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p66Shc is an adaptor protein involved in cell proliferation and differentiation that undergoes phos-
phorylation at Ser36 in response to oxidative stimuli, consequently inducing a burst of reactive oxygen
species (ROS), mitochondrial disruption and apoptosis. Its role during several pathologies suggests that

Keywords: p66Shc mitochondrial signalling can perpetuate a primary mitochondrial defect, thus contributing to
g?&sphc the pathophysiology of that condition. Here, we show that in the fibroblasts of neuropathy, ataxia and

retinitis pigmentosa (NARP) patients, the p66Shc phosphorylation pathway is significantly induced in
response to intracellular oxidative stress related to disrupted ATP synthase activity and mitochondrial
membrane hyperpolarisation. We postulate that the increased phosphorylation of p66Shc at Ser36 is
partially responsible for further increasing ROS production, resulting in oxidative damage of proteins.
Oxidative stress and p66Shc phosphorylation at Ser36 may be mitigated by antioxidant administration
or the use of a p66Shc phosphorylation inhibitor.

Mitochondria
Reactive oxygen species
Antioxidant defence

This article is part of a Directed Issue entitled: Bioenergetic dysfunction, adaptation and therapy.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Many studies have suggested that p66Shc (an adaptor protein
which belongs to the ubiquitous ShcA family) can be an impor-
tant factor in ROS-related pathologies because of its participation
in cellular pathways that respond to oxidative stress. Under phys-
iological conditions, the involvement of ShcA proteins (p46Shc,
p52Shc and p66Shc) in signal transduction pathways requires the
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phosphorylation of tyrosine residues located in their central CH1
domains by receptor tyrosine kinases (TRKs) (Pelicci et al., 1992;
Lotti et al., 1996). The binding of tyrosine-phosphorylated p52 and
p46 to the Grb/Sos complex facilitates Ras pathway activation.
However, tyrosine-phosphorylated p66Shc counteracts the inter-
action of p52 and p46 with the Grb2/Sos complex and prevents
Ras activation. In this case, p66Shc acts as a negative regulator of
the proliferation pathway (Migliaccio et al., 1997; Khanday et al.,
2006).

Apart its participation in signal transduction, p66Shc is involved
intheregulation of mammalian lifespan and in the cellular response
to the oxidative stress caused by reactive oxygen species (ROS),
which is implicated in the pathogenesis of many diseases and the
ageing process (Migliaccio et al., 1999). p66Shc possesses an addi-
tional CH2 domain that contains the Ser36 phosphorylation site
(Luzi et al., 2000), which under oxidative stress conditions caused
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by various pro-oxidants and toxic agents is phosphorylated at Ser36
(Migliaccio et al., 1999; Pellegrini et al., 2005). The best-described
pathway of p66Shc phosphorylation at Ser36 involves protein
kinase C 32 (PKCBII) (Pinton et al.,2007), but this protein can also be
phosphorylated by other kinases, including JNK (Le et al., 2001) and
stress-activated protein kinases (SAPK) (Yang and Horwitz, 2002;
Hu et al., 2005). The cellular response to oxidative stress involv-
ing p66Shc is a multi-step process (for details see Pinton et al.,
2007) with the translocation of p66Shc to the mitochondria and/or
mitochondria-associated membranes (MAM). This results in the
intensification of ROS production by the mitochondria. The mech-
anism of p66Shc-related ROS production has not yet been fully
determined. One hypothesis suggests that cytochrome c interacts
with p66Shc in the mitochondrial intermembrane space (IMS) and
isresponsible for ROS generation (Giorgio et al.,2005). The presence
of p66Shc in the MAM fraction, which physically interacts with the
outer mitochondrial membrane (OMM), suggests that p66Shc can
interact with some OMM proteins that have oxidoreductase activ-
ity (e.g., NADH-cytochrome bs reductase). This interaction may
promote ROS production; however, such an assumption should
be experimentally confirmed. Detailed studies of p66Shc biolog-
ical activity have also revealed that this protein can influence
antioxidant enzyme biosynthesis because p66Shc phosphorylation
at Ser36 is associated with the inactivation of the FOX03a factor
(mammalian homolog of C. elegans lifespan determinant, DAF16).
FOXO03a is a member of the group of forkhead transcription fac-
tors (FKHR-L) that binds to the promoters of the SOD2 and catalase
genes in mammalian cells and activates their transcription. Under
oxidative stress, FOX03a is inactivated and restrained in the cyto-
plasm (Nemoto and Finkel, 2002; Purdom and Chen, 2003; Lam
et al.,, 2006).

It has been demonstrated that p66Shc phosphorylation at Ser36
may be induced not only by external factors but also by endoge-
nous oxidative stress related to mitochondrial dysfunction. In
human fibroblasts with various molecular defects in mitochondrial
protein synthesis, membrane phospholipids or respiratory chain
subunits, deficiencies in bioenergetic parameters and antioxidant
defence are associated with an apparent increase in the phos-
phorylation of p66Shc at the serine 36 residue. Interestingly, the
inhibition of p66Shc phosphorylation by a PKCf inhibitor partially
decreases the oxidative stress in these cells (Lebiedzinska et al.,
2010).

Neurodegenerative and age-associated diseases, cancer and
diabetes involve an altered mitochondrial phenotype, which is
associated with increased oxidative stress (Lebiedzinska et al.,
2010; Pagnin et al., 2005; Zeviani and Di Donato, 2004). Mito-
chondrial disorders are hereditary, incurable pathologies that are
caused by a variety of changes in mitochondrial or nuclear DNA
that affect the mitochondrial metabolism and bioenergetics (Lenaz
etal., 2004; Zeviani and Di Donato, 2004). It has also been proposed
that mitochondrial pathologies, independently from their molecu-
lar background may lead to the dysfunction of the mitochondrial
respiratory chain which can also cause ROS generation. One of the
most recognized defects in this respect is the m.8993T>G mutation
in subunit 6 of the mitochondrial ATP synthase (MTATP6) resulting
in the substitution of a highly conserved leucine to arginine (L156R)
(D’Aurelio et al., 2010). Despite of the heterogenic symptoms,
this most common and studied mutation at mtDNA nucleotide
8993 is described by the acronym NARP based on the symptoms
in the first described patient (neuropathy, ataxia, retinitis pig-
mentosa). In contrast to most other pathogenic (heteroplasmic)
mtDNA mutations, the levels of m.8993T>G mutation do not vary
significantly among different tissues in the same subject (Craig
et al., 2007) which make fibroblast cultures of affected individ-
uals an easy and reliable experimental tissue. Moreover, the NARP
phenotype is observed when the mutation load varies between 70

and 90%. If higher, it may cause the fatal infantile encephalopathy
(MILS). As it was proposed, enhanced production of ROS affects
DNA, enzymes and phospholipids, which results in further abnor-
malities in mitochondrial function and exacerbates the pathology
(Geromel et al., 2001). This feedback loop is customarily called
the vicious cycle of ROS production (Mancuso et al., 2009). p66Shc
has been found to be an important part of this pathologic vicious
cycle.

In the present study, we tested the hypothesis that in fibro-
blasts from NARP patients, phosphorylation of p66Shc at Ser36
is a consequence of ROS overproduction due to hyperpolarisa-
tion of the inner mitochondrial membrane. We also postulate
that p66Shc activation contributes to further mitochondrial oxida-
tive stress. In fibroblasts from patients with NARP syndrome, the
mitochondrial respiratory chain operates properly, but the proton-
motive force is not used for ATP synthesis because of a defect
in ATP synthase. The low ATP synthase activity is responsible for
the mitochondrial hyperpolarisation and the resulting increased
ROS production and p66Shc phosphorylation at Ser36. To pre-
vent ROS-induced damage and to inhibit the p66Shc-related ROS
vicious cycle, the effects of a PKC inhibitor (hispidin) and antiox-
idants, such as a vitamin E derivative (Trolox) and a plastochinon
derivative (SkQ), were investigated. As there is currently no poten-
tial treatment for mitochondrial diseases, a decrease in oxidative
stress in the cells harbouring the mitochondrial defect is desirable.
The possible mechanisms and conditions of p66Shc Ser36 phos-
phorylation should be elucidated in detail to possibly prevent the
harmful effects of p66Shc-related ROS generation in the presented
model.

2. Results
2.1. Patients

To study the effect of p66Shc on the cellular response to
mitochondria-related oxidative stress, fibroblast cultures were
obtained from two patients with nearly homoplasmic 8993T>G
(p.L156R) mtDNA mutations that caused a defect in subunit 6 of the
ATP synthase (ATP6) and human neonatal dermal fibroblasts (Fn)
used as a control. Patient 1 (P1) presented at the age of 3 months
with truncal hypotonia and hypertonic jerks. Progressive neuro-
logical symptoms with a decrease in visual contact and increased
plasma and cerebrospinal lactate levels were also observed. At
the age of 5 months, the patient required artificial ventilation
because of respiratory failure. Patient 2 (P2) showed epilepsy-like
episodes at the age of 9 months and was treated with valproate.
A deterioration of the neurological status in conjunction with lac-
tic acidosis then developed. Brain MRI images at the ages of 9 and
18 months showed severe progressive atrophy. Muscle biopsies of
the patients revealed non-specific histological and histochemical
changes, although no OXPHOS abnormalities were found spec-
trophotometrically in the muscle homogenates. The mitochondrial
pathology suspected in both patients was directly confirmed by
the identification of a common mtDNA mutation of the MILS/NARP
type in the DNA isolated from the muscle. Oil Red O staining of
NARP fibroblasts revealed increased lipid deposits accumulation
indicating an abnormal lipid metabolism (Supplementary Figure 1).
However, the profile of the lipid metabolism enzymes (short chain
hydroxyacyl CoA dehydrogenase, medium chain acyl CoA dehydro-
genase and trifunctional protein) was not changed compared with
the cells from human neonatal dermal fibroblasts (Fn) and human
skin fibroblasts of healthy volunteer (C3). The muscle and fibroblast
biopsies were performed at 6 and 25 months of age, respectively,
in patients 1 and 2.
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2.2. Bioenergetic characterisation and ROS production in
fibroblasts from NARP patients

To determine the impact of the ATP synthase defect on the
mitochondrial metabolism in fibroblasts from NARP patients, the
mitochondrial membrane potential (mtAW), respiratory chain
activity and mitochondrial NADH redox index were measured.
The measurement of mtAW using the fluorescent probes TMRM
and JC1 showed a slight increase in the proton-motive force in
the mitochondria of the patients’ fibroblasts (Fig. 1A and A’). The
increased mtA W correlated with a 20% decrease in electron trans-
port chain activity (Fig. 1B) that was observed in these cells. The
decrease in the respiratory chain activity related to the higher
mtAW¥ was confirmed by the increased NADH redox index in
the NARP fibroblasts (Fig. 1C). To extend the control group, we
also studied the heterogeneity of the studied parameters in con-
trol fibroblasts. We used several other control groups, including
two other cell lines: human adult dermal fibroblasts (C2) and
human skin fibroblasts of healthy volunteer (C3) and compared
several parameters with human neonatal dermal fibroblasts (Fn).
The results presented in Supplementary Figure 2 show that human
neonatal dermal fibroblasts used as the control do not differ sig-
nificantly from the other control cell lines. The absolute NADH
and FAD fluorescence levels are shown in Supplementary Figure
3.Increased mitochondrial superoxide anion (mt. O,°~) production
(Fig. 1D) correlated with the decrease of aconitase activity (Fig. 1G).
Interestingly, we observed reduced cytosolic superoxide (cyt. 0,°~)
and hydrogen peroxide (H,05) production in both NARP fibroblast
lines (Fig. 1E and F). The defect in ATP synthase was visualised
using blue native gel electrophoresis and an in-gel activity assay.
In both NARP cell lines, we observed decreased ATP synthase activ-
ity compared with control cells (Fig. 1I). Moreover, mitochondrial
oxidative stress in the fibroblasts of NARP patients was responsible
for the higher level of oxidatively damaged proteins, as indicated
by the increased levels of protein carbonylation (Fig. 1H). In both
NARP cell lines, we also detected decreased calcium uptake by the
mitochondria (6.73 +£1.27 uM, 2.8 +0.54 uM and 5.21+1.18 uM
for the control, P1 and P2 cells, respectively), which indicates
that mitochondrial calcium homeostasis was affected. The stan-
dard cytochemical analysis of the fibroblasts of NARP patients is
presented in Supplementary Figure 4.

2.3. Mitochondrial morphology in fibroblasts of NARP patients

Because most mitochondrial dysfunctions influence the struc-
ture of the mitochondrial network, we performed a detailed
analysis of the static and dynamic mitochondrial network parame-
ters using fluorescence microscopy and image analysis software.
The mitochondrial morphology visualised by MitoTracker Red
staining showed that the mitochondrial network in NARP cells was
significantly fragmented (Fig. 2A). The image analysis (Fig. 2B) indi-
cated that the mitochondrial area and volume in the fibroblasts
of NARP patients were decreased compared with the control cells,
whereas the subcellular distribution (dispersion) of the mitochon-
drial network in healthy and NARP cell lines was comparable.

2.4. p66Shc Ser36 phosphorylation status and the levels of
antioxidant enzymes in fibroblasts of NARP patient

To investigate the possibility that mitochondrial alterations in
fibroblasts from NARP patients, including increased oxidative stress
are able to activate p66Shc phosphorylation at Ser36, we estimated
the phosphorylation status of p66Shc. Western blotting revealed
an increased level of p66Shc phosphorylated at Ser36 in the fibro-
blasts of NARP patients (Fig. 3A). The calculated ratio between
Ser36-P-p66Shc and p66Shc indicated a significant increase in the

phosphorylation of p66Shc (Fig. 3B). Moreover, in both patient cell
lines, we observed an increased level of activated (e.g., phospho-
rylated at serine 660) PKC( (Fig. 3C), which supports the p66Shc
phosphorylation results. Based on the literature (Pani and Galeotti,
2011; Smith et al., 2005; Koch et al., 2008; Pani et al., 2009) and
our previous results (Lebiedzinska et al., 2010) suggesting that
Ser36-phosphorylated p66Shc influences antioxidant enzymes, we
studied altered expression of antioxidant enzymes in the NARP
model of intracellular oxidative stress. We determined that the
level of SOD1 was unchanged, whereas the levels of SOD2 and
GPx 1 and 2 were greatly increased. Surprisingly, an extremely low
level of catalase was detected in both fibroblast lines with NARP
mutations (Fig. 3A). FOX03a, which is the main transcription fac-
tor responsible for the regulation of SOD2 and catalase expression,
was found to be inactivated in NARP patient fibroblasts; this tran-
scription factor is under the control of p66Shc (Fig. 3D). To mimic
the ATP synthase dysfunction observed in fibroblasts from NARP
patients, we induced mitochondrial hyperpolarisation by treating
control fibroblasts with oligomycin. In this experimental model,
the oligomycin-induced shift to mitochondrial state 4 respiration is
coupled with mitochondrial hyperpolarisation and increased mito-
chondrial superoxide production (Suski et al., 2012). The treatment
of control fibroblasts with oligomycin increased the phosphoryla-
tion of p66Shc at Ser36 (Supplementary Figure 5), which indicates a
direct relationship among mitochondrial hyperpolarisation, oxida-
tive stress and the phosphorylation of p66Shc at Ser36.

2.5. Effect of the inhibition of the p66Shc phosphorylation
pathway on intracellular oxidative stress and mitochondrial
parameters in NARP fibroblasts

To test the hypothesis that the phosphorylation of p66Shc
at Ser36 is an important element in the oxidative stress-driven
vicious cycle in cells harbouring NARP mutations, we inhibited
p66Shc phosphorylation using the PKCB-specific inhibitor his-
pidin. We observed that hispidin and two antioxidants (Trolox and
SkQ) decreased the phosphorylation of p66Shc in NARP patient
fibroblasts (Fig. 4 and Supplementary Figure 6). These observa-
tions correlated with the diminished mitochondrial superoxide
production (Fig. 5A and B) observed after hispidin treatment of
NARP fibroblasts. Comparing Trolox and SkQ differential effects
were observed. Trolox decreased both mitochondrial and cytosolic
superoxide anion in both NARP fibroblast lines. By its turn, SkQ had
more limited effect, causing a significant mitochondrial superoxide
anion decrease in P2 NARP fibroblast line.

3. Discussion

The production of oxygen free radicals by mitochondria has been
implicated in several aspects of mitochondrial physiology, ranging
from a physiological activation of signalling pathways to a dele-
terious initiation of mitochondrial degeneration and, ultimately,
the induction of mitochondrial-mediated cell death (Jones, 2006;
Kakkar and Singh, 2007; Kowaltowski et al., 2009; Pereira et al.,
2009). p66Shc, which is an alternatively spliced isoform of the
growth factor adaptor that belongs to the ShcA family, is a new
player in the control of mitochondrial physiology and modulation
of ROS production. This protein has received increasing attention in
the last several years for its involvement in oxidative stress-induced
mitochondrial alterations. p66Shc contains an additional domain,
CH2, with a Ser36 phosphorylation site that is unique among
Shc proteins. p66Shc phosphorylation at Ser36 triggers increased
ROS production, which can contribute to mitochondrial damage
under different stress conditions and aging (Lebiedzinska et al.,
2009, 2010). Upon translocation to the mitochondria, p66Shc can
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Fig. 1. Bioenergetic characterisation, ROS production and protein carbonylation in control and patient fibroblasts. (A) mitochondrial membrane potential (mtA W) measured
with the use of TMRM; (A’) mitochondrial membrane potential (mtA W) measured with the use of JC-1; (B) respiratory chain activity; (C) redox index (NADH/NAD); (D) mito-
chondrial superoxide production (mtO,*~); (E) cytosolic superoxide production (cytO,*~); (F) hydrogen peroxide (H,0,) production; (G) aconitase activity measured in human
neonatal dermal fibroblasts (Fn) and patient fibroblasts (P1) and (P2) lysates; (H) degree of protein carbonylation in human neonatal dermal fibroblasts (Fn) and patient fibro-
blasts (P1)and (P2); (I) activity of mitochondrial ATP synthase as determined by a blue native in-gel activity assay; Bars are averages of at least three independent measurements
and are expressed as a percentage of control (Fn) cells for each parameter. Statistically significant differences between Fn and NARP (P1 and P2) cell lines are indicated *P < 0.05.
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imaged as described in Section 4. A typical picture of mitochondrial structure is shown. Bars are averages of three independent. Statistically significant differences between

Fn and NARP (P1 and P2) cell lines are indicated *P<0.05.

participate in the generation of oxygen free radicals not only by
a direct interaction with cytochrome c (Giorgio et al., 2005) but
also by establishing a connection with mitochondrial p53 and Mn-
superoxide dismutase (Pani and Galeotti, 2011). However, recent
findings cast some doubts on whether p66Shc enters the mitochon-
dria, which would exclude a direct interaction with cytochrome c,
or associates with the outer mitochondrial membrane (Wieckowski
et al., 2009).

In our previous study, we demonstrated that intracellular oxida-
tive stress related to respiratory chain dysfunction can trigger the
phosphorylation of p66Shc at Ser36 (Lebiedzinska et al., 2010). This
finding indicates that intracellular oxidative stress can also acti-
vate the p66Shc phosphorylation pathway. The results presented
in the current manuscript refer to a situation in which intracellu-
lar oxidative stress is not related to the defective mitochondrial
respiratory chain but is rather the consequence of mitochondrial
hyperpolarisation. A detailed characterisation of our experimental
model revealed a small (statistically not significant when mea-
sured with TMRM) but statistically significant measured with JC-1
probe increase in the mitochondrial membrane potential in NARP
fibroblasts. This was accompanied by the decreased activity of the
mitochondrial respiratory chain as a consequence of ATP synthase
inhibition and mitochondrial coupling. The mitochondrial coupling
was confirmed by a higher NADH/NAD ratio, in both NARP patients
compared with the control fibroblasts. We also demonstrated an
alteration of mitochondrial Ca?* homeostasis in NARP fibroblasts

that manifested as a decrease in Ca2* uptake by the mitochon-
dria. Moreover, in NARP fibroblasts, the mitochondrial network was
fragmented, which can serve as evidence of enhanced oxidative
stress (Sardao et al., 2007). Measurement of superoxide production
in the mitochondrial matrix with the use of Mitosox red suggests
a relation with increased mitochondrial superoxide production.
Unfortunately, Mitosox derived fluorescence depends both on the
levels of mt. 0,*~ and mitochondrial membrane potential due
to the fact that its accumulation depends directly on the mito-
chondrial membrane potential. Therefore, Mitosox red only gives
a qualitative assessment of mitochondrial superoxide generation.
For this reason, to justify and demonstrate increased level of mt.
0,*~, we measured the activity of aconitase, an enzyme present in
the mitochondrial matrix compartment and involved in the tricar-
boxylic acid cycle. Aconitase is extremely sensitive to ROS due to
the presence of alabile iron-sulphur cluster (Gardner, 2002). There-
fore, its activity may be used to reflect the level of ROS inside the
mitochondria. Decreased aconitase activity supported the Mitosox
data concerning the possible higher level of mt. O,°~ observed in
the mitochondrial matrix.

All this, together with oxidatively damaged proteins in NARP
fibroblasts confirmed the relationship between the mitochondrial
membrane potential and mitochondrial ROS production that was
described by Korshunov et al. (1997). The increased mitochon-
drial superoxide production in NARP fibroblasts was accompanied
by a high level of SOD2, which suggests an adaptation to the
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elevated level of superoxide in the mitochondrial matrix. Similarly,
Geromel et al. (2001) have found increased activity of SOD2, which
was accompanied by an increased amount of its mRNA in the NARP
fibroblasts. Similarly to the data presented by Mattiazzi et al. (2004)
we found no change in the predominantly cytosolic SOD1. Addi-
tionally, the transcription factor FOXO3a, which is controlled by
p66Shc and is responsible for the regulation of SOD2 expression,
was inactivated in NARP fibroblasts (see Supplementary Figure 5).
We detected low levels of catalase, which is involved in the detox-
ification of H,0;, in NARP cells. However, the increased levels of
GPx1 and 2 in these cells could potentially provide a functional
substitute for catalase activity. Similar to catalase, GPx1 and 2 are
responsible for H,0, elimination, but FOX03a does not control the
expression of the GPx proteins. This finding may explain the lower
level of H, 0, production in our NARP fibroblasts. However, we did
not find any explanation for the observed lower level of cytosolic
superoxide in the NARP cells, especially if the SOD1 level was found
to be the same in control and NARP cells.

In our experimental model of endogenous oxidative stress
resulting from mitochondrial hyperpolarisation, we observed
increased activity of PKCP3 and an increase in p66Shc phosphor-
ylation at Ser36. Interestingly, we observed a similar effect upon
the inhibition of ATP synthase in control cells by oligomycin. In
oligomycin-treated cells, we observed increased membrane poten-
tial and mitochondrial superoxide production, which clearly shows
a link between the mitochondrial hyperpolarisation and p66Shc

phosphorylation at Ser36. It has been proposed by Mattiazzi et al.
(2004) that the increase of ROS production in the control cells
treated with oligomycin was smaller than spontaneously occurring
in T8993G mutant cybrids used for the studies. They concluded
that the inhibition of the ATP synthase is not the only cause of
increased ROS production in NARP cells and can be also a rea-
son of insufficient antioxidant defences activity (i.e. lower catalase
level and not upregulated SOD1 level presented in our studies).
Moreover, as it has been frequently described that in response to
oxidative stress, high levels of p66Shc phosphorylation at Ser36
promote an additional increase in mitochondrial ROS generation
(Arany et al., 2010; Lebiedzinska et al., 2010; Le et al., 2001;
Yang and Horwitz, 2002) and influence the levels of antioxidant
enzymes. If p66Shc phosphorylation at Ser36 is an important fac-
tor in the pathology of oxidative stress, its inhibition in NARP
fibroblasts should at least partially alleviate the production of
reactive oxygen species. In particular, the treatment of NARP
fibroblasts with SkQ (a plastoquinone-derivative mitochondrial-
targeted antioxidant) decreased p66Shc phosphorylation in NARP
fibroblasts (Fig. 4). This demonstrates that mitochondrial oxidative
stress can be a primary event in the activation of p66Shc, although
at this point we cannot rule out other sources as well. Similarly,
the inhibition of p66Shc phosphorylation by hispidin, which is an
inhibitor of PKC[3, decreased mitochondrial superoxide production
in both NARP cell lines. Surprisingly, as we previously observed in
the fibroblasts of patients with combined mitochondrial defects,
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Fig. 4. Effect of hispidin, trolox and SkQ treatment on the Ser36-phosphorylation of
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experiments and are expressed as a percentage of untreated (nt.) P1 and P2 cells for
each treatment respectively. Statistically significant differences between untreated
and treated NARP (P1 and P2) cell lines are indicated *P<0.05.

hispidin also increased the hydrogen peroxide production in NARP
fibroblasts (Lebiedzinska et al., 2010), but the possible mechanisms
of this phenomenon should be elucidated in detail in further stud-
ies. The differences in the response for the treatment between the
two NARP cell lines can be explained by previously observed high
variations among cell lines carrying the same T8993G mutation
(D’Aurelio et al., 2010).

From the data presented in this work, we can conclude that an
increase in ROS production related to mitochondrial membrane
hyperpolarisation is also responsible for the p66Shc phosphory-
lation at Ser36. Inhibition of p66Shc phosphorylation by hispidin
results in decreased mitochondrial superoxide anion production,
which acts downstream of p66Shc activation. The pro-oxidant
properties of p66Shc can induce a vicious cycle of ROS produc-
tion that leads to the escalation of intracellular oxidative stress.
The inhibition of p66Shc phosphorylation at Ser36 seems to be a
viable strategy to decrease the severity of the oxidative stress that
accompanies mitochondrial pathologies.

4. Materials and methods
4.1. Ethics

The present studies with human fibroblasts were performed in
accordance with the Declaration of Helsinki of the World Medical
Association and were approved by the Committee of Bioethics at
the Children’s Memorial Health Institute. Informed consent was
obtained from the parents before any biopsy or molecular analysis
was performed.

4.2. Fibroblast cultures

Human skin fibroblasts were grown from explants of skin
biopsies in standard Dulbecco’s modified Eagle medium (DMEM)
with high glucose (4.5g/l), 5mM sodium pyruvate and 2mM L-
glutamine (Lonza) that was supplemented with 10% (v/v) foetal
bovine serum (Gibco) and 1% penicillin/streptomycin solution
(Sigma-Aldrich) and an atmosphere of 5% (v/v) carbon dioxide
in air at 37°C. Human neonatal dermal fibroblasts (NHDF, Cat. n.
CC-2509, Lonza) were used as a healthy control (Fn). Additionally,
NHDF adult dermal fibroblasts (Cat. n. CC-2511, Lonza) (C2) and
human skin fibroblasts from a healthy volunteer (C3) were used for
a comparison with the control (Fn) healthy fibroblasts. The medium
was changed every two days. The cells were cultured on 10-cm
plates until they reached confluence. The cells were passaged onto
multiwell plates 2 days prior to the measurement of ROS and mito-
chondrial parameters, and the medium was changed the day before
the experiment.

Optionally, Dulbecco’s modified Eagle medium was supple-
mented with 3 M hispidin (Sigma-Aldrich), 250 uM Trolox
(Sigma-Aldrich), or 1nM SkQ (V. Skulachev, Moscow), and
the cells were cultured for 5 days. The growth medium
that was supplemented with the effectors was changed every
two days.

4.3. Cytochemistry

Two days before an experiment, the cells were plated in Lab-Tek
Il chambers (Nalge Nunc International, USA) in the culture medium
and grown under standard conditions for 48 h. The following pro-
tocols were performed.

4.3.1. Haematoxylin and eosin (H&E) staining

The cells were washed with PBS, fixed in chilled methanol for
10 min, washed with PBS and stained with haematoxylin (Sigma
#MHS-32). The cells were then washed for 5 min with tap water
and stained with a water solution of eosin (Sigma #HT110-2-32).
The cells were mounted on glass slides with DPX.

4.3.2. Succinate dehydrogenase activity (SDH)

The histochemical staining for SDH activity was performed
according to a modification of the method originally described
by Seligman et al. (1968) and Dubowitz (1985). The cells were
washed with PBS and incubated in 50 mM Tris-HCl, pH 7.54,
that was supplemented with 50 mM succinate and 0.25 mg/ml
nitrotetrazolium blue for 1h at 37°C in a humid chamber. The
slides were then washed three times with deionised water and
mounted on glass slides with Dako Faramount aqueous mounting
medium.

4.3.3. 0il Red O staining

The cells were washed with PBS, fixed in 10% buffered formalin,
and preincubated in an 85% water solution of propylene glycol (1,2-
propanediol). The slides were stained with a 0.5% solution of Oil Red
O (Sigma-Aldrich) in 100% propylene glycol. The slides were then
washed with deionised water, and the nuclei were stained with
haematoxylin. Finally, the slides were mounted on glass slides with
Dako Faramount aqueous mounting medium.

4.3.4. NADH dehydrogenase staining

The cells were washed three times with PBS and incubated in
50 mM Tris-HCl, pH 7.54, that was supplemented with 0.5 mg/ml
NADH and 1 mg/ml nitrotetrazolium blue for 1 hat 37 °Cin a humid
chamber. The slides were then washed three times with deionised
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Fig. 5. Effect of trolox, hispidin and SkQ treatment on cytosolic and mitochondrial superoxide production in patient fibroblasts. (A) The effect of trolox (T), hispidin (H) and
SkQ (SkQ) on mitochondrial superoxide production; (B) the effect of trolox (T), hispidin (H) and SkQ (SkQ) on cytosolic superoxide production; cells not treated (nt). The
patient fibroblasts (P1) and (P2) were treated with trolox, hispidin and SkQ as described in Section 4. Bars are averages of at least three independent experiments and are
expressed as a percentage of untreated (nt.) P1 and P2 cells for each treatment respectively. Statistically significant differences between untreated and treated NARP (P1 and

P2) cell lines are indicated *P<0.05.

water and mounted on glass slides with Dako Faramount aqueous
mounting medium.

4.4. Measurement of respiratory chain activity

Fibroblasts that had been grown in 24-well plates were washed
twice with PBS and then incubated in PBS containing 5mM glu-
cose and 6 M resazurin (Sigma-Aldrich). The fluorescence was
recorded immediately thereafter in a microplate reader (Infinite
M200, Tecan, Austria) with excitation and emission wavelengths
of 510nm and 595 nm, respectively. To determine the level of
nonspecific reaction, the cells were pre-incubated with medium
containing 2 mM KCN for 15 min.

4.5. Measurement of mitochondrial membrane potential (mtAY)

Fibroblasts grown in 24-well plates were washed twice with
PBS to remove the medium and then incubated in the presence of
20nM TMRM Sigma in PBS containing 5 mM glucose for 20 min
at 37°C. The cells were washed twice with PBS. The fluores-
cence was then measured in a microplate reader (Infinite M200,
Tecan, Austria) with wavelengths of 544 nm (excitation)/590 nm
(emission). Moreover, mitochondrial membrane potential has
been evaluated with the use of 5,5,6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) fluorescent
probe. Fibroblasts grown in 24-well plates were washed twice with
PBS to remove the medium and then incubated in the presence of
10 wMJC-1 in PBS containing 5 mM glucose for 10 min at 37 °C. The

cells were washed twice with PBS and the green and red fluores-
cence was recorded in a microplate reader (Infinite M200, Tecan,
Austria), respectively, at 485 nm excitation/520 nm emission and
at 535 nm excitation/635 nm emission wavelengths.

4.6. Measurement of NAD(P)H and FAD autofluorescence

The autofluorescence was imaged using a Zeiss 510 META con-
focal system on a heated stage at 37°C. NAD(P)H was excited by
a 351 nm UV laser (Coherent), and the emitted light was collected
with a 435-485 nm band pass filter. The FAD autofluorescence was
detected by line excitation with a 488 nm argon laser, and the
emitted light was collected with a 510 nm long pass filter. To mea-
sure the relative redox state (denoted as the redox index) of the
NAD(P)/NAD(P)H pair, the signal was corrected for bleaching and
normalised to the maximally oxidised (in the presence of 1 uM
FCCP) and maximally reduced (in the presence of 1 uM rotenone)
signals, which were measured after each run.

4.7. Measurement of H,0, production

The rate of HyO, production was measured with the ROS-
sensitive fluorescent probe 5CM-H,DCFDA (Invitrogen). The cells
were grown in 24-well plates and treated with 2 wM CM-H; DCFDA.
The kinetics of the fluorescence increase was then recorded in a
microplate reader for 30 min with excitation and emission wave-
lengths of 495 nm and 520 nm, respectively.
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4.8. Measurement of mitochondrial superoxide (mt0,°*~)
production

Fibroblasts grown in 24-well plates were incubated for 10 min at
37°Cin the presence of 5 wM Mitosox red (Invitrogen) in PBS con-
taining 5 mM glucose. The cells were washed twice with PBS, and
the fluorescence was recorded in a microplate reader with excita-
tion and emission wavelengths of 510 nm excitation and 595 nm,
respectively.

4.9. Measurement of cytosolic superoxide (cytO,*~ ) production

Fibroblasts grown in 24-well plates were incubated for 20 min
at 37°C in the presence of 0.5 wM dihydroethidium (DHE, Invitro-
gen) in PBS containing 5 mM glucose. The cells were washed twice
with PBS, and the fluorescence was recorded in a microplate reader
with excitation and emission wavelengths of 535 nm and 635 nm,
respectively.

4.10. Measurement of the aconitase activity

The aconitase activity was measured spectrophotometrically in
whole cell lysates with the use of the Aconitase Enzyme Activity
Microplate Assay Kit (Mitosciences) following the standard proto-
col of the manufacturer.

4.11. Measurement of mitochondrial calcium uptake

Cells grown on 13 mm round glass coverslips at 50% confluence
were infected with the adenovirus expressing the mitochondrial
aequorin chimera. All measurements were carried out in KRB
(125 mM NaCl, 5mM KCI, 1 mM MgSO,4, 1 mM Nay;HPOg4, 5.5 mM
glucose, 20 mM NaHCOs3, 2 mM L-glutamine and 20 mM HEPES pH
7.4, and was supplemented with 1 mM CaCl,). Agonist was added
to the same medium. The experiments were terminated by lysing
the cells with 100 wM digitonin in a hypotonic Ca2*-rich solution
(10mM CaCl; in H;0), thus discharging the remaining aequorin
pool. The light signal was collected and calibrated into [CaZ*] values,
as previously described (Pinton et al., 2007).

4.12. Detection of oxidatively modified proteins

The levels of oxidised proteins were estimated using the OxyBlot
protein oxidation detection kit (Chemicon). Aliquots of 25 g of
protein were separated on a 10% SDS polyacrylamide gel, and the
standard protocol of the manufacturer was followed.

4.13. Sample preparation for Western blots

The cell pellets were resuspended in cold lysis buffer (50 mM
Tris, pH 7.5, 150 mM NacCl, 1% Triton, 0.1% SDS, 1% sodium deoxy-
cholate) with protease inhibitor cocktail (Sigma-Aldrich) and
phosphatase inhibitor cocktail (Sigma-Aldrich). The samples were
incubated on ice for 15 min and then centrifuged at 14,000 x g for
20 min at 4°C to remove insoluble cellular debris. The protein con-
centration in the supernatant was determined using the Bradford
method. The samples for SDS-PAGE were denatured in reducing
Laemmli loading buffer in 95°C or 45°C (for OXPHOS complex
detection) for 5 min.

4.14. Western blotting

The cell lysates (25-50 g protein) were separated by SDS-PAGE
in 8% or 10% polyacrylamide gels (BioRad) and transferred onto
PVDF membranes (BioRad). The membranes were blocked using
2% non-fat milk (BioRad) in TBS buffer containing 0.01% Tween

20 (TBS-T, Sigma-Aldrich) for 1h. The following antibodies were
used for protein detection: p66Shc (BD Biosciences) and Ser36-P-
p66Shc (Calbiochem) monoclonal antibodies (both diluted 1:1000),
SOD1 rabbit polyclonal antibody (1:5000; Santa Cruz), SOD2 goat
polyclonal antibody (1:500; Abcam), catalase monoclonal antibody
(1:1000; Santa Cruz), GPx1/2 (1:500; Santa Cruz), FOX03a(1:1000;
Abcam), Ser253-P-FOX03a (1:1000; Abcam), PKC[3 (1:500; Santa
Cruz), Ser660-P-PKC (1:1000; Cell Signaling) and monoclonal 3-
actin peroxidase conjugated antibody (1:10,000, Sigma-Aldrich),
followed by the appropriate secondary HRP-conjugated antibody
(1:5000) (Santa Cruz), all in 2% milk in TBS-T buffer.

4.15. Analysis of mitochondrial network morphology

To label mitochondria, the cells were incubated according to
the manufacturer’s instructions with the MitoTracker Red CMXRos
(Invitrogen) probe, which passively diffuses across the plasma
membrane and accumulates in polarized mitochondria. After the
staining, the coverslips were placed in an acquisition chamber
mounted under the microscope. Short imaging sessions to evalu-
ate the morphology and motility of mitochondria were performed
at 37°C and under a stable 5% CO, concentration. The images were
acquired using a Leica TCS SP5 confocal microscope (Leica) with a PL
Apo: 63x/1.32 NA oil immersion objective using the 561 nm line of
a diode pumped solid state laser with 10% transmission and a pixel
count of 1024 x 1024. A series of z-stacks was acquired for a cell
with a step of 0.2 wm and additional digital zoom to provide a final
lateral resolution of 0.08 wm per pixel. The confocal images with the
highest resolution were restored by three-dimensional (3D) decon-
volution using Huygens Professional software (Scientific Volume
Imaging, Hilversum, Netherlands, http://www.svi.nl/) that applied
a classic maximum-likelihood estimation algorithm and an auto-
matically generated point-spread function. The 3D reconstructions
of the confocal images and the quantitative morphometric analysis
of the mitochondria were performed offline with Imaris software
provided by Biplane.

4.16. Blue native electrophoresis and in-gel activity assay

The blue native electrophoresis was performed as previously
described previously (Karkucinska-Wieckowska et al., 2006). To
visualise the activities of the monomeric, dimeric and multimeric
forms of mitochondrial ATPase, the gel was incubated at 35°C
with a solution containing 35 mM Tris-HCI, 270 mM glycine, 14 mM
MgSQOy4, 0.2% Pb(NO3 ), and 8 mM ATP (pH 7.8). The incubation was
terminated when the white bands that represent the active mito-
chondrial ATPase became visible (approximately 12 h).

4.17. Estimation of mtDNA copy number

The mtDNA was isolated by phenol-chloroform extraction,
which was followed by SYBR Green gPCR amplification with
primers that annealed onto the UCP2 nuclear gene (intron 2 and
exon 3) and the ND5 mitochondrial gene (bp 11,092-11,191,
according to the Genebank sequence from the National Centre
for Biotechnology Information, USA). The ratio between the ND5
amplicon and half of the nuclear amplicon amount was defined as
the mtDNA copy number per cell.

4.18. Statistical analysis

The differences in the band densities were analysed using NIH
Image] software. The data obtained from the microplate reader
(Infinite M200, Tecan, Austria) were analysed using Microsoft Excel
2005, Statistically significant differences between control (Fn) and
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NARP patient cell lines were estimated by unpaired two tailed Stu-
dent’s t-test. A level of confidence of P<0.05 was adopted. Where
appropriate, we applied 1-way ANOVA with post hoc analysis. Sig-
nificance levels were set at P<0.05.
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