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Abstract
The classic model for neurodegeneration due to mutations in DNA repair genes holds that DNA
damage accumulates in the absence of repair, resulting in the death of neurons. This model was
originally put forth to explain the dramatic loss of neurons observed in patients with xeroderma
pigmentosum neurologic disease, and is likely to be valid for other neurode-generative diseases due
to mutations in DNA repair genes. However, in trichiothiodystrophy (TTD), Aicardi–Goutières
syndrome (AGS), and Cockayne syndrome (CS), abnormal myelin is the most prominent
neuropathological feature. Myelin is synthesized by specific types of glial cells called
oligodendrocytes. In this review, we focus on new studies that illustrate two disease mechanisms for
myelin defects resulting from mutations in DNA repair genes, both of which are fundamentally
different than the classic model described above. First, studies using the TTD mouse model indicate
that TFIIH acts as a co-activator for thyroid hormone-dependent gene expression in the brain, and
that a causative XPD mutation in TTD results in reduction of this co-activator function and a
dysregulation of myelin-related gene expression. Second, in AGS, which is caused by mutations in
either TREX1 or RNASEH2, recent evidence indicates that failure to degrade nucleic acids produced
during S-phase triggers activation of the innate immune system, resulting in myelin defects and
calcification of the brain. Strikingly, both myelin defects and brain calcification are both prominent
features of CS neurologic disease. The similar neuropathology in CS and AGS seems unlikely to be
due to the loss of a common DNA repair function, and based on the evidence in the literature, we
propose that vascular abnormalities may be part of the mechanism that is common to both diseases.
In summary, while the classic DNA damage accumulation model is applicable to the neuronal death
due to defective DNA repair, the myelination defects and brain calcification seem to be better
explained by quite different mechanisms. We discuss the implications of these different disease
mechanisms for the rational development of treatments and therapies.
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1. Introduction
It would be reasonable to assume that the major clinical impact of mutations in DNA repair
genes would be an increased risk of cancer. Indeed, a greatly elevated risk of different types
of cancers is associated with different types of DNA repair deficiencies, as observed in patients
with Fanconi anemia, hereditary non-polyposis colon cancer, and xeroderma pigmentosum
(XP) [1].

Surprisingly, it is becoming increasingly clear that another common clinical manifestation of
DNA repair gene mutations is neurologic disease. As shown in Table 1, there are least 16
hereditary DNA repair diseases in which neurological abnormalities represent a major, and in
some cases the only, clinical effect of mutations in DNA repair genes.

The classic model for neurologic disease due to defective DNA repair holds that the
accumulation of DNA damage results in neuronal death. However, in trichiothiodystrophy
(TTD), Aicardi–Goutières syndrome (AGS), and Cockayne syndrome (CS), the most
prominent neuropathology is not neurodegeneration (i.e. neuronal death), but rather myelin
defects. In this mini review, we focus on recent studies of TTD and AGS which indicate that
mutations in what we generally think of as “DNA repair” genes can result in myelin defects
by mechanisms that are qualitatively different than the accumulation of DNA damage.

A major point of emphasis in this mini review is that there are fundamental qualitative
differences in neuropathology amongst the neurological diseases resulting from mutations in
DNA repair genes, and that these differences in neuropathology reflect differences in the
specific cell types that are affected within the brain. Therefore, we will first give a brief
overview of the different types of cells in the nervous system (Fig. 1) to serve as a framework
for the discussion that follows.

2. The brain is more than neurons: different cell types in the nervous system
In this section, we list the major cell types in the brain, including some relevant functional
aspects. For additional information and further references, see [2].

2.1. Neurons
The cell type that characterizes the nervous system and makes it unique is the nerve cell or
neuron. Neurons can communicate with each other via synaptic transmission, and it is this
communication that underlies all of the activities of the nervous system including cognition,
sensation, and the control of movement. Neurons come in many different shapes and sizes.
The smallest neurons, called granule neurons are found in the cerebellum, hippocampus and
olfactory system, and are only approximately 10 μm in width and length. At the other end of
the scale, the motor neurons that connect the cerebral cortex at the top of the brain to the sacral
spinal cord in the tailbone can be ≈ 1 m in length.

A particularly noteworthy type of neuron, located in the cerebellum, is called the Purkinje
neuron (Fig. 2) after the Czech neuroanatomist who discovered it. Although from a quantitative
standpoint, Purkinje neurons are a minor cell population in the cerebellum compared to granule
cells (Fig. 2), they play a crucial role in the output of the cerebellar cortex, a brain region that
is essential to the control of balance. Degeneration of cerebellar Purkinje neurons results in
ataxia, which as shown in Table 1 is a very common manifestation of mutations in DNA repair
genes. Purkinje neurons have been shown to undergo degeneration in the brain of XP, CS, and
AT patients, and are likely to be affected in ATLD as well.
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2.2. Glial cells
The majority of cells in the brain are glial cells. The word glia comes from the Latin word
meaning glue. This terminology reflects the early idea that neurons are the only important brain
cells, and the other cells are just the glue that holds the brain together. As it turns out, there are
three functionally distinct types of glial cells, and their functions are much more important than
the name would imply. In particular, the important role of glial cells in brain diseases is
becoming increasingly appreciated. Also, the different types of glial cells differ in the ability
to respond to oxidative stress and in DNA repair capacity [3,4].

2.2.1. Astrocytes—The most common type of glial cell is the astrocyte. Although astrocytes
can be thought of as a type of supporting cell for the neuron, they also play an important role
in maintaining the extracellular environment, thereby allowing appropriate neurotransmission.
Astrocytes surround blood vessels in the brain, thereby contributing to the blood–brain barrier
(in addition to endothelial cells, see below).

2.2.2. Oligodendrocytes—The second major type of glial cell is the oligodendrocyte,
which forms the myelin sheath that surrounds the axons of multiple neurons, functioning as
the insulator to allow rapid synaptic transmission. In the peripheral nervous system, the myelin
producing cells are referred to as Schwann cells and insulate a single axon. Myelin is composed
of approximately 70% lipid, along with a limited number of proteins. The high-fat content of
myelin gives it a white appearance in brain tissue, hence the term “white matter”. A schematic
representation of the myelin in relation to white matter and gray matter is given in Fig. 1.

2.2.3. Microglial cells—Although the name implies a similarity with other types of glial
cells, it is now generally accepted that microglia are derived from the hematopoetic cell lineage
(monocytes) and populate the brain from the blood during early brain development [5].
Consistent with this lineage, microglia are generally considered to be the resident immune cell
of the brain [6]. Under basal conditions, microglia are often described as “resting”, but are
more accurately described as “alert” or carrying out surveillance [7,8]. In response to brain
damage or cell death microglia undergo a graded activation process, ultimately engulfing
extracellular debris in a phagocytic process.

In addition to microglia, the brain also contains various types of macrophages [5]. Although
not technically considered glial cells, their phagocytic role is more similar to that of the
microglia than any other cell type in the brain. In fact, some authors use the term mononuclear
phagocytes to include both microglia and macrophages [9].

2.3. Endothelial cells
The brain is highly vascularized and as such also contains endothelial cells within the
vasculature. Endothelial cells, along with astrocytes, form the blood–brain barrier. As a result,
endothelial cell dysfunction within the brain can ultimately impact brain function, by for
example allowing white blood cells to enter the brain, and thereby contribute to neurologic
disease.

3. Different brain cells types are affected in different DNA repair diseases
Most reviews of neurologic disease due to DNA repair gene mutations (e.g. [10]) classify the
diseases by the repair pathway affected. This tends to obscure some important qualitative
differences in neuropathology between diseases considered to result from defects in the same
DNA repair pathway (e.g. CS and XP, see [11]). Therefore, in Table 1, we have grouped the
diseases not by the repair pathway affected, but by the primary neuropathological feature.
Considered from this point of view, the diseases roughly fall into three groups.
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3.1. Neurodegenerative disorders
In the first group of diseases, neurons are the primary cell type that is affected. These include
XP, AT, ATLD, SCAN1, and the AOAs 1, 2, and 3 [11–15].

3.2. Diseases of myelin and brain calcification
In the second group are those diseases in which the most striking neuropathological feature is
abnormal myelination, indicating that oligodendrocytes are primarily affected. Defective
myelination includes demyelination (reduced levels of myelin) and also dysmyelination
(abnormal myelin). These “white matter” diseases include CS, COFS, TTD, and AGS [16–
19]. Notably, calcification of the brain, particularly in the basal ganglia and cerebellum, are
also observed in these diseases, most dramatically in CS and AGS.

3.3. Microcephaly
In the last group are those diseases in which microcephaly is the main feature. These include
NBS, LIG4 syndrome, Seckel syndrome, immunodeficiency with microcephaly, and MCH1
(reviewed in [10]). As indicated in Table 1, patients with microcephaly diseases may also have
craniofacial dysmorphology and mental retardation.

3.4. Caveats
As with any classification of this type, some aspects and distinctions are oversimplified. For
example, microcephaly is also observed in CS, TTD, and severe cases of XP. Also, in CS there
is degeneration of both granule and Purkinje neurons in the cerebellum [11]. Finally, regarding
ATLD, while the clinical description of the original patients [20–22] was similar to a slowly
progressing form of AT, some affected members of the most recently described family
displayed microcephaly, similar to NBS patients [23]. Despite these caveats, Table 1 reflects
the major neurologic features of the different diseases, and serves as a useful framework for
considering the mechanisms discussed below.

4. The classic mechanism: accumulation of DNA damage in neurons due to
defective DNA repair causes neurodegeneration

Fig. 3 illustrates what we will refer to as the accumulated DNA damage mechanism for
neurodegeneration due to DNA repair deficiency. This mechanism was originally proposed by
Robbins and co-workers to explain the neurodegeneration observed in XP patients [24].
According to this mechanism, in normal individuals endogenous DNA damage is constantly
being produced but also repaired, resulting in a low-steady-state level of damage which is
compatible with normal cellular function. However, in patients with DNA repair deficiency,
endogenous damage is not repaired and therefore accumulates over time, ultimately leading to
neuronal death as a result of impaired transcription.

At present, the accumulated DNA damage mechanism seems to be generally accepted, at least
implicitly, by most workers in the field. However, it is worth noting that at the time the
mechanism [24] was originally proposed, it was very controversial and not at all well received
(J. Robbins, personal communication) in part because at the time there was much less
knowledge of the magnitude of endogenous DNA damage than today.

As noted above, the accumulated DNA damage mechanism was originally proposed to explain
progressive, primary neurodegeneration that is observed in XP neurologic disease. No
subsequent data has emerged to indicate that this mechanism is not applicable, and in fact
additional supporting data has been published. Specifically, it has been shown that XPD
patients with mutations that specifically affect the NER function of XPD develop “pure” XP,
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with a progressive neurodegenerative disease similar to XPA patients (though typically with
later onset), whereas XPD mutations that either destabilize TFIIH or affect the transcription
functions result in TTD or the XP-CS complex ([25]; see also below). Thus with regard to XP
neurologic disease, the primary question is which DNA lesions are responsible for
neurodegeneration in XP. We have previously proposed that, based on several criteria, the 8,5′-
cyclopurine deoxynucleosides represent the best candidates amongst currently known DNA
lesions for playing a causative role in XP neurologic disease, but it is certainly possible that
other endogenous DNA lesions that are repaired by NER could be involved as well [26].

In addition to XP, the accumulated DNA damage mechanism is also likely to be applicable to
several of the other neurologic diseases on the list above, including the ataxias SCAN1 and
AOA1, 2, and 3. In the case of AOA1, a good candidate DNA lesion has been proposed [27].
However, because these diseases have been the subject of several comprehensive reviews
[15,28,29], they will not be discussed further here.

A complicating factor in applying the accumulated DNA damage mechanism for AT was the
published evidence showing that the ATM protein, while localized to the cell nucleus in most
cells, was apparently localized to the cytoplasm of Purkinje neurons in the human [30] and
rodent [31] brain. Since Purkinje neuron degeneration is the sine qua non of AT, the localization
of ATM in this specific cell type is of major clinical significance. Cytoplasmic localization of
the ATM protein in these cells would imply a role for this protein other than sensing DNA
damage, and therefore a very different pathophysiologic mechanism than a DNA damage
sensing or repair defect.

However, several recent studies have now challenged this view. First, work by Shiloh and co-
workers showed that in human neuron-like cells, the ATM protein is primarily localized to the
nucleus, and responds to DNA damage as it does in other cell types [32,33]. Also, an important
study by Barzilai and co-workers showed that ATM is present in the nucleus of cerebellar
neurons in the mouse brain, including Purkinje neurons, and can be phosphorylated on a residue
equivalent to Ser1981 in the human protein following exposure to ionizing radiation [34]. We
have also made similar observations regarding ATM phosphorylation in rodent brain after
radiation as well (Gorodetsky and Brooks, unpublished observations).

In addition to these findings in mice, we [35] showed that the ATM protein is predominantly
localized to the nucleus of Purkinje neurons in postmortem human brain. Importantly, in
contrast to the earlier publication [30], we used postmortem brain tissue from AT patients to
demonstrate the specificity of the ATM antibody.

Taken together, these new findings on the localization of the ATM protein are now consistent
with the hypothesis that at least one function of the ATM protein in Purkinje neurons is to
detect DNA damage. As such, the accumulated DNA damage mechanism of neurodegeneration
seems applicable to AT as well.

Having said this, there are important outstanding issues that remain, concerning what type of
DNA damage is sensed by ATM in neurons [35], and at what stage of Purkinje cell development
the ATM protein functions. Regarding the latter issue, based on their studies using Atm−/− mice
[36,37] McKinnon and co-workers proposed a model in which ATM acts at a stage just after
terminal differentiation to trigger apoptosis of neurons that have experienced excess DNA
damage during brain development. According to this model, in the absence of ATM, such
neurons survive and populate the Purkinje neuron layer, only to degenerate later as a result of
DNA damage experienced during development [38]. However, it is entirely possible that ATM
plays both a proapoptotic role just after terminal differentiation, as in the McKinnon hypothesis,
as well as an ongoing role in the detection of DNA damage, and that the final neurological
phenotype of AT patients is due to the loss of both pathways.
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In summary, the accumulated DNA damage model of neurodegeneration resulting from
defective DNA repair holds that DNA damage in neurons accumulates over time due to the
lack of repair, ultimately resulting in neuronal death by blocking transcription. Based on current
knowledge, this mechanism seems applicable to XP, AT, ATLD, the AOAs, SCAN1, and
perhaps also the cerebellar neurodegeneration in CS.

5. A new concept of the transcription syndrome hypothesis: loss of the co-
activator function of TFIIH leads to myelination defects

The seminal discovery that the XPB and XPD proteins are part of the transcription factor TFIIH
[39] led to the realization that TFIIH plays important roles in both basal transcription and DNA
repair. This in turn, led to the concept of transcription syndromes, the idea that some of the
clinical manifestation observed in CS and TTD patients with mutations in these genes XPB
and XPD patients could be due to transcription defects, as opposed to DNA repair defects [1,
40].

As typically described, during NER and transcription, TFIIH functions as a helicase, either
opening the DNA during NER, or opening the DNA near the promoter to allow transcription
initiation [41]. Clearly, TFIIH is involved in both functions, although it should be noted that
regarding the function of XPB, a recent study showed that the ATPase activity, rather than the
helicase activity, is important for DNA opening [42].

In addition to the DNA opening roles for TFIIH, it has also been known for some time that
TFIIH has another, mechanistically distinct role in transcription regulation, which is that it
functions as a kinase that phosphorylates nuclear hormone receptors [41,43]. Here, we focus
on a recent study [44] from the Egly laboratory showing that TFIIH has yet another role in
transcription regulation. Specifically, TFIIH can function as a co-activator for thyroid
hormone-dependent gene regulation, and that the loss of this co-activator function of TFIIH is
responsible for some of the major neurological abnormalities observed in TTD patients.

Compe et al. [44] studied the so-called TTD mouse, which carries the same R722W mutation
in Xpd as in a human TTD patient [45]. They first showed that total brain weights of the TTD
mice at postnatal day 20 were significantly lower than WT controls, and also observed some
evidence for reduced myelination. Realizing that several of the neurological features of human
TTD patients, notably including demyelination, were similar to what is observed in thyroid
hormone deficiency, the authors focused their attention on the expression of known thyroid
hormone-dependent genes in the TTD mouse brain, including several involved in myelin
synthesis. In general, they observed decreased levels of thyroid-dependent gene expression in
most regions of the mouse brain, although there were some exceptions. In addition,
ultrastructural studies of the TTD brain showed increased numbers of unmyelinated axons,
indicative of a functional myelination defect.

Additional experiments were carried out in which mice were made hypothyroid (by prenatal
injections of the drug PTU), and subsequently treated with thyroxine, a physiological thyroid
hormone receptor (TR) ligand. In WT mice, hypothyroidism reduced thyroid hormone-
dependent gene expression, but this could be restored by hormone replacement. However, in
the TTD mice, hormone replacement therapy was ineffective. Taken together, the results
indicate a dysregulation of thyroid hormone-dependent gene regulation in the TTD mouse
brain.

To address the mechanistic basis for these observations, the authors carried out a detailed and
comprehensive analysis of the interaction of the TR isoforms with promoter regions of TR
regulated genes. The experiments were carried out in vivo, using a ChIP assay adapted to the
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mouse brain tissues, and in vitro, using DNAse1 footprinting. The conclusion from these
studies was that hormone-dependent recruitment of TRs onto thyroid response elements was
deficient in the TTD tissues and cells, reflecting instability of the liganded TRs on thyroid
response element (TRE) DNA.

In view of the evidence that TFIIH can phosphorylate nuclear hormone receptors [46], the
authors next asked whether the reduced stabilization of the TR in the TTD samples was due to
decreased TR phosphorylation. However, while the TR was found to be phosphorylated in
vivo, and this phosphorylation affected by TFIIH, phosphorylation of the TR did not affect its
ability to bind to the TRE. On the other hand, reducing TFIIH levels by siRNA knockdown of
XPD did reduce TR-dependent gene transactivation.

Taken together, these results indicate that TFIIH acts as a co-activator for thyroid hormone-
dependent transactivation in the mouse brain, and also in human cells. In contrast, TFIIH does
not influence transcriptional repression mediated by unliganded TRs. Direct phosphorylation
of TRs by TFIIH is not necessary for this co-activator function, although as the authors noted,
the possibility that TFIIH may phosphorylate other proteins in vivo that are involved in thyroid
hormone gene regulation cannot be excluded.

The results of Compe et al. make a convincing case that Xpd mutations in the TTD mouse result
in myelination defects due to the loss of the co-activator function of TFIIH in thyroid hormone-
dependent gene expression. By extension, to the extent that the mechanisms responsible for
aberrant myelin gene expression in the TTD mouse are the same as those responsible for
demyelination in the human TTD patients, which seems a reasonable assumption,
dysregulation of thyroid dependent gene expression in the brain is a more compelling
explanation for the neurologic disease in human TTD patients than either an NER defect or a
defect in transcription initiation.

The work by Compe et al. comes on the heels of another important paper, in which Ito et al.
[46] showed that XPG could act to stabilize the TFIIH complex. In cells from XPG-CS patients,
the CAK complex dissociates from the core of TFIIH, resulting in defects in nuclear hormone
stimulated gene expression. In contrast to the TTD work described above, in the XPG-CS cells,
reduced phosphorylation of nuclear hormone receptors is the main mechanism for the hormone-
dependent transcription defect. Since this work has been recently reviewed by others [47,48],
we will not discuss this in any more detail, except to point out that steroid hormones act on the
brain as well as in the periphery, and therefore defective phosphorylation of nuclear hormone
receptors could also negatively affect brain function in XPG-CS patients.

5.1. Are defects in nuclear hormone phosphorylation also involved in pure CS?
Postmortem examination of the brain of an XPG-CS patient reveals the typical pattern of
neuropathologies observed in pure CS patients, including microcephaly, dysmyelination, and
basal ganglia calcification [49]. Thus the obvious question arises as to whether defects in
nuclear hormone-dependent gene transcription observed in XPG-CS cells are also
characteristic of cells from CS patients. However, Ito et al. [46] tested this possibility, but found
that nuclear hormone-dependent transcription was normal in CS cells. Thus despite the
phenotypic similarity between CS, XPG-CS, and TTD, the underlying molecular defects
appear to be different. As the authors noted, it is possible that other transcription defects are
involved in CS. The puzzling question of the mechanistic basis of CS neurologic disease will
be revisited below.
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6. A new model: failure to degrade endogenous DNA leads to neurologic
disease by activation of the innate immune system

A fascinating new twist on the accumulated DNA damage model of neurologic disease has
recently been provided by a series of studies on another rare genetic disease, AGS. Clinically,
AGS patients present in early childhood with psychomotor retardation, microcephaly, and in
some cases seizures [50]. In addition, patients also suffer painful inflammatory sores on the
skin called chilblains [51]. Neurologic abnormalities observed in the brains of AGS patients
include demyelination, calcification of the basal ganglia, vascular abnormalities, and elevated
levels of white blood cells and interferon (IFN)-α in the cerebrospinal fluid (CSF) [19]. In
many ways, these features of the disease are strikingly similar to a viral infection of the brain.

Given the clinical presentation of AGS patients, it would not have been expected that when
the mutant genes responsible for AGS were identified, one would turn out to be encode a protein
thought to be involved in DNA repair. Yet, as shown by the laboratories of Crow et al., AGS
can be caused by mutations in the gene encoding TREX1, a 3′ → 5′ exonuclease [52]. In other
patients, AGS results from mutations in the genes encoding any of the three subunits of
RNASEH2 [53]. Genetic studies indicate that there is at least one additional AGS gene to be
identified [51].

Two additional points about the phenotypic effects of TREX1 mutations should be mentioned.
First, mutations in TREX1 can result in very disparate clinical phenotypes. Specifically, while
TREX1 mutations that disable the exonuclease function in humans result in the neurologic
features in AGS as described above, heterozygous C-terminal truncation mutations of TREX1,
which do not involve the nuclease domain, result in a less severe disease with white matter
involvement [54]. In contrast, other heterozygous TREX1 mutations do not result in neurologic
disease, but instead cause the autoimmune disease systemic lupus erythromatosus (SLE)
[55], and a dominant negative TREX1 mutation results in the related disorder familial chilblain
lupus (FCL) [56,57]. Thus mutations in the same gene affect different organs in humans.
Second, in contrast to the human diseases, gene-targeted Trex1−/− mice do not develop
neurological disease, but instead develop cardiac inflammation [58].

How is it that mutations in TREX1 and RNASH2 can lead to the unusual neurologic symptoms
observed in AGS patients and the lupus like symptoms? A compelling answer to this question
has been proposed by Crow et al. According to this hypothesis, the failure to degrade some
endogenous nucleic acid species, generated as a result of a normal cellular process (see below)
results in the activation of the innate immune system, which is in turn responsible for the disease
symptoms [52].

In contrast to the well-known adaptive or acquired immune system, which involves the
production of immunoglobulin from T and B cells), the innate immune system depends on
phagocytic cells, such as macrophages, that engulf foreign substances. This in turn triggers an
inflammatory response, and a complex cellular cascade resulting in the synthesis of cytokines
such as the IFNs [59,60]. A key step in activation of the innate immune system involves pattern
recognition receptors (PRRs), which include the Toll-like receptors (TLRs). The different
TLRs, as well as other PRRs, recognize specific ligands which collectively are referred to as
pathogen-associated molecular patterns (PAMPs) [60]. Of significance to the current
discussion, different nucleic acid species are recognized by different TLRs or other PRRs
[61,62].

Thus in AGS, the hypothesis is that as a result of normal cellular function, some type of nucleic
acid species is generated that is normally degraded by TREX1 and/or RNASEH2, and is thus
non-pathogenic. In the absence of these enzymes due to mutation, the nuclei acid is able to
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engage a PRR and activate an innate autoimmune response. Stated simply, in AGS, the innate
immune system is “tricked” into an antiviral response by the undegraded endogenous nucleic
acid.

Late last year, Yang et al. [63] made an important advance in understanding the
pathophysiology of AGS. They discovered that a ≈ 60 bp single-stranded DNA species,
apparently arising during S-phase of the cell cycle, could be detected within the endoplasmic
reticulum (ER) of cells from the Trex1−/− mouse, but not in control mice. Strikingly, the same
phenomenon was observed in cells from a human AGS patient as well, despite the different
clinical outcomes of TREX1 deficiency in the two species. On the question of how RNASEH2
mutations could lead to AGS, the authors suggested that the initial nucleic acid species released
during replication might be from an Okazaki fragment, and thereby composed of both a 5′ RNA
primer and DNA. If so, then RNASEH2 could be necessary to degrade the RNA component
(see [63] for a more detailed discussion of this point).

In addition to identifying an endogenous nucleic acid substrate for TREX1, these authors also
demonstrated chronic ATM activation, as well as defective G1/S transition, in both human and
mouse TREX-deficient cells. Based on these and other findings, Yang et al. outlined two
possible mechanisms relating the cellular defects to the autoimmune features of the disease.
First, the undegraded ssDNA could activate the innate immune system via the toll-like receptor
TLR9. This hypothesis is attractive because TLR9 is located within the ER of immune cells,
as are TREX1 and the ssDNA that accumulates in the absence of TREX1. The alternative
model involves ATM signaling via the NKG2D receptor that is expressed by Granzyme A-
secreting immune cells [64]. For a more detailed discussion of two possibilities, as well as
other perspectives on this topic, see [65].

Regarding the neurological disease in AGS, the key features to be explained are calcification
of the basal ganglia, dysmyelination, and elevated levels of CSF IFN-α. It seems likely that
the elevated levels of interferon-α are responsible for the brain calcification, since transgenic
mice designed to overexpress IFN-α in the brain (specifically in astrocytes) display a
progressive brain calcification that is phenotypically similar to AGS [66]. In addition, of the
two models for innate immune activation proposed above (the TLR-mediated versus NKG2D-
mediated) the TLR mechanism seems more likely in the brain, since many TLRs, including
TLR9, are expressed in the brain [67] whereas NKG2D is believed to be specific to subsets of
immune cells.

Based on these considerations, and the hypothesis and proposals made in the original
publications [52,63], a speculative model for neurologic disease in AGS due to TREX1
mutations is illustrated in Fig. 4. According to the model, ssDNA is generated as a result of
DNA replication in some cell type in the brain. In the absence of TREX1, the undegraded
nucleic acid enters the endosome, where it activates TLR9, triggering a signal transduction
cascade resulting in increased IFN-α production. The IFN-α is then secreted into the
extracellular space of the brain, and therefore into the CSF, where its acts on other cells in the
brain, in particular vascular elements and oligodendrocytes, resulting in calcification and
dysmyelination. Vascular dysfunction could also explain the elevated levels of white blood
cells in the CSF.

A model for AGS due to RNASEH2 mutations would be similar, except that the
immunostimulatory nucleic acid would be an RNA [63] or possibly a chimeric RNA-DNA
molecule. Such a molecule might act at a different TLR or other PRR, but ultimately result in
IFN-α synthesis and secretion as shown in Fig. 4.

In terms of the downstream targets of IFN-α, some insights might be gained from analysis of
the IFN-α transgenic mice, which as noted above display brain calcification similar to human
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AGS patients [66,68]. In fact, these mice may be a better animal model for AGS neurologic
disease than the Trex1−/− mice, since as noted above, the Trex1−/− mice develop cardiac
inflammation, but no reported neurologic abnormalities [58]. The curious lack of
neuropathology in the mice might be due to species differences in either the cellular localization
of the relevant PRRs, or in the complex signaling pathway between PRR activation and
downstream transcriptional response.

In summary, the studies of patients with AGS have provided evidence for a fundamentally
different model of neurologic disease due to a DNA repair defect. In the accumulated DNA
damage model, the accumulation of unrepaired DNA damage is proposed to result in a cell-
autonomous pathophysiologic process. In this new model, the failure to degrade naturally
occurring nucleic acids results in neurologic disease via a non cell-autonomous mechanism
involving activation of the innate immune system and secretion of IFN-α.

7. Dysmyelination and brain calcification in AGS and CS neurologic disease
Surprisingly, of the 16 DNA repair diseases listed in Table 1, the neurological manifestations
of AGS are most similar to those in patients with CS and COFS resulting from a CSB mutation
[17,69]. The similar neuropathologies in COFS, CS, and AGS have been noted previously by
others [19,70]. COFS can also result from mutations in XPD [71], XPG [72], or ERCC1 [73],
but neuropathological information on these cases is limited.

Considered from the standpoint of DNA repair pathways involved, it is not at all obvious why
this should be the case. There are at least two other possibilities. First, vascular degeneration,
particularly affecting small vessels (“microvessels”) in the brain appears to be particularly
important in AGS neurologic disease [19]. Likewise, vascular damage is a prominent
neuropathological feature in CS as well [16]. Specifically, Rapin et al. [74] described the
presence of obliterated microvessels in the brain of a CSA patient. In both diseases, it has been
suggested that at least some of the myelination defect could be secondary to vascular damage,
though this has not been conclusively proven [19,74].

In AGS, the vascular changes and calcification may be due to increased IFN-α, based on similar
observation in the IFN-α transgenic mouse [66]. While there is no data on IFN-α levels in the
CS brain, it is possible that the loss of the CS proteins results in a pattern of gene expression
changes that is somehow similar to what takes place in the AGS brain. Supporting this idea,
Weiner and co-workers [75] showed that under basal conditions, i.e. in the absence of exposure
to exogenous DNA damage, CSB deficiency results in a substantial number of gene expression
changes. Interestingly, based on their results, they concluded that CSB-deficient cells appear
to be under chronic inflammatory stress [75].

So, does this mean that there is no role for defective DNA repair in the dysmyelination and
calcification in the CS brain? Not necessarily. Examination of CS brain tissue has observed
evidence of neuroinflammation, including activated microglia [49], markers of oxidative stress
and lipid peroxidation products [76]. Since myelin is primarily composed of lipid, oxidative
stress from an inflammatory response in white matter would be expected to generate lipid
peroxidation products. DNA adducts from malondialdehyde and other lipid peroxidation
products have been shown to block transcription [77], and are therefore likely to be subject to
TC-NER. The hallmark of CS cells is their defect in TC-NER. Thus, it is possible that a “vicious
cycle” of neuroinflammation and cell death could be established in the brain of CS patients,
facilitated by the loss of TC-NER (see Fig. 5). The defective transcriptional responses to DNA
damage in CS cells [78,79] may also contribute to this cycle.

It should be stressed that the model in Fig. 5 specifically applies to the myelination defects and
brain calcification in CS. As noted above, CS patients experience degeneration of neurons in
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the cerebellum, and this particular neurologic feature has also been observed in Csb−/−

Xpc−/−mice [80]. The neuronal loss is unlikely to be due to defective TC-NER, since neuronal
cells and other terminally differentiated cells in humans employ a different form of NER, called
differentiation-associated repair (DAR) [81], and CSB is not necessary for DAR [82]. For other
possible explanations for the cerebellar degeneration in the mice, see [80]. The model in Fig.
5 assumes that glial cells, which do retain the capacity for cell division, use TC-NER.

In summary, the surprising overlap in neurological symptoms between CS and AGS suggests
that vascular changes, and perhaps alterations in gene expression may play a role in the white
matter phenotypes and brain calcification in both diseases.

8. Does the complete absence of CSB result in CS neurologic disease?
A complicating factor in any discussion of CS and the role of defective TC-NER in disease is
the observation of a UV-sensitive syndrome (UVsS) patient, 1KOSV, who was reported to
lack any detectable CSB protein and was defective in TC-NER [83]. However, other UVsS
patients have normal CSB expression and normal TC-NER [84].

Two very recent reports provide additional insight into genotype–phenotype correlations in
CSB. Laugel et al. [85] recently showed that complete absence of CSB expression due to a
promoter mutation leads to the classic features of CS. Also, Hashimoto et al. [86] reported a
Japanese patient, KPSX6 with late-onset CS neurologic disease. Strikingly, the mutation in
KPSX6 is a premature termination near the N-terminus of CSB (codon 82), similar to that in
1KOSV (codon 77). Based on these results, the authors raised the possibility that 1KOSV and
another patient with the same mutation may develop neurologic disease later in life, similar to
KPSX6.

Extending the proposal of Laugel et al. [85], it may be that in cells from 1KOSV (and KPSX6
as well), there is a small amount of functional CSB protein made, either by read-through of the
stop codon during translation or translational re-initiation downstream, which is too little to be
detected by Western blotting but sufficient to carry out the function(s) of CSB in brain cells,
and thereby prevent (or delay) the onset of neurologic disease. Of the two mechanisms,
downstream translational re-initiation seems more likely, since this would explain why stop
codon mutations farther downstream in the protein coding sequence are more deleterious that
those near the N-terminus. Also, there is a precedent for such a re-initiation mechanism in
another hereditary DNA repair disease, NBS [87].

To further complicate matters, cells from a different UVsS patient, Kps3, which has a normal
CSB gene, can be distinguished from CSB cells by differences in host-cell reactivation of
plasmids containing oxidative DNA lesions such as thymine glycol [88]. However, it is not
clear whether this difference reflects a difference in TC-BER of oxidative DNA damage, a
global BER deficiency, or some other difference in the way cells from patients with the two
diseases cells handle the transfected oxidized DNA. Also, CSB cells show reduced survival
after exposure to hydrogen peroxide compared to Kps3 cells [88]. While it is not immediately
obvious how this difference could be related to the dysmyelination and calcification in CS
neurologic disease, it is possible that this differential susceptibility to oxidative stress could be
involved in other aspects of the CS phenotype, such as dwarfism. However, a full discussion
of the role of the CS proteins in repair of oxidative DNA damage is beyond the scope the current
article; see [89] for a recent review.

9. Implications for treatment and therapy
A clear understanding of disease mechanisms is of obvious relevance to the development of
rational treatments and therapies for diseases. The only potential exception to this would be in
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the case of gene therapy, in that the delivery of a normal copy of the mutant gene into cells of
the patients would be expected to have a therapeutic effect even if the normal function of the
gene in cells is poorly understood. While gene transfer to the brain has in fact been carried out
for some other rare genetic brain diseases [90,91], the mutant genes in these diseases encode
enzymes that can act extracellularly to degrade toxic metabolites. In such cases, active enzyme
secreted from a small number of transduced cells could have a therapeutic effect. In contrast,
DNA repair proteins must obviously act inside specific cells, and specifically within the cell
nucleus. Thus gene therapy for the neurological aspect of genetic DNA repair diseases seems
an unlikely prospect in the near term.

Aside from gene therapy, the other therapeutic strategy based on the accumulated DNA damage
mechanism would be to prevent the accumulation of the DNA lesion or lesions that are normally
repaired by the compromised repair pathway. In the case of XP neurologic disease, the best
candidate DNA lesions are the cyclopurine deoxynucleosides, as reviewed elsewhere [26]. To
the extent that these lesions are involved in XP neurologic disease, then antioxidants or other
drugs to prevent their formation might be useful. However, a role for these lesions in XP
neurologic the disease has not been conclusively proven, and it remains entirely possible that
other lesions normally repaired by NER may be involved in XP neurologic disease as well.
Unfortunately, Xpa−/− mice do not develop neurodegeneration, perhaps because they do not
live long enough for sufficient damage to accumulate.

Atm−/− mice do not develop neurologic disease to nearly the extent that the human patients do,
though some Atm−/− mice do show some mild behavioral defects consistent with progressive
Purkinje neuron dysfunction [92]. A recent study by Lavin and co-workers showed that treating
the Atm−/− mice with an antioxidant produced dramatic improvements on some behavioral tests
of balance and motor coordination [93]. For additional discussion of this work, as well as other
therapeutic strategies for AT that might be applicable to other related disease see [94].

In contrast to the accumulated DNA damage model, if the primary cause of the neurologic
defects in TTD or CS involve defects in nuclear hormone receptor dependent gene
transcription, potential therapeutic strategies are very different. Since the defect in TTD is in
the manner in which the target cell responds to hormone, rather than in hormone levels per
se, simply treating the patients with hormone replacement therapy is not sufficient. At least in
the case of TTD, since some TFIIH is present in the patient cells but unstable, it might be
possible to develop a drug to stabilize the protein and thereby increase cellular concentrations.
The availability of a the TTD mouse model, well-characterized patient cells, as well as the
reconstituted biochemical systems [44] would likely be very useful in this regard.

Finally, in the case of AGS, additional knowledge about the signaling pathway between the
undigested nucleic acid and activation of the innate immune system should help to identify
therapeutic targets. For example, to the extent that a specific TLR pathway is involved, it might
be possible to develop or utilize a drug that interferes with that pathway (see e.g. [95]). In light
of evidence that TLRs and neuroinflammation play a role in more common brain diseases
[96,97] research in these areas has increased dramatically in recent years. This increases the
likelihood that effective drugs targeting these pathways in the brain will be developed for more
common diseases [98], but which might benefit AGS patients as well.

10. Conclusions and future perspectives
We began this mini review by asking the question “Do all of the neurologic diseases in patients
with DNA repair gene mutations result from the accumulation of DNA damage?” Based on
the information available at present, the answer is that while degeneration of neurons in patients
with DNA repair gene mutations is due to the accumulation of DNA damage, other neurologic
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abnormalities are better explained by other mechanisms. Specifically, dysregulation of thyroid
hormone-dependent myelin gene expression is a more compelling explanation for the
demyelination in TTD patients than accumulation of DNA damage. In AGS, it is not the
accumulation of DNA damage that results in neurologic disease, but rather a pathological
activation of the innate immune system in the brain due to undegraded normal nucleic acid that
appears to be responsible. Finally, the overlapping neuropathologies in AGS and CS suggest
that the dysmyelination and brain calcification in both diseases may be due in part to vascular
changes, and perhaps reflecting common alterations in gene expression patterns. In view of
the evidence for inflammation in the brain of CS patients, it is possible that lack of TC-NER
or other DNA repair pathways may contribute to cell loss resulting from neuroinflammation.

Regarding the microcephalies, it is not clear that any of these three mechanisms outlined here
are directly applicable. Instead, the key problem in these diseases is dealing with strand breaks
occurring during S-phase, perhaps in the rapidly dividing cells in those regions of the embryo
that give rise to the brain and craniofacial system. As such, ATR-dependent checkpoints and
related responses seem to be most important [10,99]. Also, the development of the nervous
system is an exceedingly complex process, and the specific DNA repair mechanisms involved
vary depending on the specific cell type and stage of brain development [100]. Thus, the three
mechanisms we have outlined here are not intended to cover all forms of neurologic disease
due to DNA repair gene mutations.

On a final note, there can be no doubt that studies of microorganisms (bacteria and yeast), as
well as readily accessible cells (e.g. lymphoblasts and fibroblasts) from human disease patients
have been, and continue to be, of tremendous importance for understanding the cell-
autonomous functions of DNA repair proteins. However, the complex phenotypes of human
diseases resulting from DNA repair gene mutations may involve interactions between different
cell types in the body. Therefore, mouse models are clearly valuable, particularly to the extent
that they can recapitulate the human neurologic disease and be used to test therapies [93]. On
the other hand, as illustrated by the absence of a neurologic phenotype in the Trex−/− mouse,
some disease mechanisms in humans may be species specific. Therefore, for a complete
understanding of the mechanisms underlying the neurologic diseases resulting from DNA
repair gene mutations in humans, it will be important to focus future research efforts on the
specific brain cell types affected in human diseases, as well as the interaction of these cells
with others. Such a complete understanding of disease mechanisms is crucial for the rational
development of treatments and therapies for the patients.
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Fig. 1.
A drawing of the different cell types in the brain to show their anatomical relationships and
relative numerical proportions. In addition to the major cell types which are discussed in the
text, and marked on the figure, other notable points are the wrapping of myelin produced by
oligodendrocytes around the axons of neurons, and the end-feet of the astrocytes wrapping
around the blood vessel which in association with vascular endothelial cells, form the blood–
brain barrier. The relative sizes of the different cell types are not drawn to scale.
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Fig. 2.
Purkinje neurons in the mouse and human cerebellum. (Top row) (A–C) Sections through the
mouse cerebellum stained with propidium iodide (PI), a nucleic acid stain, illustrating the
different layers of the cerebellar cortex; ML, molecular layer; PL, Purkinje layer; GL, granule
layer. (B) Same section stained with calbindin (Calb), a marker for Purkinje neurons. Panel
(C) is a merged image of (A) and (B). Panel (D) is a detail from (C) to illustrate the dendritic
trees of the Purkinje neurons. (Bottom row) (A) low-power image of a section through the
human cerebellum (case 1465, see [35]) showing a single Purkinje neuron (arrow), adjacent
to the granule layer. Note the quantitative difference between the granule neurons (in the GL,
below the dotted line) relative to the single Purkinje neuron. Green staining is topoisomerase
I (Top1), counterstained with PI. (B–D) Higher magnification of the Purkinje neuron shown
in (A), stained with PI (B), Top1 (C) and a merged image (D). In (B), note that the nucleolus
of the Purkinje neuron (arrow) is comparable in size to the entire nucleus of the granule neurons
shown below. Also note the much greater intensity for Top1 staining in the nucleus of the
Purkinje neuron compared to the granule neurons. For further information, see [35]. Images
produced by Tracy Gilman (mouse) and Sarah Calkins (human). The conditions used for PI
staining and image acquisition were substantially different between the mouse and human
material, and therefore the mouse and human images are not directly comparable with each
other.
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Fig. 3.
The accumulated damage model of neurodegeneration due to defective DNA repair. For
explanation see text. For the neurodegenerative diseases in Table 1, the time necessary for
accumulated DNA damage to reach the neuronal death threshold is likely to be several years,
if not longer. This may explain why the Atm−/−, Xpa−/− and Aptx−/− mice do not accurately
reproduce the progressive neurodegeneration observed in the human patients; the 2-year
lifespan of a mouse is simply not long enough to allow sufficient damage to accumulate (see
also [10]).
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Fig. 4.
A speculative working model for AGS neurologic disease, incorporating the proposals [52]
and data from AGS cells [66], as well as the neuropathological evidence from AGS patients
[19] and the IFN-α transgenic mice [66,68]. In one or more cell types in the normal brain, most
likely microglia or macrophages, ssDNA resulting from DNA replication is produced, but is
degraded by TREX1. In the AGS brain, ssDNA enters the endosome due to the absence of
TREX1, where it activates a TLR. TLR activation results in signal transduction to the nucleus
(yellow arrow), increasing the expression of the IFN-α gene (as well as other genes, not shown
for clarity). This results in the synthesis and secretion of IFN-α into the CSF, where it can act
on the other brain cell types. Effects in IFN-α in the vasculature appear to be of particular
importance, and in human patients, dysmyelination is also prominent [19], indicating effects
on oligodendrocytes. Activation of astrocytes and functional changes in neurons are also
observed in the IFN-α overexpressing mice [66,68].
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Fig. 5.
A speculative role for TC-NER in preventing a neuroinflammatory cycle of dysmyelination
and calcification of the brain in CS. Inflammation results in lipid peroxidation and
transcription-blocking DNA damage, which is repaired by TC-NER. CS gene mutations
inactivate TC-NER, resulting in cell death, and in turn more inflammation from phagocytic
cells. Under these conditions, the transcriptional defects in CS cells under conditions of DNA
damage [78,79] may also play a role.
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Table 1
List of neurologic diseases resulting from mutations in DNA repair genes

Disease Genes Major CNS features

Neurodegenerative diseases
 Xeroderma pigmentosum (XP) neurologic disease XPA,C,D,Fa Primary neurodegeneration in brain, spinal cord
 Ataxia telangiectasia (AT) ATM Purkinje neuron degeneration, movement disorders
 AT-like disease (ATLD) MRE11 Clinically similar to late-onset AT neurologic disease
 Spinocerebellar ataxia with axonal neuropathy
(SCAN1)

TDP1 Cerebellar atrophy

 Ataxia with oculomotor apraxia 1 APTX (Aprataxin) Cerebellar atrophy, axonal sensorimotor neuropathy
 Ataxia with oculomotor apraxia 2 SETX Cerebellar atrophy, axonal sensorimotor neuropathy
 Ataxia with oculomotor apraxia 3 Unknown Cerebellar atrophy
Diseases of myelin and brain calcification
 Cockayne syndrome (CS) CSA,B; XPB,D,G De/dysmyelination, calcification, microcephaly
 Cerebro-oculo-facio-skeletal (COFS) syndrome XPD,G; CSB, ERCC1 De/dysmyelination, calcification, microcephaly
 Aicardi–Goutières syndrome (AGS) TREX1, RNASEH2 De/dysmyelination, calcification, microcephaly,

elevated CSF IFN-α, CSF lymphocytosis
 Trichothiodystrophy (TTD) XPD, TTDA Demyelination, microcephaly, ± calcification
Microcephaly diseases
 Nijmegen Breakage syndrome (NBS) NBS1 Microcephaly, craniofacial abnormalities, mental

retardation
 LIG4 syndrome LIG4 Microcephaly, craniofacial abnormalities
 Seckel syndrome ATR Microcephaly, craniofacial abnormalities, mental

retardation
 Immunodeficiency with microcephaly Cernunnos-XLF Microcephaly, craniofacial abnormalities, mental

retardation
 Primary microcephaly 1 MCPH1/BRIT1 Microcephaly, mental retardation

The diseases are classified by the brain neuropathology, rather than by DNA repair pathway. References are given in the text. The table is not intended
to be a comprehensive list of all DNA repair diseases in which there is nervous system involvement. In many of these diseases, the peripheral nervous
system is affected as well. For other caveats, see text.

a
The neurologic disease in XPF patients is somewhat different than the classic XP neurologic disease in XPA and XPD. In XPC, neurologic disease is

asmpytomatic. For further discussion, see [26].

DNA Repair (Amst). Author manuscript; available in PMC 2009 June 1.


