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Abstract

Cockayne syndrome is a rare inherited disorder characterized by accelerated aging, cachectic
dwarfism and many other features. Recent work has implicated mitochondrial dysfunction in the
pathogenesis of this disease. This is particularly interesting since mitochondrial deficiencies are
believed to be important in the aging process. In this review, we will discuss recent findings of
mitochondrial pathology in Cockayne syndrome and suggest possible mechanisms for the
mitochondrial dysfunction.

Introduction

The accelerated aging disorder Cockayne syndrome (CS) is characterized by progressive
brain atrophy, leukodystrophy, cachexia and growth retardation (Koob et al. 2010; Nance
and Berry 1992; Natale 2011). CS is caused by mutations in CSB (80% of the cases) and
CSA (20%) which both participate in transcription coupled (TC) nucleotide excision DNA
repair (NER) (Anindya et al. 2010), transcription (Le et al. 2010) and base excision repair
(BER) (Stevnsner et al. 2008). In recent years a potential mitochondrial involvement has
been proposed for this disease and CSB was recently reported to be present in the
mitochondria (Aamann et al. 2010; Kamenisch et al. 2010). This is particularly interesting
because defects in mitochondrial functions are implicated in aging (Balaban et al. 2005). In
this review we will discuss the possible mitochondrial pathogenesis in Cockayne syndrome.
For thorough information regarding other aspects of this disease we will refer the readers to
other sections of this review.

Mitochondria

Mitochondria are small tubular organelles localized in the cytoplasm of almost all
mammalian cells. They consist of an outer membrane, inter membrane space, a highly
folded inner membrane and a matrix compartment. Mitochondria function as the powerplant
of the cell supplying ATP production through oxidative phosphorylation. Interestingly,
mitochondria are believed to have evolved via the engulfment of an oxygen consuming
prokaryote by an anaerobic eukaryote in the primordial sea 1.5 billion years ago (Gray 2012.
This notion is supported by the fact that mitochondria have their own circular genome
similar to many bacteria. During the course of evolution the genes have slowly been
transferred to the nucleus with only 13 protein encoding genes remaining encoded by a 16.6
kb mitochondrial DNA (mtDNA) molecule. All these genes encode subunits of the electron
transport chain, the ATP productive and oxygen consuming mitochondrial super-complex. It
therefore follows that all other mitochondrial proteins, including all proteins involved in
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mtDNA metabolism, are encoded in the nucleus and a nuclear defect can therefore translate
into mitochondrial dysfunction.

A substantial amount of research has been invested in understanding the role of
mitochondria in aging and age associated diseases. In aging, mitochondrial free radical
production is thought to lead to the accumulation of damage to various macromolecules
including DNA. Accumulating DNA damage will lead to further deterioration of
mitochondrial function, increased free radical production and more DNA damage etc.
(Balaban et al. 2005). This mitochondrial theory of aging is supported by several
observations: 1) Reactive oxygen species (ROS), the main endogenous damaging agents, are
primarily produced in mitochondria. 2) MtDNA lies in close proximity to the mitochondrial
inner membrane where ROS is predominantly produced. 3) Mitochondria do not have the
same capacity for DNA repair as the nucleus (Gredilla et al. 2010). A number of findings
have reinforced this theory, for example oxidative mtDNA damage has been found to
accumulate with age in rodent liver (Hudson et al. 1998), increased mtDNA deletions have
been found in the brain of elderly people compared to young (Corral-Debrinski et al. 1992)
and a mouse model with a mutation in the proof reading domain of the mitochondrial DNA
polymerase display mitochondrial mutagenesis and accelerated aging (Trifunovic et al.
2004). Further, overexpression of the antioxidant enzyme catalase targeted to the
mitochondria extends lifespan in mice (Schriner et al. 2005). In addition, mitochondria and
oxidative stress has been linked to major age related pathologies such as cardiovascular
disease, neurodegeneration, diabetes etc. (Lin and Beal 2006; Lowell and Shulman 2005;
Mercer et al. 2010).

CS is a highly complex neurological disorder with variation in severity and large differences
in age of onset (Koob et al. 2010; Nance and Berry 1992; Natale 2011). Strikingly, most
signs and symptoms seen in CS patients are also found in mitochondrial diseases (Table 1).
Indeed, like CS mitochondrial diseases often display neurological involvement, a complex
phenotype and large variations in age of onset (Haas et al. 2007; Schapira 2006).
Corroborating the idea of a mitochondrial dysfunction in CS we recently showed marked
alterations in the metabolism of CSB™™ mice as well as in a number of CSB deficient cell
lines (Scheibye-Knudsen et al. 2012). These changes corresponded to a rather unusual
phenotype with an increase in mitochondrial content, membrane potential and ROS
production. In addition we found increased oxygen consumption rates in a number of CSB
deficient cell lines (Scheibye-Knudsen et al. 2012). As we shall discuss in greater detail
below these alterations seemed to stem from an inability to degrade damaged mitochondria
through autophagy; a process called mitophagy. Interestingly, another recent paper also
investigated the mitochondrial phenotype of CS cells (Pascucci et al. 2012). Here the authors
showed mitochondrial membrane depolarization using the dye JC-1. The dye fluoresce red
in normal mitochondrial and green upon membrane depolarization. Using this approach the
authors find an increased population of cells undergoing mitochondrial depolarization in
good agreement with previous data suggesting increased apoptosis in CS cells (Laposa et al.
2007; McKay et al. 2001). The authors also found increased ROS production in agreement
with our findings. Further they investigated the oxygen consumption rate of the cells after
culturing them in media where glucose has been exchanged for galactose. The rational for
this is that the cells will become more dependent on oxidative phosphorylation if they are
unable to use glycolysis (Gohil et al. 2010). Under these circumstances glutamine is added
to the media and utilized by the cells as a source of alpha-ketoglutarate that is then
metabolized in the citric acid cycle. Cells will switch more towards oxidative
phosphorylation if the cells are not able to metabolize galactose, since galactolysis will yield
the same amount of ATP as glucose if the Leloir pathway is active. This pathway is
predominantly active in the liver, however, a compensatory activation of this pathway can
occur in non-liver cells grown in galactose containing media (Christopher et al. 1977). A
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good way to examine if cells are able to metabolize galactose is using the Seahorse XF
analyzer (Gohil et al. 2010). This instrument will report the extracellular acidification rate as
a measurement of glycolysis simultaneously with the measurement of oxygen consumption
rates. Pascucci et al. did use the Seahorse analyzer however they did not show the
extracellular acidification rates.. Interestingly, at least one of their cell lines was able to
metabolize galactose as was evident from the increase in oxygen consumption after addition
of 2-deoxyglucose. Based on this it is difficult to interpret the oxygen consumption results
from their paper. In addition, the authors interestingly observed increased lactate production
in CSA and CSB deficient cells in good agreement with our results (Scheibye-Knudsen et al.
2012). This is important since lactic acidosis is a hallmark feature of mitochondrial diseases
and this metabolite has been found to accumulate in the brain of CS patients (Koob et al.
2010). We should underscore that much of the work investigating mitochondrial
involvement in CS has been focused on the mutations in the CSB complementation group.
Thus much work is needed to investigate whether the same alterations are seen with CSA
deficiencies.

Mitochondrial deficiencies in Cockayne syndrome

Cockayne

The observation that CS patients have a much more severe phenotype than individuals with
mutations in other genes involved in NER, such as the xeroderma pigmentosum (XP) genes,
led to the suggestion that CS proteins may be involved in other pathways than NER
(Hanawalt 1994). In particular, it remains an unsolved mystery why mutations in XP
complementation group A (XPA), a necessary gene in both global genomic (GG) and TC-
NER, lead to a milder neurological phenotype than mutations in CSA or CSB. Interestingly,
a mitochondrial NER deficiency cannot explain the XPA phenotype since NER is not
present in mitochondria (Clayton et al. 1974). The severe neurological deficiency could
therefore be secondary to the canonical NER deficiency (Figure 1). Although we would
postulate that the difference in phenotype may stem from a mitochondrial dysfunction in CS
other pathways may of course contribute. These could include transcriptional deficiencies,
deficiencies in base excision repair, and other. We shall discuss these possibilities in greater
detail below.

syndrome and base excision repair

In the last decade we and others have shown that CSB is intimately involved in base
excision repair (BER) through direct or indirect interactions with the enzymes OGG1,
NEIL1, APE1 and PARP1 (Figure 2) (Muftuoglu et al. 2009; Thorslund et al. 2005; Tuo et
al. 2002; Wong et al. 2007). BER is critical for the repair of oxidative single base lesions
and deficiencies could perhaps drive the neurological phenotype in CS since some BER
deficiencies are associated with neurodegeneration (Jeppesen et al. 2011). Further, since
BER is the main DNA repair pathway in mitochondria a defect here could lead to a
mitochondrial phenotype. Supporting this idea recent data from our and another lab showed
the presence of CSB in mitochondria (Aamann et al. 2010; Kamenisch et al. 2010). In these
papers an increase in mitochondrial DNA deletions and mutations were found in Csb
deficient mice, adipose tissue and human cells, respectively. Interestingly, mtDNA deletions
have also been reported in Neill deficient mice (Vartanian et al. 2006). Decreased
mitochondrial Neill activity in Csb deficient mice could therefore possibly explain the
increased deletions found in adipocytes in the Csb™™ mouse. Alternatively this effect could
be mediated in a similar fashion through Ogg1l. Like Neill, Oggl knockout in lower
organisms leads to increased mtDNA deletions (Singh et al. 2001). The mitochondrial
phenotype could therefore possibly be explained by a mitochondrial DNA repair deficiency
since all BER related interacting partners of Csb are present in mitochondria. Indeed,
decreased Oggl incision activity has been found in mitochondrial extracts isolated from
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CSB mutant mice as well as in cells deficient in CSB although no difference in oxidative
mitochondrial DNA damage was found using a gene specific repair assay and FPG incision
(Stevnsner et al. 2002). The finding of decreased Oggl activity was, however, not dependent
upon the catalytic activity of CSB since the mitochondrial DNA repair deficiency could be
rescued in cells expressing catalytic dead CSB (Stevnsner et al. 2002). Supporting these
observations it was later found that CSB deficient cells did accumulate more damage
(Osenbroch et al. 2009). Although these results indicate a connection between BER and
CSB, other evidence have suggested this may not be the case. For example, Csb™™/Ogg1~/~
double transgenic mice do not accumulate more oxidative mitochondrial DNA damage than
WT as measured using an assay where supercoiled mtDNA was relaxed after incision by the
oxidative DNA damage specific endonuclease FPG (Trapp et al. 2007). This view has
recently been corroborated using long range gPCR showing no increased mitochondrial
DNA damage in CSB deficient cells compared to controls (Berquist et al. 2012). This result
was supported by investigating mitochondrial 8-oxo-G levels by HPLC-ED and finding no
accumulation in various CSB deficient cell lines (Pascucci et al. 2012). Additionally, using
mass spectrometry, no accumulation of 8-oxo-G was found in mtDNA isolated from various
tissues from Csh™™ mice, however, nuclear accumulation of 8-0x0-G was present
(Muftuoglu et al. 2009). Interestingly, in this study accumulation of the oxidized DNA
lesion, FapyA, was found in mitochondria. This particular lesion is a ring opened adenine
that is a prime NEIL1 substrate. These findings indicate that CSB may not exert its
mitochondrial effect through OGG1 but rather through NEIL1. While a mitochondrial BER
deficiency may contribute to the CS phenotype, it is still an open question as to whether it
plays a significant role in the neurodegenerative phenotype seen in CS. For further insight
into the potential role of oxidative damage in CS we recommend perusing the article from
Dr. Bernd Epe in this issue of Mechanisms of Ageing and Development.

Cockayne syndrome and mitochondrial transcription

A hallmark feature of cells deficient in CSA or CSB is a delayed resumption of transcription
after UV irradiation (Mayne and Lehmann 1982). A defect in transcription coupled repair is
the conventional explanation for this phenomenon. As an alternative theory this deficiency
could be due to general loss of transcription as has been suggested (Compe and Egly 2012).
This explanation is supported by the findings that CSB and a humber of other NER factors
are recruited to promoters of genes and are associated with downstream RNA polymerase Il
transcription as well (Le et al. 2010). Notably, CSB was not required for initial binding of
the transcription complex, however, CSB was necessary for association of other NER
factors during elongation. This fits well with previous findings showing a role for CSB in
RNA elongation by RNA polymerase Il (Selby and Sancar 1997). Interestingly, CSB also
stimulates RNA polymerase | and Il activity (Bradsher et al. 2002; Yu et al. 2000; Yuan et
al. 2007). These polymerases are, among other things, responsible for transcribing rDNA
that consists of highly repetitive sequences. rDNA genes therefore have a high propensity
for forming secondary structures leading to stalling of RNA polymerases. In this context
CSB may help the polymerase elongate through these highly structured regions (Yu et al.
2000). The function of CSB in relation to transcription may therefore be very similar to its
role in TC-NER. In transcription CSB could resolve stalled polymerases at secondary
structures while in DNA repair CSB is known to resolve polymerases at stalling lesions such
as cylopyrimidine dimers, 6—4 photoproducts and bulky adducts (Fousteri et al. 2006; Laine
and Egly 2006). Although, the role of CSB in nuclear transcription seem well documented
the possible downstream pathogenesis is less clear and begs the question of how a
transcriptional defect could lead to neurodegeneration. For a thorough insight into the
transcriptional role of CSA and CSB we will recommend reading the sections by Drs. Jean-
Marc Egly and Bruce McKay in this special issue of Mechanisms of Ageing and
Development. The role of CSB in regards to the mitochondrial RNA polymerase (mtRNA
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pol) was until recently unknown. MtRNA pol is, contrary to the other polymerases, a single
subunit polymerase related to the bacteriophage T7 RNA polymerase (Arnold et al. 2012).
Following our and others finding that CSB was present in mitochondria, we recently showed
strong stimulation of the elongation activity of mtRNA pol /n vitroby CSB (Berquist et al.
2012). Additionally, we found decreased transcription from the heavy strand promotor in
CSB deficient CS1AN cells compared to isogenic cells expressing WT CSB. The exact
mechanism for how CSB would stimulate elongation is still not known. Based on the
enzymatic activity of CSB two possible mechanisms could be proposed. First, the DNA
annealing activity could possibly aid in transcription after the strands have been separated by
the polymerase. Second, and perhaps more likely, CSB is known to be able to push other
DNA binding proteins off the strand (Berquist and Wilson, 111 2009). CSB could therefore
facilitate transcription by removing proteins bound to the strand in front of the transcription
machinery (Figure 3). In either case a defect in mitochondrial transcription via loss of CSB
could possibly explain the mitochondrial phenotype seen in CS. The role of CSA in this
process remains to be determined.

Cockayne syndrome and mitophagy

As mentioned, we recently found increased mitochondrial content, increased membrane
potential and increased free radical production in CSB deficient cells (Scheibye-Knudsen et
al. 2012). In addition, increased FCCP uncoupled respiration (spare respiratory capacity)
and increased oxygen consumption rates were found in CSB deficient cells possibly due to
increased ATP consumption. These changes did not appear to be related to increased
mitochondrial biogenesis since no consistent changes in the canonical mitochondrial
transcription factors, PGC-1alpha, TFAM and ERR alpha, were found in CSB deficient
cells. Since the amount of mitochondria present in the cells must be determined by
biogenesis as well as degradation, we investigated autophagy, which is the primary
degradation route for mitochondria. Macro autophagy is the process by which degradation of
large protein aggregates and whole organelles are removed from the cells (Laplante and
Sabatini 2012). Mitophagy is the process by which mitochondria are selectively degraded. A
number of proteins are involved in this pathway which is thought to be initiated either by the
accumulation of NIX or PINK1 at the outer mitochondrial membrane. NIX was initially
found to be upregulated in reticulocytes during maturation to erythrocytes and this
upregulation was responsible for the programmed removal of mitochondria from red blood
cells (Schweers et al. 2007). Now NIX has also been implicated in the role of selectively
removing damaged mitochondria although more work needs to be done to fully establish this
relationship (Ding et al. 2010). On the other hand the role of PINKL1 in selective mitophagy
seems well established. Here PINK1 is constitutively imported into the mitochondria and
degraded when the membrane potential is high. Upon depolarization PINK1 accumulates at
the outer membrane where it recruits Parkin. Parkin is an E3-ubiquitin ligase that
ubiquitinates outer membrane proteins. This mitochondrial ubiquitination leads to the
recruitment of the scaffolding protein P62 that will facilitate the association and engulfment
of the mitochondria with an autophagosome coated by the linkage protein LC-3B isoform II.
Fusion of the autophagosome with a lysosome will conclude the autophagic process through
degradation of the content of the autophagosome. Interestingly, in the case of CS we found
decreased colocalization of LC3, P62 and ubiquitin with the mitochondria in response to
stress perhaps explaining the mitochondrial phenotype we observed (Scheibye-Knudsen et
al. 2012). We were also able to reverse this phenotype by treating the CSB deficient cells
with the autophagy stimulating drug rapamycin. This FDA approved drug has previously
been shown to lead to lifespan extension through inhibition of the mTOR pathway and
activation of autophagy (Harrison et al. 2009). In addition, rapamycin is thought to be
neuroprotective and decrease glial activation and could thereby secondarily attenuate some
neurological features of CS (Bove et al. 2011; Dello et al. 2012). Recently, a similar
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mitochondrial phenotype was reported in ataxia-telangiectasia mutated (ATM) deficient
cells (Valentin-Vega et al. 2012). Increased oxygen consumption rate and decreased
mitophagy were found corresponding well with our study. In addition the authors isolated
mitochondria and found ATM present in this organelle. We therefore propose that CSB and
ATM act as part of a mitochondrial DNA damage response pathway which promotes
mitophagy in response to irreparable mitochondrial DNA damage (Figure 4).

Nuclear-mitochondrial crosstalk in CS

A caveat to the above hypotheses come from the observation that membrane potential,
oxygen consumption rate and FCCP uncoupled respiration are all increased in CSB deficient
cells (Scheibye-Knudsen et al. 2012). This is unusual for a primary mitochondrial defect
where disruption of the electron transport chain would normally lead to decreased oxygen
consumption and decreased membrane potential. Another possibility is that the
mitochondrial phenotype could be a secondary compensatory response to a nuclear DNA
repair or transcriptional defect (Figure 5). In the following we will present to possible
scenarios that could explain the cellular and organismal features seen in CS. We wish to
underscore that much of this is still hypothetical and need further evaluation.

In the case of a CS-related DNA repair deficiency one could propose that decreased DNA
repair would lead to increased PARP1 and perhaps ATM activation because of accumulated
DNA damage. Activation of these pathways will lead to decreased NAD™ levels and
increased ATP consumption. Increased ATP consumption could explain the cachectic
phenotype in the CS patients as well as the increased metabolism in Csb™™ mice, and
increased ATP consumption was indeed found in CSB deficient cells (Scheibye-Knudsen et
al. 2012). To compensate for this increase in ATP consumption cells could downregulate
mitochondrial uncoupling proteins leading to a more efficient ATP production. Decreasing
levels of uncoupling proteins could explain the increased membrane potential and relative
increase in FCCP uncoupled respiration seen in these cells. ROS production is also regulated
by membrane potential with increasing membrane potential leading to increased ROS.
Furthermore, as we discussed in the previous paragraph, mitophagy is intimately regulated
by the membrane potential where an increase in membrane potential will lead to a decrease
in mitophagy. Thus, CS cells may be carrying around mitochondria that otherwise should
have been degraded and in fact, more damaged mitochondria are seen in CS cells (Scheibye-
Knudsen et al. 2012). Interestingly, increased ROS production is known to augment
mitochondrial biogenesis through activation of PGC-1alpha. A downstream effect of
increased PGC-1alpha activity is increased expression of uncoupling proteins. Under normal
circumstances increased ROS activates a negative feedback loop that increased UCPs
thereby lowering membrane potential. Interestingly, PGC-1alpha is not consistently
activated in CSB deficient cells indicating that other so far unknown transcription factors
may play a role (Scheibye-Knudsen et al. 2012).

Another possible hypothesis could link the transcriptional defect observed in CS with the
mitochondrial phenotype. When RNA polymerases hit a secondary DNA structures, such as
a stem-loop, stalling of the polymerase will occur. Here CSB is able to facilitate the
resolution of the structure and continuation of elongation. Without CSB the polymerase will
stall and may fall off the strand. Another polymerase will hit the stalling structure and fall
off etc. These futile transcription cycles will lead to higher energy expenditures because of
the ATP needed for RNA synthesis. Futile transcription cycles by RNA pol 11 have indeed
been found although a link to energy metabolism needs further examination (Thiebaut et al.
2008). Then the aforementioned downstream compensation of downregulation of
uncoupling proteins, increased membrane potential and increased ROS may still occur.
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Concluding remark

Dysfunctional mitochondrial may very well contribute to the spectrum of problems patients
with CS confront although the pathogenesis is contested at the moment. We sought in this
review to give a broad introduction to what we think are the most likely scenarios behind the
potential role of mitochondria in CS. At the moment, we feel all options are open and the
phenotype could quite possibly stem from any combination of defects. However, some
encouraging news have come out of this research with the discovery that rapamycin may
reverse some of the mitochondrial features seen in CS. We will hopefully soon have more
answers.
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Figure 1. Possible pathways to mitochondrial dysfunction in Cockayne syndrome

Defects in base excision DNA repair, the primary repair route for oxidative lesions, have
been found in Cockayne syndrome (See figure 2). In addition mitochondrial transcription
was shown recently to be decreased in Cockayne syndrome (See figure 3). Further defects in
mitochondrial autophagy, mitophagy, has been found in Cockayne syndrome (See figure 4).
Finally the mitochondrial dysfunction could stem from a nuclear defect (See figure 5).
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Figure 2. Cockayne syndrome protein B regulates base excision repair

CSB has been shown to increase the incision activity of OGG1 and NEIL1; two
glycosylases responsible for the initial step of removing oxidized lesions such as 8-oxo0-G
from the ribose backbone. This creates an abasic site that is recognized and removed by
APEL yielding a gab in the DNA strand. APE1 has been shown to physically and
functionally interact with CSB. The resulting gap in the DNA is then further processed by
short patch or long patch repair involving proteins such as DNA polymerase gamma, DNA
ligase 111, Fenl and others.
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Strand annealing activity

Figure 3. Possiblerolesfor CSB in mitochondrial transcription

CSB was recently shown to stimulate the RNA elongation activity of the mitochondrial
polymerase. In this regard CSB could act either as a DNA annealing enzyme closing the
transcription bubble after the RNA polymerase. Alternatively, CSB has been shown to be
able to displace TFAM from the DNA strand. In this regard CSB could act to remove bound
proteins from the DNA strand in front of the polymerase thereby facilitating transcription.
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Figure 4. A possiblerole for CSB in mitophagy

CSB deficient cells were recently shown to be defective in mitophagy. In this regard CSB
could act as a mitochondrial DNA damage sensor either directly or through currently
unknown proteins inducing mitophagy through the mitochondrial permeability transition
pore (MPTP) when an irreparable lesion is encountered. Ataxia telangiectasia mutated
(ATM) protein could function in a similar fashion. OMM: outer mitochondrial membrane.
IMM: Inner mitochondrial membrane.
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Figure 5. Mitochondrial dysfunction secondary to a nuclear deficiency

Due to the unusual nature of the mitochondrial dysfunction in CSB with increased oxygen
consumption, increased membrane potential and increased ROS production the phenotype
could stem from a compensatory response to a nuclear defect. Here CSB acts through the
canonical transcription coupled nucleotide DNA repair. A defect leads to increased PARP1
activation. Poly-ADP-ribosylation is an energetically demanding process leading to
increased ATP consumption and thereby decreased ATP levels. To increase energy output
from the mitochondria the cells decrease the amount of uncoupling proteins. This leads to
increased membrane potential and consequently increased ROS formation that can further
damage DNA leading to a vicious cycle.
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Table 1

Striking similaritiesin the phenotype of mitochondrial diseases and Cockayne syndrome

This is a list of signs and symptoms seen in Cockayne syndrome and whether that particular trait is also seen
in mitochondrial diseases. The traits are ordered with the most prevalent first.

Clinical trait in CS

Seen in which mitochondrial diseases?

Sun sensitivity

None

Short stature

Alpers-Huttenlocher, MTDPS6, MELAS, MERFF, NARP, Coenzyme Q10 deficiency, MLASA2, ACADSD
(Hammans et al. 1995; Holt et al. 1990; Karadimas et al. 2006; Kurt et al. 2010; Riley et al. 2010; Rosing et al.
1985; Rotig et al. 2007; Tein et al. 2008)

Weight loss

MNGIE, MLASA2 (Nishino et al. 2000; Riley et al. 2010)

Cerebral atrophy

Alpers-Huttenlocher, MERFF, NARP, MTDPS5, Coenzyme Q10 deficiency (Carrozzo et al. 2007; de Vries
et al. 2007; Gelfand et al. 2011; Lorenzoni et al. 2011; Rotig et al. 2007)

Contractures

MTDPSS (Elpeleg et al. 2005)

Lactic acidosis in the CNS

MTDPS8A, MTDPS5, MELAS, MTDPS9, L eigh syndrome, MTDPS6 (Bourdon et al. 2007; Carrozzo et al.
2007; Lorenzoni et al. 2009; Ostergaard et al. 2010; Rahman et al. 1996; Spinazzola et al. 2008)

Cerebellar atrophy

MERFF, NARP, MTDPS5, Coenzyme Q10 deficiency, |OSCA (Carrozzo et al. 2007; Gelfand et al. 2011;
Koskinen et al. 1994; Lorenzoni et al. 2011; Rotig et al. 2007)

Peripheral neuropathy

ADOA, Friedreich ataxia, Leigh syndrome, MTDPSG, L eber optic atrophy, MERFF, NARP, MNGIE,
MTDPS5, Coenzyme Q10 deficiency, SANDO, PEO autosomal dominant, |IOSCA, LCHAD (Carrozzo et al.
2007; Gelfand et al. 2011; Koskinen et al. 1994; Lorenzoni et al. 2011; Nishino et al. 2000; Schulte et al. 2009;
Yu-Wai-Man et al. 2010)

Basal ganglia pathology

Leigh syndrome, NARP, MTDPS5 (Carrozzo et al. 2007; Gelfand et al. 2011; Lee et al. 2009)

Leukodystrophy

MTDPS6, MNGIE (Karadimas et al. 2006; Nishino et al. 2000)

Dental caries

Friedreich ataxia, (Camm and Carpenter 1987)

Sensorineural hearing loss

ADOA, Alpers-Huttenlocher, Friedreich ataxia, DGUOK deficiency, MIDD, MELAS, MERFF, MNGIE,
MTPS5, Coenzyme Q10 deficiency, SANDO, PEO autosomal dominant, Combined complex deficiency,
IOSCA (Carrozzo et al. 2007; Di et al. 2009; Durr et al. 1996; Fratter et al. 2010; Freisinger et al. 2006;
Guillausseau et al. 2001; Hammans et al. 1995; Koskinen et al. 1994; Kurt et al. 2010; Mancuso et al. 2004;
Nishino et al. 2000; Rosing et al. 1985; Rotig et al. 2007; Yu-Wai-Man et al. 2010)

Xerophthalmus

ME (Zelnik et al. 1996)

Kyphosis

LHON (Huoponen 2001)

Retinitis pigmentosa

Leigh syndrome, MIDD, MELAS, NARP, MNGIE, Coenzyme Q10 deficiency, LCHAD (Hammans et al.
1995; Holt et al. 1990; Lee et al. 2009; Massin et al. 2008; Nishino et al. 2000; Rotig et al. 2007; Tyni et al.

1997)
Vomiting DGUOK deficiency, Leigh syndrome, MELAS, MERFF, MNGIE, Coenzyme Q10 deficiency, ACADM,
HADHSC, LCHAD (Bennett et al. 1996; Freisinger et al. 2006; lafolla et al. 1994; Lee et al. 2009; Lorenzoni et
al. 2009; Lorenzoni et al. 2011; Nishino et al. 2000; Rotig et al. 2007)
Ataxia 4 ADOA, Friedreich ataxia, L eigh syndrome, MTDPS6, MELAS, MERFF, NARP, Pear son syndrome,
Coenzyme Q10 deficiency, SANDO, PDH deficiency, ACADSD, |OSCA(Durr et al. 1996; Hammans et al.
1995; Holt et al. 1990; Ito et al. 1992; Karadimas et al. 2006; Koskinen et al. 1994; Lee et al. 2007; Lorenzoni et
al. 2011; Mancuso et al. 2004; Rahman et al. 1996; Rotig et al. 2007; Tein et al. 2008; Yu-Wai-Man et al. 2010)
Hypertension MIDD (Guillausseau et al. 2001)
Tremor LHON, NARP, Pear son syndrome, PEO autosomal dominant (Baloh et al. 2007; Gelfand et al. 2011;
Huoponen 2001; Lee et al. 2007)
Pruritus None
Cataracts Senger s syndrome, Coenzyme Q10 deficiency, PEO autosomal dominant, Combined complex deficiency

(Di et al. 2009; Fratter et al. 2010; Morava et al. 2004; Rotig et al. 2007)

Developmental delay

Alpers-Huttenlocher, DGUOK deficiency, L eigh syndrome, MTDPS6, MELAS, Pear son syndrome,
MTDPS5, Coenzyme Q10 deficiency, PDH deficiency. Combined complex deficiency, MLASA2, ACADVL,
ACADSD, MADD, LCHAD (Angle and Burton 2008; Aoyama et al. 1995; Di et al. 2009; Elpeleg et al. 2005;
Freisinger et al. 2006; Karadimas et al. 2006; Kurt et al. 2010; Lee et al. 2007; Lee et al. 2009; Lorenzoni et al.
2009; Maj et al. 2005; Riley et al. 2010; Rotig et al. 2007; Tein et al. 2008; Tyni et al. 1997)
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Clinical trait in CS

Seen in which mitochondrial diseases?

Optic atrophy ADOA, Alpers-Huttenlocher, Leigh syndrome, LHON, NARP, CoenzymeQ10 deficiency, |OSCA (Holt et
al. 1990; Koskinen et al. 1994; Kurt et al. 2010; Lodi et al. 2011; Nikoskelainen et al. 1985; Rahman et al. 1996;
Rotig et al. 2007)
Nystagmus Friedreich ataxia, DGUOK deficiency, L eigh syndrome, MTDPS6, NARP, Coenzyme Q10 deficiency,

Combined complex deficiency, ACADVL (Aoyama et al. 1995; Di et al. 2009; Durr et al. 1996; Gelfand et al.
2011; Rahman et al. 1996; Rotig et al. 2007; Spinazzola et al. 2008; Taanman et al. 2002)

Hyperactive reflexes

Leigh syndrome, MERFF (Rahman et al. 1996; Rosing et al. 1985)

Seizures

Alpers-Huttenlocher, Leigh syndrome, MTDPS6, LHON, MELAS, MERFF, MTDPS5, Coenzyme Q10
deficiency, SANDO, PDH deficiency, TK 2, deficiency, ACADM, MADD, IOSCA, LCHAD (Angle and
Burton 2008; Diomedi-Camassei et al. 2007; Elpeleg et al. 2005; Gotz et al. 2008; Huoponen 2001; lafolla et al.
1994; Ito et al. 1992; Karadimas et al. 2006; Kurt et al. 2010; Lee et al. 2009; Lonnqvist et al. 2009; Lorenzoni et
al. 2009; Lorenzoni et al. 2011; Tyni et al. 1997; Winterthun et al. 2005)

Avreflexia

Friedreich ataxia, MTDPS6, NARP, MNGIE, TK 2 deficiency, Combined complex deficiency, |OSCA,
LCHAD (Di et al. 2009; Durr et al. 1996; Gotz et al. 2008; Holt et al. 1990; Karadimas et al. 2006; Koskinen et
al. 1994; Nishino et al. 2000; Tyni et al. 1997)
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