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Impaired DNA repair involving the nucleotide excision repair (NER)/transcription-coupled repair (TCR)
pathway cause human pathologies associated with severe neurological symptoms. These clinical observa-
tions suggest that defective NER/TCR might also play a critical role in chronic neurodegenerative disorders

Keywords: ) (ND), such as Alzheimer’s and Parkinson’s disease. Involvement of NER/TCR in these disorders is also sub-
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DNA repair mechanism is very relevant for the aging process itself. Our understanding of the exact role
of NER/TCR in chronic ND, however, is extremely rudimentary; while there is no doubt that defective
NER/TCR can lead to neuronal death, evidence for its participation in the etiopathogenesis of ND is incon-
clusive thus far. Here we summarize the experimental observations supporting a role for NER/TCR in
chronic ND and suggest questions and lines of investigation that might help in addressing this important
issue. We also present a preliminary yet unprecedented meta-analysis on human brain microarray data
to understand the expression levels of the various NER factors in the anatomical areas relevant for chronic
ND pathogenesis. In summary, this review intends to highlight elements supporting a role of NER/TCR in

Parkinson’s disease
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these devastating disorders and to propose potential strategies of investigation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Defects in genome maintenance, and in nucleotide excision
repair (NER) pathway in particular, cause human pathologies
associated either with high cancer predisposition and/or severe
neurodevelopmental abnormalities. Rare inherited NER syndromes
fall into two classes: xeroderma pigmentosum (XP) is dominated by
a strong, sunlight-induced skin cancer predisposition and, in some
patients, by accelerated neurodegeneration. Cockayne syndrome
(CS), and related conditions such as trichothiodystrophy are charac-
terized by severe neurodevelopmental abnormalities. Patients with
the XP/CS complex have mixed symptoms and present with skin
and eye disease of XP and the somatic and neurological abnormali-
ties of CS[1]. These clinical observations lend support to the concept
that defective NER might also play a critical role in chronic neu-
rodegenerative disorders (ND), such as Alzheimer’s and Parkinson’s
disease. This hypothesis is further substantiated by the evidence
that aging is the principal risk factor for these diseases, and that
NER is very relevant for the aging process itself [2]. A role of
NER in the pathogenesis of AD and PD is also consistent with the
notion that environmental factors are also critical in the onset of
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these neurodegenerative diseases, as NER deals with stochastic
DNA damage, which is at least in part of environmental origin. In
addition, because neurons are postmitotic cells and regeneration
in the brain is very limited, it is perfectly conceivable that these
cells require particular care for maintenance of genetic fidelity,
and chronic defects in the machineries in charge might result in
pathology.

Our understanding of the exact role of NER in chronic ND,
however, is extremely rudimentary; while there is no doubt that
defective NER can lead to neuronal death, evidence for its par-
ticipation in the etiopathogenesis of ND is inconclusive thus far.
Identification of pathogenic mechanisms and potential therapeutic
targets is a topic of extreme relevance, especially in consideration
of the anticipated social burden of ND in the fast-aging popula-
tion of industrialized countries. Further focused investigations are
therefore very pertinent and certainly required to unambiguously
demonstrate a role of NER in these pathologies. In this review, we
would like to summarize the experimental observations suppor-
ting a role for NER in chronic ND and to suggest questions and lines
of investigation that might help in addressing this important issue.

2. Nucleotide excision repair

NER is divided into two pathways, GG-NER and TC-NER, which
differ in the first step. The first branch is responsible for repair of
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the wide class of general helix-distorting lesions anywhere in the
genome, while the second repairs lesions blocking the RNA poly-
merase activity and therefore elongation during transcription [3,4].
The spectrum of lesions eliminated by both systems is at least in
part non-overlapping. TC-repair most likely involves additional and
poorly characterized factors that might remove also transcription-
blocking lesions caused by oxidation of the bases, which are not the
substrate of GG-NER [5,6].

In GG-NER the protein XPC is believed to be the first main
factor to bind damaged DNA [7]. XPC recognizes bulky distor-
tions in the helix structure caused by the lesion and might act
in concert with other accessory partners having diverse func-
tions, which in some cases are still poorly understood. HR23, a
homologue of Rad23 - which exists in two isoforms, HR23A and
HR23B - is probably involved in XPC polyubiquitination, which
might increase its affinity for DNA. CEN2 is an optional factor
that may stabilize the complex [8,9]. The DDB complex, formed
by XPE and DDB2, enhances DNA distortion to facilitate recogni-
tion by XPC [8]. Once the damage is recognized, XPC binds the
repair/transcription factor TFIIH and facilitates its interaction with
the lesioned DNA. The TFIIH factor consists of ten subunits, seven
of which compose the core of the complex (XPD, XPB, p62, p52,
p44, p34 and TTDA). Other three subunits (CDK7, MAT1, and Cyclin
H) form the so-called cyclin activating kinase-subcomplex, which
is connected to TFIIH core via interaction with XPD [10]. The
TFIIH multimeric complex is stabilized by the XPG factor [11]. XPB
and XPD are 5'-3'- and 3’-5-DNA helicases respectively, which
unwind the helix in proximity of the lesion [12]. This unwind-
ing process separates the two DNA filaments and generates two
short single strand stretches, which facilitate the recruitment of a
further complex, composed by XPA, which has affinity for chem-
ically altered DNA, and the ssDNA binding protein RPA1 which
binds the non-damaged strand). The fundamental function of
this pre-incision complex is to stabilize the open DNA structure
[13,14].

The next step involves endonucleolytic cleavage and excision of
the damaged and now uncoiled ssDNA. The process is performed
by two endonucleases, the dimeric XPF-Ercc1 complex, which cuts
at the 5’ end of the ssDNA, and the XPG factor, which cuts at the 3’
end [15]. This process results in a single stranded gap in the genome
and a single stranded oligonucleotide fragment that is excised. The
latter typically comprises 27-30 nucleotides.

The gapis filled by de novo synthesis of DNA by DNA-polymerase
complexes that include polymerase 9, k, and . These enzymes are
recruited by the PCNA clamp in association with factors that are
specific for the polymerase type. Pold is recruited by RPA, the clamp
loader RCF, and p66, while pole requires the CTF18-RCF clamp
loader. Polk is instead recruited by ubiquitinated PCNA and XRCC1
[16].

The final step is DNA ligation, which can be performed by two
different enzymes. DNA ligase 1 operates exclusively during the
S phase of the cell cycle, while DNA ligase Illa-XRCC1 complex
operates throughout the whole cell cycle [17].

TC-NER repairs lesions that block RNA polymerase Il and there-
fore interfere with the vital process of transcription. TC-NER differs
from GG-NER in the first step, recognition of the damage, which
is carried out in TC-NER by the elongating RNA polymerase. Here,
three proteins, CSB, CSA, and XAB2 are involved in poorly defined
steps of making the lesion accessible to NER factors presumably
by backtracking of the RNA polymerase and recruitment of XPG
and TFIIH after which the remainder of the NER reaction may
proceed as for GG-NER [18]. Indirect evidence supports the idea that
transcription-blocking different than NER repaired ones are made
accessible by CSB, CSA, XPG, and TFIIH to a different DNA repair
process called base excision repair (BER). The latter deals with
more subtle DNA damages that include many oxidative lesions.

The total of TC-NER and presumed TC-BER is designated here as
transcription-coupled repair (TCR).

Since GG-NER operates genome wide, defects in this sub-
pathway result in broadly diffused accumulation of damage (except
for the transcribed strand of active genes where TCR still takes care
for lesion removal). As a consequence of global genome lesion accu-
mulation, GG-NER defects lead to enhanced mutations and hence
cancer; In fact, GG-NER defects are associated with the cancer syn-
drome XP. On the other hand, defects in TCR cause damage that
interferes with transcription and favors cell death. Interestingly,
impairment of TCR is strongly associated with the neurodevelop-
ment abnormalities in CS, XP/CS and other CS-like syndromes and
in the corresponding mouse models [19].

3. Neurodegeneration

Neurodegenerative diseases (ND) are characterized by a slow,
chronic, and progressive neuronal loss. The latter, at least in ini-
tial stages of the pathogenesis, is confined to distinctive areas
and affects only specific neurochemical types of neurons [20-23].
This regional specificity underlies the diverse symptomatology of
the various ND, because different brain functional and anatom-
ical domains command different abilities. These crucial features
should not be neglected in investigations aimed to identify novel
pathogenic mechanisms because neuronal death is an endpoint
that might be caused by multiple and converging detrimen-
tal cascades. Not every deleterious mechanism belongs to the
etiopathogenesis of ND and, while derangement in certain pro-
cesses (e.g. NER/TCR) might lead to neuronal loss, this does not
necessarily imply that the process itself is intrinsic to the ND
pathobiology. Involvement in ND pathogenic cascades should be
therefore inferred upon unambiguous evidence that perturbation
of the considered mechanism reproduces pathological hallmarks
of chronic ND and leads to physiological alterations recapitulating
human diseases. Assays to address mechanisms’ participation in
pathogenesis should be performed in reference to a panel of appro-
priate and reliable indicators that confirm affinities with human
ND. The choice of such markers, however, has been a source of con-
tention for long time. An intrinsic problem is that, despite sharp
differences in clinical manifestations, different ND also share sev-
eral functional defects. Mitochondrial dysfunction, altered protein
homeostasis, redox imbalance, and calcium dysregulation are only
some examples of anomalies observed in all major chronic ND
[24-26]. These processes, however, are rather vulnerable per se;
accordingly, their alteration is observed in many conditions that
have little, or nothing to do with chronic ND [27,28] and thus
they rather reflect a general state of ongoing pathology. Accord-
ingly, they are also associated with broader signs of distress, which
interest neuronal and non-neuronal cells and include dystrophic
neurites and activation of astrocytes and microglia [29]. This con-
cept obviously applies to NER as well and, while defective DNA
repair might certainly elicit neurological alterations, the question
whether this is enough to state unambiguously that it is relevant
for chronic ND remains open.

In this respect, assessing regional specificity of cellular dysfunc-
tions might unambiguously point out the relevance of a mechanism
for ND pathogenesis. In fact, at least in initial stages, cell death
is confined to distinctive areas and interests only specific neuro-
chemical types of neurons. For instance, in Parkinson’s disease, only
neurons using dopamine degenerate, and only in the substantia
nigra pars compacta. This feature underlies the diverse symptoma-
tology of the different neurodegenerative diseases, because brain
anatomical domains govern different functions. It is important to
highlight that neuropathology and its anatomical pattern are highly
dynamic and evolves and spreads in the course of the diseases



570 S. Sepe et al. /| DNA Repair 12 (2013) 568-577

[21]. The reconstruction of the spatiotemporal progression of ND
has been mostly determined by evaluating the presence of protein
aggregates as well as cell death in human autopsies. At present,
the presence of aggregates still remains the gold standard to assess
pathology and this should be considered when evaluating candi-
date processes suspect of contributing to ND. The diagnostic value
of aggregates to determine ongoing neuropathology is unques-
tioned. Their precise function in the pathogenic cascade, however,
is still debated. For instance, the studies to define the pathologies’
staging are based on immunochemical approaches that detect rel-
atively large form of aggregates, while structural and functional
studies suggest that the most toxic forms are rather small, soluble
oligomers [30].

To facilitate the reader, we would like to summarize the anato-
mopathological features of two common chronic ND, Alzheimer’s
(AD) and Parkinson’s disease (PD), as well as of a rare condition,
Huntington’s disease (HD). We opted for this approach because
most cases of AD and PD are sporadic forms, in which etiology can-
not be ascribed to mutations in single genes and should be rather
sought in complex interactions between genes and environment
[31]. Conversely, HD is a monogenetic autosomal dominant dis-
order, in which pathology is caused by a specific polyglutamine
expansion in the huntingtin (HTT) gene. Despite the very diverse
etiology, the three disorders present significant overlapping in
pathology [32-34], demonstrating once again that several func-
tional anomalies can be common between diverse ND.

Alzheimer’s disease (AD) is the most frequently encountered
form of dementia and symptoms include memory impairment
and severe cognitive loss. The fundamental hallmarks in AD
neuropathology are extracellular amyloid plaques and intracel-
lular neurofibrillary tangles (NFT). Amyloid plaques are spherical
deposits of fragments 40-42 aminacid fragments of the amyloid-
beta (Abeta) protein [35]. NFT are composed of paired helical
filaments (PHFs) of the microtubule-associated protein tau and
thus consist fundamentally of disorganized microtubules. These
two elements interact; Abeta-40 and -42 form stable complexes
with soluble tau [36] and there is a synergistic effect of amyloid
aggregation in the propagation of tau pathology [37].

In AD, pathology mostly affects the cerebral cortex. The latter
is divided into neocortex and allocortex. The neocortex constitutes
the outer layer of the cerebral hemispheres and is the anatomical
structure that in generically referred to as cortex. The allocortex is,
in terms of evolution, the oldest part of the cortex, is rather buried
in the medial ventral part of the brain and includes several forma-
tions, among which the hippocampus. The allocortex is particularly
affected in AD and neuropathology begins from its entorhinal and
transenthorinal regions of the allocortex, to progress in the hip-
pocampus Ammon’s horn and to spread in the final stages to
the neocortex [20,38-40]. Dysfunctions in these anatomical areas,
which participate to memory as well as behavioral aspects of the
personality, are reflected in the symptoms of AD.

Parkinson’s disease (PD) is a common motor disorder. The
majority of PD cases are idiopathic (around 90%); as for famil-
ial forms, sixteen loci responsible for familial forms have been
identified thus far. These include both autosomal dominant (alpha-
synuclein and LRRK2) and autosomal recessive genes (e.g. parkin,
DJ-1, and PINK1) [41]. The most prevalent PD-associated gene is
LRRK2. PD clinical presentation concerns basic movements and
includes tremors, bradykinesia, rigidity, and postural instability.
The spectrum of symptoms, however, is not confined to motor
signs, and includes other manifestations such as neuropsychiatric
disturbances[42]. Overall, PD results in severe debilitation, reduced
quality of life, and early institutionalization.

PD is a disease of the basal ganglia, pathology mostly affects
the nigro-striatal dopaminergic (DA) circuits and in particular
neurons in the substantia nigra pars compacta (SNC), which are

responsible for the fine-tuning of motor capacities [43]. DA neu-
rons of the adjacent VTA, which are instead involved in mood
functions including reward and motivation and differ in their
physiology [44], are spared. One of the principal hallmarks of PD
neuropathology is the presence of aggregates primarily containing
the protein alpha-synuclein, also known as Lewy’s bodies. Just as
in AD, the pathoanatomy of PD has been characterized assessing
the presence of aggregates, formed in this particular case by
alpha-synuclein [45]. Despite the midbrain is the most affected
area, there is evidence that the pathology initiates in the motor
nuclei of the medulla oblongata, proceeds through the pontine
nuclei - the locus ceruleus and the Raphe nucleus in particular -
and only subsequently expands to the midbrain. At more advanced
stages the pathology spreads also to the neocortex [21,45].

Huntington’s disease is a dominant, monogenic neurodegen-
erative disorder [46]. Clinical manifestations include progressive
loss of gross motor skills and the development of chorea - which
consists of abrupt, involuntary movements. Motor defects are not
limited to impairment of gross abilities and also fine motor skills
deteriorate earlier in the course of HD. Other important neuro-
logical signs include neuropsychiatric symptoms and cognitive
impairment. Effective therapies for this devastating disease are not
currently available and, after a typical latency of 20 years from
diagnosis, HD invariably culminates in premature death [47].

HD is caused by a mutation in the coding part of the hunting-
tin gene that results in abnormally expanded CAG trinucleotide
repeats. Consequently, the translated protein huntingtin protein
contains disease-causing expansions of glutamines (polyQ) that
make it prone to misfold and aggregate and immunostaining of
HD brains revealed htt- and ubiquitin-positive intranuclear inclu-
sions [48,49]. In Huntington’s disease the basal ganglia, are mostly
affected, in particular the caudate nucleus and the putamen of the
striatum. The pathology is selective for certain neuronal popu-
lations, such as medium-sized projection spiny neurons (MSNs),
while others, such as aspiny interneurons are relatively spared
[22,50]. MSNs use the neurotransmitter gamma-aminobutyric acid
(GABA) and exert an inhibitory effect in the basal ganglia cir-
cuits; the uncontrolled choreic movements typical of HD have been
ascribed to the loss of this inhibitory input [51].

4. NER and neurodegeneration

The functional alterations involved in ND have been extensively
studied in relation to some forms of DNA damage, and to BER in
particular. Here, the rationale stems from the observation that a
prominent outcome of these dysfunctions is oxidative stress, with
consequent oxidative modifications to DNA that are mostly, but
not exclusively repaired by BER. This subject has been excellently
reviewed [52]. Other DNA repair mechanisms, however, might have
great relevance for neurodegenerative diseases, also in consider-
ation of the lack of unambiguous evidence that the BER system
might act in concert with transcription [53,54].

As anticipated, NER/TCR is important for proper function of the
nervous system, as highlighted by neurological phenotypes associ-
ated with NER/TCR disorders in humans [53,55]. Our depiction of
the role of NER/TCR in neurodegeneration, however, is still blurred
and highly rudimentary, and very few studies can be found in the
available literature. The complexity of the NER pathway, which
involves several players, complicates the scenario and, within the
same pathology, mutations in different genes result in diverse neu-
rological problems [56]. Additional complexity is generated by the
possibility that defects in the CNS are a consequence of alter-
ations in peripheral organs (e.g. kidney or liver), which lead to
metabolicanomalies with repercussions on the brain. For instances,
in Ercc1 knock-out mice one the principal causes ofillness, if not the
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principal one, are liver defects, which affect the organism systemi-
cally [57]. In this model, the strength of the genetic defect is such
that deterioration proceeds too fast and does not allow careful neu-
ropathological analysis. When the Erccl defect in liver is rescued -
with the other tissues still carrying the mutated alleles — neurologi-
cal defects can be detected, especially at the level of the cerebellum.
The anomalies, however, seem rather associated with kidney fail-
ure and consequent increased proteinuria and thus the pathology
falls into the category of uremic encephalopaties. In the same study,
target deletion of Erccl in the brain through Cre-lox technology -
using an Ercc1 floxed allele in combination with a nestin promoter
driven Cre recombinase - results in lower grow rates and prema-
ture death. These signs indeed support a critical role of Erccl in
the brain, even though the authors state that at the time of publi-
cation no accurate neurological analysis had been performed, and
therefore precise details could have not be inferred [57].

Two more recent studies provide additional evidence advocat-
ing the importance of Ercc1 in brain function. One study focused
on the cortex and the hippocampus, and is therefore more rele-
vant for AD pathogenesis, and demonstrates that Erccl mutants
expressing only a truncated allele with reduced activity [58] exhibit
mild, but progressive neurodegeneration [59]. At 4 months of age,
these models present neuropathological signs such as argyrophilic
neuronal profiles indicating cell death as evidenced by silver stain-
ing, as well as caspase-3 and p53 activation. Neuropathology is
associated with electrophysiological impairment and in particu-
lar with reduction of hippocampal synaptic plasticity. The latter
is relevant for AD because impairment in synaptic plasticity is
robustly observed in animal models [60] and reflects loss of mem-
ory in patients [61,62]. These finding were also recapitulated in
mice in which Ercc1 deletion was exclusively targeted to excitatory
postnatal forebrain neurons using Cre-lox technology and driving
recombinase expression under the CaMKII promoter [59].

These models also exhibit robust gliosis, a further sign of
neuropathology associated also with chronic ND [63,64]. ND patho-
genesis, in fact, causes alterations not only in neurons, but also
in glial cells. Whether these perturbations are toxic or not it is
still object of debate; microglial activation is seen usually as a
detrimental event, at least at advanced stages. More recent evi-
dence, however, suggests that also “good” microglia exist, probably
playing a role at early stages of disease [65]. Astrocytes activa-
tion is considered protective becuase these cells provide support
by several means, including production of trophic factors, calcium
buffering, and supply of reducing equivalents [66]. The role of NER
in these cells, however, is largely obscure. Components of the NER
machinery have been detected in astrocytes [67], and it has been
reported that cultured astrocytes have similar NER capacity than
neurons [68]. To our best knowledge, no information is available
on NER in microglia. This issue has not been investigated in models
of chronic ND or in patients’ brain autopsies thus far. It is therefore
perfectly conceivable that NER dysfunction might play a role also
in glial cells in ND, but no experimental data are currently available
to support this hypothesis. Also in this case, additional studies are
required.

Another study, which was also focused on the hippocampus,
performed expression profile analysis in Erccl knock-out mice at
post-natal day 21, demonstrating a suppression of cholesterol syn-
thesis in this brain region [69]. These findings certainly deserve
further experimental attentions because alterations in cholesterol
metabolism are known to occur in chronic ND. In AD, mutations
in the gene ApoE, which codes for the principal cholesterol trans-
porter in the brain, constitutes a primary genetic risk factor [70,71]
and cholesterol itself facilitates Abeta aggregation [72]. Epidemi-
ological studies confirm that individuals with high levels of blood
cholesterol are at higher risk for AD [73]. Also in HD, alterations in
cholesterol metabolism resulting in decreased levels occur during

pathogenesis [74]. The cases of AD and Ercc1 mutants differ in that
the former is associated with increased cholesterol, while the latter
with suppression of its biosynthesis. Nevertheless these elements
clearly point to a role of cholesterol metabolism in neurodegener-
ation - possibly involving reactive genotoxic intermediates - and
draw a potential link with genomic instability driven by Ercc1 muta-
tions. Additional investigations are necessary to unravel the details
of these phenomena. Signs of neuropathology caused by Ercc1 defi-
ciency also develop in the motor neurons in the peripheral nervous
system, lending further support to the importance of this enzyme
in post-mitotic neuronal cells [75].

The above-mentioned studies clearly demonstrate the impor-
tance of Ercc1 in maintenance of proper neuronal function. Erccl,
however, plays a role also in other DNA repair systems than GG-
NER and TC-NER, for instance repair of the very toxic inter-strand
cross links and double strand breaks; thus, the described data do
not provide unambiguous information on the importance of NER
in the brain. This issue also touches other members of the NER sys-
tem; for instance, CSA and CSB operate in TC-NER, but it is also likely
that they participate to the broader TCR pathway, which includes
transcription-blocking non-NER lesions. Two factors, however, are
rather NER specific: XPA is involved in GG-NER and TC-NER, and
XPC is implicated exclusively in GG-NER. The clinical symptoms of
XPC patients and corresponding mice are dominated by cancer pre-
disposition, linking defects in GG-NER with carcinogenesis, but no
appreciable neurodegeneration is noted [76,77]. XPA patients and
KO mice also exhibit a cancer phenotype [78]. While XPA knock-
out mice do not suffer from neuronal loss, XPA patients display
additional signs of accelerated neurodegeneration starting in the
second decade of life. [55]. These findings suggest some impor-
tant considerations. Firstly, a clear-cut defect in NER or TC-NER
is not sufficient to elicit overt brain pathology in mice and syn-
ergistic combinations with defects in other DNA repair systems are
required. Indeed, robust signs of neurodegeneration are observed in
double mutants in which ablation of XPA or XPC has been combined
with genetic deletion of other DNArepair factors, such as CSB or CSA
[55]. The combined presence of these mutations results in dras-
tic disruption of the DNA repair pathways, which rapidly induce
strong phenotypes [55]. In fact, observation of neurological phen-
otypes is possible only under limitation of systemic deterioration
and therefore investigations must be performed in models in which
the double mutation is restricted to determined anatomical areas of
the brain. As previously mentioned, this is usually achieved taking
advantage of the Cre-lox technology. Here an example comes from
Jaarsma and colleagues, who investigated the effects of the com-
bination of targeted disruption of Xpa in the excitatory forebrain
neurons on a Csb—/— background [55].

Again, these models with multiple mutations provide direct
evidence that DNA maintenance is fundamental for neuronal sur-
vival. However, deterioration remains aggressive, and the question
whether the underlying mechanisms responsible for cell death
are comparable with those observed in chronic and slow pro-
gressing ND is still open. This controversy permeates from the
state-of-the-art of research, which thus far demonstrated that DNA
repair deficiency is associated with terminal cellular and molecu-
lar phenotypes that indicate neuronal death (e.g. argyrophilia in
silver staining or caspase activation), without providing insights
on specific upstream mechanisms. Future studies should therefore
approach NER/TCR models with systematic investigation focused
on characteristic pathways intrinsic to the pathogenesis of chronic
ND. Amenable approaches include assessment of defects in the
activity of mitochondrial respiratory complexes (e.g. complex I
deficiency in PD), formation of insoluble and/or ubiquitinated
aggregates in specific neuroanatomical areas, neurochemical pro-
filing of neurotransmitters, or alterations in redox homeostasis in
selected neuronal types. Anomalies in these mechanisms constitute
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specific hallmarks and, for instance, impairment in Complex I or
Complex Il driven respiration are typical of PD and HD respectively
[79-81], while decreased Complex IV activity has been reported in
AD [82,83]. Additional examples are altered dopamine metabolism
and oxidation of dopaminergic neurons in the substantia nigra dur-
ing PD pathogenesis [84,85] or, as previously discussed, formation
of insoluble aggregates in specific areas, which occurs distinctively
in AD, PD, or HD [86].

It is essential to emphasize that these approaches might provide
crucial insights also when applied to DNA repair deficient mod-
els without overt neurodegeneration (e.g. Xpc or Xpa knock-outs).
In fact, there are several examples in this field in which genetic
mouse models of ND do not exhibit an overt phenotype; nev-
ertheless, these animals have been proven very useful to gather
information on the pathogenesis. A paradigmatic example here
comes from models of autosomal recessive genetic PD. Modeling
mutations in Parkin, DJ-1, or PINK1 in rodents led to a negligi-
ble phenotype, with no signs of progressive degeneration in the
dopaminergic neurons of the substantia nigra [87]. A comparable
case is that of the AD mouse model Tg2576sw, which overex-
presses the 695-amino acid isoform of human Abeta precursor
protein containing the K670N and M671L double mutation (known
as Swedish mutation) [88]. Tg2576sw mice do not present neuronal
loss in the CA1 region or loss of synaptic density in the hippocam-
pus dentate gyrus, even at advanced ages [88]. Similarly, genetic
knock-in models of HD expressing the expanded polyQ stretch
in the endogenous htt protein fail to develop any overt symp-
toms, even though closer examinations revealed subtle changes in
mice with longer repeats [89-91]. Despite the negligible or even
absent neuronal loss, these models provided invaluable informa-
tion on the pathogenic mechanisms. For instance, studies on the
AD Tg2576sw model demonstrated that loss in synaptic integrity
precedes electrophysiological defects (i.e. long term potentiation
deficits) and occurs far before deposition of amyloid plaques [60].
In a comparable manner, transcription profiling on a double mutant
of PD expressing alpha-synuclein carrying both the A53T and
A30P variants, which exhibit modest neuropathology [92], revealed
gene-dose dependent dysregulation of several transcripts relevant
for dopaminergic neurons. Importantly, these alterations precede
neuropathology and emphasize the concept that subtle molecular
changes anticipate cell loss and functional deficits [93]. Future in-
depth investigations exploring molecular pathology in NER models
with no overt degeneration might improve our understanding of
the role of this pathway in chronic neurodegeneration and deter-
mine the extent of overlap between NER/TCR deficiency in the brain
and neurological disorders.

5. Anatomical pattern of expression of NER factors in the
human brain

A potential hypothesis explaining regional specificity charac-
terizing ND could envision that expression of genes involved in
the pathogenesis differs among brain areas following an anatom-
ical pattern reflecting that observed in ND. Thus, expression of
genes with protective functions, for instances NER/TCR factors,
might be significantly lower in those areas subject to deteriora-
tion. At present, and to our best knowledge, no reports address
this important issue. To gather initial and preliminary insights, we
performed meta-analysis on datasets from five microarray experi-
ments on human brains available from the open source repository
of the Allen Institute for Brain Science (Allen Human Brain Atlas,
http://human.brain-map.org/) [94]. We focused on 38 genes with
proven involvement in NER and on anatomical regions affected in
AD, PD, and HD (see Tables 1 and 2). We also included different

Table 1

List of the genes involved in NER/TCR considered in this review.
Brain area Symbol
Ammons Horn - CA1 field CA1
Ammons Horn - CA2 field CA2
Ammons Horn - CA3 field CA3
Ammons Horn - CA4 field CA4

Cerebellar Cortex Crus I Lateral Hemisphere
Cerebellar Cortex Crus I Paravermis

Cerebellar Cortex Crus II Lateral Hemisphere

Cerebellar Cortex Crus Il Paravermis
Cerebellar Cortex I-1I

Cerebellar Cortex Il Paravermis
Cerebellar Cortex III

Cerebellar Cortex IV

Cerebellar Cortex IV Paravermis
Cerebellar Cortex V

Cerebellar Cortex V Paravermis
Cerebellar Cortex VI

Cerebellar Cortex VI Lateral Hemisphere
Cerebellar Cortex VI Paravermis
Cerebellar Cortex VIIAf

Cerebellar Cortex VIIAt

Cerebellar Cortex VIIB

Cerebellar Cortex VIIB Lateral Hemisphere
Cerebellar Cortex VIIB Paravermis
Cerebellar Cortex VIIIA

Cerebellar Cortex VIIIA Lateral Hemisphere
Cerebellar Cortex VIIIA Paravermis
Cerebellar Cortex VIIIB

Cerebellar Cortex IX

Cerebellar Cortex IX Paravermis
Dentate Gyrus

Locus Ceruleus

Raphe Nuclei

Olfactory Parolfactory Gyri
Olfactory Subcollosal Gyrus

Globus Pallidus External Segment
Globus Pallidus Internal Segment
Red Nucleus

Head of Caudate Nucleus

Nucleus Accumbens

Putamen

Tail of Caudate Nucleus

Substantia Nigra Compact Part
Substantia Nigra Reticular Part
Ventra Tegmental Area

CbCx Crus I Lateral Hemisphere
CbCx Crus I Paravermis

CbCx Crus I Lateral Hemisphere
CbCx Crus Il Paravermis

CbCx I-11

CbCx III Paravermis

CbCx 111

CbCx IV

CbCx IV Paravermis

CbCx V

CbCx V Paravermis

CbCx VI

CbCx VI Lateral Hemisphere
CbCx VI Paravermis

CbCx VIIAf

CbCx VIIAt

CbCx VIIB

CbCx VIIB Lateral Hemisphere
CbCx VIIB Paravermis

CbCx VIIIA

CbCx VIIIA Lateral Hemisphere
CbCx VIIIA Paravermis

CbCx VIIIB

CbCx IX

CbCx IX Paravermis

DG

LC

Raphe Nuclei

PaG

SGC

GPe

GPi

R

HCd

Ac

Pu

TCd

SNC

SNR

VTA

areas of the cerebellum, which is not involved in the discussed
pathologies, as an external control.

In general, NER factors are indeed expressed in human areas
related to ND and an initial screen reveals that about 30% of the
38 canonical genes involved in NER/TCR are detectable in most
regions (Fig. 1). It is interesting to note that - at least in physio-
logical conditions and in the absence of pathogenesis — the number
of NER/TCR factors expressed in areas degenerating in AD and PD
is generally lower than the cerebellum, which is not significantly
affected in these diseases. To derive additional and more rigor-
ous insights about the influence of the NER/TCR system in the
different anatomical regions, we performed two-way cluster anal-
ysis. Areas with similar pattern of expression of NER genes were
grouped together using Euclidean distance. We considered areas
involved in the pathogenesis of AD, PD, or HD, as detailed in Table 1.
This approach provided several clues. At a first glance NER factors
profiles can be divided in two categories, the first of which has
highly ubiquitous expression in all the studied regions (Fig. 2, right
portion), and a second group of comparable size that is expressed
at different levels in different areas, and thus has more specific
pattern (Fig. 2, left portion). The genes responsible for the initial
recognition step of the GG-NER are distributed between the two
clusters, with XPC and DDB2/XPE in the low and DDB1, CETN2,
HR23A, HR23B in the high expression group. This observation is
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Fig. 1. We considered several brain areas related to, but not necessarily degenerating in ND and determined how many of the NER/TCR factors are expressed above the
10-percentile threshold. In PD, at early stages degeneration in mostly observed in dopaminergic neurons of the SNpc (arrow). The other areas are included because there
are in anatomical proximity (e.g. SNr), because contain neurons that do not degenerate despite same neurochemical properties (e.g. VTA), because they belong to the same
neuronal circuits (HCd, TCd, GPe, GPi, Pu, and Ac), because they degenerate at later stages (LC, Raphe Nuclei), or because present anomalies in PD patients (R, [103,104]). In
addition, we included the olfactory bulb (PaG and SGC) because olfaction is a common prodromal symptom in PD [105] (reviewed in [106]). In AD, degeneration begins in
the CA1 region of the hippocampal formation (arrow) and expands to the other areas only to later stages. In HD the striatum, which includes HCd, TCd, Pu, and Ac, is the most

affected region; however only a subset of neurons in these areas die.

intriguing because it challenges current thinking suggesting that
GG-NER is not essential in post-mitotic neurons [54]|. Moreover,
the Xpc protein appears to be one of the rate-limiting factors in
GG-NER [95], whereas also DDB2/XPE is the essential subunit spe-
cific for detection of a subset of lesions in GG-NER.). A significant
role of GG-NER in protecting from accelerated neurodegeneration
is supported by recent findings indicating that Xpc—/— mice display
a mild yet significant neurological phenotype [55].

Interestingly, genes in the recognition step of the TC-NER fall
all in the low expression group. Obviously, low expression levels
do not necessarily imply irrelevance for proper cellular function
and other influencing factors, for instances sharp changes in

expression, might occur under distressful conditions. Therefore
low levels of transcription in genes responsible for the initial
steps of TC-NER does not exclude that this process is important
for neurons. In fact, Cockayne syndrome patients with CSA of
CSB mutations develop neurodegeneration, even though we still
lack conclusive evidence that symptoms are due intrinsic effects
of the mutations on neurons, and not systemic consequences of
peripheral defect [57]. The latter issue has been challenging also
in consideration of the absence of overt neurological phenotype
in Csa or Csb knock-out mice [96,97]. A further consideration on
the role of low expressed NER genes in neurodegeneration comes
from DBB2, which was identified as novel risk locus in Progressive
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Fig. 2. Heat map and two-way cluster analysis of transcription profile of NER/TCR genes in the human brain. Genes are on the horizontal axis, areas are on the vertical axis.
We used normalized Agilent custom designed microarray data from one health brain (code H0351.2001) from the Allen Human Brain Atlas of the Allen Institute for Brain
Science (http://human.brain-map.org/). Both genes and areas can be clustered in two major groups on the basis of the expression levels.
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Table 2
List, nomenclature, and abbreviations of the anatomical brain areas considered in
this review.

Gene ID Gene symbol Gene symbol in the manuscript
902 CCNH Cyclin H
1022 CDK7 CDK7
1069 CETN2 CEN2
63922 CHTF18 CTF18
8451 CUL4A CUL4A
8450 CUL4B CUL4B
1642 DDB1 DDB1
1643 DDB2 XPE
2067 ERCC1 ERCC1
2068 ERCC2 XPD
2071 ERCC3 XPB
2072 ERCC4 XPF
2073 ERCC5 XPG
2074 ERCC6 CSB
1161 ERCC8 CSA
2965 GTF2H1 P62
2967 GTF2H3 P34
2968 GTF2H4 P52
404672 GTF2H5 TTDA
3978 LIG1 LIG1
3980 LIG3 LIG3
4331 MNAT1 MAT1
5111 PCNA PCNA
10714 POLD3 Pold
5426 POLE Pole
5427 POLE2 Pole2
5428 POLG Poly
11232 POLG2 Poly2
5429 POLH Polm
51426 POLK Polk
5886 RAD23A HR23A
5887 RAD23B HR23B
9978 RBX1 RBX1
6117 RPA1 RPA1
56949 XAB2 XAB2
7507 XPA XPA
7508 XPC XPC
7515 XRCC1 XRCC1

Supranuclear Palsy [98]. This disorders is characterized by dys-
function in the brainstem region, including the substantia nigra and
shares important clinical features with PD, including parkinsonism
(OMIM® entry 610898, http://www.ncbi.nlm.nih.gov/omim). The
association between polymorphism in a NER gene and the disease
provides evidence that this pathway can be of great relevance in
the pathogenesis of neurodegenerative diseases.

The genes involved in the local unwinding step - common to
both GG- and TC-NER and presumably to the broader TCR pathway)
- are evenly distributed between the two expression level clusters.
Genes of the XPA complex, which includes XPA and RPA, belong to
the high expression cluster; conversely, the XPB and XPD helicases
are in the low expression cluster, while the core subunit of the
TFIIH complex are evenly distributed among the two clusters. XPA
and RPA, which are implicated in stabilizing the open pre-incision
intermediate, are in the high expression category. The next step,
during which the dual incision is performed, is carried out by the
factors XPF, ERCC1, and XPG enrich the NER complex. While XPF
is poorly expressed, both XPG and ERCC1 are expressed at high
levels. This observation seems counterintuitive because ERCC1 acts
in concert with XPF, and in the absence of this interaction ERCC1 is
highly unstable. It known, however, that the ERCC1 protein s highly
unstable and can be rapidly degraded [99] and thus it is tempting
to speculate that this might be part of a regulation system in which
XPF transcript is rapidly inducible upon damage and high levels of
ERCC1 mRNA are maintained constitutively to ensure rapid NER
response.

The major polymerase in the brain is pol @, which is not
involved in the subsequent repair synthesis step of NER and is

instead strongly engaged in BER. The involved isoforms pold and
polk fall in the high expression cluster, while pole expression is
extremely low and probably negligible. It is difficult to frame these
observations in the current literature because the pattern of expres-
sion and activity of polymerases other than polf in neurons is
largely obscure. A recent report on primary cultures suggests that
some activity attributable to pold can be found in neurons [100],
but additional investigation is certainly required to dissect this
issue.

The final players in the NER reaction are ligases and XRCC1.
Also in this case the distribution is spread among clusters, with
LIG1 and XRCC1 in the high expression group, and LIG3 in the low
expression one. A recent important report by Gao and cowork-
ers provided critical insights on the role of ligases in the brain
[101]. In this study, LIG3 has been demonstrated to be impor-
tant in the quality control of mtDNA in the brain, independently
from XRCC1. Intriguingly, the same study demonstrates that LIG3
is dispensable for nuclear DNA quality control. Targeted dele-
tion of LIG3 in neurons leads to viable animals and therefore
indicates that LIG3 is not fundamental for proper development
of the brain. The authors, however, assume that these animals
might nonetheless have compromised mtDNA and mitochondria.
Because of the strong nexus between neurodegenerative diseases
and mitochondrial function, it is tempting to speculate that LIG3
might play some role in the pathobiology of these disorders, espe-
cially in those neurons with high rates of oxidative metabolism,
such as dopaminergic neurons [102]. This topic might therefore
be of great relevance for PD. Gao and colleagues also provide evi-
dence that LIG1 is the isoform repairing DNA lesions in quiescent
cells and that performs part of the function previously ascribed to
LIG3. The high expression levels of LIG1 in the brain might reflect
an important and possibly essential role for this enzyme in this
organ.

The anatomical areas can also be clustered into two groups
depending upon the transcripts’ expression levels. Interestingly,
regions involved in the initial stages of AD and PD fall in the low
expressing group (Fig. 2, lower portion). It is very tempting to spec-
ulate that decreased expression of NER/TCR factors might indeed
result in decreased DNA repair capacity and this could contribute
to the selective vulnerability of these cells.

In summary, the role of NER in the etio-pathology of chronic
ND is a promising and expanding research area. The number
of available studies is rather limited at present, yet the topic
is rapidly gaining momentum. Several clinical and experimental
observations indicate that NER process might have great rele-
vance in ND pathogenesis and could eventually explain, at least
in part, important factors such as the effects of aging on dis-
ease onset. Our preliminary evidence describing the expression
profiling of NER/TCR factors in the brain also confirms the possi-
bility that this mechanism acts in the anatomical areas affected
in ND. These preliminary findings are in line with available data
showing that targeted deletion of NER factors in the hippocampus
leads to neuronal degeneration and will be eventually corrobo-
rated by additional experiments in which ablation will be focused
on other areas relevant for ND. Future and more specific research
efforts should determine the extent of overlap between the neu-
ropathology observed in NER/TCR models and that typical of human
ND. These studies will be essential to determine unambiguously
the location of NER/TCR in the pathogenic cascade and to obtain
conclusive evidence that NER/TCR alterations do belong to the
pathobiology of these devastating disorders.
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