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Abstract

The demonstration of DNA damage excision and repair replication by Setlow, Howard-Flanders,
Hanawalt and their colleagues in the early 1960s, constituted the discovery of the ubiquitous
pathway of nucleotide excision repair (NER). The serial steps in NER are similar in organisms
from unicellular bacteria to complex mammals and plants, and involve recognition of lesions,
adducts or structures that disrupt the DNA double helix, removal of a short oligonucleotide
containing the offending lesion, synthesis of a repair patch copying the opposite undamaged
strand, and ligation, to restore the DNA to its original form. The transcription-coupled repair
(TCR) subpathway of NER, discovered nearly two decades later, is dedicated to the removal of
lesions from the template DNA strands of actively transcribed genes. In this review I will outline
the essential factors and complexes involved in NER in humans, and will comment on additional
factors and metabolic processes that affect the efficiency of this important process.
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1. Introduction

Living organisms across the evolutionary scale protect their genetic material against the
constant threats posed by environmental agents and byproducts of cellular metabolic
processes. Even the simplest unicellular beings possess mechanisms for the prevention and
repair of damage to their DNA.

Here | will review the nucleotide excision repair (NER) pathway, a versatile mechanism that
removes helix-distorting DNA lesions and structures from the genome. Several other
dedicated pathways that have evolved to deal with different classes of lesions or non-
canonical forms of DNA will be addressed in other sections in this volume.
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The NER process begins with the recognition of a DNA lesion. Then, dual incisions of the
damaged DNA strand, one on either side of the lesion, are produced. The lesion-bearing
oligonucleotide is removed, a patch is synthesized using the undamaged complementary
strand as a template, and the patch is ligated to the contiguous strand.

NER removes lesions from the entire genome, albeit with varying efficiencies; in the early
1980s it was discovered in mammalian cells that certain lesions such as UVC-induced
cyclobutane pyrimidine dimers (CPD) were excised more rapidly from the transcribed
strands of active genes than from the opposite strands. This process was named
transcription-coupled repair (TCR), and has been defined as a subpathway of NER; repair in
the global genome is known as global genomic repair (GGR). TCR was subsequently shown
to operate for other so-called bulky adducts, and in E. coli, in yeast and in other organisms,
reviewed in [1, 2].

2. Global and transcription-coupled repair in human cells

NER in eukaryotes has been the subject of extensive reviews, for example [3, 4], and human
disorders caused by defective NER have been described [5-7]. The sequence of events in
human GGR is the same as that in unicellular prokaryotes, but the process is more
complicated and the number of proteins involved is much larger than in E. coli, as shown in
Figure 1. Importantly, in E. coli the same six NER factors are required for GGR and for
TCR, while in humans TCR can be completed in the absence of the GGR damage
recognition factors XPE, XPC or hRAD23b [1].

2.1 Damage recognition

2.1.1 Global genomic repair—In GGR, a helix distorting lesion or structure can be
directly recognized by XPC, complexed with hRAD23B and centrin 2 (CETNZ2). Certain
lesions such as CPD, which do not significantly destabilize DNA duplexes, are first
recognized by DDB2 (XPE) in complex with DDBL1, creating a kink that is recognized by
XPC. DDB1 and DDB2 are part of the CUL4-ROCL1 ubiquitin ligase complex that
ubiquitylates DDB2, XPC and histones after DNA damage has occurred. XPC has been
shown to bind the strand opposite the lesion, thus explaining its universal capacity for
recognition of diverse types of lesions [8]. The XPC-hRAD23b-CETN2 complex melts the
DNA around the lesion and recruits the multiprotein complex TFIIH.

2.1.2 Transcription-coupled repair—Humans have four RNA polymerases (RNAP),
the nuclear RNAPI, Il and 111, and a single-polypeptide mitochondrial mtRNAP that is
similar to that of bacteriophage T7. RNAPI synthesizes ribosomal RNA precursors, RNAPII
synthesizes mMRNA, snRNA and micro RNA, and RNAPIII produces ribosomal 5S rRNA,
tRNA and other small RNAs. Although TCR in RNAPI-transcribed genes has been shown
in yeast [9], no strand bias for repair of UV-induced CPD was found in ribosomal RNA
genes in mammalian cells [10], although interestingly the TCR factor CSB has been shown
to form a complex with RNAPI, TFIIH and XPG in nucleoli, providing stability to the
complex to promote efficient rRNA synthesis [11]. To our knowledge, no TCR has been
documented for RNAPIII-transcribed genes (see elsewhere in this volume). Thus we will
limit our comments to repair of sequences transcribed by RNAPII.
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A translocating RNAP can be blocked by bulky adducts such as the photoadducts CPD and
6-4 pyrimidine-pyrimidones (6-4PP), cis-platin intrastrand crosslinks, BPDE
(Benzo(a)pyrene diolepoxide) and other polycyclic aromatic hydrocarbons; by
discontinuities in the template strand (nicks, gaps, abasic sites); and by collisions with
replication complexes. Some sequences in DNA that are prone to forming non-canonical
DNA structures, or those that can form super-stable DNA-RNA hybrids, can also arrest
transcription when the RNA polymerase attempts translocation through the suspect
sequence; the current hypothesis is that R-loops that occur “behind” the polymerase impede
its progress, reviewed in [12]. R-loops can be converted to double strand breaks in a process
that requires the NER endonucleases XPF and XPG and the TCR factor CSB, but not XPC
[13].

A blocked RNAPII constitutes the first step for damage recognition in TCR. The arrested
elongation complex recruits CSB (ERCCS6), a transcription elongation factor that
translocates along template DNA with RNAPII. CSB strongly binds the polymerase when it
is blocked at a lesion, and changes the DNA conformation by wrapping the DNA around
itself, altering the interface between RNAPII and DNA [14]. CSB recruits the CSA
complex, NER factors (not including the GGR recognition factors XPC and XPE) and p300
to sites of arrested RNAPII, and has been considered the master coordinator of TCR in
humans, with roles similar to those carried out by Mfd in E. coli. CSA (ERCCB) is the
substrate recognition factor in the DCX E3 ubiquitin ligase complex, which contains CSA,
RBX1, and CUL4A. This complex interacts with the COP9 signalosome upon UV
irradiation. CSA is required for recruitment of XAB2, the nucleosome remodeling factor
HMGNL1 and TFIIS to sites of arrested RNAPII. CSA-dependent degradation of CSB is
required for recovery of RNA synthesis after UV damage [15].

The recently identified UVSSA protein and its partner USP7 [16-18] are loosely associated
with elongating RNAPII. Upon transcription arrest, these factors bind strongly to RNAPII,
and USP7 deubiquitylates CSB to stabilize it. Together UVSSA and USP7 prevent DNA
damage-induced degradation of CSB, facilitate CSA and CSB-dependent ubiquitylation of
arrested RNAPIIo (the phosphorylated form of RNAPII during elongation), its remodeling,
and USP7-dependent deubiquitylation, and its recycling to non-phosphorylated RNAPIIa for
transcription initiation (reviewed in [1, 19]).

An arrested RNAPII may be targeted for degradation, or it may bypass the lesion with
possible misincorporation of ribonucleotides, a phenomenon termed transcriptional
mutagenesis [20]. We favor a model in which the RNAPII reverses translocation with
cleavage of the nascent transcript, also called backtracking, to reveal the offending lesion
and to allow space for the repair complex to operate. TFIIS is a transcription elongation
factor that stimulates mMRNA cleavage by RNAPII, is required for recovery of RNA
synthesis after UV-induced damage, and is recruited to sites of damage by CSA [21].
RNAPII backtracking would result in re-annealing of the 8 to 11-nucleotide bubble that
RNAP forms as it elongates; it is not known which factor(s) keep this bubble open, or
reopen it, to facilitate the next steps in NER, a job performed by XPE and the XPC complex
in the GGR pathway.
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2.2 Incision, excision, repair synthesis and ligation

The TCR and GGR subpathways converge when TFIIH is recruited to the repair site (Fig.
1). TFIIH is a transcription initiation complex that comprises 10 proteins; two of them are
the ATPases/helicases XPB and XPD. Only the ATPase activity of XPB is required for
NER, while XPD must be active as both ATPase and helicase, suggesting that XPD
translocates along the DNA and detects lesions when its motion is impeded [22]. XPB and
XPD unwind the DNA to create a 20 to 30-nucleotide bubble. Other components of TFIIH
participate in NER: p8, the smallest subunit, is an absolute requirement for NER and it is
defective in trichothiodystrophy complementation group A (TTD-A); p52 stimulates XPB,
and p44 stimulates XPD [23]. Once the pre-incision complex is assembled, XPA, RPA and
XPG are recruited. XPA binds the DNA near the 5’ side of the bubble, where it interacts
with TFIIH, RPA, PCNA, XPC, DDB2 and ERCC1-XPF. RPA is composed of three
subunits, and binds the sSDNA opposite the lesion, protecting it from degradation and
helping to coordinate excision and repair events [3]. XPG associates with TFIIH and lends
structural support, but its endonuclease activity is not triggered until ERCC1-XPF has been
recruited by XPA to the 5 end of the bubble. The order in which the dual incisions are made
had been the subject of discussion; Fagbemi and colleagues demonstrated that ERCC1-XPF
makes the first incision, and that repair synthesis can be initiated and will proceed for
several nucleotides in the absence of XPG incision [24]. The DNA replication machinery
pol &/e/x-PCNA-RFC-RPA synthesizes a patch displacing the damaged strand and TFIIH;
pol ¢ is active for NER in replicating cells and pol & and x are the main NER polymerases in
non-replicating cells [25, 26]. XPG incises the 3’ single/double strand junction, and ligase |
seals the DNA in replicating cells, while ligase Illa and its cofactor XRCC1 carry out this
step in quiescent cells [3].

3. NER in chromatin

The complicated NER process operates within the nucleus, where eukaryotic DNA is bound
to histones that need to be modified or rearranged to allow transcription, replication or repair
activities, as proposed by Smerdon and Lieberman in their “access-repair-restore” model
[27]. The subject of NER in chromatin has been recently reviewed [28] and is addressed in
this volume.

3.1 TCR in chromatin

Nucleosome-bound DNA poses significant barriers to RNA polymerases, while avoiding
exposure of cryptic promoters within ORFs. Tightly controlled and extremely complex sets
of histone modifiers have evolved to regulate each step during transcription. The situation
becomes much more complicated when repair must occur in conjunction with transcription.
In addition to histone acetylases, histone chaperones, deacetylases (HDACS) and other
chromatin modifying enzymes that regulate transcription, some factors are specifically
recruited by TCR proteins, or act exclusively during TCR. For example, the HAT p300 and
the nucleosomal nonhistone binding protein HMGNL1 (see section in this volume), which
stimulates HAT activity [21] and unwinds chromatin, are recruited to TCR sites in a CSA-
and CSB-dependent manner [29], and UVSSA also interacts with HMGNL1 [16; reviewed in
[30]. CAF-1 is involved in chromatin assembly associated with DNA replication and repair,
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but to our knowledge it has not been found in association with TCR complexes. The newly
identified FACT (facilitates chromatin transcription) subunit SPT16 specifically binds to
TCR sites in chromatin in UV-irradiated cells, while RNAPII stalling per se does not elicit
binding of SPT16. Knock-down of SPT16 results in decreased recovery of RNA synthesis
after UV [31]. The backtracking model for the TCR mechanism requires removal of the
nucleosomes that reassemble behind RNAPII. The p300 and HMGN1 chromatin factors,
which have been found to co-precipitate with stalled RNAPII complexes, facilitate
nucleosome sliding upstream of RNAPII so that the polymerase can backtrack [1, 32, 33].

As the nascent RNA exits RNAPII, various protein complexes process the RNA readying it
for export to the cytoplasm. Of these, the THO, TREX and THSC/TREX-2 complexes have
been shown to be required for TCR, suggesting that proper biogenesis of export-competent
mRNA is important for transcription processivity [34]. Other factors that modulate
transactions between transcription and mRNA biogenesis also play a role in TCR; these
include the PAF/Pafl and the Ccr4-Not complexes, reviewed in [35].

4. The eukaryotic response to DNA damage

As has been shown for the SOS genomic stress response for bacteria, DNA damaged in
human cells results in altered expression of hundreds of genes; however, different human
cell types respond to damage differently, suggesting that cells in each organ may have
evolved unique sensitivities to different types of DNA damage [36].

4.1 DNA damage checkpoints, effects on NER

An important factor in regulation of NER is the abundance of the proteins involved. In E.
coli, DNA damage leads to the induction of a set of genes in a process known as the SOS
response [37, 38]. It is generally thought that NER proteins are kept at low levels to inhibit
unspecific “gratuitous repair” events in undamaged DNA. Although there is no direct
equivalent to the SOS response in humans, a series of reactions termed the DNA damage
response (DDR) is induced upon DNA damage (see section in this volume): cell cycle
checkpoints at the G1/S and G2/M boundaries are activated, pausing the cell cycle and
giving the cell time to repair the damage before continuing to divide. The use of the term,
DDR, has usually been applied specifically to double-strand breaks and replication fork
arrest, and for different types of genomic stress the scenario may be quite different.
Checkpoint activation is controlled by two master kinases, ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and Rad3 related (ATR). These kinases phosphorylate
downstream targets in a signal transduction cascade, eventually leading to cell cycle arrest
[39]. Among the numerous protein-protein interactions of ATM and ATR, illustrated in a
SPIKE interactive map (http://www.cs.tau.ac.il/~spike/), an important downstream target is
p53, a tumor suppressor that can arrest the cell cycle at the G1/S checkpoint when the DNA
is damaged, and is required for inducing apoptosis following DNA damage; p53 can activate
a large number of genes (http://www.cs.tau.ac.il/~spike/), including genes coding for the
NER lesion recognizing proteins DDB2 (XPE) and XPC [40, 41].
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4.2 Other factors that regulate NER

In addition to p53, it has been reported that DDB2 and XPC are targeted for stimulation by
poly(ADP-ribose) polymerase-1 (PARP-1) (see section in this volume). PARP-1 is activated
by DNA damage in mammalian cells, using NAD* to form ADP-ribose polymers (PAR;
PARYylation) that modify numerous enzymes including itself. Among its targets are several
proteins involved in BER, homologous recombination and non-homologous end joining,
reviewed in [42]. Robu et al. have now shown that PARP-1 PARylates DDB2 and
stimulates recruitment of XPC by DDBZ2, significantly increasing the efficiency of NER
[43].

DDB2, XPC and GADDA45 (a protein involved in growth arrest in response to DNA
damage) can also be simulated by BRCA1 (Breast Cancer 1) independently of p53, as
shown by Hartman and Ford [44]. BRCAL is a tumor suppressor that forms part of the
BRCA1-associated genome surveillance complex, or BASC; it plays roles in transcription,
in repair of double strand breaks, and repair of DNA interstrand crosslinks through the
Fanconi anemia pathway [45]. Interestingly, and in parallel with the bacterial SOS response,
activation of NER by p53, PARP-1 and BRCAL1 occurs through stimulation of the initial
steps of the pathway, hamely damage recognition by UvrA and UvrB in E. coli and by
DDB2 and XPC in humans.

In addition to phosphorylation and PARylation, ubiquitylation plays a central role in
regulation of NER [46, 47]. Ubiquitin is a protein that can be attached to lysine residues
within itself or in other proteins; the particular residues that are modified and how many
ubiquitins are attached can determine the fate of the targeted protein. The targets for
ubiquitylation in GGR are DDB2, which forms an ubiquitin ligase complex with DDB1, and
XPC as mentioned above; XPC is also targeted for ubiquitylation by the RING finger
protein 111 (RNF111). In TCR, CSB is ubiquitylated by an ubiquitin ligase complex
containing CSA, and the UVSSA-USP7 complex stabilizes CSB by deubiquitylating it.
RNAPII can be ubiquitylated by UVSSA, by NEDD4, by elongin A, B or C, and by CUL5
and RING-box protein 2, reviewed in [4]. In addition to core NER proteins, PCNA is
monoubiquitylated when DNA lesions block progression of the replication fork, facilitating
the switch from replicative to translesion synthesis DNA polymerases [48].

Other post-translation protein modifications include sumoylation, in which small ubiquitin-
related modifier (SUMO) proteins can be reversibly attached to proteins; and neddylation,
the attachment of ubiquitin-like protein NEDD8 [49]. Several and various modifications
may affect the same protein in a coordinated fashion, for example XPC is sumoylated in
response to UV damage, and then polyubiquitylated by RNF111, and UV-induced
PARylation of DDB2 inhibits its ubiquitiylation, thus protecting it from degradation,
reviewed in [4].

In contrast to the stimulation of DDB2 and XPC by DNA damage, XPA synthesis is not
affected by UV irradiation, but the protein is stabilized so that its half-life is 4-fold longer
than in undamaged cells. Curiously, levels of this core NER protein vary by as much as 10-
fold in response to circadian rhythms, increasing during daytime and declining at night, in a
process regulated at the transcriptional level by cryptochrome and at the posttranslational
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level by the HERC2 ubiquitin ligase. This rhythmicity may have evolved in the primordial
seas to enhance repair of sunlight-induced CPDs and 6-4PP, and to protect undamaged DNA
from gratuitous attack by NER in the dark [50].

Among the genes induced by DNA damage it is important to mention those that code for
translesion synthesis DNA polymerases, both in bacteria and in eukaryotes. These enzymes,
characterized by low fidelity when copying DNA, increase the tolerance to damage and
increased rates of survival at the cost of greater accumulation of mutations. Human
polymerases Revl, n, v and x are members of the Y family of translesion DNA polymerases
present during global response to DNA damage and are responsible for enhanced
mutagenesis during a global response to DNA damage [51].

5. Concluding remarks and future directions

The universality of the NER repair pathway among all life forms points to the necessity of a
mechanism for the elimination of obstacles for replication and transcription, and of
structures that can affect the stability or integrity of DNA. An important feature of NER is
that it is able to repair a large variety of lesions with very different structures, without the
need for lesion-specific specialized enzymes such as the glycosylases that initiate the base
excision repair pathway. The efficiency of NER depends, among other factors, on the degree
of distortion caused by the lesion, adduct or unusual structure, which range in size from
abasic sites to multi-ring aromatic hydrocarbons and protein-DNA crosslinks. Other
examples of heterogeneous levels of repair include slower or deficient repair of chemical
adducts in tandemly repeated aDNA of African green monkey cells [52], slower GGR in the
inactive loci 754 and coagulation factor 1X [53], and attenuation of GGR in terminally
differentiated cells except for transcriptionally active regions where the transcribed strand is
subject to TCR and both strands are repaired by GGR, a phenomenon termed domain
associated repair (DAR) [54]. Moreover, as mentioned above, the efficiency of NER varies
in different tissues, reviewed in [55]. Some chemicals such as irofulven, illudin S and
aristolochic acid [56-58] induce lesions that are invisible to GGR but are repaired by TCR; it
is not yet known why lesions that can obstruct RNAPII and thus must cause significant
alterations in DNA are not detected by XPE or XPC. Of course, the mechanism for TCR
lesion recognition deals with the ease of a single strand attempting to pass through the
RNAP, while for GGR the recognition is based upon the stability of the double-strand DNA
structure; this suggests that this class of lesions do not cause significant distortions in double
stranded DNA.. Although some NER factors reside in the cytoplasm until they are called to
action, NER is exclusively nuclear. Mitochondria possess a robust BER system, but
evidence for other repair pathways such as MMR is limited, and NER has not been detected
[59].

In addition to short ribonucleotide chains made by primases to initiate DNA synthesis, DNA
polymerases can incorporate ribonucleotides with frequencies that vary with the particular
polymerase and with the relative concentrations of ribo- and deoxyribonucleotides in the
pools; a ratio of 1 ribonucleotide per ~7000 bases was found in yeast and mouse cells,
reviewed in [60]. Ribonucleotides are mainly removed from DNA by a process termed
Ribonucleotide Excision Repair (RER) that involves RNase H2, pol 3, PCNA, RFC, FEN1
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and ligase 1. NER has an active role in ribonucleotide removal in E. coli [61]; however NER
cannot substitute for the loss or decrease of RNase H2 activity, which can result in Aicardi-
Goutiéres syndrome in humans.

Most of the DNA lesions that are recognized by NER are considered strong mutagens and
carcinogens. Ironically, some agents that induce these lesions are regularly used in
chemotherapeutic regimens to combat cancer; a problem often found is that the highly
mutable tumor cells develop resistance to the drug. Synthetic lethality, originally defined as
the combination of mutations in two or more separate genes leading to cell death, has been
adopted as a strategy for overcoming drug resistance; it consists of combining two or more
drugs, for example cisplatin to damage DNA and the NER inhibitor UCN-01 [62].

Although the basic mechanism of NER has been well defined, there remain a wealth of
discoveries to be made, including detailed analyses of protein crystal structures that may
allow the design of small molecules that can enhance or inhibit DNA repair activities,
identification of small non-coding RNAs that can modulate NER, high-definition
microscopy combined with quantum dot single molecule labeling for studies of protein-
protein interactions, and others.
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Highlights

e NER is a mechanism for removal of a variety of structurally unrelated DNA
lesions

» NER is prevalent in bacteria, archea, yeast, and in all higher eukaryotes

* NER efficiency is modulated by damage type and modification of relevant
enzymes

»  Transcription-coupled repair deals with the unique problems of transcription
arrest
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Fig. 1. Schematics of NER in the prototypic bacterium E. coli, and in humans
A.NER in E. coli
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The UvrAB complex binds to the DNA and recognizes and verifies the damage to be
repaired. UvrA dissociates from the preincision complex leaving one or two molecules of
UvrB bound to the DNA. UvrC interacts with UvrB and catalyzes two nicks in the DNA,
one on either side of the lesion. The combined action of UvrD (helicase 1) and DNA
polymerase | removes the oligonucleotide containing the lesion, as well as UvrB and UvrC,
from the DNA and results in the synthesis of a patch using the undamaged complementary
strand as a template. DNA ligase | seals the patch to the contiguous DNA strand. In TCR,
Mfd is activated by binding to a stalled RNAP. It dissociates the RNAP and nascent
transcript from the DNA and recruits UvrA complexed with UvrB. Repair then proceeds
through the same reaction sequence as GGR.

B. NER in humans

Higher eukaryotes utilize different mechanisms for detecting DNA alterations in actively
transcribed genes and in the genome as a whole. In TCR, RNAPII is arrested at a lesion.
TCR factors are recruited; the polymerase is removed or backtracked to allow access to
TFIIH and other NER repair enzymes. In GGR, a helix distorting lesion or structure can be
directly recognized by XPC complexed with hRAD23B and centrin 2 (CETNZ2). Certain
lesions such as CPD, which do not significantly destabilize DNA duplexes, are first
recognized by DDB2 (XPE) in complex with DDBL1, creating a kink that is recognized by
XPC. The XPC-hRAD23b-CETN2 complex melts the DNA around the lesion and attracts
the multiunit complex TFIIH. TCR and GGR converge; XPB and XPD unwind the DNA to
create a ~30-nucleotide bubble. Once the pre-incision complex is assembled, XPA, RPA and
XPG are recruited and the XPC complex is released. XPA bhinds the DNA near the 5 side of
the bubble, and RPA binds the ssDNA opposite the lesion, protecting it from degradation
and coordinating excision and repair events. XPG and ERCC1-XPF associate with TFIIH.
ERCC1-XPF makes the first incision, and repair synthesis proceeds for several nucleotides
displacing the damaged strand; XPG incises the 3’ single/double strand junction, and ligase |
or ligase I1la-XRCC1 seal the DNA.
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