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Ataxiawith oculomotor apraxia 1 is causedbymutation in theAPTX
gene, which encodes the DNA strand-break repair protein apra-
taxin. Aprataxin exhibits homology to the histidine triad superfam-
ily of nucleotide hydrolases and transferases and removes 5′-
adenylate groups from DNA that arise from aborted ligation reac-
tions. We report herein that aprataxin localizes to mitochondria
in human cells and we identify an N-terminal amino acid sequence
that targets certain isoforms of the protein to this intracellular
compartment. We also show that transcripts encoding this unique
N-terminal stretch are expressed in the human brain, with highest
production in the cerebellum. Depletion of aprataxin in human SH-
SY5Y neuroblastoma cells and primary skeletal muscle myoblasts
results in mitochondrial dysfunction, which is revealed by reduced
citrate synthase activity and mtDNA copy number. Moreover,
mtDNA, not nuclear DNA, was found to have higher levels of back-
ground DNA damage on aprataxin knockdown, suggesting a direct
role for the enzyme in mtDNA processing.

Ataxia with oculomotor apraxia 1 (AOA1) is an autosomal
recessive genetic disorder caused by mutation in the APTX

gene, which encodes the single strand-break DNA repair (SSBR)
protein aprataxin (1, 2). Aprataxin is a member of the histidine
triad (HIT) superfamily of nucleotide hydrolases and transferases,
and it removes 5′-AMP groups that arise from aborted DNA li-
gation reactions (3–6). The clinical symptoms of AOA1 include
global cerebellar atrophy characterized by loss of Purkinje cells,
ocular motor apraxia, and motor and sensory neuropathy (7–13).
The pathophysiology of AOA1 overlaps with both Friedreich’s
ataxia (FA) and Ataxia-Telangiectasia (A-T), rare disorders that
present with similar neurological symptoms but different un-
derlying genetic mutations (14). These and other autosomal re-
cessive cerebellar ataxias can be broadly divided into two causative
categories based on the function of the affected protein: ataxias
induced by DNA repair or maintenance defects that include A-T,
xeroderma pigmentosum (XP), and AOA1 and degenerative or
metabolic ataxias that include FA (15–18).
Although AOA1 is associated with a DNA repair defect,

AOA1 patients have fewer nonneurological symptoms than
patients with other DNA repair defects. Most strikingly, AOA1
patients lack the cancer susceptibility associated with A-T, A-T–
like disorder, and XP, and they do not manifest immunological
deficiencies (or other peripheral symptoms) common in patients
with A-T and A-T–like disorder. Cells from AOA1 patients are
not profoundly hypersensitive to the genotoxic agents methyl
methanesulphonate (MMS) or hydrogen peroxide (H2O2) (19,
20) or to compounds that generate DNA double strand breaks
(DSBs) (19, 21). Furthermore, APTX knockout mice do not
display a nuclear DNA repair defect, and neural cells from these
mice have normal SSBR capacity (20). Consistent with this lack
of repair deficiency, aprataxin is not recruited to nuclear DNA
lesions in cells exposed to H2O2, ionizing radiation, mitomycin C,
or MMS (22), and aprataxin-deficient human cells have no
reported gross defect in genomic SSBR (19).
The lack of any definitive DNA repair defect in aprataxin-

deficient cells is perplexing. Aprataxin has been reported to in-
teract with and influence many proteins involved in base excision
repair (BER) (19, 22–25). Of note, BER is active in both the
nucleus and mitochondria, and recently, mitochondrial recruit-
ment of repair cofactors, such as Cockayne syndrome B (CSB)

and flap endonuclease 1 (FEN1), has confirmed that BER in the
mitochondria has many, if not all, proteins and pathways active in
nuclear BER (26–29). These facts led us to speculate that apra-
taxin might have a significant role in the maintenance of mtDNA.
This hypothesis is also supported by similarities between AOA1
and diseases associated with mitochondrial dysfunction, such as
FA (30). Like AOA1, FA patients are not susceptible to cancer
but frequently present with peripheral neuropathy and pro-
gressive ataxia. FA and AOA1 patients are also reported to be
deficient in coenzyme Q10, an essential component of the elec-
tron transport chain and potent antioxidant within the mito-
chondria (31–33).
Previous studies are equivocal regarding both the biological

role and cellular localization of aprataxin. To further define the
pathology of AOA1 and the biological role of aprataxin, we ex-
amined the subcellular localization of aprataxin in human cell
lines and characterized mitochondrial function in aprataxin-
deficient neural/muscular cells, cell types of potential clinical in-
terest. Our results are consistent with the hypothesis that apra-
taxin plays an important role in the repair of mtDNA and that
defects in aprataxin expression and/or function lead to mito-
chondrial dysfunction and oxidative stress.

Results
Mitochondrial Localization of Aprataxin in Human Neuroblastoma
and Skeletal Muscle Cells. The intracellular distribution of apra-
taxin was examined by immunofluorescence detection using
an antibody against the N-terminal portion of the protein (see
below). Aprataxin localized predominately to the nucleus of
human SH-SY5Y neuroblastoma cells, with significant cyto-
plasmic staining also present (Fig. S1). We note that cytoplasmic
aprataxin has been reported previously (34), although a func-
tional role for aprataxin in the cytoplasm has not been described.
To determine whether cytoplasmic aprataxin localized to mi-

tochondria, aprataxin antibody staining and the mitochondrial
tracking dye Mitotracker Red (Molecular Probes) were covi-
sualized by confocal laser scanning microscopy in SH-SY5Y cells
and a second human neuroblastoma cell line, NT2. Aprataxin lo-
calization was also investigated in primary human skeletal muscle
cells (HSMM), because patient reports suggest that muscle could
be a target in AOA1 (31, 32). In all three cell types, aprataxin
partially colocalized with Mitotracker Red (Fig. 1A, depicted in
yellow). Pearson’s correlation coefficient (r2) of the relative dis-
tribution of the two channels predicted a moderate colocalization
(r2 = 0.179–0.359) when measuring the entire cell (Fig. 1B).
However, negating the effect of nuclear aprataxin on the corre-
lation coefficient by analyzing only mitochondrial regions of the
cells revealed substantially higher levels of colocalization (r2 =
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0.631–0.788). The colocalization observed is not an artifact of
cross-channel noise or bleed from the red channel.
To exclude the possibility that the aprataxin antibody inter-

acted nonspecifically with Mitotracker Red, we also investigated
whether aprataxin colocalized with transcription factor A mito-
chondrial (TFAM), a protein with a well-established role in
mtDNA maintenance (Fig. 1C). The results determined that
aprataxin also colocalizes with TFAM (r2 = 0.328–0.437 or
0.561–0.702).

N-Terminal Mitochondrial Targeting Sequence in Aprataxin. Mito-
chondrial localization of aprataxin was further investigated by
performing Western blot analysis on highly purified nuclear and
mitochondrial protein extracts from SH-SY5Y cells (35). The
aprataxin antibody recognized a protein of ∼40 kDa in both the
nuclear and mitochondrial fractions (Fig. 2A). To exclude the
possibility of nuclear contamination of the mitochondrial frac-
tion, the blot was probed for lamin b, cytoskeletal protein tu-
bulin, housekeeping protein GAPDH, and voltage-dependent
anion selective channel protein (VDAC), a mitochondrial
marker. No nuclear or cytoplasmic contamination was detected
in the mitochondrial extracts (Fig. 2A). Western blot results
using a second independent antibody against aprataxin sub-
stantiated mitochondrial localization of the protein (Fig. S2).
There are multiple isoforms of aprataxin in the National Center

for Biotechnology Information (NCBI) database that are distin-
guishable primarily by theirN-orC-terminal sequence. Isoforma is
considered to be themajor isoform (22, 24, 36) (Fig. 2B).However,
Caldecott (37) recently reported a full-length isoform (also known
as isoform e) with a distinct N-terminal 14-aa sequence. The sub-
cellular localization software MitoProt (38) predicted a higher
relative potential of isoforms with the 14-aa N-terminal extension

to localize to the mitochondria (Fig. 2B). Consistent with this ob-
servation, previous studies have shown that isoform a, which lacks
this N-terminal extension, is largely nuclear (19, 24, 36).
To determine more directly whether the N terminus of apra-

taxin is involved in targeting the protein to mitochondria, iso-
form b (Fig. 2B) (one of the isoforms that has the putative
mitochondrial localization N-terminal signal) was transiently
expressed as a C-terminal GFP fusion protein in SH-SY5Y and
NT2 cells. The cells were then exposed to Mitotracker Red to
visualize mitochondrial distribution (Fig. 2C). GFP immunoflu-
orescence was compared in cells with or without the aprataxin
isoform b GFP fusion protein, allowing us to detect nonspecific
overlap between the red mitochondrial channel and the green
channel in control cells. Although the nucleus is not directly
visible in the images, its position can be easily inferred (Fig. 2C,
yellow arrow). Significantly, in both cell lines tested, the GFP-
tagged fusion protein was almost exclusively localized to the
mitochondria and surrounding cytoplasm (r2 = 0.457–0.626).

Expression of Aprataxin mRNA Encoding the Mitochondrial Targeting
Sequence in Human Brain. The NCBI database was queried with
the 42-nt N-terminal mitochondrial targeting sequence (MTS),
and the results suggest that transcripts possessing this se-
quence are expressed in many tissues, including human brain
and muscle. RT-PCR was also performed using a primer that
selectively amplifies transcripts harboring the MTS. Importantly,
we confirmed using this method that aprataxin MTS-encoding
transcripts are suppressed in aprataxin-depleted SH-SY5Y cells,
confirming the specificity of the RT-PCR primers. RT-PCR for
the aprataxin MTS-encoding transcripts and all aprataxin tran-
scripts (total aprataxin) was then performed using cDNA from
12 regions of the brain from a single normal individual. The

Fig. 1. Aprataxin is detected in mitochondria. (A) Mi-
tochondrial presence of aprataxin was investigated in
neuroblastoma cells (SH-SY5Y and NT2) and primary
human muscle myoblasts (HSMM) using antiaprataxin
antibody (FITC) and Mitotracker Red counterstained
with DAPI. Colocalization is a product of difference of
mean (PDM) channel highlighting the positive correla-
tion of voxels in the red and green channel, and merge
denotes the merge of FITC, Mitotracker Red, and DAPI
staining. Cells were viewed using Z-stack confocal mi-
croscopy. (Scale bars: NT2, 20 μm; HSMM, 10 μm; SH-
SY5Y APTX, 20 μm.) (B) Pearson correlation coefficient
(r2) between green (antibody stain) and red (Mito-
tracker) channels. The range of r2 values is presented for
either the whole-image analysis or only a mitochondrial
region of interest. Cells analyzed, antibody used, and
sample size (n) are designated. For each whole-cell
analysis, three mitochondrial colocalization comparisons
were performed. (C) Colocalization of aprataxin with
the mitochondrial transcription factor TFAM. Antibodies
to aprataxin (FITC) and TFAM (CY5) were used, and vi-
sualization was performed as above. (Scale bar: 5 μm.)
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results showing total aprataxin (solid bars) and transcripts har-
boring the MTS (open bars) are presented in Fig. 3. Expression
of total aprataxin transcript and aprataxin MTS-encoding tran-
script varied considerably among the different brain regions;
however, both transcripts were most abundant in the cerebellum,
the primary target for AOA1 disease progression.

Aprataxin Knockdown Causes Mitochondrial Dysfunction. The effect
of aprataxin knockdown on mitochondrial function was exam-
ined using a lentiviral-delivered shRNA system. The idea of
targeting the MTS was determined to be problematic because of
the complications of (i) developing an shRNA selective to the
unique 14-aa stretch (or 42-nt sequence) and (ii) nonspecific
effects against the full-length APTX transcript, which would
likely result in reduced nuclear aprataxin protein as well. Thus,
we initially trialed the SH-SY5Y neuroblastoma line using len-
tivirus expressing two different shRNA constructs, both of which
target the HIT domain of aprataxin and thus, all APTX tran-
scripts. Reduction of APTX mRNA and the encoded protein was

verified by RT-PCR and Western blot analysis, respectively (Fig.
S3). The SH-SY5Y aprataxin-depleted cells showed no acute
growth defect and no gross changes in morphology, and they
were not hypersensitive to menadione or MMS (Fig. S4).
To ascertain whether aprataxin knockdown resulted in mito-

chondrial dysfunction, cells were infected and grown for 14 d, and
intracellular reactive oxygen species (ROS) were quantified using
an ethidium-based probe. SH-SY5Y and HSMM aprataxin-
depleted cells had a significantly higher level of ROS than control
cells (Fig. 4A) as well as lower citrate synthase activity (a marker
of intact mitochondria) (Fig. 4B) and reduced mtDNA copy
number (assessed using a PCR-based strategy and GAPDH as an
internal nuclear loading control) (Fig. 4B). We also examined the
consequence of aprataxin-associated mitochondrial dysfunction
by comparing the mitochondrial network in aprataxin-depleted
HSMM cells with control cells (Fig. 4C). In the control cells, there
is an extensive and well-organized network of mitochondria sur-
rounding the nucleus, including regions of intense mitochondrial
staining. In contrast, in aprataxin-deficient cells, the mitochon-
drial network was fragmented, and fluorescence was greatly di-
minished (contrast was enhanced for the aprataxin cells to allow
visualization of the remaining mitochondrial network). These
data (Fig. 4) provide strong evidence that aprataxin-depleted
human cells are characterized by both mitochondrial dysfunction
and a morphological change in mitochondrial organization.
Because AOA1 preferentially affects postmitotic tissue, mito-

chondrial dysfunction was evaluated in aprataxin-depleted SH-
SY5Ycells thathadbeendifferentiatedusing apreviouslypublished
protocol (39). As shown in Fig. 4B, differentiation of aprataxin-
deficient neuroblastoma cells had no effect on aprataxin depletion-
induced mitochondrial dysfunction, indicating that mitochondrial
deficiency is independent of mitotic or differentiation status.
Finally, we explored whether mitochondrial defects are seen in

two AOA1 patient-derived lymphoblast cell lines (L938/L939)
compared with two control cell lines (C2ABR/C3ABR). AOA1
cells showed neither an increase inROSproduction (Fig. S5A) nor
a reduction in citrate synthase activity (Fig. S5B) relative to control
cells. These findings are consistent with the fact that AOA1
patients have no immunological defects, and they indicate that
expression, subcellular localization, and biological function of

Fig. 2. Targeting of aprataxin to mitochondria. (A)
Western blotting of purified extracts confirms mito-
chondrial localization of aprataxin. Membrane was
probed with antiaprataxin antibody (ab31841), which
detected an ∼40-kDa band in both nuclear and mi-
tochondrial extracts. Lamin b and GAPDH/Tubulin
antibodies were used to detect nuclear or cytoplasmic
contamination of mitochondrial extracts, respectively.
The mitochondrial protein VDAC was used to confirm
mitochondrial enrichment of the mitochondrial frac-
tion; 20 μg protein were loaded in each lane. Blot is
representative of four separate experiments. (B) Full-
length protein and two relevant isoforms of apra-
taxin. Isoform b has a distinct 14-aa N-terminal stretch
that harbors the putative mitochondrial targeting
sequence (MTS). The probability of mitochondrial lo-
calization was estimated using the mitochondrial pre-
diction software MitoProt. FHA, fork head-associated;
NLS, nuclear localization signal; HIT, histidine-triad;
ZNF, zinc finger. Antigenic region for the aprataxin
antibody (amino acids 1–177 of isoform a) is denoted.
(C) C-terminal GFP tagged isoform b aprataxin (Apra-
taxin GFP) localizes to the mitochondria. The location
of the fusion protein was compared with the Mito-
tracker Red mitochondrial marker. Additional details
are in Fig. 1. The nucleus is indicated with a yellow
arrow. (Scale bars: SH-SY5Y, 20 μm; NT2, 10 μm.)

Fig. 3. Total APTX- and MTS-encoding mRNA levels in human brain regions.
Total APTX- (solid bars) and MTS-encoding (unfilled bars) mRNA levels were
measured in the indicated brain regions and cross-compared with all other
brain regions. Graph represents relative mRNA expression. RT-PCR assay was
done in triplicate. Error bars represent SEM.
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aprataxin may vary between different cell types. Of note, the
Epstein–Barr transformation of the lymphoblastoid cell lines used
in these experiments could have confounded the results by
masking any impact of the aprataxin defect on mitochondrial
function.

Reduced Intracellular Aprataxin CausesmtDNADamageAccumulation.
Quantitative (Q)-PCR was used to measure mtDNA and nuclear
DNA damage in SH-SY5Y cells with or without aprataxin
knockdown. Q-PCR quantifies the relative amplification of input
DNA, indirectly assessing the extent of blocking lesions present in
the template DNA. The results show that aprataxin-deficient cells
have reduced amplification of template DNA, and by calculation,
they have ∼0.7 more steady-state lesions per 10 kb mtDNA than
control cells (Fig. 4D). Conversely, knockdown cells displayed
only 0.1 lesions more per 10 kb nuclear DNA than controls (Fig.
4D). These data indicate a significant increase in endogenous
mtDNA damage, which may very well reflect unprocessed SSBs,
but a negligible increase in endogenous nuclear DNA damage in
aprataxin-depleted cells. Finally, we examined mtDNA integrity
in control and aprataxin-deficient cells using a chloramphenicol
(CAP) resistance assay, which records mutations in mitochondrial
ribosomal RNA genes that are necessary to confer antibiotic
tolerance (40). Aprataxin knockdown in SH-SY5Y cells resulted
in increased mtDNA mutagenesis, likely reflective of the in-
creased oxidative stress and associated DNA damage (Fig. S6).

Discussion
Previous research suggests that aprataxin localizes primarily to
the nucleus in nonneuronal cell types (19, 22–24). The increased
proportion of cytoplasmic staining in the neural-like SH-SY5Y
cells observed herein supports findings from Asai et al. (34) that
described that Purkinje cells had both nuclear and cytoplasmic
aprataxin. Hence, although cytoplasmic aprataxin may be pres-
ent at a low level in all cell types, it seems to be more pre-
dominant in neuron and neuron-like cell lines and tissues. We

show herein that aprataxin is present in the mitochondria of
human cells, we identify an N-terminal MTS, and we show that
the mitochondrial localization of aprataxin has biological sig-
nificance in relevant cell types. In particular, depletion of apra-
taxin was found to result in mitochondrial dysfunction and an
accumulation of mtDNA damage.
Total APTX expression and expression of MTS-encoding

transcripts were found to be highest in the cerebellum of a single
individual. Although a limited survey, this observation is note-
worthy, because AOA1 is characterized by early onset cerebellar
ataxia, and severe cerebellar atrophy is prominent in AOA1
patient brains on autopsy (7, 9–11, 41). In addition, brain regions
that have higher levels of transcripts harboring the MTS, such as
the basal ganglia and its substructure (the globus pallidus), have
also been implicated as a pathological target for AOA1 (42, 43).
What regulates the cell type- and brain region-specific expression
of the different aprataxin isoforms warrants further investigation.
The neurological specificity of AOA1 is likely related to the

high metabolic demands of the target tissue and perhaps, other
unique structural or physiologic variables. The high rate of me-
tabolism in brain mitochondria would generate high levels of
ROS, which could lead to increased mtDNA damage. In support,
mtDNA damage accumulates in aprataxin-deficient neural cells
under standard cell culture conditions, and it is feasible that such
damage could cause mitochondrial dysfunction, as outlined in
the mitochondrial theory of aging (44). Indeed, it is probable
that the observed increase in ROS levels is directly related to the
mitochondrial dysfunction. Consistent with the idea of oxidative
stress in AOA1, elevated levels of oxidative DNA damage (8-
oxoguanine) have been reported in patient fibroblasts and
postmortem samples, although 8-oxoguanine lesions are not
a direct substrate for aprataxin (23, 45).
AlthoughAOA1 is primarily a neural disorder, there are reports

of muscle dysfunction. In two studies (32, 33), the majority of
AOA1 patients had below normal levels of CoQ10 (a potent an-
tioxidant and component of the electron transport chain) in

Fig. 4. Mitochondrial dysfunction in aprataxin-deficient
cells. (A) Increased ROS levels were seen in SH-SY5Y cells
(Upper) and HSMM (Lower). Gray lines and symbols repre-
sent aprataxin-deficient cells, and black lines and symbols
represent scrambled control cells. Error bars are SEM (n = 3).
(B) Reduced aprataxin causes mitochondrial dysfunction,
regardless of differentiation status. Western blotting was
used to determine residual aprataxin (APTX) level. Citrate
synthase and mtDNA copy number were measured as de-
scribed in Materials and Methods. Undiff., undifferentiated.
SH-SY5Y cells were differentiated (Diff.) with retinoic acid
and brain-derived growth factor. The broken line represents
the value compared with the scrambled control cells (per-
cent scrambled). All assays were conducted at least in trip-
licate. (C) Reduced levels of aprataxin causes loss of
mitochondria and a breakdown in the organization of the
mitochondrial network. The HSMM mitochondrial matrix
was visualized using Mitotracker Red and counterstained
using DAPI. Cells were viewed using Z-stack confocal mi-
croscopy. (D) Aprataxin-deficient cells have an increased
amount of endogenous mtDNA damage. PCR amplification
of a mitochondrial or nuclear DNA fragment was used to
estimate the amount of endogenous DNA damage com-
pared with scrambled cells. The long amplification products
were normalized against the amount of input DNA. The
assay was conducted in triplicate. (B and D) *P < 0.05; ***P
< 0.01. Error bars are SEM.
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muscle. Histological analysis did not find ragged red fibers that
typify clumps of diseased mitochondria, but the muscle did exhibit
neurogenic atrophy. Interestingly, the decrease in CoQ10 had no
functional impact on mitochondrial respiration. In our study, we
observed that aprataxin-depleted primary human myoblast cells
showed signs of mitochondrial dysfunction. This apparent dis-
crepancy may involve the degree of aprataxin reduction or the
amount of residual mitochondrial aprataxin activity. Regardless,
muscle may be affected by aprataxin depletion or dysfunction but
perhaps to a lesser extent than neuronal cells.
It is important to note that alternate proteins or pathways may

compensate for the loss of aprataxin in the nuclear compartment.
Suchmechanisms could include long-patch BER and homologous
recombination, which are particularly active in replicating cells
(28, 46).With the assistance of nucleases, such as FEN1, 5′-AMP–
modified DNA termini could be efficiently excised in the absence
of aprataxin. The presence of back-up mechanisms in the nucleus
could also explain the moderate sensitivity of aprataxin-deficient
cells to DNA-damaging agents as well as the lack of genome in-
stability and cancer predisposition in AOA1 patients.
The results presented herein support the hypothesis that the

clinical disease and pathology associated with AOA1 may be
caused by defective mtDNA maintenance and associated mito-
chondrial dysfunction. Notably, several autosomal recessive cer-
ebellar ataxias have links to mitochondrial abnormalities, includ-
ing a subset of DNA repair ataxias that are attributed to the
breakdown of mtDNA maintenance processes. For example,
infantile-onset spinocerebellar and mitochondrial recessive atax-
ias are the result of mutations in DNA helicase twinkle and DNA
polymerase-γ, respectively (47, 48). Both of these disorders as well
as other dominant ataxias associated with polymerase-γmutations
share more similarity to AOA1 than perhaps FA or A-T. AOA1
and the recessive cerebellar ataxias related to mtDNA breakdown
share less common attributes as well, including mental re-
tardation, early onset ataxia, and progressive atrophy of the cer-
ebellum and cerebral cortex, with lesions present in the basal
ganglia (47).
While preparing our article for submission, Das et al. (49)

reported that tyrosyl-DNA phosphodiesterase 1 (TDP1), an en-
zyme defective in spinocerebellar ataxia with axonal neuropathy
(SCAN1), also plays a role in mitochondria. This finding is of in-
terest, because SCAN1 and AOA1 are clinically very similar, and
we have confirmed experimentally by Western blot analysis that
TDP1 is present in purifiedmitochondrial extracts. The knowledge
that AOA1 and SCAN1 have mitochondrial involvement could
change the clinical management of these disorders.

Materials and Methods
Cell Culture.Human SH-SY5Y neuroblastoma cells, a subline of SK-N-SH (ATCC),
and neuron-committed teratocarcinoma NT2 cells (Stratagene) were cultured
in high-glucose DMEM media (Invitrogen). Both DMEM and RPMI 1640 were
supplemented with 10% FBS (Sigma) and 1% penicillin-streptomycin (Invi-
trogen). Primary HSMMs (Lonza) were grown in skeletal muscle cell growth
medium supplemented with the SkGM-2 bullet kit (Lonza). Control lympho-
blastoid cell lines (C3ABR/C2ABR) and AOA1 patient-derived lines (L938/L939;
gift from Martin F. Lavin) (22) are Epstein–Barr virus-transformed and were
cultured in RPMI medium 1640 (Invitrogen).

Cell Viability Assay. The cytotoxicity assay was conducted essentially as per ref.
50. Cells were exposed to MMS or menadione for 1 h at 37 °C and then
allowed to recover in complete media for 24 h. Viability was determined
using WST-1 dye (Roche), and absorbance was read at 450 nm using 600 nm
as the reference wavelength.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde/PBS, blocked
with 10% goat serum at room temperature for 60 min, and incubated with
primary aprataxin antibody (ab31841; abcam) at 4 °C overnight. This anti-
body is predicted to target amino acids 1–177 of isoform a (19). Cells were
washed with PBS and PBS-0.05% Tween 20 (Sigma), incubated for 60 min
with Alexa fluor 488 goat anti-rabbit secondary antibody (Invitrogen), and
mounted in prolong gold antifade reagent with DAPI (Invitrogen). For mi-
tochondrial colocalization experiments, the cells were preincubated with

Mitotracker Red CXMRos (Invitrogen) at 37 °C before fixation. For the TFAM
experiments, a primary mouse monocolonal antibody was used (ab89818;
abcam). Z-stacks of images were taken using a Nikon Plan Fluor 60×/0.50–1.25
oil objective mounted on a Nikon Eclipse TE2000 confocal microscope
equipped with a Hamamatsu EM-CCD camera at 37 °C using prolong gold
antifade mounting medium with DAPI and the Volocity-5 software (Perki-
nElmer). The image processing was limited to contrast enhancement.

C-Terminal GFP-Tagged Aprataxin. A GFP-tagged ORF clone of the Homo
sapiens aprataxin transcription variant 2 (NM_175069.1), which encodes iso-
form b, was purchased fromOriGene. The plasmid used a generic pCMV6-AC-
GFP backbone. The GFP plasmid was transfected into cells using the PolyJet
transfection reagent (SigmaGen) as per the manufacturer’s instructions; 3 d
after transfection, live cells were stained with a Mitotracker Red dye, and
colocalization was viewed using confocal microscopy as described above.

Isolation of Mitochondrial-Enriched Fractions and Immunoblot Analysis. Mito-
chondrial-enriched protein fractions were isolated as described (35). The
protein concentration was measured using a BCA kit (Pierce). Protein were
separated on a 4–20% gradient gel (BioRad) and transferred to a PVDF
membrane. Membranes were blocked with 4% BSA in PBS at room tem-
perature. The membrane was then incubated overnight with primary anti-
body (ab31841; abcam or NB100-534; Novus) and incubated 1 h with the
corresponding horseradish peroxidase-conjugated secondary antibody. For
detection, ECL-plus chemiluminescent reagent was used (GE Healthcare).

Expression of APTX Transcript. RT-PCR analysis of APTX and MTS-encoding
transcripts was conducted on RNA from various regions of a normal human
brain (Ambion). cDNA was made from total RNA using MultiScribe reverse
transcriptase (Roche). A commercial TAQMAN probe (Applied Biosystems)
for APTX was used to measure the major APTX transcripts; this probe bound
to a conserved region in the HIT domain. A second probe was designed that
recognized only transcripts harboring the MTS by targeting the unique 14-
aa N-terminal region; this probe used the PrimeTime Std qPCR system (In-
tegrated DNA Technologies). A probe for the housekeeping gene GAPDH
was used as the internal loading control.

Lentivirus and Infection of Cells. APTX-specific TRC shRNA-pLKO plasmid
constructs (clone ID TRCN0000083640 and TRCN0000083642; Sigma) or a
negative control scramble shRNA-pLKO.1 construct (Addgene) was cotrans-
fectedwith thepackagingplasmidpCMV-dr8.2DVPR (Addgene)andenvelope
plasmid pCMV-VSV-G (Addgene) into human embryonic kidney 293T cells
maintained in HyClone-characterized FBS (Thermo Fisher) using FuGENE6
transfection reagent (Roche). Media were collected 48 h after transduction,
and virus titer was estimated using Lenti-X Go stix (Clontech). Infection of cells
using lentivirus was conducted as described (39). Puromycin-resistant colonies
were periodically checked by RT-PCR and/or standard Western blotting using
aprataxin antibody (ab31841; abcam). Differentiation of SH-SY5Y cells was
conducted as per ref. 39.

Detection of ROS. The ROS marker dihydroethidium (DHE) (Invitrogen) was
used to measure intracellular ROS, primarily superoxide. The working con-
centration of DHE varied with cell type, ranging between 2 and 6 μM.
Fluorescence was measured at 37 °C using standard 520 nm excitation/610
nm emission at 5-min intervals for a minimum of 60 min using a FLUROstar
Optima (BMG Labtech). The mitochondrial electron transport chain blocker
antimycin A was used as a positive control to ensure that cellular dye uptake
was not rate-limiting. Cell number was used to normalize the results. Sta-
tistical significance was calculated by comparing the linear regression of the
two curves using GraphPad Prism 5 software (GraphPad).

Citrate Synthase Activity. The citrate synthase assay is used as a quantitative
marker for the content of intactmitochondria. The assaywas adapted from ref.
51 with minor modifications. In brief, protein was extracted from aprataxin-
deficient and control cells using RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1%
SDS, 0.5%Na, Deoxycholate, 0.5%Triton×100withprotease inhibitormixture)
(Roche), and the amount of protein was quantified using bicinchoninic acid
proteindetermination (Pierce). Protein sampleswerecombinedwith incubation
medium [0.1 mM Ellman’s reagent (DTNB; Sigma), 0.25% Triton X-100, 0.5 mM
oxalacetate, 0.31 mM acetyl CoA] and loaded into a 96-well plate on ice. Each
sample was assayed for citrate synthase activity in triplicate with 50% protein
input control to assure linearity. The kinetics of activity were measured over a
5-min period at 412 nm and 30 °C using a BioRad plate spectrophotometer.
Commercial citrate synthase (Sigma) was used as the assay standard. Measure-
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ments were normalized against protein content. One sample t test was carried
out on each group using the theoretical mean of 100%.

Measurement of DNA Damage and mtDNA Copy Number. The assay was per-
formed as described by ref. 52 with minor changes. DNA was extracted using
the QIAamp DNA blood extraction kit (QIAGEN) and quantified using the
Pico Green dsDNA Quantitation kit (Molecular Probes). The relative amount
of initial mtDNA or nuclear DNA added to the Q-PCR was verified using
a real-time PCR TAQMAN probe for the mitochondrial gene MTCOX-1 and
GAPDH for genomic DNA (Applied Biosystems). This method proved more
robust than the amplification of short-fragment mtDNA by Q-PCR used
previously. Q-PCR primers used were identical to those previously published
(52). We used the human mitochondrial primer sets 14,841 and 5,999 and
the human nuclear primer sets 48,510 and 62,007 to amplify 8.9 and 13.5 kb
products, respectively, that were verified by agarose gel electrophoresis.
Amplification was conducted using an Eppendorf Mastercycler (Eppendorf).
The amount of PCR product was quantitated using the Pico Green procedure
and normalized against input mtDNA and genomic DNA. The quantitation
of the mitochondrial copy number relative to a nuclear housekeeping gene

was conducted in an identical manner to the mtDNA quantitation described
above using the GAPDH TAQMAN probe (Applied Biosystems) as the internal
genomic control. A one-sample t test was carried out on each group using
the theoretical mean of 100%.

CAP Resistance Assay. CAP resistance was used to measure mtDNA muta-
genesis as described previously (53). In brief, for the selection assay, scram-
bled and aprataxin-deficient SH-SY5Y cells were seeded onto a six-well
plate, and 24 h later, medium was supplemented with 300 μg/mL CAP. The
culture was maintained for 10 d, and the number of colonies per well was
counted. The relative survival rate was calculated by dividing the number of
colonies in the presence of CAP by the number of colonies in the absence of
CAP (i.e., plating control).
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