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Abstract: Cisplatin is a chemotherapeutic drug used for the treatment of a number of cancers.
The efficacy of cisplatin relies on its binding to DNA and the induction of cytotoxic DNA damage to
kill cancer cells. Cisplatin-based therapy is best known for curing testicular cancer; however, treatment
of other solid tumors with cisplatin has not been as successful. Pre-clinical and clinical studies have
revealed nucleotide excision repair (NER) as a major resistance mechanism against cisplatin in tumor
cells. NER is a versatile DNA repair system targeting a wide range of helix-distorting DNA damage.
The NER pathway consists of multiple steps, including damage recognition, pre-incision complex
assembly, dual incision, and repair synthesis. NER proteins can recognize cisplatin-induced DNA
damage and remove the damage from the genome, thereby neutralizing the cytotoxicity of cisplatin
and causing drug resistance. Here, we review the molecular mechanism by which NER repairs
cisplatin damage, focusing on the recent development of genome-wide cisplatin damage mapping
methods. We also discuss how the expression and somatic mutations of key NER genes affect the
response of cancer cells to cisplatin. Finally, small molecules targeting NER factors provide important
tools to manipulate NER capacity in cancer cells. The status of research on these inhibitors and their
implications in cancer treatment will be discussed.
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1. Introduction

Cis-diamminedichloridoplatinum(II) (best known as cisplatin) and its derivatives, such as
carboplatin and oxaliplatin, are platinum (Pt)-based chemotherapeutics [1]. Since its approval by
the FDA (Food and Drug Administration) in 1978, cisplatin has been widely used to treat a number
of cancers, including testicular, ovarian, bladder, lung cancer, and others [2]. Cisplatin exerts its
anti-cancer activity by inducing cytotoxic DNA lesions after activation in cells by a series of aquation
reactions [1]. The aquated cisplatin is highly reactive and prone to interact with a wide range of
cellular substrates, including DNA. The activated cisplatin preferentially binds to two purines on
the same DNA strand, causing 1,2-intrastrand crosslinks of purine bases such as Pt-d(GpG) and to a
lesser extent, Pt-d(ApG) adducts [3]. These two adducts represent about 90% and 10% of cisplatin
lesions, respectively [1]. Additionally, cisplatin also binds guanines on the two opposing DNA strands,
inducing the formation of interstrand crosslink G-Pt-G. However, the frequency of interstrand lesion
is much lower than intrastrand crosslinks. Cisplatin-induced DNA crosslinks can strongly inhibit
replicative DNA polymerases and induce apoptosis [4], which explains why cisplatin selectively kills
fast-proliferating cancer cells. Additionally, cisplatin adducts block elongating RNA polymerases and
inhibit gene transcription [5], which also contributes to cisplatin-induced cell death (Figure 1).
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Figure 1. Cytotoxicity of cisplatin. Cisplatin-induced DNA adduct (red) blocks replicative DNA 
polymerase (left) and RNA polymerase (right). Both replication and transcription stalling can trigger 
apoptosis. 

The most impressive clinical success of cisplatin is the cure of over 80% patients with metastatic 
testicular germ cell tumors (TGCT) [6], a phenomenon that has been attributed to the intrinsic defects 
in DNA repair in TGCT cells [7,8]. However, the same clinical benefits are not observed for other 
solid tumors. Some tumor cells, including colorectal, lung, and prostate cancer cells, are intrinsically 
resistant to cisplatin [9]. Other tumors are originally sensitive to cisplatin, but develop resistance 
during the process of treatment, when tumor cells acquire further mutations to adapt to cisplatin 
damage. The acquired cisplatin resistance is particularly common for advanced ovarian cancer 
patients [10], and there is an urgent need to develop new strategies to reverse drug resistance. 
Resistance to platinum drugs such as cisplatin is associated with a number of cellular mechanisms, 
including low drug uptake through reduced expression of the copper transporter protein Ctr1 [11], 
inhibition of cisplatin potency by proteins such as glutathione (GSH) [12], replicative bypass of 
cisplatin-induced DNA damage by translesion synthesis DNA polymerases [13], and removal of 
cisplatin adducts by DNA repair to abolish cytotoxicity [14]. 

Nucleotide excision repair (NER) plays a critical role in removing helix-distorting DNA damage, 
including cisplatin-induced intrastrand crosslinks [15–17]. Previous studies in testicular tumors (i.e., 
TGCT) have shown low NER activity in TGCT cell extracts and low expression of several key NER 
proteins [7,18]. The intrinsic NER defects in TGCT cells are correlated with high cisplatin sensitivity 
and high cure rate among TGCT patients [19]. The impressive findings in TGCT triggered 
investigations in other solid tumors such as lung and ovarian cancer, in order to understand how 
NER contributes to cisplatin resistance in these tumors. Through extensive studies, it is now evident 
that elevated NER capacity in cancer cells is generally correlated with drug resistance [20,21]. The 
expression levels of several NER proteins (e.g., XPC, XPA, ERCC1-XPF, and XPG) and somatic 
mutations in XPD significantly affect cellular sensitivity to cisplatin [22–24]. Recent CRISPR-Cas9 
screening also identified transcription-coupled NER (TC-NER) factors in resolving cisplatin-induced 
transcription stalling to avoid apoptosis [25]. Hence, the status of these critical NER factors represents 
a prospective biomarker to predict the outcome of cisplatin treatment. Furthermore, manipulation of 
cellular NER capacity with specific inhibitors is a potentially useful strategy to cope with cisplatin 
resistance. 
  

Figure 1. Cytotoxicity of cisplatin. Cisplatin-induced DNA adduct (red) blocks replicative DNA
polymerase (left) and RNA polymerase (right). Both replication and transcription stalling can
trigger apoptosis.

The most impressive clinical success of cisplatin is the cure of over 80% patients with metastatic
testicular germ cell tumors (TGCT) [6], a phenomenon that has been attributed to the intrinsic defects
in DNA repair in TGCT cells [7,8]. However, the same clinical benefits are not observed for other
solid tumors. Some tumor cells, including colorectal, lung, and prostate cancer cells, are intrinsically
resistant to cisplatin [9]. Other tumors are originally sensitive to cisplatin, but develop resistance during
the process of treatment, when tumor cells acquire further mutations to adapt to cisplatin damage.
The acquired cisplatin resistance is particularly common for advanced ovarian cancer patients [10],
and there is an urgent need to develop new strategies to reverse drug resistance. Resistance to platinum
drugs such as cisplatin is associated with a number of cellular mechanisms, including low drug uptake
through reduced expression of the copper transporter protein Ctr1 [11], inhibition of cisplatin potency
by proteins such as glutathione (GSH) [12], replicative bypass of cisplatin-induced DNA damage
by translesion synthesis DNA polymerases [13], and removal of cisplatin adducts by DNA repair to
abolish cytotoxicity [14].

Nucleotide excision repair (NER) plays a critical role in removing helix-distorting DNA damage,
including cisplatin-induced intrastrand crosslinks [15–17]. Previous studies in testicular tumors
(i.e., TGCT) have shown low NER activity in TGCT cell extracts and low expression of several key NER
proteins [7,18]. The intrinsic NER defects in TGCT cells are correlated with high cisplatin sensitivity and
high cure rate among TGCT patients [19]. The impressive findings in TGCT triggered investigations
in other solid tumors such as lung and ovarian cancer, in order to understand how NER contributes
to cisplatin resistance in these tumors. Through extensive studies, it is now evident that elevated
NER capacity in cancer cells is generally correlated with drug resistance [20,21]. The expression
levels of several NER proteins (e.g., XPC, XPA, ERCC1-XPF, and XPG) and somatic mutations in
XPD significantly affect cellular sensitivity to cisplatin [22–24]. Recent CRISPR-Cas9 screening also
identified transcription-coupled NER (TC-NER) factors in resolving cisplatin-induced transcription
stalling to avoid apoptosis [25]. Hence, the status of these critical NER factors represents a prospective
biomarker to predict the outcome of cisplatin treatment. Furthermore, manipulation of cellular NER
capacity with specific inhibitors is a potentially useful strategy to cope with cisplatin resistance.

2. Mechanism of NER in the Repair of Cisplatin Adducts

NER targets a wide range of mutagenic and cytotoxic DNA lesions. Common substrates for NER
include ultraviolet (UV)-induced pyrimidine dimers, DNA adducts formed by Benzo[a]pyrene (BaP)
in cigarette smoke, intrastrand crosslinks, and other helix-distorting DNA lesions [26]. The structural
alteration caused by these bulky lesions interferes with DNA replication and gene transcription,
and thus, needs to be repaired correctly before leading to permanent mutations or cell death.
DNA helix-distorting lesions can be recognized by NER surveillance proteins such as Xeroderma
pigmentosum complementation group C (XPC) and the UV-damaged DNA binding protein complex
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(UV-DDB) [26]. Once bound to damaged DNA, XPC recruits transcription factor II H (TFIIH),
a 10-subunit protein complex consisting of two important DNA helicases, XPB and XPD. XPB and XPD,
together with XPA and replication protein A (RPA), separate the two DNA strands around the damage
site, creating a pre-incision DNA bubble that is recognized by repair endonucleases ERCC1-XPF and
XPG. XPF and XPG cleave the damaged DNA strand on the 5′ and 3′ side relative to the damage,
releasing an oligonucleotide of ~30 nucleotide (nt) containing the lesion (Figure 2). The resulting gap is
filled with the activity of DNA polymerase using the undamaged strand as the synthesis template.
Finally, DNA ligase I or ligase IIIα is recruited to seal the DNA backbone [26]. As damage recognition
by XPC and UV-DDB can occur across the whole genome, this NER subpathway is known as global
genomic NER (GG-NER). GG-NER is responsible for the removal for the majority of bulky lesions
residing in the genome. NER can also be activated through the stalling of RNA polymerases. When the
elongating RNA Pol II is blocked by DNA damage, the prolonged arrest of Pol II serves as a strong
signal to activate transcription-coupled NER (TC-NER) [27]. TC-NER is a highly efficient repair
mechanism that specifically removes transcription-impeding damage from the transcribed strand (TS)
to allow transcription resumption. XPC and UV-DDB are not required for TC-NER. Instead, the stalled
RNA Pol II recruits the Cockayne syndrome group B (CSB) protein, a master regulator of TC-NER [28].
CSB coordinates assembly of the downstream NER core factors for dual incision and repair synthesis.
Mechanistically, GG-NER and TC-NER mainly differ in damage recognition, but share the same set of
core NER enzymes for the “cut-and-patch”-type repair process (Figure 2).
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Figure 2. Repair of cisplatin-induced DNA damage by NER. Cisplatin damage can be recognized by
surveillance protein XPC or elongating RNA Pol II, to initiate GG-NER or TC-NER. After damage
recognition, the two subpathways utilize the same set of repair enzymes to conduct DNA unwinding,
dual incision, and repair synthesis and ligation.

Previous studies using mammalian cell extracts as well as reconstituted NER system with purified
proteins have shown high activity of NER toward cisplatin-induced intrastrand crosslinks [15,29].
These in vitro cisplatin repair experiments used chemically synthesized oligonucleotides containing
site-specific cisplatin adducts. Incubation of the DNA substrates with whole cell extracts or purified
NER enzymes resulted in 25–29 nt excision products, due to the dual incision by XPF and XPG [15,29].
Using these well-defined NER systems, the abundance of the excision products can be detected to
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investigate NER activity for different types of cisplatin adducts. For example, experiments conducted
in HeLa cell extracts have shown that NER enzymes exhibit slightly higher repair activity for the
intrastrand crosslink Pt-d(ApG) relative to Pt-d(GpG), suggesting the local DNA sequence for the
crosslink can affect repair efficiency [15]. Additionally, intrastrand adducts induced by cisplatin
and its derivatives, such as oxaliplatin and JM216, can all be repaired by NER proteins with similar
repair kinetics [16]. In contrast, the interstrand crosslink G-Pt-G cannot be repaired by NER [15],
consistent with findings showing that interstrand crosslinks are repaired by the Fanconi anemia (FA)
pathway [30]. Furthermore, published data also uncovered the regulation of cisplatin damage repair by
non-NER proteins. In this regard, in vitro studies showed that the high mobility group (HMG)-domain
proteins suppress excision repair of the main cisplatin adduct, Pt-d(GpG) [15,29]. HMG proteins bind
to cisplatin-damaged DNA by recognizing the altered DNA structure [31], and thus, shield cisplatin
adducts from NER [32]. As a result, cisplatin may cause more cytotoxicity in cancer cells with high
expression of HMG proteins [33].

Repair of cisplatin damage by NER is also confirmed by experiments conducted in cells. Compared
to biochemical analysis, cellular repair studies provided the advantage of analyzing both GG-NER and
TC-NER in resolving cisplatin-induced DNA damage. Particularly, the development of high-throughput
damage sequencing methods such as Damage-seq and eXcision Repair-seq (XR-seq) has significantly
improved the understanding of cisplatin damage distribution and repair kinetics at the genome
scale [17,34]. Damage-seq was built on the observation that cisplatin damage blocks replicative DNA
polymerases. This method first uses a cisplatin damage-specific antibody to enrich DNA fragments
containing cisplatin adducts. The damage-containing single stranded DNA is used as the template to
synthesize a new strand with a replicative DNA polymerase, so that the newly synthesized strand
terminates at the site of cisplatin damage. By mapping the location of the 3′ end of the nascent strand,
this method allows for identification of the damage site [17]. On the other hand, XR-seq is used for
high-resolution mapping of NER activity in cisplatin-treated cells. In XR-seq, the ~30-nt single-stranded
excision repair fragments generated during NER are purified from cells and ligated with sequencing
adaptors for next-generation sequencing [34]. By mapping the sequencing reads to the human
genome and counting the number of XR-seq reads in different genomic regions, this method offers a
genome-wide repair profile for cisplatin adducts as well as other bulky lesions [17]. The XR-seq data
have revealed highly variable repair efficiency for cisplatin damage across the genome. Several factors,
including transcription and chromatin states, can affect the repair efficiency. Particularly, the transcribed
strand of active genes display robust repair by TC-NER at the early repair time points, whereas cisplatin
damage located in heterochromatin is poorly repaired [17], likely due to the low access of cisplatin
damage to GG-NER proteins. In contrast, Damage-seq data revealed that formation of cisplatin damage
is largely uniform across the genome and mainly dictated by the underlying DNA sequences [17].
Thus, these new methods provide high-resolution maps of cisplatin damage formation and repair
kinetics at the genome level, and highlight the important roles for both GG-NER and TC-NER in
resolving cytotoxic damage induced by cisplatin. Indeed, as discussed below, both NER subpathways
have a significant impact on the cisplatin response in cancer cells.

3. Roles of GG-NER Factors in Cisplatin Resistance

XPC: XPC is an important damage recognition factor in GG-NER [26]. XPC physically interacts
with RAD23B for DNA binding and the prevention of proteasomal degradation [35]. In vitro binding
data indicate that XPC-RAD23B binds with high affinity (KD ∼1−3 nM) to DNA fragments containing
a single cisplatin intrastrand crosslink or a single UV-induced 6,4-photoproduct [36]. The wide range
of structurally diverse lesions recognized by XPC-RAD23B is accomplished by its strong binding to the
thermodynamically destabilized DNA double helix caused by bulky lesions [37]. Binding of XPC to
damaged DNA is critical for the recruitment of the next NER factor, TFIIH, via physical interaction
with the TFIIH subunit p62 [38,39]. Hence, damage recognition by XPC represents an important
rate-limiting step that largely dictates cellular GG-NER capacity. Consistent with this notion, studies
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performed in cancer cell lines have shown a correlation between XPC protein levels and cisplatin
resistance. Overexpression of XPC in several types of cancer cells (e.g., lung, colorectal, and gastric
cancers) leads to elevated cisplatin resistance [23,24,40]. On the other hand, inhibition of XPC protein
production by siRNA knockdown increases cisplatin sensitivity. While the observations in cancer
cell lines show a clear correlation between cisplatin sensitivity and XPC protein levels, whether or
not resistance in cisplatin-treated tumors is associated with upregulated XPC has not been analyzed.
Damage recognition by XPC is assisted by UV-DDB in some cases. For example, recognition of
UV-induced cyclobutane pyrimidine dimer (CPD), which is less helix-distorting than 6,4-photoproduct,
requires cooperation between XPC and UV-DDB [26]. UV-DDB does not appear to be required for the
repair of cisplatin adducts, and overexpression of UV-DDB surprisingly sensitizes ovarian cancer cells
to cisplatin by promoting apoptosis [41]. This suggests that UV-DDB may play a different role from
XPC in cellular response to cisplatin damage.

TFIIH: Following damage recognition, the TFIIH complex is recruited to DNA to promote the
subsequent repair steps. The DNA helicases XPB and XPD in TFIIH unwind damaged DNA to promote
the assembly of the pre-incision complex [26] (see Figure 2). XPB is important for both transcription
initiation and repair. The ATPase, but not DNA helicase activity of XPB, is required for NER [42].
In contrast, XPD appears to mainly function in NER [43]. XPD mutations that disrupt its helicase
activity can significantly affect cellular NER capacity [43]. As a result, germline mutations in the XPD
gene are associated with three severe human diseases: Xeroderma pigmentosum (XP), XP combined
with Cockayne syndrome (XP/CS), and Trichothiodystrophy (TTD) [44]. Both XP and CS are known
genetic disorders caused by NER defects, while TTD is linked with defective transcription [44].
Interestingly, somatic XPD mutations are frequently found in human cancers, particularly in bladder
tumors [45]. A number of bladder cancer-derived XPD somatic mutations can significantly inhibit NER
and strongly increase cisplatin cytotoxicity in human cells [22]. Data generated in a preclinical bladder
cancer mouse model showed that XPD-deficient tumors are significantly more sensitive to cisplatin
relative to XPD-proficient tumors [22]. Hence, these analyses suggest a potential role for XPD somatic
mutations as a predictive marker of cisplatin treatment in bladder cancer. Furthermore, clinical studies
performed in two cohorts of muscle-invasive bladder cancer patients revealed the association between
XPD somatic mutations and cisplatin response [46,47]. In both studies, patients with XPD-mutated
tumors had better overall survival after receiving platinum-based chemotherapy compared to XPD
wild-type tumors.

XPA: XPA is a key scaffold protein required for both GG-NER and TC-NER. XPA itself does not
possess enzymatic activities, but it plays a critical role in assembling the pre-incision complex on the
damaged DNA. The N- and C-termini of XPA protein are disordered and physically interact with
a variety of NER factors such as XPC, UV-DDB, TFIIH, ERCC1-XPF, and RPA [48]. The interaction
between XPA and TFIIH allows the recruitment of XPA to the single-strand and double-strand DNA
junction (ss/dsDNA) [49] around the damaged site created by TFIIH. Binding to the repair bubble
allows XPA to properly position NER factors such as the endonuclease XPF in the right place for DNA
incision [26]. As a critical regulator of NER, the XPA protein level in tumors is an important predictor
for cisplatin response. XPA protein levels are significantly low in metastatic testicular tumor cells,
which is consistent with positive response to cisplatin and excellent prognosis for TGCT patients [7].
In fact, supplementing cell extracts isolated from testicular tumor cells with purified XPA protein can
restore the repair activity for cisplatin damage [7], implying that the low repair capacity is due to
insufficient XPA protein in these cancer cells. The predictive role for XPA in cisplatin therapy is further
confirmed by a survey including 207 patients diagnosed with germ cell tumors (GCTs) [50]. This study
showed that GCTs patients with low XPA gene expression had significantly better overall survival than
patients with high XPA expression after platinum treatment. These published data and the fact that
XPA plays a central role in NER suggest that targeting XPA may be an effective strategy to improve
cisplatin treatment.
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ERCC1-XPF: ERCC1-XPF is a structure-specific endonuclease that nicks the damaged strand 5′

to the lesion during NER (Figure 2). XPF is the catalytically active subunit in the heterodimer [26].
ERCC1 does not have enzymatic activity, but it is important for recognizing ss/dsDNA junctions and
interacting with XPA [51,52]. The physical interaction between ERCC1 and XPA is important for
recruiting XPF to the unwound DNA to incise the damaged strand [51]. High ERCC1 expression has
been linked with poor response to cisplatin therapy in a number of tumors, including non-small-cell
lung carcinoma [53], head and neck [54], and ovarian cancer [55]. In contrast, low ERCC1 expression is
associated with high cisplatin sensitivity, as shown in testicular tumors [18]. One molecular mechanism
that suppresses ERCC1 gene expression is DNA methylation in its promoter. Hypermethylation has
been found in the ERCC1 gene promoter in some glioma cells and is associated with suppressed
ERCC1 gene expression [56]. However, the prevalence of ERCC1 promoter methylation in other tumor
types is unknown. Furthermore, knockdown of either ERCC1 or XPF with siRNA in lung cancer
cells resulted in defective repair of both intrastrand and interstrand cisplatin crosslinks, which is
accompanied with increased cellular cytotoxicity [57]. Although these studies suggest that ERCC1 is
an important biomarker, the reliability of ERCC1 expression alone in predicting treatment outcome
has been challenged by other studies. For example, a survey in lung cancer patients showed no
clear correlation between ERCC1 mRNA levels and patient survival after cisplatin therapy [58].
While the ERCC1 mRNA may not directly reflect its protein levels, another large-scale study using
specimens obtained from 494 non-small-cell lung cancer patients failed to validate the predictive effect
of immunostaining for ERCC1 protein [59], which suggests that ERCC1 protein levels alone cannot
accurately predict clinical outcomes. Therefore, more detailed studies are needed to determine if the
predictive role for ERCC1 only applies to a subset of tumors, or if ERCC1 should be considered together
with other NER factors. One technical challenge for the analysis of ERCC1 protein in tumors is the
presence of four ERCC1 isoforms. Commercial ERCC1 antibodies recognize all different isoforms [59];
however, only one isoform, ERCC1-202, is active in DNA repair [60]. Hence, a more specific antibody
targeting this isoform is required to revalidate the correlation between tumor ERCC1 protein levels
and cisplatin effectiveness.

XPG: XPG is the endonuclease that incises the damaged strand 3′ to the lesion during NER. XPG
is recruited to the damaged DNA through interaction with TFIIH and it nicks DNA after 5′ incision by
XPF [26]. Previous studies have shown that loss of heterozygosity of the XPG gene locus and reduction
in XPG gene expression are associated with better survival for ovarian cancer patients treated with
cisplatin [61]. Interestingly, the XPG gene promoter contains a putative CpG island and analysis of
specimens obtained from ovarian cancer patients identified DNA methylation in ~20% of the tumor
samples, but not in the matched blood DNA [62], suggesting that XPG expression may be influenced by
epigenetic mechanisms in tumors. However, whether the methylation in XPG promoter is associated
with better cisplatin response has not been investigated.

4. Roles of TC-NER Factors in Cisplatin Resistance

CSB: Cockayne syndrome group B (CSB) protein is the central regulator of human TC-NER [27].
CSB deficiency leads to impaired TC-NER and is associated with Cockayne syndrome, a severe
neurodegenerative disorder. CSB is one of the earliest responders that bind damage-stalled RNA
Pol II to initiate repair. While the detailed mechanism for CSB in initiating TC-NER remains elusive,
new studies in budding yeast suggest that Rad26, a CSB homolog, utilizes the ATPase activity to
evict the transcription elongation factor Spt4–Spt5 from the stalled Pol II, and thus, switches Pol II
from elongation to repair [63,64]. The cellular TC-NER capacity has been shown to influence cisplatin
sensitivity in cancer cells. Specifically, the reduction in TC-NER by knockdown of CSB was shown
to significantly sensitize prostate and colorectal carcinoma cell lines and increase apoptosis upon
cisplatin treatment, even in the absence of p53 and DNA mismatch repair [65]. The prominent cisplatin
sensitivity in CSB-deficient cells is likely due to transcription blockage by cisplatin-induced DNA
crosslinks [66], and the failed rescue of arrested RNA Pol II, because the prolonged blockage of Pol II
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has been shown as a strong signal for apoptosis [67]. CSB protein is overexpressed in a number of
cancer cell lines collected from different tissues, which appears to reduce apoptosis and promote
cell proliferation [68], consistent with the role for CSB in stimulating transcription elongation [69].
Considering the crucial role of CSB in TC-NER, the increased CSB expression may be linked with
elevated TC-NER capacity in cancer cells. However, this hypothesis has not been tested in tumor cells.
Further studies characterizing how CSB is upregulated and how its upregulation is related to cisplatin
resistance will provide new insights into the connection between TC-NER and drug resistance. On the
other hand, cisplatin-induced transcription stalling is harmful to non-dividing cells such as terminally
differentiated healthy cells. The essential role for TC-NER in rapidly resolving transcription stress
plays an important role in protecting healthy cells from the side effects of cisplatin. Indeed, it has been
shown that CSB deficiency inhibits the repair of cisplatin damage in the sensory hair cells in the organ
of Corti, and thus, predisposes mice to hearing loss after cisplatin treatment [70].

CSA: Like CSB, mutations in Cockayne syndrome group A (CSA) cause deficient TC-NER and
neurological degeneration [71]. The CSA protein contains seven WD40 motifs that are required for
protein–protein interaction. CSA functions as a component of the DDB1–CUL4-based E3 ubiquitin
ligase complex to ubiquitylate TC-NER proteins, including CSB and the stalled RNA Pol II [72].
Additionally, CSA cooperates with CSB to recruit XPA Binding Protein 2 (XAB2), the nucleosomal
binding protein HMGN1, and elongation factor TFIIS to UV-stalled RNA Pol II [73]. A published
study using CRISPR-Cas9 screening identified CSA as one prominent target that protects colon
adenocarcinoma cells against the clinically applied platinum drug oxaliplatin [25]. The same study
also showed that CSB, ERCC1, and XPF are important for cell survival upon oxaliplatin treatment [25].
In addition to CSB and CSA, previous studies in human cells have revealed another two important
TC-NER factors—UV Stimulated Scaffold Protein A (UVSSA) and Ubiquitin Specific Peptidase 7
(USP7) [71]. UVSSA interacts with RNA Pol II and recruits the deubiquitylase USP7 to the stalled Pol
II to stabilize the CSB protein [74,75]. However, the roles for UVSSA and USP7 in the repair of cisplatin
damage have not been characterized.

5. NER Inhibitors and Their Roles in Suppressing DNA Repair

Given the important role of NER in the removal of cisplatin adducts, many efforts have been made
to develop small molecules targeting different NER proteins [76]. These inhibitors are useful tools for
basic research as well as clinical applications to sensitize tumors to cisplatin and its derivatives.

A previous small molecule screening identified spironolactone (SP), an anti-aldosterone drug used
for the treatment of heart failure and hypertension, as a specific inhibitor of XPB [77]. Studies conducted
in several cell lines indicate that SP reduces cellular XPB protein by inducing its degradation [78,79].
XPB is a critical DNA helicase in TFIIH and functions in both transcription initiation and NER [26].
The rapid degradation of XPB protein in SP-treated cells has been shown to inhibit NER and increase
cell sensitivity to DNA damaging agents such as UV and cisplatin [77], suggesting that SP might
enhance cancer chemotherapy when combined with platinum drugs. Mechanistically, SP was shown
to induce XPB phosphorylation on Ser90 by the kinase CDK7. The phosphorylated XPB is prone to
poly-ubiquitylation by the SCFFBXL18 E3 ubiquitin ligase [78,79], followed by proteasomal degradation.
SP-induced XPB degradation is reversible and XPB protein levels can be fully restored after removing
the drug from the growth media.

New inhibitors for XPA have also been reported previously. A computer-aided screening using the
XPA protein structure and a virtual library of small molecules identified 63 putative inhibitors targeting
the DNA binding domain of XPA [80]. Biochemical analysis has revealed that one of the candidate
inhibitors, X80, inhibits binding of XPA protein to single-stranded DNA and double-stranded DNA
containing a cisplatin lesion [80]. Additionally, inhibitors targeting XPA–ERCC1 interaction have been
identified. XPA interacts with ERCC1 to recruit ERCC1-XPF to damaged DNA. A previous study
showed that the cell cycle checkpoint abrogator UCN-01 significantly weakens the interaction between
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XPA and ERCC1 and increases the cytotoxicity of cisplatin [81]. A virtual screening also identified
putative inhibitors that disrupt XPA–ERCC1 interaction [82].

The repair endonuclease XPF can also be targeted to inhibit NER. Indeed, a high-throughput
screen against ERCC1-XPF identified two compounds that exhibit robust inhibitory effect on the
endonuclease activity at nanomolar concentrations [83]. The inhibition appears to be highly specific
for XPF’s enzymatic activity, because they did not inhibit other endonucleases or DNA binding by
ERCC1-XPF. Furthermore, the two compounds significantly potentiated sensitivity to cisplatin in cancer
cells, and one of them has been shown to enhance cisplatin antitumor activity in a lung cancer xenograft
model [83]. Another study using virtual screening based on the known XPF protein structure led to
the identification of a compound labeled NSC 130813 that can disrupt ERCC1–XPF interaction and
increase cytotoxicity to cisplatin [84]. A recent study followed this identified inhibitor and developed
derivatives with enhanced inhibitory activity. One of the derivatives has been shown to be a potent
inhibitor for ERCC1-XPF and suppress cellular NER activity upon UV irradiation [85].

While these small molecules can inhibit NER at different repair steps and represent important
progress in developing new therapeutics to improve cisplatin efficacy, none of them have been
clinically tested.

6. Discussion and Future Directions

The central role of NER in the repair of cisplatin-induced DNA damage makes a strong case for
NER factors functioning as both predictive biomarkers and potential therapeutic targets to reverse
drug resistance. As shown in Table 1, previous studies have demonstrated that many NER factors are
associated with cisplatin resistance. Current evidence built on the clinical success in the treatment
of testicular cancer patients with platinum-based therapy strongly indicates a correlation between
defective NER and positive treatment response. Among NER factors analyzed in testis tumor cells,
XPA, ERCC1, and XPF exhibited the most significant reduction compared to other types of cells [7].
These three core NER factors function downstream of damage recognition and are required for both
GG-NER and TC-NER. Defective expression of the three factors likely inhibits two key steps in the
NER process: the assembly of the pre-incision NER complex and repair incision on the 5′ side of
the cisplatin damage (Figure 2). Although damage recognition by either XPC-RAD23B or stalled
RNA Pol II may still occur, the low availability of downstream factors likely blocks processing of
the damage, causing replication fork stalling and transcription stalling, both of which can lead to
strong apoptosis. Hence, analyzing NER protein levels in tumors cells represents a feasible strategy to
predict drug response and treatment efficacy. Whether one specific NER factor is sufficient to predict
treatment outcomes or several NER factors should be considered simultaneously is currently an open
question. Adding to this strategy is the identification of somatic mutations in important NER genes.
Sequencing of tumor genomes has shown prevalent somatic mutations in XPD gene in bladder cancer
patients [22]. These mutations likely disrupt XPD helicase activity and contribute to increased genome
instability and tumorigenesis [86]. On the other hand, XPD somatic mutations have been shown to
sensitize tumor cells to toxic cisplatin damage and represent a potential biomarker for positive cisplatin
response [22]. Genome sequencing of more tumor samples offers the opportunity to identify new NER
gene mutations that may help treatment decision.

Table 1. NER factors with known functions in cisplatin resistance.

Name Function Role in Cisplatin Resistance References

XPC Damage
recognition

Overexpression of XPC in cancer cells increases
cisplatin resistance. [23,24,40]

UV-DDB Damage
recognition

Overexpression of DDB2 sensitizes ovarian
cancer cells to cisplatin. [41]

XPB 3′-5′ helicase Degradation of XPB by spironolactone
increases cisplatin sensitivity. [77]
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Table 1. Cont.

Name Function Role in Cisplatin Resistance References

XPD 5′-3′ helicase
Somatic mutations of XPD increase cisplatin

sensitivity in cells and in bladder
cancer patients.

[22,46,47]

XPA Scaffolding
protein

Low XPA expression correlates with increased
cisplatin sensitivity in testicular tumors. [7,50]

ERCC1 Partner of XPF ERCC1 expression in tumor cells may predict
cisplatin efficacy. [18,53,54]

XPF Endonuclease
(5′ to lesion)

Low XPF expression correlates with high
cisplatin sensitivity. [18]

XPG Endonuclease
(3′ to lesion)

Low XPG expression is associated with good
cisplatin response in ovarian patients. [61]

CSB TC-NER
initiation

Knockdown of CSB sensitizes cancer cells
to cisplatin. [25,65]

CSA TC-NER; E3
ligase protein

Knockout of CSA gene sensitizes human cells
to oxaliplatin. [25]

While acquired cisplatin resistance is widely observed for different solid tumors, whether and how
the resistance is correlated with changes in NER factors are still poorly understood. It has been shown
that the overexpression of NER genes in cancer cells using expression vectors can increase cisplatin
resistance (e.g., [23,24]); however, it is unknown if upregulation of these same NER genes occurs in
tumors during cancer treatment. If cisplatin treatment indeed activates NER gene expression in tumors,
it is important to determine what NER genes are most frequently upregulated and how their expression
is elevated. Systematic analysis of protein and mRNA levels of NER factors at different stages of drug
treatment may hold the key to uncover treatment-induced changes of specific NER proteins. Published
studies have shown that DNA methylation plays an important role in regulating the transcription of
several NER genes such as ERCC1 and XPG [56,62]. Monitoring the DNA methylation status of these
genes during drug treatment should also provide insights into how cisplatin changes the expression of
NER genes.
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