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Abstract. Nucleotide excision repair (NER) is one of
the most versatile DNA repair systems. It can be
subdivided into several, differentially regulated, sub-
pathways: global genome repair (GGR), transcrip-
tion-coupled repair (TCR), and transcription domain-
associated repair (DAR). This review begins with a
brief overview of the numerous types of DNA lesions
handled by NER, and proceeds to describe in detail
the molecular mechanisms of NER. It then addresses
heterogeneities in NER activity in physiological

situations (e.g. in differentiated cells) and explores
the underlying regulatory mechanism. It then reviews
several inherited diseases associated with NER defi-
ciencies: xeroderma pigmentosum, Cockayne syn-
drome, trichothiodystrophy, UV-sensitive syndrome.
It concludes by discussing several currently unre-
solved issues, relating either to the cause of the above
diseases or to the mechanistic details of the various
NER subpathways and of their regulation. (Part of a
Multi-author Review)

Keywords. DNA repair, nucleotide excision repair, transcription-coupled repair, domain-associated repair,
xeroderma pigmentosum, Cockayne syndrome, trichothiodystrophy, UV-sensitive syndrome, cellular differ-
entiation.

Introduction

What makes nucleotide excision repair (NER) stand
out among the various repair systems is probably its
extreme versatility in the type of DNA lesions it can
handle. This is achieved via a cunning strategy: rather
than having a collection of specific enzymes each
recognizing a different lesion, as is the case for base
excision repair, NER senses the presence of a lesion
through the distortion it causes to the DNA structure.
The damaged strand is then identified and a short
oligonucleotide spanning the lesion is excised, leaving
a gap that can easily be filled by the replicative
polymerases. In this way,many different lesions can be
handled by a common set of enzymes.
Another interesting property of NER is that it can be
coupled to transcription. Transcription-coupled repair
(TCR) ensures that the transcribed strand of active
genes is repaired with higher priority than the rest of
the genome, probably by using RNA polymerase II
(RNAPII) as a lesion sensor. TCR is covered in detail
in a review by Silvia Tornaletti in this issue.

The term �global genome repair� (GGR)was coined to
design the component of NER that is not TCR. It
encompasses NER in the non-coding parts of the
genome, in silent genes, and in the non-transcribed
strand of active genes. Transcription domain-associ-
ated repair (DAR) refers to the persistence of
proficient NER in transcribed regions of the genome
(i. e. on both strands of active genes), in cells that are
otherwise NER-deficient. DAR will be discussed in
more detail later in this review.

DNA lesions repaired by NER

As mentioned above, a wide variety of DNA lesions
can be recognized and repaired by NER. Many of
them are caused by chemicals that covalently bind a
DNA base and form a so-called bulky DNA adduct.
Examples include benzo[a]pyrene diol-epoxide, aro-
matic amines such as acetyl-aminofluorene, aflatoxin,
nitrosamines such as MNNG, and 4-nitroquinoline
oxide [1].
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One common property of these chemicals is that they
are present in the environment in a relatively harmless
form, and absorbed as such with food (nitrosamines,
aflatoxin), or in the air especially when polluted with
cigarette smoke (benzo[a]pyrenes). These so-called
proximate carcinogens are then activated by cellular
metabolism, possibly in an attempt to improve their
elimination, and unfortunately converted into highly
reactive species. For instance, benzo[a]pyrene is
turned into a 7,8-diol-9,10-epoxide form, while acety-
laminofluorene is activated into an acetoxy form, and
aflatoxin B1 into an oxide form. These �ultimate
carcinogens� are highly reactive and have a strong
tendency to form bulky adducts on DNA [1].
Another class of chemicals handled by NER is cross-
linking agents. These are compounds that have the
ability to form two distinct covalent bonds with DNA,
either on the same strand (intrastrand crosslinks) or
across both strands (interstrand crosslinks) [2]. The
latter pose a real challenge to NER since both strands
are damaged. NER requires an intact strand to serve
as a template to repair the other, and the repair of
interstrand crosslinks thus necessitates a combination
of NERwith translesion synthesis and/or homologous
recombination [3]. By contrast, intrastrand crosslinks
are no different from bulky adducts, as far as NER is
concerned, as long as they can be removed as part of a
short oligonucleotide.
A classical example of crosslinking agent is cis-
dichloro-diaminoplatin (cisplatin), which can form
monoadducts (generally on guanine), intrastrand
crosslinks in a GG or GNG context, and interstrand
crosslinks [2]. Other examples include nitrogen mus-
tards and psoralens. The latter are planar molecules
that can intercalate between the stacked DNA bases.
Once activated by ultraviolet (UV) A light, they can
form covalent bonds with either DNA strand [4].
But the spectrum of lesions recognized by NER is not
limited to chemicals. NER is critically important in the
repair of UV-induced lesions. Short-wavelength UV
light (UVB 290–320 nm, and UVC <290 nm) can
cause the formation of covalent bonds between two
adjacent pyrimidines on the same DNA strand. There
are two main UV-induced lesions: cyclobutane pyr-
imidine dimers (CPDs) and (6–4)pyrimidine-pyrimi-
done photoproducts [(6–4)PPs], which differ in the
number and position of these bonds. CPDs result from
the formation of two bonds, one between carbons 4 of
each pyrimidine and one between carbons 5, which
form a 4-carbon ring, hence the name of the com-
pound. Only one bond is formed in the case of (6–
4)PPs, between carbon 6 of one pyrimidine and carbon
4 of the other, implying the transfer of the amino
group present on position 6 in cytidine to position 5 of
the other pyrimidine [5].

NER can also recognize several types of oxidative
damage. As discussed by Robertson et al. in this issue,
oxidized bases are generally repaired by base excision
repair (BER). However, there are some oxidized
species that pose a special challenge to BER: cyclo-
purines. These are characterized by the formation of a
second bond between the purine and the deoxyribose
in the DNA backbone, which makes them difficult to
excise by BER enzymes, whereas they constitute
perfectly good substrates for NER [6]. In addition,
lipid peroxidation can yield some highly reactive
products, such as malondialdehyde, which can form
DNA adducts [7]. Again, these would pose a consid-
erable challenge to base excision repair, whereas they
are just another bulky adduct for NER.

Molecular mechanism of NER

The mechanism of NER is now well understood and
has been reconstituted in vitro [8, 9]. It consists of
several sequential steps (Fig. 1): lesion sensing, open-
ing of a denaturation bubble, incision of the damaged
strand, displacement of the lesion-containing oligo-
nucleotide, gap filling, and ligation.

The XPC complex

There are two prerequisites for NER to be activated
[10, 11]: there must be a distortion in the structure of
the double helix, and there must be a chemical
modification in the DNA (with the exception of rare
chemicals, like ditercalinium, that intercalate non-
covalently into DNA, and are mistaken for lesions by
NER, triggering endless futile repair cycles [12]). The
distortion-sensing component of NER in mammals
consists of three subunits: XPC, HR23B, and centrin 2
[13]. XPC is a DNA binding protein with a strong
preference (two to three orders of magnitude) for
damaged DNA [14]. It can also bind to other DNA-
distorting structures, such as small bubbles, that are
not substrates for NER [10]. Recent data indicate that
XPC binds preferentially to the stretch of single-
strandedDNA that occurs in the non-damaged strand,
opposite a lesion [15]. These two facts supports a
model in which XPC performs the distortion-sensing
role in NER, whereas another level of discrimination
(i. e. verifying the presence of a lesion) is necessary for
NER to go on. In addition, XPC is polyubiquitinated
uponDNA damage, a reversible process that does not
result in its degradation, but rather increases its
affinity for DNA, damaged or not [16].
Most mammalian genomes contain two orthologs of
the yeast protein Rad23, HR23A and HR23B. Both
interact withXPCand increase its activity inNER, but
normally it is HR23B which is found in association
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withXPC [17]. There are about 10 timesmoreHR23B
molecules than XPC molecules in a given cell,
implying that most of HR23B is not bound to XPC
and may have a second function, distinct from NER
[18]. Although the exact function of HR23A and
HR23B in NER is not known, the fact that both Rad3
orthologs contain ubiquitin-like and ubiquitin-associ-
ated domains required for proficient NER [19]
suggests that they play a role in controlling XPC
ubiquitination.
The XPC-HR23B complex is almost systematically
found in association with a third partner, centrin 2
[13]. Although its presence is not strictly required for

NER (in vitro reactions work well without it), it
stabilizes the complex and improves its NER activity.

The DDB complex

One problemwith detectingDNA lesions through the
distortion they impose to the double-helix is that not
all lesions are equally distorting. Take the case of UV-
induced lesions for instance. (6–4)PPs cause a strong
kink in DNA and thus constitute very good substrates
for NER, but this is not true for CPDs, which cause
only a modest distortion and are thus very poor NER
substrates [20]. This is where the DDB complex, a
damaged DNA-binding heterodimer consisting of

Figure 1. Mechanism of NER.
(A) Many DNA lesions are de-
tected directly by the XPC-
HR23B-Cen2 complex, through
the structural distortion that they
cause in DNA. (B) Lesions that
cause little distortion can be rec-
ognized by the DDB complex.
DDB is also part of an E3 ubiq-
uitin (Ub) ligase that poly-ubiq-
uitinates XPC and XPE. (C)
Handover mechanism: ubiquiti-
nation of XPC increases its affin-
ity for DNA, whereas ubiquitina-
tion of XPE leads to its degrada-
tion. (D) TFIIH opens a denatu-
ration bubble of about 30 nucleo-
tides around the lesion. (E) The
XPA-RPA complex joins in and
displaces the XPC complex. RPA
binds to single-stranded DNA;
XPA may confirm the presence
of a lesion and/or serve to iden-
tify the damaged strand. (F)XPG
incises the damaged strand in 3’
of the lesion, ERCC1-XPF in 5’
of it. (G) An oligonucleotide
spanning the lesion is displaced
and the resulting gap is filled by
DNA polymerase delta or epsi-
lon, likely associated to PCNA
(b). (H) The nick is sealed by
ligase III, with a minor contribu-
tion of ligase I in replicating cells.
(I) Transcription-coupled repair.
RNA polymerase II (RNAPII) is
stalled by lesions in the transcri-
bed strand (TS) of active genes
and attracts NER enzymes. (J)
NER proceeds as for global ge-
nome repair (GGR), bypassing
the XPC (and DDB) complexes
but with a requirement for extra
enzymes, CSA, CSB and XAB2,
the function of which is not clear.
This cartoon shows RNAPII
backing up from the lesion to
allow for repair, but there are
other models.
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DDB1 and DDB2/XPE, comes into play. As implied
by its name, this complex has a high affinity for DNA
damage, such as (6–4)PPs and CPDs [21]. It was
proposed that, upon binding to a lesion, DDB induces
a kink in the DNAwhich allows for the recruitment of
the XPC complex [22]. This mechanism is not very
important in the case of (6–4)PPs, which are readily
recognized by the XPC complex alone, but is critical
for proficient repair of CPDs.
Apeculiarity of theDDBcomplex is that it can be part
of a multi-subunit E3 ubiquitin ligase [23]. These
enzymes comprise a scaffold, in this case the Cul4
protein, associated on one side with an E2 binding
subunit (the RBX1 subunit) and on the other with a
substrate recognition subunit, in our case the DDB
complex. As amatter of fact, DDB1 can be part of two
such E3 enzymes, one in association withDDB2/XPE,
and one in association with CSA (an enzyme required
for TCR) thereby providing different substrate spe-
cificities.
The CSA-containing complex has been shown to
polyubiquitinate CSB (another TCR-specific en-
zyme) leading to its degradation [24]. By contrast,
the DDB2-containing E3 enzyme polyubiquitinates
XPC [16], a process that does not cause XPC
degradation, but rather enhances its affinity for
DNA. However, DDB2 is also ubiquitinated in the
process, and this leads to its rapid degradationwithin a
few hours of DNA damage. This probably constitutes
a handover mechanism, which allows for switching
froma tightly boundDDBcomplex, to a lower-affinity
XPC complex. TheDDB complex ubiquitinates XPC,
thereby increasing its affinity for DNA, then self-
destructs, ensuring that XPC remains in control [16,
25].

The TFIIH complex

The next step in the NER reaction is the opening of a
denaturation bubble around the lesion. This is ach-
ieved by the general transcription factor TFIIH, a
complex of no fewer than 10 subunits. TFIIH plays an
important role in transcription initiation by RNAPII.
For one thing, it participates in promoter opening via
its XPB helicase subunit, which also facilitates pro-
moter clearance by RNAPII [26]. In addition, three
subunits of TFIIH (cyclin H, cdk7 and MAT1) form a
so-called cyclin-activated kinase (CAK) complex,
which (when part of TFIIH) phosphorylates the
large subunit of RNAPII, allowing it to enter elonga-
tion mode [27]. The CAK complex works as a
phosphorylation cascade: cyclin H being phosphory-
lated by external kinases phosphorylates Cdk7, which
in turn phosphorylates its target. Aside fromRNAPII,
TFIIH can phosphorylate several nuclear receptors,
such are the retinoic acid receptor or the estrogen

receptor [28]. It should be mentioned that the CAK
complex can exist independently of the rest of TFIIH,
in which case it has a very different range of substrates
[29]. It is thought that the substrate specificity is
controlled by MAT1, which also mediates the inter-
action between the CAK complex and the core of
TFIIH [30]. In the free CAK complex, MAT1 can be
polyubiquitinated and partially cleaved, which is
thought to be part of a substrate selection mechanism
[31].
Aside from XPB, TFIIH contains another helicase
subunit, XPD, of opposite polarity. Although XPD is
not involved in transcription initiation, it plays a
critical role in NER, by opening a bubble of denatu-
ration around the lesion [32]. XPB is also required for
this function, but strangely enough, it is the ATPase
activity of XPB which is necessary, rather than its
helicase activity [33].
XPB and XPD, together with five other subunits (p62,
p52, p44, p34, and TTD-A), form a ring-shaped
structure, to which the CAK complex is attached
like a panhandle [34]. The precise function of all these
subunits is not known, aside from the fact that they can
stimulate or inhibit each other, and contribute to the
stability of the complex. It is worth noting that the
yeast ortholog of p44 possesses an E3 ubiquitin ligase
activity, which is important in triggering a proper
transcriptional response to DNA damage [35]. The
mammalian p44 also contains a RING finger motif,
typical of E3 enzymes, but it is not known whether it is
indeed an E3 ligase.

The XPA complex

XPA is yet another protein that binds DNA with a
slight preference for damaged DNA [36]. It is
associated with the three subunits of the RPA hetero-
trimer, which is a single-strand DNA binding protein
[37]. The exact role of the XPA complex is still not
clear. Originally it was thought that it participated in
lesion recognition together with the XPC complex,
each complex accounting for part of the recognition
process. However, recent data indicate that the XPA
complex is recruited after TFIIH, rather than before it
[38], and dislodges the XPC complex in the process
[39].
A possible role for the XPA complex could be to
identify the strand that carries the lesion [14]. This
identification is necessary to ensure that it is the
damaged strand that will be incised, rather than the
undamaged one. However, it is also possible that this
discrimination task is accomplished by TFIIH [40]. At
any rate, the contribution of the XPA is absolutely
required for NER.
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The incision complexes

The next step in theNER reaction is the incision of the
damaged strand at either end of the denaturation
bubble. The cut on the 3’ side of the lesion is
performed by the XPG endonuclease [41], whereas
that on the 5’ side is carried on by the XPF-ERCC1
heterodimer [42].
XPG is a structure-specific endonuclease, with a
preference for the single-strand to double-strand
junction found at the end of a denaturation bubble
[41]. Interestingly, XPG is structurally related to the
FEN1 endonuclease that removes �flaps� of displaced
DNA in long-patchBER [43]. The presence of XPG is
necessary for XPF-ERCC1 to incise the other end of
the bubble, but the incision by XPG does not
necessarily come first [44]. In other words, it is likely
that XPG plays a structural role, in addition to its
endonuclease activity. In accordance with this notion,
it has recently been shown that XPG stabilizes TFIIH,
and that its absence leads to the dissociation of the
CAKcomplex and of theXPD subunit from the rest of
TFIIH [45].
As for the XPF-ERCC1 complex, it is XPF that
harbors the endonuclease activity [46]. The role of
ERCC1 in the complex is not very clear, aside from
the fact that it stabilizes XPF [47] (and reciprocally,
XPF stabilizes ERCC1 [48]). ERCC1 contains aDNA
binding domain, and may thus be responsible for
bringing XPF into position, at the edge of the
denaturation bubble. XPF also contains a DNA
binding domain, similar to that of ERCC1, but it
appears to be inactive. Conversely, ERCC1 contains a
nuclease domain similar to that of XPF, but disrupted
[49].
It is worth mentioning that the ERCC1-XPF complex
is likely involved in several processes other thanNER.
Observations with knockout mice suggested that
ERCC1 and XPF might play a role in recombination
[50] and in telomere maintenance [51]. Experiments
in Saccharomyces cerevisiae have also suggested that
Rad1-Rad10 (the orthologs of ERCC1-XPF) serve as
a backup in BER, to remove the 3’ phosphate residues
generated by the AP lyase activity of some glycosy-
lases [52]. Finally, the ERCC1-XPF dimer may be
involved in the initial steps of repairing interstrand
crosslinks, i. e. incising the first DNA strand, as well as
in the NER event that eventually repairs the other
strand [3].

Gap filling and ligation

The fragment excised by NER in mammals is about
25–30 nucleotides in length, depending on the lesion
[53–55]. For any given lesion, there generally is a
slight variation in size because the XPG and the
ERCC1-XPF endonuclease do not always cut at

exactly the same places. The resulting gap is likely
filled by either of the replicative DNA polymerases
delta and epsilon [56], associated with the �sliding
clamp� PCNA [57, 58].
Finally, the remaining nick needs to be sealed by a
ligase. Until recently it was thought that ligase I
carried out this task [59]; however, recent data
indicate that it is mostly ligase III, together with its
partner XRCC1, which concludes the NER process.
Ligase I plays a minor role in actively replicating cells,
but not in quiescent cells [60].

Heterogeneity of NER

Given the variety of DNA lesions that are handled
exclusively by NER, one might think that this repair
pathway should be ubiquitous within the organism.
This is not the case, however, and it has been known
since the 1980s that some cell types display very little
NER activity. In human cells, this phenomenon was
observed in neuroblastoma [61], neuroteratoma [62,
63], primary neurons [64], macrophages [65], and
keratinocytes [66, 67]. It was also demonstrated in
various animal models, such as rat striated muscle
[68], rat myoblasts [69, 70], and 3T3-derived adipo-
cytes [71] (see [64] for a comprehensive review).
A common characteristic of the above cell types is that
they are terminally differentiated. One may thus
reason that cells that will never again replicate their
genome may dispense with the burden of repairing it.
There are several problems with this somewhat na�ve
explanation, though.
Firstly, NER attenuation has been observed in cells
that are quiescent but not terminally differentiated,
such as growth-arrested mouse embryo fibroblasts
[72], or quiescent B lymphocytes [Nouspikel, unpub-
lished]. Since such cells must retain the ability to
replicate theirDNA, it would notmake sense for them
to dispense with repairing it: an accumulation ofDNA
lesions may prove fatal on re-entering the cell cycle
[73].
Second and most importantly, DNA does not exist for
the sole purpose of being replicated. It is meant to be
transcribed, and an accumulation of lesions in tran-
scribed genes is likely to impair transcription. De-
pending whether or not RNAPII is able to transcribe
through the lesion, this may result in a lack in essential
protein (for blocking lesions) or in the production of
mutant proteins (for miscoding lesions), both poten-
tially deleterious events. In addition, a stalled RNA
polymerase was shown to be a strong signal to trigger
apoptosis [74]. Thus, if cells were to attenuate NER at
the global genome level, they should at least retain it
at the level of active genes.
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DAR

This is indeedwhat we [62, 65, 75] and others [72] have
observed: transcribed genes remain proficiently re-
paired in several cell types which display a strong
attenuation of GGR (Fig. 2a). Proficient repair of the
transcribed strand could be attributed toTCR, but this
repair pathway does not operate on the non-tran-
scribed strand. There must thus be another repair
pathway that substitutes for GGR in the maintenance
of the non-transcribed strand.We named this pathway
DAR for transcription domain-associated repair [62].
In the past few years, we have accumulated evidence
that DAR operates on both strands in active genes,
including in regions of a gene that RNAPII does not
reach [75], indicating that it cannot possibly rely on
RNAPII to detect lesions in the DNA.
In addition, our small interfering RNA (siRNA)
experiments have demonstrated that DAR depends
on XPC, like GGR, but not on CSB, unlike TCR [75].
We thus believe that DAR is nothing more than the
persistence of active NER in �transcription factories�,

i. e. the nuclear subcompartments where transcription
takes place. To understand the reasons for this
persistence, we first needed to elucidate the mecha-
nism of GGR attenuation.

Mechanism of NER attenuation

Since none of the NER genes appeared to be system-
atically underexpressed in terminally differentiated
cells [62, 65], we postulated that some kind of post-
translational modification may downregulate the
activity of an NER factor. However, in vitro comple-
mentation assays between differentiated macrophag-
es and the various XP groups failed to single out the
NER enzyme potentially modified in macrophages
[76].
We thus resorted to the large-scale purification of an
activity from HeLa cells that complemented NER in
macrophage extracts. The protein responsible for this
complementation was unequivocally identified by
mass spectrometry as the E1 ubiquitin-activating
enzyme. The importance of E1 for proficient NER

Figure 2. (A) The various sub-
types of NER. In replicating cells
(left) global genomic repair
(GGR) occurs in the whole ge-
nome, while transcription-cou-
pled repair (TCR) provides ex-
traneous repair to the transcribed
strand of active genes. In differ-
entiated cells (right), GGR is
downregulated but TCR persists.
In addition, transcription do-
main-associated repair (DAR)
ensures proficient repair of both
strands within transcription fac-
tories (dotted circle). (B) Molec-
ular mechanism of the above. In
replicating cells, E1 is fully phos-
phorylated and transfers ubiqui-
tin to the E2 enzyme used to
ubiquitinate TFIIH, which ren-
ders it NER-proficient. In differ-
entiated cells, E1 is partially de-
phosphorylated and unable to
interact with some E2s. As a
result, most of TFIIH is not
ubiquitinated and inactive in
GGR. DAR (and possibly TCR)
is due to the remnants of ubiq-
uitinated TFIIH being concen-
trated within transcription facto-
ries, thereby providing a repair-
proficient environment for active
genes.
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was subsequently confirmed by supplementing mac-
rophage extracts with purified rabbit E1, or with
recombinant human E1 [76]. In addition, a mouse cell
line bearing a thermosensitive allele of E1 was shown
to be UV-sensitive at the restrictive temperature [77],
and in vitro assays revealed a deficiency in NER that
could be complemented by the addition of recombi-
nant E1 [76].
Since E1 does not directly participate in NER, it is
likely that an NER factor is activated by mono-
ubiquitination, or by poly-ubiquitination with a type
of chain (e.g. lysine 63) that does not yield to protein
degradation. To identify the NER complex controlled
in this way, we performed immunoprecipitation with
anti-ubiquitin antibodies. Only the XPC complex and
TFIIHwere found in the pellets. Addition of TFIIH to
macrophage extracts improved their NER capability,
whereas addition of XPC-HR23 complex did not [76].
We thus concluded that TFIIH is the NER factor that
is activated by ubiquitination. We do not currently
know which subunit of TFIIH is ubiquitinated, but we
have verified that it is neither XPB nor XPD.
TFIIH is a general transcription factor, and may thus
be expected to be present in high amounts in tran-
scription factories. Since differentiated cells retain
some level of TFIIH ubiquitination [Nouspikel,
unpublished], it is possible that this ubiquitinated
TFIIH could be located preferentially in transcription
factories. Thus, transcribing a gene would result in
bringing it into a �repair-rich� environment, ensuring
proficient repair of either strand, even in regions of the
gene that may not be actually transcribed. We believe
that this might be the molecular basis for DAR
(Fig. 2b).

Diseases caused by NER deficiencies

Not so surprisingly, given the large number of DNA
lesions that can be repaired by NER and the number
of genes involved, the clinical manifestations of
deficits in NER can vary considerably. There are
several genetic diseases that have been linked to
mutations in genes involved inGGRor in TCR (Table
1).

Xeroderma pigmentosum

Xeroderma pigmentosum (XP) is a hereditary disease
characterized by cutaneous symptoms in the sunlight-
exposed area of the skin, resulting from the defect in
repair of UV-induced lesions: skin atrophy, pigmen-
tation anomalies, and most strikingly a very high
incidence of skin cancer. These are mostly squamous
cell carcinomas, although there are also basal cell
carcinomas,melanomas, angiomas, and sarcomas [78].

In addition, XP patients display a higher propensity to
internal cancers,mostly of the lung or gastro-intestinal
tract, reflecting the role of NER in dealing with air
pollutants and food carcinogens [79].
In addition, about 20% of all XP patients suffer from
neurological symptoms typical of neurodegeneracy
[78, 80]. Given that the brain is sheltered from UV
light by the skull and from many carcinogens by the
blood-brain barrier, it is likely that these symptoms
results from a lack in repair of oxidative DNA
damage. Since most oxidative lesions, except for
cyclopurines, are repaired by base excision repair, it
is tempting to assume that the neurological symptoms
in XP are due to an accumulation of cyclopurines in
transcribed genes [6].
XP results from a deficiency in NER at the global
genomic level [81, 82]. That is to say that mutations
disabling components of the lesion sensing complexes,
XPC or DDB, will also produce XP symptoms
(although oftenmilder than in other complementation
groups), even though TCR is still active. There are 8
complementation groups in XP: XP-A though XP-G,
plus a variant group XP-V. The latter results from the
inactivation of the translesion polymerase eta, which
is able to bypass CPDs in an essentially error-free
manner [83]. It is thought that other, more error-
prone, bypass polymerases take over in XP-V cells,
resulting in the accumulation of mutations during
DNA replication.
Whereas cancer can be attributed to an accumulation
of mutations in the genome of actively replicating
cells, the degenerative symptoms (e.g. skin atrophy or
neuron death) likely result from the accumulation of
lesions in transcribed genes, either because they cause
the inactivation of essential genes, or because they
trigger apoptosis (a stalled RNAPII constitutes a
strong signal for apoptosis, if TCR cannot remove the
lesion(s) in due time [74]).

Cockayne syndrome

Cockayne syndrome (CS) is a completely different
kind of disease, although it may also result from
mutations in some of the �XP� genes. Mostly, it is a
developmental disease, with a neurological impair-
ment typical of white matter degeneracy. To be
classified as CS a patient must display the following
symptoms [84]:

– Profound growth failure, generally beginning in
infancy, sometimes already present at birth.

– Neurodevelopmental and later neurological dys-
function, with evidence of white matter involve-
ment.
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In addition, the patient should display at least three of
the following:

– Cutaneous photosensitivity.
– Ocular abnormalities (such as cataracts, progressive
pigmentary retinopathy, decreased lacrimation, mi-
totic pupils, etc.).

– Sensorineural deafness.
– Dental caries.
– A physical appearance of �cachectic dwarf�, result-
ing from a greater impairment in weight gain than in
longitudinal growth.

The severity of the symptoms can be quite variable,
depending on the complementation group and on the
nature of the mutation. One can further subdivide CS
patients into three groups: type I, the classical CS
described above; type II, a very severe form, with
major neurological symptoms, generally lethal in
infancy; and a milder form of the disease [84, 85].
There also exists a clinical entity known as COFS
(cerebro-occulo-facio-skeletal syndrome, sometimes
called Pena-Shokeir type II syndrome), which is
closely related toCS [86, 87]. The clinical presentation
is reminiscent of that of CS, with growth retardation,
severe neurological symptoms, ocular abnormalities,
and progressive joint contractures, but it also com-
prises symptoms rarely observed in �classical� CS, such
as horseshoe kidneys and other visceral anomalies. At
the cellular level, COFS is indistinguishable from CS,
and often caused by mutations in the same genes.
There are five complementation groups in CS [80].
Two result from deficiencies in the CSA and CSB

genes, which are specifically required for TCR but not
for GGR. The remaining three, interestingly, are due
to mutations in XP genes: XPB, XPD, and XPG.

These patients generally suffer from severe (type II)
CS. They may also display some concomitant XP
symptoms, but the fact that they die in infancy, after
spending most of their life in the hospital, does not
allow for much sun exposure, nor enough time for the
development of skin cancer.
So far, COFS patients have been found to carry
mutations in the CSB gene [88], in the XPD [89] or
XPG [90] genes, and the only patient with a mutation
in the ERCC1 gene also suffered from COFS [91].
It is interesting that different mutations in the same
gene can give rise to clinical presentations that differ
so widely. The panel of symptoms seem to closely
correlate with the nature of the mutation. In the case
of the XPG gene for instance, point mutations that
inactivate the endonuclease active site give rise to XP,
whereas promoter mutations or mutations that yield a
severely truncated and unstable XPGprotein give rise
to CS [92].What it implies is that the genes in question

(XPB, XPD, and XPG) probably function in several
pathways, and that different mutations may impair
their function in one or the other pathway.
At the cellular level, CS-AandCS-B cells are deficient
in TCR, while retaining NER at the global genome
level [93, 94]. Cells from XP/CS patients are com-
pletely deficient in NER, whether coupled to tran-
scription or not. The unique ERCC1 patient known
hadhypomorphicmutations disturbing the interaction
between ERCC1 and XPF, resulting in reduced
amounts of these two proteins (as their interaction
stabilizes them), and in reduced NER activity [91].
Although the NER reduction was relatively modest,
the symptomswere extremely severe, again suggesting
a role for the ERCC1-XPF complex in a process
distinct from NER.
In view of the above, one may be tempted to attribute
CS to a lack in TCR. This explanation, however, does
not hold because most XP patients (aside from the
XP-C andXP-E groups) are also deficient in TCR, but
not all display CS symptoms. There must thus be
another metabolic process that is disturbed by muta-
tions in the CS genes. This is a highly debated topic,
and several concurrent models have been proposed,
which I shall summarize later in this review.

UV-sensitive syndrome

UV-sensitive syndrome (UVSS) is characterized by
mild photosensitivity in sun-exposed areas of the skin,
with freckling and telangiectasia, but without the high
propensity to skin cancer observed inXPpatients [95].
Cells from UVSS patients display a phenotype
reminiscent of that of CS cells: proficient NER at
the global genomic level, but deficiencies in TCR and
in recovery of RNA synthesis (which is inhibited after
UV irradiation, but resumes within a few hours in
normal cells) [96]. An important difference that may
account for the disparity of the symptoms is that
UVSS cells are proficient in the repair of oxidative
damage, which is impaired in CS cells [97].
There are very few known UVSS patients, possibly
because the symptoms are so mild that most patients
are not detected. They fall into at least two comple-
mentation groups, one of which was shown to bear
mutations in the CSB gene [98]. Since these patients
did not suffer from CS (nor from COFS), we have
another case in which different mutations in the same
gene give rise to different diseases. Interestingly,
UVSS cells display a complete absence of CSB
proteins, whereas CS and COFS cells retain amutated
CSB. It thus appears that the presence of dysfunc-
tional CSB disturbs cellular processes to a greater
extent than its complete absence, thereby accounting
for the severity of the symptoms in CS.
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The identity of the gene mutated in the other UVSS
complementation group is currently not known.

Trichothiodystropy

This syndrome is characterized by brittle hair, due to a
deficiency in high molecular weight sulfur-rich pro-
teins [99]. Under the microscope, the hair has a
stripped, �tiger-tail� appearance, which is typical of
trichothiodystrophy (TTD). Other symptoms, such as
photosensitivity, can often be present [100].
In fact, several clinical entities have been defined that
are closely related toTTD:BIDS, IBIDS, andPIBIDS
[101]. These acronyms are coined by combining the
initials of those symptoms that can be observed:

– Photosensitivity
– Ichtyosis (scaly skin)
– Brittle hair
– Intellectual impairment
– Decreased fertility
– Short stature

At the molecular level, aside for a deficiency in the
synthesis of high molecular weight sulfur-rich pro-
teins, TTD cells also display impairment in NER, the
severity of which varies from patient to patient. TTD
patients fall into three complementation groups,
which all correspond to mutations in subunits of
TFIIH: TTD-A [102], XPB [103], and XPD [104].
Given that TFIIH operates in transcription as well as
in NER, the above observations have prompted the
suggestion that TTDmay result from a subtle defect in
transcription, rather than from the deficit in NER
[105, 106]. This model is supported by the fact that
TTD patients generally do not display the character-
istics of XP, such as skin atrophy, abnormal pigmenta-
tion, or skin cancer (although there are exceptions to
this rule). Defects in transcription were indeed
observed in some XPD-mutated TTD cells, especially
at temperatures higher than normal (41 8C), which
correlates well with the fact that TTD patients often
lose their hair after an episode of fever [107].
However, no such deficiency in transcription was
observed in TTD-A cells.

Current unresolved issues

To conclude this review, I would like to come back and
discuss in more detail some of the currently unre-
solved questions about NER.

Molecular causes of CS and TTD

Although CS and TTD cells display deficiencies in
NER (limited to TCR in the case of CS), it is unlikely

that this defect is the cause of the disease. For one
thing, XP patients are NER-deficient, but most of
them do not display the symptoms of CS or of TTD.
Conversely, TTDpatients andmost CS patients do not
display the symptoms of XP. This strongly suggests
that CS and TTD are caused by defects in (a)
pathway(s) not affected in XP. The question is, of
course, what this pathway could be.
This is a highly debated topic, and severalmodels have
been put forward. I shall only summarize them briefly
here; see [108] for a more complete description.
1) CS and TTD may be caused by subtle defects in
transcription [105]. Such defects have to be veryminor
to allow for survival, but could disturb protein syn-
thesis sufficiently to produce the developmental
defects observed in CS, or the sulfur deficiency
observed in TTD [106]. The basis for this theory is
that TTD is caused bymutations in subunits of TFIIH,
which is a general transcription factor. One can easily
envision that these mutations would perturb the
transcriptional activity of TFIIH, as well as inactivat-
ing its NER abilities. The situation is less clear in the
case of CS, since only two complementation groups
have mutations in subunits of TFIIH (interestingly,
the same ones that are mutated in TTD: XPB and
XPD). The other NER components that can cause CS
when mutated, CSA, CSB, XPG, and ERCC1 (if we
consider COFS as a variant of CS), are not part of
TFIIH. The proponents of this model contend that
these proteins interact with TFIIH and that their
absence or abnormality may destabilize TFIIH. In-
deed, reduced transcriptional activity was observed in
CSB cells [109], and it was recently shown that TFIIH
falls apart in XPG-null cells, in which the CAK
complex and theXPDsubunit dissociate from the core
of TFIIH [45].
2) Alternatively, CS may be caused be problems with
recycling the components used by TCR [110]. For
instance, TFIIH might exist in a �transcription� con-
formation and in an �NER� conformation. The CS
proteins may be responsible for returning TFIIH into
transcription mode after TCR is complete. If this does
not happen, TFIIH could become unavailable for
transcription.
Avariant on this model proposes that CS results from
the fact that a stalled RNAPII masks the DNA lesion
within a 35 nucleotide �footprint� [111], and may
thereby prevent its repair [112]. The role of the CS
proteins could be to cause RNAPII to move back
away from the lesion [111], to abort transcription
[113], or to change conformation [114], so as to make
the site of damage available to NER enzymes.
3) Yet another school of thought postulates that TCR
is not limited toNERsubstrates, but also happenswith
some forms of oxidative damage (classically handled
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by BER) [115]. CS patients would be deficient in both
TC-NER and TC-BER, with the latter deficiency
causing theCS symptoms. By contrast, XPpatients are
deficient in GGR and TC-NER, but would remain
proficient in TC-BER, giving rise to a very different
clinical presentation [116].
We only have indirect evidence in support of this
hypothesis, mostly based on in vitro experiments [117,
118], or on transfection of plasmids bearing oxidative
lesions [97]. We are unfortunately lacking a TCR
assay, similar to the one developed in the Hanawalt
laboratory for CPDs [119], that would detect oxida-
tive lesions in a gene-specific and strand-specific
manner. One major technical obstacle is the difficulty
to induce a high enough amount of oxidative lesions in
the DNAwithout killing the cell, and thus precluding
repair. Most oxidative agents have a wide spectrum of
action, and affect lipids and proteins as well as DNA,
which contributes to their toxicity. Some experimental
compounds have been shown to have a much nar-
rower activity, and were used for instance to check for
TCR of 8-oxoguanine in the genome (no strand bias
was observed in that case [120]). Unfortunately these
by-products from the pharmaceutical industry exist
only in extremely limited supply and often are not
available anymore.

Mechanism of TCR

Even though TCR was discovered in the 1980s [121,
122], its molecular mechanism remains largely un-
clear. We are reasonably confident that lesion detec-
tion is performed by RNAPII, in the course of
transcribing an active gene. In support of this model,
only blocking lesions give rise to TCR, and lesions in
the non-transcribed strand, which do not affect
RNAPII, are not repaired by TCR [123].
What happens next is less clear. For instance, howdoes
a stalled RNAPII recruit NER enzymes? It is known
that TFIIH dissociates upon promoter clearance and
does not travel along with RNAPII. It must thus be
brought back one way or another.
Another question stems from the observation that the
footprint of a stalled RNAPII encompasses the lesion,
and protects it against various nucleases [111]. So how
doNERenzymesmanage to access the lesion to repair
it? Does RNAPII back up temporarily [111]? Does it
change conformation to unmask the lesion [114]?
Does it abort transcription and fall off theDNA[112]?
Or is it ubiquitinated and degraded [113]?Eachmodel
has its proponents and detractors, and it is quite
possible that more than one model is right.
The interested reader will find an in depth discussion
of TCR in the review by Silvia Tornaletti in this issue.

Mechanistic details of NER

Although the molecular mechanism of NER has been
largely elucidated, there remain a few grey areas. For
instance, we do not know how the NER enzymes
decide which strand to incise. Since the denaturation
bubble opened by TFIIH is symmetrical, XPG could
cut it at either end, on opposite strands. The same is
true for the XPF-ERCC1 complex.
There must therefore be a mechanism to identify the
damaged strand and target the incision complexes to
it. We do not know how this mechanism operates, but
we canmake a number of educated guesses as towhich
NER sub-complex is involved.
One good candidate is TFIIH, which opens a denatu-
ration bubble around the lesion, although this is not its
sole activity since substrates in which a region of
mismatch is created around the lesion still require
TFIIH to be repaired [124]. It was shown that XPD is
the only helicase active in opening the denaturation
bubble, although the ATPase activity of XPB is also
required [33]. Since helicases work in a processive
manner, XPD will have to move across the lesion
while opening the denaturation bubble. During this
process, it is thus in an ideal position to confirm the
presence of a lesion and determine in which strand it
sits.
The other candidate is theXPA-RPA complex, mainly
because its exact role in NER is not determined. XPA
displays an affinity for damaged DNA [36], but so
does XPC, which comes into play before XPA [39]. It
is thus unlikely that the DNA binding activity of XPA
is required for lesion detection. This conclusion is
reinforced by the fact the XP-A cells are deficient in
TCR, even though lesion detection is performed by
RNAPII during TCR [125].
One possible role for XPAmay thus be to identify the
damaged strand. It may be assisted in the task by its
partner RPA, a single-strand DNA binding protein
[37] that will thus tend to bind to the denatured DNA
of the undamaged strand in the bubble opened by
TFIIH.
Another possible, although conceptually similar, role
for XPAwould be to verify the presence of a lesion. It
is known that DNA anomalies such as small bubbles
caused by mismatches cause enough distortion in the
DNA to be recognized by the XPC complex. Yet, they
are not incised by theXPG andERCC1/XPF complex
[10]. It ensues that NER must possess a way to
determine whether DNA has indeed been damaged.
Good candidates for this �chemical modification�
sensor would be the XPA complex and TFIIH, for
the same reasons discussed above.
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Regulation of NER

In bacteria,mostNERenzymes are inducible byDNA
damage [126], but this is not the case in higher
organisms. In mammals, XPE is virtually the only
NER gene to be induced by DNA damage, and the
accumulation of the DDB2/XPE protein is slow
enough that it only occurs after most of the damage
has been repaired [127]. The induction of this
regulatory subunit of DDB may thus occur as a
preventive mechanism in case of further damage, or it
may implement a �finishing touch� function to make
sure that the last remaining lesions will be removed
from the genome. It may also be a way of replacing the
amount of DDB2/XPE that has been ubiquitinated
and degraded in the process of activating XPC.
In mammals NER appears to be mostly regulated by
post-translational modifications and by protein-pro-
tein interactions. For instance, we have seen that poly-
ubiquitination of XPC increases it NER efficiency,
whereas poly-ubiquitination of DDB2/XPE leads to
its degradation [25]. On the other hand, interaction of
XPC with HR23B and Cen2 also increases its effi-
ciency [13, 17], and DDB2/XPE can be found inside a
multi-subunit E3 enzyme [23].
Similarly, the activity of TFIIH can be modulated by
interactions with other NER enzymes, as well as by
post-translational modifications. For instance, phos-
phorylation of the XPB subunit was shown to inhibit
NER, by preventing the incision step by ERCC1-XPF
[128]. And we have discussed above our evidence that
the ubiquitination of TFIIH is required for GGR, and
possibly TCR too [76].
There remain many questions regarding the latter
regulatory pathway, though. Is it at work in cell types
other than terminally differentiated cells?What is the
E2 involved? Are there other E2s sensitive to the
phosphorylation state ofE1?Are there other proteins,
the ubiquitination of which is controlled in this
manner? What subunit(s) of TFIIH is/are ubiquiti-
nated? Does ubiquitination (or lack of) affect the
function of TFIIH in TCR, and in transcription? Can
TFIIH be de-ubiquitinated, and if so by which
enzyme? We are currently addressing some of these
issues in our laboratory.

Conclusion

At the end of this review, I hope to have convinced the
reader of the importance of NER as a DNA repair
pathway. Although there remain enough questions to
provide us with plenty of work in the forthcoming
years and to generate friendly arguments among our
colleagues, the mechanistic details of this pathway are
largely understood. The generic nature of the NER

mechanism accounts for its extreme versatility in
terms of theDNA lesions repaired, whereas its various
subpathways (GGR, TCR, and DAR) allow for cell-
to-cell variations and for differential repair efficiency
according to the region of the genome.
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