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Abstract
It is a commonly held view that oxidatively-induced DNA lesions are repaired by the base excision
repair (BER) pathway, whereas DNA lesions induced by UV light and other “bulky” chemical
adducts are repaired by the nucleotide excision repair (NER) pathway. While this distinction is
generally accurate, the 8,5’ cyclopurine deoxynucleosides represent an important exception, in that
they are formed in DNA by the hydroxyl radical, but are specifically repaired by NER, not by BER.
They are also strong blocks to nucleases and polymerases, including RNA polymerase II in human
cells. In this review, I will discuss the evidence that these lesions are in part responsible for the
neurodegeneration that occurs in some XP patients, and what additional evidence would be necessary
to prove such a role. I will also consider other DNA lesions that might be involved in XP neurologic
disease. Finally, I will also discuss how our recent studies of these lesions have generated novel
insights into the process of transcriptional mutagenesis in human cells, as well as the value of studying
these lesions not only for a better understanding of NER, but also for other aspects of human health
and disease.

1. Introduction
The 8,5’-cyclopurine nucleosides1 were originally discovered by workers interested in the
effects of radiation on DNA [1–3]. Some work on these lesions continued through the mid-1980
and 90s [4,5], but interest in them then declined, perhaps due in part to the identification and
popularization of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) as a marker of oxidative
DNA damage.

Interest in the 8,5’-cyclopurine-2’-deoxynucleosides (cyPudNs) was revived in 2000 by reports
from two groups [6,7] demonstrating that cyPudNs are substrates for the nucleotide excision
repair (NER) pathway, but not for other repair pathways. These observations led both groups
to propose that these lesions may be responsible, at least in part, for the neurodegeneration
suffered by xeroderma pigmentosum (XP) patients who lack the capacity to carry out NER.
The interest in identifying oxidative DNA lesions repaired by NER was stimulated by the fact
that the wavelengths of UV light responsible for generating the DNA lesions known to be
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repaired by NER could not penetrate into the human brain, and therefore could not be
responsible for XP neurologic disease [8].

In a recent review, I described the clinical and neuropathological aspects of XP neurologic
disease, and the evidence that cyPudNs are involved in this disease [9]. Therefore, in the present
work, I will summarize those arguments and findings, but focus primarily on more recent data
not covered in the last review, as well as other data related to these unique oxidatively induced
DNA lesions.

2. Cyclopurine deoxynucleosides: chemistry, formation, and structural
considerations
2.1 Chemistry of CyPudN formation

CyPudNs are DNA lesions that result from the attack of the hydroxyl radical on DNA and
specifically on 2’-deoxyadenosine (dA) and 2’-deoxyguanosine (dG) [10]. CyPudNs have been
shown to form from the hydroxyl generated by ionizing radiation and from the Fenton reaction
[11,12], which is the most relevant source of hydroxyl radicals in vivo. These lesions do not
result from singlet oxygen or other types of reactive oxygen species.

Both 8,5’-cyclo-2’-deoxyadenosine (cyclo-dA) and 8,5’-cyclo-2’-deoxyguanosine (cyclo-dG)
can exist in either of two diastereomers, denoted 5’R and 5’S (see figure 1). Interestingly, some
studies have indicated that the R and S forms of these lesions have different biological properties
[7,13], observations that may ultimately give insight into the mechanistic basis of enzymes
that act on DNA.

The basic mechanism of formation of cyPudNs involves a 2-step process [14], as illustrated in
Fig. 2. In the first step, the hydroxyl radical reacts with the sugar moiety of the nucleoside by
abstracting an H atom from C5’, resulting in the formation of the C5’ radical of the sugar
moiety. This radical attacks the double bond between N7 and C8 of the purine base, ultimately
resulting in the formation of the covalent 8, 5’ bond. The R isomers of both cyclo-dA and cyclo-
dG were predominantly formed when single-stranded DNA was irradiated, whereas the S
isomers predominated in double-stranded DNA [4].

Recently, Chatgilialoglu and colleagues have carried out a series of further mechanistic studies
of cyPudNs formation [15–20]. In addition to discovering better synthetic routes for cyPudNs,
these studies have yielded a number of important mechanistic insights into the stereochemistry
and energetics of cyPudNs formation, including the determination of a rate constant for the
cyclization reaction (1.6 × 105/s) [20]. Because the second step in cyPudNs formation is
relatively slow, it can be modified by intracellular components. Molecular oxygen (O2) can
react with the C5’ radical at diffusion-controlled rates, resulting in the production of a peroxyl
radical rather than a cyPudN (Fig. 2). However, because the O2 concentration in the eukaryotic
cell nucleus is relatively low [21,22], the inhibitory effect of O2 on cyclization may be of limited
importance in this compartment. On the other hand, the inhibitory effect of O2 on cyclization
could be very important in the mitochondria, given the flux of O2 through this organelle. At
present, there is no information on whether cyPudNs can form in mitochondrial DNA.

In addition to O2, Chatgilialoglu and colleagues have proposed that intracellular glutathione
could theoretically prevent cyPudN formation by reacting with the C5’ radical intermediate
[20]. Such a “repair” reaction could represent a biologically relevant protective role against
the formation of cyPudNs or any other lesions.
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2.2 Structural Alterations in CyPudN
Figure 3 shows energy-minimized models [23] of dA and cyclo-dA, viewed from different
orientations, to illustrate the most important structural alterations caused by the additional 8,5’
bond. First, the additional bond locks the base into an anti configuration, and displaces C8 of
the purine base by approximately 3Å from its position in dA (Fig.3, top panels). In a dsDNA
molecule, this would have the effect of pulling the base towards the sugar-phosphate backbone,
away from its hybridization partner. Such an effect would explain the reduction in melting
temperature of DNA containing cyPudNs observed experimentally [24]. The second notable
feature is unusual sugar pucker, which is imposed upon the molecule by the covalent 8, 5’
bond. Finally, the position of the adenine base relative to the sugar, including the χ angle, is
altered, which would affect base stacking interactions, and may therefore play a role in damage
recognition [25].

Although the structure shown in Fig. 3 is based on energy minimization in silico, it is consistent
with many of the structural features of cyPudNs derived from direct measurements of 8,5’-
cycloadenosine [26]. As such, this model can serve as a useful framework for understanding
the biological effects of cyPudNs, and the development of testable hypotheses regarding effects
of these lesions on enzymes.

3. XP Neurologic Disease
3.1 Overview

As discussed above, a major reason for the current interest in cyPudNs is their possible role in
XP neurologic disease. In this section, I will briefly outline XP neurological disease, and then
review the evidence for a role for cyPudNs in this disease in the next section. The clinical and
neuropathological manifestations of XP neurological disease were described in detail in the
last review [9], and the reader is referred to that paper and references therein for a more detailed
description. In addition, the relationship between XP, NER, and neurological disease is
discussed in the contributions of Nouspikel and Niedernhofer, in this Volume.

As pointed out by Friedberg et al [27], the first XP patient with features of neurological disease
(“idiocy”, dysarticulation) was described by Neisser [28]. Subsequently, DeSanctis and
Cacchione described three patients with the cutaneous features of xeroderma pigmentosum, as
well as dwarfism, neurologic disease, and immature sexual development [29]. They also carried
out a postmortem neuropathological examination of the brain of one of the patients, and noted
the loss of neurons in the cerebellum and cerebral cortex. As a result, the term DeSanctis-
Cacchione syndrome is sometimes used to describe patients with XP and severe neurological
abnormalities. However, the use of this term can sometimes be confusing (see [9]). Therefore,
in this paper I will use the term XP neurologic disease [30], which is preferred because it is a
specifically defined clinical entity, and can also encompass later-onset forms of the disease
which can develop in patients with normal growth and sexual development [31].

3.2 XP Complementation Groups and Neurologic Disease
XP neurologic disease is observed in patients from complementation groups A, C, and D
[30,31]. Late-onset neurologic disease has been reported in XPF patients with hypomorphic
mutations [32,33], however, the progression of neurological symptoms in these patients is
somewhat different than classic XP neurologic disease. The most severe and earliest onset
cases of XP neurologic disease are seen in XPA patients. There is a relatively common
“founder” XPA mutation in the Japanese population [34,35] that results in severe XP neurologic
disease, with an age of onset between 7–13 years. Other combinations of XPA alleles can result
in disease onset even earlier, or much later, depending upon the biochemical consequences of
the particular mutations [36–39]. XP neurologic disease is observed in group D patients [36]
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who have mutations that specifically affect the NER function of the XPD protein [40]. The
onset of neurologic disease in these patients is typically in the teens or early 20s. In contrast,
XPD mutations that affect other functions of the protein, such as kinase activity of interaction
with other TFIIH components, result in either XP-CS or trichiothiodystrophy (TTD), two
qualitatively different disorders [40] (see also below). Genotype-phenotype relationships in
complementation group D are very complex [41], which may be due in part to the ability of
different mutant “null” alleles to complement each other [42].

It is often not appreciated that XPC patients can also develop neurologic disease, although it
is of late onset and clinically asymptomatic. However, disease progression can be followed by
careful clinical testing, particularly of the patients hearing ability [43]. It is worth emphasizing
here that the well-known distinction between TC-NER (which required the CSA and CSB
proteins) and GG-NER (which requites the XPC protein) applies to dividing cells. In contrast,
terminally differentiated cells, including neurons, have a different pattern of NER within the
genome, termed domain-associated repair (DAR). In DAR, both the transcribed and non-
transcribed strands of active genes are repaired, whereas NER in non-transcribed DNA
sequences is essentially undetectable [44]. Because DAR requires the XPC protein [45], the
neurologic disease observed in XPC patients may be related to the role of XPC in DAR. Based
on the proposal of Nouspikel et al, [45] (see also Nouspikel, this Volume) a plausible
explanation for neurodegeneration in XPC is that, because the non-transcribed strand of DNA
serves as a template for repair, failure to repair the non-transcribed strand will eventually impact
repair of the transcribed strand.

3.3 XP Neurologic Disease is a Primary Neurodegeneration, and is Qualitatively Different
Than CS or TTD Neurologic Disease

XP neurologic disease is a primary neurodegeneration, in that there is no evidence of other
factors such as amyloid deposits or spongiform encephalopathy. The disease is characterized
by the loss of large neurons, not only in many regions of the brain and spinal cord, but also in
the peripheral nervous system (for review see [9]). In fact, the earliest manifestations of XP
neurologic disease are sensorineural hearing loss and areflexia, likely due to degeneration of
neurons in the dorsal root ganglia which are part of the peripheral nervous system. Moreover,
in the neuropathological study of the XPC patient described above, direct evidence of
neuropathology was only observed in the peripheral nervous system [46].

It is important to stress that XP neurologic disease is qualitatively different than the neurologic
disease that affects patients with Cockayne syndrome (CS) and XP patients in complementation
groups B, D, and G that have the combined features of XP and CS [31]. In XP neurologic
disease, it is the neurons that are primarily affected. In contrast, in CS, the most prominent
degenerative change that is observed is an unique form of demyelination (leukodystrophy)
called tigroid demyelination [31]. This observation indicates that it is the myelin-forming glial
cells (oligodendrocytes) that are primarily affected in the brains of CS patients. Many CS
patients also develop calcium deposits in the brain, particularly in the basal ganglia and
cerebellum. Neither tigroid demyelination nor calcification is observed in XP neurological
disease. TTD patients also have myelination defects [41] and may have brain calcification;
thus, TTD neurologic disease is more similar to CS neurologic disease than to XP neurologic
disease.

3.3. Evidence That XP Neurologic Disease Results From Defective NER
The evidence that XP neurologic disease results from defective NER is compelling, as it is
based on several overlapping and mutually reinforcing lines of evidence. First, the severity of
XP neurologic disease correlates with the inability of cells to survive exposure to UV radiation
[47], a measure of NER in essential genes. Second, XP neurologic disease is observed in
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patients in complementation groups A, C, and D. The only known function of the XPA protein
is in NER, and although XPD and XPC proteins have additional functions [48,49], the only
function that the three proteins have in common is NER. Third, in XPD patients, mutations
which inactivate the NER function of XPD result in XP neurologic disease, whereas XPD
mutations that result in a loss of XPD protein, and thus loss of the additional functions of XPD
(transcription and nuclear receptor kinase activity) result in CS or trichiothiodystrophy (TTD)
[40]. Finally, XP variant patients, who manifest the cutaneous features of XP due to mutation
in the XPV gene have normal NER, do not develop neurologic disease.

As noted above, the neurologic diseases observed in CS and TTD are qualitatively different
than XP neurologic disease. Consistent with these differences, there is increasing evidence that
the mechanistic basis of these neurologic diseases are fundamentally different as well.
Specifically, Compe et al [50] recently showed that the myelination defects observed in a mouse
model of TTD [51] are best explained not by a DNA repair deficiency, but rather by the loss
of a co-activator function of TFIIH in thyroid hormone regulated gene expression in the brain.
Furthermore, at least some of the clinical manifestations of XPG-CS patients are likely to be
due to defects in nuclear hormone dependent transcription, rather than to DNA repair defects
[52,53].

4. CyPudNs and XP neurologic disease
4.1. Background

The scientific rationale for the possibility that cyPudNs are involved in XP neurologic disease
derives from three primary sources. Robbins and colleagues [8] initially proposed that since
UV light cannot access neurons in the human brain, XP neurologic disease is most likely due
to the failure to repair DNA damage resulting from an endogenous damage, such as that caused
by free radicals [30]. Dizdaroglu and colleagues [4,5,14] showed that both cyclo-dA and cyclo-
dG could be formed in DNA, and proposed that these lesions were likely to be substrates for
NER but not BER. Subsequently, Lindahl and colleagues [54] showed that exposing plasmid
DNA to hydroxyl radicals from either ionizing radiation or the Fenton reaction resulted in the
formation of some type of DNA damage that could be specifically repaired by the NER pathway
in cell extracts. The DNA molecules used as substrates in that work had been treated with
specific DNA glycosylases to remove 8-oxo-dG and thymine glycol, and were covalently
closed plasmids, ruling out the possibility that the damage repaired by NER in the experiment
were either single-strand or double strand breaks. In the same paper, XP cells were shown to
repair single-strand breaks normally [54]. These and other experiments provided the first direct
evidence that the hydroxyl radical could generate some class of DNA lesion(s) that are
specifically repaired by the NER pathway, and therefore might be involved in XP neurologic
disease. Based on these experiments, the authors discussed possible oxidatively induced DNA
lesions that might be specific substrates for NER, including cyPudNs.

Against this background, in 2000, different research groups [6,7] showed that cyPudNs are in
fact substrates for NER, but are not detectably repaired by glycosylase-initiated base-excision
repair, or any other repair pathway detectable in human cell extracts. Both groups therefore
proposed that XP neurologic disease may result from the inability to repair cyPudNs [6,7].

4.2. The Case for CyPudNs as Neurodegenerative DNA Lesions in XP
As discussed in detail in the earlier publication [9], and expanded upon below, the case for
cyPudNs as causative DNA lesions in XP neurologic disease can be summarized as follows:

1. CyPudNs are substrates for NER that is defective in XP patients who develop XP neurologic
disease [6,7].
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2. CyPudNs are not substrates for any other DNA repair pathway in mammalian cells [6,7].

3. CyPudNs are strong blocks to gene expression in XP cells [6,55], a biological effect that is
compatible with causing neurodegeneration. They also stimulate the production of mutant
RNA transcripts in human cells [56], as discussed in more detail below.

4. CyPudNs are chemically stable, endogenous DNA adducts [57–59]. As pointed out by
Lindahl [60], DNA lesions that are inherently chemically unstable could not accumulate to a
significant extent even in the absence of repair.

5. Recent data supporting a role for cyPudNs in XP neurologic disease
Within the past year, two additional studies have been published which provide further support
to the role of cyPudNs in XP neurological disease, and these are reviewed below.

5.1. The Glycosidic Bond in Cyclo-dA is Stabilized Against Spontaneous Hydrolysis
As described above, efforts to detect repair of cyPudNs by either glycosylase-initiated BER or
direct repair have been unsuccessful (see [61] for a recent attempt). Thus, the totality of the
evidence indicates that NER is the only enzymatic pathway that can remove cyPudNs from
DNA. Given the existence of NER in all forms of life from microorganisms to humans, it is
difficult to envision what the evolutionarily selective pressure would be for the enzymatic
“back-up” pathway for cyPudNs repair. However, the possibility that some organism may have
an enzymatic activity cannot be formally ruled out.

In the absence of NER or a specific DNA repair pathway, one conceivable mechanism that
could operate to remove cyPudNs from DNA would be a combined degradation/repair
mechanism, in which a non-enzymatic chemical alteration of the cyPudNs would render it
susceptible to “gratuitous” repair by an alternate DNA repair pathway which is primarily
involved in the repair of some other type of DNA lesion. One possibility for such a chemical
alteration would be hydrolysis of the 1’–9 N-glycosidic bonds that link the purine base to the
sugar moiety in DNA. This bond is known to be relatively unstable under physiological
conditions [60]. Indeed it is the instability of this chemical bond that is responsible for the
estimated loss of approximately 20,000 purine residues per cell per day in a mammalian cell
[62]. In view of the evidence that many other chemical base modifications can destabilize the
glycosidic bonds in DNA [63,64], we considered the possibility that the glycosidic bond might
also be destabilized in cyPudNs. If so, and if the resulting hydrolyzed form of cyPudN could
be subsequently repaired (e.g. by an AP endonuclease), such a coupled degradation-repair
mechanism could be of biological significance.

To address the first step in this hypothetical mechanism, we [65] developed a method to detect
cyclo-dA containing a hydrolyzed glycosidic bond, and used this method to compare the
stability of the glycosidic bond in cyclo-dA against acid hydrolysis, relative to the situation in
dA. The use of acid hydrolysis in these experiments was selected because spontaneous
glycosidic bond hydrolysis is acid-catalyzed [64]. However, while the combined degradation/
repair model described above requires that the glycosidic bond in cyclo-dA to be destabilized,
we found that the glycosidic bond in 8’5’ bond in cyclo-dA is in fact more stable than in dA
against acid hydrolysis, by a factor of approximately 40-fold [65]. Therefore, this observation
essentially rules out the possibility that spontaneous hydrolysis of the glycosidic bond of
cyPudNs in DNA occurs in vivo to any biologically significant extent. By extension, therefore,
the question of whether AP endonuclease or any other enzyme could process an altered cyclo-
dA residue resulting from spontaneous glycosidic bond hydrolysis becomes irrelevant, and this
combined degradation/gratuitous repair mechanism can therefore be effectively excluded from
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further consideration as a realistic mechanism to remove cyPudNs from DNA in the absence
of NER.

5.2. Cyclo-dA Strongly Blocks Transcription, and Also Stimulates Transcriptional
Mutagenesis

In our initial studies of the effects of DNA lesions on gene expression in XPA cells, we
demonstrated that although a single cyclo-dA or a single thymine dimer were strong blocks to
transcription, the blockage was not absolute [6]. Specifically, in these original studies we
detected an approximately 75% reduction in luciferase activity as a result of a single cyclo-dA
or single thymine dimer on the transcribed strand of an luciferase reporter gene [6]. In that
work, it was difficult to determine whether the residual luciferase activity we detected was due
to bypass of the lesion during transcription, or some other process.

In view of the demonstration that the XPV gene product could bypass thymine dimers and other
“replication-blocking” DNA lesions [66,67], as well as a discovery of transcriptional
mutagenesis by Doetsch and colleagues [68], we developed a method to search for
transcriptional mutagenesis resulting from bypass of cyclo-dA and other lesions in human cells
[56]. Using this method, we discovered two novel types of mutant RNA transcripts resulting
from the bypass of the cyclo-dA lesion (see Fig. 4).

In the first type, which we refer to as a 5' A mutation, the polymerase correctly incorporates
UMP opposite cyclo-dA, but then misincorporates an AMP opposite the next template dA
residue 5’ to cyclo-dA. The second type contains deletions of 7, 13 or 22 nucleotides beginning
after polymerase incorporation of UMP opposite the lesion. Because these transcripts contained
deletions of multiple nucleotides, we refer to them multiple nucleotide deletions (MNDs)
[56].

Importantly, we also detected multiple nucleotide deletions in RNA from XPA cells transfected
with a thymine dimer containing construct. In this case, the transcripts contained a 12 nucleotide
deletion following incorporation of A opposite the 3’ T of the TT-dimer. Thus, MNDs resulting
from the TT-dimer result from a very similar mechanism as observed with cyclo-dA. However,
the exact sequences of the transcripts derived from the two lesions are in fact different. This
is as expected given that the transcripts resulted from two different DNA lesions located in
slightly different sequence contexts, and rules out the possibility that the MNDs we detected
from the TT-dimer construct were the result of contamination. Furthermore, the fact that we
detected MND transcripts from both the cyclo-dA- and TT dimer-containing constructs rules
out the possibility that such transcripts resulted from a rare population of mutant plasmids used
to prepare the constructs or from some peculiarity with the specific lesion-containing
oligonucleotides. Rather, these results indicate that the formation of multiple nucleotide
deletions are a general outcome, albeit a rare one, of the interaction between RNA polymerase
II and a helix-distorting DNA lesion in a human cell.

Both 5’A and MND transcripts resulting from cyclo-dA were observed in cells from an XPA
patient, an XPD patient, and a CSB patient [56]. Interestingly, however, we detected a small
but statistically significant decrease in the ratio of MND to 5’A transcripts in cells from the
CSB patient compared to the XPA and XPD patients, suggesting that the CSB protein may
modulate the probability of MND transcript formation.

5.2.1. Transcriptional Mutagenesis: Mechanistic Considerations—From a
mechanistic standpoint, the question of how MND transcripts are generated is particularly
interesting. Inspection of the sequences of the MNDs resulting from cyclo-dA showed that
these transcripts could be explained by the polymerase first incorporating UMP opposite the
lesion, followed by a dislocation of the template strand resulting in the newly incorporated
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UMP being opposed to a downstream template dA residue, which could then act as a primer
for continued transcription. The sequence of the MND transcript resulting from the TT-dimer
could be explained by an analogous mechanism. For a working model of such a mechanism
and more details, see [56].

Another notable feature of the effects of cyclo-dA on transcription and human cells that we
detect is that in all three types of transcripts produced, i.e. wild-type, 5' A mutations, and MNDs,
the polymerase incorporates the correct nucleotide, i.e. UMP opposite cyclo-dA. Thus, at the
level of transcription, cyclo-dA does not directly stimulate misincorporation. The lack of direct
misincorporation opposite cyclo-dA can be understood in terms of the structure of the lesion.
As noted above, the main effect of the additional bond is to displace the adenosine base back
towards the sugar phosphate backbone, away from the incoming rNTP. However, the additional
C8-C5’ bond does not directly adduct any of the atoms in the adenine base that are involved
in Watson-Crick base pairing.

Another implication of our results is that they indicate the existence of a mechanistic
branchpoint occurring after the polymerase incorporates UMP opposite cyclo-dA. In kinetic
terms, this implies that incorporation of UMP opposite cyclo-dA is “fast” relative to subsequent
steps leading to lesion bypass. Ongoing studies in our laboratory, using a minimal transcription
system, are generally consistent with this scheme (Cheng, Jia, and Brooks, manuscript in
preparation). Ultimately, much insight into these mechanistic questions will be gained by direct
observation of the polymerase transcribing up to and past the cyclo-dA lesion, which can be
achieved using X-ray crystallography.

5.3 Transcriptional Mutagenesis versus Transcription Blocking: Implications for XP
Neurologic Disease

Considering the relative significance of transcription blockage versus transcriptional
mutagenesis by cyPudNs in relation to XPA neurologic disease, the transcription blocking
effect would appear to be much more important, for several reasons. First, the transcription
blocking effect is quantitatively more important. Our original and subsequent studies have
consistently shown that a single cyclo-dA lesion reduces luciferase activity by approximately
75% in XP cells and in vitro studies using purified RNA polymerases or nuclear extracts are
consistent with this magnitude of transcription blockage (unpublished observations). Secondly,
a transcription-blocking DNA lesion will have the same effect on gene expression wherever it
is located in transcribed sequence (5’ or 3’ untranslated sequence, intron or exon). In contrast,
TM will only result in an abnormal protein if it causes a change in the amino acid sequence of
the encoded protein, which is not possible if it is located within an untranslated sequence, or
the wobble position of a codon. In this regard, it is worth noting that in human genes, introns
can be very large, i.e. 10 kB or greater.

It is theoretically possible that transcriptional mutagenesis from bypass of cyPudNs could cause
the continued production of some very stable type of toxic mutant protein, such as amyloid or
prion protein, which could accumulate, leading to neuronal death. However, neuropathological
studies have not detected amyloid accumulation in the brains of XP patients, nor is there any
evidence of spongiform encephalopathy which is characteristic of prion diseases [69]. For all
these reasons, therefore, although the production of mutant or non-functional proteins due to
TM could certainly contribute to neurodegeneration in cells in which they are produced, the
neurodegeneration observed in XP patients is most likely primarily due to the transcription-
blocking effects of cyPudNs as well as other endogenous transcription-blocking DNA lesions
that are repaired by NER as well.

While stalling of RNAPII at DNA lesions can trigger P53-dependent apoptosis [70–72], it
remains to be determined whether neurodegeneration in XP is due to this mechanism, as
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opposed to a progressive inactivation of essential gene products ultimately resulting in neuronal
death. This topic, as well as different models of the neuronal death process in XP, are discussed
in more detail in the previous review [9].

6. Other DNA Lesions and XP Neurologic Disease
6.1. Lesions Repaired by BER

Given the evidence that XP neurologic disease results from defective NER, the most likely
mechanisms is the accumulation of DNA lesions that are specifically repaired by NER, but not
by other pathways such as BER. Therefore, experiments designed to identify such lesions
[54,73] are of particular relevance and interest in this context. It follows that DNA lesions
which are primarily repaired by pathways other than NER, such as BER, are unlikely to play
a role in XP neurologic disease. Since NER has an almost infinite substrate range, it is not
surprising that 8-oxo-dG, thymine glycol, and urea are substrates for NER in vitro, [74] even
undamaged DNA can be processed to some extent by NER in vitro [75]. However, in vivo
studies have shown that cells from XP NER deficient XP patients repair 8-oxo-dG normally
[40,76] (although cells from the rare XPD patients that display the clinical features of CS
exhibit an unusual strand-break response to response to DNA containing 8-oxo-dG ; see [40,
77]).

Recently, direct evidence against the hypothesis that neurodegeneration resulting from NER
deficiency is due to the loss of the back-up repair of 8-oxo-dG comes from studies in mice
[78]. When Csb−/− mice (which do not develop neurodegeneration) were crossed with Xpc−/
− mice, an early onset neurodegeneration was observed, particularly in the cerebellum. In
contrast, when the Csb−/− mice were crossed with Ogg1−/− mice, no neurodegeneration was
observed. It seems difficult to argue that the neurodegeneration observed in the Csb−/− Xpc−/
− mice was due to the loss of NER acting as a “back-up” repair pathway for 8-oxo-dG removal,
when complete inactivation of the main repair pathway for 8-oxo-dG had no such effect.

6.2. Propano-deoxyguanosine adducts
Aside from the cyPudNs, more realistic candidate neurodegenerative DNA lesions in XP are
the exocyclic propano-deoxyguanosine (PdG) adducts derived from lipid aldehydes such as
crotonaldehyde, acrolein, malondialdehyde and 4-hydroxynonenal [79,80]. The
malondialdehyde PdG adduct can arise in DNA from base propenals [81]. Like cyPudNs, and
in contrast to 8-oxo-dG, these lesions are specifically repaired by NER [82], and they are
substantial blocks to transcription by RNA polymerase II, at least in vitro [83]. However, PdG
adducts can undergo chemical rearrangements into alternate forms [84] that are substrates for
DNA repair reactions other than NER. Also, these lesions are adducted to guanine via nitrogen-
carbon bonds, which are less stable than the carbon-carbon bonds in cyPudNs. For both reasons,
these lesions are likely to be less stable in DNA over time in the absence of NER than the
cyPudNs. Still, increased levels of transcription blockage by unrepaired PdG lesions may also
contribute to XP neurologic disease.

6.3. Intrastrand DNA Cross-Links Resulting From Oxidative Stress
Several DNA intrastrand cross-links resulting from the attack of free radicals on DNA have
been described [85–89]. These lesions appear structurally analogous to the canonical types of
DNA lesions repaired by NER i.e. the thymine dimers and 6–4 product. One of these crosslinks
has been shown to be a substrate for the bacterial NER system in vitro [90]. Based on their
structures, it is highly likely that such lesions would be strong blocks to transcription in human
cells. While at present there is no published evidence that they are endogenously formed, the
fact that some of these lesions can be induced in DNA under Fenton reaction conditions [91,
92] indicates that they can occur in vivo. An intriguing possibility is that one or more of these
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may correspond to endogenous DNA modifications (I-compounds) detected by the 32P-
postlabelling assay [93]. Based on chemical composition, some I-compounds resulting from
oxidative stress were previously proposed to represent intrastrand DNA crosslinks involving
purines [94–96]. We were able to identify a subset of these I-compounds as dinucleotides
containing cyclo-dA [57], but the chemical structure of others remain unidentified.

6.4. Other Endogenous DNA Lesions?
Finally, it is entirely possible that other endogenous DNA lesions can be formed in neurons
that require NER for their removal, and have yet to be discovered. The products of oxidative
damage to DNA have been thoroughly investigated [97], and it seems likely that the majority
of oxidatively induced DNA lesions that can be formed have been identified. However, many
other cellular components can react with DNA to form stable adducts, including lipids (see
above), neurotransmitters and their derivatives [98,99], steroid hormones [100], and
leukotrienes [101]. Many of these are cell-type specific, and therefore, DNA adducts resulting
from them would only affect a subset of cells. Until recently, most of these adducts have been
identified by reacting specific chemicals of interest with nucleosides or DNA. However, a more
global, unbiased approach to endogenous DNA adduct detection would be much more efficient
and useful.

A very interesting and important step in this regard has been taken by Kanaly et al [102], who
have applied HPLC-MS-MS to the DNA “adductome” of human tissue samples. In addition
to detecting several known DNA adducts, including the PdG adducts, the authors have
identified numerous additional adducts, some of which are tissue-specific. Further studies of
this type, especially applied to tissue samples from repair-deficient individuals, should identify
other endogenous DNA adducts that are substrates for NER, and thus of potential relevance
for XP neurological disease.

7. CyPudNs and XP Neurologic Disease: Summary and Remaining Issues
In this review, I have sought to outline some basic aspects of how cyPudNs are formed, their
biological properties and repair, and the evidence that they are involved in the pathogenesis of
XP neurologic disease. In making the case for the cyPudNs as neurodegenerative DNA lesions
in XP, I am not claiming that they are the only lesions responsible; rather, my argument is that
based on a reasonable set of criteria they represent the best candidates of any currently known
DNA lesions for a role in XP neurologic disease. As more data becomes available about some
of the other DNA lesions, such as the oxidatively induced DNA crosslinks, the case that these
lesions may also play a role in XP neurologic disease may be strengthened. In addition, as
indicated above, it is likely that additional DNA lesions will be identified in the human brain
that are substrates for NER, and therefore involved in XP neurologic disease as well. A
comprehensive catalog of the human brain “adductome” is therefore important; not only for
XP neurologic disease, but for understanding the other neurologic disease resulting from DNA
repair defects (see other contributions in this Volume).

An essential criterion that must be met before a role for cyPudNs in XP neurologic disease can
be accepted is that the lesions should be shown to accumulate in brain tissue from XP patients
or mice relative to controls. While this seems straightforward to test, in fact this question is
substantially complicated by two factors: the heterogeneity of NER within the genome, and
the cellular heterogeneity of the brain. The GG-NER pathway does not function effectively in
neurons or other terminally differentiated cells, even those with normal NER genes [44]. Since
assays of DNA damage in total DNA samples reflect GG-NER, it follows that one would not
expect to see a difference between normal and XP samples when measuring DNA lesion levels
in a portion of the genome where repair does not function even in normal individuals. With
regard to cellular heterogeneity, in XP neurologic disease, it is the neurons that are most
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severely affected. However, neurons make up only about 10% of the cells in the brain, the rest
being glial cells. So, measuring DNA adducts in total brain DNA means that one is measuring
DNA adducts primarily in non-transcribed sequences in glial cell DNA. This problem is
exacerbated even further in postmortem brain tissue from patients with XP neurologic disease,
in which, by definition, much neuronal death has already occurred. When neurons die, glial
cells, which retain the capacity to divide, proliferate.

Taking these points into considerations, to rigorously test the role of cyPudNs or other DNA
lesions in XP neurological disease, it will be necessary to develop is a method to quantitate
lesion levels on the transcribed strand of active genes in neurons, analogous to the classic gene
and strand-specific NER assays At present, there is no method available for doing this, but
further improvements in DNA adduct measurement techniques, coupled to methods for cellular
fractionation and enrichment for specific sequences, should allow these limitations to be
overcome in the future. An antibody that can specifically detect cyPudNs would be particularly
useful in this regard, and efforts to develop such a reagent are ongoing.

8. Regulation of Repair of CyPudNs Following Ionizing Radiation (IR)
8.1 Is NER Inducible by IR?

Finally, I would like to highlight two recent papers [103,104] which raise interesting questions
about the regulation of the NER pathway, and also highlight some unique advantages to
assaying cyPudNs to investigate this pathway. In these studies, human keratinocytes were
exposed to oxidative stress from ionizing radiation or a chemical (KBr) to increase levels of
cyPudNs. Then, the decline in levels of cyPudNs back to basal levels was taken as a measure
of repair of these lesions. The authors found that keratinocytes from both an XPC patient and
a CSA patient were deficient in repair of cyPudNs using this method. While the defective in
repair in XPC cells is consistent with the known role of XPC in global genome NER, defective
repair in CSA is somewhat surprising, since it is thought to be involved in TC-NER. However,
there are data suggesting a role for the CS proteins in GGR [105].

The other interesting aspect of these studies is that the basal levels of cyPudNs were not
different in XPC vs. WT cells. Basal levels of DNA lesions in repair-proficient cells are
generally assumed to reflect a steady-state between lesion formation and repair. However, the
lack of a difference in basal cyPudN levels between the WT and XPC cells is inconsistent with
this idea. One interpretation of these results is that these cells utilize DAR (i.e. NER only
functions in transcribed DNA) in the absence of exogenous DNA damage, and GG-NER is
induced by IR. Although DAR was originally discovered in terminally differentiated cells,
Nouspikel et al [45] proposed that it may also apply to some proliferating cells as well. Also,
the concept that GG-NER is inducible by DNA damage is not new; studies by Ford and
Hanawalt showed that GG-NER of thymine dimers and chemical adducts in human cells is
dependent upon the P53 gene activation [106].

8.2 Is GG-NER Operative in Cells That Are Not Exposed to Exogenous DNA Damage?
The classic methods that have been used to study NER (cell survival assays, unscheduled DNA
synthesis, and recovery of RNA synthesis) involve exposing cells to exogenous DNA damage.
There is no doubt that such assays have generated many important and fundamental insights
into DNA repair and skin cancer in humans. However, with such assays alone, it is not possible
to determine the status of NER in the absence of exogenous DNA damage. Because the
cyPudNs are endogenous lesions that are specific substrates for NER, assaying these lesions
provides a method of assessing GG-NER in cells without exposing them to any exogenous
DNA damage. Therefore, the results of such assays can provide a novel perspective to the
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complex and controversial issue of GG-NER in quiescent and terminally differentiated cells
[107,108].

9. General Summary and Future Perspectives
In summary, cyPudNs are a unique and interesting class of endogenous DNA lesions, in that
they are generated in DNA by oxidative stress, but are specifically repaired by the NER
pathway. As such, the biological properties of these lesions are much more like those of other
NER substrates such as thymine dimers than to other commonly studied oxidatively induced
DNA lesions such as thymine glycol or 8-oxo-dG. In addition to being the best candidates
amongst currently known DNA lesions for playing a causative role in XP neurologic disease,
studies on cyPudNs have also yielded unexpected insights into topics of more general interest,
i.e. transcriptional mutagenesis [56]. A full understanding of how lesions provoke the novel
types of TM events we have identified may ultimately provide insight into basic transcriptional
mechanisms. In addition, while beyond the scope of this review, published data indicates that
these lesions may be of significance to other medically relevant aspects of biology such as
breast cancer [109,110], chemotherapy [111], and biomarkers of environmental pollution
[112]. It is likely that studies of this class of DNA lesions will increase in the future, and in
turn yield additional insights of relevance to human health.
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1.
Chemical structures of the R and S forms of the cyPudNs.
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2.
The mechanism of cyPudN formation, and the role of molecular oxygen in preventing lesion
formation.
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3.
Energy-minimized models of dA (left panels) and 8, 5’-(S) cyclo-dA (right panels) viewed
from different perspectives. Modeling was carried out using YASARA-WHATIF
(www.Yasara.com)[23]. In the top panels, the distance between the 5’ and 8 carbons is
indicated. For comparison, the measured distance between the 5’ and 8 carbons in a crystal
structure of cyclo-A is 1.513 Å [26].
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4.
RNA transcripts resulting from bypass of cyclo-dA in human cells [56]. The double-stranded
DNA template that was transfected into cells is shown at the bottom. The location of the cyclo-
dA lesion is indicated by the red italic A.
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