
A novel form of ataxia oculomotor apraxia
characterized by oxidative stress and apoptosis
resistance
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Several different autosomal recessive genetic disorders characterized by ataxia with oculomotor apraxia (AOA) have been
identified with the unifying feature of defective DNA damage recognition and/or repair. We describe here the characterization of a
novel form of AOA showing increased sensitivity to agents that cause single-strand breaks (SSBs) in DNA but having no gross
defect in the repair of these breaks. Evidence for the presence of residual SSBs in DNA was provided by dramatically increased
levels of poly (ADP-ribose)polymerase (PARP-1) auto-poly (ADP-ribosyl)ation, the detection of increased levels of reactive
oxygen/nitrogen species (ROS/RNS) and oxidative damage to DNA in the patient cells. There was also evidence for oxidative
damage to proteins and lipids. Although these cells were hypersensitive to DNA damaging agents, the mode of death was not by
apoptosis. These cells were also resistant to TRAIL-induced death. Consistent with these observations, failure to observe a
decrease in mitochondrial membrane potential, reduced cytochrome c release and defective apoptosis-inducing factor
translocation to the nucleus was observed. Apoptosis resistance and PARP-1 hyperactivation were overcome by incubating the
patient’s cells with antioxidants. These results provide evidence for a novel form of AOA characterized by sensitivity to DNA
damaging agents, oxidative stress, PARP-1 hyperactivation but resistance to apoptosis.
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Hereditary ataxias represent a heterogenous group of rare
disorders characterized by cerebellar ataxia that is usually
progressive. Aicardi et al.1 described 14 patients with a
syndrome ataxia oculomotor apraxia (AOA). The clinical
phenotype of AOA is observed in a number of different
genetic disorders, including ataxia-telangiectasia (A-T), A-T-
like disorder (A-TLD), AOA type 1 (AOA1) and AOA type 2
(AOA2). A-T is a distinctive clinical syndrome2 caused by
mutations in the ataxia-telangiectasia mutated (ATM) gene3

and characterized by early-onset-ataxia with rapid progres-
sion, extrapyramidal signs, peripheral neuropathy, recurrent
infections, malignancies and telangiectasis.2,4 A-TLD closely
overlaps with A-T in its clinical and cellular phenotype, onset is
in the first decade of life but disease progression is slower
than for A-T.5 The defective gene product in A-TLD, Mre11,
forms a complex with Nbs1 (mutated in Nijmegen Breakage
Syndrome) and Rad50 to act as a sensor of DNA-double-
strand breaks.6,7 Mre11 or Nbs1 mutations decrease ATM
activation and phosphorylation of downstream substrates.8

Onset of AOA1 is in the first decade. Initially, ataxia and/or
chorea are predominant symptoms but by the early adult
years there is a severe neuropathy.9 Hypoalbuminemia and
hypercholesterolemia also develop with increasing disease
duration. AOA1 patients have mutations in the APTX gene,
which maps to chromosome 9p13.3. Aprataxin, the APTX
gene product, contains three putative domains, a forkhead
associated domain for interaction with phosphorylated
proteins, a histidine triad (HIT) domain that has AMP-lysine
hydrolase and nucleotide hydrolytic activities and aC-terminal
zinc-finger domain implicated in DNA repair.10–13 Recent
data reveal that aprataxin plays a functional role in resolving
abortive DNA ligation intermediates.14 Onset of AOA2 is
usually in the second decade, disease progression is less
aggressive than in AOA1 but neuropathy and extrapyramidal
movements are also seen.15 Moderate elevation of
a-fetoprotein is also a biological marker in some cases. The
gene defective in AOA2, SETX, codes for senataxin, a 2677
amino-acids protein containing a classical superfamily 1
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seven-motif-helicase-domain at its C-terminus and is homo-
logous to yeast proteins implicated in DNA repair.16 It appears
likely that all four syndromes with an overlapping clinical
phenotype of AOA have some form of DNA processing
defect.7,12,14,16,17 Thus, it is likely that this defect in DNA
repair/processing contributes to the neurodegeneration
common to these syndromes. We have recently described a
defective p53 response in cells from a patient with an A-T-like
clinical phenotype but with normal ATM activation and
downstream signalling.18 We report here evidence for agent
sensitivity, oxidative stress, poly (ADP-ribose)polymerase
(PARP-1) hyperactivation and amode of cell death in patient’s
cells not involving apoptosis.

Results

Sensitivity to DNA damaging agents. As this patient
overlaps in phenotype with A-T, A-TLD and AOA1, it was
possible that his cells (ATL2ABR) might also be sensitive to
DNA damaging agents. The results in Figure 1a demonstrate
that ATL2ABR cells are significantly more sensitive to
H2O2 than control cells, whereas by comparison, A-T cells
(AT1ABR) show a normal response. On the other hand,
although A-T cells display extreme sensitivity to ionizing
radiation, ATL2ABR cells are intermediate in their response.
These cells also showed increased sensitivity to mitomycin C
(MMC), etoposide and methylnitronitrosoguanidine (MNNG)
but exhibited a normal response to camptothecin (CPT) and
methylmethanesulfonate (MMS). This increased sensitivity to
MMC is also apparent when DNA damage-induced chromo-
some aberrations (ICAs) are determined (Figure 1b).
ATL2ABR cells show more than double the number of
aberrations compared with control cells in response to
treatment with MMC. This is also the case after exposure
of cells to ionizing radiation. The number of ICAs is inter-
mediate between those of control and A-T cells (Figure 1c). It
is also of interest that cells from both parents show elevated
levels of ICAs compared with control cells. Elevated ICAs
were also found in one of the patient’s siblings.

DNA single-strand break repair in ATL2ABR cells. As
ATL2ABR cells showed increased sensitivity to agents that
cause single-strand breaks (SSBs) in DNA, we determined
whether ATL2ABR cells were deficient in DNA SSB repair
using alkaline elution assay. When control and ATL2ABR
cells were exposed to different doses of H2O2, a time-
dependent reduction in DNA breaks was observed, which
was comparable in both cell types (Figure 2).

PARP-1 hyperactivation in ATL2ABR cells. We also
measured activity of PARP-1 as a readout for repair of DNA
SSBs. Surprisingly, PARP-1 was already hyperactivated, as

Figure 1 Sensitivity to DNA damaging agents. (a) Cell survival of
lymphoblastoid control (C3ABR), A-T (AT1ABR, GM03189), AOA1 (939), AOA2
(654) and patient (ALT2ABR) cell lines in response to genotoxic agents (IR: ionizing
radiation; CPT: camptothecin; H2O2: hydrogen peroxide; MMC: mitomycin C; MMS:
methylmethanesulfonate; MNNG: methylnitonitroso-guanidine and Etoposide). (b)
DNA damage-ICA in response to MMC. (c) ICA in response to ionizing radiation.
After treatment with the genotoxic agent, 50 metaphases were scored for each cell
line for chromosome aberrations (sb: chromatid breaks; cb: chromosome breaks;
Int: interchanges)
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determined by PAR levels in untreated ATL2ABR cells
(Figure 3a). This hyperactivation does not appear to be
explained by increased basal levels of DNA SSBs, as there
waso0.05 breaks per 106 base pairs in control and ATL2ABR
cells (results not shown). However, break numbers below
this level of detection could still be sufficient to activate PARP-
1. In response to H2O2 exposure, a time-dependent decrease
in PARP-1 activity was observed in ATL2ABR cells indicative
of repair of strand breaks. No hyperactivation was observed in
an untreated control cell line but H2O2 exposure increased
PARP-1 activity transiently, as has been reported elsewhere.19

A comparison of basal PAR levels in different lympho-
blastoid cells from either control (C2ABR, C3ABR, C4ABR,
C5ABR), patient (ATL2ABR), AOA1 (L990, L991, L938),
AOA2 (SETX-2RM), A-T (AT5ABR) or Friedreich ataxia
(FRDA1) demonstrated that PARP-1 activity was significantly
elevated only in the patient’s cells (Figure 3b). In order to
determine whether these increased levels of PAR were due
to increased levels of PARP-1 activity, we treated cells with
3-aminobenzamide (3-AB) an inhibitor of PARP activity. This
inhibitor completely abolished H2O2-induced PARP-1 activity
in both ATL2ABR and control cells. The high basal level
of PAR in ATL2ABR cells was also abolished by 3-AB
(data not shown), suggesting that these elevated levels are
due to hyperactive PARP-1 (Figure 3c). The hyperactivation
of PARP-1 might be explained by decreased activity of
poly(ADP)-glycohydrolase (PARG), which removes PAR from
proteins.20 An autoradiographic approach with impregnated
[32P]-labelled automodified PARP-1 as substrate failed to
reveal any difference in PARG activity under basal or DNA
damage-induced conditions in control and ATL2ABR cells
(Figure 3d). This is further substantiated by an in vitro assay
for PARG activity in the two cell lines (Figure 3e).
ATL2ABR cells were generated from a patient displaying a

neurodegenerative phenotype, characterized by cerebellar
atrophy, ataxic gait and oculomotor apraxia. Previous data
have demonstrated a link between activation of PARP-1 and
neurodegeneration,21 which might also be responsible for the

phenotype observed here. Thus, we employed specific
inhibitors of PARP-1 to determine their effect on the cellular
phenotype of ATL2ABR cells. Exposure of control cells
to increasing concentrations of the PARP inhibitors PJ-34
(Figure 3f) or AG-1436 (Figure 3g) had onlyminimal effects on
cell survival, whereas exposure of ATL2ABR cells to both
inhibitors resulted in a significant loss in viability. These data
suggest that the hyperactivation of PARP-1 represents a,
compensatory mechanism in response to physiological stress
in these cells. To determinewhether ATL2ABR cells are under
stress, we measured oxidative damage to protein (nitro-
tyrosine), DNA (8-oxo-dG) and lipids (4HNE). The results in
Figure 4 demonstrate that immunoreactivity for all three
markers was markedly elevated in untreated primary patient
fibroblasts (PSF) compared with NFF, indicative of increased
levels of oxidative stress in these cells.

Mode of cell death in ATL2ABR in response to DNA
damage. The presence of chronic oxidative stress in the
cells from the patient could contribute to the failure to
observe caspase activation and induction of apoptosis in
these cells,18 as there is evidence that nitric oxide delays
the release of mitochondrial cytochrome c and prevents
the activation of execution caspases.22 In order to investigate
this further, we quantified the apoptotic response using
FACS analysis of Annexin V and propidium iodide (PI)
staining in response to H2O2 (Figure 5a). Twenty-four hours
after treatment with H2O2 a substantial portion of the control
cells showed high Annexin V staining combined with low PI
staining (11.81% treated versus 2.28% untreated; lower
right quadrant), indicative of apoptosis. At the same time,
this H2O2-induced increase was only marginal in ATL2ABR
cells (3.47% treated versus 2.54% untreated). On the
contrary, the fraction of cells with high PI staining and low
Annexin V signal (upper left quadrant), indicative of DNA
damage-induced necrosis, was higher in ATL2ABR (16.6%)
compared with C3ABR cells (1.47%). To determine whether
the apoptotic defect was also evident in the other members of
the family similar experiment were carried out as described
above. The results in Figure 5b failed to detect increased
sensitivity (loss of cell viability) in cells from relatives of
the patient. However, cells from the patient’s mother and
two siblings also showed resistance to H2O2-induced
apoptosis, whereas the father’s cells displayed levels of
apoptosis comparable to control cells (C2ABR) (Figure 5c).
When cells were exposed to either a DNA damaging agent
(Etoposide: E) or a non-DNA damaging agents (Trail: T)
extensive PARP-1 cleavage was observed in control cells,
8 h post-treatment, but no cleavage of PARP-1 occurred in
ATL2ABR cells, demonstrating a more general resistance to
apoptosis in these cells (Figure 5d).

No change in mitochondrial membrane potential in
patient’s cells after DNA damage. DNA damage-induced
apoptosis proceeds by a mechanism involving mito-
chondrial outer membrane permeabilization (MOMP).23 The
mechanism of MOMP is complex and involves dissipation of
the inner mitochondrial transmembrane potential (DCm) and
is promoted by proapoptotic Bcl2-family members.23 To
characterize the form of cell death, we determined whether

Figure 2 DNA SSB repair in ATL2ABR. In vivo repair of ROS-induced SSBs
induced by H2O2. Residual SSBs were quantified by the alkaline elution method at
different times after treatment of lymphoblastoid control (C3ABR) and patient’s
(ATL2ABR) cells with 20mM H2O2. Error bars represent S.D. of an average of three
(C3ABR) and four (ATL2ABR) independent experiments
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Figure 3 Activity of PARP and PARG in ATL2ABR. (a) Basal and DNA damage-induced poly-ADP-ribose (PAR) levels. Control (C3ABR) and patient (ATL2ABR)
lymphoblastoid cells were exposed to 500 mM H2O2 for time intervals as indicated and PAR levels detected by SDS-PAGE and Western blotting. Detection of PARP-1 and b-
tubulin served as loading control. (b) Comparison of PAR levels in different LCLs. Total cell extracts from control (C2ABR, C3ABR, C4ABR, C5ABR), patient (ATL2ABR),
AOA1 (L990, L991, L938), AOA2 (SETX-2RM), A-T (AT5ABR) and Friedreich ataxia (FRDA1) cells were probed for poly-ADP-ribose (PAR) and PARP-1 levels. (c) Effect of
PARP1 inhibitor, 3-amino benzamide (3AB, 1 mM) on DNA damage-induced PAR levels. Cells were untreated or pretreated for 4 h with the PARP-1 inhibitor 3-AB before
treatment with H2O2 for 10 min. Subsequently, PAR levels were detected as above. (d) PARG activity was measured in control and patient’s lymphoblastoid cells. Total
extracts of untreated cells or exposed to 50 mM MNNG for 10 min were prepared and enzymatic activity was detected by performing a zymogram. (e) Histogram displaying
PARG-specific activity in control and patient cells exposed to 500mM H2O2 for 10 min. PARG activity was measured by in vitro assay and data are expressed as
mean7S.E.M. from three independent experiments. (f) Relative sensitivity of control and patient’s cells to the high affinity PARP-1 inhibitor PJ-34. Both cell lines were treated
with an increasing amount of PJ-34 and viability was determined as described in the Materials and methods. Each point represents the average of triplicate
experiments7S.E.M. (g) Relative sensitivity of control and patient’s cells to the high affinity PARP-1 inhibitor AG-14361
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the mitochondrial membrane potential (DCm) was altered
in PSFs in response to DNA damage. Changes to the
membrane potential were visualized by fluorescence
emission of a cyanine dye (JC-1). Treatment of NFF with
H2O2 led to a loss of the aggregated (red-fluorescent) form of
JC-1 within 30min, indicative of a loss of mitochondrial
membrane potential (Figure 6a). No such loss was observed
from the mitochondria in PSF even after 60min post-
treatment. The use of electron microscopy to examine the
mitochondrial ultrastructure failed to reveal any difference
between the two cell types (data not shown).
An early event in response to MOMP is the release of

cytochrome c and other proapoptotic factors as part of the
apoptotic cascade. Release of cytochrome c into the cytosol
gives rise to a complex with procaspase 9 and APAF-1 that
promotes caspase activation and downstream events in
apoptosis.23 In control cells (C3ABR) undergoing etoposide-
induced apoptosis, cytochrome c release was evident
by 4 h post-treatment and continued to increase up to 8 h
(Figure 6b). A low level of release into the cytoplasm was also
evident by 4 h in ATL2ABR cells but this showed little further
increase compared with controls up to 8 h post-treatment. As
an additional measure of mitochondrial integrity in response to
H2O2, we determined the release of apoptosis-inducing factor
(AIF) from the mitochondria and its translocation to the
nucleus. In response to H2O2, a time-dependent nuclear
accumulation of AIF was observed in control lymphoblastoid
cells but only a very weak response was evident in ATL2ABR
cells (Figure 6c). This was confirmed using fibroblasts, which
showed that AIF was translocated from a cytoplasmic
localization into the nucleus of NFF within 30min of treatment
with H2O2 (Figure 6d). This relocalization did not occur in PSF
up to 2 h post-treatment. Overall, these results suggest
that the patient’s mitochondria are refractory to changes in
membrane permeability in response to DNA damage that is a
prerequisite for apoptotic killing. In order to investigate
mitochondrial function further, we also measured the levels
of ATP in these cells. The result in Figure 6e demonstrate a
reduction in ATP levels in ATL2ABR cells to approximately
50% of that in controls.

Reversal of the oxidative phenotype in patient’s cells
using antioxidants. A common approach for quantitative
assessment of cellular oxidative stress is the use of redox
sensitive dyes. The results in Figure 4 demonstrate
increased oxidative damage in primary PSFs. To confirm
that oxidative stress is not restricted to this cell type but is
also characteristic of the patient’s lymphoblastoid cell line
(LCL) ATL2ABR, 5-(and 6-)chloromethyl-20,70-dichlorodi-
hydrofluorescein diacetate, acetyl ester (CM-H2-DCFDA)
staining was used to probe the levels of oxidative/nitro-
sative reactive species (ROS/RNS) in these cells. Flow
cytometric analysis clearly showed a right-shifted profile for
ATL2ABR cells (green curve) compared with control cells
(C2ABR; black curve) towards increased fluorescence,
indicative of higher levels of ROS/RNS in the patient’s cells
(Figure 7a). To assess the effectiveness of antioxidants in
reducing ROS/RNS levels, ATL2ABR cells were pretreated
for 1 or 9 days with the antioxidant N-acetyl-cysteine (NAC;
500mM; Figure 7b) or the iron chelator Desferal (200 nM;

Figure 7c). A significant reduction in ROS/RNS was
observed after 1 day treatment with both compounds
indicated by lower proportion of cells in the high fluorescent
region. Treatment with antioxidants for 9 days did not reduce
ROS/RNS levels further. Although NAC reduced the levels of
ROS/RNS within 1 day, it failed to eliminate the products of
oxidative stress, monitored by 4HNE and 3-nitro-tyrosine
immunoreactivity, in the PSFs at the same time. However,
incubation with NAC for 9 days significantly reduced 4HNE
and 3-nitro-tyrosine levels (Figure 7d). Desferal reduced
4HNE immunoreactivity within 1day only at a high dose
(1 mM; Figure 7d).

Restoring apoptosis and normal PARP-1 activity in
ATL2ABR cells using antioxidants. Lee and Shacter
(2000)22 have shown that oxidants such as H2O2 can
manipulate cell death pathways, diverting the cell away
from apoptosis at least in part by activation of PARP-1.
To investigate whether there was a relationship among
oxidative/nitrosative stress, PARP-1 hyperactivation and the
apoptotic defect in ATL2ABR, cells were pretreated for 1 h
with the PARP-1 inhibitor 3-AB or the antioxidant isoindoline
nitroxide 5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl
(CTMIO)24 before DNA damage was induced by etoposide.
CTMIO is a member of a family of stable free radicals that act
as radical chain terminators, oxidize metals to prevent
Fenton-reaction-derived free radicals and act catalytically
as superoxide dismutase mimetics.25Although we showed
that 3-AB treatment effectively inhibited PARP-1 activity (see
Figure 3c), it did not restore etoposide-induced apoptosis in
ATL2ABR cells as measured by PARP-1 cleavage
(Figure 8a, lane 12). Despite the high levels of oxidative
stress in the patient’s cells, overnight treatment with CTMIO
did not restore etoposide-induced apoptosis (Figure 8a, lane
11). In control cells neither 3-AB nor CTMIO showed any
effect on etoposide-induced apoptosis (Figure 8a, lanes 5
and 6). However, when cells were incubated for 9 days with
the antioxidant NAC or the iron chelator Desferal, etoposide-
induced apoptosis was restored in ATL2ABR cells as
determined by cleavage of PARP-1 (Figure 8b). Neither
NAC nor Desferal alone caused apoptosis. The results
above demonstrate that inhibition of PARP-1 failed to restore
agent-induced apoptosis in ATL2ABR cells suggesting that
PARP-1 hyperactivation is not upstream of apoptosis
inhibition and is an independent consequence of oxidative
stress. The results in Figure 8c reveal that both antioxidants
significantly reduce PAR levels in ATL2ABR cells, supporting
this contention.

Discussion

We have described here, cellular characteristics of what
appears to be a novel form of AOA characterized by
hypersensitivity to DNA damaging and other agents, oxidative
stress and a mode of cell death not involving apoptosis. AOA
represents a subgroup of autosomal recessive, spinocere-
bellar ataxias characterized by neurodegeneration and
abnormal eye movements.9,26 At the cellular level these
syndromes also feature abnormalities in DNA damage
recognition and/or repair. A-T and A-TLD cells are defective
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in the recognition and signalling of DNA double-strand
breaks.7 AOA1 cells are defective in DNA SSB repair,12,27,28

which may be related to a failure to efficiently resolve abortive
DNA ligation intermediates.14 AOA2 cells are defective in a
protein (senataxin) homologous to a yeast protein involved in
DNA repair and RNA processing.16,29 Given the cellular
characteristics described here for the patient, together with

the overlapping clinical phenotype of this patient with other
AOA syndromes, it seems likely that the defective gene in this
casewill also be associated with some aspect of DNA damage
processing and signalling to apoptosis. However, no muta-
tions were observed in APTX, SETX or ATM in the patient’s
cells. We have previously provided evidence that cells from
the patient have a defective p53 response to ionizing

Figure 4 Oxidative stress in control and patient’s cells. Log-phase, non-immortalized NFF and PSF were stained for marker products of oxidative stress: 8-oxo-dG as
indicator of damaged DNA (no. DR1001, Calbiochem, 1 : 100), 3-nitro-tyrosine as marker of damaged protein (no. 9691, Cell Signaling, 1 : 100) and 4HNE-Michael as marker
of lipid peroxidation (no. 393207, Calbiochem, 1 : 100). DAPI was used as nuclear stain

Figure 5 Characterization of agent-induced cell death. (a) FACS analysis of DNA damage-induced apoptosis. Lymphoblastoid control (C3ABR) and patient’s cells
(ATL2ABR) were untreated or treated with H2O2 for 24 h and analysed for phosphatidylserine exposure (Annexin V binding) and plasma membrane rupture (PI uptake) by
FASC analysis. The fluorescence intensities of Annexin V-FITC (FL-1) and PI (FL-2) are presented as dot plots. The percentage of live cells (Annexin V�ve/PI�ve), apoptotic
cells (Annexin Vþ ve/PI�ve) and necrotic or cells that had progressed through apoptosis to secondary necrosis (Annexin Vþ ve/PIþ ve) as determined from the
corresponding dot plots are represented. (b) Effect of H2O2 on viability of the patient’s family members. Lymphoblastoid cells from control (C2ABR) patient (ATL2ABR) and the
members of the family were either untreated or treated with 0.5 mM H2O2 for 24 h before being processed as in (a). Results were expressed as DNA damage-induced fold
decrease in viable cells (calculated as the ratio of lower left quadrant before and after treatment). (c) Effect of H2O2 on levels of apoptosis in the patient’s family members. The
same data set as in (b) was used to express DNA damage-induced apoptosis as fold increase in apoptotic cells (calculated as the ratio of lower right quadrant before and after
treatment). (d) Lysates from control and patient’s cells treated with etoposide (E, 25 mg/ml) or TRAIL (T, 4 mg/ml) were resolved by SDS-PAGE and analysed for cleavage of
PARP-1 by Western blotting. b-tubulin (Tubul.) was used as a loading control
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radiation.18 This defect was not due to a defect in ATM, as this
protein was present at normal levels, was activated
by autophosphorylation and phosphorylated a number of
other downstream substrates in response to DNA damage.18

No mutations were observed in p53 itself or in a number of
other gene products that influence its stability.18 Post-
translational modification of p53 was normal in ATL2ABR
cells in response to DNA damage but it occurred at a much

Figure 6 Mitochondrial response to genotoxic agents. (a) DNA damage-induced collapse of mitochondrial membrane potential (Dcm). NFF and PSF were loaded with
1mg/ml of the fluorescence indicator dye JC-1 for 1 h and subsequently treated with 1 mM H2O2 for time intervals indicated. Fluorescence images were acquired immediately
without fixing the cells. The aggregated (red) form of the dye indicates intact membrane potential (Dcm) (magnification: � 630). (b) DNA damage-induced cytochrome c
release. Cells were treated with 25 mg/ml etoposide for time intervals as indicated. Cytoplasmatic (cyto) and mitochondrial (mito) cytochrome c was detected by Western
blotting. (c) Nuclear translocation of apoptosis-inducing factor (AIF) in lymphoblastoid cells. Cells were treated with 500mM H2O2 for time intervals as indicated before AIF was
detected in nuclear extracts by Western blotting. Tubulin was used as loading control. (d) DNA damage-induced nuclear translocation of apoptosis inducing factor (AIF) in
fibroblasts. NFF and PSF were treated with 500mM H2O2 for time intervals as indicated, fixed, stained with anti-AIF antibody and anti-rabbit-AlexaFluor 488conjugate
(magnification: � 630). (e) Measurement of relative ATP levels using luciferase. ATP from control and patient lymphoblastoid cells was extracted by rapid boiling and detected
using recombinant luciferase. Error bars represent the S.D. from three independent experiments (RLE: relative light emission)

Figure 7 Oxidative stress in patient cells. (a) Comparison of levels of reactive oxygen/nitrogen species in lymphoblastoid control (C2ABR; black curve) and patient’s
(ATL2ABR; green curve) cells using the fluorescent dye CM-H2-DCFDA. (b) Reduction of oxidative stress by pretreatment of ATL2ABR cells with the antioxidant N-acetyl
cysteine (NAC, 500mM). Cell were untreated (blue area) or treated with NAC for 1 day (green curve) or 9 days (pink curve) before ROS/RNS levels were measured as in (a).
(c) Reduction of oxidative stress by pretreatment of ATL2ABR cells with the iron chelator Desferal (200 nM). Cell were untreated (blue area) or treated with Desferal for 1 day
(green curve) or 9 days (pink curve) before ROS/RNS levels were measured as in (a). (d) Effect of NAC on oxidative stress in PSF. Cells were treated with NAC (500mM) for 1
and 9 days or with the iron chelator Desferal (1mM for 24 h). Levels of oxidative stress were determined by immunostaining for the marker products nitro-tyrosine (Nitro-Y) and
4-HNA Michael. DAPI was used as DNA stain

A novel form of ataxia oculomotor apraxia
N Gueven et al

1156

Cell Death and Differentiation



lower level than in control cells. In this respect, it was similar to
A-T cells but the reduced response was not due to defective
ATM signalling.

Although the clinical phenotype of the patient is closely
related to AOA1, which lacks the extraneurological features
observed in A-T or A-TLD, the pattern of agent sensitivity for
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ATL2ABR cells is quite distinct from that observed in cells
from other types of AOA (Table 1). ATL2ABR cells can be
distinguished in their sensitivity to ionizing radiation from A-T
cells, which is not surprising as we have previously shown
that, with the exception of p53 phosphorylation, the major

ATM signalling pathways in response to radiation are intact in
these cells.18 Increased sensitivity to MMC has also been
reported in Fanconi’s anaemia,30 in cells with mutations
in Mus81,31 Eme1,32 Rad51 paralogs33 and Brca1-deficient
cells.34 The clinical phenotype for this patient shows no
resemblance to that for FA, which is characterized by early-
onset aplastic anaemia and cancer susceptibility,30 neither of
which are apparent in this case. In addition, we found no
evidence for any effect on the activity of the Mus/Eme1
endonuclease complex (results not shown). It seems more
likely that the sensitivity to MMC observed here relates more
to its capacity to cause oxidative damage to DNA rather
than form crosslinks.35 This is in agreement with ATL2ABR
sensitivity to agents such as MNNG and H2O2, which are also
capable of causing oxidative damage to DNA. Furthermore,
we have also shown that the patient’s cells are in a constitutive
state of oxidative stress as evidenced by elevated levels of
ROS/RNS damage to DNA, protein and lipid.
In addition to its overlapping clinical phenotype with A-T,

A-TLD and AOA1, this novel form of AOA also has a defect in
the DNA damage response as evidenced by hypersensitivity
to several DNA damaging agents, hyperactivation of PARP-1
and oxidative stress. For AOA1, Mosesso et al.28 described
increased levels of chromosome aberrations in response to
CPT treatment compared with controls and this compound
also caused a significantly increased mean tail moment in
AOA1 cells, as determined by the comet assay. These data
provide evidence for increased numbers of breaks in AOA1
cells immediately after treatment but do not reveal a defect in
DNA break repair per se. However, aprataxin, the protein
defective in AOA1, physically associates with proteins
involved in base excision repair and in the resolution of
abortive DNA ligation intermediates, implicating it in this
process.12–14,27 Unlike that in AOA1 cells, ATL2ABR cells
showed normal repair levels of SSBs in response to DNA
damage. Although ATL2ABR cells had no evidence of a
defect in DNA single-strand repair, hyperactivation of PARP-1
in these cells might be due to an abnormality in processing of
DNA breaks or due to persistent oxidative stress as evidenced
by elevated levels of ROS/RNS. This hyperactivation of
PARP-1 appears to be a protective response to stress, as
specific PARP-1 inhibitors were toxic to these cells but caused
only minimal loss of viability in control cells. Furthermore, use
of antioxidants reduced elevated levels of ROS/RNS and also
PARP-1 hyperactivation, suggesting a causative role for the
ROS/RNS. On the other hand, although antioxidants reduced
ROS/RNS within the first day of treatment, they failed to
remove oxidative damage to protein and lipid but by 9 days
incubation this damage had disappeared. This could be
explained by a delayed and indirect effect of the antioxidants
such as alteration in gene expression or a longer half-life of the
damaged macromolecules.
Exposure of ATL2ABR cells to the DNA damaging agents

radiation, etoposide and H2O2 failed to induce apoptosis. It
seemed likely that the defective p53 response in these cells
might explain the apoptosis resistance.18 However, although
stabilization of p53 using the Mdm2 antagonist nutlin led to
induction of p53 downstream effector genes, this treatment
did not induce apoptosis, demonstrating that the defect
occurred at a different level.18 This was further supported by

Figure 8 Restoration of apoptosis and PARP activity in patient cells by
antioxidants. (a) Effect of short-term antioxidant treatment and PARP-1 inhibition on
apoptosis in ATL2ABR cells. Lymphoblastoid control (C3ABR) and patient’s cells
(ATL2ABR) were untreated or pretreated with either the PARP-1 inhibitor 3-AB
(1 mM) or the antioxidant CTMIO (0.1 mM) for 1 h before DNA damage was induced
by adding etoposide (25 mg/ml). After a further 8 h, cells were harvested and PARP-
1 cleavage detected in total cell extracts using SDS-PAGE and Western blotting.
Detection of b-tubulin (Tub) was used as loading control. (b) Effect of oxidative
stress on apoptosis induction by etoposide. Cells were untreated or treated for 9
days with either the antioxidant NAC (500mM) or the iron-chelator Desferal (Desf.,
200 nM) before being treated for 8 h with etoposide (Etop. 25 mg/ml). Apoptosis was
detected by Western blotting of PARP-1 cleavage products. Detection of b-tubulin
(Tub) was used as a loading control. (c) Effect of long-term treatment with
antioxidants on cellular PAR levels. Control (C2ABR) and patient’s cells (ATL2ABR)
were untreated or pre-treated with either NAC or Desferal as described above for 9
days before cellular PAR levels were detected by Western blotting. Detection of
PARP-1 was used as a loading control.
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the failure to induce apoptosis by the non-DNA damaging
agent cycloheximide. The results described here extend
these observations to other inducers of apoptosis, etoposide
(genotoxic) and TRAIL (non-genotoxic). TRAIL induces
ubiquitous pathways of cell death in which caspase activation
is mediated either directly or via the release of apoptogenic
factors from mitochondria. However, the precise components
of the mitochondrial signalling pathway involved have not
been well defined. The picture that emerges is that ATL2ABR
cells are sensitive to killing by a variety of different agents but
the mode of cell killing is not through apoptosis. Based on
these observations, our prediction was that the mitochondria
from the patient’s cells would be refractory to the changes that
occur during apoptosis. In agreement with this, in response to
DNA damage, we failed to observe changes in mitochondrial
membrane potential and there were defects in translocation
of AIF from the mitochondria to the nucleus and in release of
cytochrome c from the mitochondria to the cytoplasm. We
also observed depleted levels of ATP in these cells, which
might be explained by decreased production or enhanced
utilization. There is good evidence that oxidative stress
causes mitochondrial dysfunction and lowered levels of
ATP.36,37 Thus, the increased levels of ROS/RNS observed
in ATL2ABR cells might be responsible for the depleted levels
of ATP observed here. Alternatively, the hyperactivation of
PARP-1 in ATL2ABR cells, which appears to be due to
increased levels of ROS/RNS, would be expected to consume
both NAD and ATP resulting in reduced amounts of both.
We have previously shown that ATL2ABR cells are

defective in the p53 response to DNA damage but this did
not account for the failure to see apoptosis, as nutlin stabilized
p53 did not cause apoptosis on its own18 or when accom-
panied by DNA damage.38 Furthermore, under these condi-
tions, we were able to demonstrate the presence of equal
amounts of p53 associated with mitochondria in control
and ATL2ABR cells (results not shown). Thus, the defect in
mitochondrial response in the patient’s cells is not due to a
failure of p53 to signal to this organelle, a process that has
been described previously to account for p53-mediated cell
death,39 but rather by some other defective signalling pathway
or an inherent physiological defect, which was not detected
by ultra-structural studies. The capacity of the iron chelator
Desferal to reduce oxidative stress and permit induction of
apoptosis by etoposide in ATL2ABR cells suggests that the
resistance to apoptosis, normally observed in these cells, is
mediated by reactive oxygen species. We have provided
evidence for this by showing that ROS/RNS are elevated in
ATL2ABR cells and both NAC and Desferal reduce these

species. The data obtained here agree with previous results
by Lee and Shakter22 who showed that, in the presence
of oxidative stress, human B-lymphoma cells are unable
to undergo Etoposide-induced apoptosis. As antioxidants
reduce PAR levels and as inhibition of PARP-1 in these cells
did not restore apoptosis in response to DNA damage, it
suggests that another characteristic of these cells, PARP-1
hyperactivation, is on a separate pathway from the oxidative
stress-induced inhibition of apoptosis. It seems likely that
oxidative damage to macromolecules in ATL2ABR cells is
responsible for the apoptosis resistance, as elimination of
ROS does not permit apoptosis but under conditions where
oxidative damage is removed by antioxidants, the capacity for
apoptosis is restored.
Although the form of AOA described here overlaps in its

cellular phenotype with other AOAs, it possesses a unique
combination of features that distinguishes it from all of the
others. It has a different pattern of agent hypersensitivity
(Table 1), evidence for the presence of oxidative damage to
different macromolecules, hyperactivation of PARP-1, defec-
tive stabilization of p53 and resistance to apoptosis. These
characteristics would be expected to give rise to genome
instability, cancer predisposition and neurodegeneration.
Failure to observe an association between this defect
and cancer predisposition is similar to that observed in
AOA1, where a defect in DNA SSB repair is only adversely
manifested in neurons.9 The clinical phenotype of this patient
provides clear evidence for the presence of a cerebellar
defect, similar to that observed in other AOA syndromes that
are characterized by reduced capacity to deal with damage in
DNA.38 This failure to efficiently respond to various forms of
DNA damage may be responsible for or contribute to the
neurodegeneration that is common to all these syndromes.
This could be due to a defect in a protein involved in DNA-
damage recognition and/or repair, inappropriate cell death or
as an indirect consequence of one of the abnormalities
described here, such as PARP-1 hyperactivation, whichmight
impact on DNA repair. In the context of the nervous system,
severe stress in response to acute neuronal injury causes
overactivation of PARP-1. The resulting upregulation of PAR
synthesis appears to be responsible for widespread neuronal
cell death21 indicating that this hyperactivation is a candidate
for the neurodegeneration observed in the patient described
here. However, in the present case, inhibition of PARP-1
activity enhanced cell killing, suggesting that hyperactivation
of PARP-1 per se was not the major factor responsible for cell
death. Identification of the gene responsible for this form of
AOA will provide greater insight into its role in protection
against neurodegeneration.

Materials and Methods
Cell lines and culture conditions. LCLs from control (C2ABR, C3ABR,
C4ABR, C5ABR), A-T (AT1ABR, AT5ABR), AOA1 (L990, L991, L938), AOA2
(SETX-2RM), Friedreich Ataxia (FRDA1) and patient (ATL2ABR) as well as NFF
and PSF were cultured in RPMI 1640 medium (GIBCO BRL, Div of Invitrogen,
Gaithersburg, USA) containing 10% foetal calf serum (FCS) and maintained in a
humidified incubator at 371C/5 % CO2. Cells were exposed to a number of different
DNA damaging agents including CPT, etoposide, MMC, MMS, MNNG, hydrogen
peroxide (H2O2) and ionizing radiation. All irradiations were performed at room
temperature using a 137Cs source (Gammacell 40 Exactor, MDS Nordion, dose rate
1.1 Gy/min). Cells were incubated with the antioxidants CTMIO (100mM), N-acetyl

Table 1 Specific sensitivity profile of several forms of AOA against DNA
damaging agents

Sensitivity to A-T A-TLD AOA1 ATL2ABR

Ionizing radiation High Intermediate Normal Intermediate
Mitomycin C Intermediate ND High High
H2O2 Normal ND High High
Camptothecin Normal ND High Normal
Etoposide High ND Normal High
MMS Normal ND High Normal
MNNG Intermediate ND ND High
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cysteine (500mM) and the iron chelator Desferal (200 nM; Ciba-Geigy, Pendle Hill,
Australia) for time periods as indicated. For long-term incubation, culture media
containing antioxidants was replaced every 2 days. All chemicals, if not stated
otherwise, were obtained from Sigma (Castle Hill, New South Wales, Australia).

Cytotoxicity studies. For determining cytotoxicity of DNA damaging agents
as well as the PARP-1 inhibitors PJ-34 and AG-14361, cells were suspended in
RPMI 1640 medium at 2� 105/ml before exposure to agents. Cells were incubated
until untreated controls reached 2� 106/ml. Cell viability (triplicate wells for each
drug concentration) was determined by adding 0.1 ml of 0.4% trypan blue to a 0.5 ml
cell suspension. The numbers of viable cells were counted, and viabilities were
expressed as the number of cells in drug-treated wells relative to cells in control
wells (% of control). Measurement of cell survival in response to genotoxic agents
was performed as described above. Incubation times with genotoxic agents were as
follows: CPT: 3 h; Etoposide: 1 h; H2O2: 0.5 h; MMS: 1 h; MNNG: 1 h; MMC: 1 h.
Subsequently, cells were washed and resuspended in normal growth medium. After
2 days, viability was determined as described above. For determining chromosome
aberrations, cells were incubated with MMC or irradiated with 1 Gy g-radiation under
aerobic conditions. Colcemid (final concentration 0.1mg/ml) was added immediately
after irradiation, 2 h before harvesting. The cells were treated for 15 min in 0.075 M
KCl, fixed in methanol7glacial acetic acid (3 : 1) and the fixed cells were spread on
glass slides, air-dried and stained with Giemsa. Fifty metaphases were analysed for
each sample.

SSB repair assays. To induce SSB, cells were exposed to H2O2 (20mM) in
RPMI 1640 medium without supplements for 15 min at 371C. To remove H2O2,
catalase (880 U/ml) was added. Cells were collected by centrifugation (1500 U/min
for 5 min) and washed with PBSCMF (140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4,
1 mM KH2PO4). The numbers of SSB were determined by alkaline elution assay
either directly after damage induction or following repair incubations in full medium
at 371C for the indicated times. The numbers of SSB in untreated control cells were
subtracted in all cases.

Western blotting. For western blotting antibodies against the following
proteins were used: Actin (AC-40, Sigma, 1 : 1000), AIF (no. 4642, Cell Signaling
Technology, Danvers, USA, 1 : 1000); cytochrome c (7H8.2C12, BD Pharmingen,
San Jose, USA, 1 : 1000), PAR (1 : 500), PARP-1 (MCA1522, Serotec, Oxford, UK,
1 : 1000), b-tubulin (2-28-33, Sigma, 1 : 2000). For preparation of cell extracts, cells
were washed in PBS before resuspension in lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, supplemented with protease and
phosphatase inhibitors and Benzonase (Novagen, San Diego, USA)) for 1 h at
41C. Insoluble components were removed by centrifugation (16 000 g for 10 min).
Protein (10–50mg) was separated by SDS-PAGE, proteins transferred to
nitrocellulose membrane and immunoblotting was performed using the
appropriate antibody described above.

PARG zymogram gels. Cells were harvested and washed in PBS containing
complete protease inhibitor cocktail (Roche Molecular Biochemicals, Melbourne,
Australia) and suspended in sample buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20%
glycerol, 10% b-mercaptoethanol, 0.2 % bromophenol blue) containing protease
inhibitor cocktail before sonication. Samples were neither heated nor frozen before
loading. Zymogram gels were immediately performed as described20using [32P]-
labelled automodified PARP-1 as a source of poly(ADP-ribose).

PARG activity assays. PARG activity was measured as described.40.Briefly,
the reaction mixture used for the assay contained 50 mM potassium phosphate pH
7.5, 50 mM KCl, 100mg/ml bovine serum albumin, 10 mM b-mercaptoethanol,
0.1 mM PMSF, 10mM [32P]-labelled poly(ADP-ribose). The reaction was started by
the addition of the cell extracts and stopped after 10 min by the addition of SDS at a
final concentration of 0.1%. An aliquot of each reaction was applied onto a
polyethyleneimine-cellulose TLC plate. The plate was first developed at room
temperature in methanol, dried, and then developed in 0.3 M LiCl, 0.9 N acetic acid.
The TLC plate was electronically autoradiographed on Instant Image Analyzer
(Packard Instrument Company, Illinois, USA) to determine the amount of
radioactivity in each spot. The amounts of radioactivity found in the ADP-ribose
spot and the origin were used to calculate PARG-specific activity. Protein
concentration was determined by the Bradford assay (BioRad, Hercules, USA). One
unit of PARG is defined as the amount of enzyme required to release 1 nmol of
ADP-ribose per min at 371C under assay conditions.

Immunostaining of cells. NFF and PSF were grown on glass coverslips for
48 h, washed with PBS and fixed in 2% paraformaladehyde/PBS for 10 min and
processed for immunofluorescence as previously described22 using antibodies
against AIF (no. 4642, Cell Signaling, 1 : 100); nitro-tyrosine (no. 9691, Cell
Signaling, 1 : 100); 4-HNE-Michael (no. 393207, Calbiochem, San Diego, USA,
1 : 100) on paraformaldehyde fixed cells. Images were captured using a digital
camera (Carl Zeiss, North Ryde, Australia) attached to a fluorescent microscope
Axioskop2 mot plus (Carl Zeiss). For the detection of 8-oxo-dG by
immunofluorescence cells were fixed with 100% pre-chilled methanol for 5 min
and immersed in 100% pre-chilled acetone for 5 min. Coverslips were subsequently
air-dried, treated with 0.05 N HCl for 5 min on ice and washed three times with PBS.
RNA was digested by incubating the coverslips in 100mg/ml RNase in 150 mM NaCl
with 15 mM sodium citrate for 1 h at 371C. After RNA digestion, coverslips were
sequentially washed in PBS, 35% ethanol, 50% ethanol and 75% ethanol for 2 min
each. DNA was denatured by incubating the coverslips with 0.15 N NaOH in 70%
ethanol for 4 min. A series of washes were performed starting with 70% ethanol
containing 4% v/v formaldehyde, then 50% ethanol, 35% ethanol and finally PBS for
2 min each. Proteins were digested with 5 mg/ml proteinase K in TE pH 7.5 for
10 min at 371C. After several PBS washes, coverslips were incubated with anti-8-
oxo-dG antibody (no. 4355-MC-100, Trevigen, 1 : 250) in PBT20 (1�PBS/1%
BSA/0.1% Tween 20) for 1 h at room temperature. Following several washes with
0.1�PBS, 8-oxoG was detected using an AlexaFluor488 secondary antibody
(Invitrogen, Carlsbad, CA, USA, 1/500 in PBT20). Nuclei were counterstained with
DAPI and slides were mounted for immunofluorescence. Images were captured as
described above.

FACS analysis of apoptosis. Cells (5� 104) were pelleted (500� g for
5 min) in 96-well V bottom plates and resuspended in 100ml Annexin V buffer
(10 mM HEPES-NaOH pH7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2, 0.5 mg/ml Annexin V-FITC, 0.5mg/ml PI). Annexin V binding and PI uptake
was determined by flow cytometry using a FACSCalibur (Becton Dickinson,
San Jose, USA). Cells were detected by size and granularity using FSC/SSC
and cell debris was gated out. Annexin V-FITC and PI were detected in FL-1 and
FL-2, respectively.

Mitochondrial cytochrome c release. For measuring DNAdamage-
induced cytochrome c release, cells were collected after induction of DNA
damage at different time points and the cell membrane permeabilized in 50 ml (PBS,
100 mM KCl, 50mg/ml digitonin) for 5 min. After spinning (10 min, 13 000 g, 41C) the
supernatant was collected and termed cytoplasmic fraction. The pellet was lysed in
50ml regular lysis buffer (see Western blotting) to obtain the residual mitochondrial
cytochrome c. Proteins from both fractions were resolved by 15% SDS-PAGE under
standard conditions on the same gel and detected using monoclonal anti-
cytochrome c antibody (7H8.2C12, BD Pharmingen, 1 : 1000) and HRP-conjugated
anti-mouse antibody (Selenius, Billarica, USA, 1 : 5000). Owing to low apoptosis
levels cytoplasmic and residual protein fractions were loaded at a ratio of 5 : 1.

Detection of mitochondrial membrane potential. Mitochondrial
membrane potential was detected using the potential-sensitive fluorescent dye
JC-1 (Invitrogen) according to the manufacturers recommendations. Briefly, cells
were loaded with the dye (1 mg/ml in growth medium) for 30 min before being
exposed to H2O2. After different times, unfixed cells were examined for the
monomeric (green fluorescence) and aggregated (red fluorescence; indicating
intact membrane potential) form of JC-1 using epifluorescence microscopy
(Axioskop 2Mot plus and Plan Apochromat 63� /1.4 Oil, Zeiss, North
Ryde, Australia).

Relative measurement of cellular ATP levels. ATP was extracted from
cells in the exponential phase of growth using the Tris/EDTA boiling method and
measured by the luciferin/luciferase method. Briefly, 106 cells were pelleted (volume
approximately 5ml) and resuspended in 200ml boiling extraction buffer (100 mM
Tris pH 7.8, 2 mM EDTA). After further boiling for 90 s, the samples are chilled on ice
and centrifuged (16 000� g; 5 min; 41C) to remove insoluble material and snap
frozen on dry ice. Reaction was started by adding 90 ml of cell extract to 10ml of
reaction buffer (0.4 mM luciferin (12.3 mg/ml), 1.25 mg/ml luciferase, 25 mM Tricine
buffer (pH 7.8), 5 mM MgSO4, 100 mM EDTA and 1 mM DTT). Luminescence was
analysed after a 2 s delay with a 10 s integration on a TD-20/20 luminometer (Turner
Designs) (RLE: relative light emission).
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Measurement of reactive oxygen/nitrogen species using flow
cytometry. For flow cytometry, 106 cells were harvested and briefly washed
twice in Dulbecco’s phosphate-buffered saline (D-PBS, Invitrogen) before
resuspension for 15 min in 1 ml D-PBS containing 1 mM 5-(and 6-) chloromethyl-
20, 70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2-DCFDA) (Molecular
Probes, Eugene, OR, USA). After washing twice with PBS, cells were analysed
immediately by flow cytometry (FACS Scan, Becton-Dickinson) according to the
manufacturer’s recommendations. Cells were detected by size and granularity
using FSC/SSC and cell debris was gated out before 5000 events were collected
for analysis.
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