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Abstract

DNA interstrand crosslinks (ICLs) covalently join the two strands of a DNA duplex and block 

essential processes such as DNA replication and transcription. Several important anti-tumor drugs 

such as cisplatin and nitrogen mustards exert their cytotoxicity by forming ICLs. However, 

multiple complex pathways repair ICLs and these are thought to contribute to the development of 

resistance towards ICL-inducing agents. While the understanding of many aspects of ICL repair is 

still rudimentary, studies in recent years have provided significant insights into the pathways of 

ICL repair. In this perspective we review the recent advances made in elucidating the mechanism 

of ICL repair with a focus on the role of TLS polymerases. We describe the emerging models for 

how these enzymes contribute to and are regulated in ICL repair, discuss the key open questions 

and examine the implications for this pathway in anti-cancer therapy.
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1. Introduction

DNA interstrand crosslinks (ICLs) are formed by bifunctional agents and covalently link two 

strands of a DNA duplex. They can be formed by endogenous sources such as products of 

lipid metabolism and abasic sites, as well as by a number of antitumor agents such as 

nitrogen mustards, cisplatin and mitomycin C [1]. Despite the clinical success of 

crosslinking agents in antitumor therapy, multiple cellular pathways, including repair 

mechanisms that remove ICLs from DNA, cause resistance to such treatment [2–4]. There 

are multiple ICL repair pathways operating throughout the cell cycle, but the majority of 

ICLs are processed during replication, where they provide an absolute block for replicative 

helicases and polymerases. A common step for all ICL repair pathways is believed to be the 
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unhooking of the ICL from one of the strands followed by translesion synthesis past the 

unhooked ICL. Here we review the role of DNA polymerases in ICL repair and discuss how 

the nature of the unhooking step as well as ICL structures influence activity of DNA 

polymerases during ICL repair.

2. Replication-dependent ICL repair pathways

The majority of ICLs are repaired in a replication-coupled manner in vertebrates (Fig. 1). 

There appear to be multiple replication-associated repair pathways, and several are still not 

well understood. We know most about a pathway initiated by two converging replication 

forks and have gotten some first glimpses at a replication traverse pathway. These pathways 

are discussed here with a focus on how DNA polymerases engage with unhooked ICLs.

2.1 Dual-fork convergence pathway

The most well defined mechanism has been elucidated by the Walter group using plasmids 

containing site-specific ICLs with replication-competent Xenopus egg extracts [5]. In this 

system, two replication forks converge on an ICL and their leading strands pause 20 to 40 

nucleotides from the crosslink due to presence of the CMG helicase [6] (Fig. 1A, i). The 

stalled CMG helicase is removed from the vicinity of the ICL by BRCA1/BARD1 [7], 

allowing one of the leading strands to proceed to one nucleotide before the ICL. At this 

point, the Fanconi anemia pathway is activated, resulting in the ubiquitylation of FANCD2-I 

[8], followed by unhooking of the ICL by incisions involving ERCC1-XPF-SLX4 on the 

strand opposite the approached replication fork (Fig. 1A, ii) [9, 10]. The unhooking incisions 

on one parental strand lead to formation of a double-stranded break (DSB) in that daughter 

duplex, while the unhooked ICL remains attached to the other parental strand (Fig. 1A iii–

iv). Translesion synthesis across the unhooked ICL allows the leading strand to be extended 

past the ICL and eventually be ligated to the downstream lagging strand to generate a 

template for repair of the DSB by homologous recombination (HR, Fig. 1A, v–vii). The 

bypassed ICL remnant is no longer very toxic and is eventually likely removed by NER.

2.2. Replication fork ICL traverse pathway

A study by Seidman and colleagues revealed another replication coupled pathway (Fig. 1B). 

They used an ICL repair-specific fiber assay with fluorescently labeled psoralen ICLs and 

dual labeling to map the progression of a replication fork around the ICL in mammalian 

cells [11]. Surprisingly, although dual fork convergence (~20% of the events) was observed, 

the main pathway observed (~50% of the events) was different. The replication fork was 

found to ‘traverse’ the ICL without unhooking, leaving an intact ICL behind (Fig. 1B, i–ii). 

Although the mechanism is unknown, this traverse pathway is believed to involve 

continuation or re-initiation of replication just past the ICL. These observations suggest that 

ICLs may also be repaired in a post-replicative manner. Notably, both ICL traverse and the 

dual fork convergence pathways ultimately lead to an X-shaped structure around the ICL 

(Figs. 1A ii, 1B ii), which could undergo similar unhooking and ICL bypass steps to 

complete repair.
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2.3. Unhooking in replication-coupled ICL repair

One of the central steps in ICL repair is unhooking, in which incisions around the ICL 

release it from one of the two crosslinked strands (Fig. 1A, iii–iv, for an excellent review on 

this topic in DNA Repair see [12]). From the point of view of translesion synthesis across 

the ICL, a critical concern is where the incisions take place during unhooking, and whether 

an unhooked ICL is processed further by exonucleases. These factors will determine the 

structures of intermediates DNA polymerases encounter and, consequently, which 

polymerase(s) may act on an ICL.

Determining the identity of the nucleases involved in ICL unhooking has been challenging. 

Genetic deletion of several nucleases, including ERCC1-XPF, MUS81, FAN1, SNM1A and 

SLX1 renders cells sensitive to ICL forming agents to various degrees [12]. Experiments in 

Xenopus extracts showed that ERCC1-XPF is essential for unhooking and that this activity 

requires SLX4 and ubiquitylated FANCD2-I [8, 9]. This suggests a model in which ERCC1-

XPF makes the incision on the 3′ side of the by association with SLX4 and possibly other 

proteins [13]. The identity of the endonuclease making the cut on the other side has not been 

established. Possible candidates are SLX1 or again XPF, which could be making both cuts 

[10, 12, 14].

Currently, there is no experimental system available to determine where on the parental 

strand the unhooking incisions occur and what the length of the duplex surrounds an 

unhooked ICL in the product of this reaction. Additionally, the unhooked ICL may be 

further processed by an exonuclease such as SNM1A, which can digest DNA past an ICL 

[15–17]. SNM1A may also act on intermediates nicked only on one side of the ICL, 

digesting DNA past the ICL leaving an unhooked lesion behind. Although nothing is known 

about how ICLs are eventually unhooked in the traverse pathway, it is possible that the X-

shaped intermediates are processed similarly by the same group of nucleases (Fig. 1 A&B, 

ii). MUS81-EME1 and FAN1 are likely to operate in different pathways, perhaps in 

situations where replication forks stall at some distance from the ICL or where fork 

regression occurs. As it is unclear how this relates to eventual polymerase activity, this 

scenario will not be further discussed here.

Multiple in vitro studies have shown that resection of the duplex around an ICL is crucial for 

translesion synthesis by TLS polymerases, with effective bypass only occurring with ICLs 

embedded in short (< 6 base pairs) duplexes (see below) [18–22]. Using a synthetic model 

nitrogen mustard ICL in its most resected form a single crosslinked base a recent study 

showed that such a fully processed ICL was efficiently bypassed by the bacterial replicative 

Klenow polymerase, apparently providing only a minimal obstacle [23]. It is therefore 

tempting to think that some ICLs may are also be bypassed by mammalian replicative 

polymerases, suggesting that TLS poly unhooked may also be bypassed by mammalian 

replicative polymerases and that TLS polymerases may not be absolutely required for the 

repair of all ICLs. Therefore, the degree of processing of unhooked ICLs is crucial for how 

DNA polymerases interact with them.
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3. Replication-independent ICL repair

3.1 Overview

Although ICLs are especially deleterious during replication in S-phase, the replication-

independent repair (RIR) of ICLs in G0/G1 is likely to play an important role in post-mitotic 

cells where endogenous ICLs could block transcription of essential genes. ICL repair in G1 

has furthermore been shown to diminish the burden of ICLs before a cell enters S-phase 

[24]. Much of what we know about RIR ICL repair is based on studies with reporter 

plasmids harboring a site-specific ICL in mammalian cells [24–28] and Xenopus egg 

extracts [29, 30]. Nucleotide excision repair (NER) proteins have been shown to be involved 

in this ICL repair pathway (Fig. 2). Depending on the ICL and assay conditions, both 

branches of NER, global genome NER (GG-NER) and transcription-coupled NER (TC-

NER), (which differ in the damage recognition step, but otherwise share the same set of 

common factors [31]) were shown to be involved. The recruitment of NER proteins to ICLs 

has been directly demonstrated in G1 cells, lending support to the studies conducted with 

reporter plasmids [32]. In addition to NER factors, mismatch repair (MMR) and HMG 

proteins have been shown to interact with NER proteins at ICLs and may therefore also 

contribute to replication-independent repair of ICLs [33, 34].

3.2 Unhooking in replication-independent ICL repair

Although the involvement of NER in RIR has been clearly demonstrated, how incisions 

around the ICL occur is not immediately obvious. NER incisions require the opening of the 

DNA duplex around the lesion a step that would be blocked by ICLs [35]. Consistent with 

this idea, it has been shown that NER-proficient extracts incise psoralen and alkyl ICLs with 

both incisions occurring 5′ to the ICL [36–38] (Fig. 2 ii). As incisions on one side of the 

ICL do not enable a polymerase to bypass the ICL, another incision on the 3′ side of the 

ICL would be required to generate an unhooked substrate. Although it is not yet known how 

this happens, it has been shown that ERCC1-XPF together with RPA [37], and the 

exonucleases SNM1A and FAN1 can degrade one strand of an ICL-containing duplex [15, 

39, 40]. In support of such a scenario, a recent study found CSB and SNM1A to interact at 

trioxsalen ICLs [41] raising the possibility that SNM1A may be directly recruited to TC-

NER complexes for processing of these lesions. Interestingly, NER-independent incisions 

around an ICL have also been observed, but the factors responsible have not yet been 

identified [38].

4. TLS polymerases in ICL repair

In the preceding section, we have outlined how the unhooking step is key in determining the 

nature of substrate encountered by DNA polymerases. Translesion synthesis often involves 

multiple polymerases, with one carrying out the insertion of a nucleotide across the lesion, 

and another carrying out further extension [42]. Multiple polymerases have been implicated 

in the repair of ICLs based on genetic or biochemical studies. The existence of multiple ICL 

repair pathways, the vastly different structures of (unhooked) ICLs, potential redundancy 

among DNA polymerases and limited options in studying these pathways at a mechanistic 

level have made it difficult to definitely assign the roles of various DNA polymerases in ICL 
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repair. The roles of various TLS polymerases in ICL repair has been reviewed previously 

[43, 44] and we provide an update on the status here with an emphasis on recent results from 

in vitro studies. We structure our observations based on the types of assays used and outline 

what the open questions and challenges are.

4.1. Sensitivity of cell lines with TLS polymerase deficiencies to crosslinking agents

Genetic studies involving treatment of cells with crosslinking agents have implicated 

multiple polymerases in ICL repair (Table 1). A limitation of such experiments is that they 

do not provide any information about which ICL pathway a polymerase is involved in. 

Results from such studies are further complicated by the fact that crosslinking agents can 

also form intrastrand crosslinks, which can have overlapping toxic effects with the ICLs, but 

are typically addressed by NER, not ICL repair.

Nonetheless, such assays have clearly revealed that deletion of the REV1 and REV3 genes 

leads to a clear hypersensitivity to cisplatin and mitomycin C exposure [44–49]. REV3 

together with REV7 and the accessory subunits POLD2 and POLD3 constitutes Pol ζ, a B-

family polymerase [50, 51], which is believed to frequently work together with REV1, a Y-

family polymerase with dCMP transferase activity. The role of REV1 and Pol ζ seems to be 

important for both replication-dependent and -independent ICL repair, explaining the 

exquisite sensitivity of REV1 and REV3 deficient cell lines to crosslinking agents [5, 24, 28, 

45, 46, 52].

The involvement of other TLS polymerases is less unequivocal. The main role of Pol η, 

deficient in XP-V (xeroderma pigmentosum-variant) cells, is to accurately bypass UV-

lesions during replication [50]. Its open yet rigid active site also allows for the insertion of 

dNTPs opposite cisplatin intrastrand crosslinks [53, 54], and this active site architecture may 

be suitable for the bypass of certain ICLs. Pol η deficient cells are indeed sensitive to 

crosslinking agents such as cisplatin or psoralen [55–58], but this sensitivity is less 

pronounced than that for REV1 or REV3 [45], suggesting a less central role of Pol η in ICL 

repair.

Another Y-family TLS polymerase, Pol κ, is believed to be especially important for the 

bypass of minor groove DNA adducts [50]. Consistent with this property, Pol κ−/− cells are 

sensitive to exposure to MMC, which forms ICLs in the minor groove [18, 30, 59, 60]. 

Interestingly, Pol κ −/− cells were found to be more sensitive to both MMC and cisplatin in 

the G0/G1 phase of the cell cycle, suggesting a more important role for Pol κ in replication-

independent repair processes [30].

The last polymerase that appears to be involved in the repair of ICLs based on cellular 

sensitivity is Pol ν. Knock down of Pol ν renders cells hypersensitive to MMC and cisplatin 

[19, 61], although the main activity of the enzyme in vitro seems to be on major groove ICLs 

[20] (see below). Apart from a role in translesion synthesis, Pol ν could also be functioning 

at later stages of ICL repair, such as homologous recombination, as depletion of Pol ν 
sensitized cells to DSB forming agents and also leads to reduced rates of homologous 

recombination [61].
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4.2. Roles of TLS polymerases in ICL repair derived from functional assays

The information on the role of DNA polymerases in ICL repair based on functional ICL 

repair assays is rather limited, relying mainly on studies in Xenopus extracts for replication-

dependent repair and on plasmid reporter assays for replication-independent repair (Table 1). 

The results from these studies have provided some initial valuable information about the 

involvement of TLS polymerases in ICL repair.

Experiments in replication-competent Xenopus egg extracts have shown that REV1 and Pol 

ζ are required for extension (but not insertion) of the leading strand past a cisplatin ICL, 

while they are not essential for repair of non-distorting nitrogen mustard-like ICLs [5, 62]. 

Pol ζ has a well-known role as an extension polymerase, with the ability to efficiently 

extend mismatched primer termini of insertion products of a variety of lesions [47, 51, 63], 

while REV1 is known to serve as a hub protein to coordinate the activities of multiple TLS 

polymerases [64, 65]. The unique roles of these two TLS enzymes are likely also critical for 

ICL repair. The role of other TLS polymerases in replication-dependent ICL repair, 

particularly in insertion opposite the ICL, remains to be elucidated. Due to the possible 

redundancy of polymerases in some of the steps, dissecting the role of each polymerase has 

not been straightforward. Interestingly, the repair of ICLs has been found to exhibit a 

mutagenicity rate of a few percent, with various mutations clustered around the site of the 

ICL [62]. Depletion of REV1 reduced this mutation rate, consistent with a role for TLS in 

lesion-induced mutagenesis.

The requirement of polymerases for replication-independent repair has been mainly 

determined by reporter plasmid systems and has revealed that the involvement of 

polymerases, at least in part, is dependent on the structure of the ICL. REV1 and Pol ζ were 

found to be required for replication-independent repair of cisplatin, psoralen and MMC ICLs 

in mammalian cells and nitrogen mustard ICLs in yeast [24, 28, 52], while Pol η was 

involved in the replication-independent repair of psoralen and MMC, but not cisplatin ICLs 

[24–26]. A definitive role for other TLS polymerases has not yet been established in this 

system. In a replication-independent in vitro system in Xenopus extracts, the repair of a 

minor groove acrolein-like N2-N2 trimethylene crosslink was specifically dependent on Pol 

κ [30]. Immunodepletion of Pol κ greatly diminished repair efficiency of an ICL-containing 

plasmid, whereas depletion of Pol ζ did not have any effect. While these studies have shed 

some light on how different TLS polymerases are required for ICLs with different structures, 

it remains to be seen what influence the different assay systems and organisms used have on 

these results.

4.3 Biochemical activity of TLS polymerases on ICL substrates

Biochemical assays using defined ICL substrates and purified DNA polymerases by contrast 

have provided more defined answers (Table 1). Although translesion synthesis can be 

studied at a single nucleotide resolution in this way, one limitation has been to design ICL 

substrates that are physiologically relevant. Given that the exact structure of unhooked ICLs 

that TLS polymerases encounter in cells are not known, a variety of different types of ICLs 

have been used. While some degree of selectivity for certain ICL structures was to be 

expected for various polymerases based on their substrate specificities for lesions on one 
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strand of DNA, a key observation first made by Lloyd and coworkers was that the amount of 

duplex surrounding an ICL also dramatically affects the efficiency of bypass reaction [18]. 

While the bypass reactions are almost always completely inhibited by an ICL embedded in a 

long stable duplex, a certain amount of bypass is often possible if duplex is shortened to a 

few nucleotides [18, 20–22]. These findings highlight the importance of the unhooking step 

in ICL repair for polymerase bypass, as the position of the endonucleolytic incisions and 

possible further processing by exonucleases will determine what the unhooked ICL looks 

like when the polymerase encounters it. Biochemical assays have used a variety of unhooked 

ICL structures (Fig. 3), and while the diversity of ICL structures, polymerases and assay 

conditions used makes it challenging to compare the different studies, a number of general 

conclusions can be reached:

1. Multiple TLS polymerases have the ability to insert dNTPs opposite ICLs and 

extend them to full length products, even if their involvement in ICL repair is not 

clear from genetic or functional studies. This could explain why deficiency in 

individual TLS polymerases does not always lead to hypersensitivity of cells to 

crosslinking agents.

2. The amount of duplex surrounding an ICL is a key parameter for the efficiency 

of insertion and extension. While some enzymes can insert a dNTP opposite an 

ICL in a long (12–20bp) duplex, none can extend these substrates to a full length 

product. By contrast, ICLs in a short duplex (2–6 bps) can be extended to full 

length product by a number of TLS polymerases. Intriguingly, a model for a fully 

unhooked and processed ICL (to a single nucleotide) was bypassed almost 

efficiently as non-damaged DNA by at least Pol η [23].

3. The structure of an ICL greatly influences the activity of TLS polymerases. In 

cases where insertion and extension is possible, polymerases approach helix-

distorting ICLs more easily than non-distorting ones (likely because of ease of 

strand displacement), but hinder extension as multiple polymerases stall at or 

within a few bases past the ICLs. By contrast, for non-distorting ICLs, the 

approach is more challenging, while insertion and bypass occur more readily.

An overview of results obtained from polymerase studies with ICL-containing substrates is 

shown in Fig. 3 and the most important findings for each polymerase are summarized below.

REV1/Pol ζ—Several studies have investigated REV1/Pol ζ activity on ICLs, mostly using 

proteins purified from S. cerevisiae. Surprisingly, while experiments with purified REV1 or 

Pol ζ did reveal some insertion of dNTPs opposite ICLs, no extension or cooperation of the 

two enzymes was observed [21, 66]. Given the clear importance of REV1 and Pol ζ in ICL 

repair (see above), it is possible that proper in vitro activity might require the two additional 

subunits PolD2 and PolD3. The human four subunit Pol ζ complex was found to be more 

active in translesion synthesis across cisplatin intrastrand lesions [51] and testing the activity 

of this complex will likely be required to reveal the ability of Pol ζ to bypass ICLs.

Pol η—Pol η is the enzyme that has been most extensively studied with ICLs and is able to 

carry out insertion and in many cases extension across a diverse set of major and minor 
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groove ICLs - including cisplatin, nitrogen mustard, acrolein mimics and ICLs formed at 

abasic sites (Fig. 3) [21, 22, 67]. Interestingly, the pattern of bypass by Pol η is similar for 

various ICLs, stalling predominantly at 0, +1 and +2 positions and the structure-function 

relationships mentioned above apply in particular to studies with Pol η. Interestingly, no 

stalling was observed at all when the duplex around an ICL is reduced to a single 

crosslinked nucleotide, emphasizing the dramatic influence of the unhooking step on 

polymerase activity on ICLs [23]. These observations are consistent with the structure of Pol 

η, which has the largest active site among Y-family polymerases and can therefore 

accommodate a variety of lesions [53]. The rigid molecular splint guiding the primer-

template strands in the active of Pol η may also help the polymerase reaction in the presence 

of a bulky unhooked ICL.

Pol κ—Pol κ can bypass diverse ICL structures in vitro including cisplatin, nitrogen 

mustard and acrolein ICLs and, consistent with genetic findings, is particularly effective in 

bypassing the minor groove acrolein lesions. [18, 21].

Pol ν—Pol ν is proficient in bypassing a variety of major groove ICLs, but not minor 

groove lesions or psoralen ICLs [19, 20]. While the biological importance of Pol ν in ICL 

repair is still elusive it might be a complement to the preference of Pol κ for minor groove 

adducts.

Pol ι—Pol ι was able to insert a base across psoralen, cisplatin and N2-dG ICLs derived 

from acrolein, but could only carry out an extension reaction on the non-distorting nitrogen 

mustard like ICL. [21, 22, 68]. Therefore, Pol ι could act as an insertion polymerase for 

some ICLs, although its in vivo role in ICL repair remains to be demonstrated.

5. Recruitment of TLS polymerases to ICL repair pathways

The activity of TLS polymerases needs to be a highly regulated process, as these enzymes 

are much more error prone than replicative polymerases. The mechanisms by which the 

activity of TLS polymerases is regulated at lesions on one strand of DNA has been studied in 

some detail. Uncoupling of the helicase and replicative polymerase at ssDNA lesions leads 

to long stretches of ssDNA, which are covered by RPA and lead to the activation of the E2–

E3 ubiquitin ligase RAD6-RAD18 and PCNA ubiquitination [69]. This mono-ubiquitination 

of PCNA at Lys164 leads to recruitment of TLS polymerases which interact with 

ubiquitinated PCNA via their PCNA and ubiquitin binding motifs [50]. An important 

difference in replication-coupled ICL repair is that both the helicase and polymerases stall at 

ICLs, preventing their uncoupling and precluding the formation of long ssDNA stretches. 

Consistent with this difference, it has been shown that damaging agents like UV (which 

mostly form intrastrand lesions) elicited strong PCNA monoubiquitination, whereas MMC 

treatment (which mostly forms ICLs) did not [70]. Furthermore, REV1 was recruited to 

cellular foci induced by MMC independently of PCNA ubiquitination.

So how are TLS polymerases recruited to sites of ICL repair? An obvious candidate would 

be ubiquitinated FANCD2/FANCI, which is required for the incision and TLS steps in 

Xenopus egg extracts. However, it has been shown that while mutation rates are reduced in 
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cells with deficiencies in the FA core complex, they are increased in FANCD2-deficient 

cells, suggesting that the core complex, but not FANCD2 promotes TLS [71]. More recent 

evidence suggests that the FA core complex directly interacts with REV1 [72, 73]. These 

findings are also supported by functional studies in Xenopus egg extracts, where the 

depletion of FANCA led to a reduction in REV1 binding to ICLs, while FANCD2-I 

depletion did not [62]. Given that REV1 interacts with the other Y-family polymerases [65, 

74] this recruitment could then facilitate the formation of a TLS complex involving multiple 

polymerases at the site of the lesion.

The situation is likely to be more complex however. For example, unlike REV1, Pol η does 

not appear to be regulated by FA in response to ICLs [70, 72]. It has recently been shown 

that Pol η interacts with the Pol δ subunit POLD2 [75]. Furthermore, Pol ζ has also been 

shown to share subunits with Pol δ and this interaction enhances the TLS activity of Pol ζ 
[51, 76]. It is therefore possible that these connections with a replicative polymerase may 

also facilitate TLS activity in ICL repair. The regulation of the activity of TLS polymerases 

during ICL repair therefore appears to be complex and the elucidation of the underlying 

mechanisms will require many additional studies.

6. TLS polymerases in chemotherapy

ICL-inducing agents are widely used in anti-cancer therapy, however clinical efficacy is 

limited by the development of resistance and well as secondary tumors [3]. Error-prone 

translesion synthesis during ICL repair is a key step contributing to resistance as well as 

increased therapy-induced mutation load and has been implicated in the emergence of 

secondary tumors. Studies have shown that knock-down of REV3 and REV1 not only lead 

to increased cisplatin and cyclophosphamide sensitivity in experimental tumor models, but 

also led to a significant reduction in drug-induced mutagenesis and hence a reduction in 

acquired resistance and possibly induction of secondary malignancies [77, 78].

Consistent with this, increased expression of TLS polymerases in multiple cancers has been 

correlated with a poor prognosis and response to chemotherapy. Elevated levels of Pol η and 

Pol ζ were correlated with resistance to cisplatin treatment in ovarian cancer stem cells and 

cervical cancer cells, respectively [79, 80]. Pol η levels were also found to be elevated in 

head and neck squamous cell carcinomas and lower Pol η level was significantly correlated 

with better response to cisplatin and gemcitabine therapy in patients [81]. Altogether, these 

studies suggest TLS polymerase levels could be a useful predictor for therapeutic outcomes 

and that inhibition of TLS polymerase in cancer therapy could lead to a dual benefit reduced 

occurrence of resistance and reduced secondary tumor formation. A more detailed 

understanding of the roles of individual TLS polymerases in the contribution to ICL repair to 

specific agents will be an important guide to determine which polymerases may be 

specifically targeted for treatment modalities involving a variety of crosslinking agents.
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Abbreviations

DSB DNA double strand break

ICL DNA interstrand crosslink

NER nucleotide excision repair

RIR replication-independent repair

TLS translesion synthesis
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Fig. 1. Models for Replication-Dependent ICL Repair Pathways
A: Double Fork Convergence Model. (i) Two replication forks converge on an ICL and 

stall 20–40 nt away from it. (ii) Removal of the CMG helicase by BRCA1 allows one of the 

leading strands to approach within 1 nt of the ICL (−1). (iii) Activation of the FA pathway 

leads to ubiquitylation of FANCD2-I, which is required for unhooking of the ICL by SLX4/

ERCC1-XPF and possibly other nucleases. The position of these incisions have not been 

determined, and the amount of duplex surrounding the ICL is unknown. (iv) The unhooked 

ICL could then be further processed by exonucleases to trim the duplex around the ICL, 

making it more amenable to bypass by DNA polymerases. (v, vi) An insertion polymerase 

inserts nucleotide(s) opposite the ICL and an extension polymerase extends the insertion 

product further. (vi) Ligation to downstream Okazaki fragments restores one daughter 

duplex, and (vii) is used to restore the other duplex by HR. The ICL remnant on one strand 

is likely removed by NER to complete the repair of both daughter duplexes. B: ICL 
traverse model. (i) A single fork collides with the ICL, and (ii) in a FANCM/MHF 

dependent manner ‘traverses’ the ICL to continue replication on the other side of the 

crosslink without unhooking it. The later steps of this pathway are not known, but could 

involve incisions and TLS for post-replicative repair.
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Fig. 2. Model for Replication-Independent ICL Repair
(i) Global genome NER (GG-NER) as well as transcription coupled NER (TC-NER) 

proteins are involved in replication independent repair of ICLs. (ii) Although dual incisions 

5′ to the ICL have been observed, unhooking incisions on either side of the ICL may also 

occur. (iii) These intermediates may be further processed by exonucleases like SNM1A to 

facilitate translesion synthesis. (iv) TLS polymerases carry out gap filling and (v) the ICL 

remnant is likely removed by NER. Solid arrows indicate details obtained from experimental 

observations and dashed arrows indicate indirect evidence and/or speculation.
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Fig. 3. Biochemical Activity of TLS Polymerases on ICL Substrates
A: Chemical Structures of ICLs. The crosslinks between bases are highlighted in red. B: 
Primer Extension Activity of TLS Polymerases η,κ,ν and ι across diverse ICL substrates 

with varying amount of duplex (n) surrounding the crosslink. For polymerases that were 

tested with the substrates shown the main stalling points at the start of the duplex (nick, 

orange), 1 nt before the ICL (−1, blue), at the ICL (0, red), 1 nt after the ICL (+1, brown) as 

well as complete extension to full product (Full, green) are indicated for each ICL substrate. 

Although conditions used to generate the data listed in this figure varied greatly, ICLs 

embedded in a longer duplex were not bypassed efficiently by TLS polymerases.
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TABLE 1

Known roles of TLS polymerases in ICL repair

Pol Sensitivity Replication dependent Replication independent In vitro assays

Pol ζ
Cisplatin
MMC
NM

Cisplatin
Cisplatin
Psoralen
MMC

n/d*

REV1 Cisplatin Cisplatin
Cisplatin
Psoralen
MMC

n/d*

Pol η Cisplatin
Psoralen n/a Psoralen

MMC

Cisplatin
NM-like

Acrolein-like**

AP ICL***

Pol κ MMC n/a
MMC

Acrolein-like**

Cisplatin
NM-like

Acrolein-like**

Pol ν MMC
Cisplatin n/a n/a N6-N6A (major groove)

*
n/d : Current biochemical data is not consistent with known role in ICL repair

**
Acrolein-like: N2-N2 dG ICL

***
AP ICL: Oxidized abasic site ICL
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