shortened overall survival [61].

Cass et al. [43], and later Tan et al. [62] reported that ovarian cancers with germline BRCA 

gene mutations have higher response rates to platinum-based chemotherapy. The latter 

authors supported the existence of a clinical syndrome of BRCAness [62]. In addition, 

Konstantinopoulos et al. reported that the BRCAness profile correlated with responsiveness 

to platinum-based agents and PARP inhibitors in patients with ovarian cancer and also 

identified a subset of sporadic patients with improved outcomes [63]. This profile could 

potentially be expanded to many other types of cancer with similar genetic background.

Thus, specific gene mutations that occur in molecular pathways involved in the repair of 

DNA damage induced by platinum-based agents may provide a foundation for testing and 

application of specific combination therapy approaches that exploit this potential 

vulnerability.
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COMBINATION THERAPY USING PLATINUM-BASED AGENTS AND DDR-

TARGETING AGENTS

Platinum-based agents and PARP inhibitors: suppression of PARP catalytic activities and 
PARP trapping

DDR-targeting agents may be uniquely able to potentiate or maintain therapy responses to 

platinum-based agents. Multiple DDR-targeting agents are in clinical trials, with others in 

active development. Among the most promising agents are PARP inhibitors. These agents 

can not only directly lead to synthetic lethality in specific malignancies with genetic 

deficiencies in the HR DNA repair pathway, but may also potentiate the therapeutic effects 

of platinum-based agents through alterations in the transcriptional regulation of various 

genes and signaling activities that may interact with DNA damage induced by these 

chemotherapy agents.

PARP inhibitors are prototypic representatives of DDR-targeting therapy with regard to their 

use in combination with platinum-based agents. The important role of PARP in DDR and 

repair was first reported in 1979 when it was found that PARP activity is increased after 

administration of chemotherapy and radiation treatment [64]. PARPs compose a family of 

more than 18 enzymes that play fundamental roles in multiple cellular actions such as DNA 

replication, DNA transcription, and DNA damage repair [65]. Many of these enzymes play a 

catalytic role in repairing damaged DNA. PARP-1, the most studied member of the PARP 

family, is an important factor for repairing SSBs. SSBs are intermediates in both the BER 

and NER pathways, and any alteration in PARP activity could have an influence on these 

pathways. Flohr et al. reported that PARP activation in some cell models is one of the 

earliest cellular mechanisms involved in DNA repair, independently of the type of DNA 

lesion. Activation of PARP leads to increased activities of the BER and NER pathways in 

cells with a fully functional DDR/DNA repair capacity, but not in cells in which PARP is 

inhibited [66]. The BER complex consists mainly of DNA ligase III, DNA polymerase β, 

and the XRCC1 [67]. PARP binds to SSBs through its N-terminal zinc finger motifs, which 

activate its C-terminal domain to hydrolyze NAD+. This event produces long chains of 

ADP-ribose units, i.e., PARylation [68, 69] and recruits factors of the BER complex [70, 

71]. It has also been reported that PARP activation after exposure to ultraviolet (UV) 

radiation promotes interaction between PARP1 and XPA, which is an important component 

of the NER pathway [72]. D’Amours et al. showed that PARP can undergo automodification 

in cases of DSBs and can be one of the main acceptors of ADP-riboses [73].

In experimental models in which the PARP-1 gene is deleted, it has been shown that SSBs 

collapse at the points of replication forks and result in DSBs [74]. DSBs trigger HR repair 

pathways to restore the DNA sequences that were disrupted. Farmer et al. showed that when 

BRCA1 or BRCA2 are defective, cells become sensitized PARP inhibition, and this event 

results in chromosomal instability, cell cycle arrest, and apoptosis [75]. Additionally, Bryant 

et al. reported that BRCA2-deficient cells are acutely sensitive to PARP inhibitors, 

supporting the idea that deficiency in HR, such as in BRCA2-deficient cells, results in arrest 

of the repair process, and collapse of the replication forks [76].
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The overarching therapy rationale behind targeting PARP is that, because of high levels of 

DNA damage, cancer cells are highly dependent on effective DNA repair and replication, but 

are very often deficient in DDR pathways, such as HR (i.e., BRCAness); and this condition 

can be exploited by PARP inhibition, i.e., a synthetic lethality strategy. A phase I clinical 

trial conducted in 2005 provided preliminary clinical evidence that a synthetic lethality 

strategy could have efficacy in patients with BRCA-mutant tumors [77]. Importantly, the 

results of this study validated the original concepts and preclinical studies that had shown 

the potential of synthetic lethality [10]. Recent studies have also demonstrated that 

approximately 25% of metastatic castration-resistant prostate cancers (mCRPC) harbor 

genomic alterations in DDR genes [78, 79]. In heavily pre-treated patients with mCRPC, 14 

of 16 (88%) with alterations in DNA-repair genes (including BRCA1/2, ATM, Fanconi’s 

anemia genes, and CHEK2) responded to olaparib [80]. Based on these encouraging results, 

the US Food and Drug Administration (FDA) has granted breakthrough therapy designation 

for olaparib treatment of BRCA1/2 or ATM gene mutated mCRPC in patients who have 

received a prior taxane-based chemotherapy and at least one newer hormonal agent 

(abiraterone or enzalutamide). These new developments and other positive information has 

led to clinical trials with PARP inhibitors as combination therapy with platinum-based 

chemotherapy, leading to the approval of olaparib (AZD2281, brand name Lynparza) by the 

FDA for the treatment of heavily pretreated advanced ovarian cancer associated with 

defective BRCA genes [81, 82]. Although the initiation of new clinical trials represent 

important developments in the field, additional experimental and clinical data are needed to 

determine whether combined or sequential administration of platinum-based agents and 

PARP inhibitors would offer better therapeutic outcomes.

Olaparib (AZD2281), veliparib (ABT-888), niraparib (MK-4827), and talazoparib 

(MDV3800) are currently the most widely used PARP inhibitors. All of these agents are 

effective in inhibiting PARP catalytic activity [83]. Until recently, it was assumed that PARP 

inhibitors perform their anticancer effects only via their catalytic inhibition of PARPs in a 

landscape of BRCA deficiency. This rationale, however, could not explain the different 

results in experiments using PARP inhibition or gene deletion. To explain these results, 

Helleday et al. and Kedar et al. proposed a model of PARP complex trapping on DNA by the 

PARP inhibitors [84, 85]. The trapped PARP complex on the DNA strand constitutes another 

potential mechanism of synthetic lethality for these therapeutic agents in patients with the 

BRCAness phenotype.

Talazoparib is a novel PARP inhibitor that may have important advantages over other 

clinically available agents of this class [86, 87]. In addition to relatively higher activity 

regarding PARP catalytic inhibition, talazoparib had highly superior PARP trapping activity 

compared with other inhibitors including olaparib [86–89]. Murai et al. showed the 

relevance of the trapping mechanism of PARP inhibitors to their antiproliferative/anticancer 

activity [89]. Furthermore, they showed that trapping potency of the existing PARP 

inhibitors is relatively low compared with their potency to inhibit PARP catalytic activity 

[89].

DNA damage that is introduced by platinum-based agents induces DNA repair pathways that 

require PARP-1 activity, thus establishing a basis for convergence of specific types of DNA 
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lesions and PARP inhibition. One example is the induction of the BER pathway by 

platinum-based agents. Lavrik et al. showed that PARP-1 can bind intermediates of the BER 

pathway [90]. When PARP-1 auto-PARylates, a variety of BER pathway proteins such as 

XRCC1, DNA polymerase, and DNA ligase are activated and recruited to the sites of DNA 

damage [91]. Under conditions of PARP inhibition, PARP-1 binds at the DNA-damaged 

area, but its catalytic activity is limited. Therefore, BER enzyme recruitment is decreased 

while PARP is stabilized on the DNA strands, impeding DNA repair [89, 91].

Another potential DDR pathway induced by platinum-based agents and also regulated by 

PARP-1 is the NER pathway. Pines et al. reported that DDB2, an essential protein for 

recognition and removal of DNA lesions by NER, is regulated by PARP-1. DDB2 

PARylation leads to the protein’s stabilization and further recruitment [92]. Furthermore, 

Maltseva et al. demonstrated that XPC-RAD23B, an essential complex of the NER pathway, 

is regulated by PARP-1 [93]. Induction of the NER pathway by platinum-based agents and 

simultaneous inhibition of PARP-1 could potentially suppress DNA repair.

Michels et al. have demonstrated synergistic interaction between cisplatin and PARP 

inhibitors in non-small cell lung cancer. They showed that the combined treatment of 

cisplatin and PARP inhibitor elicits apoptosis. [94]. Cooperative interactions between 

chemotherapy-mediated ssDNA breaks and PARP catalytic and trapping activities are 

critical determinants of cytotoxicity and tumor growth suppression.

Platinum-based agents and PARP inhibitors: alterations of PARP regulation of gene 
transcription

Although the role of PARP-1 in DNA damage repair and the consequent therapeutic 

interference with PARP in cancer therapy have been studied in detail with regard to PARP 

catalytic activities and PARP trapping, the role of PARP-1 in gene transcriptional regulation 

and exploitation of these activities for cancer therapy have not been extensively explored 

(Figure 1 and 3).

Schreiber et al. reviewed the important role of PARP-1 in the epigenetic regulation of 

chromatin and gene expression. They categorized these effects of PARP-1 into two major 

groups: PARP-1’s modulation of chromatin structure and regulation of the transcriptional 

machinery. The second regulatory activity links PARP as a direct modulator of gene 

transcription via its interference with transcription factors and cofactors [95]. Thus far, a 

large number of transcription factors, such as PAX6, Sox2, Oct-1AP-2, b-Myb, NF-κB and 

others, have been shown to be associated with PARP activity, some with stimulatory effects 

and others with inhibitory effects [95, 96]. Interestingly, PARP-1 also binds to E2F-1, a 

transcription factor implicated in the activation of S-phase genes as well as induction of 

apoptosis [97]. Binding of PARP-1 to E2F-1 enhances binding to the E2F-1 promoter, 

regulating E2F-1–mediated transcription.

A recent study showed that PARP inhibition was associated with downregulation of specific 

DDR genes including Rad51, Chk1, and BRCA1 and with specific E2F-1 gene targets 

including EZH2 [98]. Interestingly, the same study found that combination treatment with 

PARP inhibition, cisplatin, and etoposide was more effective than PARP inhibition alone in 
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vitro. These results warrant additional investigations of PARP-mediated gene expression and 

molecular pathways that lead to DDR.

Further, Schiewer et al. described the pro-tumorigenic effects of PARP-1 in androgen 

receptor (AR)-positive cancer cells in vitro and in vivo. They found that PARP-1 is a potent 

modulator of AR function and that PARP-1 ablation could increase the sensitivity of prostate 

cancer cells to androgen depletion. PARP-1 enzymatic activity was found to be required for 

AR transcriptional function [99].

Given that PARP has been shown to modify AR function, a critical question is the set of AR 

target genes that are regulated by PARP-mediated modifications of AR function. Recent 

publications have demonstrated that AR signaling upregulates expression of specific DDR 

genes [100–102] and that these genes are associated with prostate cancer metastasis [102]. 

These studies have established a novel mechanism of DDR regulation and potentially a 

novel platform for the development of biomarkers and therapeutic approaches in prostate 

cancer, expanding the synthetic lethality concept. Upregulation of DDR expression by AR 

sets the stage for consideration of specific combinations of AR signaling inhibitors and 

DDR-targeting therapies. In addition, these studies also suggest that PARP inhibition may be 

able to act in combination with platinum-based agents through alteration of DDR gene 

expression. Additional focus on PARP target gene activities may reveal specific pathways 

that, when suppressed by PARP inhibition or specific inhibitors of PARP target genes, 

synergize with specific mutations induced by platinum-based agents.

DDR-targeting Agents: New Weapons in the Oncological Armamentarium

Although less studied within the context of combination treatment with platinum-based 

agents, DDR-targeting agents other than PARP inhibitors are worth consideration. WEE-1 

inhibitors are a relatively new group of agents targeting the DNA damage response pathway. 

WEE-1 kinase is a G2-M checkpoint kinase that catalyzes an inhibitory phosphorylation of 

CDK1 and CDK2 [103, 104]. When WEE-1 is inhibited, cell cycle arrest and proper DNA 

repair are abrogated [105]. The WEE-1 inhibitor most widely used in clinical practice is 

AZD1775 (MK-1775), and to date, only the results of a phase I clinical study of patients 

with refractory solid tumors have been reported [106]. Additional experimental and clinical 

studies testing AZD1775 in combination with radiation or chemotherapy will be critical for 

determining the clinical potential of WEE-1 inhibitors.

Ataxia Telangiectasia and Rad3-realted protein (ATR) serine/threonine kinase inhibitors, 

with VE-821 being the most commonly used agent, also interact with central kinases 

involved in the DDR pathway [107]. ATR is a large kinase activated by many different types 

of DNA damage, including DSBs, base adducts, and crosslinks. The DNA lesion becomes 

coated by the replication protein A (RPA) and the complex of RPA-DNA activates ATR-

interacting protein. This event leads to ATR activation and further phosphorylation of 

substrates to regulate DNA repair [108]. ATR inhibitors could potentially be used in 

combination therapy with platinum-based agents to contribute to DNA damage generated by 

platinum-based agents and to impede DNA repair.
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CHK1 is a critical kinase involved in halting the cell cycle when the DNA damage could 

potentially lead to cell death [109]. A mechanistic understanding behind combining 

platinum-based agents and CHK1 inhibitors is still not clear. The main concept is that cancer 

treatment with DNA-damaging agents, such as platinum-based agents, ultimately results in 

CHK1 activation, CDC25 inhibition, and cell cycle arrest. By inhibiting CHK1, CDC25 is 

activated, leading to an uncontrolled cell cycle and finally cell death [109]. Currently, two 

CHK1 inhibitors, LY2606368 and LY2603618, are being tested in phase I clinical trials 

[110, 111]. On the basis of these results, LY2606368 has been proposed for use in phase II 

trials for patients with squamous cell carcinoma [111]. Similarly, LY2603618 has been 

proposed for phase II studies [110].

Recently Li et al. demonstrated synergistic therapeutic approaches by pharmacological 

targeting of PARP and the c-Myb-TOPBP1-ATR-Chk1 pathway. Silencing of c-Myb or its 

downstream targets, BRCA1 or TOPBP1, showed synergistic effects with olaparib in 

experimental models of AR-negative prostate cancer. It has been shown that c-Myb and AR 

share a common set of DDR target genes [102]. Reaper et al. also reported that inhibition of 

ATR further sensitizes cancer cells to cisplatin [112]. Induction therapies with platinum-

based agents lead to extensive DNA damage and activation of DDR pathways. Blocking or 

silencing of the downstream factors of these pathways with PARP and/or ATR inhibitors 

may potentially sensitize cancer cells to platinum-based agents and increase their effects.

CLINICAL TRIALS OF PLATINUM-BASED AGENTS AND DDR-TARGETING 

AGENTS

As discussed above, a relatively large number of ongoing clinical trials are assessing the 

clinical efficacy of DDR-targeting agents as combination therapy with platinum-based 

agents. To ascertain the total number of trials and their details, we searched the clinical trial 

database (www.clinicaltrials.gov, as of April 10, 2015), using the search terms ‘PARP,’ 

‘ATR,’ ‘WEE-1,’ and ‘CHK-1.’ The results are presented in Tables 1 and 2. Table 1 shows 

that the most widely tested DDR-targeting agents are PARP inhibitors with 45 clinical trials. 

In contrast, other DDR-targeting agents are used as combined treatment with platinum-based 

agents in fewer clinical trials (Table 2). The only platinum-based agents that were used in all 

the above-mentioned clinical trials were carboplatin and cisplatin. Clinical trials with other 

types of alkylating agents were excluded.

SUMMARY: Therapeutic rationale for combination/maintenance therapy 

using ICL agent―induced crosslinking and DDR-targeting agents

The major concept highlighted in this review is that platinum-based agents can be 

considered as an induction therapy for DDR-targeting agents. Our concept and rationale are 

depicted in Figure 3. Platinum-based agents perform their antitumor effects mainly via DNA 

adducts. Some of these events could induce specific lesions in genes involved in DNA repair, 

including those of the BER, NER and HR repair pathways. Platinum-based agents could be 

used as mediators leading the cell to a synthetic lethality stage favorable for DDR-targeting 

agents. This molecular landscape could potentiate and/or maintain the initial effects of 
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platinum chemotherapy. PARP inhibitors, in particular, have multiple mechanisms of action 

that support this concept. Catalytic inhibition of PARP enzymes, trapping of PARP on the 

DNA strand, and PARP-mediated transcriptional regulation are the relevant mechanisms 

through which PARP inhibitors can exert their therapeutic activities. Additionally, the role of 

PARP in DNA transcription is not limited only to DDR genes but is also implicated in other 

signaling pathways, expanding the effect of these agents at the cellular level. A greater 

understanding of these mechanisms may lead to more specific and productive mechanistic 

rationales for combination therapy approaches for advanced malignancies.

Consideration of the combination of platinum-based agents with DDR-targeting therapies 

should not be limited to PARP inhibitors. New inhibitors that interfere with the activities of 

important genes and enzymes of the DNA damage repair pathways (i.e., ATR, WEE-1, and 

CHK-1) could also be used for the same purposes. As discussed above, most of these agents 

have not been tested in large clinical trials (see Table 2), and their results have not been 

analyzed in detail. There remains much to learn about the potential of these DDR-targeting 

agents and their potential combination with platinum-based agents. In light of the promising 

results of PARP inhibitors used to treat ovarian cancers with a BRCAness phenotype, it is 

important to pursue various DDR-targeting therapies combined with platinum-based agents.
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ABBREVIATIONS AND ACRONYMS

AR Androgen receptor

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia and Rad3 related

BER Base excision repair

BRCA Breast cancer susceptibility gene

CTR1 Copper transport protein 1

DDR DNA damage repair

DSB Double-strand breakage

ERCC Excision repair cross-complementation group 1 factor

HR Homologous recombination

ICL Interstrand crosslinking agents

MM RMismatch repair
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NER Nucleotide excision repair

NHEJ Non-homologous end-joining

PARP Poly(ADP-ribose) polymerase

RPA Replication protein A

SNP Single nucleotide polymorphism

SSB Single-strand breakage

ssDN ASingle-stranded DNA

TF Transcription factor

TOPBP1 Topoisomerase (DNA) II binding protein 1

XRCC1/4 X-ray repair cross-complementing protein 1 & 4
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Fig 1. 
Stereotypical chemical types of interstrand crosslinking agents, including platinum-based 

agents, mitomycin C, and nitrogen mustards; platinum-based agents; PARP inhibitors; 

Chk1-2 inhibitors; WEE-1 inhibitor; and ATR inhibitors currently used in clinical trials.

Note: DDR, DNA damage response; PARP, poly(ADP-ribose) polymerase; ATR, Ataxia 

telangiectasia and Rad3 related
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Fig 2. 
Mechanisms of action of platinum-based agents. A. Single DNA strand actions of platinum-

based agents; 1. DNA monoadducts; 2. Intrastrand crosslinks; 3. DNA-protein crosslinks. B. 

Double DNA strand actions of platinum-based agents; Interstrand crosslinks.

Note: Pt, Platinum
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Fig 3. 
Convergence and interactions of platinum – based agents and DNA damage response – 

targeting agents.

Note: PARP, poly(ADP-ribose) polymerase; ATM, Ataxia telangiectasia; ATR: Ataxia 

telangiectasia and Rad3 related
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