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Abstract

Cockayne syndrome (CS) is a disorder characterized by a variety of clinical features including 

cachectic dwarfism, severe neurological manifestations including microcephaly and cognitive 

deficits, pigmentary retinopathy, cataracts, sensorineural deafness, and ambulatory and feeding 

difficulties, leading to death by 12 years of age on average. It is an autosomal recessive disorder, 

with a prevalence of approximately 2.5 per million. There are several phenotypes (1, 2 and 3) and 

complementation groups (CSA and CSB), and overlaps with xeroderma pigmentosum (XP). It has 

been considered a progeria, and many of the clinical features resemble accelerated aging. As such, 

the study of CS affords an opportunity to better understand the underlying mechanisms of aging. 

The molecular basis of CS has traditionally been considered to be due to defects in transcription 

and transcription-coupled nucleotide excision repair (TC-NER). However, recent work suggests 

that defects in base excision DNA repair and mitochondrial functions may also play key roles. 

This opens up the possibility of molecular interventions in CS, and by extrapolation, possibly in 

aging.

Keywords

Cockayne syndrome; progeria; neurodegeneration; mitochondria; transcription; parylation

1.0 Introduction

Cockayne syndrome, also called Neill-Dingwall syndrome was first described in 1936 by 

Edward Cockayne in a paper titled “Dwarfism with retinal atrophy and deafness (Cockayne, 

1936).” Ten years later he reported follow up data for the same patients, with new clinical 

features of progressive hearing loss, visual dysfunction and joint contractures (Cockayne, 
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1946). Mary M. Dingwall and Catherine A. Neill also described the disease in two brothers, 

and noted the presence of calcifications in the brain (Neill and Dingwall, 1950).

A landmark study by Nance and Berry reviewed 140 patients with CS (Nance and Berry, 

1992), and provided detailed information on many of the clinical features. They proposed a 

classification system of CS into 3 types, and also major and minor criteria for the diagnosis 

of CS. Subsequent reviews by Rapin, Kubota, Wilson and others (Kubota et al., 2015; 

Laugel, 2013; Natale, 2011; Rapin et al., 2006; Wilson et al., 2015) have helped improve the 

understanding of this disease.

CS has an incidence of 1 in 250,000 live births, and a prevalence of 2.5 per million, which is 

remarkably consistent across various regions globally (Kubota et al., 2015; Nance and Berry, 

1992; Wilson et al., 2010). Table 1 summarizes the clinical features commonly seen in CS, 

while Table 2 highlights some of the important similarities and differences from reviews of 

CS. Table 3 shows the distribution by location of the different histopathological changes 

commonly seen in the nervous system.

CS has a spectrum of clinical severity (see section 3.1 on Genetics below). The typical 

phenotype includes cachectic dwarfism, shriveled and wrinkled skin, loss of subcutaneous 

fat, beaked nose (Figure 1), and stooped posture. Some patients with CS have an extreme 

sensitivity to sunlight; even a small amount of sun exposure can cause sunburn. The 

diagnosis of CS has been based on the lack of recovery of RNA transcription after UV light-

induced DNA damage. As such, CS has been considered a disorder of transcription-coupled 

nucleotide excision repair. However, additional mechanisms such as transcription defects, 

persistent PARylation, and mitochondrial dysfunction may better explain some of the 

clinical manifestations seen in CS (see sections 4.2, 4.3 and 4.4).

CS recapitulates normal human aging in many of its clinical features. Cognitive dysfunction, 

sensorineural deafness and high tone hearing loss are observed in CS and in normal aging. 

Additionally, the advanced atherosclerosis and vasculopathy of CS (Crome and Kanjilal, 

1971; Hayashi et al., 2012; Itoh et al., 1999) (section 2.4 & Table 1) resemble changes that 

occur in aged normal individuals. Further similarities conserved between CS and the aging 

phenotype include the premature onset of hypertension, which often leads to strokes, and 

renal and cardiac dysfunction (Fujimoto et al., 1969; Higginbottom et al., 1979; Yuen et al., 

2001) (section 2.4 and Table 1). Cataracts are seen in CS and are very common in normal 

human aging (“Cataracts | National Eye Institute,” n.d.; Lowry et al., 1971; Nance and 

Berry, 1992) (Section 2.2 & Table 1). A better understanding of CS, its molecular 

mechanisms and possible interventions can thus likely provide insight in understanding 

normal human aging.

2.0 Clinical features of CS

2.1 Hearing

Sensorineural high tone hearing loss has been considered to be a cardinal feature of CS 

(Cockayne, 1936; Nance and Berry, 1992), and is due to cell loss at multiple sites along the 

auditory pathways (Table 1 & Figure 3G). Both the type of the hearing loss and the pattern 
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of cell loss mimic that seen in normal individuals as they age. Some evidence of anatomical 

abnormalities of the inner and middle ear have been reported (Rapin et al., 2006)(Table 1), 

and these may lead to conductive deafness (Wilson et al., 2015). While some reports indicate 

that the onset could be sudden (Natale, 2011), it is mostly considered a slowly progressive 

disorder. If not diagnosed early, hearing loss could lead to a relatively more withdrawn 

personality (Natale, 2011).

The prevalence of hearing loss is impacted by the severity of disorder. Some patients 

manifested hearing loss after 2–3 years of age (Kubota et al., 2015). More severely affected 

individuals may have neonatal hearing loss (Wilson et al., 2015). Other CS patients have 

mild and late hearing impairment (Laugel, 2013). Earlier reports indicated a delayed onset of 

hearing loss in the teenage years (Nance and Berry, 1992)(Table 2), which could reflect 

individuals with milder disease, or difficulties in detecting hearing loss in certain patients.

Audiometry testing is frequently unavailable for various reasons, including difficulty of 

testing in children, and neurological and cognitive impairment. In a study examining 

auditory brainstem responses and behavioral audiometry in four CS patients (Iwasaki and 

Kaga, 1994), behavioral tests were evaluated in all four cases, and brainstem auditory 

evoked potentials showed varying changes, from abnormally delayed auditory brainstem 

response components to complete absent auditory brainstem responses. This could be 

representative of different severities of the disease or a wide variation in clinical 

presentation. These tests could represent progression of disease, with spread of involvement 

from the upper brainstem to the cochlear nerve (Iwasaki and Kaga, 1994), although other 

authors believe that the involvement of the brainstem auditory pathways and cochlear 

deficits are separate events (Scaioli et al., 2004). There may be a loss of neurons in the 

auditory pathway nuclei in the brainstem, but there is generally no involvement of the higher 

auditory relays (Iwasaki and Kaga, 1994).

The severity of hearing loss seems well correlated with the overall severity of the disease 

process (Laugel, 2013). Auditory brainstem response deterioration may reflect the 

progression of neurodegeneration better than visual evoked potentials, electroretinograms, or 

somatosensory evoked potentials (Scaioli et al., 2004).

2.2 Vision

Cataracts have been consistently reported among CS patients (Kubota et al., 2015; Lowry et 

al., 1971; Nance and Berry, 1992; Wilson et al., 2015) (Table 2 & Figure 3D). The 

occurrence of cataracts before 3 years of age may be the most important prognostic factor 

for survival in CS patients, with such patients having a significantly worse probability of 

survival, and most such patients may die before the age of 7 (Nance and Berry, 1992; Wilson 

et al., 2015). Early cataracts are also associated with earlier development of hearing loss and 

contractures (Wilson et al., 2015), and congenital cataracts are predictors of early onset, 

severe disease or overlap with Cerebro-oculo-facio-skeletal (COFS) syndrome (Laugel, 

2013). However, cataracts that develop in later ages may be distributed across all severity 

groups more evenly, and may not have the same prognostic implications as early onset 

cataracts (Natale, 2011).

Karikkineth et al. Page 3

Ageing Res Rev. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cataract surgery performed at an early stage, as soon as possible after detection, and before 

the progression of retinal dystrophy, ideally within the first 3 months of life in cases of 

congenital cataracts, reduces the risk of visual loss and offers improved clinical outcome 

(McElvanney et al., 1996).

The combination of miotic pupils, poor response to mydriatics, and anatomical 

abnormalities such as enophthalmos, make cataract surgery difficult. (McElvanney et al., 

1996). Post-operatively, many individuals rapidly develop posterior lens opacification, and 

often need repeat surgery. Intraocular lenses are controversial in children aged less than 2 

years old, and so contact lenses are usually prescribed, but these might be difficult to fit due 

to the anatomical abnormalities, and spectacles might be needed (McElvanney et al., 1996).

Retinal dystrophy has long been recognized as a feature of CS, and was part of the title of 

the initial report on the disorder by Cockayne (Cockayne, 1936). It is considered as one of 

the hallmarks of the disease, and presents typically with abnormal retinal pigmentation in a 

salt and pepper pattern (Figure 2). It is progressive throughout life, and only becomes 

clinically significant in advanced stages of the disease. Optic disk pallor is frequently 

associated with retinal degeneration, but may precede the retinal abnormalities. Other retinal 

changes such as hemorrhage and atrophy are seen in less than 5 percent of patients (Nance 

and Berry, 1992). However, a normal retina early in life does not rule out CS, as the 

ophthalmologic changes are progressive (Rapin et al., 2006, p. 200). Electroretinograms may 

be abnormal long before any clinical impairment (Rapin et al., 2006). Retinal dystrophy may 

co-exist with cataracts, but more commonly the onset of cataracts precedes retinal dystrophy 

by many years.

The severity of the retinal degeneration, and specifically of the electroretinogram anomalies, 

seem to parallel the overall severity of the disease (Laugel, 2013). Pigmentary retinopathy is 

not seen as part of the normal clinical spectrum of human aging, but may be seen in other 

diseases such as peroxismal disorders, and mitochondrial disorders such as Kearns Sayre 

syndrome and mitochondrial encephalomyopathy with ragged-red fibers, and these disorders 

must be excluded in the diagnostic approach (Nance and Berry, 1992).

Other visual abnormalities reported include photophobia; corneal abnormalities such as 

opacification (band keratopathy), xerophthalmia (dry eyes), corneal ulcers and a small 

cornea; and other abnormalities such as hyperopia (far sightedness), strabismus, nystagmus, 

localized posterior deformation of the lens (posterior lentiglobus), and microphthalmos 

(Coles, 1969; Dollfus et al., 2003; McElvanney et al., 1996; Traboulsi et al., 1992a) (Table 

1). The eyelid opening may have to be surgically narrowed (tarsorrhaphy) as treatment for 

calcific band keratopathy and corneal inflammation (McElvanney et al., 1996). The small 

constricted pupils may respond poorly to pupillary dilators, and thus, make funduscopic 

examinations difficult.

2.3 Neurological manifestations

The neurological manifestations of CS are devastating and account for a significant portion 

of the morbidity of the disease (Figure 3). There are no major somatic or brain deformations. 

The cortex is relatively preserved until the late stages, and this has been postulated to be the 
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reason for the preservation of social skills until late in the disease (Koob et al., 2010). 

Cerebellar involvement is very severe in CS patients (Rapin et al., 2006)(Table 1 & Figure 

3C). The basal ganglia nuclei and thalamus are second to the cerebellum in the severity of 

their pathology, with considerable variation among cases as to the nuclei most affected. 

Neurons in the brainstem nuclei and spinal cord are variably involved (Table 1 & Figure 

3H). Loss of anterior horn cells and dorsal root ganglion cells in individuals in whom the 

neuropathy has become mixed may be examples of retrograde as well as anterograde 

neuronal degeneration (Mizuguchi and Itoh, 2005; Weidenheim et al., 2009).

Abnormal myelin, the fatty covering that acts as an insulator around the nerve fiber, is one of 

the key characteristics of CS, although it is not settled whether this myelinopathy is 

developmental, degenerative, or both. The myelinopathy affects both central and peripheral 

myelin (Mizuguchi and Itoh, 2005), indicating the involvement of both oligodendroglia and 

Schwann cells in the disease process (Rapin et al., 2006; Weidenheim et al., 2009). The 

oligodendroglia are depleted in demyelinated areas in the patches of central demyelination, 

but preserved in the perivascular areas, changes that characterize the “tigroid 

leukodystrophy” of CS (Rapin et al., 2006) (Figure 3B). Leukodystrophy is the progressive 

degeneration of the white matter of the brain due to imperfect growth or development of the 

myelin sheath, the fatty covering that acts as an insulator around the nerve fiber (Figure 3E). 

This leukodystrophy may affect the cerebral cortex, corpus callosum and internal capsule to 

a greater extent than the cerebellum and brain stem, which may have normal myelination 

(Weidenheim et al., 2009). Complete absence of myelination from the first year of life was 

observed in patients with the most severe COFS and CS disease, while in less severe cases, it 

may be arrested at a stage comparable to that in a 6 month old normal child (Weidenheim et 

al., 2009).

There is severe cerebral white matter atrophy in CS (Figure 4). Brain atrophy was seen in all 

patients who had magnetic resonance (MR) imaging in one series, and the white matter loss 

seemed to be the earliest neuro-radiologic finding (Koob et al., 2010). Overall, the degree of 

cortical atrophy is not correlated with the age of the patient, although this correlation might 

be better when each subtype of CS is considered individually (Koob et al., 2010; Rapin et 

al., 2006; Weidenheim et al., 2009).

The severe cerebral white matter atrophy leads to microcephaly. Microcephaly is considered 

a cardinal feature of CS along with growth retardation, and progressive microcephaly has 

been proposed as the third major criterion of CS (Laugel, 2013). Head circumference at birth 

is usually normal, and congenital microcephaly may be indicative of severe forms of CS or 

COFS (Nance and Berry, 1992). The rate of increase of the head circumference after birth is 

slow, gets slower with age, and often comes to a complete stop between 1–2 years of age. 

Almost all patients with CS over 2 years of age have microcephaly, although a small 

percentage may have normal measurements. However, in the typical patient suspected of 

having CS in the absence of microcephaly, an alternative diagnosis should be considered 

(Nance and Berry, 1992). The severity of microcephaly varies widely. Autopsied brains from 

CS individuals generally weighed 50% or less than expected in normal at the chronological 

age (Rapin et al., 2006). Mean head circumference of CS type 1 patients has been reported 

as −7.34 ± 2.96SD (median standardized values) (Wilson et al., 2015), and may be 
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consistently below −3SD (Laugel, 2013). The degrees of microcephaly, growth failure, 

neurological and sensorial impairment are usually grossly related (Nance and Berry, 1992; 

Rapin et al., 2006; Weidenheim et al., 2009; Wilson et al., 2015).

Multiple studies have demonstrated the presence of peripheral neuropathy in patients with 

CS (Campistol Plana et al., 1991; Grunnet et al., 1983; Scaioli et al., 2004; Schenone et al., 

1986; Vos et al., 1983; Weidenheim et al., 2009). This may lead to neurogenic bladder, 

muscle atrophy, hyperreflexia or areflexia, and locomotion disturbances. Age of symptom 

onset may be variable (Rapin et al., 2006), although the majority of patients have signs of 

diffuse peripheral neuropathy measured by nerve conduction studies from the early stages of 

the disease (Nance and Berry, 1992). CS is primarily a demyelinating neuropathy, although 

there may be a small component of an axonal neuropathy (Scaioli et al., 2004), and it 

involves both sensory and motor systems. Increasingly slow nerve conduction velocity 

testifies to the progressive nature of the neuropathy.

Bilateral calcification of the basal ganglia, dentate nucleus, and subcortical white matter are 

diagnostic hallmarks of CS (Table 2 & Figure 4), but genetically confirmed CS without 

calcification has been reported in rare cases (Boltshauser et al., 1989; Demaerel et al., 1992, 

1990; Jin et al., 1979; Soffer et al., 1979). Brain calcification may not appear before the age 

of 1, even in severe types of CS, but almost all CS patients develop calcification after the age 

of 3 years (Koob et al., 2010). Microscopic examination has suggested the presence of iron, 

thus pointing to the possibility of a more complex mineralization than simple calcification 

(Wilson et al., 2015). Overall, there was no strict correlation between the extent or severity 

of the calcifications and the age of the patients, the severity of their neurologic symptoms, or 

the degree of cerebral atrophy (Koob et al., 2010). The patterns of calcification are not 

pathognomonic or clinically actionable (Kubota et al., 2015; Wilson et al., 2015). 

Nevertheless, the largest calcifications are often seen in the oldest patients (Koob et al., 

2010). The most severely affected patients had almost identical distribution of calcification 

(Koob et al., 2010). Calcifications can be seen on CT scans as well as MRI scans of the 

brain. Quantitation may help with documenting the severity of the calcification (Koob et al., 

2010), but this has not been validated. Susceptibility weighted MRI may be more sensitive 

than regular MRI to detect calcifications seen in Cockayne’s syndrome (Wagner et al., 

2014).

Astrocytosis and microcytosis are prominent in CS (Figure 3E), but it is not clear whether 

these are reactive to neuronal loss and myelin loss or whether they represent primary 

involvement of astrocytes and microcytes (Koob et al., 2010). Frequent large, bizarre, or 

multinucleated astrocytes are common in CS (Rapin et al., 2006; Weidenheim et al., 2009), 

and this has been postulated to be due to defective transcription-coupled nucleotide excision 

repair (Brooks, 2013; Brooks et al., 2008; Hayashi et al., 2005; Jaarsma et al., 2011; Rapin 

et al., 2006; Weidenheim et al., 2009).

The severe involvement of the nervous system leads to cognitive dysfunction and mental 

retardation. Milestones are delayed. Hearing and visual loss adds to the cognitive 

dysfunction (Weidenheim et al., 2009). Individuals with CS develop motor dysfunction and 

ambulatory difficulties. Seizure disorders and tremor affect around 23% and 66% of CS 
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patients, respectively (Wilson et al., 2015). In the majority of affected patients seizures are 

ongoing, and there is no predominant seizure type. Tremor is most often an intention tremor 

(Wilson et al., 2015), consistent with a cerebellar etiology; in some cases onset is associated 

with apparent developmental regression, as children become less skilled in fine and gross 

motor domains. CS patients with tremor might respond to carbidopa-levodopa (Neilan EG et 

al., 2008), although very few patients outside of clinical trials have received such treatment 

(Kubota et al., 2015; Wilson et al., 2015). Ataxia can be prominent, due to a combination of 

impairment of the cerebellum, vision, vestibular systems, and impaired input from the 

extremities due to peripheral neuropathy (Mizuguchi and Itoh, 2005).

2.4 Other organ systems

The cardiovascular system shows advanced-for-age atherosclerosis (Crome and Kanjilal, 

1971; Hayashi et al., 2012). Calcific vasculopathy has been documented, especially in the 

leptomeningeal vessels (Weidenheim et al., 2009). There may be accelerated hypertension. 

Some structural abnormalities have also been infrequently described (Table 1)(Ovaert et al., 

2007; Yuen et al., 2001).

Feeding is often difficult in CS patients. Many have severe gastroesophageal reflux disease. 

Tolerance of oral nutrition is often poor, and they often have accelerated muscle wasting. As 

such many patients may require percutaneous gastrostomy tubes. One explanation for weight 

loss might be an increased metabolism, and a high fat diet has been shown in mouse models 

to attenuate the high metabolic rate (Scheibye-Knudsen et al., 2014b).

Renal failure may occur in CS patients (Kubota et al., 2015). Some individuals may have 

anatomical abnormalities such as unilateral or hypoplastic kidneys, but in the majority of 

patients with renal dysfunction it is thought to be secondary to hypertension and 

atherosclerosis/arteriolosclerosis (Bartenjev et al., 2000; Higginbottom et al., 1979; Hirooka 

et al., 1988; Pasquier et al., 2006). Renal failure may be a marker of poor prognosis, and 

may indicate impending death (Kubota et al., 2015).

2.5 Etiologies of organ system pathologies

Head circumference is normal at birth, indicating that it is not a developmental disorder, or 

due to premature failure of neural development, disordered neuronal migration, or grossly 

aberrant connectivity. CS is likely a heterogeneous disease, with different pathologies such 

as dysmyelination, demyelination, calcification, vasculopathy and ischemia possibly playing 

roles (Demaerel et al., 1992; Koob et al., 2010; Rapin et al., 2006; Weidenheim et al., 2009). 

Cell loss and demyelination lead to a variety of clinical manifestations across different 

systems - sensorineural hearing loss, pigmentary retinopathy, optic disk pallor, peripheral 

neuropathy, white matter loss, cerebellar atrophy, etc. Pathological findings typical of 

Alzheimer’s dementia are not seen, although there are reports of ubiquitin reactivity of 

axons, a feature also seen in aging (Dickson et al., 1990; Rapin et al., 2006; Weidenheim et 

al., 2009). Proliferation of astrocytes is often seen, but there are no areas of inflammation in 

areas of white matter pathology which could cause the reactive astrocytosis.

Endocrine function appears to be normal, and not a cause of the many clinical features seen 

in CS (Table 1). The pituitary and thyroid are well developed, and no deficiencies of growth 
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hormone or thyroid stimulating hormone have been reported. Calcium and phosphorus levels 

are normal, and cannot explain the dystrophic calcification (Inoue et al., 1997; Sugarman et 

al., 1977; Wilson et al., 2015). Secondary sexual maturation characteristics usually appear at 

the appropriate ages, and there is at least one instance of a female patient with CS 

successfully giving birth (Lahiri and Davies, 2003).

While calcifications may be seen in the basal ganglia as part of normal aging (Cohen et al., 

1980; Fénelon et al., 1993; Heron et al., 1999; Selekler, 1982), the severity and extent of 

calcifications in CS is qualitatively and quantitatively different. Certain congenital viral 

infections have been associated with severe brain calcification, but there is no evidence at 

the current time of such an etiology in CS patients. The most affected neurons are in the 

basal ganglia. These neurons have high oxygen requirements, which could implicate 

mitochondrial pathology. There is also severe neuronal loss in the hippocampus (Leech et 

al., 1985), another high oxygen requirement area (Mintun et al., 2001). Oxygen consumption 

and ROS activity is, however, also important for neuronal functions such as neurogenesis 

(Le Belle et al., 2011), so this may be a more complex scenario. In the cortex, neuronal loss 

was more in the depths of the sulci, again suggesting hypoxic ischemic injury. The number 

of capillaries is increased around the calcified foci in the basal ganglia (Rapin, 2013).

Lipid peroxidation and protein glycation markers were found in the perivascular 

calcification areas in the globus pallidus and cerebellum more predominantly in CS than XP-

A patients (Hayashi et al., 2005; Lindenbaum et al., 2001; Rapin et al., 2000). Similar 

calcification is seen in Aicardi-Goutieres syndrome (Livingston et al., 2014, 2013; Mizuno 

et al., 2011; Piana et al., 2016; Ramantani et al., 2010), which has vasculopathy. 

Calcification is seen in the leptomeningeal vessels (Rapin et al., 2006; Weidenheim et al., 

2009), which raises the chicken-and-egg conundrum – did calcification lead to vascular 

damage, or was vascular damage and resulting hypoxia the reason for the calcification.

Also supporting a vascular-hypoxia theory is the fact that there is relative preservation of 

myelin in perivascular areas. Increased numbers of small arteries and arterioles that were 

filled with fibrotic tissue, and small twisted and longitudinally running capillaries in the 

cerebral white matter (“string vessels”) have been observed in areas of leukodystrophy 

(Rapin et al., 2006). Large and medium sized systemic arteries may show marked 

atherosclerosis (Hayashi et al., 2012), which may even lead to cerebral infarctions, 

especially in the later stages.

3.1 Diagnostic criteria – classical and modified

Diagnosis is made either by the typical phenotype (Table 4), or by specific tests for DNA 

repair which measure the recovery of RNA transcription after exposure to UV radiation 

(Mayne and Lehmann, 1982; Stefanini et al., 1996). This is based on the notion that CS is 

defective in transcription-coupled nucleotide excision DNA repair. Next generation 

sequencing has recently been included as a diagnostic tool (Laugel, 1993).
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3.2 Testing and treatment

A variety of screening tests are recommended in CS patients (Table 5). These include annual 

eye exams with fundoscopy and evaluation for cataracts. Visual evoked potentials may be 

considered to accurately document retinal function. Hearing tests on an annual basis are also 

recommended. This can be done with pure tone and behavioral audiometry tests, but in 

individuals in whom this might be difficult, brainstem evoked potentials might be 

considered, although it may necessitate sedation. Periodic evaluation of renal and liver 

function tests are recommended, as are regular blood pressure and blood glucose testing 

(Kubota et al., 2015; Wilson et al., 2015); many individuals with CS may have abnormal 

glucose metabolism (Wilson et al., 2015).

Physical therapy, cochlear implants for hearing, cataract surgeries, sunscreen for 

photosensitivity, feeding tubes for malnutrition, etc. may be helpful if indicated. At the 

current time, only symptomatic treatment is available, and no treatments have been 

identified which could slow or halt the progression of the disease. Mean age of death is 

approximately 12 years (Kubota et al., 2015; Nance and Berry, 1992; Rapin, 2013; Wilson et 

al., 2010).

4.1 Genetics

CS is an autosomal recessive disorder. CS has been classified into mainly 2 different 

complementation groups: 1) CSA, due to a mutation on ERCC8 on chromosome 5q12–q31, 

and 2) CSB, due to a mutation on ERCC6 on chromosome 10q11. CSB accounts for about 

70–75 percent of CS cases (Laugel, 2013; Natale, 2011).

Based on the severity of clinical features, CS patients present with a continuous spectrum of 

clinical features. Although historically CS was classified into type 1, 2 and 3, there is an 

emerging hypothesis that there is no clear distinction between the different types. Type 1 is 

the classical type, with onset of symptoms in early childhood, usually after 1 year of age. 

Type 2 involves much more severe symptoms and often presents at birth. Type 3 is the 

mildest, and usually appears later in childhood (Laugel, 2013; Nance and Berry, 1992). CSA 

genotype is predominantly composed of the CS1 phenotype, and the CSB genotypes are 

predominantly composed of the CS2 phenotype (Laugel, 2013).

CS patients with mutations in XPB (ERCC3), XPD (ERCC2) and XPG genes have the 

unfortunate combination of severe photosensitivity and increased skin cancer risk of XP 

patients, along with the severe somatic and neurologic manifestations of CS patients. COFS 

is considered to be a particularly severe variant of CS, due to mutations in CSB. Ultraviolet 

sensitivity syndrome (UVSS) is considered to be part of the spectrum of CS, and has mild 

features, mainly photosensitivity.

4.2 Molecular mechanisms – current models

CS has traditionally been thought of as a disorder caused by defective transcription and 

transcription-coupled nucleotide excision repair (TC-NER)(Mayne and Lehmann, 1982; 

Troelstra et al., 1992). Defective DNA repair stalls RNA polymerase transcription, and the 

CSB protein is believed to assist RNA polymerases in dealing with transcription blocks 
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caused by DNA damage, and then in recruiting nucleotide excision repair proteins to remove 

the damage (Aamann et al., 2013). In addition, CSB itself is a transcription factor of 

significant importance (Kristensen et al., 2013). There is delayed recovery of DNA repair 

after irradiation of skin fibroblasts from these patients with UV light (Lehmann et al., 1979; 

Lindenbaum et al., 2001; Rapin et al., 2000; Stefanini et al., 1996). As such, CS has been 

grouped with other disorders with defective NER such as xeroderma pigmentosum and 

trichothiodystrophy. However, CS is not associated with a high cancer incidence, which is 

usually seen in the DNA repair deficient syndromes (Lehmann, 2003). The lack of 

carcinogenicity in CS might be due to inhibition of cellular growth because of increased 

apoptosis of DNA damaged cells (Caputo et al., 2013), but it remains an interesting and 

unresolved question to understand why CS stads out as not being associated with increased 

cancer.

Many aspects of CS cannot be explained by deficient NER. A variety of diseases – UV skin 

sensitivity syndrome (UVSS), the various complementation groups of xeroderma 

pigmentosum (XP), COFS, and trichothiodystrophy (TTD) have defective TC-NER. Their 

clinical features vary widely. For example, XP has approximately a ten-thousand fold 

increased risk of non-melanoma skin cancers (Bradford et al., 2011) and a tenfold risk of 

CNS tumors, which are not found in CS (Brooks et al., 2008; Kraemer et al., 2007; 

Lehmann, 2003). Thus, we have a spectrum of disorders in humans and mouse models 

which cannot all be explained with defective TC-NER.

4.3 Molecular functions and cellular physiology of CSA and CSB

CSB does not have helicase activity (Berquist and Wilson, 2009), but is able to anneal 

complementary DNA strands (Berquist and Wilson, 2009). The exact role of the ATPase 

activity of CSB is not known, but it may be necessary for nucleosome remodeling (Cho et 

al., 2013; Citterio et al., 2000). Interestingly, CSB ATPase has been found to have a 

particularly strong functional interaction with the mitochondrial transcription factor TFAM 

(Berquist et al., 2012), and this may reflect an important biological function of CSB inside 

mitochondria on DNA metabolism. CSB is also important in various forms of DNA repair 

including base excision repair (Stevnsner et al., 2008), inter-strand crosslink repair (Enoiu et 

al., 2012; Iyama et al., 2015) and DNA double-strand break repair (Batenburg et al., 2015; 

Wei et al., 2015).

The roles of CSB in NER has been covered in recent reviews (Marteijn et al., 2014) and thus 

will not be detailed here. Other reviews (McKinnon, 2009) have discussed how aspects of 

CSB function in NER can account for neurodegenerative features. The role of CSB in base 

excision repair (Aamann et al., 2013) may be more significant in the generation of 

neurodegeneration than its role in NER since the main DNA damage accumulation in the 

brain is oxidative, However, in this review we are focusing mainly on the mitochondrial 

changes in CSB.

CSA is a WD40 repeat protein. It functions as an adaptor protein in an E3-ubiquitin ligase 

complex. The crystal structure of CSA in complex with DDB1,Cul4 and Rbx1 has been 

solved (Fischer et al., 2011). CSA may be involved in the targeted ubiquitination of proteins 
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such as CSB or RNA polymerase II (Fischer et al., 2011; Fousteri et al., 2006). CSA is 

activated by stalled RNA polymerases in a CSB-dependent manner (Fousteri et al., 2006).

Alterations in mitochondrial function have been found in cells from CS patients (Chatre et 

al., 2015; Cleaver et al., 2014; Osenbroch et al., 2009; Pascucci et al., 2012; Scheibye-

Knudsen et al., 2012). CSB has important functions in stimulating mitochondrial DNA 

repair (Aamann et al., 2010; Kamenisch et al., 2010; Stevnsner et al., 2002), stimulating 

mitochondrial transcription (Berquist et al., 2012), and regulating mitochondrial proteostasis 

(Chatre et al., 2015). Impairment of these functions could contribute to the alterations in 

mitochondrial functions found in the cells of CS patients.

In addition, mitochondrial changes may be due to nuclear mitochondrial signaling from 

nuclear DNA damage, possibly via the DNA repair enzyme poly-ADP-ribose polymerase 1 

(PARP1) (Fang et al., 2014; Scheibye-Knudsen et al., 2014b). An accumulation of DNA 

damage could lead to activation of PARP1 and loss of NAD+, the substrate for PARP1 

(Cantó et al., 2012; Fang et al., 2014; Scheibye-Knudsen et al., 2014a). NAD+ regulates the 

activity of a number of other proteins such as the sirtuin family of protein deacetylases, 

leading to changes in mitochondrial signaling pathways, for example viaPGC-1 α 
(Scheibye-Knudsen et al., 2015). Depletion of NAD+ can lead to decreased activity of 

sirtuins, including the mitochondrial sirtuin SIRT3, which may impair the ability of cells to 

deal with various biological stresses, including states of calcium overload. This could also 

lead to dystrophic calcification (Cheng et al., 2016a). Supporting evidence for this pathway 

comes from observations that treatments with PARP1 inhibitors or NAD+ precursors rescued 

some features in a mouse model of CS (Scheibye-Knudsen et al., 2014b).

4.4 CS resembles mitochondrial diseases

The clinical manifestations of CS resemble those of mitochondrial diseases. Utilizing the 

MITODB database tool (www.mitodb.com), CS qualifies as a mitochondrial disease 

(Scheibye-Knudsen et al., 2013) (Figure 5). Mitochondrial diseases are usually multisystem 

diseases, characterized by the presence of ataxia, seizures, myopathy, hearing loss, 

neuropathy, failure to thrive, cerebellar atrophy, mental retardation, cerebral atrophy, basal 

ganglia pathology and leukodystrophy (Scheibye-Knudsen et al., 2015) - all features found 

in CS.

Many of the clinical features seen in CS are also observed in mitochondrial disorders. 

Kearns-Sayre syndrome has a pigmentary retinopathy which is very similar to that seen in 

CS. Leber’s hereditary optic neuropathy has, as the name implies, severe optic neuropathy, 

not dissimilar to the optic atrophy noted in CS. Leigh syndrome presents in infancy or early 

childhood, and many individuals with this disease have lactic acidosis and peripheral 

neuropathy. Stroke like episodes, short stature and dementia are found in mitochondrial 

encephalopathy with lactic acidosis and stroke like episodes (MELAS). Myoclonic epilepsy 

with ragged red fibers (MERRF) has a pigmentary retinopathy very similar to that seen in 

CS. Lactic acidosis is a very common feature of mitochondrial disorders in general, 

occurring in more than 40 percent of the classical mitochondrial diseases(Scheibye-Knudsen 

et al., 2015). This feature was also observed in the brain of Csb mice (Scheibye-Knudsen et 

al., 2014b) and in CS patients (Koob et al., 2010).
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Additionally, mitochondrial dysfunction has been shown to be important in many of the 

clinical features seen in CS individuals, such as basal ganglia calcification (Finsterer and 

Kopsa, 2005), sensorineural hearing loss (Han and Someya, 2013; Someya and Prolla, 

2010),optic atrophy (Lascaratos et al., 2015), retinal degeneration (Mao et al., 2014), and 

vascular calcification and atherosclerosis (Kim et al., 2012; Lee et al., 2015; Villa-Bellosta et 

al., 2013; Yu et al., 2013). Mitochondrial dysfunction also has important roles in 

neurodegeneration (Calì et al., 2012; Cheng et al., 2016b; Krols et al., 2016), that could be 

mediated through other neurotrophic factors such as brain-derived neurotrophic factor (Su et 

al., 2014). Recently, treatment with brain-derived neurotrophic factor was shown to 

overcome at least some of the neuritogenesis defects in CS cell lines (Wang et al., 2016).

4.5 Animal models of Cockayne syndrome

4.5.1 Mouse models of Cockayne syndrome—The first CS mouse model was 

generated by introducing the same truncation mutation seen in the CS1AN patient into the 

murine Csb gene (Csbm/m)(van der Horst et al., 1997). Such mice recapitulated aspects of 

human CS, such as motor dysfunction and cachectic dwarfism (Scheibye-Knudsen et al., 

2014b, 2012). However, the mouse also showed increased susceptibility to UV induced skin 

cancer, a feature generally seen in xeroderma pigmentosum but not in CS (Kraemer et al., 

2007). The Csbm/mmice also demonstrated loss of cells in the retina (Gorgels et al., 2007) 

and sensorineural hearing loss (Scheibye-Knudsen et al., 2014b, 2012), a finding that was 

later repeated in a second study (Nagtegaal et al., 2015). The Csbm/m mice also displayed 

increased lactate production (Cantó et al., 2012; Koob et al., 2010). However, no additional 

major neurodegenerative features were observed in the mouse model, raising the possibility 

that the Csbm/m mice represent mild cases of CS (Scheibye-Knudsen et al., 2012). The 

overall findings seen in Csbm/m mice were also seen in a mouse model where murine Csa 

had been knocked out (van der Horst et al., 2002).

Crossing the Csbm/mor Csa−/− mice with mice deficient in genes coding for other members 

of the nucleotide excision repair machinery, such as xpc−/− or xpa−/− mice, does, however, 

led to profound neurodegeneration and early death (Brace et al., 2013; Jaarsma et al., 2011; 

Laposa et al., 2007). Most exciting, though, are the recent findings suggesting that some 

molecular interventions may be able to alleviate the neurodegenerative features of mouse 

and nematode models of CS (Brace et al., 2013; Scheibye-Knudsen et al., 2014b).

4.5.2 Nematode models of CS—In addition to mouse models for CS, nematode models 

have emerged that can help us understand the disease better. C. elegans was originally 

introduced as a model organism by Sydney Brenner to study development and neurobiology 

(Brenner, 1974), and has since been established as a powerful model to study diverse 

biological processes including aging mechanisms.

There are several advantages to using C. elegans as a model to study aging and CS. They 

have a relatively short lifespan of 2–3 weeks, making it feasible to perform life span studies. 

They are easy to grow inexpensively in large quantities. In addition to life span assays, 

health span can be analyzed. This includes pharyngeal pumping, which is an important 

function necessary for food intake (Klass, 1983). Memory can be analyzed in C. elegans 
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models using well developed chemotactic assays (Kauffman et al., 2011) that allow for 

measuring short and long term associated memory and is very informative (Kauffman et al., 

2011). The worms are easy to maintain and ideal for high throughput genetic screening.

Adult C. elegans have several distinct tissue types including epithelial, intestinal, muscular 

and neuronal tissue, as well as germ line cells undergoing meiosis, thus making it possible to 

observe the effect of mutations on a variety of cell types. In addition, approximately 83% of 

the C. elegans proteome shares homology to human genes (Lai et al., 2000), and specific 

RNAi knockdown mutants can be generated. This has led to the identification of several 

genetic pathways regulating a variety of physiological processes, including pathways that 

regulate aging (Chen et al., 2015; Cutler et al., 2014; Hyun et al., 2008a; Iser and Wolkow, 

2007; Kenyon, 2010; Love et al., 2010; Rangaraju et al., 2015; Stroustrup et al., 2016).

Both the GGR (global genomic repair) and TC-NER branches of the NER pathway are 

evolutionarily conserved in C. elegans (Lans et al., 2010; Meyer et al., 2007) and NER 

activity has been associated with aging in C. elegans (Hyun et al., 2008b; Meyer et al., 2007; 

Murakami and Johnson, 1996). Csa-1(Babu et al., 2014) and csb-1(Lans et al., 2010) 

function specifically in the TC-NER pathway similar to their human counterparts (Fousteri 

and Mullenders, 2008). Csa-1 mutant L1 larvae exhibited increased sensitivity to UV 

radiation compared to wildtype worms, and this sensitivity was enhanced in worms with 

defective GGR (Babu et al., 2014). Lee and coworkers observed increased sensitivity to UV 

radiation when csb-1 was depleted via RNAi interference (Lee et al., 2002). Csb-1 
knockdown worms also demonstrated defective germline development, defective 

proliferation and embryogenesis in the presence of UV radiation, indicating a role for csb-1 
in the NER pathway. Increased sensitivity to UV radiation seen when csa-1 or csb-1 was 

defective resembles the UV photosensitivity seen in CS patients. These studies indicate that 

the nucleotide excision repair pathway is conserved in C. elegans and that csa-1 and csb-1 
are functional homologs to human CSA and CSB genes. Furthermore, these studies validate 

C. elegans as a useful model to study UV-induced DNA damage and repair.

In addition to the above mentioned model systems it would also be very important to use 

human systems, for example, oligodendrocytic or neural lineages from CS individuals or 

mouse models. Postmortem material has been widely used in studies on other pathologies 

such as Alzheimers and could be informative for functional and histiological analysis.

6.0 Conclusion

CS exhibits many of the features of normal human aging, such as the skin changes, loss of 

subcutaneous fat, stooped posture, cataracts and the advanced atherosclerotic changes. It 

resembles NER disorders in some aspects such as the cutaneous photosensitivity, but differs 

with respect to the severe degeneration of the nervous system. NER defects are insufficient 

to explain the clinical features of CS, and a mitochondrial pathology may be more likely as 

the underlying cause. Mitochondrial pathology underlies many of the features of normal 

aging. Most excitingly, amelioration of some features and increasing health span might be 

possible by measures which elevate NAD+ and improve mitochondrial health.
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Figure 1. 
Shows the progressive loss of facial subcutaneous fat over time, leading to sunken eyes and 

the ‘wizened’ facies typical of CS patients (reproduced with permission from (Wilson et al., 

2015, fig. 2a, 2b).
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Figure 2. 
Fundoscopic examination of the retina shows the typical retinal pigmentary “leak” in a salt 

and pepper pattern. The yellow arrows indicate the areas of involvement, while the blue 

arrows indicate areas of relatively preserved retina (reproduced with permission from 

Orphanet Journal of Rare Diseases) (Hamel, 2006, fig. 1).
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Figure 3. 
Some of the most important clinical manifestations of CS are shown. Figure 3A: Cerebral 

cortex - may be slightly thinned, with relative preservation of cortical neurons. Figure 3B: 

White matter changes - There is “tigroid leukodystrophy”, with areas that have relatively 

less leukodystrophy interspersed with more affected areas in a pattern resembling the stripes 

on a tiger. Figure 3C: Cerebellum - There is loss of Purkinje cells. Figure 3D: Eye - 

Cataracts and corneal opacification are seen in CS patients. Figure 3E: Neurons – There are 

fewer oligodendroglia, and less myelin is produced, leading to a demyelinating neuropathy. 
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Increased numbers of astrocytes are seen in areas of myelin and oligodendroglia loss. It has 

not been clearly established whether the astrocytes are the cause of or (more possibly) 

reactive to the changes in myelin and oligodendroglia. Figure 3F: Retina – shows loss of 

rods and cones, the photoreceptor cells, and also of ganglion and outer nuclear cell layers. 

Figure 3G: Cochlea – shows loss of hair cells. This is most pronounced generally in the 

basal turn of the cochlea. Figure 3H: Spinal cord – may show loss of anterior horn cells. It is 

not clear whether this is the primary event or secondary (and retrograde) to neuronal loss.
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Figure 4. 
The brain calcifications in CS are a pathognomonic feature. They are mainly in the deep 

white matter, especially the basal ganglia, and progress with age. Some calcification can also 

occur in the depths of the sulci (white arrow in figure f). Also note the progressive brain 

atrophy (reproduced with permission from Kubota et al) (Kubota et al., 2015, fig. 4).
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Figure 5. 
Molecule to medicine. In silico analyses show association of Cockayne syndrome with 

mitochondrial diseases using methods such as hierarchical clustering and a support vector 

machine.
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Table 1

Summary of clinical features of CS

Clinical features Pathology

Facies Wizened facies. Sunken eyes, large ears, 
thin pointy nose. Small chin. Dental 
caries, enamel hypoplasia (Laugel, 2013)

Skin, hair, nails Photosensitivity. Wrinkled and aged 
appearing skin. Thin dry hair, 
prematurely gray hair (Leech et al., 
1985; Sugarman et al., 1977; 
Weidenheim et al., 2009). Poor venous 
access.

Central nervous system Microcephaly usually beginning at age 
2(Nance and Berry, 1992; Weidenheim et 
al., 2009).
Mental retardation with low IQ.
Delayed milestones(Wilson et al., 2015).
Tremors, ataxia, seizures (Rapin et al., 
2006).
Strokes and subdural hemorrhages(Koob 
et al., 2010; Rapin et al., 2006; 
Weidenheim et al., 2009)

Demyelination – is patchy and segmental– “tigroid leukodystrophy 
(Koob et al., 2010; Rapin et al., 2006).” Both oligodendroglia and 
Schwann cells are affected. Affects cerebral white matter, corpus 
callosum, brainstem, spinal cord and peripheral nerves.
Neuronal loss at multiple sites, especially cerebellum. Loss of 
anterior horns cells due to anterograde and/or retrograde degeneration 
(Weidenheim et al., 2009).
Calcification [55–95%] of the cerebral cortex (especially depths of 
sulci (Koob et al., 2010)), basal ganglia, cerebellum, thalamus; also 
of the arteries, arterioles and capillaries.
Vascular changes - String vessels, especially in areas of tigroid 
leukodystrophy (Rapin et al., 2006), calcification in leptomeningeal 
vessels, accelerated atherosclerosis and arteriolosclerosis (Hayashi et 
al., 2012, 2001; Itoh et al., 1999; Mizuguchi and Itoh, 2005).
Gliosis is present. Astrocytes and microglia may show irregular 
cytoplasm, multiple nuclei. May be seen as high intensity white 
matter on FLAIR MRI sequences signals (Koob et al., 2010).
No major brain malformations. Relative sparing of cerebral cortex, 
slight thinning of cortical ribbon may be seen. Normal gyral pattern 
with widening of sulci. Lamination, neuronal size and configuration 
of neocortex are preserved. May show parieto-occipital dominance.
Severe cerebellar atrophy. Loss of Purkinje, granular neurons, and in 
some cases neurons in the dentate nucleus. Dendrites of Purkinje 
cells may be grossly deformed (“cactus flowers”), ferruginated 
dendrites. Dendrites have fewer higher order branches. Purkinje 
“axonal torpedoes” may be present (Koob et al., 2010; Weidenheim et 
al., 2009).
Ventricular enlargement, enlarged cisterna magna are seen. Amyloid 
plaques, neurofibrillary tangles, Hirano bodies not commonly seen, 
although ubiquitin reactivity of axons present (Itoh et al., 1999).

Hearing and vestibular 
systems

Sensorineural, high tone hearing loss 
[60–90%]. Mixed conductive and 
sensorinueral hearing loss (44%)(Wilson 
et al., 2015). Most commonly bilateral, 
rarely unilateral (Wilson et al., 2015).

Loss of hair cells in cochlea, particularly in the basal turn. Loss of 
neurons in spiral ganglion. Atrophy of auditory pathways (Gandolfi et 
al., 1984; Rapin et al., 2006; Shemen et al., 1984). Scala communis, 
thickened stapes crurae, widened prototympanum(Rapin et al., 2006). 
Loss of hair cells in pars superior. Loss of neurons in vestibular 
ganglion. Collapse of the endolymphatic duct of pars inferior (Rapin 
et al., 2006).

Vision Corneal opacification.
Cataracts [36–86%]. Usually bilateral, 
most develop by 4 years of age.
Pigmentary retinopathy (“salt and 
pepper”)[43–89%] (Kubota et al., 2015; 
Nance and Berry, 1992; Wilson et al., 
2015).
Miotic pupils(Dollfus et al., 2003; 
Traboulsi et al., 1992b).
Optic disk pallor.
Enophthalmos. Narrow palpebral 
fissures.

Patchy loss of melanin pigment granules. Lipofuscin deposition, large 
pigment laden cells in a perivascular distribution. Retinal pigment 
epithelial atrophy and hyperplasia. Loss of cells in ganglion and outer 
nuclear cell layers (Rapin et al., 2006). Both outer and inner segments 
of photoreceptors are affected. Optic nerve atrophy, with partial 
demyelination, axonal loss, and gliosis (Nance and Berry, 1992).

Musculoskeletal system Cachectic dwarfism.
Contractures. Kyphosis, scoliosis. 
Stooped posture. Muscle wasting.

Denervation myopathy, disuse atrophy

Cardiovascular system Accelerated hypertension. Increased intima medial thickening (Crome and Kanjilal, 1971; 
Higginbottom et al., 1979). Atherosclerosis, arteriosclerosis.
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Clinical features Pathology

Aortic root dilatation(Ovaert et al., 
2007).
Cardiomyopathy(Choong et al., 1997; 
Yuen et al., 2001)

Gastrointestinal system Severe reflux. Abnormal gastrointestinal 
motility.
Many have percutaneous gastrostomy 
tubes.
Hepatomegaly, splenomegaly, elevated 
liver enzymes.
Altered metabolism of drugs(Wilson et 
al., 2015).

Renal system Renal failure Renal arteries show changes of advanced atherosclerosis and 
arteriolosclerosis. Unilateral or hypoplastic kidneys (Funaki et al., 
2006; Higginbottom et al., 1979; Hirooka et al., 1988; Motojima et 
al., 2014; Reiss et al., 1996; Sato et al., 1988).

Reproductive systems

 Males Micropenis, smaller testicular size (Inoue et al., 1997)

 Females Ovarian atrophy. Successful pregnancy has been reported (Lahiri and Davies, 2003).

Endocrine systems Normal secondary sexual characteristics(Weidenheim et al., 2009). 
Normal growth hormone, thyroid stimulating hormone, calcium levels 
(Inoue et al., 1997; Sugarman et al., 1977)

Normal pituitary gland and thyroid 
gland

Eccrine systems Decreased production of sweat, tears, saliva
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Table 2

Comparison of clinical features from different reviews of CS

Clinical feature Article Age Modifiers Relationship to 
disease process

Hearing loss Wilson 84% by 10 years Almost exclusively bilateral. Mixed 
type

Kubota After 2–3 years of age. 
Observed in > 90% of 
cases.

By age 2 in CS2, improved with 
hearing aid. 60–70 db hearing loss.

Nance and Berry May not be manifest till 
teenage years. 60 percent 
affected.

Sensorineural. Bilateral, mild to 
severe.

Rapin – High tone hearing loss. Progressive, 
almost every case in the series.

Natale May be universal, but not 
occur until a patient’s 
condition starts to decline. 
Occurs in >2/3rds of 
patients.

Progressive. Affects quality of life. 
Often occurred suddenly or over 2–3 
days.

Cataracts Wilson 86% by 4 years. 48.5% 
overall had cataracts. 
Approximately 90% were 
bilateral.
Prevalence increases till 
approximately 4 years of 
age, and then plateaus.

Most cases are B/L A cataract before 3 
years of age is the 
most valuable 
prognostic factor. 
Also associated with 
time to development 
of hearing loss and 
contractures, but not 
tremor.

Kubota 64.5 percent of patients

Nance and Berry 36 percent of patients. Presence of cataracts 
less than 3 years of 
age are predictors of 
severe disease and 
early death.

Rapin Type 2 is associated with congenital 
cataracts.

Natale 1/3 to 2/3 of patients. Cataracts occurred across all severity 
groups.

Congenital cataracts 
do not correlate with 
poor prognosis.

Retinal dystrophy Wilson 43%

Kubota 89.3%

Nance and Berry 55% Progressive retinal degeneration is 
the most common eye disturbance.

Rapin 68%

Natale 1/3–2/3 of patients

Basal ganglia calcification Wilson 55% Principally affects basal ganglia. Iron 
present.

Not pathognomonic 
or prognostic or 
clinically actionable.

Kubota >96.6%. After 2–3 years 
of age.

Bilateral calcification of the basal 
ganglia is a diagnostic hallmark of 
CS. May not occur before the age of 
1 even in CS2.

No correlation with 
age, severity of 
neurological 
symptoms or degree 
of cerebral atrophy.

Nance and Berry Most found in a perivascular 
distribution in the basal ganglia and 
dentate nucleus.

Ageing Res Rev. Author manuscript; available in PMC 2018 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Karikkineth et al. Page 32

Clinical feature Article Age Modifiers Relationship to 
disease process

Rapin Calcification present in the arteries, 
arterioles, capillaries of putamen, 
globus pallidus, thatalmus and deep 
cerebellar white matter.

Natale Greater than 2/3 of 
patients.

Peripheral neuropathy Wilson

Kubota 47.4% of patients Demyelinating and axonal

Nance and Berry 84.6% of patients May not be clinically significant

Rapin

Natale
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Table 3

Relative involvement of different parts of the nervous system by different pathological processes in CS

Location Neuronal loss Demyelination Gliosis Calcification

Cerebrum + +++ ++ +++

Cerebellum +++ + ++ +++

Basal ganglia +++ – – +++

Brainstem + ++ +

Spinal cord – ++ + –

Peripheral nerves +++ + –
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Table 4

Diagnostic criteria for CS (modified from Laugel et al.) (Laugel, 2013, p. 167)

Nance and Berry Modified criteria

Major criteria Developmental delay Developmental delay

Growth failure Progressive growth failure

Progressive microcephaly

Minor criteria Cutaneous photosensitivity Cutaneous photosensitivity

Pigmentary retinopathy and/or cataracts Pigmentary retinopathy and/or cataracts

Sensorineural hearing loss Progressive sensorineural hearing loss

Dental caries Enamel hypoplasia

Cachetic dwarfism Enophthalmia
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Table 5

Recommended testing in CS patients

Test

Vision Annual eye exam, with fundoscopy. Evaluation for cataracts. Visual evoked potentials may be considered

Hearing Hearing tests – pure tone/behavioral audiometry. Brainstem evoked potentials may be considered

Other Liver and renal function tests
Regular blood pressure checks
Regular blood sugar checks
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