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Summary

Cockayne syndrome (CS) is a rare hereditary multisystem disease

characterized by neurological and development impairment, and

premature aging. Cockayne syndrome cells are hypersensitive to

oxidative stress, but the molecular mechanisms involved remain

unresolved. Here we provide the first evidence that primary fibro-

blasts derived from patients with CS-A and CS-B present an

altered redox balance with increased steady-state levels of intra-

cellular reactive oxygen species (ROS) and basal and induced DNA

oxidative damage, loss of the mitochondrial membrane potential,

and a significant decrease in the rate of basal oxidative phosphor-

ylation. The Na ⁄ K-ATPase, a relevant target of oxidative stress, is

also affected with reduced transcription in CS fibroblasts and nor-

mal protein levels restored upon complementation with wild-type

genes. High-resolution magnetic resonance spectroscopy revealed

a significantly perturbed metabolic profile in CS-A and CS-B pri-

mary fibroblasts compared with normal cells in agreement with

increased oxidative stress and alterations in cell bioenergetics.

The affected processes include oxidative metabolism, glycolysis,

choline phospholipid metabolism, and osmoregulation. The alter-

ations in intracellular ROS content, oxidative DNA damage, and

metabolic profile were partially rescued by the addition of an anti-

oxidant in the culture medium suggesting that the continuous oxi-

dative stress that characterizes CS cells plays a causative role in

the underlying pathophysiology. The changes of oxidative and

energy metabolism offer a clue for the clinical features of patients

with CS and provide novel tools valuable for both diagnosis and

therapy.
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Introduction

Mutations in the genes encoding Cockayne syndrome (CS)-A or CS-B are

associated with CS, a progeroid disorder characterized by cachectic

dwarfism, progressive neurological dysfunction, and precocious aging.

CS-A and CS-B are proteins involved in transcription-coupled repair

(TCR), a sub-pathway of nucleotide excision repair (NER). However,

patients with CS do not present increased cancer risk as expected in DNA

repair defective syndromes and show some progeroid features that are

difficult to correlate to NER impairment only as they do not occur in XP-A

patients, which show a complete NER deficiency (Kraemer et al., 2007).

Cockayne syndrome cells are hypersensitive to UV light and also to a vari-

ety of oxidizing agents (Pascucci et al., 2011). Whether their sensitivity to

oxidative stress accounts for the clinical symptoms and the underlying

mechanisms have not been clarified. Cockayne syndrome proteins con-

tribute to the mitigation of the effects of oxidative agents by reducing the

load of a variety of oxidative lesions (Tuo et al., 2003; D’Errico et al.,

2007; Foresta et al., 2010) in nuclear DNA. This protective function has

been ascribed to the ability of CS proteins to stimulate the activity of key

base excision repair (BER) enzymes (e.g. Neil1, APE1) (Wong et al., 2007;

Muftuoglu et al., 2009) and ⁄ or to affect their transcription (e.g. OGG1)

(Khobta et al., 2009). However, it is unlikely that the dramatic phenotype

of patients with CS is solely because of the role of CS proteins as dispens-

able co-factors of BER in the removal of nuclear oxidative damage.

A new hypothesis has recently emerged to explain CS pathology, i.e.

that CS proteins may be involved in the stability of mitochondria that are

the primary source of reactive oxygen species (ROS). Elevated levels of

mitochondrial DNA oxidative damage, hypersensitivity to bioenergetic

inhibitors as well as altered organization of mitochondrial respiratory

complexes have been reported in CS-B mouse cells (Osenbroch et al.,

2009). More recently, direct evidence has been provided that in human

cells, CS-A and CS-B localize to mitochondria and interact with mitochon-

drial BER proteins (Kamenisch et al., 2010) playing a direct role in repair

by stabilizing repair complexes at the mitochondrial membrane (Aamann

et al., 2010).

Here, we show that CS-A and CS-B play a key role in the control of the

cellular redox balance, and primary fibroblasts from patients with CS

present a significant increased steady-state level of intracellular ROS and

decreased basal rates of oxidative phosphorylation (OXPHOS). We also

explore the consequences of deregulated ROS production on relevant tar-

gets of oxidative stress and provide evidence that oxidative and energy

cell metabolism are both affected.
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Results

Increased intracellular ROS levels, altered mitochondrial

membrane potential, and decreased oxygen consumption

characterize CS-A and CS-B primary fibroblasts

Cockayne syndrome primary fibroblasts are hypersensitive to the killing

effects of oxidizing agents and accumulate oxidative DNA damage

(D’Errico et al., 2007; Ropolo et al., 2007). To test the hypothesis that

an altered redox balance might be the underlying mechanism, the

bioenergetics status of normal and CS fibroblasts was characterized.

The levels of intracellular ROS in normal and CS primary fibroblasts

were measured by using 5-(and-6)-chloromethyl-2¢,7¢-dichlorodihydro-

fluorescein diacetate, acetyl ester (CM-H2DCF-DA) as a probe (Fig. 1A).

The conversion of this compound into a fluorescent molecule is pro-

portional to the ROS concentration (Myhre et al., 2003), and it can be

monitored by flow cytometry. The steady-state ROS levels were 2-fold

higher in primary fibroblasts from both CS-A and CS-B donors as com-

pared to normal (P < 0.05; two donors per group). A representative

fluorescence profile is illustrated in Fig. 1A. High levels of superoxide

anion radicals and ⁄ or peroxynitrite in CS cells were also confirmed by

using the spin-trap, hydroxy-3-carboxy-pyrrolidine, and electron spin

resonance (ESR) analysis (Fig. S1). These data show that CS cells pres-

ent alterations of the cellular redox balance in physiological condi-

tions.

Mitochondria are the main source of ROS as well as a target of ROS

(Van Houten et al., 2006). The mitochondrial membrane potential of the

analyzed samples of normal and CS primary fibroblasts was measured by

cytofluorimetric analysis using the lipophilic cation probe JC-1 that selec-

tively enters into mitochondria. In this analysis, the cells with high mito-

chondrial membrane potential fluoresce red (FL2), while those that are

depolarized fluoresce green (FL1). Dot-plot of FL2 vs. FL1 resolves cells

with intact mitochondrial membrane potential from those with lost mem-

brane potential. A representative profile is shown in Fig. 1B. In the

absence of any type of stress, CS-A and CS-B fibroblasts display a 3- to

4-fold increase in the percentage of cells (lower right quadrant) with

depolarized mitochondria. The profile of cells treated with the K* iono-

phore valinomycin, a drug known to affect mitochondrial membrane

potential, is shown as a positive control. These data provide evidence of

increased loss of mitochondrial membrane potential in CS-A and CS-B

fibroblasts in physiological conditions.

To better understand whether CS cells have altered cellular bioener-

getics, oxygen consumption, a measure of OXPHOS, was determined

using a Seahorse Bioanalyzer. In this experiment, real-time measure-

ments of oxygen consumption are made before and after a pharmaco-

logical profile that allows direct assessment of mitochondrial function in

intact cells (Figs S2 and S3). All cells were grown in media containing

galactose (10 mM), pyruvate (1 mM), and glutamine (2 mM) to drive the

cellular bioenergetics toward OXPHOS and away from glycolysis (Rossig-

nol et al., 2004). Under these conditions, CS cells displayed a significant

decrease in basal oxygen consumption (Fig. 2A) and ATP-linked oxygen

consumption (Figs 2B and S3). The total reserve capacity in CS fibro-

blasts was similar to normal except for CS1PV (Figs 2C and S3). It

would appear that CS cells have the ability to respond to increased ATP

demand (Fig. 2C, Sansbury et al., 2011), but maintain lower amounts

of ATP production through OXPHOS, as evidenced by the ATP-linked

oxygen consumption (Fig. 2B).

Together these data indicate that CS cells present a higher level of

intracellular ROS associated with increased frequency of cells with depo-

larized mitochondria and decreased rate of OXPHOS.

1H-NMR metabolic profiles reveal specific metabolic

alterations in CS-A and CS-B primary fibroblasts

An increased intracellular ROS concentration and alterations in cellular

bioenergetics are expected to affect the cell metabolism. A comparative

(A)

(B)

Fig. 1 Cockayne syndrome (CS)-A and CS-B primary fibroblasts present increased

levels of intracellular reactive oxygen species (ROS) and decreased mitochondrial

membrane potential. (A) Steady-state ROS levels were measured by using the

oxidation-sensitive fluorescent probe H2DCF-DA followed by flow cytometry. In this

assay, the production of reactive oxidants is directly proportional to fluorescence

intensity. Normal: N2RO; CS-A: CS6PV; CS-B: CS1AN. (B) CS cells are characterized

by a loss of mitochondrial membrane potential. Cytofluorimetric analysis of JC-1

stained cells is shown. Cells treated with the K* ionophore valinomycin (val)

represent the positive internal control. The amount of depolarized cells is indicated

in red. Normal: N2RO; CS-A: CS6PV; CS-B: CS1AN.

Alterations in oxidative metabolism in Cockayne, B. Pascucci et al.

ª 2012 The Authors
Aging Cell ª 2012 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

521



analysis of the metabolic profiles of CS-A, CS-B, and normal fibroblasts

was therefore carried out using high-resolution 1H-NMR spectroscopy. To

this end, aqueous extracts of primary fibroblasts from three CS-A, two

CS-B, and two normal donors (2–7 replicates for each strain) were pre-

pared and analyzed. Examples of the different metabolic profiles of

normal, CS-A, and CS-B primary fibroblasts are shown in Fig. 3. As all pri-

mary fibroblasts were grown and harvested under the same experimental

conditions and the cell volumes were similar, the metabolic profiles can

be directly compared among different groups. The concentrations of

metabolites of the two normal strains (measured in a total of 11 repli-

cates) did not differ significantly, and their mean values were used as ref-

erences to estimate the changes in the respective levels of metabolites in

the CS strains. Based on the 1D spectra, a total of 16 low molecular

weight compounds were identified. Although a certain degree of inter-

experiment and inter-strain variability was observed, the levels of a num-

ber of metabolites were consistently higher in CS compared with normal

cells (Table 1). In particular, the levels of cell osmolytes such as taurine

(tau) and myo-inositol (myo-ins) were increased in CS extracts. Moreover,

an average threefold increase in the intracellular pool of glutamate (glt

and glx) was estimated in CS fibroblasts, suggesting a perturbation in the

tricarboxylic acid (TCA) cycle. Metabolites involved in anaerobic glycolysis,

such as lactate (lac) and alanine (ala), were also higher in CS compared

with normal fibroblasts with an average increase in three to fourfold; a
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Fig. 2 Cockayne syndrome (CS)-A and CS-B primary fibroblasts have decreased

mitochondrial function. Oxygen consumption rates (OCRs) were analyzed using the

Seahorse Flux analyzer in two healthy donors (N1RO and N2RO), three CS-A

(CS6PV, CS7PV, and CS1JE), and two CS-B (CS1PV and CS12PV) patients. (A) Box

plots showing a reduction in basal OCRs in CS fibroblasts. Normal vs. CS-A or CS-B,

P < 0.00001. (B) Box plots showing a decrease in ATP-linked oxygen consumption

CS fibroblasts. WT vs. CS-A or CS-B, P < 0.00001. (C) Box plots showing total

reserve capacity in normal and CS fibroblasts. Data represent 2–6 independent

experiments performed in replicates of 4–6 for each cell strain. Each box encloses

50% of the data. The median of the distribution, the acceptable range, and outliers

are indicated. Data were analyzed using a linear mixed effect model; statistical

significance was determined by a Wald test. Data for each cell strain are shown in

Figs S2 and S3 (Supporting information).
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Fig. 3 Cockayne syndrome (CS)-A and CS-B primary fibroblasts are characterized

by a perturbed 1H NMR-detected metabolic profile. Representative 1H NMR spectra

(400 MHz) of aqueous extracts of normal (N2RO, 1.4 · 106 cells), CS-A (CS6PV,

1.4 · 106 cells), and CS-B (CS1PV, 1.4 · 106 cells) fibroblasts. Peak assignments:

aa, (isoleucine, leucine, valine), ala (alanine), asp (aspartate), lac (lactate),

ac (acetate), glt (glutamate), gln (glutamine), glx (glutamate + glutamine + glutathione),

gs (glutathione), tCr (total creatine: creatine + phosphocreatine), tCho (total

choline-containing metabolites) resonance including choline (Cho), phosphocholine

(PCho) and glycerophosphocholine (GPCho) as major components, tau (taurine),

ins (myo-inositol).
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similar increase was observed for valine (val) and isoleucine (iso-leu).

Regarding the total pool of choline-containing metabolites (tCho), we

observed a trend for increased levels in CS compared to normal cells (data

not shown), with a statistically significant difference only for phosphoch-

oline (PCho) in some strains (Table 1). Other metabolites such as acetate,

glutathione, and aspartate were not different between the CS and nor-

mal cells. As shown in Table 1, we found a statistically significant increase

in the content of these metabolites in the CS-B cells analyzed, while in

CS-A cells, although there was a trend toward increased values, the dif-

ferences were not always significant.

We can conclude that the functional inactivation of either CS-A or CS-

B is associated with similar changes in the absolute concentrations of

individual metabolites belonging to several pathways, namely glycolysis,

oxidative metabolism, choline phospholipid metabolism, and osmoregu-

lation. These metabolic differences allow clear discrimination of CS from

normal fibroblasts and may act as possible fingerprints for the pathologi-

cal status.

The treatment with an antioxidant reduces the ROS levels

and changes the metabolic profile of CS cells

If increased oxidative stress leads to the metabolic impairment of CS fi-

broblasts, the expectation is that the reduction in the ROS levels could

ameliorate the metabolic defect. Cells were grown in the presence of the

antioxidant N-acetyl cysteine (NAC) (5 mM for 8 days), and the levels of

ROS were measured by using CM-H2DCF-DA as a probe. In the presence

of the antioxidant, a significant reduction in ROS levels in CS-A and CS-B

fibroblasts as well as in normal cells was observed (Fig. 4A). Antioxidant

treatment for 8 days prior to metabolic assessment partially reverted also

the metabolic profile of CS-A and CS-B cells, as shown by the consistent

reduction in the concentrations of specific metabolites to levels similar to

those of normal cells (Fig. 4B). This is consistent with the hypothesis that

the continuous oxidative stress that characterizes CS cells plays a causa-

tive role in the underlying physiology.

Reduced levels of Na ⁄ K-ATPase characterize CS cells

A relevant target of oxidative stress is represented by Na ⁄ K-ATPase, a

membrane protein crucial for maintaining cell homeostasis (McKenna

Table 1 Changes in the levels of 1H NMR-detected metabolites in different CS-A and CS-B strains compared with normal fibroblasts

Metabolite

CS3BE CS-A (n = 3) CS7PV CS-A (n = 2) CS6PV CS-A (n = 2) CS1AN CS-B (n = 3) CS1PV CS-B (n = 2)

Fold increase† Fold increase† Fold increase� Fold increase† Fold increase�

Mean Min–max t-Test (P) Mean Min–max t-Test (P) Mean Min–max t-Test (P) Mean Min–max t-Test (P) Mean Min–max t-Test (P)

Taurine 6.2 3.8–9.0 < 0.001 3.5 2.9–4.1 0.002 1.6 1.3–2.0 0.107 4.4 3.5–5.9 < 0.001 2.1 2.0–2.1 0.036

Myo-inosytol 3.3 2.2–4.5 0.001 1.7 1.3–2.1 0.057 1.7 1.3–2.0 0.033 3.3 2.4–4.3 0.001 2.0 1.9–2.1 0.005

Glutamate 4.2 2.8–5.4 0.002 2.5 2.3–2.7 0.021 1.7 1.5–1.8 0.057 3.6 2.5–4.5 0.003 3.5 3.0–4.0 0.004

glx 4.2 3.4–4.9 0.002 2.1 1.8–2.4 0.053 1.6 1.5–1.6 0.061 3.8 2.8–4.7 0.003 3.0 2.8–3.2 0.004

Lactate 6.1 5.6–7.1 0.001 1.6 1.4–1.7 0.120 1.4 0.9–1.9 0.225 4.2 3.2–5.9 0.002 2.5 2.1–2.9 0.039

Alanine 3.7 3.0–4.7 0.004 2.2 0.9–3.5 0.129 1.8 1.6–1.9 0.007 2.6 1.9–3.2 0.013 2.7 2.4–3.0 0.001

Valine 4.8 3.8–6.5 0.002 1.8 1.4–2.1 0.091 1.8 1.6–2.1 0.016 4.6 2.7–5.8 0.003 3.1 2.8–3.4 0.001

Iso-leucine 4.3 2.8–6.4 0.003 2.1 2.0–2.1 <0.05 2.2 1.4–3.0 0.039 4.6 2.8–5.6 0.002 3.6 2.8–4.4 0.004

PCho 3.2 2.5–4.0 0.002 1.8 1.0–2.5 0.114 0.8 0.2–2.4 0.719 2.4 2.2–2.6 0.006 2.4 2.4–2.5 0.035

CS, Cockayne syndrome; n = number of replicates for each CS strain; glx, glutamate + glutamine + glutathione; PCho, phosphocholine.

t-Test (one tailed) was performed on the log-transformed metabolite concentrations (nmol106 cells).

†Fold increase vs. six replicates in normal cell lines.

�Fold increase vs. five replicates in normal cell lines.
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Fig. 4 N-acetyl cysteine (NAC) treatment reduces the oxidative stress in CS cells.

(A) Intracellular reactive oxygen species (ROS) levels as assessed by DCFDA

fluorescence intensity (arbitrary units) were measured after NAC treatment (5 mM)

for 8 days. ROS measurements were made from three independent experiments.

The reported values are the means ± SD (*P £ 0.05). (B) Changes in the contents of

some metabolites in normal and CS cells after NAC treatment. The reported values

are the means of three independent experiments ± SD. Normal: N2RO; CS-A:

CS6PV; CS-B: CS1PV.
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et al., 2006). The Na ⁄ K-ATPase is also one of the highest consumers of

cellular ATP (Buttgereit & Brand, 1995; Wieser & Krumschnabel, 2001).

The total cell pool of beta Na ⁄ K-ATPase protein in primary fibroblasts

from normal, CS-A and CS-B donors was therefore compared. Represen-

tative results are shown in Fig. 5A. Similar cellular amounts of the protein

were observed in normal subjects whereas 30–60% lowered beta Na ⁄ K-

ATPase levels were present in fibroblasts from patients with CS-A and

CS-B. The reduction was statistically significant for both CS groups

(P < 0.005), indicating that CS-specific alterations are paralleled by

a remarkable decrease in Na ⁄ K-ATPase levels. When the levels of Na ⁄
K-ATPase mRNAs were measured, the levels of transcripts were consis-

tently lower in CS fibroblasts as compared to normal fibroblasts (Fig. 5B).

To unequivocally demonstrate the link between CS-A or CS-B inactiva-

tion and Na ⁄ K-ATPase reduction, we evaluated the amount of beta

Na ⁄ K-ATPase in the SV-40 transformed CS-A (CS3BE) and CS-B (CS1AN)

cell lines and in their isogenic derivatives expressing the corresponding

wild-type gene. As shown in Fig. 5C, a statistically significant (P < 0.001)

increase in Na ⁄ K-ATPase levels was observed in cells expressing normal

CS-A or CS-B protein compared to the parental mutant cell lines. These

findings indicate that the loss of functional CS-A and CS-B proteins results

in a decreased level of Na ⁄ K-ATPase. Thus, in CS cells, the aberrant ROS

production and altered redox status are associated with the depletion of

this ATP-consuming process.

As the Na ⁄ K-ATPase is one of the major ATP-consuming processes in

the cell, steady-state ATP levels in normal and CS fibroblasts were mea-

sured. Cockayne syndrome cells showed significantly higher steady-state

levels of ATP (Fig. S4). This finding together with the previous observation

of decreased OXPHOS, as evidenced by decreased basal and ATP-linked

oxygen consumption rates (OCRs) (Fig. 2B), indicates that the rates of

ATP consumption are considerably lowered in CS cells.

The level of oxidative DNA damage in CS fibroblasts

reflects an altered redox balance

To understand how an alteration in the redox balance would impact on

the level of basal oxidative DNA damage, 8-oxoguanine (8-OH-Gua) resi-

dues were measured in both mitochondrial (mt) and nuclear (n) DNA by

HPLC-ED of normal and CS fibroblasts. As shown in Fig. 6A, the levels of

oxidation of mtDNA were higher than those of nDNA (approximately two

fold higher). Similar levels of 8-OH-Gua were observed in normal and CS

cells when comparing mtDNAs, whereas a trend toward higher basal lev-

els of 8-OH-Gua was observed in nDNA from CS fibroblasts (D’Errico

et al., 2007). The presence of NAC in the culture medium resulted in

lower oxidation levels in all the analyzed cell samples, indicating that DNA

oxidation reflects the local ROS concentration.

The increased basal levels of nDNA oxidation observed in CS cells

prompted us to investigate whether the response to induced oxidative

stress was also affected. Upon exposure to 200 lM H2O2, CS cells showed

higher levels of intracellular ROS (Fig. S5, panel A) and increased fre-

quency of cells with depolarized mitochondria (Fig. S5, panel B) as com-

pared to normal fibroblasts. Normal and CS primary and SV-40

transformed fibroblasts were then exposed to a range of H2O2 doses

15 min on ice to prevent repair, and oxidative DNA damage was measured

(Fig. 6B–D). In this range of doses, CS cells were hypersensitive to H2O2 as

measured by a clonal assay (Fig. S6). DNA damage was quantified by mea-

suring DNA single-strand breaks (SSB) including those arising from abasic

sites by the comet assay (Fig. 6B). Both CS and normal cells present a sta-

tistically significant (P < 0.01) dose-dependent increase in the DNA break

level expressed as tail moment (TM). Notably, the level of SSB is signifi-

cantly higher (P < 0.05) in CS-A and CS-B primary fibroblasts compared to

normal at the highest dose tested (100 lM) (Fig. 6B) and it is partially but

significantly reduced upon expression of the wild-type genes (50 and

75 lM, P < 0.01) in the SV-40 transformed CS-A and CS-B cells (Fig. 6C).

To ascertain whether the effects observed were because of ROS induction,

DNA oxidation was measured by HPLC-ED in cells maintained for 8 days in

the presence of NAC. The pretreatment with the antioxidant drastically

reduced the levels of both basal and H2O2-induced DNA base oxidation

(Fig. 6D) indicating that these processes are mediated by ROS production.

A trend toward increased levels of both basal and induced DNA damage

in CS as compared to normal cells was also observed (Fig. 6D).

All together these results indicate that both the spontaneous and

induced DNA oxidation are affected by the intracellular ROS levels (NAC

inhibited). Inactivation of CS proteins leads to altered redox status that

causes accumulation of nuclear DNA damage and likely accounts for

increased cell killing.

Discussion

A large body of evidence indicates that upon oxidative stress, CS-A

and CS-B cells show increased cytotoxicity and accumulate a variety of

(A)

(B)

(C)

Fig. 5 Cockayne syndrome (CS)-A and CS-B cells present reduced levels of NA ⁄ K-

ATPase that are reversed by complementation. (A) NA ⁄ K-ATPase b1 immunoblot

analysis and, (B) mRNA levels of primary fibroblasts from normal and CS donors; (C)

NA ⁄ K-ATPase b1 immunoblot analysis of normal (MRC5), CS-A (CS3BE) and CS-B

(CS1AN) SV40-trasformed fibroblasts, and their isogenic derivatives expressing the

wild-type genes (CS3BEwtCS-A and CS1ANwtCS-B). The NA ⁄ K-ATPase b1

amounts were normalized to the actin content. The reported values are the means

of three independent experiments ± SE (***P < 0.001).
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oxidative base lesions (reviewed in Pascucci et al., 2011) including DNA

SSB (this study). However, the mechanistic role of CS proteins in the con-

trol of oxidative damage is not clearly understood. In this study, we pro-

vide the first evidence that CS-A and CS-B primary fibroblasts present an

altered redox balance, changes in cellular bioenergetics, and alterations

in cellular metabolism. We further demonstrate that the addition of an

antioxidant partially reverts the physiological impairment, suggesting that

oxidative stress plays an important pathophysiological role.

Partially disassembled complexes of the inner mitochondrial membrane

have been reported in CS-B mutant mice together with hypersensitivity to

bioenergetic inhibitors and impaired ability to recover from cellular ATP

depletion (Osenbroch et al., 2009). Here, we show that primary fibro-

blasts from patients with CS-A and CS-B, even in the absence of stress,

present a reduction in the mitochondrial membrane potential (Fig. 1) and

oxygen consumption through OXPHOS (Fig. 2). Cells containing depolar-

ized mitochondria are expected to be susceptible to apoptosis (Dörrie

et al., 2001). Indeed CS proteins have been shown to be protected from

mitochondrial DNA mutations and apoptosis-mediated loss of subcutane-

ous fat in a mouse model of CS (Kamenisch et al., 2010). We speculate

that CS cells lower their demand for ATP by decreasing the levels of

Na ⁄ K-ATPase and decreasing the rate of basal oxygen consumption as a

strategy to maintain low levels of mitochondrial ROS that would other-

wise cause increased mitochondrial DNA damage, which cannot be effi-

ciently repaired in CS cells (Kamenisch et al., 2010).

The increased intracellular ROS concentration that we observed in CS

fibroblasts is compatible with damage to mitochondria although we

cannot exclude other ROS sources. Alternative candidates for ROS pro-

duction are enzymes metabolizing oxygen in the vicinity of nuclear

DNA, such as lipooxygenases, NAD(P)H oxidases, xanthine oxidases,

and cytochromes that are located in the membrane of the nucleus. In

this regard, it is interesting to note that Newman et al. (2006) found

higher levels of pro-inflammatory mediators such as expression of

NCF2, a gene encoding for the neutrophil cytosolic factor 2 subunit

of NADPH oxidase, in a CS-B cell line (as revealed by our re-evaluation

of published data). Moreover, activation of another subunit of NADPH

oxidase (NOX1) has been reported upon silencing of XPC in human

keratinocytes resulting in more ROS production and accumulation of

mitochondrial mutations (Rezvani et al., 2011). Future research should

address the role of these ROS-producing systems in DNA repair defec-

tive human syndromes.

One question that arises is what are the consequences of an altered

redox status?

We show that the altered redox status that characterizes CS cells leads

to accumulation of nuclear DNA damage (that is efficiently inhibited by

the antioxidant NAC), and this is likely to account for hypersensitivity to

oxidative stress.

As expected for an ATP-consuming process, under excessive ROS pro-

duction, the Na ⁄ K-ATPase is inhibited (McKenna et al., 2006 and refer-

ences therein). We are tempted to speculate that the Na ⁄ K-ATPase might

belong to the set of genes whose transcription is selectively influenced,

after damage, in CS-B cells (Frontini & Proietti-De-Santis, 2009).

Changes in the intracellular redox status are expected to affect the oxi-

dative and energy metabolism, and we provide evidence that this indeed

occurs in CS fibroblasts. The 1H-NMR profile of CS-A and CS-B primary fi-

broblasts shows a significant increase in glutamate concentrations as

compared to normal cells. The high level of glutamate is expected to lead

to a reduction in alpha-ketoglutarate with an impact on the TCA cycle

efficiency (Tiziani et al., 2009). The increase in cellular valine and isoleu-

cine content, as detected in CS metabolic profiles, might be a conse-

quence of this impairment (reviewed in Ott et al., 2005). Interestingly, an
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Fig. 6 Cockayne syndrome (CS)-A and CS-B cells present increased levels of

oxidative stress-induced DNA damage that are reversed by complementation and

by pretreatment with N-acetyl cysteine (NAC). (A) Basal levels of 8-oxo-Gua in

mitochondrial and nuclear DNA were measured by HPLC-ED in normal and CS

primary fibroblasts from normal and CS donors after NAC treatment incubated in

the absence or presence of NAC (5 mM for 8 days). Experiments were performed in

duplicate. Normal: N2RO; CS-A: CS6PV; CS-B: CS20PV. (B) Cells were exposed to

different doses of H2O2 for 15 min on ice, and SSB were measured by the comet

assay in normal and CS primary fibroblasts from normal and CS donors exposed to

different doses of H2O2 for 15 min on ice. Normal: N1RO and N2RO; CS-A: CS6PV

and CS7PV; CS-B: CS1PV and CS1AN. Data from three independent experiments

are reported as box plots. Each box encloses 50% of the data. The median of the

distribution, the acceptable range and outliers are indicated. (C) Comet assay was

performed on CS-A SV40-CS3BE and CS-B SV40-CS1AN transformed fibroblasts,

and their isogenic derivatives expressing the wild-type genes (SV40-CS3BEwtCS-A

and SV40-CS1ANwtCS-B). Means of three independent experiments ± SE are

reported; *P < 0.01 by nonparametric Wilcoxon ranksum test. (D) Modulation of

H2O2-induced nuclear 8-oxo-Gua levels by NAC pretreatment of normal and CS

primary fibroblasts from normal and CS donors exposed to different doses of H2O2

for 15 min on ice. Experiments were performed in duplicate. Normal: N2RO; CS-A:

CS6PV; CS-B: CS20PV.
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interaction of CS-B with 3-hydroxyisobutylryl-coenzymeA hydrolase

(HIB-CoA) that belongs to the valine catabolic pathway has been recently

reported (Aamann et al., 2010), suggesting that CS proteins might also

play a direct role in aminoacid catabolism. In response to a decline in OX-

PHOS, a concomitant increase in glycolysis might be expected to occur, as

actually confirmed by the observed 3- to 5-fold increases in lactate and

alanine in CS cells. The phosphocholine accumulation detected in some

CS fibroblasts could be derived from altered beta-oxidation of fatty acids

in these cells characterized by mitochondrial impairment (Farber et al.,

2000). The metabolic profile of CS cells also revealed an increase in tau-

rine and myo-inositol levels, two compounds with anti-oxidant properties

and both exerting an osmoregulatory function.

The overall metabolic profile of CS cells can be significantly reverted

by the addition of an antioxidant suggesting that the perpetuating cycle

of mitochondrial damage and oxidative stress identified by this study

plays a causal role in the pathophysiology of CS cells. Interestingly, this

‘vicious cycle’ is thought to contribute to aging (van der Pluijm et al.,

2007; Page et al., 2010) and mediates the physiological impairment

induced by the disruption of autophagy (Wu et al., 2009). It is also of

note that the metabolic profiles of CS primary fibroblasts show altera-

tions in the excitatory amino acid metabolism, changes in the levels of

neurotransmitters, and perturbation of osmoregulation. The deregula-

tion of these processes may contribute to some of the clinical features

of CS, such as premature aging and neurodegeneration. Patients with a

deficiency in the valine catabolic pathway, such as that we have high-

lighted in CS fibroblasts, present with hypotonia, motor delay, and sub-

sequent neurological regression (Loupatty et al., 2007). Furthermore,

many of the ultimate manifestations of neurodegenerative mitochon-

drial diseases are triggered by a metabolic imbalance characterized by

accumulation of lactate (reviewed in Mancuso et al., 2009) similar to

that observed in CS fibroblasts.

In conclusion, this study provides the first evidence of altered redox bal-

ance and changes in cellular bioenergetics in primary fibroblasts from

patients with CS-A and CS-B. The associated alterations of oxidative and

energy metabolism might account for some of the clinical features of

patients with CS and unveil new potential biomarkers for the diagnosis,

prognosis, and potential treatment of this devastating multisystem

disease.

Experimental procedures

Cell cultures and treatment

Experiments were performed on primary fibroblast cultures obtained

from biopsies from unaffected skin areas of CS-A [CS3BE (GM01856; Co-

riell Cell Repository, Camden, NJ, USA), CS1JE, CS6PV, CS7PV and

CS15PV] and CS-B [CS1AN (GM00739; Coriell Cell Repository), CS1PV,

CS8PV, CS12PV, CS20PV and CS10BR] patients, and six healthy donors

(N1RO, N2RO, C3PV, Cf8PV, Cf7PV and Cm11PV). We also used SV40-

transformed MRC5 (normal), CS1AN (CS-B), and CS3BE (CS-A) cell lines

and their isogenic derivatives expressing the wt CS genes. Cell strains and

lines were cultured as previously described (D’Errico et al., 2005). Treat-

ments with H2O2 were performed in DMEM (Invitrogen, Carlsbad, CA,

USA) supplemented with 20 mM Hepes. Treatments with 5 mM NAC

were performed in DMEM supplemented with 10% fetal bovine serum

for 8 days. The CS1ANwtCS-B cell line was a gift of Dr. Hoeijmakers JH,

Rotterdam, NL. Cell survival was determined by analyzing the colony-

forming ability, as described previously (D’Errico et al., 2005). Colonies

were fixed 14 days later. The number of colonies in treated cells was

expressed as a percentage of that in untreated cells.

Analysis of DNA breakage

Primary and SV-40 transformed fibroblasts were treated with different

doses of H2O2 (up to 100 lM) for 15 min on ice to avoid repair and then

subjected to the comet assay as previously described (Fortini et al., 1996).

DNA break levels were compared by nonparametric Wilcoxon ranksum

test. The level of heterogeneity between mean values in different donor

groups was assessed by a one-way analysis of variance. Because of differ-

ences in the morphology and migration response to damage of trans-

formed and primary fibroblasts, the tail moments cannot be compared

between these different cell types (Tice et al., 2000).

Measurement of 8-OH-Gua by HPLC-ED

Repair of 8-OH-Gua lesions was determined by HPLC-ED according to

established procedures (Cappelli et al., 2000). Briefly, enzymatic diges-

tion of DNA was accomplished at 37 �C with nuclease P1 (Boehringer

Mannheim) and alkaline phosphatase (Boehringer Mannheim) for 2 h.

Aliquots of the DNA hydrolyzate were analyzed on a LC18-DB column

(250 mm by 46 mm, 5-lm; Supelco; Sigma-Aldrich S.r.l., Milan, Italy),

equipped with a C18 l guard column. The separation was isocratic with

50 mM ammonium acetate, pH 5.5, with 10% methanol, at a flow rate of

1.0 mL min)1. The HPLC device (Beckman, System Gold) was equipped

with a UV detector (256 nm) and an Electrochemical detector (Coulo-

chem II; ESA Inc., Chelmsford, MA, USA) with applied potentials at 150

and 300 mV for E1 and E2, respectively. 2¢-Deoxyguanosine was mea-

sured in the same run of corresponding 8-OH-Gua, and the results are

expressed as the number of 8-OH-Gua residues ⁄ 106 Gua residues.

Intracellular ROS levels

Intracellular concentration of ROS was determined using the oxidation-

sensitive fluorescent probe, 5-(and-6)-chloromethyl-2¢,7¢-dichlorodi-

hydrofluorescein diacetate, acetyl ester (CM-H2DCF-DA; Invitrogen,

Molecular Probes, Eugene S.r.l., Milan, Italy) and detected by flow citom-

etry. Primary fibroblasts were incubated for 30 min with 5 mM H2DCF-

DA, washed once with PBS, treated with H2O2, harvested and immedi-

ately analyzed by flow cytometry. The observation of increased intracellu-

lar ROS levels in CS fibroblasts was confirmed by EPR analysis. The spin

probe 1-Hydroxy-3-Carboxy-Pyrrolidine (CPH; 1 mM) was added to

2 · 106 cells mL)1 in phosphate buffer, pH 7.4. Samples were drawn up

into a gas-permeable Teflon tube and inserted into a quartz tube. EPR

spectra were measured in air at 37 �C on a Bruker ECS 106 spectrometer

(Bruker, Rheinstetten, Germany) equipped with a variable-temperature

unit (ER4111VT) and a ESR cavity (4108 TMH). Spectrometer conditions

common to all spectra were as follows: modulation frequency, 100 kHz;

microwave frequency, 9.4 GHz; microwave power, 20 mW; gain

1 · 104; modulation amplitude, 0.1 mT; conversion time, 20.5 ms; time

constant, 82 ms; sweep time, 21 s; number of scans, 1.

Measurement of mitochondrial function

Oxygen consumption rate was made with a Seahorse XF24-3 Extracellular

Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA). The Seahorse Bio-

science XF24 Extracellular Flux Analyzer measures OXPHOS in real time

(Qian & Van Houten, 2010). The cartridge contains a fluorophore that is

sensitive to changes in oxygen concentration and measures the OCR,

which enables it to accurately measure the rate at which cytochrome c

oxidase (complex IV) reduces one O2 molecule to two H2O molecules dur-

ing OXPHOS. Cells were cultured in DMEM supplemented with dialyzed
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10% FBS, 1 mM pyruvate, 2 mM glutamine, and 10 mM galactose for

48 h and were seeded in 24-well Seahorse tissue culture microplates in at

a density of 4 · 104 cells per well and incubated overnight at 37 �C.

Before running the Seahorse assay, cells were incubated for 1 h without

CO2, in DMEM unbuffered media containing all the same components

except 10%FBS. Real-time automated measurements were performed

prior to and after the injection of four compounds affecting bioenergetic

capacity: oligomycin (1 lM) injection 1, FCCP (300 nM) at injection 2,

2-DG (100 mM) at injection 3, and rotenone (1 lM) at injection 4. Experi-

ments were performed in real time in 4–6 replicate wells for each cell

strain. Each cell strain was analyzed by the Seahorse in 2–6 independent

experiments. Total wells for each cell strain over all the experiments were

analyzed statistical analysis using STATA ⁄ SE 12 (Stata Corp LP, College Sta-

tion, TX, USA) statistical software. The comparisons of basal OCR, total

reserve capacity, and ATP-linked OCR between different groups of cell

strains were performed using linear mixed effect models using a Wald

test. P < 0.05 was considered statistically significant. The basal level of

OCR was calculated by the difference between the mean of time point

rates at 1–4 and the mean of rates 14–16. ATP-coupled respiration is the

initial basal rate of oxygen consumption (mean of times points 1–4) minus

the time points after oligomycin injection (mean of point 4–6). The total

reserve capacity was calculated by the difference between the mean of

OCR rates 11–13 and the mean of rates 14–16. Data were reported in

pmol min)1 for OCR. After the completion of the experiment, cells were

immediately trypsinized and counted with the CASY Cell Counter (Inno-

vatis, Bielefeld, Germany) to normalize individual well-rate data to cell

counts.

Measurement of steady-state ATP levels

The ATPlite ATP Luminescence Detection Assay System (PerkinElmer,

Waltham, MA, USA) quantifies steady-state ATP levels based on lumines-

cence produced by an ATP-dependent luciferase reaction (Qian & Van

Houten, 2010). Briefly, 20 000 cells per well were grown overnight in a

96-well black microplate in DMEM supplemented with 10% FBS, 1 mM

pyruvate, 2 mM glutamine, and 10 mM galactose. The resulting lumines-

cence was measured using a Biotek Synergy 2 Plate Reader (Winooski,

VT, USA) and compared to a series of ATP standards to determine ATP

concentration.

Mitochondrial membrane potential

Primary fibroblasts were treated with H202 (200 lM) for 20 min and then

stained for 30 min in the dark with 1 mg mL)1 of the lipophilic cation

5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethybenzimidazolcarbocyanineiodite

(JC-1; Invitrogen, Molecular Probes). After two washes with ice-cold PBS,

cells were immediately analyzed in the EPICS XL-MCL flow cytometer. A

positive control sample, obtained by adding 100 nM valinomycin (a well-

known K•-ionophore), was included in each experiment.

NMR spectroscopy

Primary fibroblasts grown to 60–70% confluence were trypsinized 24 h

after culture medium change, counted, and assessed for cell viability (80–

90%) and membrane integrity by trypan blue staining. Cells were washed

twice with ice-cold physiological saline solution and pellets resuspended

in 0.5 mL of ice-cold twice-distilled water. Aqueous extracts (from 5 to

10 · 106 cells per sample) were prepared in EtOH 70% according to an

established protocol (Iorio et al., 2005). Briefly, samples were ultra-soni-

cated at 20 kHz by a MSE ultrasonic disintegrator Mk2 (Crawley Sussex,

UK) and centrifuged at 14 000 g for 30 min. Supernatants were lyophi-

lized twice in a RVT 4104 Savant lyophilizer (Mildford, ME, USA), and the

residue resuspended in 0.7 mL D2O (Sigma-Aldrich, St. Louis, MO, USA)

containing 0.1 mM 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium

salt (TSP) as internal chemical shift and peak area standard. High-resolu-

tion NMR experiments (25 �C) were performed at 9.4T (Bruker AVANCE

spectrometer, Karlsruhe, Germany). 1H-NMR spectra of cell extracts were

acquired using 90� flip angle, 30 s repetition time, 32K time domain data

points, and 128 transients (Iorio et al., 2005). Measurement of protein

content by standard procedure showed similar levels in normal and defec-

tive cells. In particular, the protein contents were found to be 0.19 ±

0.01 mg protein per 106 cells for wild-type fibroblasts, 0.17 ± 0.02 mg

protein per 106 cells for CS-A and 0.22 ± 0.01 mg protein per 106 cells

for CS-B fibroblasts.

Analysis of NA ⁄ K-ATPase protein and transcript levels

Samples of 3 · 105 fibroblasts were resuspended in 200 lL of RIPA buf-

fer [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% Na-de-

oxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM EDTA, protease

inhibitors (Complete Mini; Roche Diagnostic GmbH, Mannhein, Ger-

many), and phosphatase inhibitors (PhosStop, Roche), sonicated three

times for 10 s on ice, and stored at )20 �C. About 15 lg of proteins per

sample were resolved on 12% polyacrylamide-SDS gels and transferred

onto nitrocellulose membranes (Protran, Schleicher and Schuell, Dassel,

Germany). The membranes were blocked in 5% skim milk for 1 h and

incubated overnight at 4 �C with primary antibodies against Na ⁄ K-AT-

Pase beta subunit (ab2873; Abcam, Cambridge, UK) or actin (A2066;

Sigma) diluted in blocking buffer. The signals were detected with second-

ary antibodies (Jackson Immuno Research Laboratories, West Grove, PA,

USA) conjugated to horseradish peroxidase by using the Chemilumines-

cent substrate (Pierce, Thermo Scientific, Rockford, IL, USA). Chemilumi-

nescence signals corresponding to the different antibodies were acquired

with a cooled CCD camera (ChemiDoc XRS; Bio-Rad Laboratories, Hercu-

les, CA, USA) and the density of the bands quantified using the IMAGEJ

1.34s software (Wayne Rasband, National Institutes of Health, Bethesda,

MD, USA). RNA extraction was performed according to the manufac-

turer’s instructions for the RNeasy Kit (Qiagen S.r.l., Milan, Italy). In a sin-

gle RT reaction, 1 lg of RNA was retro-transcribed by using the iScript

cDNA Synthesis Kit (Bio-Rad). The cDNAs were diluted 1:10 in water, and

4 lL were used as template in 16 lL real-time PCR containing 10 pmol

each forward and reverse primers. The following primers were used: 5¢-
TGCCTCATAGCTCTT-3¢ (forward) and 5¢-GCTGCTCACCATCAGTGAAT-3¢
(reverse) for the NA ⁄ K-ATPase amplicon, 5¢-GTTGTCGACGACGAGCG-3¢
(forward) and 5¢-GCACAGAGCCTCGCCTT-3¢ (reverse) for the b actin

amplicon. The real-time PCR were performed using the iQ SYBR Green

Supermix (Bio-Rad) and by activation of Taq polymerase at 95 �C for

15¢, followed by 40 three-step amplification cycles consisting of 25¢¢
denaturation at 95 �C, 25¢¢ annealing at 60 �C and 25¢¢ extension at

72 �C. A final dissociation stage was run to generate a melting curve

for verification of amplification product specificity. The reactions were

monitored and analyzed by the LightCycler 480 (Roche). All samples,

including the external standards and nontemplate controls, were run in

triplicate.
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cellular ROS as detected by EPR.

Fig. S2 Mitochondrial function declines in CS-A and CS-B cells.

Fig. S3 CS-A and CS-B primary fibroblasts have decreased mitochondrial

function.

Fig. S4 CS-A and CS-B cells display higher steady-state levels of ATP.

Fig. S5 CS-A and CS-B primary fibroblasts exposed to a ROS-inducing

agent present increased levels of intracellular ROS and decreased mitochon-

drial membrane potential.

Fig. S6 CS-A and CS-B cells are hypersensitive to the killing effects of

H2O2.
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