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Abstract

Nucleotide excision repair (NER) eliminates a broad variety of helix-distorting DNA lesions that 

can otherwise cause genomic instability. NER comprises two distinct sub-pathways: global 

genomic NER (GG-NER) operating throughout the genome, and transcription-coupled NER (TC-

NER) preferentially removing DNA lesions from transcribing DNA strands of transcriptionally 

active genes. Several NER factors undergo post-translational modifications, including 

ubiquitination, occurring swiftly and reversibly at DNA lesion sites. Accumulating evidence 

indicates that ubiquitination not only orchestrates the spatio-temporal recruitment of key protein 

factors to DNA lesion sites but also the productive assembly of NER preincision complex. This 

review will be restricted to the latest conceptual understanding of ubiquitin-mediated regulation of 

initial damage sensors of NER, i.e., DDB, XPC, RNAPII and CSB. We project hypothetical NER 

models in which ubiquitin-specific segregase, valosin-containing protein (VCP)/p97, plays an 

essential role in timely extraction of the congregated DNA damage sensors to functionally 

facilitate the DNA lesion elimination from the genome.
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INTRODUCTION

In the beginning there was ‘light repair’ (1), also known as photolyase- and light-driven host 

cell reactivation (2). Immediately afterwards, the so called ‘dark repair’ now known as 

excision repair, discovered by Richard Setlow (3), heralded a new expansive era in DNA 

repair research with many unique offshoots and intense areas of enquiry that culminated in 

the ultimate recognition and award of 2015 Nobel Prize in chemistry (4). In between the 

elapsed span of time, many unique discoveries have continued to shed bright light on 

intricate nuances of DNA repair. While much of the basic mechanistic understanding has 

already been delineated, ever-increasing knowledge, from peeling of the ever-complex 

regulatory layers of the DNA repair phenomenon and its wide-ranging implications to 

human health, has continued to infuse enthusiasm in new entrants as well as kept propelling 

the field forward. Alongside many stalwarts and preeminent laboratories around the world, 

our research program has also toiled in the DNA repair arena with a sharper focus on 

nucleotide excision repair, a sub-area championed by the Nobelist Aziz Sancar.

Genome is the most precious resource to sustain organismal life. Yet, genome is constantly 

challenged by exposures to ubiquitously occurring endogenous and exogenous DNA 

damaging agents. Repair of DNA lesions enables cells to overcome genotoxicity, maintain 

genome integrity and retain normal cellular functions. Genomic instability resulting from a 

cell’s inability to effectively repair its DNA damage has clear association with aging and 

disease pathogenesis, ranging from inherent susceptibility to induction of frank neoplasia. 

The significance and causative relationship between the genotoxic source, (e.g., solar 

ultraviolet (UV) radiation), the target (DNA), the culprit (a genomic DNA lesion), the 

mechanism (faulty repair causing sequence alterations in an essential gene), the regulatory 

breakdown (e.g., inability to exercise epigenetic control) and the deleterious repercussions 

(forms of carcinoma), is irrefutable and experimentally demonstrable in almost any DNA 

repair research laboratory around the globe. Much has already been unraveled and many 

clear concepts have evolved regarding the basic components and function of DNA repair 

machinery needed to ensure genomic stability (5–7). Latest DNA repair research has 

embraced newer complexities and delves into new interaction ‘pathway boxes’ to discern 

and integrate the effects exerted by other structural and functional features of the cell (8–10). 

For example, our research program has lately strived to dissect the dynamics of DNA 

damage recognition and its elaborate processing against the regulatory backdrop of specific 

ubiquitination and deubiquitination processes. Identification of these and other critical 

factors that influence the overall genomic stability, so fundamental to normal cellular 

existence, has obvious significance in understanding the cause and treating human diseases. 

In this regard, the DNA repair-related ubiquitin story has launched one of the most exciting 

new areas in molecular and cellular biology with significant biomedical implications (11).

NUCLEOTIDE EXCISION REPAIR

Among several DNA repair pathways, NER is the most versatile DNA repair system. NER 

eliminates a broad variety of helix-distorting DNA lesions, including UV-induced 

cyclobutane pyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs), and various chemically 

induced bulky adducts. NER consists of two distinct sub-pathways: global genomic NER 

Zhu and Wani Page 2

Photochem Photobiol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(GG-NER), which operates throughout genome, and transcription-coupled NER (TC-NER), 

which removes DNA lesions from transcribed DNA strands of transcriptionally active genes 

(12,13). Impaired NER activity is associated with several rare autosomal recessive genetic 

disorders, illustrating its biological significance. For example, Xeroderma pigmentosum 

(XP) syndrome, characterized by extreme sun/UV sensitivity and predisposition of skin 

cancer, is caused by mutations in genes encoding proteins (e.g., XPA, XPB, XPC, XPD, 

XPE, XPF and XPG) involved in GG-NER (14). Whereas, TC-NER defects in Cockayne 

syndrome (CS) or UV-sensitive syndrome can result from mutations in CSA and CSB as 

well as UV-stimulated scaffold protein A (UVSSA) genes (15–17). The Cockayne 

Syndrome (CS) has distinctive features of growth retardation, UV sensitivity and premature 

ageing.

GG-NER

GG-NER can be reconstituted in vitro in a “cut and paste” reaction with only a few core 

components which include XPA, XPC-hHR23B, TFIIH, ERCC1-XPF, XPG, RPA, PCNA, 

DNA polymerase and DNA ligase I. The entire process constitutes damage recognition, dual 

incision, and gap-filling DNA synthesis steps (18–20).

The main damage recognition complex in GG-NER is XPC-hHR23B-Centrin-2 (heretofore 

referred as XPC) (21,22). XPC complex uses a multistep damage recognition strategy for 

ensuring the high level of damage discrimination (22–24). The complex, however, does not 

directly contact the DNA strand containing the lesion but the opposite DNA strand, while 

dislocates damage-containing base pairs inducing a flipped-out conformation (25). This 

binding allows XPC complex to serve as a platform for recruiting TFIIH (26,27), to verify 

DNA lesions with the help of XPA. The damage verification is carried out by a so-called 

tripartite DNA lesion selection system at levels of base-pairing, strand-treading and altered 

nucleotide binding (28–30). First, XPC detects DNA bubbles with base-pairing disruptions. 

Second, the TFIIH complex is loaded 5′ to the lesion site and uses its XPB and XPD 

components to translocate along both DNA strands and unwind DNA towards the lesion 

(31). When TFIIH encounters a bulky lesion on the DNA strand being scanned by XPD, 

both XPB and XPD motors are stalled and the XPA enhances the stalling (29). Third, after 

CAK complex disassociates from TFIIH (32), the core TFIIH and XPA together demarcate a 

lesion-containing DNA bubble structure with the RPA binding to the undamaged DNA 

strand (33). Subsequently, the XPF-ERCC1 and XPG nucleases are recruited for making the 

dual incision to allow the removal of ~24–32 nt oligo nucleotide containing the DNA lesion 

(34–37). The incision on 5′ side is carried out by the heterodimer XPF-ERCC1, followed by 

the incision on 3′ side by XPG (36). The lesion-containing oligonucleotide remains 

associated with TFIIH until eventually released and further processed by nuclease(s) (38). 

Subsequent gap-filling DNA synthesis is performed by the concerted action of pol δ, ε or κ 
that is aided by the cofactors PCNA, RFC and RPA (39) and the nicks are finally sealed by 

specific DNA ligases to complete the repair (19,40).

Besides XPC, UV damaged DNA binding protein (UV-DDB or DDB), a heterodimer of 

DDB1 and DDB2 proteins, also recognizes DNA lesions (41–43). GG-NER of CPDs in vivo 
requires both DDB and XPC proteins and is carried out at a much slower rate than that of 
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6-4PPs. Perhaps, CPDs cause minor helix distortion than 6-4PPs, thus the recognition of 

CPDs by XPC requires additional support from DDB, especially for the repair in the 

constrained chromatin environment (44–46). The crystal structure of DDB1-DDB2 complex 

showed that DDB2 interacts with two (BPA and BPC) of three seven-bladed beta-propellers 

(BPA, BPB and BPC) of DDB1. The lesion is held exclusively by the WD40 domain of 

DDB2 (47), where a DDB2 hairpin inserts into the minor groove, extrudes the photodimer 

into a binding pocket. The tightly localized probing of the photolesions, combined with 

proofreading in the photodimer pocket, enables DDB2 to detect lesions refractory to 

detection by other damage surveillance proteins (47).

TC-NER

While GG-NER employs DDB heterodimer and XPC complex to initiate the repair process, 

TC-NER utilizes elongating RNA polymerase II (RNAPII) and CSB as damage sensors 

(48,49). When elongating RNAPII stalls at the transcription-blocking lesions in transcribed 

strand, the stalled RNAPII stabilizes its interaction with CSB (50,51). Subsequently, the 

stalled RNAPII and CSB together recruit CSA [in CSA-DDB1-Cullin 4A (Cul4A) complex 

associated with COP9 signalosome], TFIIH and core NER factors as well as histone 

acetyltransferase p300 (52). Factors such as TFIIS, HMGN1 and XAB2 come to stalled 

RNAPII in a CSA-dependent manner. Yet, the exact roles of CSB, CSA and other non-NER 

factors are not clear (53–56). Nonetheless, once lesions are verified by TFIIH, the stalled 

RNAPII with other components of elongating machinery is resolved or backtracks, and the 

transcription elongation process funneled into assembly of preincision complex of NER.

UBIQUITINATION IN GG-NER

DDB2

DDB2 is the first GG-NER factor known to be regulated at posttranslational level by the 

ubiquitin-proteasome system (UPS) (57–59). In eukaryotic cells, UPS mediates a selective 

degradation of many cellular proteins (60). In UPS, the target proteins are modified by 

multiple moieties of ubiquitin, a highly conserved protein of 76 amino acids, via a cascade 

reaction of three enzymes, namely, E1 ubiquitin-activating enzyme, E2 ubiquitin-

conjugating enzyme and E3 ubiquitin ligase. The first ubiquitin is attached to lysine residue 

of target protein, followed by chain extension at lysine (K) 6, 11, 27, 29, 33, 48 or 63 on 

ubiquitin. The ubiquitin chains with different linkages have distinct structure and properties 

(61,62). The K48-linked polyubiquitin chains are well established as the canonical signal for 

proteasomal degradation (63). Whereas, K63 linkages nonproteolytically regulate the 

protein-interacting properties of ubiquitinated proteins (64). For example, K63-linked 

ubiquitin chains stabilize the snRNP complex. The similar chains on histone H2A/X serve as 

transient mediators of protein interactions, recruiting subsequent E3 ubiquitin ligases to 

initiate a cascade of ubiquitin signaling events in response to DNA damage.

It has been known that UV-DDB heterodimer is part of E3 ubiquitin ligase complex that 

contains Cul4A (and to a lesser extent, Cul4B) and RING subunit Rbx1 (also known as 

Roc1) (65). It is the best characterized member of the DDB1-Cul4-Rbx1 (CRL4) ubiquitin 

ligase family (66). CRL4 complex utilizes DDB1- and Cul4A-associated factors (DCAFs) as 
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substrate receptors and therefore is termed as CRL4DCAF ubiquitin ligase (e.g., CRL4DDB2, 

CRL4CSA and CRL4Cdt2). All DCAFs harbor a WD40 repeat that mediates substrate 

association. The WD40 repeats of DDB2, however, have additional capacity of DNA lesion 

binding (47). The ligase activity of CRL4DDB2 is tightly regulated by its association with 

COP9 signalosome (CSN) (65). Studies of CRL4DDB2 architecture, targeting and activation 

have revealed that DDB1 contains three seven-bladed beta-propellers (BPA, BPB and BPC) 

and a helical C-terminal domain (CTD). While the BPA and BPC domains interact DDB2, 

the BPB domain interacts with Cul4A (67). The DDB2 lesion-binding interface is 

specifically tailored toward CPD recognition. In vivo, CRL4DDB2 aids in accessing and 

detecting CPD lesions embedded within nucleosomes.

CRL4DDB2 mediates auto-ubiquitination of DDB2, mainly at K5, K11, K35 and K40 of its 

unstructured N terminus, which leads to proteolysis of DDB2 following UV exposure (67). 

Without DNA damage, CRL4DDB2 is held in an inactive state in complex with CSN. In 

particular, CSN inhibition of CRL4DDB2 is non-enzymatic, independent of CSN5-mediated 

cleavage of ubiquitin-like protein Nedd8 (67), whose conjugation to Cullins activates Cullin-

based ubiquitin ligase (68). The CSN inhibition of CRL4DDB2 is relieved upon damage 

binding to the DDB2 module within CSN-CRL4DDB2, which results in steric displacement 

of CSN by DDB2 substrate binding (67). Importantly, the DDB2 binding to CPD itself does 

not trigger conformational changes that could serve as a signal for CRL4DDB2 activation, but 

is rather triggered by substrate binding. Thus, the ligase activity is activated towards its 

target substrates XPC, histones H2A, H3, and H4 (69–72). These substrates may be within 

the zone of rotational mobility of CRL4DDB2 ligase.

What could be the functional relevance of DDB2 ubiquitination? Intuitively, DDB2 

ubiquitination could affect the lesion handover from DDB to XPC, or from DDB to TFIIH 

through XPC, since XPC recruits TFIIH for lesion verification (29) and the excised lesion-

containing oligo is held by TFIIH (38). Evidently, DDB2 ubiquitination leads to two 

consequential events- rapid DDB2 degradation (73) and loss of DNA damage binding 

(71,74). Inhibition of DDB2 degradation by proteasome inhibition delays the departure of 

DDB2 from DNA damage sites (72) and decreases GG-NER (75). Similarly, mutation of 

majority of lysine residues within and outside N terminus (K146, K151, K187, K233 and 

K278) renders DDB2 resistant to self-ubiquitination and UV-induced degradation, but 

decreases GG-NER of CPDs and survival of mutant DDB2 expressing cells (74). The 

mutant DDB2 can bind UV-damaged chromatin and the CRL4mutant DDB2 can perform 

normal XPC ubiquitination. However, as it cannot leave the site and resides for a longer 

duration on damage chromatin, it negatively affects the TFIIH and XPA recruitment to 

damage sites. Thus, DDB2 ubiquitination impacts GG-NER via dissociation of DDB2/

CRL4DDB2 from damaged chromatin. Recent discovery of involvement of valosin-

containing protein (VCP)/p97 in extracting ubiquitinated DDB2 and XPC from damaged 

chromatin (discussed below) sheds additional light on how DDB2 ubiquitination regulates 

GG-NER (76,77).
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XPC

XPC is a well characterized substrate of CRL4DDB2 (71,78). XPC ubiquitination occurs as 

early as 15 min following UV-induced damage triggering the rapid accumulation of DDB2, 

Cul4A and XPC at damage sites (69,72). The levels of XPC-ubiquitin conjugates begin to 

decline through reconversion to native XPC state at approximately 4 to 8 h after UV 

exposure. It is not known whether CRL4DDB2 forms K48- or K63-linked ubiquitin chain on 

XPC. However, CRL4DDB2 forms K48-linked ubiquitin chain on DDB2, which drives 

pronounced proteolysis of DDB2. Interestingly, UV irradiation does induce demonstrable 

XPC proteolysis when XPC is not protected by cellular ubiquitin-specific protease 7 (USP7) 

(77). Thus, it is highly likely that CRL4DDB2 forms K48-linked ubiquitin chain on XPC.

CRL4DDB2-mediated XPC ubiquitination, however, does not appear to drive XPC 

degradation in normal cells (71,77). XPC ubiquitination increases DNA and damaged DNA 

binding of XPC without altering its specificity (71). Surprisingly, the ubiquitination inhibits 

cell-free dual incision in vitro. Thus, tighter association of ubiquitinated XPC to damaged 

DNA may prevent efficient assembly of preincision complex. In accord, CRL4DDB2-

mediated ubiquitination around DNA damage was demonstrated to contribute to XPA 

recruitment (79). To reconcile these observations, we speculate that the ubiquitinated DDB2 

and XPC are required for their extraction from damaged chromatin to enable productive 

assembly of preincision complex.

XPC is also characterized as a substrate of RNF111 which is identified as a new SUMO 

(small ubiquitin-like modifier)-targeted ubiquitin ligase (STUbL) (80,81). RNF111 

recognizes SUMOylated substrates through three adjacent SUMO-interacting motifs (SIMs) 

and selectively promotes UV-induced ubiquitination on SUMOylated XPC. The RNF111-

mediated ubiquitination can be reconstituted in vitro in two-step SUMOylation and 

ubiquitination systems, using SUMO-2 and UBC9 for SUMOylation followed by using 

Ubc13/Mms2 as E2 conjugating enzyme and RNF111 as E3 ligase for ubiquitination (80). 

Thus, the ubiquitin chain formed on XPC by RNF111 is presumably the non-proteolytic 

K63-linked ubiquitin.

GG-NER function is regulated by UV-induced SUMOylation and RNF111-mediated 

ubiquitination (80). RNF111 knockdown results in increased accumulation of XPC to 

localized DNA damage sites, but decreases UV-induced DNA repair synthesis. Other studies 

have indicated that RNF111-mediated ubiquitination promotes the release of XPC from 

damaged DNA and is needed for stable incorporation of XPG and XPF into preincision 

complex, thereby contributing to efficient GG-NER (81).

Further characterization of XPC SUMOylation also appears to support a functional link 

between XPC SUMOylation and GG-NER via DDB2 (82). XPC is SUMOylated at multiple 

sites, which reside within the SUMO-1 consensus sequence ψKxE (ψ= hydrophobic amino 

acid, K=lysine, x=any amino acid and E=Glutamic acid) (82,83). XPC SUMOylation affects 

neither its DNA and damaged DNA binding ability nor the dual incision in vitro (82). 

However, mutant XPC lacking major SUMOylation sites shows moderate GG-NER defect in 
vivo, which can be rescued by knocking out DDB2. The XPC SUMOylation mutation 

increases UV-induced DDB2-dependent XPC immobilization in vivo. The mutant XPC are 
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normally recruited to damage sites but fail to support incorporation of TFIIH and XPA to 

damage sites. Thus, XPC SUMOylation regulate GG-NER in vivo via regulating productive 

assembly of preincision complex.

UBIQUITINATION IN TC-NER

CSB

CSB is a substrate of CRL4CSA E3 ligase (65,84), which uses CSA as a substrate receptor. 

The crystal structure of CRL4CSA has also been determined (67). It is no surprise that 

CRL4CSA and CRL4DDB2 exhibit high overall structural similarity. CSA contains a seven-

bladed WD40 propeller and an N-terminal helix-loop-helix motif (HLH box), which 

interacts with propellers BPA and BPC of DDB1. Like CRL4DDB2, CRL4CSA is also 

regulated by CSN. It is not clear whether CSA auto-ubiquitination occurs in vivo. However, 

CSA, like DDB2, can be auto-ubiquitinated by CRL4CSA in vitro and the auto-

ubiquitination is inhibited by the presence of CSN. The inhibition by CSN can be relieved 

by providing substrate CSB. Thus, displacement of CSN by CSB binding activates 

CRL4CSA ligase activity.

CSB ubiquitination mediated by CRL4CSA following induction of cellular DNA damage has 

been described (84–86). For instance, UV irradiation induces CSB ubiquitination in a CSA-

dependent manner (85,86), and results in CSB degradation. How CRL4CSA-medicated CSB 

ubiquitination and subsequent degradation is related to the role of CSB and CSA in TC-NER 

is not yet clear.

In addition to CRL4CSA, the BRCA1-BARD E3 ubiquitin ligase complex is also suggested 

to ubiquitinate CSB and control its stability (87). BRCA1 was detected to localize to CPD 

sites via CSB and RNAPII-mediated transcription. UV induces BRCA1-dependent CSB 

ubiquitination in vivo and the ubiquitination can be reconstituted in vitro using purified 

BRCA1-BARD complex. The siRNA knockdown of BRCA1 decreases the removal of CPDs 

from transcribed strand. The existence of the two aforementioned independent pathways for 

ubiquitin-mediated CSB degradation may reflect the importance of ubiquitination and 

proteolysis of CSB in regulating TC-NER.

RNAPII

DNA damage-induced ubiquitination and subsequent proteasomal degradation of large 

subunit Rpb1 of RNAPII was first described by Bregman et al (54). Since RNAPII 

ubiquitination appears to be dependent on both CSA and CSB, it was reasonably suggested 

to have a role in TC-NER (54,88). This concept, however, has been challenged as more E3 

ubiquitin ligases were found to mediate RNAPII ubiquitination (89), e.g., Elongin A 

ubiquitin ligase complex (90,91), BRCA1-BARD ligase (92,93) and Nedd4 ligase (53).

Elongin is a heterotrimeric complex composed of one large subunit Elongin A, and two 

small subunits B and C. Through Elongin B and C, the Elongin heterotrimer is linked to a 

heterodimeric module composed of Cul2 or Cul5 and RING finger proteins Rbx1 or Rbx2 to 

form a multisubunit complex which can function as E3 ubiquitin ligase (94,95). The Elongin 

A ubiquitin ligase complex uses Von Hippel-Lindau (VHL) tumor suppressor protein as 
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substrate receptor for Rpb1 (91). The involvement of VHL in TC-NER was suggested by the 

examination of TCR-NER-dependent toxicity of antitumor compound Et743 (96). It is 

known that Et743 forms Et743-DNA adducts which cause toxicity via trapping TC-NER 

machinery while it attempts to excise the adducts. In particular, VHL is required for Et743-

induced RNAPII degradation and Et743 toxicity. The yeast counterpart of Elongin A 

ubiquitin ligase contains Ela1 (Elongin A), Cul3, Elc1(Elongin C) and Rbx1. Yeast Elongin 

A ligase complex (97,98) works cooperatively with Rsp5 E3 ubiquitin ligase (99) to 

ubiquitinate Rpb1. Surprisingly, Rsp5 partner Def1 is not required for TC-NER (100,101). 

Also, Ela1, Cul3 or Elc1 appears to function via a separate pathway than Rad26 (CSB in 

yeast). Thus, Rpb1 degradation may not be an integral part of TC-NER, at least in yeast.

Despite the prevalent discrepancy, it can be argued that once DNA damage is sensed by 

elongating RNAPII, TC-NER can only proceed by the congregation of E3 ubiquitin 

ligase(s), and CSB and CSA as well as other factors such as TFIIS, HMGN1, XAB2 and 

VCP/p97. Of these factors, VCP/p97 plays a role in timely extraction of ubiquitinated 

proteins from damaged chromatin. Nevertheless, the involvement of multiple E3 ubiquitin 

ligases in Rpb1 ubiquitination clearly alludes to the importance of Rpb1 degradation in DNA 

damage response. Ditching a damage-arrested RNAPII via proteolytic clearance may allow 

RNAPII-blocking lesions to either repair by GG-NER and/or prevent catastrophic cellular 

events like cell death to occur.

PROCESSING OF UBIQUITINATED DNA DAMGAE SENSORS BY VCP/p97

VCP/p97, a facilitator of UPS

VCP/p97, known as CDC48 in yeast, belongs to AAA (ATPase-associated with various 

cellular activities) family (102). The Cdc48 allele was first identified three decades ago by a 

genetic screen of genes which affect cell growth at non-permissive temperature (103). Now, 

CDC48/p97 is recognized as the central player that integrates modification of proteins, their 

execution of function and proteasomal degradation mediated by ubiquitination, 

SUMOylation and neddylation. The structure, function and adaptors/cofactors of VCP/p97 

are extensively reviewed (104–106). Substrates of CDC48/p97 include many nuclear factors 

involved in DNA replication, DNA repair, transcription, telomere maintenance, sister-

chromatid segregation and SUMO-targeted ubiquitination (105).

VCP/p97 is a type II AAA+ ATPase with a large amino-terminal domain (N-domain), two 

ATPase domains D1 and D2, a N-D1 linker and a short D1-D2 linker. Unlike many bacterial 

AAA+ proteins, six VCP/p97 monomers structurally assemble into ring-like hexameric 

complex, with two centric N-D1 and D2 rings (106). It is generally believed that VCP/p97 

undergoes dramatic conformational changes which generate the needed mechanical force for 

VCP/p97 to segregate ubiquitinated clients from their tightly bound partners or multimeric 

assemblies. Despite that many hexameric ring-like AAA+ proteins are protein unfoldases 

(by definition, unfoldase unfolds substrate into linear peptides), VCP/p97 may unfold some 

clients but not the others, which allows some of VCP/p97 clients to be rescued via removal 

of ubiquitin by deubiquitinating enzymes (DUBs)/USPs.
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VCP/p97 cooperates with different sets of mutually exclusive cofactors/adaptors for 

different cellular functions. The cofactors/adaptors of VCP/p97 recognize ubiquitinated 

clients. Many cofactors/adaptors, including UFD1, NPL4, Ataxin-3 and UBX proteins, bind 

VCP/p97’s N-domain via ubiquitin regulatory X (UBX), or UBX-like (UBXL) domains or 

via VCP-interacting motif (VIM), VCP-binding motif (VBM) or SHP box (107). The 

UFD1-NPL4 is a known VCP/p97 substrate-recruiting cofactor, which is needed for 

extracting the misfolded proteins from endoplasmic reticulum (ER) membrane during ER-

associated degradation (108–111).

Among many VCP/p97 cofactors, UBXD7 is one of five UBX proteins (p47, UBXD7, 

UBXD8, FAF1 and SAKS1) that also contain ubiquitin-associated (UBA) domain, and thus 

are classified as UBA-UBX proteins. UBXD7 is unique because it also binds to CRL ligases 

through its ubiquitin-interacting motif (UIM) (112–114). The UIM of UBXD7 can recognize 

ubiquitin-like modifier Nedd8. As mentioned above, CRL ligases are activated upon Nedd8 

conjugation to Cullins. Although UBXD7 binds to activated CRLs, the functional 

significance of the UBXD7’s binding, however, is not fully understood. UBXD7 may play a 

role in coordinating substrate ubiquitination and VCP/p97-mediated factor extractions.

VCP/p97 mediates the timely extractions of DDB2 and XPC in GC-NER

Although CRLDDB2 assists damage recognition conducted by XPC via ubiquitination of 

XPC, neither CRLDDB2 nor XPC are the components of final preincision complex. Recent 

studies have revealed a role of VCP/p97 in extracting DDB2 and XPC from UV-induced 

damage sites (76,77), and thereby identified VCP/p97 as a new player operational in GG-

NER.

Upon UV-induced DNA damage, VCP/p97 translocates to lesion sites within 15 min and 

forms distinct UV radiation-induced foci (UVRIF). The formation of VCP/p97 UVRIF is 

dependent on proteasomal function, CRLDDB2-mediated ubiquitination and partially on the 

presence of XPC (76). VCP/p97 physically binds to K48-polyubiquitinated DDB2, and 

knockdown of VCP/p97 prevents UV-induced DDB2 degradation and prolongs the retention 

of DDB2 and ubiquitinated XPC in chromatin. Functionally, VCP/p97 is required for 

efficient repair of both 6-4PPs and CPDs. VCP/p97 deficiency causes UV-induced 

chromosomal aberrations, which can be alleviated by a concomitant down regulation of 

DDB2 or XPC. Thus, timely extraction of both DDB2 and XPC by VCP/p97 leads to 

efficient GG-NER, whereas prolonged retention of DDB2 and XPC on damaged chromatin 

causes unexpected genotoxicity.

The VCP/p97-mediated XPC extraction was confirmed by independent studies in USP7-

knockout HCT116 cells (77). Specifically, UV-induced XPC proteasomal degradation occurs 

without protection by USP7 which deubiquitinates XPC. In USP7-knockout cells, VCP/p97 

inhibition prevents UV-induced XPC degradation and increases accumulation of 

ubiquitinated XPC in damaged chromatin. USP7 deletion results in severe repair defect in 

the removal of CPDs. Thus, VCP/p97 acts as a segregase rather than an unfoldase for XPC 

regardless of proteolysis, allowing ubiquitinated XPC to be rescued by USP7. The VCP/p97 

cofactors UFD1-NPL4 and UBXD7 are involved in VCP/p97-mediated extraction of DDB2 
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and presumably XPC (76). However, the direct link between CRLDDB2 and UBXD7 remains 

to be investigated.

VCP/p97 participates in TCR-NER

VCP/p97 functions in ubiquitin-mediated degradation of RNAPII—Elongating 

RNAPII and CSB are damage sensors for TC-NER. Analogous to VCP/p97-mediated 

extraction of DDB2 and XPC in GG-NER, yeast CDC48/p97 was found to mediate UV-

dependent turnover of RNAPII (115). The large RNAPII subunit Rpb1 was identified, by 

mass spectrometry of ubiquitin conjugates, to be associated with proteasome in cdc48 

mutant cells. Further studies revealed that UV induces Rpb1 degradation in a CDC48-

UFD1-NPL4-, Ubx4- and Ubx5-dependent manner. It was noted that Ubx5 and Cdc48 act 

downstream of Cul3 in UV-induced Rpb1 degradation. Cul3 not only physically binds Ubx5, 

but also is required for accumulation of Rpb1-ubiquitin conjugates in Ubx5 deleted cells. 

Thus, Cul3 appears to handoff ubiquitinated Rpb1 to Ubx5. It is noteworthy that Ubx5 is a 

yeast ortholog of UBXD7 (114). Interestingly, CDC48/p97-mediated Rpb1 degradation is 

prompted by the regulatory control exerted via ATP-dependent INO80 chromatin remodeler 

complex (116). INO80 physically and functionally interacts with CDC48/p97, in facilitating 

release of the ubiquitinated Rpb1 from its tight association with chromatin for degradation. 

Intriguingly, INO80 function in Rpb1 turnover is required for cell growth and survival 

during genotoxic stress. Thus, CDC48/p97 plays an obvious role in ubiquitin-mediated Rpb1 

degradation in yeast.

In mammalian cells, our unpublished data suggest a similar VCP/p97 function. Surprisingly, 

the UV-induced Rpb1 ubiquitination and degradation occur in CSB-independent manner. 

The CSB presence transiently stabilizes Rpb1 and enhances Rpb1-VCP/p97 interaction. In-

depth investigation is underway to obtain a clearer view of VCP/p97-mediated Rpb1 

extraction in mammalian cells.

VCP/p97 functions in proteolytic processing of CSB—Our recent studies have 

uncovered a role of VCP/p97 in mediating proteolytic processing of CSB (86). Similar to 

their role in extracting DDB2 and XPC, VCP/p97, its cofactors UFD1-NPL4 and UBXD7 

are involved in UV-induced CSB degradation. VCP/p97 physically interacts with both native 

and ubiquitin-conjugated forms of CSB. However, the manifestation of UVRIF of VCP/p97 

is independent of CSB and UBXD7, suggesting that formation of VCP/p97 UVRIF is 

largely related to GG-NER. Inhibition of proteasome and VCP/p97 function allows the 

accumulation of both native and ubiquitinated CSB, and results in accumulation of UBXD7 

and proteasome in chromatin. The investigation also revealed that CRL4CSA is associated 

with both VCP/p97 and UBXD7. Thus, VCP/p97 is involved in timely extraction of both 

ubiquitinated RNAPII and CSB during TC-NER.

UBIQUITNATED DNA DAMGAE SENSORS ARE DIFFERENTLY RESCUED 

BY USPS

The unique aspect of ubiquitin as a signal for monitoring DNA damage sensors and their 

function at DNA lesions during GG-NER and TC-NER is that the ubiquitination can also 
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control the ultimate fate of the involved proteins. The editing of ubiquitin chains by DUBs/

USPs provides an additional level of regulation by delaying or preventing premature 

ubiquitin-mediated degradation. Several USPs have been found to regulate the fate of 

damage sensors.

USP24 in GG-NER

USP24 has been identified as a DDB2-interacting partner by yeast two-hybrid screening 

(119). The interaction between USP24 and DDB2 was confirmed by co-

immunoprecipitation. Knockdown of USP24 decreases steady-state level of DDB2. Thus, 

USP24 may be a candidate for DDB2 deubiquitination.

USP7 in GG-NER

USP7, also known as a herpesvirus-associated ubiquitin-specific protease, is one of the best 

characterized DUBs/USPs for tumor suppressor p53 and Mdm2 (120,121). Our recent work 

has identified USP7 as the deubiquitinating enzyme specific for XPC (77). USP7 binds and 

deubiquitinates XPC in vivo and in vitro. A unique characteristic of USP7-mediated XPC 

deubiquitination is that it protects XPC from VCP/p97-mediated proteasomal degradation, 

allowing XPC to recycle during GG-NER. Cells lacking USP7 rapidly degrades XPC and 

essentially fail to repair CPDs after UV irradiation. Thus, XPC is recycled to allow multiple 

rounds of cellular GG-NER. We envisage that by recycling XPC, cells could sustain GG-

NER at an optimal level, by utilizing the lower available constitutive level of XPC which are 

essential to avoid any unwanted excision of XPC-binding DNA structures.

USP7 has three structurally recognizable domains: the N-terminal TRAF domain, the 

catalytic domain and the C-terminal tandem ubiquitin-like (UBL) domains. USP7 uses 

TRAF domain to recognize the P/AxxS motif in p53 and Mdm2 (122). Away from this 

substrate recognition mechanism, USP7 is found to bind XPC via UBL1 (77). It was 

recently noted that tandem UBL domains of USP7 recognize a consensus primary sequence 

containing KxxxK motif in substrates, e.g., DNMT1, UHRF1 and ICP0 (123). Such a 

KxxxK motif indeed exists in XPC within amino acid 328 to 440 (Figure 1). We suggest that 

USP7 recognizes XPC using a different mechanism than the one utilized for p53 and Mdm2.

Besides USP7, OTUD4 was recently identified as a XPC interaction partner (124). 

Intriguingly, OTUD4 was the DUB, previously characterized as an USP7 substrate-binding 

partner in deubiquinating DNA demethylases ALKBH2 and ALKBH3 (125). It is not known 

whether OTUD4 works independently or cooperatively with USP7 to deubiquitinate XPC.

USP7 and UVSSA in TC-NER

USP7 was also identified as a partner of UVSSA, whose gene mutations cause UV-sensitive 

syndrome (126–128). The UVSSA protein was shown to interact with RNAPII, CSA, CSB 

and TFIIH. However, whether UVSSA is recruited to DNA photolesions as an RNAPII 

interaction partner (126) or as a CSA interaction partner (85,127) remains to be established. 

UVSSA also interacts with TRAF domain of USP7 (123) and forms a UV-independent 

complex with USP7 (126). Through such interaction, USP7 can be recruited to TC-NER 

complex upon UV damage. Depletion of USP7 leads to a decrease in UV survival and in 
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RNA synthesis recovery similar to UVSSA depletion, indicating a role of USP7-UVSSA in 

regulating TC-NER.

In the absence of UVSSA or USP7, UV-induced CSB degradation is accelerated. Therefore, 

it was suggested that UVSSA stabilizes CSB following UV by targeting USP7 to TC-NER 

complex to deubiquitinate UV-induced ubiquitin chain on CSB (126). In line with this, CSB 

recovery is also severely abolished in cells lacking USP7, at later times following UV 

exposures (86). We envisage that UVSSA acts as an interaction partner of USP7 to recruit it 

to trim the ubiquitin chain on CSB for maintaining its remodeler function and rescue it from 

VCP/p97-mediated proteolysis. Future in-depth dissection of the role of UVSSA and USP7 

in CSB deubiquitination will help to fully understand the molecular mechanism of TC-NER.

HYPOTHETICAL MODELS

To summarize, NER can be conducted in vitro without any observable regulation by 

ubiquitination. However, in the native cellular environment, NER process is inevitably 

regulated by ubiquitination. With VCP/p97 in play, we feel comfortable in proposing 

overarching hypothetical models for the assembly of preincision complexes orchestrating the 

early events in GG-NER (Figure 2) and in TC-NER (Figure 3). In GG-NER, the 

ubiquitinated, lesion-holding DDB2 is extracted by VCP/p97 from CRLDDB2 and as a result, 

CRL is dispatched from chromatin following completion of its task of initial damage 

detection. The departure of CRLDDB2 facilitates the arrival of TFIIH and XPA. This 

hypothesis reconciles (i) structural characteristics of DDB and XPC proteins (25,47,67), (ii) 

the role of CRLDDB2 complex in recruiting TFIIH (60) and XPA (79), and (iii) the role of 

XPC and the effect of XPC SUMOylation in recruiting XPA and TFIIH (82). The 

CRLDDB2-mediated XPC ubiquitination enhances the inherent binding of XPC, which 

recruits TFIIH and positions both TFIIH and XPA for obligatory lesion verification (29,71). 

We speculate that both CRLDDB2-mediated XPC ubiquitination and RNF111-mediated 

SUMO-targeted XPC ubiquitination contributes to ubiquitin-dependent VCP/p97-mediated 

extraction of XPC (76,77,81). The departure of XPC in turn facilitates the arrival of XPG 

and XPF on the lesion-containing DNA strand and the RPA on the non-lesion strand, 

forming preincision complex without the presence of DDB and XPC.

As for the TC-NER (Figure 3), transcription-blocking DNA lesions are initially sensed by 

elongating RNAPII. The current model hypothesizes that the stalling of RNAPII by DNA 

lesions transiently pauses RNAPII elongation machinery, and the latter is stabilized by CSB, 

which dynamically interacts with this machinery during elongation. The stabilized RNAPII 

elongation machinery-CSB sets a stage for the action of Elongin A ubiquitin ligase complex, 

CRL4CSA and other core NER factors. Once again, the model emphasizes the regulation of 

TCR process by ubiquitination. Although RNAPII at lesions may not interfere with dual 

incision in vitro (117,118) and RNAPII-DNA interface may be remodeled by CSB in favor 

of TC-NER (48), but once ubiquitinated in vivo, RNAPII must be extracted and removed not 

only to process TC-NER but to ensure cell survival. In the model, CSB functions to stabilize 

lesion-arrested RNAPII elongation machinery, allowing CRL4CSA, TFIIH and XPA to come 

to the stage. RNAPII and CSB are independently ubiquitinated by their own ubiquitin 

ligases. However, in our hypothetical model we like to highlight the co-extraction of 
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RNAPII and CSB by VCP/p97. We further speculate that the co-extraction ensures the 

timely removal of RNAPII and CSB for proper dispatching of the remaining components of 

elongation machinery and suitably positioning of TFIIH, XPA and RPA. In essence, VCP/

p97-mediated extraction of RNAPII and CSB is a key process associated with TC-NER.

CONCLUDING REMARKS

In recent years, significant progress has been made to understand the highly coordinated 

molecular events in cellular processes like DNA replication and DNA damage response. It is 

becoming clear that both the recruitment and removal of proteins at replication forks or 

DNA damage sites/lesions are highly regulated to enable effective functions of the involved 

protein complexes. In this review, we have discussed the ubiquitination, ubiquitin-dependent 

extraction of DNA damage sensors and their functional consequences in sequential events of 

assembly of preincision complex in NER.

Multiple ubiquitination events occur in the process of NER. The ubiquitination of DNA 

damage sensors is important not only for regulating protein-DNA interaction but also for 

driving the transition through multiple steps of damage recognition and verification towards 

the assembly of preincision complex. Perhaps ubiquitination helps to set precise temporal 

sequence for clearing the factors from chromatin when their activity is no longer required or 

the occupied spaces are needed for downstream events or critical compositional changes are 

necessary for productive repair assembly. Another major benefit of ubiquitination as timing 

clock is in dictating the fate of the engaged protein(s)- to set them for a complete destruction 

or rescue them for additional rounds of DNA repair.

While many essential features of VCP/p97-mediated extraction of chromatin-associated 

DNA damage sensors have begun to form a clear conceptual foundation, many aspects of 

this complex phenomenon remain elusive. Various questions could be raised about the 

hypothesized models proposed in our compilation of molecular events. For example, does 

SUMOylation or RNF111-mediated non-proteolytic K63 ubiquitination of XPC contribute 

to its extraction by VCP/p97 complex? In the case of CRL4DDB2- and/or CRL4CSA-

mediated ubiquitination, is the substrate ubiquitination coupled to substrate extraction by 

dynamic interaction between CRL4 and VCP/p97 complex? What does VCP/p97 cofactor 

UBXD7 do? The answers to such questions, and newer insights on compositional changes 

within the arrested RNAPII-containing elongation machinery, will undoubtedly shed more 

useful light on the role of VCP/p97 and related factors operational in NER.
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NER nucleotide excision repair
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GG-NER global genomic NER

TC-NER transcription-coupled NER

DDB damaged DNA binding protein

XP Xeroderma Pigmentosum

XPC Xeroderma Pigmentosum complementation group C

RNAPII RNA polymerase II

CS Cockayne syndrome

CSB Cockayne syndrome protein B

CSA Cockayne syndrome protein A

VCP valosin-containing protein

UV ultraviolet

CPD cyclobutane pyrimidine dimer

6-4PP pyrimidine (6-4) pyrimidone photoproducts

UVSSA UV-stimulated scaffold protein A

TFIIH transcription factor II H

CAK CDK-activating kinase

RPA replication protein A

PCNA proliferating cell nuclear antigen

ERCC1 excision repair cross-complementation group 1

RFC replication factor C

RNAPII RNA polymerase II

Cul4A Cullin 4A

UPS ubiquitin-proteasome system

COP9 constitutive photomorphogenesis 9

CSN COP9 signalosome

CRL4 DDB1-Cul4-Rbx1

DCAF DDB1- and Cul4A-associated factors

SUMO small ubiquitin-like modifier

STUbL SUMO-targeted ubiquitin ligase
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BRCA1 Breast cancer type 1 susceptibility protein

BARD BRCA1-associated RING domain protein

USP7 ubiquitin-specific protease 7

DUB deubiquitinating enzyme
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Figure 1. 
Putative KxxxK motif in XPC. The alignment of corresponding KxxxK sequences in 

DNMT1, UHRF1, ICP0, H3 and H2A in comparison with KxxxK sequence in XPC. Highly 

conserved residues are highlighted in dark green and conserved residues in light green. The 

putative conserved residues in XPC are in green letters.
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Figure 2. 
Schematic model depicting the role of VCP/p97 in the assembly of preincision complex 

during GG-NER. CRLDDB2 is recruited to DNA lesions situated in chromatin to recruit and 

support XPC. Arrival of XPC displaces CSN and activates CRLDDB2 to ubiquitinate DDB2 

and XPC in a K48-linked ubiquitin chain. XPC ubiquitination enhances damage binding of 

XPC, which recruits TFIIH and XPA. The K48-polyubiquitinated DDB2 is extracted by 

VCP/p97, facilitating the arrival of TFIIH and XPA to the lesion. Meanwhile, RNF111 is 

recruited and mediates a UV-induced SUMO-targeted K63-ubiquitination of XPC. 

Subsequently, VCP/p97 mediates ubiquitin-dependent extraction of both K48- and K63-

ubiquitinated XPC from lesion sites. The departure of XPC in turn facilitates the arrival of 

XPG and XPF as well as RPA, forming the final preincision complex. The ubiquitinated 

DDB2 undergoes proteolysis. Whereas, the ubiquitinated XPC is deubiquitinated by USP7, 

which restores the native state and constitutive levels of XPC.
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Figure 3. 
Schematic model depicting the role of VCP/p97 in the assembly of preincision complex 

during TC-NER. When elongating RNAPII encounters a transcription-blocking lesion, it is 

transiently installed by the lesion. The installed RNAPII stabilizes the interaction between 

RNAPII elongation machinery and preexisting CSB or recruits CSB de novo. The transiently 

stabilized RNAPII elongation machinery stimulates the formation of a functional Cullin-

based Elongin A ubiquitin ligase complex or recruits a RNAPII E3 ubiquitin ligase. 

Simultaneously, CRL4CSA is recruited to the arrested machinery in a CSB-dependent 

manner. Consequently, RNAPII and CSB are independently ubiquitinated. The ubiquitin 

conjugates recruit VCP/p97 complex, which may dynamically interact with activated CRL4. 

Next, TFIIH and XPA arrive and replace RNAPII when RNAPII-CSB is co-extracted by 

VCP/p97 complex. Finally, the arrival of XPG and XPF as well as RPA completes the 

formation of preincision complex. The ubiquitinated CSB undergoes deubiquitination by 

USP7, whereas ubiquitinated RNAPII is degraded by proteasome.
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