fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

Nucleotide Excision Repair in Eukaryotes

Orlando D. Scharer

Department of Pharmacological Sciences and Department of Chemistry, Stony Brook University,
Stony Brook, New York 11974-3400

Correspondence: orlando@pharm.stonybrook.edu

Nucleotide excision repair (NER) is the main pathway used by mammals to remove bulky
DNA lesions such as those formed by UV light, environmental mutagens, and some cancer
chemotherapeutic adducts from DNA. Deficiencies in NER are associated with the ex-
tremely skin cancer-prone inherited disorder xeroderma pigmentosum. Although the core
NER reaction and the factors that execute it have been known for some years, recent studies
have led to a much more detailed understanding of the NER mechanism, how NER operates
in the context of chromatin, and how it is connected to other cellular processes such as
DNA damage signaling and transcription. This review emphasizes biochemical, structural,
cell biological, and genetic studies since 2005 that have shed light on many aspects of the

NER pathway.

ucleotide excision repair (NER) is the main
N pathway responsible for the removal of
bulky DNA lesions induced by UV irradiation,
environmental mutagens, and certain chemo-
therapeutic agents. The history of the discovery
of NER, its association with genetic disorders,
mechanistic features, and relationship with oth-
er cellular pathways has been extensively re-
viewed in 2005 in several articles in DNA Repair
and Mutagenesis (Friedberg et al. 2005). Here, I
will briefly reiterate how the field of NER devel-
oped over the past 50 years and then focus on
how our knowledge has progressed since 2005.

A BRIEF HISTORY OF NER RESEARCH

We now know that a short damage-containing
oligonucleotide is released from DNA and the
resulting gap filled during repair synthesis dur-

ing NER. These two steps were observed in the
earliest studies of NER in bacteria and humans,
respectively, in 1964 and marked the begin-
nings of NER research 50 years ago (Boyce and
Howard-Flanders 1964; Pettijohn and Hanawalt
1964; Rasmussen and Painter 1964; Setlow and
Carrier 1964). The gap-filling step in NER can
be monitored by unscheduled DNA synthesis
(UDS), and this assay allowed the connection
between NER and the genetic disorder xeroder-
ma pigmentusum (XP) to be made (Cleaver
1968). UDS is used to date in the clinical diag-
nosis of XP patients and was instrumental in the
elucidation of the NER pathway. XP patients
display an extreme sensitivity to sunlight and
an over 2000-fold increased risk of skin cancer,
as they are unable to repair lesions induced by
solar UV irradiation in their skin (DiGiovanna
and Kraemer 2012). At least two other disor-
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ders, Cockayne syndrome and trichothiodystro-
phy (TTD), are also associated with defects in
NER genes; but these patients do not present
with skin cancer predisposition, but rather a
host of developmental and neurological abnor-
malities (Lehmann 2003). These symptoms are
generally ascribed to a defect in transcription-
coupled NER and a mild or partial defect in
transcription.

Studies of XP patient cell lines then revealed
that UDS varied significantly among cell lines.
Using cell fusion techniques, it was established
that seven complementation groups with NER
defects exist, XPA through XPG, each represent-
ing a different gene defect (De Weerd-Kastelein
et al. 1972). The availability of the XP cell lines
from patients, along with UV-sensitive yeast
strains (Prakash and Prakash 2000) and Chinese
hamster ovary cell lines (Thompson 1998),
made it possible to clone the NER genes over
the years (Gillet and Schirer 2006).

The next phase of discovery was facilitated
by the development of assays of studying NER
in cell-free extracts by either monitoring in-
corporation of radioactive deoxynucleotide tri-
phosphates (dNTPs) into damage-containing
plasmids during repair synthesis (Wood et al.
1988) or the excision of the labeled damage-con-
taining oligonucleotide from a larger DNA frag-
ment (Huang etal. 1992). In the mid-1990s, the
use of these assays culminated in the reconstitu-
tion of the NER reaction with purified factors
(Aboussekhra et al. 1995; Mu et al. 1995; Araujo
et al. 2000). These studies revealed that the pro-
cess also required proteins involved in replica-
tion, such as the single-stranded DNA- (ssDNA)
binding protein RPA, the clamp loader PCNA,
and polymerase 8. Biochemically derived mod-
els of NER received strong support from sub-
sequent cell biological studies using UV ir-
radiation through filters to generate sites of
localized damage in cell nuclei in combination
with green fluorescent protein-labeled proteins
or immunohistological techniques to monitor
the dynamic behavior of NER proteins (Houts-
muller et al. 1999; Volker et al. 2001). These
studies revealed that NER functions through
the sequential and coordinated assembly of
the factors involved at the sites of UV damage.

In the following sections, I will discuss our
current understanding of the NER process in
the order in which the steps occur, followed
by the connection to chromatin structure and
DNA damage signaling. The reader is referred
to other reviews in this collection that cover
NER in bacteria (Kisker et al. 2013) and tran-
scription-coupled NER (Vermeulen and Fous-
teri 2013).

THE CORE NER REACTION

Different Modes of Damage
Recognition in NER

NER can be initiated by two subpathways: global
genome NER (GG-NER) or transcription-cou-
pled NER (TC-NER; Gillet and Schérer 2006;
Hanawalt and Spivak 2008). GG-NER can occur
anywhere in the genome, whereas TC-NER is
responsible for the accelerated repair of lesions
in the transcribed strand of active genes. GG-
NER is initiated by the GG-NER specific factor
XPC-RAD23B, in some cases with the help of
UV-DDB (UV-damaged DNA-binding pro-
tein). TC-NER is initiated by RNA polymerase
stalled at a lesion with the help of TC-NER spe-
cific factors CSA, CSB, and XAB2. Both path-
ways require the core NER factors to complete
the excision process. Very recently, an additional
class of enzymes, the alkyltransferase-like (ATL)
proteins, have been shown to channel bulky
O°-alkylguanine lesions into the NER pathway,
at least in some lower eukaryotes and bacteria
(Tubbs et al. 2009; Latypov et al. 2012). ATLs
bind to these bulky alkyl lesion and facilitate
their removal from DNA in an NER-dependent
fashion. There is no other described repair path-
way for bulky O°-alkylguanine lesions in hu-
mans, so it will be interesting to uncover wheth-
er an analogous pathway exists in mammals.

Substrate Specificity of Nucleotide
Excision Repair

A key characteristic of the NER pathway is that
one set of enzymes can recognize an extraordi-
narily wide range of substrates, including UV-
induced photoproducts (cyclopyrimidine di-
mers [CPDs], 6-4 photoproducts [6-4PPs]),
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adducts formed by environmental mutagens
such as benzo[a]pyrene or various aromatic
amines, certain oxidative endogenous lesions
such as cyclopurines and adducts formed by
cancer chemotherapeutic drugs such as cis-
platin (Friedberg et al. 2005; Gillet and Schirer
2006). Although these lesions do not share
chemical structures that would lend themselves
to a common lesion-binding pocket, a collec-
tive feature of good NER substrates is that they
thermodynamically destabilize the DNA duplex
and are bulky. These properties were originally
framed in the context of the bipartite recogni-
tion model that posits that good NER substrates
are destabilizing and bulky (Hess et al. 1997).
Subsequent studies correlating the structures
of adducts such as those formed by benzo[a]-
pyrene or acetylaminofluorene with their repair
efficiencies confirmed these observations and
showed that factors such as disrupted base-pair-
ing, bending, and flexibility can contribute to
repair outcomes (Mocquet et al. 2007; Cai et al.
2010; Mu et al. 2012; Yeo et al. 2012). As dis-
cussed in the next section, we now understand
these principles in terms of how damage recog-
nition is achieved in NER.

XPC-RAD23B Recognizes Lesions
that Thermodynamically Destabilize
DNA Duplexes

The core NER dual incision reaction has been
reconstituted in vitro with purified factors us-
ing XPC-RAD23B, TFIIH, XPA, RPA, XPG, and
ERCCI1-XPF (Aboussekhra et al. 1995; Mu et al.
1995; Araujo et al. 2000). Functional studies
revealed that XPC-RAD23B is the initial dam-
age recognition factor in this system, as the pres-
ence of XPC-RAD23B is required for assembly
of the other core NER factors and progression
through the NER pathway both in vitro and in
vivo (Fig. 1) (Evans et al. 1997b; Sugasawa et al.
1998; Volker et al. 2001; Riedl et al. 2003; Tapias
et al. 2004). XPC-RAD23B is faced with the
task of recognizing a wide range of structural-
ly diverse lesions. XPC recognizes thermody-
namically destabilized duplex DNA, irrespective
of whether it contains a lesion (Sugasawa et al.
2001).

Nucleotide Excision Repair in Eukaryotes

Structural studies of the yeast homolog of
XPC, Rad4, have provided a high-resolution
view of how this is accomplished. XPC/Rad4
has two main functional domains (Min and
Pavletich 2007): a lesion and sequence-unspe-
cific DNA-binding domain made up of a trans-
glutamase homology domain and a (3-hairpin
domain (BHDI1) (blue in Fig. 2A) anchors the
protein on the DNA. A double B-hairpin do-
main (BHD2/3, pink in Fig. 2A) binds the un-
damaged strand of the DNA without making
direct contact with the lesion, which is disor-
dered in this structure. Instead, BHD2 /3 encir-
cles two nucleotides opposite the damage that
display increased ssDNA character due to the
thermodynamic destabilization caused by the
lesion. This binding pocket is specific for non-
damaged DNA and it would not be able to ac-
commodate bulky DNA adducts. Therefore,
XPC is necessarily targeted to the nondamaged
DNA strand. This mode of DNA binding makes
it possible for XPC to bind a wide variety of
structurally diverse bulky lesions, in keeping
the broad substrate specificity of NER (Huang
et al. 1994; Gunz et al. 1996; Liu et al. 2011).
Biochemical studies confirmed the preference
of XPC-RAD23B for binding duplexes with
ssDNA character and showed that duplexes con-
taining bulky lesions on both strands are not
processed by NER (Sugasawa et al. 2002; Bu-
terin et al. 2005; Maillard et al. 2007).

All the damage-binding specificity appears
to reside in XPC, and it is thought that the main
RAD23B (and to a lesser extent RAD23A, the
other of two homologs of Saccharomyces cere-
visiae Rad23) is to stabilize XPC. Although
RAD23B is the main protein associated with
XPC, RAD23B and RAD23A are partially re-
dundant and the depletion of both proteins is
required to render cells sensitive to UV irradia-
tion (Ng et al. 2003). One of the main roles of
RAD23A/B appears to be the stabilization of
XPC, as cellular levels of XPC are reduced in
the absence of RAD23A/B. RAD23B has a
more specific role in promoting damage recog-
nition as well, as the protein stimulates binding
of XPC to lesions in vitro and in vivo (Sugasawa
et al. 1996; Bergink et al. 2012). Interestingly,
RAD23B dissociates from XPC following dam-
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Figure 1. Model for the core NER reaction. (A) Bulky DNA lesions that destabilize duplex DNA are induced by a
number of damaging agents. (B) In global genome NER, strongly distorting lesions are directly recognized by
XPC-RAD23B, which binds the nondamaged strand opposite the lesion. (C) TFIIH interacts with XPC-
RAD23B and pries the DNA open with its XPB subunit allowing XPD to track along DNA until stalls at the
damage and verifies the chemical modification (bulkiness) of the lesion. (D) Stalling of XPD at the lesion allows
for the formation of the preincision complex by recruitment of XPA, RPA, and XPG. The endonuclease XPG
does not make an incision at this point. (E) Recruitment of ERCC1-XPF by interaction with XPA to the complex
leads to incision 5’ to the lesion. (F) Initiation of repair synthesis by Pol 8 and Pol k or Pol & and associated
factors, followed by 3’ incision by XPG. (G) Completion of repair synthesis and sealing of the nick by DNA ligase

IITae/XRCC1 or DNA ligase I completes the process.

age recognition, suggesting that the protein is
not involved in preincision complex assembly.
The role of RAD23B, therefore, appears to be to
stabilize XPC and help deliver it to sites of UV
damage (Bergink et al. 2012).

Although most studies have been performed
with XPC-RAD23B, it is part of a trimeric com-
plex with centrin-2, a calcium-binding protein
of the calmodulin family (Nishi et al. 2005). The
interaction with centrin-2 with XPC-RAD23B
stimulates the NER activity, but the precise
role of this protein in the process remains to
be elucidated. Another open question in the
study of XPC-RAD23B function is to what ex-

tent the human XPC-RAD23B differs from its
yeast counterpart Rad4 (Bunick et al. 2006),
whether the mode of lesion binding by XPC
affects subsequent steps in NER (Mocquet et
al. 2007), and how the protein finds DNA le-
sions in a cellular environment (Hoogstraten
et al. 2008; Camenisch et al. 2009).

The UV-DDB Complex Facilitates
Recognition of CPDs

Our knowledge of XPC-RAD23B does not ex-
plain how the most frequently formed UV-in-
duced DNA adduct, the CPD is recognized in
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Figure 2. Structural basis for damage recognition in NER. (A) Structure of RAD4(XPC)-RAD23 bound to a CPD
lesion. The TDG/BHD1 domains (blue) of RAD4/XPC bind to undamaged DNA, the BHD2/BHD3 domains
(pink) encircle two nucleotides in the nondamaged strand of DNA. DNA is represented in gray with the two
thymidine residues opposite the lesion in atom color. The position of the CPD lesion that is disordered in this
structure is indicated. A fragment of RAD23 is shown in yellow. Note that the CPD lesion is present in a two base
pair mismatch in this structure. The damaged DNA strand is shown in green, the undamaged strand in gray. The
figure was made using the Chimera extensible molecular modeling system located at UCSF (www.cgl.ucsf.edu/
chimera), using the structure PDB 2QSG (Min and Pavletich 2007). (B) Structure of DDB1-DDB2 bound to a
CPD lesion. The UV-DDB complex, made up of DDBI1 (light blue) and DDB2 (pink), binds DNA (gray)
containing a CPD (atom color, green) through the DDB2 subunit. The DNA-binding site in DDB2 is located on
one site of the B-propeller; DDB1 binds DDB2 on the opposite side. A wedge made up of residues F371, Q372,
and H373 in DDB2 (shown in pink van der Waals representation) inserts into the DNA helix at the lesion site
from the minor groove. The two modified nucleotides of the 6-4PP insert into a shallow binding pocket in
DDB2. The damaged DNA strand is shown in green, the undamaged strand in gray. The figure was made using
the Chimera extensible molecular modeling system located at UCSF (www.cgl.ucsf.edu/chimera), using the

structure PDB A408 (Fischer et al. 2011).

NER because XPC-RAD23B does not bind this
adduct with any measurable specificity as this
lesion does not dramatically destabilize DNA
duplexes (Sugasawa et al. 2001; Reardon and
Sancar 2003; Wittschieben et al. 2005). The
answer to these issues is tightly connected to
the UV-damage-binding proteins 1 and 2 (UV-
DDB1/2). DDB2 has long been known to have
an affinity for UV-damaged DNA and to be
deficient in XP group E patients, the mildest
XP complementation group (Tang and Chu
2002). DDB2 has, furthermore, been shown to
be specifically required for the cellular repair
of CPDs—in the absence of DDB2, XPC fails
to be recruited to nuclear sites of CPDs, but not
6-4PPs (Tang et al. 2000; Wakasugi et al. 2001;
Fitch et al. 2003).

Structural studies have revealed how UV-
DDB2 interacts with 6-4PPs and CPDs (Fig.

2B) (Scrima et al. 2008; Fischer et al. 2011; Yeh
et al. 2012). DDB2 has a shallow hydrophobic-
binding pocket that is ideally suited to accom-
modate CPDs and also 6-4PPs through surface
shape complementarity. The lesions are extrud-
ed from the duplex with the help of a wedge
made up of three conserved residues (Phe371,
GIn372, His373) that occupy the hole left by
rotating the two nucleotides of the CPD/6-4-
PP lesion out of the helix into the binding pock-
et of DDB2 (Schirer and Campbell 2009). This
structure of the photolesions induces a com-
pression of the adjacent phosphate groups, a
feature readily accommodated and extended to
a kink of ~40% in the duplex (Scrima et al.
2008). This binding mode of DDB2 is highly
complementary to the way lesions are bound
by XPC (see above and Fig. 2A). Indeed, a direct
role for UV-DDB in facilitating XPC binding to
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lesions has been shown (Sugasawa et al. 2005).
UV-DDB is part of a large complex that includes
the CUL4-ROCI (also known as RBX1) ubiqui-
tin ligase (Groisman et al. 2003). Following UV
irradiation, this complex ubiquitinates DDB2,
histones, and XPC (Sugasawa et al. 2005; Kape-
tanaki et al. 2006; Wang et al. 2006). Although
DDB?2 and histones appear to be degraded fol-
lowing ubiquitination, XPC is not, but displays
enhanced DNA-binding properties (Sugasawa
et al. 2005). These observations point to a key
role of UV-DDB in facilitating NER in the con-
text of chromatin, which could explain the
modest effects of UV-DDB on the NER reaction
on “naked” DNA substrates. Our current un-
derstanding of how NER occurs in the context
of chromatin is discussed in more detail later in
the review.

DNA Opening and Lesion
Verification by TFIIH

The transcription and NER factor TFIIH is the
next factor to join the NER complex and it is
recruited by direct interaction with the XPC-
RAD23B protein (Evans et al. 1997a; Yokoi
et al. 2000; Araujo et al. 2001; Volker et al.
2001; Riedl et al. 2003; Friedberg et al. 2005).
TFIIH consists of 10 subunits and can be di-
vided up into the core (consisting of XPB,
P52, p8, p62, p34, p44) and CAK (cyclin-acti-
vated kinase, consisting of CDK7, cyclin H, and
MAT1) complexes and the XPD protein that
bridges the two (Compe and Egly 2012). The
CAK complex dissociates from TFIIH and is
not required for NER (Araujo et al. 2000; Coin
et al. 2008). Of particular importance for NER
are the two helicase subunits, XPB and XPD,
which are known to open the DNA around the
lesion (Evans et al. 1997b; Tapias et al. 2004).
Structural studies of archaeal XPB and XPD
homologs along with biochemical studies have
made it possible to characterize the role of these
two proteins in NER in more detail. The ATPase,
but not the helicase activity of XPB, is required
for NER and it is believed that the protein has
arole in prying open the DNA to facilitate load-
ing of TFIIH (Coin et al. 2007). Structures of the
Archaeoglobus fulgidus XPB revealed unique do-

mains in addition to the RecA-like domains
commonly found in SF2 helicases (Fan et al.
2006). Two of these domains, termed RED and
thumb domains (red and yellow, respectively,
in Fig. 3A) have been shown to be important
for NER and it has been suggested that they have
a role in anchoring the protein to the DNA
(Oksenych et al. 2009). XPB has to undergo a
significant structural change to form the com-
posite ATP-binding domain and this motion
may be important for melting the DNA and
anchoring TFIIH. The model for this confor-
mation, displayed in Figure 3A, shows how the
RED domain might insert into the DNA helix
and the thumb domain anchors XPB in the ma-
jor groove of DNA (Fan et al. 2006).

It is believed that this helix opening by XPB
would then facilitate the engagement of XPD.
The helicase and ATPase activity of XPD are
required for NER, suggesting that this protein
translocates along the DNA and opens the DNA
(Winkler et al. 2000; Coin et al. 2007). XPD has
long been a candidate as a damage-verification
factor, as it had been shown that its helicase
activity is blocked by the presence of DNA le-
sions (Naegeli et al. 1992). Structural studies of
the archaeal XPD homologs revealed features of
this class of proteins that support this idea (Fan
et al. 2008; Liu et al. 2008; Wolski et al. 2008;
Kuper et al. 2012; Pugh et al. 2012). In addition
to the two RecA domains commonly found in
SF2 helicases, XPD contains an iron-sulfur
cluster and arch domain that form a tunnel
through which the ssDNA is threaded during
translocation (orange and yellow, respectively,
in Fig. 3B). An attractive model for damage ver-
ification is that bulky lesions will not fit through
this tunnel leading to a stalling of the XPD pro-
tein, whereas native DNA bases would readily be
accommodated. It has indeed been shown that
archaeal XPD stalls during translocation of a
lesion-containing strand under certain condi-
tions (Mathieu et al. 2010). Furthermore, mu-
tations in a putative nucleotide-binding pocket
at the entrance of the tunnel have been shown
to impact damage verification raising the pos-
sibility of a more specific interaction between
XPD and the lesion (Mathieu et al. 2013). In-
terestingly, it has been shown that in model sys-
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Figure 3. Structural basis for helix opening and lesion verification in NER. (A) Model of an archaeal homolog of
XPB bound to DNA. DNA-bound XPB undergoes a conformational change with respect to the apo protein,
resulting in the insertion of the RED motif (red) into the duplex and binding of the DNA by the thumb domain
(yellow). The two helicase domains are shown in pink (HD1) and blue (HD2), the damage-recognition domain
(orange) is related to a similar domain found in MutS and aids initial DNA binding. (The figure was made using
Chimera [www.cgl.ucsf.edu/chimera], based on data from Fan et al. 2006.) (B) Model of an archaeal XPD
homolog tracking along DNA. The two helicase domains (HD1, blue; HD2, pink) bind the DNA at the ss/
dsDNA (double-stranded DNA) junction, the FeS domain (orange, FeS cluster shown in yellow/red) and the
arch domain encircle the ssDNA forming a tunnel through which the ssDNA translocate. Note that the tunnel is
too narrow to permit bulky lesions to cross it, leading to stalling of the helicase and damage verification. Two
native DNA bases in the tunnel are shown in green/atom color. (The figure was made using the Chimera
extensible molecular modeling system located at UCSF [www.cgl.ucsf.edu/chimera], based on data from Fan

et al. 2008.)

tems XPC-RAD23B-mediated loading of TFIIH
onto DNA at a distance from a lesion can initi-
ate translocation in the 5’ to 3’ direction. This
translocation ends at lesions, providing strong
support that XPD is indeed responsible for
damage verification (Sugasawa et al. 2009).

Although XPB and XPD are the catalytic
engines that drive the role of TFIIH in NER,
we are starting to learn about how other TFIIH
subunits contribute to NER. p52 has been
shown to associate and stimulate the activity
of the XPB (Coin et al. 2007; Fregoso et al.
2007). p44, on the other hand, interacts tightly
with and stimulates the XPD helicase.

Recent studies have revealed an essential and
surprising role for p8, the smallest TFIIH sub-
unit, in NER. p8 was originally isolated as the
gene defective in the TTD-A complementation
group of TTD (Giglia-Mari et al. 2004; Ranish
et al. 2004). Because TTD is widely believed to
be primarily a disease of (mild) transcription
impairment, the main role of TTD was initially
believed to be in the stabilization of the TFIIH
complex (Vermeulen et al. 2000). Subsequent

studies, however, revealed that p8/TTD-A is
also an essential factor for NER, although it is
dispensable for transcription in vitro. (Coin
et al. 2006; Giglia-Mari et al. 2006). In the ab-
sence of p8, TFIIH-mediated duplex opening
and recruitment of XPA is impaired. The study
of Ttda™/~ mice and cells provides a resolution
of this apparent paradox. Compared to partially
NER-deficient cells from TTD-A patients that
express truncated forms of p8/TTD-A (Theil
et al. 2011), Ttda™~/~ null cells are completely
NER-deficient, revealing p8/TTD-A as an es-
sential NER factor (Theil et al. 2013).

Completion of Preincision
Complex Assembly

The engagement of XPD with the lesion enables
the full assembly of the preincision complex.
XPA, RPA, and XPG are next recruited to the
site of the lesion independently of each other,
and XPC-RAD23B departs from the complex
at this point (Wakasugi and Sancar 1998; Vol-
ker et al. 2001; Rademakers et al. 2003; Riedl
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et al. 2003). XPA is a central component of the
NER complex as it interacts with the TFIIH,
RPA, XPC-RAD23B, DDB2, ERCC1-XPE and
PCNA proteins (Li et al. 1994; Park et al. 1995;
Nocentini et al. 1997; You et al. 2003; Bunick
et al. 2006; Wakasugi et al. 2009; Gilljam et al.
2012). Originally considered to be the primary
damage recognition factor, it has been shown
that XPA prefers to bind kinked, rather than
lesion-containing DNA structures (Missura
et al. 2001; Camenisch et al. 2006). This multi-
tude of interactions makes XPA a central NER
factor and its likely role is to make sure that all
the NER factors are in the right place for the
incision to occur. Model studies have suggested
that XPA binds close to 5’ side of a bubble struc-
ture, in which it could be ideally positioned
to interact with RPA and ERCC1-XPF to coor-
dinate further steps in the NER reaction (Kra-
sikova et al. 2010). The function of XPA fur-
thermore seems to be regulated by a number
of factors, including the histone deacetylase
SIRT1, which deacetylates XPA at residues 63
and 67 (Fan and Luo 2010). In response to cir-
cadian rhythms, XPA is regulated at the tran-
scriptional level by cryptochrome and at the
posttranslational level by the HERC2 ubiquitin
ligase (Kang et al. 2010, 2011).

XPA interacts tightly with the ssDNA-bind-
ing protein RPA in the NER complex and the
two are believed to cooperate in their associa-
tion with DNA (Li et al. 1995a; Matsuda et al.
1995; Patrick and Turchi 2002; Saijo et al. 2011).
RPA is made up of three subunits (RPA70,
RPA32, and RPA14). At least the two larger sub-
units interact with XPA through distinct regions
and recent studies have shown that both of these
interactions are needed for optimal NER activ-
ity (Saijo et al. 2011). The preferred binding site
for RPA is ssDNA of approximately 30 nucleo-
tides or about the size of the oligomer excised in
NER (Fan and Pavletich 2012). RPA is believed
to bind the nondamaged DNA strand, in which
it helps position the two endonucleases ERCC1-
XPF and XPG on their substrate, the damaged
DNA strand (de Laat et al. 1998). RPA has an
important role in coordinating excision and re-
pair synthesis events (see next section) (Moc-
quet et al. 2008; Overmeer et al. 2011).

The structure-specific endonuclease XPG is
recruited through interaction with TFIIH, the
protein, in fact, seems to be constitutively asso-
ciated with TFIIH at least for some of its roles
in transcription (Araujo et al. 2001; Dunand-
Sauthier et al. 2005; Zotter et al. 2006; Hohl et
al. 2007; Ito et al. 2007). The first role of XPG in
NER is a structural one and its catalytic activity
is not required for completion of preincision
complex assembly (Wakasugi et al. 1997; Con-
stantinou et al. 1999). 3’ Incision by XPG is only
triggered later in the NER reaction, following
5’ incision by ERCC1-XPF (see next section).
Consistent with this observation, XPG has dis-
tinct requirements for DNA substrate binding
and cleavage (Hohl et al. 2003). The protein
binds many different substrates with ss/dsDNA
junctions, including flaps and three-way junc-
tions, but makes incisions only on those with an
ssDNA stretch at the 3’ ssDNA overhang.

The complex consisting of TFIIH, XPA,
RPA, and XPG is relatively stable (Wakasugi
and Sancar 1998), and the dual excision reac-
tion is only triggered once ERCCI1-XPF joins
the complex. ERCCI1-XPF is recruited to NER
complexes by interaction with the XPA pro-
tein (Li et al. 1994, 1995b). A short peptide of
XPA containing a signature TGGGFI motif un-
dergoes a disorder to order transition to bind
in the central domain of ERCC1 and mutations
in this region in XPA or the binding pocket
in ERCCI selectively abolish the NER reaction
(Tripsianes et al. 2007; Tsodikov et al. 2007;
Orelli et al. 2010).

Dual Incision and Repair Synthesis

Once the two endonucleases are in place, dual
incision can be initiated. Although the order
of dual incision has been unclear and it was
thought that ERCC1-XPF or XPG might initiate
the process, a more recent study has suggested
that there is a defined order to the incisions
(Fagbemi et al. 2011). Accordingly, the first in-
cision is made by ERCC1-XPE as it requires
the presence, but not the catalytic activity of
XPG. Indeed, repair synthesis can be initiated
and proceed halfway through the gap in the
absence of XPG incision (Staresincic et al.
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2009). This mechanism is well-suited to ensure
that the gap formed by dual incision does not
persist. Incision by ERCC1-XPF generates a free
3’ hydroxyl group that the replication machin-
ery can use to initiate repair synthesis. In con-
trast, incision by XPG would not produce an
intermediate that can be used to initiate repair
synthesis. Instead, a cut by XPG leaves a 5 phos-
phate that is only productive at the ligation step.
Biochemical and structural studies of XPG fam-
ily of proteins revealed that they have to under-
go a structural rearrangement following DNA
binding to become catalytically active (Hohl
et al. 2003; Orans et al. 2011; Tsutakawa et al.
2011; Grasby et al. 2012). It will be interesting
whether regulatory mechanisms such as post-
translational modifications are in play that reg-
ulate the two incision reactions to ensure that
no gaps or nicks are exposed.

Following the excision reaction, the lesion-
containing oligonucleotide is released with
TFIIH bound to it (Kemp et al. 2012) strength-
ening the model that XPD is the damage-veri-
tying protein. TFIIH is then released from the
oligo after binding ATP and the oligo is bound
by RPA and eventually degraded. The fact that
RPA may bind the product of the reaction sug-
gests that this could have a role in damage sig-
naling (see also section on The Role of NER in
UV-Induced DNA Damage Signaling).

Based on in vitro studies using purified fac-
tors, it has been assumed that standard replica-
tion factors, DNA polymerases d and €, the slid-
ing clamp PCNA, the pentameric clamp loader
RFC, RPA, and DNA ligase are responsible for
the repair synthesis and ligation steps to fill the
gap (Shivji et al. 1995; Araujo et al. 2000). Stud-
ies in recent years have revealed that these steps
too are more complex than originally assumed
(Lehmann 2011). The first unexpected finding
was the involvement of the error-prone trans-
lesion synthesis polymerase Pol k in the repair
synthesis step (Ogi and Lehmann 2006). Subse-
quent studies revealed that depletion of Pol &
and Pol k, or both, lead to a 50% reduction of
repair synthesis, suggesting that these two poly-
merases work together in one pathway and are
responsible for about half of the repair synthesis
(Ogi et al. 2010). The other 50% could be at-

Nucleotide Excision Repair in Eukaryotes

tributed to Pol &, suggesting that there are two
pathways for performing repair synthesis in hu-
man cells. Furthermore, to function in NER,
these three polymerases require distinct interac-
tion partners. The recruitment of Pol 8 to NER
complexes requires RFC and PCNA. Recruit-
ment of Pol k requires ubiquitinated PCNA, as
is true for translesion synthesis, and XRCCI.
Recruitment of Pol € requires a modified form
of the RFC containing Ctf18. Although evi-
dence suggests that Pol & may be important in
dividing cells with high levels of dNTPs and
open DNA structures (Ogi et al. 2010; Lehmann
2011), the roles of the two modes of repair syn-
thesis remain subject of investigation.

The nature of the final step in the NER pro-
cess, ligation of the nick left after repair synthe-
sis, was recently also found to be dependent on
the proliferative status of the cell. Initially be-
lieved to be mediated uniquely by the replicative
DNA ligase 1, it has been shown that this step
also prominently involves DNA ligase IIla and
XRCC1 (Moser et al. 2007). Interestingly, and in
line with a possible cell-cycle dependence of the
repair synthesis step, DNA ligase IIla and Pol &
are absolutely required for NER in quiescent
cells and involved in replicating cells, whereas
DNA ligase I and Pol € are exclusively used in
replicating cells.

NER IN THE CONTEXT OF CHROMATIN

Like all DNA transactions, NER acts on DNA in
the context of chromatin, making it necessary
for NER proteins to enlist the support of chro-
matin-modifying enzymes to gain access to le-
sions. In general, making DNA accessible in
chromatin involves two components: the mod-
ification of histone tails to decrease the affinity
of histones for the DNA and the action of ATP-
dependent chromosome-remodeling enzymes
to move the histones along DNA. It had been
shown many years ago that chromatin under-
goes rearrangement during NER, leading to the
proposal of the “access—repair—restore” mech-
anism of NER in the context of chromatin
(Smerdon and Lieberman 1978). In vitro stud-
ies furthermore show that, as expected, NER is
slower in reconstituted nucleosomes and that
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repair rates can be enhanced in a relatively
nonspecific fashion by chromatin-remodeling
enzymes of the SNF2/SWI2 class (Hara et al.
2000; Ura et al. 2001; Hara and Sancar 2002).
Studies in recent years have led to dramatic
advances in our understanding of how NER is
facilitated in the context of chromatin (see also
Peterson and Almouzni 2013).

The UV-DDB Complex Coordinates
NER in Chromatin

A number of observations suggested that UV-
DDB (made up of the damage-binding protein
DDB2 and the adaptor protein DDB1) has a key
role in facilitating NER in the context of chro-
matin. DDB2 (deficient in the XP-E patient cell
lines) is involved in the earliest step in NER and
is required for targeting XPC-RAD23 to the site
of UV lesions, in particular CPDs (Wakasugi
et al. 2002; Fitch et al. 2003). UV-DDB forms
part of a ubiquitin ligase complex with CUL4A
and ROC1 (Groisman et al. 2003) that localizes
to chromatin immediately after UV irradiation,
in which it ubiquitinates histone H2A, H3, and
H4 resulting in a destabilization of the nucleo-
some structure (Bergink et al. 2006; Kapetanaki
et al. 2006; Wang et al. 2006; Guerrero-Santoro
et al. 2008). This complex also ubiquitinates
XPC and DDB2. Although ubiquitination leads
to the degradation of DDB2, XPC is instead
stabilized and its affinity for DNA is increased
(Sugasawa et al. 2005; Nishi et al. 2009). Ubiq-
uitination of XPC has also been suggested to
ensure its localization to sites of damage in the
accessible regions of the chromatin landscape
where NER occurs (Fei et al. 2011).

Structural studies have revealed how the
UV-DDB complex is anchored in chromatin
(see Fig. 2B). This ubiquitin ligase complex
does so by interaction of the DDB2 subunit
with DNA lesions (Scrima et al. 2008; Fischer
etal. 2011; Yeh et al. 2012). The ubiquitin ligase
activity of the UV-DDB complex is autoinhib-
ited by association of the COP9 signalosome
(CSN) subunit. On binding to damaged DNA,
CSN is released, activating the ubiquitin ligase
activity and generating a defined ubiquitina-
tion zone on the chromatin determined by the

flexible attachment of the CUL4/ROC1 factors
to UV-DDB (Scrima et al. 2008; Fischer et al.
2011). One of the structures has shown that
DDB?2 binding to DNA can result in the for-
mation of a dimer on the DNA via the amino
termini of DDB2, thereby increasing its affinity
for damage (Yeh et al. 2012). This dimerization
may be important for proper positioning of the
UV-DDB complex on chromatin.

More recently, a CUL4A/ROCI1 ubiquitin
ligase-independent function for DDB2 to me-
diate chromatin modification has been discov-
ered (Luijsterburg et al. 2012; Robu et al. 2013).
This activity is linked to poly(ADP-ribose) po-
lymerase (PARP) activity and is dependent on
ATP, but does not require XPC. DDB2 facili-
tates the PARP-mediated polyribosylation and
recruitment of the chromatin-remodeling en-
zyme ALCI, a SNF2/SWI superfamily ATPase
(Pines et al. 2012). DDB2 is poly(ADP)-ribo-
sylated in this context and this modification
prevents the ubiquitination and degradation
of DDB2, presumably to give it time to facilitate
chromatin decondensation (Pines et al. 2012;
Robu et al. 2013). The stability of DDB2 is
therefore controlled by competing posttrans-
lational modifications that control its activity
and residence time on UV-damaged chromatin.
The contribution of PARP to NER may be even
more complex as there is a direct interaction
between PARylated PARP and XPA, and this
has been suggested to facilitate NER (King
et al. 2012).

Multiple Chromatin Remodeling Complexes
Have a Role in NER

Considerable efforts have been deployed to
determine how chromatin-remodeling enzymes
contribute to NER (Lans et al. 2012). These
studies revealed that there is not a single factor
that mediates this role in NER because deple-
tion of individual remodeling factors does not
lead to UV sensitivity at levels comparable to
deficiencies in the core NER factors. Instead,
multiple remodeling factors have been associat-
ed with NER, and the role and relative contri-
butions of the individual factors are just begin-
ning to emerge.
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The DDB2- and PARP-dependent recruit-
ment ALCI to sites of UV lesions was mentioned
in the previous section. Depletion of ALC1 leads
to a partial defect in UV adduct removal and
UV sensitivity, showing that it is involved, but
not absolutely required for the NER reaction
(Pines et al. 2012). Additional SWI/SNF pro-
teins, BRG1 and hSNF5 in humans and Snf6
in S. cerevisiae, have been implicated in NER
(Gong et al. 2006; Ray et al. 2009; Zhao et al.
2009). These factors appear to be recruited to
NER complexes in an XPC-dependent manner.
They are, therefore, thought to act downstream
of the initial DNA damage recognition step and
are believed to facilitate the decompaction of
chromatin to complete the NER reaction.

Depletion of INOS80, another SWI/SNF
ATPase, has also been shown to render cells sen-
sitive to UV irradiation and to slow the repair of
CPDs and 6-4PPs (Jiang et al. 2010). Recruit-
ment of INO80 to NER lesions in human cells is
not dependent on XPA or XPC, suggesting that
it is an early factor. In line with this, INO80
interacts directly with DDBI, providing a pos-
sible mechanism for its recruitment to sites of
NER (Jiang et al. 2010). As for other chromatin
remodeling factors, the UV sensitivity conferred
by its deficiency is relatively mild. Studies in
S. cerevisiae suggest that INO80 interacts with
Rad4-Rad23 in this organism and that it con-
tributes to chromatin restoration and overall
UV damage repair, acting perhaps at a different
stage in the process than its human equivalent
(Sarkar et al. 2010).

The repair of NER in the context of chro-
matin is therefore a complex process involving
many components in addition to the central
UV-DDB factor. It is likely that a number of
parallel pathways are associated with making
DNA lesions in chromatin accessible to NER
lesions.

Restoration of Chromatin following NER

The completion of the NER reaction requires
the full reassembly of the repaired DNA into
chromatin. This processed involves the histone
chaperone CAF-1 (chromatin assembly factor),
which facilitates chromatin reassembly follow-
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ing the NER reaction (Gaillard etal. 1996, 1997).
Although CAF-1 is not required for the excision
of UV damage from DNA, its activity is not
isolated from the earlier steps of the NER reac-
tions. CAF-1 colocalizes with other NER factors
at sites of UV damage and its recruitment to
sites of NER is dependent on an interaction
with PCNA, linking it with the repair synthesis
step of NER (Green and Almouzni 2003). Inter-
estingly, CAF-1 is even found at sites of NER
in the absence of the 3’ incision by XPG, fur-
ther linking CAF-1 to the core NER reaction
(Staresincic et al. 2009). The activity of CAF-1
does not simply result in histone recycling (the
reincorporation of the original histones at the
site of damage), but also results in the incor-
poration of the histone variant H3.1, leaving a
mark in an NER-dependent fashion (Polo et al.
2006).

THE ROLE OF NER IN UV-INDUCED
DNA DAMAGE SIGNALING

Like most types of DNA damage, UV-induced
lesions are a potent inducer of a DNA-damage-
signaling response. This nature of this response
differs depending of the phase of the cell cycle.
Although it has been established that UV lesions
trigger a cell cycle arrest during replication in
the S phase, the discovery and characteriza-
tion of UV-induced damaged response in Go/
G, cells is more recent (Novarina et al. 2011).
Because only this latter response is connected to
NER, it will be the exclusive subject of our dis-
cussion. The earliest indications of a connection
of the DNA-damage response and NER came
from studies in the yeast S. cerevisiae, which
showed that a mutation in the XPA homolog
Rad14, as well as homologs of other core NER
factors abolished the UV-damage response in
noncycling cells (Giannattasio et al. 2004). Sub-
sequent investigations revealed that in human
cells the activation of a UV-induced DNA-dam-
age response outside of S phase also required
functional NER (Marini et al. 2006; Marti
et al. 2006). Interestingly, these studies revealed
that this damage response led to the activation
of many of the same markers more commonly
associated with the double-strand break (DSB)
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damage response including phosphorylation of
v-H2AX, Chkl, and p53. Like in budding yeast,
this response was absolutely dependent on core
NER factors, suggesting that an incision reac-
tion generates an intermediate that can activate
signaling. The analogy to DSB repair signaling
extends even further. In response to local UV
irradiation in cell nuclei in G; cells, the ATR
kinase, the ubiquitin ligase RNF8, the adaptor
protein MDC1, as well as 53BP1 and BRCA1 are
localized at sites of UV damage in an NER-de-
pendent manner (Fig. 4) (Marteijn et al. 2009).

This response is increased in situations in which
DNA repair synthesis is inhibited, either by ad-
dition of polymerase inhibitors, nucleoside an-
alogs, or nucleotide depletion (Hanasoge and
Ljungman 2007; Matsumoto et al. 2007; Mar-
teijn et al. 2009; Overmeer et al. 2011), estab-
lishing a connection between incomplete repair
synthesis and damage signaling. This response
is also increased in cells expressing catalytically
inactive XPG (Overmeer et al. 2011), showing
that a single incision can be enough to trigger
this signaling response.

2\" 3’ Incision

|

ATR/ATRIP

|

MDC1/RNF8/H2A-Ub/y-H2AX

|

53BP1/BRCA1

Figure 4. Model for NER-mediated UV-induced DNA-damage signaling. Damage signaling can be triggered
during the repair synthesis step of NER if (1) the damage load is too high, (2) repair synthesis is inhibited, and
(3) 3’ incision does not occur. In these situations, XPG is replaced with EXO1, which processed the NER
intermediate into an ssDNA gap of up to kb in length. RPA covers the ssDNA and binds ATRIP/ATR activating
the ATR kinase and triggering a signal cascade that involves MDC1, RNF8, 53BP1, and BRCALI, and leads to the
establishment of chromatin marks, including ubiquitination of histones and phosphorylation of y-H2AX. This
process does not share many common features with DSB-induced signaling.
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These findings left one important question
unanswered. It is well known that a principal
signal for activation of the DNA-damage re-
sponse is a long stretch of ssDNA covered with
RPA. Such filaments bind the ATR-ATRIP com-
plex activating the ATR kinase activity and trig-
gering downstream signals (Zou and Elledge
2003; Novarina et al. 2011). Although an RPA-
covered stretch of ssDNA is formed during NER
following the incision reaction, this interme-
diate is short-lived and the ssDNA stretch not
long enough to activate full ATR signaling. Re-
cent work in S. cerevisiae and human cells has
shown that long stretches of DNA (more than
1 kb) can be formed in an NER-dependent
manner (Giannattasio et al. 2010; Sertic et al.
2011). This process involves the EXO1 nuclease,
which has the ability to process products of
incomplete NER repair synthesis into long
stretches of ssDNA than are then covered by
RPA and trigger ATR-mediated signaling. The
localization to sites of UV damage and nuclease
activity of EXO1 is also increased by inhibition
of repair synthesis and occurs in the absence of
the 3’ incision by XPG.

These studies provide the foundation for
the following model that balances NER and
DNA-damage signaling (Fig. 4). Under normal
conditions (relatively low damage load, fully
active NER factors, and conditions suitable for
the completion of repair synthesis), NER can
proceed normally as shown in Figure 1. If the
damage load is too high, or incision by XPG or
repair synthesis cannot go to completion, a sub-
set of NER intermediates is processed by EXO1
to long stretches of ssDNA that are then covered
by RPA and activates the signaling cascade. The
last years have therefore shown that there is a
universal signal to activate DNA-damage sig-
naling in response to DSBs and UV damage,
with a long stretch of ssDNA covered by RPA
as the central signal.

CONCLUDING REMARKS

Although the basic NER reaction and roles of
the core NER factors were well understood by
the turn of the century, the past decade has led
to a dramatic increase of our understanding of
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this process. Through structural, biochemical,
and cell biological studies, we now understand
in detail the molecular basis of the damage
recognition and verification process as well as
the dynamic assembly process underlying NER.
We are beginning to understand the complex
process of lesion recognition in the context
of chromatin and the key role of UV-DDB
in the process. A number of steps in NER that
were previously assumed to be straightforward
(dual incision, repair synthesis, ligation) were
found to be much more complex and regulated,
suggesting that every step in NER underlies
the careful regulatory mechanism to coordinate
this repair pathway with other aspects of cellular
metabolism. The coupling of NER to the DNA
damage response is one such example. The cou-
pling of NER to transcription is another exam-
ple and is covered by Vermeulen and Fousteri
(2013).
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