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Abstract

Cockayne syndrome (CS) is a devastating neurodevelopmental disorder, with growth 

abnormalities, progeriod features, and sun sensitivity. CS is typically considered to be a DNA 

repair disorder, since cells from CS patients have a defect in transcription-coupled nucleotide 

excision repair (TC-NER). However, cells from UV-sensitive syndrome patients also lack TC-

NER, but these patients do not suffer from the neurologic and other abnormalities that CS patients 

do. Also, the neurologic abnormalities that affect CS patients (CS neurologic disease) are 

qualitatively different from those seen in NER-deficient XP patients. Therefore, the TC-NER 

defect explains the sun sensitive phenotype common to both CS and UVsS, but cannot explain CS 

neurologic disease. However, as CS neurologic disease is of much greater clinical significance 

than the sun sensitivity, there is a pressing need to understand its molecular basis. While there is 

evidence for defective repair of oxidative DNA damage and mitochondrial abnormalities in CS 

cells, here I propose that the defects in transcription by both RNA polymerases I and II that have 

been documented in CS cells provide a better explanation for many of the severe growth and 

neurodevelopmental defects in CS patients than defective DNA repair. The implications of these 

ideas for interpreting results from mouse models of CS, and for the development of treatments and 

therapies for CS patients are discussed.

1. Introduction

Patients with the genetic disease xeroderma pigmentosum (XP) are highly sensitive to 

sunlight exposure, and have a greater than 10,000X increased risk of cancer on sun exposed 

areas of the body [1]. Based upon the earlier discovery of nucleotide excision repair [2], the 
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landmark observation by Cleaver [3] that patients with XP are unable to carry out nucleotide 

excision repair (NER) was the first description of a DNA repair disease. The subsequent 

discovery that cells from patients with Cockayne syndrome (CS) have a defect in a sub-

pathway of NER, referred to as transcription-coupled nucleotide excision repair (TC-NER) 

[4, 5] led to the identification of CS as a DNA repair disease as well. CS is a rare 

neurodevelopmental disorder with progeriod features, and sun sensitivity, and the NER 

defect common to both diseases provided a convincing explanation for the shared sun 

sensitive phenotype.

The discovery of the TC-NER defect in CS cells brought this extremely rare disease to the 

attention of world-class scientists working on DNA repair and transcription, resulting in 

several ground breaking scientific publications, and much progress into understanding the 

mechanistic basis of TC-NER [6, 7]. In addition, knowledge of the DNA repair defect was 

essential to the cloning of the genes responsible for CS [8, 9]. However, the association 

between CS and TC-NER deficiency has had a negative impact as well. Numerous 

publications on the mechanistic basis of TC-NER, utilizing cells from CS patients, 

reinforced the association between CS and TC-NER deficiency. Furthermore, the shared 

NER deficiency in both XP and CS fostered the idea that all of the clinical features of CS, 

including the neurologic disease, are the result of the TC-NER defect (e.g. [10]). The 

obvious problem is that while both XP and CS patients have neurologic abnormalities, the 

nature of the neurologic abnormalities in CS are fundamentally different than those in XP 

[11, 12].

In my view, much of the confusion in the literature is the result of looking at CS through the 

lens of the well-known TC-NER deficiency. In fact, cells from CS patients have multiple 

abnormalities in addition to defective TC-NER. In this work, I will take the opposite 

approach, starting with a description of the clinical features of CS with a particular emphasis 

on CS neurologic disease. I then consider which of the various molecular abnormalities that 

have been described in CS cells, including but not limited to the TC-NER defect, provides 

the best explanation for the different pathologies of CS neurologic disease. Specifically, I 

will propose an updated version of the original transcription syndrome hypothesis of CS 

[13–16] expanded to include an important role for defective transcription by both RNA 

polymerase I (RNAPI) and RNA polymerase II (RNAPII) in CS , and argue that this 

expanded transcription hypothesis provides a better explanation for many aspects of CS 

neurologic disease than defective DNA repair. I will also consider the implications of the 

expanded transcription syndrome hypothesis for interpreting recent findings from mouse 

models of CS. Finally, I will consider the translational implications of different hypotheses 

for the pathophysiology of CS. As such, this work is not intended to be a comprehensive 

review of CS, but a different way of looking at the mechanistic basis of CS neurologic 

disease. Since neurologic disease is of far greater clinical significance to CS patients than 

sun sensitivity, understanding its mechanistic basis has important implications for the 

development of treatments and therapies which are urgently needed.
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2. Cockayne syndrome (CS) and CS neurologic disease

CS is a rare autosomal recessive disease, characterized by severe growth failure, neurologic 

disease, developmental abnormalities, degeneration of multiple organ systems including the 

eye and ear, cataracts, and, in most (but not all) patients, sun sensitivity [17–20]. CS can 

result from mutations in either of two genes; ERCC6 (CSB) or ERCC8 (CSA). In addition, a 

subset of patients with mutations in the XPB, XPD, and XPG genes have the somatic 

features of CS, as well as the increased risk of skin cancer on sun exposed areas of the body 

that is characteristic of XP [19]. Therefore, any explanation for a CS phenotype must be able 

to explain how some mutations in any of five genes (CSA, CSB, XPB, XPD, XPG) can result 

in the CS phenotype.

Different types of CS are referred to in the literature [17, 21, 22]. Patients with the most 

severe form, Type II, show prenatal growth retardation, and are therefore affected at birth. 

These patients typically do not survive past 6–7 years of age. Patients with the more 

common presentation of CS, Type I, are normal at birth, but begin to show growth and 

developmental abnormalities by 1–2 years of age. Other patients, referred to as Type 3, 

show later age of onset symptoms, and a slower disease course, and some patients survive 

into their 40s. The distinction between these types is not absolute and is becoming less 

distinct as additional patients are identified.

2.1 Cockayne syndrome neurologic disease

The neurologic defects observed in CS patients, collectively referred to as CS neurologic 

disease, are quite complex and multifaceted. Some of the major pathologic features of CS 

neurologic disease are described below, based upon multiple publications [20, 23–27]. 

Readers should consult the original references for more detailed information.

2.1.1 Brain growth defects, and atrophy—One of the most striking features of the 

brain of CS patients at the time of death is the extremely small size. As stated by 

Weidenheim et al [20] this likely reflects a combination of both brain growth defects and 

profound brain atrophy. In severe CS cases, the cerebellum is already small at the time of 

first evaluation, indicative of early cerebellar hypoplasia [25]. Atrophy of the white matter is 

typically more severe than in the gray matter.

2.1.2. Myelin defects—There are two distinct types of white matter (myelin) 

abnormalities in CS. One is a defect in brain myelination during development, referred to as 

hypomyelination or dysmyleination. Based on brain imaging and MR spectroscopy, Koob et 

al [25] concluded that CS is primarily a hypomyelinating disease. In addition to this global 

hypomyelination, a patchy loss of myelination, referred to as tigroid demyelination, has been 

described. This pathology has been most well documented in post mortem studies of CS 

patients, although abnormalities consistent with tigroid demyelination can be observed with 

brain imaging (see [25] and references therein). Figure 1 is an immunofluoresence image 

taken of the brain of a CS patient, which illustrates this patchy demyelination at the cellular 

level.
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2.1.3. Calcification—A striking and unusual feature of CS neurologic disease is the 

presence of calcium and other mineral deposits within the brain. In vivo, brain calcification 

can be readily detected by brain imaging, and is most commonly seen in the basal ganglia 

and cerebellum. In severe CS cases, additional calcification is seen below the depths of sulci 

in the cerebral cortex, and in association with the large leptomenigeal blood vessels [25].

Microscopic analysis of the brain of CS patients postmortem also demonstrates different 

types of calcification. One type is small crystals (concretions) of calcium found in the brain 

tissue which are easily seen with the light microscope. In addition, calcium and/or iron can 

be detected in and around brain vascular elements.

2.1.4. Brain vasculopathy—An important aspect of CS neurologic disease that is 

frequently overlooked is brain vasculopathy, affecting both large and small blood vessels 

[20, 26]. The remains of obliterated blood vessels, referred to as string vessels, can be found 

in the brains of CS patients by microscopic investigation, and represent evidence of brain 

microvasculopathy [23, 26]. Rapin et al [23] stated that string vessels appeared more 

frequent in areas of the brain lacking white matter, suggesting a relationship between the 

two pathologies. However, additional quantitative data would be necessary to further 

evaluate this possibility.

2.1.5 Other Cellular abnormalities—Finally several authors have noted the existence of 

unusual and bizarre cell types in the brains of CS patients. These include dystrophic and 

degenerating cerebellar Purkinje neurons, some containing so-called axonal torpedoes, 

multinucleated astrocytes and neurons, and ferruginated (mineral-containing) degenerating 

neurons [27]. Determining which of these cellular phenotypes are the result of the disease 

progression, versus which are clues to the underlying pathophysiology, is an important 

question for future research.

In summary, CS neurologic disease is complex and heterogeneous set of pathologies, 

including both developmental defects and degenerative processes, and perhaps other 

pathogenic mechanisms as well. We now turn to a consideration of the possible mechanistic 

explanations for the different features of CS neurologic disease, beginning with the DNA 

repair defect.

3. Transcription-coupled NER and its relevance to CS

Before assessing the relevance of defective TC-NER for CS neurologic disease, it is 

necessary to provide some basic information about NER and TC-NER. Since several 

comprehensive and detailed reviews of various aspects of NER have been recently published 

in a special issue of DNA Repair [28] here I will give only a basic description of the 

processes, and refer interested readers to these reviews.

3.1 NER and TC-NER, a brief overview

NER is the DNA repair mechanism responsible for removing UV-light induced lesions as 

well other types of DNA damage that cause significant distortion of the helical structure of 

DNA. The major type of UV-induced lesions are cyclobutane pyrimidine dimers (CPDs), 
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with a smaller fraction of 6–4 photoproducts. The classical approach of studying NER in the 

laboratory is to expose cells in culture to UV light, then follow the repair of the UV-induced 

lesions over time. This can be done either by measuring DNA repair synthesis with 

radioactive tracers, or by isolation of cellular DNA followed by Southern blotting (for 

review see [29]). In the Southern blotting method, isolated DNA is first treated with 

enzymes that cleave at the site of DNA lesions prior to electrophoresis, such that the repair 

of DNA lesions is detected as the disappearance of enzyme-sensitive sites. In parallel with 

these cellular studies, biochemical experiments carried out in several laboratories [30–32] 

have provided a fairly detailed picture of the mechanistic basis of NER.

Of particular relevance for CS was the discovery, using the Southern blotting method, that 

the rate of NER across the genome varies depending upon the transcriptional state of the 

DNA [33, 34]. These observations led to the concept of two distinct sub-pathways of NER, 

referred to as global genome NER (GG-NER) and transcription-coupled-NER (TC-NER). 

The GG-NER pathway removes DNA lesions throughout the genome, whereas TC-NER is 

responsible for the more rapid repair of transcription blocking lesions on the transcribed 

strand of active genes [6]. Cells from CS patients have a specific defect in TC-NER, while 

the GG-NER pathway is normal in CS cells [4, 5]. The CSA and CSB proteins, encoded by 

the ERCC8 and ERCC6 genes, respectively, play an essential role in TC-NER, but not in 

GG-NER [35]. The primary mechanistic difference between the two sub-pathways is in the 

manner of lesion detection. For GG-NER, the lesion is first detected by the XPC protein, in 

association with different partners, whereas in TC-NER, stalling of an elongating RNA 

polymerase at a transcription blocking DNA lesion acts as a signal to initiate and carry out 

NER [6, 36]. The CSA and CSB proteins are involved in localized the NER machinery to 

the transcription-blocking DNA lesion [37].

Once the DNA lesion has been identified, the subsequent steps in NER are thought to be 

essentially the same. The basic steps include: 1) unwinding the DNA to form an 

approximately 30 nucleotide “bubble” around the lesion, carried out by the XPB and XPD 

helicases that are components of the transcription factor TFIIH [38, 39]; 2) cleaving the 

lesion containing DNA strand on both sides of the lesion, carried out by the nucleases XPF-

ERCC1 (which cleaves 5’ to the lesion) and XPG (which cleaves 3’ to the lesion) [40]; 3) 

DNA synthesis to fill the gap resulting from removal of the lesion containing DNA, carried 

out by one or more DNA polymerases [41]; and 4) sealing the nick resulting from DNA 

repair synthesis, carried out by a DNA ligase, which completes the repair. Another protein, 

XPA, plays an essential role in both TC-NER and GG-NER, though the precise nature of its 

role remains under investigation [42].

3.2. Limitations on the role of TC-NER in the genome and in terminally differentiated cells

As originally defined, TC-NER refers to the more rapid rate of repair of transcription 

blocking lesions from the transcribed strand of active genes, compared to the rate of repair 

of the genome overall (GG-NER). In contrast to this quantitative difference in the rate of 

repair, some schematic diagrams of the NER pathway [43] can give the impression that the 

genome is divided into two domains, one in which TC-NER acts, and one in which GG-

NER acts. To those reading about this field for the first time, these diagrams can give a 
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misleading impression. While TC-NER only acts on DNA lesions located on the transcribed 

strand of active genes, the GG-NER pathway can function anywhere within the genome, 

including the transcribed strand of active genes. Whether repair of a blocking lesion on the 

transcribed strand of an active gene is repaired by TC-NER or GG-NER depends upon 

whether RNAPII or the XPC protein reaches the lesion first, which in turn will depend upon 

many factors, including the extent of helical distortion caused by the lesion, how many other 

lesions are in the cell, and the rate of transcription of the gene. Indeed, on the basis of 

experiments using fluorescently tagged proteins, which allow estimation of the time that 

different proteins are engaged in different functions, van den Boom et al concluded that for 

some very long genes expressed at a low level, TC-NER may be slower than GG-NER [44]. 

Furthermore, it is also worth noting that while most studies of TC-NER were done on a 

relatively small subset of genes, there is published evidence that not all genes are subject to 

TC-NER [45], perhaps due to differences in chromatin structure.

The GG-NER TC-NER distinction applies to dividing cells. For terminally differentiated 

cells, the compartmentalization of NER throughout the genome is fundamentally different. 

Work by Nouspikel, Hanawalt, and colleagues has shown that in neuronal cells, as well as 

other terminally differentiated cells, UV-induced cyclobutane pyrimidine dimer (CPD) 

lesions are repaired at the same rapid rate on both the transcribed and non-transcribed 

strands of active genes. In contrast, repair of CPDs in non-transcribed DNA is nearly 

undetectable [46]. This pattern of repair was originally referred to as differentiation 

associated repair (DAR), then renamed domain associated repair. Of particular relevance to 

CS, DAR is not dependent on CSB, and therefore considered a sub pathway of GG-NER 

[47].

In a landmark technical achievement, Giglia-Mari, Vermuelen, and co-workers from the 

Hoeijmakers laboratory [48] generated a knock-in mouse expressing GFP-tagged Xpb 

protein, which allows studies of the mobility of TFIIH in multiple cells including neurons, in 

vivo and in the normal cellular context. One striking finding from this study was that in 

contrast to dividing cells in tissue culture, the mobility of TFIIH is greatly reduced in 

neurons and other terminally differentiated cells, and that this change in mobility occurs in a 

differentiation-dependent and developmentally regulated manner. This finding itself raises 

questions about the generality of the TC-NER/GG-NER model in different cell types, as the 

original model is primarily based on proliferative fibroblasts in cell culture.

3.3 The TC-NER Defect Cannot Explain CS Disease

The original rationale for studying NER in CS cells was the cutaneous sun sensitivity of CS 

patients, a clinical feature shared with XP patients. As such, the observation that cells from 

CS specifically lack the ability to carry out TC-NER [4, 5] provided a convincing 

mechanistic explanation for the sun sensitive phenotype. In addition, Venema et al [4] 

suggested that a defect in TC-NER could also explain the degenerative phenotypes of CS as 

well. This hypothesis was based on the earlier work by Robbins and colleagues, who 

proposed that XP neurologic disease was the result of defective NER of endogenous DNA 

damage [49]. Given the information available at the time, such a proposal was not 

unreasonable.
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However, since the TC-NER defect in CS was discovered, much progress has been made in 

our understanding of the mechanisms of TC-NER, the formation and repair of endogenous 

DNA damage, and the multiple cellular roles of the CS proteins and TFIIH outside of DNA 

repair. In addition, several other human diseases with defects in NER have been identified, 

including trichothiodystophy (TTD), and UV-sensitive syndrome (UVsS) (see Table 1). Last 

but not least, as described above, we also now have a more detailed understanding of the 

complex neurologic abnormalities in CS neurologic disease, which are fundamentally 

different from the neurodegeneration observed in some XP patients (XP neurologic disease). 

Based upon these considerations, the concept that defective TC-NER can explain the 

internal features of CS, including CS neurologic disease, is no longer tenable, for the reasons 

discussed below.

3.3.1. CS is not a mild form of XP—If the clinical phenotypes of XP and CS were to be 

understood solely through the lens of the TC-NER/GG-NER model [43], there is a clear 

prediction. XP patients should be the most severely affected, since they lack all NER, 

including TC-NER, GG-NER, and DAR. In contrast, CS patients should be less affected 

than XP, since they only lack the TC-NER sub-pathway. However, even a cursory 

understanding of the clinical phenotype of CS and XP shows that this prediction is not 

confirmed. CS is not a mild form of XP, it is a fundamentally, qualitatively different disease. 

In fact, the primary clinical feature that CS and XP have in common is sun sensitivity, but 

even here there is a major difference. XP patients have a greater than 10,000X increased risk 

of cancer on sun exposed areas of the body [1], whereas CS patients never get skin cancer.

The difference between CS and XP is most obvious when comparing the neurologic 

phenotypes. XP neurologic disease is a primary neurodegenerative disease, characterized by 

the loss of large neurons throughout the brain, spinal cord, and peripheral nervous system. In 

contrast, as described above, CS neurologic disease is much more heterogeneous, including 

dysmyelination, demyelination, brain calcification, and vasculopathy, none of which are 

seen in XP neurologic disease [11, 50].

In my view, part of the confusion in the literature stems from terminology. Venema et al [4] 

used the term neurological degeneration to refer to both XP and CS. It is certainly true that 

in both diseases, some patients experience a profound degeneration of the nervous system. 

However, as indicated above, the nature of the degenerative process, and the brain cell types 

affected, are quite different in the two diseases. More problematic is the word 

neurodegeneration, which can technically refer specifically to the degeneration of neurons 

[51]. While XP is a primary neurodegeneration, the major features of CS neurologic disease 

including microcephaly, de and dysmyleination, vasculopathy, and calcification, are not 

neurodegeneration, although some neurons, notably including Purkinje neurons, do 

degenerate in the brain of CS patients. To avoid confusion, the term XP neurologic disease 

can be used to describe the neurologic abnormalities in XP patients [52], and the term CS 

neurologic disease used to describe the combined neurologic abnormalities in CS patients.

It should be emphasized that the issue here is not merely semantic. The use of the term 

neurodegeneration to refer to both CS and XP confuses the literature, and perpetuates the 

idea that the both XP and CS neurologic disease result from defective TC-NER (e.g. [10]). 
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Even more importantly, understanding which cell types are affected in the different diseases 

is essential for the development of rational therapeutics, and using the term 

neurodegeneration to describe both XP and CS is unhelpful in this regard. For example, 

therapeutics that could be used to prevent the degeneration of neurons in XP would have to 

cross the blood-brain barrier and enter neurons. In contrast, therapeutics to target the 

vasculopathy in CS might target brain vascular endothelial cells, which are on the blood side 

of the blood-brain barrier.

3.3.2 UV-sensitive syndrome (UVsS): Defective TC-NER leads to sun 
sensitivity but no neurologic disease—The other key piece of evidence 

demonstrating that TC-NER cannot explain CS neurologic disease comes from studies of 

patients with UV-sensitive syndrome (UVsS) [53]. Patients with UVsS are sun sensitive, as 

are patients with XP and CS. Like CS patients, UVsS patient also do not develop cancer on 

sun exposed areas of the body. Also in common with CS, cells from UVsS patient lack the 

capacity for TC-NER. Importantly however, UVsS patients do not have any neurologic 

defects [53], in contrast to the severe neurodevelopmental abnormalities seen in CS patients. 

Thus, defective TC-NER can only explain the sun sensitive phenotype common to UVsS 

and CS, but cannot explain the somatic features of CS, including CS neurologic disease.

UVsS can be caused by mutations in CSA [54], CSB [55], or UVSSA [56–58]. The recently 

described UVSSA protein plays a role in regulating the turnover and recycling of RNAPII 

stalled at DNA lesions, which requires ubiquitination and deubiquitination. In cells exposed 

to UV light, large numbers of RNA polymerases will stall at DNA lesions. Therefore, in the 

absence of UVSSA, RNAPII cannot resume transcription, and since continued transcription 

is by definition necessary for TC-NER, the failure to restart transcription provides an 

explanation for the TC-NER defect in UVsSA cells.

As indicated in Table 1, mutations in CSA and CSB can cause UVsS. The Tanaka laboratory 

[55] made the surprising observation of a patient having the clinical features of UVsS (sun 

sensitivity with no evidence of neurologic abnormalities) with an apparently inactivating 

mutation in CSB. Specifically, the patient is homozygous for a stop codon mutation at amino 

acid 77, near the N-terminus of the 1493 amino acid CSB protein. The authors considered 

various explanations for the very mild features of this patient, including the use of a 

downstream ATG start codon at amino acid 227 of CSB, but could not detect a protein of 

the size predicted by this mechanism. However, since only cultured fibroblasts were 

available for study, the possibility that alternative splicing and/or alternative translational 

initiation takes place in a subset of cells, resulting in an alternate form of CSB that protects 

against CS neurologic disease, cannot be ruled out. It is also possible that this patient, who 

was 33 years old at the time the paper was published, will develop neurologic disease later 

in life. Indeed, Hashimoto et al [59] described another patient who developed some 

symptoms of CS neurologic disease at the age of 47. The use of the downstream 

translational initiation codon in CSB could potentially explain the mild symptoms in this 

patient as well.

Nardo et al [54] reported a UVsS patient with a amino acid substitution (p.trp361cys) in 

CSA. Whether this patient was homozygous or hemizygous for the mutation could not be 
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determined. Cells from this patient were hypersensitive to killing by UV light, but not to 

exposure to menadione (a vitamin K analog that generates oxidative stress). These findings 

indicate that trp361 is important for TC-NER, but not for other functions of CSA which 

prevent CS neurologic disease. The authors suggest defective repair of oxidative DNA 

damage as the other function, but other interpretations are possible (see section on Defective 

repair of oxidative DNA damage in CS and its relationship to CS neurologic disease below).

3.3.3. Why defective TC-NER cannot explain CS Neurologic disease: 
Qualitative and quantitative differences between UV-induced and endogenous 
DNA damage—The inability of TC-NER deficiency to explain the internal manifestations 

of CS is likely explained by two factors: the existence of a DNA damage response in cells 

acutely exposed to high levels of DNA damage, and the vastly different levels of DNA 

lesions generated by solar UV light versus endogenous lesion levels. Considering the DNA 

damage response first, two papers published in 2007 [60, 61] demonstrated that exposing 

cells to either UV or IR not only generates DNA damage, but also triggers a massive 

coordinated response involving changes in the phosphorylation of hundreds of cellular 

proteins. The net result of this DNA damage response is a qualitatively different functional 

cellular state than existed without DNA damage. In fact, altered protein ubiquitination is 

also a part of the DNA damage response, an observation which was utilized to identify the 

UVSSA gene [57]. As such, it is not surprising that the clinical result of mutation in this gene 

is UVsS, which is only manifest on sun exposed areas of the body that experience high 

levels of UV radiation.

There are several classes of endogenous DNA lesions that are substrates for NER but not 

other repair pathways, and can therefore be viewed as endogenous analogues of the UV-

induced CPDs. These lesions include the cyclopurine deoxynucleosides (cyPudNs) [62, 63], 

certain classes of intrastrand crosslinks resulting from reactive oxygen species [64], and 

DNA lesions resulting from lipid peroxide products such as the malondialdehyde-

deoxyguanosine adduct M1G [65, 66]. Regarding endogenous lesion levels, it has now been 

shown by two different laboratories [67, 68], using state of the art HPLC-tandem mass 

spectrometry, that cyPudNs are present in untreated mammalian cells and tissues at a level 

on the order of between 1 adduct in 107 to 108 normal nucleotides (10−7 to 10−8). Recent 

studies have shown that oxidatively induced crosslinks are detectable in tissue from normal 

human and animals at a similarly low level 10−8 [69], as are lipid peroxidation induced 

adducts [70].

In contrast to these low adduct levels, the UV exposure used to study TC-NER in the 

laboratory (typically 10 J/m2) results in the levels of CPDs on the order of 1 lesion/104 

nucleotides. Such high levels are necessary to carry out the Southern blot based TC-NER 

assay, which requires roughly 1 adduct per 10 kb restriction fragment [33, 34]. Exposing 

cells to 10 J/m2 of UV is a valid and appropriate for an in vitro model of human sunlight 

exposure (see [71]), as well as for understanding the DNA damage response as discussed 

above. However, for understanding CS somatic disease, which affects internal organs not 

exposed to sunlight, the key point is that endogenous levels of DNA lesions that are 

substrates for NER are roughly 3 orders of magnitude lower than the levels of UV induced 

adducts generated during experiments used to detect TC-NER.
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The dramatic difference in the level of UV induced lesions under experimental conditions 

compared to endogenous lesion levels has correspondingly different effects on cellular 

transcription. As calculated by McKay and colleagues [72], at 10 J/m2, an average size 

mammalian gene will have about 2.4 lesions or roughly 1 lesion in the transcribed strand. 

Under such conditions, the importance of rapidly removing transcription-blocking DNA 

lesions from the transcribed strand of active genes can be easily appreciated. However, for 

rare endogenous DNA lesions that are exclusively, repaired by NER, the situation is very 

different. Assuming for the purpose of discussion that transcription blocking lesions repaired 

by NER are present at 10−7, three orders of magnitude lower levels than 10 J/m2 of UV, then 

under basal conditions only 1 per 1000 average size genes will have a blocking lesion on the 

transcribed strand. Since mammalian genes are diploid, the probability that both copies of 

the same gene in the same given cell would have a blocking lesion on the transcribed strand 

is therefore 1 per million. In those 1 in a million cells, the effect of CS gene deficiency 

would only be a delay until the lesion was repaired by GG-NER, because TC-NER affects 

the rate of NER. Furthermore, in terminally differentiated cells from CS patients, lesions 

would be rapidly repaired by DAR, which does not require the CSB protein [47].

In summary, both patients with UVsS and CS both lack the capacity to carry out TC-NER, 

and both diseases are characterized by sun sensitivity. Therefore, defective TC-NER 

provides a convincing explanation for the sun-sensitive phenotype common to both diseases. 

TC-NER is important on sun exposed areas of the body, which experience acute high levels 

of transcription blocking lesions, as well as a DNA damage response. In contrast, the lack of 

CS neurologic disease in UVsS patients despite the deficient TC-NER, as well as the 

fundamental differences in between CS neurologic disease and XP neurologic disease, 

demonstrate that CS neurologic disease cannot be caused by defective TC-NER. The 

importance of TC-NER under conditions of UV exposure but not under basal conditions is 

likely explained by of low levels of endogenous DNA lesions that are specifically repaired 

by NER, the lack of a DNA damage response, and the existence of the DAR mechanism in 

terminally differentiated cells.

3.4. TC-NER is the only documented type of TCR

Several years ago, the hypothesis that the CS proteins as well as XPG, were involved in 

transcription coupled repair of non-bulky oxidative lesions by a mechanism distinct from 

NER (so called TC-BER) was dominant in the DNA repair field and literature. However, as 

discussed elsewhere [73] the primary data supporting this hypothesis have been retracted. As 

such, no direct evidence supporting transcription-coupled BER remains in the peer reviewed 

literature. As stated by Spivak and Hanawalt [6], oxidatively-induced DNA lesions such as 

thymine glycol and 8-oxoG are rapidly removed by BER, and there is no compelling 

biochemical evidence of coupling their repair to transcription. Even in the rare case that 

RNAPII might stall at such a lesion in a specific sequence context before it can be repaired 

by BER, there is no need to invoke a separate TC-BER mechanism. Using yeast as a model 

system, Kim and Jinks-Robertson [74] found that abasic sites on the transcribed strand of an 

active gene can be repaired by TC-NER, involving rad26, the yeast homolog of CSB. Abasic 

sites can arise from spontaneous hydrolytic depurination, and are also obligatory 

intermediates in BER. Since TC-NER is triggered by transcription-blocking lesions, this 
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observation is consistent with studies showing that abasic sites are strong blocks to 

transcription by RNAPII [75, 76]. Given the wide variety of DNA lesions that can be 

repaired by NER, it is likely that in a similar manner, TC-NER could also serve a backup 

repair pathway for other non-bulky lesions such as 8-oxo-dG, thymine glycol, or others that 

might stall RNAPII in certain sequence contexts. The cut and patch mechanism of NER 

makes it well suited to the removal of structurally different types of transcription-blocking 

DNA lesions, and in fact in vitro studies have shown that NER can repair these lesions [77]. 

In contrast, BER is initiated by different DNA glycosylases that are specific for particular 

DNA lesions. Therefore, a separate TC-BER mechanism would seem to be not only 

redundant, but mechanistically difficult to conceptualize.

In summary, defective TC-NER explains the cutaneous sun-sensitivity phenotype in CS, but 

cannot explain the somatic features of CS, including CS neurologic disease. Since TC-NER 

is the only documented type of TCR, it follows that defective TCR cannot explain the 

somatic clinical features of CS. This does not mean that cells lacking TC-NER are 

completely normal, but that if TC-NER deficiency alone does have any cellular 

consequences other than sun sensitivity, they do not appear to be clinically significant, based 

on the reports of UVsS patients in the literature.

4. Defective repair of oxidative DNA damage in CS and its relationship to 

CS neurologic disease

The inability of defective TC-NER to explain the somatic features of CS does not rule out a 

possible role for defective repair of oxidative DNA damage in the CS phenotype. The 

concept that CS results from defective repair of oxidative DNA damage is a very popular 

concept in the literature, and has been reviewed by others [78, 79]. In my view, however, 

part of the attraction of the oxidative DNA damage hypothesis of CS is based in part on two 

mutually reinforcing but flawed concepts: CS as a premature aging disease, and the free-

radical theory of aging.

4.1 CS is a Progeriod disorder, not premature aging

Like Werner’s syndrome and Hutchinson-Gilford progeria, CS is sometimes referred to as a 

premature aging disorder, or progeria. However, as discussed by the gerontologist George 

Martin [80], these diseases are more accurately referred to as progeriod disorders. The suffix 

“-oid” , meaning “-like”, emphasizes the fact that while some aspects of these diseases 

resemble features of aging, this does not necessarily mean that the underlying mechanisms 

are the same as in normal aging. Indeed, the mechanistic basis of normal aging itself is 

incompletely understood. To be sure, some aspects of CS, including cataracts, the wizened 

facial appearance, kyphosis, and perhaps brain vasculopathy are progeriod. However, other 

features are open to multiple interpretations. For example, brain calcification is sometimes 

observed in the brains of elderly individuals, and considered a non-specific sign of aging 

[81]. In contrast, the brain calcification in CS occurs in the developing brain, is often 

bilaterally symmetrical, and can be very severe [25]. As such, calcification in CS neurologic 

disease is more similar to several childhood neurologic conditions having nothing to do with 

aging, including birth anoxia/hypoxia [82], viral infection of the brain [83] and Aicardi-
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Goutieres syndrome [12, 84]. Finally, early microcephaly, cerebellar hypoplasia and 

hypomyelination seen in CS neurologic disease are clearly developmental abnormalities, and 

as such are fundamentally different than aging.

4.2 The Free Radical Theory of Aging is Under Revision

One of the most widely cited hypotheses for the mechanism of aging is the free radical 

theory of aging (FRTA), proposed by Harman over 50 years ago [85]. The essence of the 

FRTA is that the degenerative aspects of aging could be attributed to the damaging effects of 

oxygen radicals on cellular macromolecules, including proteins, lipids, and nucleic acids. 

However, the FRTA is currently undergoing a serious challenge (see [86] and references 

therein). Recent evidence against the FRTA comes from studies showing that some long-

lived species have elevated levels of oxidative stress, in contrast to prediction by the FRTA 

[87]. Another key point is the realization that reactive oxygen species (ROS) are not simply 

toxic by-products of cellular metabolism, but important signaling molecules in their own 

right [88]. When the signaling function of ROS is considered, the interpretation of the 

documented relationship between ROS generation and aging looks quite different [87]. Of 

particular relevance to the neurodevelopmental defects in CS, proliferating neural stem cells 

have recently been found to have high endogenous ROS levels that play an important 

signaling role in maintaining the capacity for self-renewal [89].

4.3 Interpretational issues with the defective repair of oxidative DNA damage hypothesis of 
CS

Studies showing that cells from CS patients or mouse models are hypersensitive to killing by 

ionizing radiation or oxidative stress are sometimes interpreted as evidence of defective 

repair of oxidative DNA damage [54, 90]. However, such studies are open to multiple 

interpretations. Hypersensitivity to ionizing radiation or oxidative stress could as well be 

explained by mechanisms other than defective DNA repair, such as a defective DNA 

damage response [60], a defective transcriptional response to oxidative stress [91], or simply 

generalized cellular fragility and hypersensitivity to cell killing as a result of disordered 

transcription [92] (see “one-hit” neurodegeneration below). Indeed, cells from CS patients 

are hypersensitive to other stressors in addition to oxidative stress [93, 94] The results of 

host-cell reactivation studies, in which plasmids encoding transcribed reporter genes are 

exposed to oxidative DNA damage and transfected into cells, are also difficult to interpret 

definitively, because they are indirect measures of DNA repair and also depend upon 

transcription for the experimental end-point (see [95, 96]). It is also notable that in humans, 

mutations in both CSA and CSB result in CS, but some cell types from Csa and Csb deficient 

mice are differentially susceptible to killing by oxidative stressors [90]. To the extent that 

these mice are relevant models for CS in humans, this finding also complicates the oxidative 

DNA repair defect hypothesis.

In summary, although the hypothesis that defective repair of oxidative DNA damage is 

involved in the pathogenesis of CS is attractive, in my view it is based upon questionable 

assumptions, and much of the data that is interpreted to support the hypothesis could be 

explained by other mechanisms. For these reasons, this hypothesis needs to be critically 

evaluated for relevance to different aspects of CS.
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4.4. Mitochondrial and metabolic abnormalities in CS: A different perspective on the 
oxidative stress in CS

The discussion above focused on repair of nuclear DNA. However, there is now 

accumulating evidence that defects in mitochondrial DNA repair, and other mitochondrial 

defects, may play a role in CS. A fraction of both CSA and CSB proteins can be detected in 

the mitochondria of human cells, [97, 98], where they are proposed to play a role in base 

excision repair of mitochondrial DNA. Other recent data implicates CSB in transcription 

elongation [99], and CSB was recently reported to play a role in autophagy of damaged 

mitochondria, a finding that has potential translational implications [100]. Also, Pascucci et 

al [101] carried out a detailed analysis of mitochondrial function and intermediary 

metabolism in CS cells, and obtained evidence for altered redox balance and oxidative stress 

in cells from both CS-A and CS-B patients.

Though of increasing interest, the full significance of reported mitochondrial defects for 

different aspects of CS remains to be established. While some aspects of the CS phenotype 

overlap with those of diseases resulting from defects in mitochondrial function, others do 

not [20]. One major complication with the idea that the somatic features of CS are the result 

of mitochondrial defects is how to explain the CS phenotype in patients with certain 

mutations in XPB, XPD, and XPG. To date, there is no evidence for these proteins in 

mitochondria, yet the description of neuropathology in a CS patient with a mutation in XPG 

[24] is unmistakably that of CS.

5. A New Look at an Old Hypothesis: CS as a RNAPI and RNAPII 

transcription disease

The identification of the XPD and XPB helicases as components of the transcription factor 

TFIIH [102, 103], was an important discovery which dramatically impacted our 

understanding of the relationship between DNA repair, transcription, and human disease. 

This finding and subsequent work led to the concept that while XP is a DNA repair disorder, 

CS and trichothiodystrophy (TTD), could be thought of as “transcription syndromes”, i.e. 

diseases resulting from abnormalities of transcription [13, 16, 104]. TTD neurologic disease 

is phenotypically somewhat similar to CS, including neurodevelopmental abnormalities and 

white matter pathology [105]. TTD can result from mutations in XPB, XPD, TTD-A, all 

encoding proteins that are components of TFIIH [105].

In this context it is important to emphasize that, although much attention has been placed on 

the helicase activities of XPB and XPD in both RNA polymerase II transcription initiation 

and NER, TFIIH can also regulate transcription by interaction with other factors [106]. Also, 

TFIIH contains a kinase activity, which phosphorylates RNAPII as well as other nuclear 

hormone receptors [107], and is involved in cell-cycle regulation [108]. In addition, work 

from the Kornberg laboratory showed that, in yeast, TFIIH acts as an ubiquitin ligase in 

response to DNA damage [109]. Recent studies in mammalian cells indicate an 

interrelationship between nuclear hormone receptor phosphorylation and ubiquitin-

dependent proteolysis [110]. Therefore, the role of TFIIH in transcriptional regulation is 

more than a basal RNAPII transcription initiation factor (for a recent review see [16]).
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The concept that TTD is a transcription disorder has been fairly well accepted [111–113], 

and studies in mice provided evidence that myelination defects observed in a mouse model 

of TTD are the result of dysregulation of genes involved in the synthesis of myelin related 

proteins [114]. However, the discovery of patients with the phenotypic features of CS 

caused by mutations in XPG provided an early challenge to the transcription syndrome 

hypothesis for CS, since at the time no direct evidence linking XPG to transcription was 

available [115]. In the intervening years, multiple publications from different laboratories 

and using different methodologies have provided additional support for a role for XPG in 

transcription, and for the hypothesis that CS is a transcription syndrome.

Regarding XPG, the Prakash lab demonstrated that deletion of the yeast XPG homolog, 

Rad2, resulted in defective transcription [116]. Notably, this paper showed that a Rad2 

mutant corresponding to the XPG mutation in a patient with XP-CS also showed a 

transcription defect. In mammalian cells, a collaborative effort by the laboratories of Egly 

and Tanaka [117] showed that human XPG stabilizes TFIIH, and thereby regulates its 

modulation of transcription by nuclear hormone receptors. Since nuclear hormone receptors 

influence many cellular processes, including lipid metabolism, defective nuclear hormone 

signaling provides a compelling explanation for many of CS features in XPG-CS patients 

[118].

Other work from the Egly lab indicates that CSB is a master regulator of a transcriptional 

program following exposure to cellular stressors, such as UV [119]. This paper provided 

evidence that CSB and P53 play a reciprocal role in regulating the transcriptional program in 

response to UV, a concept that has been mechanistically investigated by Fan and colleagues 

[120, 121]. Also, Velez-Cruz et al [122] recently described a defect in reassembling gene 

promoters following UV exposure in cells from an XP-D/CS patient, but not in cells from a 

XP-D patent with pure XP, further supporting the concept of CS as a transcription disorder. 

Of more physiologic relevance to the internal manifestations of CS, CS cells have a 

defective response to hypoxia [94]. The interrelationship between CSB, P53, and other 

transcription factors adds further support to the transcription syndrome hypothesis [123].

5.1 Microarray evidence of transcription defects by RNAPII in CS and the possible role of a 
transposable element

A particularly important publication in support of the transcription hypothesis of CS was 

that of Weiner and colleagues [92] who used a microarray approach to investigate the effects 

of CSB on gene expression. In contrast to many other studies, these authors exclusively 

focused on the effects of CSB on transcription in cells in the basal state, i.e., not exposed to 

UV. Their results support a general role for CSB protein in maintaining chromatin structure, 

and are consistent with the hypothesis that CS results from the deregulation of transcription 

of a subset of genes, resulting in abnormalities of growth-related, inflammatory, and 

proapoptotic pathways.

Subsequent work by these authors, as well as the Tanaka laboratory, has focused on a 

transposable element, referred to as PGBD3, which is found in intron 5 of the human CSB 

gene [124]. This transposable element is not present in rodents, which could be of relevance 

for interpreting mouse models of CS. As a result of alternative splicing, a fusion protein 
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containing the N-terminal portion of CSB and the PGBD3 is produced that can regulate both 

DNA repair and transcription. A recent publication [125] provides evidence that in the 

absence of CSB, the fusion protein can induce an interferon and innate immune-like 

transcriptional response, which may have implications for CS neurologic disease and other 

phenotypes. This paper also discusses the potential role of genetic background and 

homozygosity on the expression of the CS phenotype.

5.2 Evidence of defective transcription by RNAPI in CS

As originally proposed, the transcription syndrome hypothesis focused on RNAPII, which 

was generally consistent with a role for CSB in TC-NER of genes transcribed by RNAPII. 

However, subsequent work from the laboratories of Egly and Grummt showed that both 

CSB [126] and TFIIH [127], are involved in transcription by RNA polymerase I, which is 

responsible for the transcription of ribosomal RNA in the nucleolus. Notably, Bradsher et al 

[126] identified a protein complex containing CSB, TFIIH, RNAPI and XPG, linking XPG 

to RNAPI transcription. Subsequent work from the Iben laboratory has extended these 

findings providing evidence that truncated forms of CSB, as found in some CS patients, can 

interfere with RNAPI transcription [129]. Most recently, this same group found that TFIIH 

can act as an elongation factor for RNAPI, and that mutations in XPB and XPD that cause 

CS specifically impact RNAPI transcription [130]. Other recent studies have demonstrated a 

role of CSB in regulating RNAPI gene expression via chromatin remodeling effects and 

DNA methylation [131, 132].

The concept that CSB and TFIIH function in RNAPI transcription is also consistent with 

evidence showing that a substantial fraction of CSB and XPB are localized to the nucleolus 

in the absence of DNA damage. Importantly, this conclusion does not solely depend upon 

studies of fixed tissue but is supported by studies in living cells using fluorescently tagged 

proteins [44, 48, 133]. An important paper by Hoogstraten et al [133] utilized live cell 

imaging with fluorescent XPB to demonstrate that TFIIH can rapidly switch between 

transcription by RNAPI, RNAPII, and NER in vivo. Based on the results, the authors 

presented a model of the residence time of TFIIH engaged in NER, RNAPI, and RNAPII 

transcription. Under conditions of UV exposure, the model predicted that TFIIH would 

spend much time engaged with NER. However, as emphasized above, the relevant 

comparison for understanding the somatic features of CS are cells without UV exposure, 

where endogenous levels of DNA lesions repaired by NER are very low. In the absence of 

UV, the kinetic model would predict that both TFIIH and CSB would spend the majority of 

time functioning in transcription by RNAPI and II. It seems reasonable that in cells of CS 

patients that are not exposed to sunlight, mutations in CSB and TFIIH would primarily 

impact the functions that these proteins carry out in the absence of UV, which are 

transcription by RNAPI and RNAPII.

A characteristic feature of cells from CS patients is defective recovery of RNA synthesis 

(RRS) following UV irradiation [134]. RRS was generally thought to correspond to TC-

NER, until studies by Mullenders and colleagues demonstrated that defective RRS actually 

represents a defect in transcription initiation after UV [135]. Interestingly, a recent study 
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[136] observed that the RRS after UV is primarily nucleolar RNA synthesis, consistent with 

transcription by RNA polymerase I.

In summary, there is direct evidence linking CSB and TFIIH (including XPB, XPD, and 

XPG) to transcription by both RNAPI and II. The missing factor is CSA. However, CSA is 

part of the ubiquitin ligase complex (the COP9 signalosome) [137], and there are multiple 

lines of evidence supporting a role for ubiquitination in the control of transcription [138], 

including transcription by RNAPI [139]. Thus a plausible hypothesis is that CSA functions 

to regulate transcription of RNAPI and II, perhaps via interaction with CSB and TFIIH. 

Notably, purified CSB alone can trigger the ubiquitin ligase activity of CSA-containing 

COP9 signalosome, demonstrating that DNA damage is not required for this process [140]. 

The current lack of evidence for a role for CSA in transcription may simply reflect the 

relative lack of attention that has been paid to the function of CSA outside of TC-NER 

compared to CSB and TFIIH. Perhaps the recent elucidation of the structure of CSA [140] 

will stimulate a greater research focus into the functions of CSA.

6. An expanded version of the transcription syndrome hypothesis: CS as a 

RNA polymerase I and II transcription disorder

A combination of defective transcription by RNAPI, coupled with abnormalities in the 

regulation of transcription by RNAPII, provides plausible explanation for many of the 

somatic features of CS, including growth defects and aspects of CS neurologic disease. 

Some examples are given below, and a schematic diagram summarizing this hypothesis is 

given in Fig. 2. In Fig. 2 and the following text, I have separated the discussion of RNAPI 

and RNAPII for clarity, and to emphasize the potential role of defective RNAPI 

transcription in different aspect of CS neurologic disease. However, in vivo, the effects of 

defective RNAPI and RNAPII transcription are not separate but interacting, and together 

likely influence many aspects of CS disease.

6.1 Growth defects

The ability to synthesize ribosomes is a fundamental cellular process that determines growth 

and cell division rates [141]. Ribosomes are comprised of protein and ribosomal RNA 

(rRNA), which is synthesized by RNAPI. In addition to their role in protein synthesis, there 

is evidence that the rate of ribosome formation determines entry into S-phase [142], similar 

to a cell cycle checkpoint. Thus a defect in transcription of rRNA genes provides a simple 

explanation for growth defects observed in CS patients, one of the canonical features of the 

disease. Interestingly, patients with Werner’s syndrome and Bloom’s syndrome have growth 

defects, and reduced nucleolar transcription has been described in cells from both diseases 

[143, 144]. A reduction in RNAPII transcription in permeabilized WS cells has also been 

reported [145]. In addition to CS, Bloom’s and Werner’s, growth defects are also observed 

in patients with other “ribosomopathies” as well, further supporting a link between abnormal 

RNAPI transcription and growth deficiency [144].
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6.2 Microcephaly, brain development, and neurologic disease

The importance of the nucleolus for neuronal function and its role in neurologic disease has 

been studied for many years, and has recently attracted renewed research interest [146]. In 

terms of RNAPI transcription specifically, an elegant set of experiments [147] demonstrated 

the differential importance of RNAPI transcription in proliferating versus postmitotic 

neurons. These authors used an inducible Cre-Lox strategy to delete the gene encoding 

TIF-1A, an essential basal transcription factor for RNAPI, in either developing or post 

mitotic neurons. Strikingly, deletion of TIF-1A in developing neurons resulted in an 

essentially complete lack of all brain tissue by embryonic day 14. Given this dramatic effect 

of abolishing RNAPI transcription in developing neurons, it seems reasonable to propose 

that even a small reduction in RNAPI transcription elongation, as in CS cells, could interfere 

with the development of the brain, providing a plausible explanation for the microcephaly 

that is a common feature of CS. Furthermore, since the most abundant cell type in the 

cerebellum are granule cell neurons, a defect in the proliferation of cerebellar granule 

neurons resulting from defective RNAPI transcription could also explain the cerebellar 

hypoplasia observed in severely affected CS type II patients.

In contrast to the effect in developing neurons, deletion of the TIF-1A gene in postmitotic 

neurons resulted in a slowly progressing neuronal death, taking place over a period of 

months [147]. These findings illustrate the differential importance of rRNA transcription in 

post mitotic versus differentiating neural cells, which parallels the pathology seen in the 

brains of CS patients; i.e. severe defects in brain development, with relatively limited 

degeneration of post mitotic neurons.

6.3 Purkinje neuron degeneration

One exception to the relative sparing of post mitotic neurons from degeneration in CS are 

Purkinje neurons of the cerebellum. However, this may be an exception that proves the rule. 

Purkinje neurons are amongst the largest neurons in the brain, and must synthesize high 

amounts of ribosomal RNA and protein to maintain the massive dendritic tree that is 

essential for their function. Consistent with this requirement, the size of the nucleolus in 

human Purkinje neurons approaches the size of the entire nucleus of adjacent cerebellar 

granule neurons (see [148]). Human Purkinje neurons have very high levels of 

toposiomerase 1 in the nucleolus, consistent with a role in rRNA gene expression [148]. In 

addition, studies in mice expressing a GFP-tagged XPB protein showed that XPB, a core 

component of TFIIH, is almost exclusively localized in the nucleus of Purkinje neurons in 

postnatal mice [48], consistent with a role in RNAPI transcription in these cells. Based on all 

of these considerations, defective transcription by RNAPI is a likely explanation for the 

small size, dysmorphology, and collapsed dendritic tree that is observed in Purkinje neurons 

in the brain of patients with CS. Notably, nucleolar stress can also trigger P53 activation 

[149], and increased P53 staining has been observed in Purkinje neurons and other brain 

cells in mouse models of CS [150, 151].

6.4 Myelin defects

Other aspects of the neurologic abnormalities observed in the brain of CS patients can be 

explained by abnormal regulation of gene expression by RNAPII. As noted by Koob et al 
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[25], the hypomyelination observed in the brains of CS patients is reminiscent of what is 

seen in Pelizaeus-Merzbacher disease (PMD), a rare developmental white matter disorder. 

Koob et al [25] also pointed out that mutations in the MTC8 gene, encoding a thyroid 

hormone transporter, result in PMD-like brain phenotype [152]. In view of these 

considerations, a thyroid hormone transcription co-activator defect is a compelling 

explanation for the global hypomyelination observed in the brain of CS patients. Consistent 

with this idea, it has been known for decades that thyroid hormone plays an important role in 

normal brain development in general, and myelination in particular [153], supporting the 

hypothesis that defects in thyroid-hormone dependent gene transcription could result in 

myelination defects.

The other type of the myelination phenotype in CS is tigroid demyelination. On the basis of 

analogy with PMD, Koob et al [25] suggest that the tigroid demyelination could be 

secondary to defective myelination during development. Alternatively, localized hypoxia 

resulting from reduced blood flow due to brain microvasculopathy, could also cause focal 

oligodendrocyte death, as oligodendrocytes are particularly sensitive to hypoxia [154]. In 

support of the localized hypoxia hypothesis, Rapin et al [23] noted an apparent relationship 

between the presence of string vessels and demyelinated areas in the brain of CS patients, 

although no quantitative data were presented. Here it should also be noted that the effect of 

hypoxia in the brain of CS patients will be amplified, since as noted above, CS cells show an 

abnormal transcriptional response to hypoxia [94]. More studies of brain tissue from CS 

patients will be necessary to determine whether either of these two explanations is correct.

6.5 Neuroinflammatory phenotypes and similarities to Aicardi-Goutieres syndrome

In a previous publication [12] we noted the overlap between the neurologic phenotypes in 

another rare nucleic acid processing disorder, Aicardi-Goutieres syndrome (AGS) and CS. 

Figure 3 is an updated version of this concept. AGS results from the inappropriate activation 

of the innate immune system in the brain, resulting in brain vasculopathy and calcification. 

A key aspect of the brain pathophysiology in AGS is the secretion of interferon alpha (IFN-

α) which acts on other cells in the brain to cause vasculopathy and calcification. Since 

interferon alpha exerts biologic activity by regulating the expression of a subset of genes, we 

proposed that if transcriptional deregulation resulting from CSB deficiency mimics the gene 

expression pattern induced by IFN-α, this could explain the similar brain phenotypes in the 

two diseases. Notably, our hypothesis [12] does not predict increased IFN-α levels in CS, 

but rather that CS cells will have transcriptional alterations mimicking those induced by 

IFN-α. This hypothesis was based upon the findings of Weiner and colleagues [92], which 

concluded that cells lacking CSB exhibit the gene expression pattern of cells under 

inflammatory stress. In this context, it is worth noting that the failure to clear damaged 

mitochondria by autophagy can trigger an innate immune response [155], suggesting a 

possible mechanistic link between the role of CSB in removing damaged mitochondria [100] 

and IFN-α regulated gene expression pattern.

6.6. Brain vasculopathy

The mechanistic basis of the brain vasculopathy in CS neurologic disease is a particularly 

important question, as it is possible that in addition to tigroid demyelination, other brain 
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phenotypes could be the result of the vascular disease. For example, brain calcification can 

also be caused by hypoxia, raising the possibility that the brain calcifications are secondary 

to the vasculopathy. The observation that the pattern of gene expression changes resulting 

from CSB expression overlaps that of genes regulated by vascular endothelial growth factor 

[92] could be of relevance understanding brain vasculopathy in CS, but here again much 

more data are needed.

In summary, an expanded version of the transcription hypothesis of CS, including defects in 

RNAPI and RNAPII, can potentially explain several features of CS neurologic disease, as 

well as other aspects of CS. The implications of the expanded transcription syndrome 

hypothesis for interpreting recent findings from mouse models of CS are considered below.

7. Mouse models of CS neurologic disease and their mechanistic 

interpretation

Several mouse models of CS have been generated, mostly from the Hoeijmakers laboratory, 

which have had an important impact on the CS field. The first of these was a mouse with a 

stop codon mutation in Csb [156]. While fibroblasts from these mice were sensitive to 

killing by UV light, and showed defects in measures of TC-NER, they had an increased 

incidence of skin cancer in response to UV, in contrast to human CS patients. These mice 

were slightly smaller than wild-type controls, and displayed some behavioral abnormalities, 

but did not show the severe growth retardation and neurologic disease characteristic of 

human CS patients. Similarly, mice lacking Csa also did not show the somatic or neurologic 

defects of human CS [157].

7.1. Pathology in single gene knockout mouse models of CS

Jaarsma et al from the Hoeijmakers laboratory [151] carried out a very detailed and careful 

analysis of the brains from Csa−/−, Csb−/−, and other Cs mouse models. The authors 

observed an increased frequency of activated microglial cells and astrocytosis in the white 

matter. Notably, clusters of activated microglia were observed in close association with 

mature oligodendrocytes. Given that patchy demyelination is characteristic of human CS 

patients, this phenotype is a potentially important finding. From the mechanistic standpoint, 

it is notable that activated microglia were already present in 10 week old animals, and the 

number did not increase with age, as would have been expected from an accumulated DNA 

damage model. Thus this finding is compatible with a transcription defect. Notably, a 

subsequent paper by the Cleaver laboratory [158] also described white matter abnormalities 

in mice lacking both Xpc and Csb, which were interpreted as resulting in part from 

transcription defects.

7.2 Neuron-specific deletion of Xpa and Csb cause neurodegeneration: A mouse model of 
XP neurologic disease?

A second important aspect of the paper by Jaarsma et al [151] was the production and 

analysis of mice lacking both Xpa and Csb in postmitotic forebrain neurons. Mice lacking 

both Xpa and Csb in all tissues show severe runting, and do not survive past weaning [159], 

which prevents studies of age-related neurologic disease. To circumvent this problem, the 
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authors produced mice with a neuron-specific deletion of the Xpa gene (flanked by LoxP 

sites) in Csb−/− mice, by expression of Cre recombinase under the control of the CamKII 

promoter. This promoter becomes active in postmitotic neurons around the time of birth. 

These mice were phenotypically normal until around 6 months of age, but then began 

showing weight loss and neurologic abnormalities, including seizures beginning between 9–

12 months of age. All of these neuron-specific Xpa−/− Csb−/− mice died prematurely, 

between 12–22 months of age. Postmortem analysis revealed progressive neurodegeneration 

with profound atrophy of the forebrain and hippocampus, accompanied by a massive 

increase in the volume of forebrain ventricles. The overall appearance of the brains of these 

animals was strikingly similar to the appearance of the brain in severe cases of human XP 

neurologic disease [52] (unpublished observations).

7.3 Mechanistic interpretations of neuropathology in mouse models of CS

From a translational standpoint, the findings of Jaarsma et al [151] are very important, as 

they provide mouse models that can be used to test potential therapeutics in XP and CS 

neurologic disease. The more complicated and controversial issue concerns the mechanistic 

interpretation of these findings. The title of the paper [151] refers to the combination of 

nucleotide excision repair and transcription-coupled repair in preventing neuropathology. As 

discussed above, the only documented TCR is TC-NER, and Xpa−/− mice already lack all 

NER. The authors refer to “non-NER TCR”, but it is unclear from the discussion and 

references provided what specifically is meant by this term. However, Jaarsma et al [151] 

also state that the question of whether the CS phenotype really results from a repair 

deficiency remains to be further investigated, and note the possible role of transcription 

abnormalities as well.

If the important function of CSB is to regulate transcription by RNAPI and II, the 

progressive degeneration of neurons lacking both Xpa and Csb is readily interpretable by 

accumulation of transcription-blocking DNA damage on a background of a transcription 

abnormality. According to this model, the loss of Csb alone would result in a transcription 

defect, but one that is insufficient to cause neuronal death. However, when NER is disabled 

in the same neurons by deletion of Xpa, transcription-blocking DNA lesions that would 

normally be repaired by NER accumulate over time, further interfering with transcription, 

until the combined transcriptional defects cause neuronal death. And since (with few 

exceptions) neurons in the mammalian brain cannot be replaced, the result is progressive 

neurodegeneration and brain atrophy.

7.4 Evidence that accumulated DNA damage does not explain retinal degeneration in CS 
mice: One-hit neurodegeneration

Another potentially important insight into CS somatic disease comes from studies of retinal 

degeneration in Csa−/− mice [160]. To understand the implications of these studies, it is 

useful to briefly review the concept of “one-hit neurodegeneration” [161] which 

demonstrates how studies of the kinetics of cell death can elucidate pathologic mechanisms.

7.4.1 The “one-hit” model of neurodegeneration—In their influential theoretical 

paper, Clarke et al [161] began by considering a commonly accepted mechanism of 
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neurodegeneration, in which oxidatively induced damage accumulates over time and 

eventually causes cell death. They noted that such a mechanism predicts that the probability 

of cell death increases over time. At early time points, the level of damage will be low, and 

therefore the probability of cell death is also low. As the damage accumulates, the 

probability of cell death increases, until late the in the disease, the rate of cell death is rapid 

as many cells have accumulated high levels of damage. If such a mechanism is operative, a 

plot of the percentage of starting cell number over time will be sigmoidal in shape. In 

contrast, if the probability of cell death remains constant over time, the plot will show an 

exponential decline (see Fig. 1 in [161]).

To test this accumulated damage model, Clarke et al plotted cell number over time for 

several neurodegenerative diseases, to determine the rate of cell death. Surprisingly, they 

found that in 17 examples studied, the kinetics of cell death followed an exponential decline. 

As noted above, such kinetics are not consistent with the accumulated damage model. 

Instead, this pattern is consistent with an elevated probability of cell death, which remains 

constant over time.

Based on these analyses, Clarke et al proposed the “one-hit neurodegeneration” mechanism. 

According to this model, vulnerable cells exist in a mutant steady state (MSS), which does 

not directly result in cell death, but is characterized by a constant, elevated risk of cell death 

from a single catastrophic rare event, which occurs randomly in time. For example, such a 

rare event could be a transient large-magnitude fluctuation in the level of some essential 

nutrient, or toxic metabolite. Importantly, in a normal cell, an event of the same magnitude 

would be tolerated, and not result in cell death. Figure 4, based upon a subsequent paper 

[162], is an schematic illustration of this one-hit degeneration mechanism.

7.4.2 Retinal degeneration in Csa mice: Evidence for one-hit degeneration—
Returning to CS, Gorgels et al [160] documented evidence of photoreceptor cell loss over 

time in the retina of Csa−/− mice. As retinal degeneration is also observed in CS patients 

[20], this is a particularly relevant phenotype. Photoreceptors are terminally differentiated 

neural cells, and therefore suitable for such an analysis. A careful analysis of the kinetics of 

photoreceptor loss showed that the data were statistically consistent with a model including 

a constant probability of cell death over time. The alternative model, explicitly including an 

increasing rate of cell death as would be predicted by accumulation of oxidative DNA 

damage, was also tested and was found not to be consistent with the data. Interpreting their 

results in terms of defective repair of oxidative DNA damage and the free radical theory of 

aging, the authors proposed that constant probability of retinal cell death over time was the 

result of elevated steady-state levels of transcription-blocking oxidative DNA damage, due 

to defective DNA repair. Alternatively however, transcription abnormalities provide an 

equally plausible explanation for the elevated steady state probability of cell death due to 

transcription defects, without invoking a form of TCR different from TC-NER.

7.4.3 Implications of one-hit degeneration mechanism for other aspects of CS
—The finding that the kinetics of retinal degeneration in Csa−/− mice are consistent with 

“one-hit” degeneration has potentially broad implications for understanding retinal 

degeneration as well as other degenerative features of CS. As suggested above, RNAPI and 
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RNAPII transcription abnormalities could explain the elevated susceptibility to cell death in 

CS. Since different sets of genes are expressed in different cell types, the nature of the 

transcription abnormalities could vary across different cell types, and therefore the nature of 

the rare catastrophic events causing cell death could be different in different cells and tissues 

as well. As one example, hypoxia, perhaps resulting from vasculopathy, could be one such 

event, leading to the localized death of oligodendrocytes in CS patients.

In summary, many of the recent findings from mouse models of CS neurologic disease can 

be explained by transcription defects, rather than defects in “non-NER TCR”. The kinetics 

of cell death during retinal degeneration in Csa−/− mice do not support a causative role for 

accumulated DNA damage, but are consistent with a transcriptional defect resulting in 

increased susceptibility to “one-hit” degeneration, which is potentially applicable to other 

degenerative phenotypes in CS. In this context, it would be of great interest to determine the 

kinetics of neurodegeneration in mice with neuron-specific deletion of Xpa and Csb 

described above, as that information could provide evidence for an accumulated DNA 

damage model of neurodegeneration in XP neurologic disease.

8. Therapeutic Implications

Understanding the mechanistic basis of a human disease is essential for the rational 

development of treatments and therapies for the patients. At present, the only documented 

treatment for CS neurologic disease is for tremors and other motor complications that are 

observed in some CS type I patients [163]. For this reason, I have taken a critical look at 

multiple mechanisms of CS neurologic disease, because they have quite different 

implications for additional potential therapies.

As discussed above, the hypothesis that some aspects of CS are the result of defective repair 

of oxidative DNA damage is common in the literature. While I have questioned the rationale 

for this idea above, other evidence of elevated oxidative stress and mitochondrial defects in 

CS cells [100, 101] suggest a potential therapeutic value of antioxidants. However, in view 

of the signaling role of some ROS, particularly in maintaining the proliferative capacity of 

neural stem cells [89] as well as recent evidence that some antioxidants can actually cause 

DNA damage [164], the choice of antioxidant could be critical. To the extent that oxidative 

stress secondary to mitochondrial abnormalities play a role in the pathophysiology of CS, 

antioxidants targeted to the mitochondria could be potentially promising in this regard [165].

The possibility that CS is the result of defective transcription regulation is less readily 

translated into a therapeutic strategy, unless a consistent pattern of transcription abnormality 

can be identified that can be related to some aspect of the disease, and is “druggable”. While 

much more work needs to be done on this hypothesis, an example in this regard are the 

interferon-α regulated genes that are activated in CSB deficient cells [125], and could be 

involved in some aspects of CS neurologic disease [12] (see Figure 2). If one or more 

transcription factors could be identified that mediate the abnormal transcriptional response 

(e.g. [166]), these could be therapeutic targets. However, a limitation here is that because of 

the involvement of the PGBD3 transposon, which is not present in rodents, currently 

available mouse models are not suitable for this approach.
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The “one-hit” degeneration model also has translational implications. Since the key feature 

of this model is an increased probability of cell death that remains constant over time, this 

implies that a cell is as equally susceptible to rescue by a drug or other therapeutic late in the 

disease as early in the disease [162]. This would not be the case with an accumulated DNA 

damage mechanism. One major challenge for the “one-hit” hypothesis is determining the 

nature of the rare catastrophic events that cause cell death, which are likely to vary across 

different cell types. Since the original evidence for the one-hit hypothesis was obtained in a 

mouse, mouse models could be potentially valuable in this context.

9. Summary and concluding remarks

CS is a devastating neurodevelopmental disorder, with growth abnormalities, progeriod 

features, and sun sensitivity. While it was the sun sensitivity that led to the discovery of the 

TC-NER defect in CS patients, sun sensitivity is a relatively trivial aspect of the clinical 

picture compared to the neurologic disease. As such, a better understanding of the 

mechanistic basis of CS neurologic disease is urgently needed, as it essential to the 

development of rational therapeutic strategies. In this work, I have proposed that while 

defective TC-NER explains sun sensitivity in CS, a combination of transcription 

abnormalities affecting RNAPI, and II provides a better explanation for many aspects of CS 

neurologic disease and other internal features of CS than defective DNA repair. The recent 

evidence for mitochondrial defects in CS cells is potentially important, but currently difficult 

to reconcile with the CS phenotypes seen in patients with XPB, XPD, or XPG mutations. 

Clearly, this will also be a topic for future studies, as will other aspects of the issues I have 

raised here. There is no doubt that we still have much more to learn about this complex 

human disease.

In closing, it is important to acknowledge the value and impact of mechanistic studies of 

TC-NER for CS. While defective TC-NER cannot explain CS neurologic disease, much of 

our current knowledge of the functions of the CS proteins and TFIIH has come from studies 

of TC-NER. Moreover, investigations into the mechanisms of TC-NER continue to produce 

important insights into the mechanistic basis of interactions, communication and signaling 

between CS proteins, TFIIH, RNAPII, and other proteins (e.g. [167]). Such mechanistic 

studies will certainly generate additional important insights in the future, which will likely 

contribute to full understanding of all aspects of CS.
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Fig. 1. 
Photomicrograph of a section through the white matter of the brain of a patient with CS, 

stained with antibodies against neurofilament (red), a marker for axons, and proteolipid 

protein (green), a marker of myelin. Colors refer to the online version of the manuscript. 

Arrows point to some segments of axons lacking myelination, illustrating the patchy 

demyelination. Scale bar = 10 microns.
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Fig. 2. 
An expanded version of the transcription syndrome hypothesis of CS, including defective 

transcription by both RNAPI and RNAPII. The panel on the right lists different features of 

CS proposed to result from defects in transcription by RNAPI or II. As discussed in the text, 

I have separated RNAPI and II for clarity, but in vivo, abnormalities in transcription by both 

polymerases will likely impact multiple clinical features. Mitochondrial abnormalities could 

explain the loss of subcutaneous fat, based on [97, 100], but could be involved in other 

pathologies as well. Multiple mechanisms are likely to be involved in many of the 

pathologic aspects of CS.
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Fig. 3. 
IFN-α regulated genes as a common pathologic mechanism underlying calcification and 

vasculopathy in AGS, viral infection of the brain, and CS, as well as a potential therapeutic 

target for CS. Adapted from [12].
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Fig. 4. 
Schematic representation of the one-hit neurodegeneration hypothesis as applied to CS. The 

Y axis represents the concentration of a hypothetical critical nutrient, N, (e.g. oxygen) the 

levels of which fluctuate over time. In CS cells, (left panels) transcription defects lead to a 

mutant steady state (MSS), characterized by a reduced threshold for cell death (dotted line), 

which can be triggered by low levels of the nutrient. In the examples shown, transient 

reductions in [N] result in cell death at around 11 years (top cell) or 5 years (bottom cell). 

Fluctuations in [N] of same magnitude do not cause cell death in the normal cells (right 

panels). The same principle could apply to transient elevated levels of a toxic metabolite 

[162].
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Disease Some clinical features Mutant genes

Xeroderma
Pigmentosum (XP)

sun sensitivity, 10,000X increase skin
cancer, XP neurologic disease (some
patients, especially XP-A)

XPA-G, V

Cockayne Syndrome
(CS)

sun sensitivity, no skin cancer, CS
neurologic disease, progeriod features,
growth defects

CSA, CSB

XP/CS complex sun sensitivity, increased skin cancer,
CS neurologic disease

XPB, XPD, XPG

Trichothiodystrophy
(TTD)

sun sensitivity (some patients), brittle hair,
ichthyosis, TTD neurologic disease
(neurodevelopmental and myelination
abnormalities)

XPD, TTDA, others?

UV-sensitive syndrome
(UVsS)

sun sensitivity, no increased skin cancer,
no neurologic disease

CSA, CSB, UVSSA
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