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Abstract

Eukaryotic transcription-coupled nucleotide excision repair (TC-NER) is a pathway that removes 

DNA lesions capable of blocking RNA polymerase II (Pol II) transcription from the template 

strand. This process is initiated by lesion-arrested Pol II and the recruitment of Cockayne 

Syndrome B protein (CSB). In this review, we will focus on the lesion recognition steps of 

eukaryotic TC-NER and summarize the recent research progress toward understanding the 

structural basis of Pol II-mediated lesion recognition and Pol II-CSB interactions. We will discuss 

the roles of CSB in both TC-NER initiation and transcription elongation. Finally, we propose an 

updated model of tripartite lesion recognition and verification for TC-NER in which CSB ensures 

Pol II-mediated recognition of DNA lesions for TC-NER.
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Introduction

Nucleotide excision repair (NER) is the main repair pathway that removes diverse bulky and 

helix-distorting/destabilizing DNA damage (1–3). NER can be further divided into two 

subpathways: Transcription-coupled nucleotide excision repair (TC-NER) and global 

genome nucleotide excision repair (GG-NER)(Figure 1)(2, 3). TC-NER is responsible for 

the preferential repair of DNA lesions that block transcription, whereas GG-NER can occur 

anywhere in the genome (2).
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Transcription-coupled nucleotide excision repair (TC-NER), first discovered in mammalian 

cells (Chinese hamster ovary (CHO)) by Philip Hanawalt and colleagues in the mid-1980s 

(4, 5), is a highly conserved pathway that is reported in all three kingdoms of life (2, 6). 

Eukaryotic TC-NER is much more complicated than prokaryotic TC-NER (1–3, 7, 8). Yet, 

research over the last three decades has led to a significant increase in our understanding of 

the TC-NER pathway (2, 6, 9–17). Similar to GG-NER, TC-NER is composed of four steps: 

lesion recognition, lesion verification, incision steps (pre-incision repair complex assembly 

step and dual incision steps), and gap filling steps involved in DNA repair synthesis and 

ligation (2). The major difference between TC-NER and GG-NER is in the lesion 

recognition and verification steps (Figure 1).

In this review, we will focus on the recent progress that elucidated the structural basis of the 

early steps of lesion recognition and verification in eukaryotic TC-NER. A detailed review 

of GG-NER DNA lesion recognition can also be found in this issue by Schärer and 

colleagues (18). It is noted that some DNA lesions not only lead to local RNA Pol II stalling 

triggering TC-NER, but such lesions also lead to global inhibition of transcription during 

DNA repair (19, 20). The global effect of transcription inhibition and recovery after DNA 

repair is also a subject of intensive research, as reviewed by Marteijn and colleague in this 

issue (21).

Lesion Recognition in TC-NER

For TC-NER, the DNA lesion is initially sensed by the transcribing RNA polymerase (2). 

RNA polymerase arrested at a DNA lesion is proposed to be the signal that triggers TC-NER 

(2, 22–27). Damage detection in TC-NER is mainly through 1D-scanning, as RNA 

polymerase is a highly processive enzyme that travels along the DNA template several 

thousands or millions of base pair during transcription. This Pol II-mediated lesion 

recognition also provides an excellent DNA damage surveillance mechanism for the 

transcribed genome, a large portion of the whole genome (~50–90% of the whole genome, 

including protein-coding genes and non-coding regions) (28, 29).

There are several key mechanistic questions that are related to Pol II-mediated lesion 

recognition: What is the molecular basis for Pol II to sense structurally diverse DNA 

lesions? Is there a common mechanism for Pol II-mediated DNA lesion detection? What 

determines Pol II arrest versus bypass for a specific DNA lesion? Do DNA lesions induce 

dramatic conformational changes in Pol II? What is the difference, with respect to TC-NER, 

between a genuine DNA lesion-induced Pol II arrest and other obstruction-induced Pol II 

arrest (such as, intrinsic arrest DNA sequences, non-B structures, and nucleosome) (30)? 

How can cells distinguish among different forms of arrested Pol II complexes and commit 

only those encountering genuine DNA lesions to the TC-NER pathway? Given dozens of 

factors and the amount of time needed to complete repair and re-synthesis of the transcript, 

it is important that cells commit to this route only when absolutely necessary. Mammalian 

genes are generally much larger than those of prokaryotes and have a higher chance of 

transcription pausing by intrinsic arrest sequences or secondary DNA structures. What are 

the mechanisms for improving the fidelity of Pol II-mediated lesion recognition for TC-

NER? In the following section, we will summarize the recent progress toward improving our 
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understanding of these key questions related to the molecular basis of Pol II-mediated lesion 

recognition.

Structural Basis of Pol II Recognition of DNA Lesions

Over the last decade, substantial studies were carried out toward understanding how Pol II 

recognizes and processes DNA lesions. These biochemical and structural studies provide 

detailed mechanistic insight into the impact of DNA lesions on transcription elongation. 

Multiple outcomes can occur when RNA Pol II encounters a DNA lesion. For a small DNA 

lesion, RNA Pol II can bypass the lesion in either an error-free or error-prone manner (24, 

31–37). The error-prone mode may lead to miscoded RNA products (31, 38, 39), also 

termed as transcriptional mutagenesis (24, 31, 39, 40). The mechanism of transcriptional 

bypass and mutagenesis is reviewed elsewhere (24, 27, 31, 37, 41). In contrast, Pol II can be 

completely blocked by a bulky DNA lesion (13, 24, 25, 34, 42). Here, we will focus on 

several recent structural studies in this area, particularly on the following four categories of 

DNA lesions: intrastrand DNA lesions; DNA major groove-related lesions; DNA minor 

groove-related lesions; and abasic sites (Figure 2).

Intrastrand DNA lesions

Intrastrand DNA lesions represent a major class of DNA lesions that are recognized by 

NER. For example, UV irradiation leads to the formation of cyclobutane pyrimidine dimer 

(CPD), a common DNA lesion that crosslinks two adjacent pyrimidine nucleotides. In 

contrast, the anticancer drug cisplatin prefers to react with the N7-position of purines (G and 

A) and forms bulky 1,2-dGpG or 1,2-dApG intrastrand cross-links (account for ~90% of 

cisplatin-DNA adducts) (43, 44). One common characteristic shared by these DNA lesions is 

that the two covalently crosslinked nucleobases in the same strand lead to a significant 

distortion of the local DNA duplex structure (Figure 2), and both DNA lesions strongly 

block Pol II transcription (44–49).

Recent structural studies performed by the Cramer and Kashlev groups shed light on how 

the Pol II complex gets stalled by these DNA lesions (49–51). In particular, a structure 

capturing a CPD-stalled intermediate state showed that the CPD lesion is located above the 

bridge helix and does not reach into the +1 site, the canonical position for the template base 

after fully crossing over the bridge helix (PDB ID: 4A93) (Figure 3a, middle panel). This 

translocation intermediate state is very transient for an undamaged template (52). The 

captured intermediate state for the CPD lesion is attributed to the fact that intrastrand 

crosslinks greatly distorts the DNA template and restrains the flexibility of the 

phosphodiester backbone of the template strand during translocation. As a result, the CPD 

lesion gets stuck above the bridge helix. Since correct positioning of the template base is 

important for effective template-dependent NTP addition, the 3′-thymine of CPD cannot 

support template-dependent pairing for the incoming NTP. Instead, incorporation follows the 

so-called ‘A-rule’ where AMP is slowly incorporated in a non-template dependent manner 

(also see below for abasic site (AP) lesion-related transcription) (53). After slow 

translocation of the CPD lesion from +1 to the upstream −1 position, another AMP can be 

slowly incorporated, although UMP misincorporation opposite the 5′-thymine of CPD is 
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also reported (49, 51). In contrast, the structure of the Pol II complex with a scaffold 

containing a 1,2-dGpG cisplatin-induced DNA lesion revealed that the lesion is 

accommodated at the downstream +2/+3 position (PDB ID: 2RZ7) (Figure 3b). A potential 

explanation for the failure to capture cisplatin at the +1/+2 intermediate is that the 1,2- 

dGpG cisplatin-DNA adduct is much bulkier than the CPD lesion. Therefore, the former 

imposes a stronger steric block for the damaged base to cross over the bridge helix and to be 

delivered into the active site in comparison with CPD lesion.

DNA major groove-related lesions

Reactive oxygen species (ROS) or free radicals from cellular metabolism can produce 

oxidatively-induced DNA lesions. 8-oxoguanine (8-oxoG) (Figure 2) is an abundant DNA 

lesion among more than 20 identified oxidatively-induced DNA lesions (54). Pol II can 

bypass the 8-oxoG lesion in either an error-free (cytosine incorporation) or error-prone 

(adenine incorporation) manner (55–57). The crystal structure of Pol II with the template 

strand containing a site-specific 8-oxoG showed that 8-oxoG adopts a canonical anti-

conformation to pair with incoming CTP. In contrast, 8-oxoG uses the syn-conformation to 

form a Hoogsteen base pair with incoming ATP (Figure 4a) (58). Thus, the presence of an 8-

carbonyl group reduces the stability of the 8-oxoG base in anti-anti pairing with C and 

increases the possibility of 8-oxoG in the syn-conformation pairing with A. Notably, the 

similar mechanism of adenine misincorporation at 8-oxoG is also observed in many DNA 

polymerases (59, 60). Whether 8-oxoG is the substrate for TC-NER is a subject of debate, 

partially because 8-oxoG does not induce strong Pol II arrest. Recently, it was reported that 

8-oxoG in the ATM gene can be repaired in a transcription-coupled manner in vivo. This 

“non-canonical” transcription-coupled repair not only requires Pol II, CSB and UVSSA, but 

also requires hOGG1 and XPA, suggesting the participation of both base excision repair 

(BER) and NER in this process (61). It is interesting to note that hOGG1 can convert 8-

oxoG to an abasic site, and AP endonuclease can subsequently generate a single-strand 

break. It is tempting to speculate that these BER intermediates of 8-oxoG can trigger Pol II 

arrest and the recruitment of TC-NER factors, such as CSB and UVSSA.

8,5′-Cyclopurine, such as 8,5′-cyclo-2′-deoxyadenosine (CydA) (Figure 2), is another type 

of oxidatively-induced DNA lesion caused by hydroxyl radical attack on DNA (62–64). 

Unlike 8-oxoG, 8,5′-cyclopurine DNA lesions strongly blocks RNA Pol II and interferes 

with gene transcription in mammalian cells (63–66). Interestingly, a portion of Pol II 

molecules can slowly bypass CydA and generate transcripts with 5′ A mutations opposite 

the 5′ nucleotide next to the lesion (63, 64, 66). To further understand this error-prone 

transcriptional bypass of CydA, in collaboration with the Kashlev and Brook labs, we 

systemically studied the molecular mechanism of CydA recognition and lesion bypass by 

Pol II in vitro (Figure 4b) (67). At the insertion step, the ‘A-rule’ is partially followed 

opposite the CydA lesion on the template DNA, although UMP incorporation is still 

predominant. The structure of the Pol II complex containing a CydA lesion at the +1 register 

revealed that the CydA lesion is accommodated above the bridge helix. The location of 

CydA lesion is remarkably similar to the previously discussed CPD lesion intermediate (51, 

67) (Figure 4b, left). As a result, the CydA cannot form a canonical Watson-Crick base pair 

with 3′ UMP of the RNA primer. This provides a structural explanation to why UMP 
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incorporation is inefficient. For the next extension step, the template base (5′) next to CydA 

is also accommodated above the bridge helix to keep the +1 position empty (Figure 4b, 

right). The steric restriction caused by the 8,5′-cyclo bond can lead to hindered loading of 

this template base into the active site (67). Thus, the ‘A-rule’ is also applied to this step, 

leading to 5′ A mutations in RNA transcripts.

Monofunctional pyriplatin (cis-diamminepyridinechloroplatinum(II)) and phenanthriplatin 

(cis-diamminephenanthridinechloroplatinum(II)) (Figures 2 and 5a) showed potent 

anticancer activities on several cancer cell lines that are resistant to cisplatin (68). These 

platinum compounds can form monofunctional bulky platinum-induced DNA lesions at dG 

and dA sites on DNA template, without distorting the DNA duplex structure. Intriguingly, 

unlike cisplatin, CPD, or CydA lesions, these monofunctional platinum-DNA lesions do not 

block the Pol II insertion step but strongly inhibit the extension step. To understand how 

these monofunctional platinum compounds are accommodated within the Pol II-active site 

and affect Pol II transcription, we solved the structure of Pol II stalled at a pyriplatin-DNA 

adduct (69) (Figure 5a). The structure provides insight into why these lesions can effectively 

support the insertion step (nucleotide incorporation opposite the damage site). In sharp 

contrast to the cisplatin-DNA adduct, pyriplatin-dG can fully cross over the bridge helix and 

be accommodated at the +1 position in the Pol II active site for efficient CMP incorporation. 

Indeed, a canonical Watson Crick base pair is formed between cytosine with pyriplatin-

modified guanosine, in which the pyridine group extrudes toward the major groove. The 

structures also provide mechanistic insight into why RNA transcript extension is inhibited. 

We found that the platinum group of pyriplatin interacts with conserved residues of the 

bridge helix to stabilize the pre-translocation state. The presence of the bulky pyriplatin 

group also forms a strong steric barrier for the next nucleobase (5′) to cross over the bridge 

helix to reach the +1 position at the extension step. The phenanthriplatin-dG DNA lesion 

induced transcription stalling and bypass were also investigated in collaboration with the 

Lippard group (70). Similar to pyriplatin, the base of phenanthriplatin-dG at the +1 position 

does not affect CMP incorporation at the insertion step, which is almost the same as for the 

undamaged dG-containing template. The phenanthriplatin-dG lesion also significantly slows 

down transcription at the extension step, in which Pol II switches to an error-prone mode to 

slowly bypass the bulky lesion.

DNA minor groove-related lesions and blockage

Pyrrole-imidazole (Py-Im) polyamides are synthetic small molecules that bind to specific 

DNA target sequences in the minor groove and with high affinity (~10 nM) (71, 72). 

Previous studies have suggested that cell-permeable Py-Im polyamides can modulate gene 

expression by preventing transcription factor binding and even causing Pol II subunit Rpb1 

degradation (73–75). In collaboration with the Dervan lab, we investigated the effect of Py-

Im polyamides on transcription elongation, and we found that Pol II elongation complex 

(EC) becomes persistently arrested by Py-Im polyamides (76). Strikingly, this Py-Im 

polyamide-induced Pol II arrest can not be rescued by TFIIS. This is in sharp contrast to the 

scenario where TFIIS can stimulate Pol II bypass of a nucleosomal protein barrier (~10 nM 

affinity for histones to DNA). Careful examination of Py-Im polyamide-induced Pol II 

stalling revealed that Pol II stalls a few base pairs upstream from the targeted Py-Im binding 

Wang et al. Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA sequence, indicating that Pol II can sense Py-Im before the small molecule reaches the 

Pol II active site or the downstream bubble opening edge. Structural modeling analyses 

revealed that two conserved residues, Arg1386 and His1387, in the Switch 1 region could 

play a key role in Pol II stalling at Py-Im binding sites (Figure 5b). The Switch regions serve 

as a hinge for mediating clamp closure of the RNAP active-center cleft when a DNA–RNA 

hybrid exists (77). These two critical residues from the Switch 1 region can insert into the 

DNA minor groove. Molecular modeling revealed that these residues might either directly 

interact with polyamide backbones (state ii) or sterically clash with the Py-Im polyamide 

(states iii and iv) during Pol II translocation toward to the Py-Im binding site (Figure 8). To 

directly verify the roles of these two residues, we generated a Pol II mutant with two site-

specific substitutions (R1386A/H1387A). The transcription results with this Pol II mutant 

confirmed that these two residues are responsible for the early sensing or scanning of the 

DNA minor groove conformation, as two early stalling bands vanished with Pol II mutant.

Acylfulvenes (AFs) are a class of semisynthetic anticancer compounds produced as 

sesquiterpene derivatives of illudin S, a natural toxin isolated from the fungus Omphalotus 
illuden (109). These chemical agents alkylate DNA in the minor groove and interfere with 

DNA replication and transcription. The DNA alkylation process is also related to Pol II 

stalling triggering TR-NER (78–80). Recently, the Sturla and Cramer groups used several 

synthetic AF analogs to assess the effect of this type of alkylation on Pol II transcription 

elongation in vitro. Pol II was strongly blocked by the bulky AF analog, ‘3-deaza-3-

methoxynaphtylethyl-adenosine (3d-Napht-dA)’, but it was able to bypass smaller analogs. 

The structure of Pol II containing 3d-Napht-dA showed that the damaged base can occupy 

the +1 position (Figure 5c). Interestingly, the 3-deaza-3-methoxynaphtylethyl group contacts 

the bridge helix mainly via van der Waals interactions between the second aromatic ring of 

3d-Napht-A and the side chain methyl group of Thr831 on Rpb1. However, the ‘3d-Napht’ 

group can therefore severely impair trigger loop closure in the Pol II active site (81). The 

observed misincorporation could be explained by catalysis in a slow, trigger loop-

independent, and low-fidelity fashion (82).

In addition to the parameters of size and chemical nature of DNA lesions, the position of 

nucleotide modifications also plays important roles in determining transcriptional outcomes. 

Recently, in collaboration with Yinsheng Wang’s group, we systematically investigated how 

Pol II recognizes and bypasses three regioisomeric alkylated DNA lesions (83). O2-, N3- and 

O4- ethylthymideine (O2-, N3, and O4-EtdT, see Figure 2) are alkylated by tobacco-specific 

metabolic activation and are at higher levels in smokers (Figure 10) (84–86). Although 

modifications happen on the same thymine, the different positions of the ethyl group (O2, 

N3, and O4) elicited distinct transcriptional responses of Pol II. O2- and N3-alkylation 

greatly blocked Pol II elongation, whereas O4-alkylation had limited blockage effect. Pol II 

blockage by O2- and N3-EtdT mainly occurred in both the insertion and extension steps. In 

contrast, for O4-EtdT, only weak pausing was found at the insertion step. Intriguingly, GMP 

was preferentially incorporated opposite O2- and O4-EtdT. Molecular modeling analyses 

indicated that guanine can form wobble base pairs with both O2- and O4-EtdT (Figure 6), 

but the canonical Watson-Crick pair of A:T could be impaired by the ethyl group. Hence, 

these wobble base pairs at the +1 template position could favor GMP binding and addition. 

After GMP incorporation, the newly formed rG:O2-EtdT or rG:O4-EtdT base pair needs to 
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translocate into the −1 position so as to facilitate the subsequent nucleotide addition. For O4-

EtdT, the ethyl group protruding into the major groove of DNA is well tolerated in the Pol II 

active site without any steric clash. Hence, transcriptional lesion bypass of the O4-EtdT 

lesion is very efficient. In sharp contrast, for O2-EtdT, the ethyl group points to the minor 

groove and severely clashes with P448 in Rpb1 during translocation. The steric clash of O2-

EtdT and the P448-containing loop (or ‘Pro-gate’ loop) may explain why the minor groove 

O2-EtdT lesions significantly block Pol II elongation (83). Consistently, the orientation of 

the 3-deaza-3-methoxynaphtylethyl group of 3d-Napht at the +1 site is facing toward a 

secondary channel and away from the ‘Pro-gate’ loop, avoiding a steric clash (81).

The abasic lesion

Abasic (AP) sites result from spontaneous depurination or intermediates of base excision 

repair and are among the most frequent DNA lesions in the steady-state (85, 87–89). The AP 

sites, if left unrepaired, are highly mutagenic for both DNA replication and transcription. For 

DNA replication, AP sites serve as strong blocks for replicative DNA polymerases, and A is 

predominately incorporated opposite the AP site (‘A-rule’) (53, 90–92). In contrast, several 

translesion DNA synthesis (TLS) DNA polymerases (mostly X and Y families) use different 

mechanisms (probably sequence-dependent) to bypass the AP sites (93–96). Similar to DNA 

replication, Pol II stalls at the AP site on the DNA template and then bypasses it slowly, 

following the ‘A-rule’ (97–99). Although many structures of DNA polymerases with AP-

containing DNA have been solved, giving us significant insight into the molecular basis of 

‘A-rule’ and translesion bypass for DNA polymerases, the precise molecular mechanism for 

Pol II transcriptional bypass of AP sites remains elusive.

Recently, in collaboration with the Kashlev lab, we took a combined structural and 

biochemical approach to systematically study the molecular mechanism of Pol II stalling on 

the AP site and translesion bypass in a step-wise manner (Figure 7) (100). We revealed that 

Pol II has two consecutive stalling events: the insertion opposite the AP site and the 

extension bypass of the AP site. Intriguingly, the nucleotide incorporation patterns for these 

two consecutive stalling steps are very distinct: AMP is preferentially favored in the first 

insertion step (A-rule), whereas the cognate nucleotide incorporation is favored in the next 

extension step (template-dependent manner). To elucidate the structural basis for these two 

consecutive stalling events, four structural snapshots of two consecutive stalled states at the 

insertion and extension steps were captured, respectively (Figure 7). The structures of EC-I 

(without NTP) and EC-II (with a bound ATP analog) represent the states of Pol II first 

encountering an AP site at the insertion step. Interestingly, while the upstream of RNA/DNA 

hybrid is already at a canonical post-translocation state, the AP site is located above the 

bridge helix as a half-translocation intermediate. The conserved residue Rpb1 Arg337 forms 

strong hydrogen bonds with the phosphate group of the AP site at the intermediate state. The 

EC-II structure revealed that AMPCPP binds to the addition site opposite the AP lesion 

despite the lack of a base pair. The driving force for ATP binding is likely due to base 

stacking. Indeed, the AMPCPP is sandwiched between the −1 base pair and Thr831 on the 

bridge helix. The trigger loop is in an open conformation that is consistent with slow 

nucleotide addition. To understand the second stalling event, we further solved the structures 

of EC-III (without cognate NTP) and EC-VI (with a bound cognate NTP analog). In the EC-
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III structure, we found significant flexibility for both AMP at the 3′-RNA terminus and 5′-

template nucleotide adjacent to the AP lesion. This flexibility probably results from a lack of 

base-stacking interactions and base pair restraint from the AP site. As a result, the incoming 

cognate UTP fails to reach the canonical addition site and largely remains at the entrance 

site in the EC-VI structure. These structures provide a potential structural explanation as to 

why the extension step is substantially slow. The presence of the AP lesion alters the free 

energy landscape of Pol II translocation, as neither the 5′-template nucleotide nor the 

incoming cognate NTP is located at a canonical position that is poised for nucleotide 

addition. Both template and cognate NTP are needed to rotate toward the canonical positions 

to support template-dependent nucleotide addition. When the AP lesion is placed into the 

upstream RNA/DNA hybrid region and sandwiched by non-damaged base pairs, the AP site 

has a minimal effect on Pol II elongation.

Several general principles start to emerge from the comparison of Pol II arrested by different 

lesions. First, Pol II can be arrested through distinct mechanisms even for the DNA lesions 

induced by chemical-related agents. For example, Pol II gets arrested by the 1,2-dGpG 

cisplatin-DNA lesion because this lesion is a strong steric block to the crossover of the 

bridge helix. In sharp contrast, the pyriplatin-dG adduct (a monofunctional cisplatin 

derivative) can support effective CMP incorporation and form a Watson-Crick base pair with 

CMP. However, this lesion strongly blocks subsequent Pol II translocation (69). These 

findings highlight the importance of investigating Pol II arrest by different types of DNA 

lesions. Second, we found that Pol II can be trapped at a common translocation intermediate 

state by a subset of structurally-diverse DNA lesions, such as the CPD, CydA, and AP site 

(51, 67, 100). Quite intriguingly, all of these damaged DNA templates are all trapped above 

the bridge helix, representing a half-way intermediate to translocate into the +1 canonical 

template position (51, 67, 100). For CPD and AP site-arrested Pol II structures, it was found 

that Rpb1 R337 forms conserved hydrogen bonds with the template phosphodiester 

backbone that may further stabilize this intermediate state (51, 100). No much direct 

interactions were observed between the damaged bases and Pol II residues, indicating that 

these DNA lesions are not recognized through specific interactions. Instead, Pol II 

recognizes these DNA lesions through their failure to fully cross over the bridge helix to 

reach the +1 template position. This provides a structural explanation of a broad range of 

lesion-containing substrates for TC-NER. Third, a common theme starts to emerge for the 

structural basis of the “A-rule”. Pol II is able to slowly incorporate AMP opposite a subset 

of structural-diverse DNA lesions in a template-independent manner (‘A-rule’) with 

prolonged incubation. These DNA lesions are often trapped at the half-way intermediate 

position (above the bridge helix) rather than the canonical +1 site to form a base pair with 

incoming NTP. Finally, Pol II arrest can be induced by non-covalent obstructions, such as 

Py-Im and non-B DNA structures. It is unclear whether these Pol II arrest events can also 

trigger TC-NER or require additional factors to discriminate these forms of Pol II arrest 

from DNA lesion-induced Pol II arrest.

Function of CSB in Pol II-mediated DNA Lesion Recognition

CSB is among the first protein to be recruited to the arrested Pol II and has been considered 

as the master coordinator of TC-NER (2, 22, 101–109). CSB is well conserved from yeast to 
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human and belongs to the Swi2/Snf2 family of nucleosome remodelers that all share the 

signature seven helicase motifs in their core ATPase domains (101, 102, 110, 111). CSB 

protein has DNA-dependent ATPase, DNA translocase, as well as chromatin remodeling 

activities (101, 111–115).

CSB recruits CSA to the sites of arrested Pol II (109). The CSA (ERCC8) protein has seven 

WD40 repeat motifs and beta-propeller architecture (116, 117) and is the substrate 

recognition subunit of a CRL4CSA E3 ubiquitin ligase complex (CSA-DDB1-Cul4A-Roc1) 

(117, 118). Recently, it was shown that CSA is also required for the recruitment of UVSSA-

USP7 (119–122). Interestingly, USP7 can deubiquitylate CSB and prevent DNA damage-

induced degradation of CSB (120, 122). On the other hand, CSA-dependent degradation of 

CSB is required for the recovery of global RNA synthesis after UV damage (123, 124). The 

ubiquitylation and deubiquitylation of CSB are tightly regulated during TC-NER and the 

recovery of RNA synthesis after UV damage. In addition, CSB, together with CSA, also 

recruits P300, XAB2, and HMGN1 to sites of stalled Pol II (109).

The exact role of CSB in Pol II-mediated lesion recognition is not very clear. Given that 

CSB is among the first proteins to be recruited to the arrested Pol II, we recently tested 

whether CSB has a role in discriminating Pol II arrested at a bulky lesion from other forms 

of Pol II arrests (such as Py-Im induced Pol II arrest) (125). We investigated the effect of 

Rad26, the Saccharomyces cerevisiae CSB ortholog, on Pol II stall/arrest in three 

representative scenarios: a non-damaged DNA containing an intrinsic pausing/arrest 

sequence (a long repetitive A sequence on the template strand, referred to as an A-tract), a 

non-covalent DNA binder (pyrrole-imidazole (Py-Im) polyamide), or a bulky covalent DNA 

lesion (CPD lesion) (Figure 8). We used an in vitro reconstituted transcription system with 

purified yeast Pol II and Rad26, where we assembled a Pol II elongation complex with a 

fully-matched transcriptional bubble upstream and placed a site-specific Pol II translocation 

barrier on the downstream template strand (A-tract sequence, Py-Im binding site, or CPD 

lesion). As shown in Figure 8, Pol II alone cannot distinguish among these three 

transcription barriers, as it becomes stalled in all three scenarios. Intriguingly, with the joint 

action of Pol II and Rad26, we found a distinct transcriptional readout for the CPD lesion 

compared with other non-covalent obstructions: in the presence of Rad26, Pol II is able to 

bypass the A-tract and Py-Im translocation barriers, whereas Pol II remains arrested at CPD 

lesions (Figure 8). The intact ATPase of Rad26 and (d)ATP is required for stimulating Pol II 

bypass of the A-tract and Py-Im translocation barriers. We also tested the effects of other 

transcription factors, such as TFIIS. In contrast to Rad26, TFIIS failed to distinguish Pol II 

arrested by the non-covalent Py-Im molecule from arrest at a CPD lesion (Figure 8). 

Furthermore, our recent unpublished data indicates Rad26 was also able to help Pol II 

bypass the nucleosome barrier in an ATP-dependent manner. Taken together, these 

biochemical results show that Rad26 can help to distinguish different Pol II arrest scenarios 

and facilitate Pol II transcriptional bypass through some arrest situations that do not require 

DNA repair.
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Structure Basis of CSB in Pol II-mediated DNA Lesion Recognition

To further understand the structural basis of how CSB interacts with Pol II, in a joint-effort 

with the Leschziner lab, we recently solved yeast Pol II/Rad26 complex structure using 

single-particle cryo-EM. This Pol II/Rad26 complex structure revealed that Rad26 binds to 

the DNA upstream of the Pol II complex and sits between Pol II’s clamp (Rpb2 side) and 

stalk (Rpb4/7) regions (Figure 9a) (125). The protein-protein interface between Pol II and 

Rad26 is conserved from yeast to human, suggesting that what we learned from yeast Pol II-

Rad26 is likely to also apply to mammalian Pol II-CSB. One of the most striking features is 

that the upstream DNA is bent about 80 degrees toward the stalk upon binding of Rad26 

(Figure 9b). This unique structural feature may have two potential roles: first, it shields the 

binding site from other transcription factors (discussed in below); and second, the Pol II/

Rad26 complex may also generate a new binding surface for the recruitment of other 

downstream repair factors.

Several important structural insights could be obtained by comparing the structures of the 

Pol II initiation complex, Pol II elongation complex with Spt4/Spt5, and Pol II–Rad26 

complex (repair complex) (Figure 10) (125–131). First, the core Pol IIs are in a similar 

conformation, except for minor changes in the stalk region. Second, the upstream DNA path 

changes dramatically among the three structures, whereas the downstream DNA path is 

essentially the same. Finally, and perhaps most importantly, the Pol II binding sites for 

initiation factors (such as TFIIE), elongation factors (Spt4/5), and repair factor (CSB/Rad26) 

are significantly overlapping, indicating the binding of these factors are mutually exclusive 

(Figure 10). Just like the case where Spt4/5 displaces TFIIE during the transition between 

transcription initiation and productive elongation, there is an intriguing possibility that the 

TC-NER factor Rad26 may also displace Spt4/5 when Pol II switches form the transcription 

elongation mode to the repair mode. This suggests an important functional interplay between 

the transcription-coupled repair factor Rad26 and other transcription factors during 

transcription and TCR through direct competition for binding to Pol II. Indeed, this explains 

early observations that Rad26 is able to antagonize the repression of TCR by Spt4/5 (132, 

133).

A Unified Mode of Action of CSB

The structure of the Pol II-Rad26 complex revealed that Rad26 binds to the upstream region 

of Pol II and pulls the template strand away from Pol II in an ATP-dependent manner (125). 

As a result, this prevents Pol II backtracking and favors Pol II forward translocation, which 

is verified by biochemical assays. This suggests a mechanistic model for a unified mode of 

action of CSB in both TCR and transcription (Figure 11). During Pol II transcription 

elongation (on a non-damaged template), CSB can reduce Pol II dwell times by preventing 

backtracking or elemental pausing, and/or by stimulating Pol II forward translocation (from 

pre-translocation state to post-translocation state). Thus, CSB functions as a Pol II 

elongation factor, stimulating transcription elongation as reported (Figure 11) (106, 107, 

134). Similarly, during transcription through templates containing less bulky DNA lesions, 

such as oxidized bases, CSB can rescue arrested Pol II by preventing extensive backtracking 

and increasing the chances of transcriptional bypass of these DNA lesions(134). For bulky 
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DNA lesions that result in a strong blockage of translocation due to steric hindrance at the 

active site (such as CPD lesions)(49), while CSB can prevent extensive backtracking, CSB 

fails to promote efficient Pol II transcriptional bypass of the bulky DNA lesion. Therefore, 

the CPD-induced steric hindrance for Pol II transcription would persist even in the presence 

of CSB (Rad26), and Pol II-Rad26 complex would remain arrested at the DNA lesion and is 

subject to the downstream TCR process (2).

Lesion Recognition and Verification during TCR

The structure of the Pol II-Rad26 complex also provides mechanistic insights into the roles 

of CSB in DNA lesion recognition and verification in eukaryotic TCR initiation. Based on 

the structural and biochemical data, we propose that CSB (Rad26) plays a central role in 

controlling (and improving) the fidelity of transcription-coupled DNA lesion recognition 

(step 1), thus reducing the rate of incorrect TCR initiation. The arrested Pol II-CSB (Rad26) 

complex presents new protein interaction interfaces that could facilitate loading other repair 

factors (2, 108, 135), such as TFIIH, downstream of the Pol II complex (Step 2). Based on 

the experimental data reported for TFIIH-dependent lesion verification in GG-NER at step 2, 

we propose that TFIIH has a similar mode of action in TCR (136–138). Indeed, it was 

reported recently that UVSSA can directly interact with the TFIIH p62 subunit (136). 

Therefore, it is conceivable that the Pol II-CSB complex could recruit TFIIH via UVSSA. 

Other factors may also be involved in TFIIH recruitment. TFIIH is loaded downstream of the 

Pol II-CSB complex and it uses its XPB and XPD helicases to verify whether a DNA lesion 

is present on the template strand. Pol II is either backtracked or displaced at this stage. The 

final step, the XPA-dependent lesion verification step, is expected to be the same for both 

GG-NER and TCR (step 3) (Figure 12) (137, 138). Taken together, there will be three 

sequential checkpoint steps for lesion recognition and verification for both GG-NER and 

TCR. Further experiments will be needed to test this model.

Conservation of the Pol II-CSB Complex

While there are some differences in TC-NER in yeast and human, the central themes and 

interactions among the repair factors are highly conserved (2, 10). Indeed, the conservation 

of the Pol II-CSB complex from yeast to humans is supported by the CryoEM structure. The 

core ATPase domain of Rad26 observed in our structure is highly conserved from yeast to 

human (101, 102, 111). Therefore, the structure of the human CSB core ATPase is expected 

to be very similar to that of Rad26 reported here. The structural conservation between 

mammalian and yeast Pol II elongation complex was also well-established (130, 139). 

Furthermore, and of particular relevance to the work presented here, most of the interaction 

interfaces we identified between Rad26 and DNA and Rad26 and Pol II are also highly 

conserved between yeast and human. Therefore, the Pol II-Rad26 structure presented here 

could serve as a model for studying Pol II-CSB interactions in human and other mammalian 

systems. Our study provides structural insight into the CSB-dependent TCR, at least the 

initiation stage of TCR, which is conserved from yeast to human. The difference of UV 

sensitivity for CSB deletion in mammalian cells versus Rad26 deletion in yeast strains is due 

to the existence of additional CSB/Rad26-independent pathways for repairing of UV lesions 
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in yeast rather than a difference of mechanism of CSB-dependent TCR between yeast and 

human (2).

Conclusion and Future Perspectives

Recent structural studies in elucidating Pol II-mediated lesion recognition and the first 

structure of the Pol II-CSB (Rad26) complex have provided us important mechanistic insight 

into TC-NER lesion recognition. These studies reveal the molecular mechanisms of how Pol 

II becomes arrested by a variety of DNA lesions. In particular, the structure of CSB/Rad26 

reveals molecular interactions between CSB/Rad26 and Pol II and provides novel 

mechanistic insight into the roles CSB plays in both TCR initiation and transcription 

elongation. We also revealed that CSB is critical for the fidelity of transcription-coupled 

lesion recognition. Several important mechanistic questions deserve future investigation: 

How does CSB displace other elongation factors when Pol II gets arrested? How are 

downstream repair factors recruited to the Pol II-CSB arrested complex for lesion 

verification? What is the fate of Pol II during lesion recognition and verification and at what 

stage is Pol II moved away (displaced, or backtracked, or ubiquitinylated and degraded) 

from the lesion site? When and how is CSB released from DNA lesion sites at a later stage? 

What are the roles of DNA damage induced post-translational modifications of Pol II, CSB 

and other repair factors in regulating TC-NER? What is the functional interplay between 

these TC-NER factors recruitment events and chromatin environments? Finding answers to 

these questions would not only provide a framework for us to understand the molecular 

mechanism of the TC-NER pathway, but also develop novel chemotherapeutic drugs 

targeting TC-NER in the future.
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Abbreviations

3d-Napht-dA
3-deaza-3-methoxynaphtylethyl-adenosine

8-oxoG
8-oxoguanine

CydA
8,5′cyclo-2′-deoxyadenosine

AP
Abasic site

AF
Acylfulvene

BER
Base excision repair
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CHO
Chinese hamster ovary

CSB
Cockayne Syndrome B protein

CPD
Cyclobutane pyrimidine dimer

EC
Elongation complex

GG-NER
Global genome nucleotide excision repair

NER
Nucleotide excision repair

O2-, N3-, and O4-EtdT
O2- N3- and O4-ethylthymideine

Phenanthriplatin
cis-diamminephenanthridinechloroplatinum(II)

Pol II
RNA polymerase II

Py-Im
Pyrrole-imidazole polyamide

Pyriplatin
cis-diamminepyridinechloroplatinum(II)

ROS
Reactive oxygen species

TC-NER
Transcription-coupled nucleotide excision repair

TCR
Transcription-coupled repair

TLS
Translesion DNA synthesis
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Figure 1. 
The recognition steps of two subpathways of nucleotide excision repair. In the global 

genome nucleotide excision repair subpathway (GG-NER), left, the damage sensor XPC, in 

complex with UV excision repair protein RAD23 homologue B (RAD23B) and centrin 2 

(CETN2), which binds the non-damaged strand opposite the lesion with the help of the UV– 

DDB complex (step 2, left). Binding of the XPC complex to the damaged site results in 

RAD23B dissociation from the complex (step 3, left). In the transcription-coupled 

subpathway (TC-NER), damage recognition is initiated by the stalling of RNA polymerase 

II (Pol II). The stalled Pol II recruits CSB (step 2, right) and the Pol II–CSB complex serves 

as a platform to further recruitment of downstream repair factors such as CSA and UVSSA-

USP7 (step 3, right). After damage recognition (step1–3), the TFIIH complex is recruited to 

the lesion in both GG-NER and TC-NER, along with XPA, RPA, and XPG (step 4). Once 

DNA lesion is verified, the damage-containing DNA short fragment is removed via dual 
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incisions, new DNA fragment is synthesized, and NER reaction is completed through 

sealing the final nick by DNA ligase.
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Figure 2. 
Chemical structures of DNA lesions: cyclobutane pyrimidine dimer (CPD), 1,2- dGpG 

cisplatin, 8-oxoguanine (8-oxoG), monofunctional pyriplatin, 8,5′-cyclo-2′-deoxyadenosine 

(CydA), abasic site (AP), O2-, N3- and O4-ethylthymideine (O2-, N3, and O4-EtdT), 3-

deaza-3-methoxynaphtylethyl-adenosine (3d-Napht-dA), and non-covalent DNA binders 

Pyrrole-imidazole (Py-Im) polyamides. The DNA lesion is highlighted in red.
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Figure 3. 
The structures of Pol II EC stalled at intrastrand crosslinks. a, CPD lesion-induced Pol II 

stall complex (PDB IDs: 2JA6, 4A93 and 2JA7). b, 1,2-dGpG cisplatin DNA lesion-induced 

Pol II stall complex (PDB ID: 2R7Z). RNA, template strand, non-template strand, and the 

bridge helix motif of RNA Pol II (Rpb1 810–840) are shown in red, blue, cyan, and green, 

respectively. The DNA lesion are highlighted and labeled in yellow. The template registers 

are also marked in the figure. The Pol II active site is indicated in dashed circle.
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Figure 4. 
RNA Pol II recognition of oxidative DNA lesions. a. Pol II recognition of 8-oxoguanine (8-

oxoG) lesion. Canonical Watson-Crick pair is formed between 8-oxo dG and C (PDB ID: 

3I4M), but 8-oxo dG adopts syn-form when pairing with adenine in the Pol II-active site 

(PDB ID: 3I4N). b. Pol II EC stalled at an 8,5′-cyclo-2′-deoxyadenosine (CydA) site (PDB 

IDs: 4X6A and 4X67). Color codes are the same as Figure 3.
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Figure 5. 
Pol II EC stalled by major groove or minor groove obstructions. a. Pol II EC stalled by a 

pyriplatin-DNA monofunctional adduct (PDB IDs: 3M4O and 3M3Y). b. Structural 

modeling of RNA Pol II transcriptional pausing by Py-Im polyamide. Two critical residues 

(R1386 and H1387) from the conserved Switch 1 region of Rpb1 play a key role in slowing 

down transcription progress through the polyamide-bound minor groove step by step. c. The 

Pol II EC adopts the post-translocation state with the modified adenine base (3d-Napht-dA) 

at +1 position, with 3-deaza-3-methoxynaphtylethyl group contacting the bridge helix in the 

Pol II active center from underneath (PDB ID: 5OT2). Color codes are the same as Figure 3.
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Figure 6. 
Structural modeling showed distinct effects of O4- and O2-EtdT lesions on transcriptional 

bypass. Briefly, the alkylation in the major groove (O4-EtdT) hardly affects translocation, 

whereas the minor-groove alkylation (O2-EtdT) has strong steric clash with the P448 residue 

on the ‘Pro-gate loop’ during translocation. Color codes are the same as Figure 3.
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Figure 7. 
Structural analysis of transcription stalling by the AP site at insertion and extension steps 

with four structural snapshots (PDB IDs: 6BLO, 6BLP, 6BM2 and 6BM4). Color codes are 

the same as Figure 3.
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Figure 8. 
Rad26 helps Pol II discriminate among different transcription obstacles a-c.Transcription 

assays probing the ability of Rad26, Rad26 mutant, and TFIIS to discriminate among three 

representative transcription obstacles encountered by Pol II: A pause-inducing repetitive A-

tract sequence (a); A sequence-specific DNA-binding polyamide (Py-Im) (b); and a TT 

cyclobutane pyrimidine dimer (CPD) DNA lesion (c). The asterisk in (a) represents a Pol II 

pausing site upstream of the A-tract sequence. Last lane in (c): full-length transcript in the 

absence of the CPD lesion.
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Figure 9. 
Pol II-CSB structure and upstream DNA bending. a, Atomic model for the Pol II– Rad26 

complex. Cartoons of the structures highlighting their orientations. b, Superposition of the 

scaffolds from the Pol II–Rad26 and Pol II EC structures, with the latter shown in darker 

colors.
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Figure 10. 
Comparison of three stages of Pol II complexes. The initiation open complex structure is 

shown on the left, PDB ID: 5FYW; The transcription elongation complex is shown in the 

middle, PDB ID: 5OIK; The transcription repair initiation complex is shown on the right, 

PDB ID: 5VVR. In the three different stages, TFIIE, Spt4/5, and CSB bind to similar 

positions on Pol II. Pol II is in gray and other factors are highlighted and labeled as 

indicated. Template and non-template DNA, and RNA are shown in blue, green, and red, 

respectively.
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Figure 11. 
Model for lesion recognition by CSB. Rad26 recognizes a stalled Pol II and can reduce its 

dwell time by preventing backtracking, promoting Pol II forward translocation on non-

damaged templates, and increasing the chances of transcriptional bypass through less bulky 

DNA lesions, all of which stimulate transcription elongation. However, Rad26 fails to 

promote efficient transcriptional bypass of bulky DNA lesions that lead to strong blockage 

of translocation (such as CPD lesions). The interaction between Rad26 and a Pol II 

persistently arrested at a bulky lesion would lead to the initiation of TCR.
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Figure 12. 
Three DNA lesion checkpoints for GG-NER and TC-NER. Check step 1: For GG-NER, 

XPC/HR23B detects base-pair disruption and helix distortion and binds to the DNA strand 

opposite to that carrying the lesion. This constitutes the initial lesion recognition. For TCR, 

CSB is recruited to a stalled Pol II to discriminate genuine DNA lesion-induced transcription 

arrest from other forms of transcriptional arrest, as diagrammed in panel a. At this step, CSB 

acts in conjunction with Pol II to mediate the initial recognition of DNA lesions that block 

transcription translocation. Check step 2: Core TFIIH is recruited to further verify the DNA 

lesion. In GG-NER, the XPD and XPB helicases in core TFIIH translocate the complex 

towards the lesion. This is the result of XPD tracking along the damage-containing strand in 

a 5´ to 3´ direction and XPB tracking along the opposite strand (non-damaged) in a 3´ to 5´ 

direction. In TCR, TFIIH is loaded downstream of the arrested Pol II-CSB complex, with 

XPD and XPB tracking the template and non-template strands, respectively. The XPD/XPB 

helicases in core TFIIH translocate towards the lesion, as is the case for GG-NER. As a 

result, Pol II-CSB is pushed upstream by TFIIH to expose the DNA lesion. Check step 3: 

XPA is recruited for a final validation of the TFIIH-recognized lesion and to ensure that only 

genuine NER lesions are subjected to dual incision by endonucleases ERCC1/XPF and XPG 

and downstream repair synthesis.
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