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Defective mitochondrial disulfide relay system,
altered mitochondrial morphology and function
in Huntington’s disease
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A number of studies have been conducted that link mitochondrial dysfunction (MD) to Huntington’s disease
(HD); however, contradicting results had resulted in a lack of a clear mechanism that links expression of
mutant Huntingtin protein and MD. Mouse homozygous (HM) and heterozygous (HT) mutant striatal cells
with two or one allele encoding for a mutant huntingtin protein with 111 polyGln repeats showed a significant
impairment of the mitochondrial disulfide relay system (MDRS). This system (consisting of two proteins, Gfer
and Mia40) is involved in the mitochondrial import of Cys-rich proteins. The Gfer-to-Mia40 ratio was significant-
ly altered in HM cells compared with controls, along with the expression of mitochondrial proteins considered
substrates of the MDRS. In progenitors and differentiated neuron-like HM cells, impairment of MDRS were ac-
companied by deficient oxidative phosphorylation, Complex I, IV and V activities, decreased mtDNA copy
number and transcripts, accumulation of mtDNA deletions and changes in mitochondrial morphology, consist-
ent with other MDRS-deficient biological models, thus providing a framework for the energy deficits observed
in this HD model. The majority (>90%) of the mitochondrial outcomes exhibited a gene–dose dependency with
the expression of mutant Htt. Finally, decreases in the mtDNA copy number, along with the accumulation of
mtDNA deletions, provide a mechanism for the progressive neurodegeneration observed in HD patients.

INTRODUCTION

Huntington’s disease (HD) is a fatal neurodegenerative dis-
order characterized by psychiatric, cognitive and motor disor-
ders (1). The neuropathology of HD involves the selective
dysfunction and death of specific neuronal subpopulations
within the central nervous system, in which the most affected
cells are the gamma-aminobutyric acid-releasing spiny pro-
jecting neurons of the striatum (subcortical brain structure
that controls body movement) (2). Disease onset is generally
marked by involuntary movements of the face, fingers, feet
or thorax (3). Psychiatric symptoms (depression, anxiety,
apathy and irritability) are more heterogeneous (4) and can
occur up to 20 years before the onset of the choreiform move-
ments. Patients usually die 10–20 years after the first symp-
toms appear, as currently there is no effective treatment to
prevent or delay disease progression.

The human HD gene (also called IT15) contains 67 exons
spanning .200 kb. The translated wild-type (WT) huntingtin
(Htt) protein is a 350 kDa protein containing a polymorphic
stretch of between 6 and 35 Gln residues in its N-terminal
domain. When the number of Gln-encoding repeats exceeds
36, the gene encodes a version of huntingtin or mutant huntigtin
(mutHtt) that leads to disease (5,6). The mutant protein with the
polyGln expansion induces the formation of neuritic, cytoplas-
mic and nuclear inclusions, leading to dysfunction and finally
death of these neurons. Analysis of postmortem brains from
patients at the early stages of HD revealed the presence of dys-
trophic neurites before cell death (7). Early neuropathology has
also been detected in mouse models of HD such as electro-
physiological and mitochondrial abnormalities and the presence
of neuropil aggregates in axons and axon terminals (8).

There is significant evidence that energy production is
impaired in HD (9). Impaired glucose metabolism has been
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observed in striatum of HD patients at early stages of the
disease (10–12), striatal hypometabolism has been observed
in presymptomatic HD cases (13) and increased lactate
levels have been observed in the cortex and basal ganglia
from HD patients (5). Others have identified defects in mito-
chondrial respiratory Complexes II, III and IV in postmortem
brain tissues from HD cases with substantial neuronal loss
(14–17). However, others indicated that the presence of
mutHtt did not impair the activity of respiratory complexes
(18–20): Complex activities were not significantly different
between mouse striatal neurons with two alleles encoding
for a mutHtt with 111 Gln repeats compared with control
cells (18), in the striatum of presymptomatic or lower grade
HD cases with minimal neuronal loss (19), or in several trans-
genic HD mouse models (19,20). Other studies reported mito-
chondrial dysfunction (MD) in brains of transgenic mice
(21,22), changes in mitochondrial calcium homeostasis in
HD mouse models and in patients’ lymphoblasts (23–26), oc-
currence of a feedback loop between Complex III and the pro-
teasome (27), and deficiency in PGC1-a, possibly leading to
an altered mitochondria biogenesis (28).

Mitochondrial and nuclear DNA mutations resulting in mito-
chondrial diseases have been described in genes encoding for

respiratory-chain subunits, oxidative phosphorylation assembly
factors, proteins involved in mitochondrial DNA (mtDNA)
maintenance, factors related to mitochondrial protein synthesis,
biosynthetic enzymes and proteins promoting mitochondrial
biogenesis (29). While many of these proteins are synthesized
in the cytosol in the form of precursor proteins and post-
translationally transported to the mitochondria in an unfolded
state, other low molecular weight Cys-containing proteins
localized at the IMS require the sequential cooperation of the
translocase of the mitochondrial outer membrane (TOM)
complex, followed by the mitochondrial disulfide relay
system (MDRS) for intramitochondrial import (30) utilizing
cytochrome c as the terminal electron acceptor (31).

The MDRS is constituted by two proteins (Fig. 1A), the
mitochondrial intermembrane space import and assembly
protein 40 (Mia40 also known as coiled-coil-helix-coiled-coil-
helix domain-containing protein 4 or CHCHD4) and Gfer
(also known as Alr, Erv1, Herv1, HPO). Physiological sub-
strates of the MDRS include many proteins relevant to COX
biogenesis (Cox12, Cox17, Cox19, Cox23 (30,32)), several
small Tim chaperones (Tim8, Tim9, Tim10 and Tim13
(33,34) and the copper chaperone for superoxide dismutase
or Ccs1 (32), in addition to a proposed role in Fe/S traffic in

Figure 1. Evaluation of the MDRS proteins expression in striatal cells. (A). Schematic representation of the MDRS. Mia40 oxidizes the proteins that are
imported into the mitochondria trapping them into the intermembrane space, and in turn it gets re-oxidized by Gfer. The transfer of electrons to cytochrome
c finalizes the restoration of the oxidized form of Gfer. (B). Western blots for the indicated proteins were performed on total cell lysates as described under
Materials and Methods and Supplementary Material, Table S1. Twenty-five micrograms of proteins were loaded in each lane. Actin was used as a loading
control. (C). Densitometry of Gfer, Mia40, cytochrome c and Cox17, in striatal cells. Data are shown as mean+SEM. The P-values shown are relative to
the statistical comparison (ANOVA followed by Bonferroni’s post-test) of HT and HM with WT. ∗ P , 0.05, ∗∗ P , 0.01.
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the cytosolic compartment (35); therefore, a defect in this
pathway is likely to result in multiple effects due to a defective
import of proteins relevant to Complex IV biogenesis as well
as to a number of yet uncharacterized mitochondrial proteins.
Defects in the ERV1 gene were initially identified by a
temperature-sensitive yeast mutant with a severe defect in oxi-
dative phosphorylation and reduced levels of mitochondrial
transcripts (36). In further studies, it was shown that this
gene was essential for the maintenance of intact mtDNA
(37) as well as mitochondria morphology and distribution
(38). Thus, considering that mutHtt is primarily found in the
cytoplasm and the initial events leading to the disease may
start in this subcellular compartment, we reasoned that an
altered MDRS might result in the MD observed in HD.

Despite the wealth of information, to date contradictory
results have been obtained in terms of MD, and several
issues still remain to be addressed. For instance, what is the
role of MDRS in MD? Is the MD based on lower mitochon-
drial mass and/or dysfunctional MDRS-related substrates? Is
there a mutHtt dose dependency? Does a compromised oxida-
tive phosphorylation (OXPHOS) affect the energy status of the
HD cell? Does the MD affect differently progenitor and fully
differentiated neurons? To address these and other questions,
we used mouse striatal neuron progenitors and mature, differ-
entiated neuron-like striatal cells (hereafter called differen-
tiated) in homozygous (HM)-containing two alleles with a
‘humanized exon 1’ with a 111 polyGln repeat, heterozygous
or HT containing one allele with 111 polyGln repeat, and
wild-type (WT) cells containing both alleles with a polyGln
repeat of 7 (control) neurons.

RESULTS

Defective mitochondrial disulfide relay system in HD
mitochondria

Defective MDRS reported in yeast expressing a F123S ERV1
mutation (37,38) and in patients with an R194H mutation (39)
has been shown to be accompanied by a loss of mtDNA copy
number and/or increased deletions, disrupted mitochondrial
morphology and MD. Given the similarities between these
outcomes and those observed in brain tissues of HD patients
(9,14–17), we tested (a) the protein levels of the MDRS com-
ponents, (b) the mtDNA copy number per cell and mtDNA
deletions and (c) mitochondria morphology, (d) mitochondrial
activities, coupling between electron transport and ATP pro-
duction, and mass and (e) the energy status in neuronal HD
cells by evaluating ATP levels and by checking ATP-driven
cell cycle phases in progenitor and differentiated mouse HM
and HT striatal cells with two or one allele encoding for a
mutHtt with 111 polyGln repeats.

Altered ratio of MDRS components in HD
The protein expression of MDRS components (Gfer, Mia40,
cytochrome c and the downstream substrate Cox17, Fig. 1A)
were evaluated by western blots in neuronal HD cells. While
the protein levels of Gfer in both HD cell lines were 38% of
control values, those of Mia40 were either not affected (HT)
or 67% of control values in HM (Fig. 1B and C). The levels
of cytochrome c (the terminal electron acceptor of MDRS)

in HM were found to be 1.3-fold of controls, maybe as a com-
pensation mechanism to overcome the deficiency in the
MDRS. Following the trend of Mia40, the protein level of
Cox17 was 72 and 46% of control values in HT and HM, re-
spectively (Fig. 1B and C). Other subunits of Complex IV
which do not require the participation of MDRS, such as the
mtDNA-encoded subunit III (COXIII), were found not differ-
ent in HT versus controls but significantly lower in HM (see
below), suggesting a disrupted assembly/folding of Complex
IV subunits.

Although some substrates for MDRS have been identified,
others still remain unknown. To this end, we screened the
40+ subunits of Complex I that fulfilled the requirement for
being an MDRS substrate. The sequences were analyzed for
the presence of putative IMS-targeting signals (ITSs) charac-
teristic of MDRS substrates, i.e., by defining an ITS as a
stretch of at least nine amino acids upstream or downstream
of any Cys of the CX9CXnCX9C motif, and having one aro-
matic and one hydrophobic amino acid (or two aromatic
amino acids) four and seven residues distant from the Cys
(40). In silico searching resulted in three candidates,
NDUFB7, NDUFA8 and NDUFS5, consistent with those pre-
dicted for Complex I across several species (41,42). Western
blot analysis indicated that levels of NDUFB7 and NDUFS5
in HD cells were 54% and 140% of controls, with no differ-
ence between HT and HM (Fig. 2). (Note: the commercially
available anti-NDUFA8 antibody was tested at multiple dilu-
tions (from 1:1000 to up to 1:300) but no band was visualized
with any of the cell lines).

To test whether the altered expression of NDUFB7 and
NDUFS5 could affect that of other Complex I subunits,
given that the assembly of this complex is performed
through multiple stages involving the formation of sub-
complexes (43,44), western bots were run for Complex I sub-
units representing all three sub-complexes of Complex I
(I-alpha, I-beta and I-lambda). No significant changes in
Complex I subunits were detected in HT, besides NDUFB7
and NDUFS5 (Fig. 2). In HM cells, the protein expression
of NDUFA9, GRIM19 (or NDUFA13) and NDUFS3 was
decreased by 47, 47 and 69% in HM, whereas that of
NDUFS4 was increased by 217% (Fig. 2). These results
clearly suggested a disrupted protein assembly/folding consist-
ent with a disrupted MDRS with altered expression of
Complex I subunits, more exacerbated in HM than HT. It is
interesting to note that NDUFS4 protein expression is higher
in HM than in WT, since this subunit is a target for phosphor-
ylation/dephosphorylation (45,46), process which may regu-
late the reversible switch of Complex I between active and
de-active conformations dependent on the cell respiratory
status (45,46).

Decreases in the mtDNA copy number and mitochondrial tran-
scripts accompanied by increases in mtDNA deletions in a
mutHtt-dose and passage number dependence
The mtDNA copy number in controls was 305+ 13 from pas-
sages 6 to 11, showing a statistically significant decrease by
31% (P , 0.05) only at passage 13 (Fig. 3A). In HT cells,
the mtDNA copy number was lower than controls at all
passage numbers (by 18+ 3%, combined P , 0.0001) and a
statistically significant decrease was observed at passages 10
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and 13 relative to that at passage 6 (by 19 and 27%, respect-
ively, P , 0.05 and P , 0.01). In HM, mtDNA copy
number was significantly lower than WT at all passage
numbers (by an average 34+ 4%, combined P , 0.0001,
Fig. 3A). At early passages (6–7), the mtDNA copy number
in HM was similar to that of HT, with the difference that
the copy number started declining as early as passage 9 (by
20% relative to HM passage 6, P , 0.05), reaching a
plateau at passages 10 and higher (49+ 1% decrease at pas-
sages 11–13 compared with passage 6, P , 0.0005). Although
this mtDNA copy number was only 50% of control values at
passage 13, these levels were above the threshold for consid-
ering a mtDNA depletion syndrome (30% or lower (47,48)).

None of the proteins so far identified as substrates for
MDRS belong directly to mtDNA replication/maintenance;
however, it is important to note that the mtDNA replication
starts near or at the inner membrane (49), thus disruption or

changes in the IM architecture may also affect mtDNA repli-
cation (37). In this regard, the transcript level of Chchd10, a
protein containing the CX9CX9C9X9C motif which was
found to be a potential MDRS substrate (42), was significantly
downregulated in HM (23.93 and 26.02 compared with WT
and HT, respectively; P , 0.05), and although a definite role
for this protein has not yet been reported (50), another mito-
chondrial coiled-helix-coiled-helix protein Chchd3, with the
motif CX9CX10CX9C and also a potential substrate for
MDRS (42), has been found to have a critical role in cristae
maintenance and mitochondrial function (51).

No significant accumulated deletions—as judged by the
CYTB/ND1 ratios—were observed in control cells between
passages 9 and 13 (from 0% to 2.6%; Fig. 3B). However,
mtDNA deletions were evident at passage 9 only in HM
(3.5%, Fig. 3B), and more drastically at passage 13 for both
HM and HT (11.4 and 27.4% for HT and HM, respectively;

Figure 2. Expression of mitochondrial complex I subunits in striatal cells. (A). Western blots for the indicated subunits were performed on total cell lysates as
described under Materials and Methods section and Supplementary Methods. Actin was used as a loading control. Details and dilutions of the antibodies used are
reported in Supplementary Material, Table S1. (B). Densitometry of NDUFA9, GRIM19, NDUFB7, NDUFS3, NDUFS4, NDUFS5 was performed with the
Image Studio 2.0 software. Data are shown as mean+SEM. The P-values shown are relative to the statistical comparison (ANOVA followed by Bonferroni’s
post-test) of HT and HM with WT. ∗ P , 0.05, ∗∗ P , 0.01.
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Fig. 3B) relative to controls. Thus, these results indicated that
mtDNA deletions accumulated with passage number and in a
mutHtt-dose dependency.

To evaluate the effect of the quality of the template and the
number of copies on transcription, mtDNA transcripts (10 out
of 13 protein-encoding genes) were evaluated by qPCR. The
level of transcripts was significantly lower in HM (69+ 4%
of WT, P , 0.0001) and HT (67+ 4% of WT, P , 0.0001) at
passages 9–11 than controls (Supplementary Material,
Fig. S3). At passage 14, mitochondrial transcripts in HM and
HT cells were, respectively, 22+ 4% (P , 0.0001) and 11+
2% (P , 0.0001) of the ones measured in the same cell line at
passages 9–11 (Supplementary Material, Fig. S3). These
results indicated that the average of the levels of the
mtDNA-encoded transcripts decreased with passage number,
following the trend observed for microdeletions of mtDNA.

The accumulation of mtDNA deletions might be a reflection
of a defective clearance of damaged mitochondria, process
accomplished via the selective autophagy named mitophagy
(52). This process requires PARK2 recruitment to dysfunctional
mitochondria with a stabilized PINK1 at the outer membrane
(OM) to initiate their degradation (53). While no changes in
gene expression for PARK2 or PINK1 were obtained by
qPCR, significant decreases in gene expression were obtained
for UCHL1 or PARK5 and LRRK2 or PARK8. The UCHL1
transcript levels were 5- to 6-fold lower in HM compared with
controls, and the levels were �10-fold lower in HM compared
with HT (P , 0.001). The LRRK2 transcript levels were 26.54
in HM and 22.98 in HT of controls (P , 0.001). As defects in
PARK2 and PINK1 are the cause of Parkinson disease types 2
and 6, respectively, Parkinson type 8 is associated with
defects in LRRK2, a protein involved in autophagy localized
at mitochondrial outer membrane, (54), and Parkinson disease
type 5 is associated with defects in UCHL1, an ubiquitin
carboxyl-terminal hydrolase. Given that polymorphisms in
UCHL1 have been described as risk factors for the age of HD
onset (55), decreases in UCHL1 and/or LRRK2 might trigger
a decreased clearance of defective mitochondria and accumula-
tion of damaged organelles.

Altered mitochondrial morphology in HD cells
The critical differences in the morphology of mitochondria
from HD cells, evaluated by using MitoTracker Deep Red

(56), were observed compared with control cells (Fig. 4A
and B). In control cells, the majority of mitochondria were
organized as an extended network of tubular structures (57)
(Fig. 4A and B). However, the mitochondrial network of HD
cells appeared disrupted and the mitochondrial morphology
appeared either fragmented or circular (or ‘doughnut-like’;
Fig. 4A and B), in agreement with other reports on
HD-affected rat cortical neurons and fibroblasts (58) and
with the mitochondrial morphology observed in yeast ERV1
mutants (38).

The increase in circular mitochondria was 4.5-fold and
5.5-fold for HT and HM cells (Table 1). Although the increase
in circular mitochondria could be mainly accounted for the de-
crease in tubular mitochondria, more fragmented mitochondria
were also observed in HD cells (2.5-fold of controls; Table 1).
Upon differentiation, HD cells showed the same mitochondrial
pattern as progenitor cells, with fragmented and circular mito-
chondria still evident in HT and HM cells (Fig. 4).

Complex I, Complex IV and Complex V affected in HD with a
mutHtt-dose dependency
Given the MDRS deficits observed above, individual complex
activities were evaluated to identify generalized versus specif-
ic defects at the electron transport chain (ETC) in both pro-
genitor and fully differentiated neurons. Regardless of the
differentiation process, HT cells had lower Complex I activity,
as judged by NADH-quinone oxidoreductase activity (NQR)
(58+ 8% in average) and NADH-ferricyanide oxidoreductase
activity (NFR) (46+ 10% in average, not shown), relative to
controls (Table 2). No differences in succinate-cytochrome c
reductase activity (SCCR) (Complexes II and III) or ATPase
mitochondrial ATP hydrolyzing activity activities were
recorded in HT, progenitor or differentiated cells (Table 2).
Despite having lower expression of Gfer and Cox17, the cyto-
chrome c oxidase (CCO) activity in HT was 2.2-fold of control
values, suggesting that (i) these lower protein expressions
were not enough to trigger a lower CCO activity and (ii) the
increase in CCO activity was probably triggered in an
attempt to overcome the deficiency at the level of Complex
I. In agreement with these observations, myoblasts from
patients harboring the R194H Gfer point mutation resulted
in a significant lower colocalization of Gfer with mitochondria
accompanied by decreases in muscle Complexes I (46.5%), II

Figure 3. Effect of passage number on the mtDNA copy number and deletions. (A). MtDNA copy number was evaluated in WT, HT and HM cells at passages
6–13. Asterisks represent statistically significant differences relative to passage 6 for each individual cell line. ∗P , 0.05, ∗∗P , 0.01, ∗∗∗∗P , 0.0005 evaluated
with ANOVA followed by Bonferroni’s post-test. (B). MtDNA microdeletions at passage 9 and 13 in striatal cells. Values are shown as percentage of control
values at passage 9.
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Figure 4. Mitochondrial morphology in progenitor and differentiated striatal cells. (A). Confocal images of progenitors and differentiated striatal cells probed with
MitoTracker Deep Red FM. Cells were plated onto polylisine-coated coverslips and then stained as described in the Materials and Methods section. Images were
taken using an Olympus FV1000 laser scanning confocal microscope at 60× magnification and zooms variable between 2.0 and 3.0. Scale bar ¼ 10 nm. White
arrows identify some of the circular mitochondria. (B). Details (60×, zoom 4.0) of tubular, fragmented and circular mitochondria in progenitor striatal cells.
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(62.1%) and IV (44.8%), indicating that a significant decrease
in MDRS activity might be required to observe a decline in
Complexes II and IV. However, we cannot exclude tissue-
specific differences of the MDRS pathway in myoblasts
versus neurons. In this regard, OXPHOS in brain, liver and
kidney is mainly controlled at the phosphorylation level by
ATP synthase and a phosphate carrier, whereas in muscle
and heart, the control is exerted at the level of the respiratory
chain (59); thus, deficits in MDRS in neurons may trigger add-
itional defects such as a lower ATPase activity. This predic-
tion was confirmed experimentally in HM cells (see below).

Consistent with the prediction of a more affected MDRS in
HM, Complex I and IV activities were significantly lower than
controls, regardless of the differentiation stage (NQR ¼ 64%,
Table 2; NFR ¼ 64%, not shown; CCO ¼ 46%, Table 2). A
lack of support for post-translational modifications of
Complex I resulting in activity loss was attributed to the
lack of Complex I activity recovery by preincubation with
1 mM dithiothreitol (DTT) (as judged by NQR and NFR activ-
ities), indicating that the impaired activity was not due to the
oxidation of thiols and/or formation of S-nitrosothiols (60)
from increased oxidative stress (see below). CCO activity
showed a significant decrease in progenitor and differentiated
HM (46+ 7% in average; Table 2), accompanied by a 36%
decrease in the protein expression of COXIII (Fig. 5A). No
changes in SCCR were observed in HM cells in contrast
with a mouse model of HD, in which administration of 3-
nitroproprionic acid, a mitochondrial Complex II inhibitor,
was found to replicate many of the pathological and clinical
features of HD (61). On the other hand, this model may
very likely reproduce the deficit in Complex II-III (along
with Complex IV) characterizing advanced stages of the
disease, as observed on caudate and putamen of HD patients
at stages 3 and 4 (15,16).

Thus, an altered pattern of Complex I subunits seems to
account for its decreased activity in HD cells, originated
from a defective MDRS. Although both HD cells presented
lower Cox17 expression (Fig. 1), the further reduction of
Cox17 levels observed in HM versus HT (by 40%; Fig. 1)
seems to point to a limiting step in the assembly of a function-
al CCO Complex that impacts HM but not HT.

MDRS deficits and other mechanisms contribute to ATPase
activity decline in HD. The Complex V activity in HM was
lower than controls and HT (ATPase ¼ 63%), although no
proteins directly related to ATPase have been found to be po-
tential MDRS’ substrates, nDNA-encoded subunits with (e.g.

alpha and beta subunits) or without (e.g. subunit d) N-terminal
pre-sequences may be impacted by a defective MDRS result-
ing in an altered downstream import pathway via the disrup-
tion of small Tim chaperones, known MDRS substrates (see
Discussion). In addition, other mechanisms that may have con-
tributed to the decline in ATPase activity were explored.
Among them, the role of OM-bound mutHtt which may
impact the assembly/import of ATPase subunits, the occur-
rence of F1Fo-ATPase inhibitor (IF1) to limit ATP loss and
Tyr nitration as a marker for oxidative stress.

First, the protein level of Complex V subunit alpha (but not
that of beta) was found different in HM from both HT and
WT (Fig. 5B) resulting in an alpha-to-beta ratio different from
that of WT, suggesting that there is an accumulation of beta sub-
units not incorporated into an ‘active’ F1 with the correct stoi-
chiometry (1:1). We hypothesize that attachment of mutHtt to
OM, in a gene–dose manner, may result in lower import/
folding of nDNA-encoded subunits for Complex V, and as
such, result in lower ATPase activity. Indeed, it has been
reported that (i) binding of mutHtt to OM increases mitochon-
dria susceptibility to calcium-induced permeability transition
pore opening and cytochrome c release (25) and (ii) the inter-
action of mutHtt with the OM protein Drp1 increases mitochon-
drial fragmentation and impairs mitochondrial biogenesis (62).
In other reports, it has been shown that blocking mitochondrial
contact sites by, for example, overexpressed precursor mito-
chondrial proteins, leads to defective transport, (63) whereas
increases in cyclin D1, such as those observed in leukemia,
seem to outcompete endogenous HK2 for VDAC binding at
the OM (64). To this end, the total and mitochondria-bound
WT and mutHtt were evaluated by immunofluorescence in con-
trols, HT and HM cells (Supplementary Material, Fig. S4A, B).
In a gene–dose dependency, a lower co-localization of WT Htt
with mitochondria (HT ¼ 79% of controls; P , 0.001) was ac-
companied by an increase in the co-localization of mutHtt with
mitochondria (HT ¼ 45% of HM; P , 0.0001). In agreement
with these findings, the levels of the voltage-dependent anion
channel (VDAC) OM protein were 80 and 50% of controls, re-
spectively, in HT and HM (Supplementary Material, Fig. S4C),
a further confirmation of the mutHtt-dependent altered import/
assembly of mitochondrial proteins (of note, the decrease of
VDAC levels in HM cells were 1.5-fold lower than the observed
decrease in mitochondrial mass, see below).

Second, the expression of the IF1 was significantly higher in
HT (15-fold) and HM (10-fold) HD than WT (Fig. 5C). This
increase may reflect an attempt to limit ATP depletion when
the mitochondrial membrane potential falls below a threshold
and the F1Fo-ATP synthase starts hydrolyzing ATP to pump
protons out of the mitochondrial matrix (65,66). Increases in
IF1 halt or decrease the ATP hydrolysis (or ATPase activity)
without affecting the ATP synthesis activity of Complex V
(66). Although IF1 protein expression was higher in both HT
and HM, whereas the activity was affected only in HM, it is
worth noting that the IF1 protein only binds to the ATP syn-
thase under specific conditions of acidic pH (67), conditions
not always present in mitochondria (67), as it could be in
the case of HT in which the MD is less evident than in HM.

Finally, Tyr nitration, as a post-translational modification of
Complex V subunits, did not seem to have a role in the decline
of ATPase activity (68). Although (i) other post-translational

Table 1. Mitochondria morphology in striatal cells

Cell line Mitochondria morphology (%)
Tubular Circular Fragmented Other

WT 74+1a,b 11.3+0.7c,d 7.9+0.6e,f 6.7+0.4g,h

HT 19.7+0.8a 49.7+0.5c 16.8+0.7e 13.7+0.8g

HM 8.9+0.7b 61.2+0.7d 20.5+0.8f 9.4+0.5h

Numbers with the same superscripts were significantly different from
each other with P ¼ 4 × 10-28 (a), 4 × 10-31 (b), 2 × 10-28 (c), 6 × 10-34 (d),
2 × 10-10 (e), 4 × 10-14 (f), 5 × 10-8 (g)and 3 × 10-5 (h).
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modifications cannot be excluded, (ii) increased oxidative
stress was observed in HD cells (steady-state concentrations
of hydrogen peroxide in progenitor control, HT and HM
were 44+ 6, 69+ 10 and 285+ 18 nM, respectively; P ,
0.01), and (iii) the levels of nitrated beta-ATPase in HD
cells were significantly higher than WT (7.5- and 9-fold
higher in HM and HT, respectively, of WT, Supplementary
Material, Fig. S5), a similar level of nitration did not seem
to account for the decreased Complex V activity observed in
HM only.

Decreased oxygen consumption and coupled respiration in
HD mitochondria

To assess the effect of the deficits on complex activities, the
oxygen consumption rates were followed in permeabilized
HD cells. The use of permeabilized cells overcomes potential
issues with substrate permeability at the plasma membrane
and/or access to mitochondria. NADH-oxidase activity
(Complex I � III � IV � V) in the presence of ADP (phos-
phorylating conditions) was significantly decreased in HD
cells (39 and 23% of control values for HT and HM, respect-
ively; Table 1). Succinate oxidase (Complex II � III � IV
� V) supplemented with ADP showed significant deficits
only in HM cells (33% of WT; Table 1). Deficits in NADH-
and succinate-oxidase activities were also observed in differ-
entiated HD cells, at comparable levels with those observed
previously with progenitors (NADH oxidase: 55 and 34% of
control values for HT and HM, respectively; succinate
oxidase: 52% of control values for HM, Table 2). These
results indicated in HM a defect at the level of Complex I
and in the segment of Complexes III–V, whereas in HT, the
defects were only observed in Complex I, in agreement with
the results obtained with the individual evaluation of
complex actvities.

The coupling of electron transport to ATP synthesis (evalu-
ated by the respiratory control ratio or RCR) was evaluated in
HD cells. Control cells exhibited a high RCRu (Table 2); con-
versely, a significant percentage of mitochondria were
uncoupled in both HD cells (46 and 64%, respectively, in
HT and HM). Consistent with the results obtained with pro-
genitor cells, the RCRu of differentiated control and HD

neurons was not affected by the differentiation process,
remaining at values similar to those of the progenitor cells
(53 and 38% of WT for HT and HM, respectively; Table 2).

Mitochondrial OXPHOS is more affected in HD than
mitochondrial mass

To ascertain the putative effect of lower mitochondrial mass in
HD on OXPHOS, three markers of mitochondrial mass were
assessed: citrate synthase (CS) activity, mitochondria density
per cell area and mtDNA copy number per cell. The CS activ-
ity was found to be significantly lower in progenitor HD cells
(72 and 65% of WT for HT and HM, respectively; Table 2). In
parallel experiments, confocal microscopy was performed to
evaluate mitochondrial mass and function in living cells by
staining with Mitotracker Deep Red. The fluorescence of the
dye normalized to the total cell area indicated a 25 and 33%
decrease in functional mitochondria for progenitor HT and
HM, respectively, compared with WT (Table 2 and Supple-
mentary Material, Fig. S6). Similar results were obtained for
differentiated HD cells for both citrate synthase and confocal
microscopy (74+ 1% and 60+ 1% of WT for HT and HM,
respectively, for both outcomes; Table 2 and Supplementary
Material, Fig. S6).

The mtDNA copy number—as observed before—decreased
in HD cells (by 20 and 34% in HT and HM; Fig. 3). These
decreases were comparable with those observed with CS activ-
ity and by confocal microscopy (by 25–28% in HT and by
33–40% in HM). The decrease in mtDNA copy numbers asso-
ciated with increased mtDNA deletions observed in HD was
consistent with that observed in patients carrying an R194H
mutation in Gfer (39).

Although the mitochondrial mass decreased in HD cells (by
25 and 39% on average in HT and HM, respectively), this de-
crease was significantly less than that of some of the mito-
chondrial outcomes tested above. In HD cells, the expression
of Gfer decreased by 62% and the expression of NDUFB7
by 50%. Complex activities, NADH- and succinate oxidase
were 50–80% of WT on average after normalization by
citrate synthase (Table 2). Furthermore, in HM cells, the
average expression of Cox17, NDUFA9, GRIM19 and
alpha-ATPase was decreased by 56+ 4% to WT, suggesting

Table 2. Mitochondrial mass and OXPHOS function in progenitor and differentiated HD cells

Outcome Progenitor Differentiated
Control HT HM Control HT HM

Mitotracker staining (FU) 45+2 34+1∗∗∗ 30+1∗∗∗ 41+2 31+1∗∗∗ 28+1∗∗∗

CSa 73+1 56+4∗∗ 50+3∗∗∗∗ 73+4 50+5∗∗∗ 46+4∗∗∗∗

NADH Oxidaseb,c 0.084+0.004 0.033+0.004∗∗∗∗ 0.019+0.001∗∗∗∗ 0.067+0.001 0.037+0.003∗∗ 0.023+0.005∗

Succinate Oxidaseb,c 0.070+0.003 0.087+0.006 0.023+0.004∗∗∗ 0.048+0.001 0.063+0.005 0.025+0.008∗

CCOb,c 0.069+0.001 0.173+0.012∗∗∗∗ 0.035+0.003∗ 0.082+0.001 0.154+0.020∗∗∗ 0.034+0.001∗

NQRa,c 1.35+0.07 0.70+0.05∗∗∗ 0.92+0.06∗∗ 0.79+0.08 0.50+0.04∗ 0.47+0.06∗

SCCRa,c 0.030+0.003 0.033+0.003 0.023+0.002 0.022+0.001 0.029+0.004 0.03+0.001
ATPasea,c 0.31+0.04 0.31+0.05 0.17+0.02∗ 0.32+0.04 0.37+0.07 0.22+0.02∗

RCRu 13.0+1.0 7.5+0.2∗∗ 5.3+0.6∗∗∗ 4.7+0.4 2.5+0.2∗ 1.8+0.5∗∗

aMeasured spectrophotometrically. All rates were expressed as nmol × (min × 106 cells)-1 and reported as mean+SEM.
bMeasured polarographically and reported as mean+SEM.
cnormalized by CS.
Significant with ∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.005; ∗∗∗∗P , 0.001 relative to control.
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that the implication of a defective MDRS leads to MD more
than a decreased mitochondrial biogenesis and/or mass in con-
trast with other reports in which decreases in mass seem to be
as relevant as deficits in function (9,18).

HD striatal cells exhibit energy deficits detectable by
longer doubling time and G1-S cell cycle arrest

A unifying hypothesis linking chronic ATP depletion and oxi-
dative stress in HD had emerged in recent years (9). To test
whether the observed disrupted OXPHOS, mitochondrial
morphology and mtDNA maintenance observed in HD cells
could result in energy deficits, total and mitochondrial ATP
levels were recorded in progenitors and differentiated striatal
cells. Total ATP production in HT and HM was 53% and
38%, respectively, of WT (average of progenitors and differ-
entiated cells, Table 3). Mitochondrial ATP levels (evaluated
as the difference between total ATP production and the

oligomycin-resistant one) were, respectively, 73 and 41% of
WT (average of progenitors and differentiated, Table 3).

To evaluate whether these lower levels of ATP could be con-
sidered as energy deficits in HD, and given that decreases in
mitochondrial ATP production blocks G1-to-S phase progres-
sion in flies (4), without necessarily affecting viability, we eval-
uated the doubling time (DT) and the cell cycle progression in
HD cells. In growth media, only HM showed a longer DT
than controls (1.4-fold; 33+ 1 h; P , 0.05). Analysis of the
cell cycle phases carried out with the fluorescence ubiquitina-
tion cell cycle indicator (FUCCI) cell cycle sensor after the
first round of division showed a significant increase of the
number of cells in G1-S for HM only (7.3-fold and 4.3-fold
higher than WT and HT, with P , 0.01 and P , 0.5, respective-
ly; Supplementary Material, Fig. S7). Thus, these results indi-
cated that the longer DT observed in HM cells could be
attributed to an increased block in the G1-S phase. While we
cannot exclude other contributing factors or mechanisms
(58,62,69), G1-S arrest is triggered by metabolic stress

Figure 5. Expression of mitochondrial complex IV and V subunits in striatal cells. Densitometry and representative western blot for (A) Complex IV subunit III,
(B) Complex V subunit alpha and beta and (C) Complex V subunit IF1 were performed on total cell lysates as described under Materials and Methods section
and Supplementary Material, Table S1. Thirty micrograms of total proteins were loaded per lane and actin was used as a loading control. Densitometry was
evaluated with the use of the Image Studio 2.0 software. Data are shown as mean+SEM. The P-values are relative to the statistical comparison (ANOVA
followed by Bonferroni’s post-test) of HT and HM with WT. ∗P , 0.05, ∗∗P , 0.01.
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checkpoint of the cycle that is controlled by the activation of
LKB1/NUAK1 (70) promoting the phosphorylation of p53 at
S15 and S392 (71), modifications that prevent its degradation,
resulting in the cellular accumulation of p53 and a longer cell
cycle.

Energy deficits seem to be contributing to the phenotype in
HM but not in HT at passages 9–11; however, at higher pas-
sages, this deficit may extend to HT as well. In addition, al-
though mitochondria are fundamental at providing ATP via
OXPHOS, we cannot exclude other critical processes such
as heme biosynthesis, one-carbon metabolism, some steps of
amino acid synthesis and degradation, which may result
affected in both HT and HM.

DISCUSSION

The results presented in this study indicate that there is a deficit
in the MDRS which includes lower protein expression of Gfer
(HM ¼ HT) and Mia40 (HM), and the downstream target
Cox17 (HM . HT), altered expression of Complex I subunits
(HM . HT), disrupted mitochondrial morphology (HM .
HT), lower mtDNA copy number and increased deletions
(HM . HT), lower OXPHOS, Complex I, IV and V activities
and ATP levels (HM . HT), and increased oxidative stress
(HM ¼ HT). These outcomes seemed to follow a gene–dose
and passage number dependency, i.e. more pronounced in HM
than HT and with increasing passage number. It is worth
noting that the altered protein expression of the MDRS compo-
nents, as observed in HD, might underestimate the magnitude of
the defect, for oxidation of critical Cys at Mia40 via increased
oxidative stress, as it is observed in these cells expressing
mutHtt, might result in even lower MDRS activities than
those expected solely on protein expression.

Several studies have shown evidence that energy production
is impaired in HD. Impaired glucose metabolism has been
observed in striatum of HD patients at early stages of the
disease (10–12) and, some groups have also reported deficits
in mitochondrial Complex I in platelets and muscle of HD

patients (72,73), and Complexes II, III and IV in postmortem
brain tissue from HD cases with substantial neuronal loss
(14–17). However, other reports indicated that the presence
of mutHtt does not seem to impair the activity of the respiratory
Complexes in striatum and cerebral cortex of transgenic mice
(19,20). Previous studies on HM mouse striatal cells showed
decreased oxygen consumption and decreased ATP levels not
accompanied by impaired ETC activities (18); others using
the same mouse HM and control cells and, in one human fibro-
blast cell line, suggested a role for mutHtt-mediated oxidative
damage leading to mtDNA damage and decrease in the
general spare respiratory capacity in HD cells (74). Our study
conducted using the same mouse model, but including the HT
and differentiated cells for the first time, confirmed some of
the outcomes (lower ATP production), in addition to providing
evidence for a significant impairment of MDRS, OXPHOS,
Complex I, IV and V activities, decreased mtDNA copy
number and transcripts, and increased deletions in progenitors
and differentiated HM cells, thus providing a framework for
the observed ATP production impairment. The discrepancies
between our results and the ones previously obtained using
the same cellular model (18) may lie on the different methodolo-
gies used for the preparation of the homogenates for enzymatic
assays (i.e., use of protease and phosphatase inhibitors, this
study). In addition, we demonstrated the importance of testing
STHdh striatal cells at different passage numbers to unveil accu-
mulated damage, which may have been overlooked at early pas-
sages. In this regard, a dysfunctional mechanism involving
UCHL1 and LRRK2 could explain the accumulation of
damaged mitochondria that originates in either the decreased
transcript levels and/or defective insertion at the outer mem-
brane caused by the mutHtt attached to mitochondria. This ‘re-
sistance’ to degradation could be interpreted as an attempt to
sustain ATP levels when glycolysis has been significantly
affected (decreases in ATP by glycolysis were by 60%
whereas those from mitochondria were by 20% in HT and by
60% in HM). Indeed, during starvation, the levels increase
and activate protein kinase A (PKA, which in turn, may phos-
phorylate the pro-fission dynamin-related protein 1 (DRP1),
which is therefore retained in the cytoplasm, leading to un-
opposed mitochondrial fusion. Elongated mitochondria are
spared from autophagic degradation, possess more cristae,
increased levels of dimerization and activity of ATP synthase,
and maintain ATP production (75). Similar to those observa-
tions, mitochondria showed a typical doughnut-like shape,
which seem to result from a head–tail collapse of elongated
mitochondria and halted autophagic response, contrary to that
study, with no changes (HT) or lower (HM) ATPase activity.

Three main conclusions can be drawn from this study: (i)
disrupted MDRS seems to underlie most of the observed mito-
chondrial changes, both directly (as noted at the levels of
Complexes I and IV for subunits that are MDRS substrates)
and indirectly (ATPase). In this last instance, defects in
MDRS may lead to deficits in MDRS substrate proteins
Tim8, 9, 10 and 13 (76,77). Some of these chaperones are
part of the TIM22 complex (Tim9, Tim10, Tim12), which is
responsible for translocation/insertion of carriers as well as
for Tim23 and Tim17 (78). Tim23 is an essential component
of TIM23 complex whose function is to import precursors
with an N-terminal pre-sequence (77), such as the ATPase

Table 3. Total and mitochondrial ATP levels in progenitors and differentiated
striatal cells

Progenitors Differentiated
Total ATP Mitochondrial

ATP
Total ATP Mitochondrial

ATP

WT 2.35+0.34 1.01+0.19∗∗∗ 2.32+0.32 1.02+0.21∗∗∗

HT 1.35+0.31 0.77+0.11∗∗∗ 1.17+0.01 0.72+0.01∗∗∗

P-value
versus WT

P , 0.05 P , 0.01 P , 0.01 –

HM 0.89+0.02 0.42+0.02∗∗∗ 0.89+0.01 0.42+0.01∗∗∗

P-value
versus WT

P , 0.01 P , 0.01 P , 0.01 P , 0.05

P-value
versus HT

– P , 0.01 – –

ATP concentrations were expressed as nmol/million cells. Data are mean+
SEM of at least two measurements in duplicate. ∗∗∗P , 0.001 versus
correspondent total ATP levels evaluated by Student’s t-test.
Statistical analysis of the comparison among HT, HM and WT was performed
with ANOVA followed by Bonferroni’s post-test. Mitochondrial ATP levels
were evaluated as described in the Materials and Methods section.
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beta subunit (79). Thus, it is possible that an initial disruption
of MDRS leads to an altered downstream import pathway. In
support of this notion, the severity of the Mohr–Tranebjaerg
syndrome seems to be underlined by impaired biogenesis of
the TIM23 complex as a result of dysfunctional Tim8 (deaf-
ness dystonia polypeptide 1 (DDP1/TIMM8/Tim8; (80)). Al-
ternatively, defects in the MDRS/Mia40 pathway can lead to
defects in mitofilin activity. Mitofilin is part of a large multi-
subunit protein complex in the mitochondrial inner membrane
organizing system (MINOS) which controls cristae morph-
ology, interacts with the TOM complex, promoting protein
import into the intermembrane space via the MDRS/Mia40
pathway (76).

(ii) The majority of the mitochondrial outcomes exhibited a
mutHtt gene–dose dependency, indicating that the higher
number of mutated alleles is translated into a more severe
outcome (Fig. 6) in both progenitors and neuron-like

differentiated cells. Consistent with our studies, an accelerated
rate of disease progression has also been reported in HM
patients compared with HT (81) and in a knock-in mouse
model of HD (82). However, a recent study showed that the
age at onset of motor manifestations in HD is primarily deter-
mined by a single allelic dose of the mutant gene and not by
the length of the normal allele, presence of a second mutant
allele or absence of a normal allele. Although it is difficult
to assess the contribution of 10 HM to that of .3000 HT
patients, it is clear that biochemical parameters—such as
those tested in this study—tend to be more sensitive (and
present earlier onset) than motor skills.

(iii) The relatively late onset of HD features in patients or
the progressive neurodegeneration may be explained by defi-
cits in repair or clonal expansion of ‘damaged’ mtDNA
which accumulates over time (based on replicative advantage
of large-scale deletions (83)) outnumbering WT mtDNA (84).
Thus, when reached a certain threshold becomes unsustainable
and compensating mechanisms are no longer viable to delay
the onset of aberrant outcomes.

Finally, elucidation of mechanisms relevant to mitochon-
drial function in HD is of critical relevance because it sets
the background to develop targeted and rationale therapies
that may delay the onset of symptoms.

MATERIALS AND METHODS

Chemicals and biochemicals

EDTA, EGTA, sodium succinate, mannitol, sucrose and
HEPES were purchased from Sigma (St Louis, MO, USA).
Tris–HCl, glycine, sodium chloride and KCl were purchased
from Fisher (Pittsburg, PA, USA). Bovine serum albumin
(fatty acid free) was obtained from MP Biomedicals. All
reagents were of analytical grade.

Cell culture conditions

Conditionally immortalized striatal neuronal progenitor cell
lines were obtained either from the CHDI repository program.
The STHdhQ7/Q7 cell line expresses endogenous normal hun-
tingtin, and the HT (STHdhQ111/Q7) and HM (STHdhQ111/Q111,
previously described (85)) express mutant huntingtin with 111
Gln. The cells were plated in T75 flasks and grown at 338C in
a humidified atmosphere containing 5% CO2 with 20 ml of Dul-
becco’s Modified Eagle Medium supplemented with 10% FBS
(Hyclone #SH30071.03) and 104 IU/ml penicillin and 104 mg/
ml streptomycin (Gibco). When at 80–90% confluence, the
cells were plated in T75 flasks at a cell density of 2.5 × 105

per flask and selected in DMEM with 400 mg/ml G418 (Invitro-
gen). The cells were grown at 338C for 3–5 days, changing the
media every 2 to 3 days, until 80–90% confluent and then har-
vested by trypsinization, counted with a TC-10 cell counter
(Bio-Rad) with 0.1% Trypan Blue, and used for the indicated
analysis. Three T75 flasks for each condition were pooled for
the measurements. When indicated, the cells were differentiated
using a differentiation cocktail (10 ng/ml a-FGF, 250 mM 3--
isobutyl-1-methylxanthine, 200 nM phorbol 12-myristate
13-acetate, 50 mM forskolin and 5 mM dopamine (85)).

Figure 6. Mutant Htt gene dosage effect on mitochondrial outcomes. Box and
whiskers representation of the gene–dose dependency observed for 20 of the
27 and 13 of the 15 outcomes tested in progenitors and differentiated striatal
cells, respectively. Whiskers represent minimum and maximum values. Out-
comes were expressed as percentages of control values and plotted versus
the number of mutants Htt alleles. R2 ¼ 0.987 and 0.998 for progenitors and
differentiated cells, respectively. Outcomes that showed a statistically signifi-
cant increase in HD cells compared with WT (CCO, ROS (reactive oxygen
species production), IF1, nitrated beta-ATPase, NDUFS4, NDUFS5 and cyto-
chrome c) were not included in this analysis. P-values are relative to the stat-
istical comparison (ANOVA followed by Bonferroni’s post test for multiple
comparisons) between HT or HM and WT (asterisks), and between HT and
HM (brackets). ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.005, ∗∗∗∗P , 0.0001.
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Evaluation of mitochondria mass and morphology by
confocal microscopy

Cells (passages 11 and 12, 1 × 105) were seeded on sterile cover
slips, grown over night at 338C and then incubated for 30 min at
338C with 0.5 mM MitoTracker Red CMXRos (MolecularP-
robes Inc., Eugene, OR, USA) diluted in growth media. After
staining, cells were washed with media and fixed in 3.7% for-
maldehyde for 10 min. Fixed cells were then washed in PBS
and blocked/permeabilized for 30 min in blocking buffer at
room temperature, counterstained with 1 mg/ml 4′,6
diamidino-2-phenylindole (DAPI) and mounted on glass
slides with anti-fading mounting media (Dako). Fluorescent
images were obtained using an Olympus FV1000 laser scanning
confocal microscope (excitation and emission wavelengths 594
and 660 nm) and analyzed with the Olympus Fluoview image
analyzer with either a 20× or a 60× magnification.

For mitochondrial morphology quantification, approximately
20 cells for each cell line were analyzed using Image J to deter-
mine mitochondrial shape. Four distinct shapes were defined:
miscellaneous, tubular, circular, and fragmented. These
shapes were defined in Image J as follows: miscellaneous
(Size: 50-Infinity, Circularity: 0–1), tubular (Size: 0–50, Circu-
larity: 0–0.6); circular (Size: 0–50, Circularity: 0.6–1), frag-
mented (Size: 0–5, Circularity: 0–1). Using the sharpening
feature within Image J, the various shapes were determined by
shifting the threshold of the images (i.e. displaying only the
pixels necessary for analysis while decreasing the image noise
considerably). Then particle analysis, also a feature of Image
J, was used to predict the shapes of these different shapes left
in the image.

Cell cycle analysis

FUCCI staining was performed according to manufacturer
instructions (Invitrogen). This indicator employs a red (RFP)
and a green (GFP) fluorescent protein fused to different regu-
lators of the cell cycle, Cdt1 and geminin. In the G1 phase of
the cell cycle, only Cdt1 tagged with RFP may be visualized,
thus identifying cells in the G1 phase with red fluorescent
nuclei. In the S, G2, and M phases, Cdt1 is degraded and
only geminin-tagged with GFP remains, thus identifying
cells in these phases with green fluorescent nuclei. During
the G1/S transition both proteins are present in the cells,
allowing GFP and RFP fluorescence to be observed—yellow
fluorescence.

Progenitor HD cells (passages 11 and 12, 5 × 104) were
plated onto polylysine coated coverslips and allowed to
attach and grow overnight at 338C. Incubation with the
PremoTM FUCCI transduction solution was carried out after
one cycle of cell doubling (in h, at 24, 28 and 33 after
plating respectively for WT, HT and HM) at room temperature
for 2 h, followed by incubation with BacMam enhancer for
60 min. Cells were fixed in 4% formaldehyde and imaged
with an Olympus FV1000 laser scanning confocal microscope.
Stained cells were counted and the results were expressed as
percentage of the number of cells in each cell cycle phase
(G1, G1/S and S/G2/M).

Oxygen consumption measurements

The oxygen uptake of cell suspensions was measured using a
Clark-type O2 electrode from Hansatech (King’s Lynn, UK) at
228C. For oxygen uptake measurements of intact cells (pas-
sages 9 and 10), 1 × 107 cells/ml in complete growth media
were supplemented with 5 mg/ml oligomycin, and the O2 con-
sumption was monitored for 2 min. Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP) (20 mM) was
added to the medium and the oxygen consumption was
recorded for additional 3–4 min. The rate of oxygen uptake
with oligomycin was taken as State 4 oxygen uptake
whereas that with FCCP as State 3u.

For oxygen consumption measurements cells were permea-
bilized as described previously (86). Briefly, attached cells
were trypsinized and resuspended at a concentration of 1 ×
107 in buffer A (10 mM MgCl2, 20 mM HEPES, 250 mM
sucrose, pH 7.4). Aliquots of cells were then treated with
2× recrystallized digitonin at a final concentration of
0.015% (which was found to be the optimal concentration in
pilot studies) and mixed for 1 min. After centrifugation, the
digitonin-containing buffer A was removed and permeabilized
cells were washed with 5 volumes of buffer A to remove any
remaining digitonin. During measurements, the chamber was
thermostated at 228C and sealed with a plunger. An electro-
magnetic stirrer bar was used to mix the contents of the
chamber. Oxygen consumption rates were evaluated in
buffer B (1 mM EGTA, 5 mM MgCl2, 10 mM HEPES,
10 mM KH2PO4, 50 mM KCl, 220 mM sucrose, pH 7.4) in
the presence of 1 mM malate-10 mM glutamate (NADH
oxidase) followed by the addition of 5-mM rotenone and
10 mM succinate (succinate oxidase). Then, 10 mM malonate
and 10 mM a-glycerophosphate were added to follow
a-glycerophosphate oxidase rate. This rate was inhibited by
adding 3.6 mM antimycin A.

Complex activities and enzymatic assays

For enzymatic assays, an aliquot of the cells (passages 11–13)
was spun down at 500 g for 5 min and resuspended (at a con-
centration of 5 × 106 cells/ml) in a hypotonic buffer (20 mM
HEPES/KOH, pH 7.4) supplemented with phosphatase inhibi-
tors (Sigma # P0044), and proteolytic inhibitors (Sigma #
P2714), incubated on ice for 10–15 min, and homogenized
with 30 strokes by a hand homogenizer, followed by two
freeze-thawing cycles. Protein for the enzymatic assays was
determined using the BCA assay kit from Pierce (Catalog
#23227). Details on the methods used for each enzymatic
assay were reported in the Supplementary Material, Supple-
mentary Methods.

Western blotting

Cells (passages 11 and 12, 1–2 × 106) were collected by tryp-
sinization, pelleted by centrifugation at 300 × g for 5 min,
extracted in RIPA buffer and then denaturated either in
SDS-PAGE sample buffer (BioRad) plus 1.5% DTT at
1008C for 3 min or in NuPAGE sample buffer (Invitrogen)
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plus 50 mM DTT at 708C for 10 min. Details on the conditions
used for electrophoresis, transfer and probing were reported in
the Supplementary Material, Supplementary Methods. A de-
scription of the antibodies and conditions used is reported in
Supplementary Material, Table S1.

Total and mitochondrial ATP quantification

ATP levels were evaluated using a luciferase-based ATP de-
termination kit (cat. No. A22066, Life Technology, Grand
Island , NY, USA). WT, HT and HM cells (passages 11 and
12, 2 × 105) were plated in T75 flasks, grown for 48 h. Half
of the cells for each cell line were then differentiated for 4 h
as described. At the end of the differentiation process,
one-third of the flasks (both progenitors and differentiated)
were treated with 6 nM oligomycin (a specific inhibitor of
mitochondrial Complex V), with the same volume of vehicle
(DMSO) and no additions. After 90 min, the cells were col-
lected by scraping, pelleted at 300g for 5 min and then sus-
pended in deionized water (50–80 ml) and boiled at 1008C
for 10 min to inactivate cellular ATPases. The resulting
samples were then centrifuged again at 12 000g for 5 min
and the supernatant was used to perform the ATP quantifica-
tion assay according to the manufacturer’s instructions. An
ATP calibration curve was built between 0.01 and 0.5 mM. Lu-
minescence values were recorded with a POLARstar Omega
microplate reader (BMG Labtech, Cary, NC, USA). No differ-
ences in ATP concentrations were registered between vehicle-
treated and untreated cells.

Evaluation of mtDNA copy number and microdeletions

For evaluation of mtDNA copy number and deletions, quanti-
tative real-time PCR (qT-PCR) with dual-labeled probes was
performed. The targeted genes were the single-copy nuclear
PK and mitochondrial ND1, ND4 and CYTB. Species-specific
primers were selected using the Primer Express 3 software
(Applied Biosystems). Mouse primers for PK were: forward
5′-CAGCCTCCCTGACGAGGTTAC-3′; reverse 5′-
CTCCATCAACAAGCCGAAAAG-3′; the fluorogenic probe
used was UPL 6 (Roche Universal Probe Library). ND1
primers were: forward 5′-CAAACACTTATTACAACCCAA-
GAACAC-3′; reverse 5′- AATCATATTATGGCTATGGGT-
CAGG-3′ and UPL 29 was used from Roche. ND4 primers
were: forward 5′- ATCACTCCTATTCTGCCTAGCAAAC-
3′; reverse 5′- AAGTCCTCGGGCCATGATTA-3′; Probe 5′-
CCAACTACGAACGGATCCACAGCCGTA-3′. CYTB
primers were: forward 5′-CCCAGACAACTACATACCAGC
TAATC-3′; reverse 5′- AGGCTAGGACACCTCC
TAGTTTATTG-3′; Probe 5′-TAAACACCCCACCCCATAT-
TAAACCCGAA-3′. The corresponding real-time PCR efficien-
cies for each mitochondrial and nuclear gene amplification were
calculated according to the equation: E ¼ 10(21/slope) 2 1. After
establishing the linear response between the Ct number and the
template amount (25, 12.5, 6.25, 3.13 and 1.56 ng total per re-
action), efficiencies for each gene were between 95 and 100%.
Genomic DNA was extracted from cell cultures (P6–14) using
a Puregene kit from Qiagen. DNA concentrations were deter-
mined by using Thermo Scientific’s nanodrop. DNA was
diluted to 0.626 ng/ml and served as a stock DNA template

for qPCR. qPCR was performed in a Mastercycler EP Realplex
thermocycler (Eppendorf, Westbury, NY, USA) with 7 ml of
master mixture (TaqMan 2× PCR Master Mix; Applied Bio-
systems with 400 nM of primers and 80 nM of fluorogenic
probes) and 5 ml of 3.13 ng total template were used per reac-
tion. Amplification was performed using the default cycling
parameters: 2 min at 508C (activation of UNG enzyme), 958C
for 10 min (AmpliTaq Gold activation), followed by 40
cycles of 15 s of cycled denaturation at 958C, 60 s annealing/ex-
tension at 608C. The mean cycle time obtained by double deri-
vatives (CalqPlex algorithm; Eppendorf) was designated as Ct.
Relative mtDNA/nDNA was assessed by a comparative Ct
method, using the following equation: mtDNA:nDNA¼ 22DCt,
where DCt ¼ Ctmitochondrial 2 Ctnuclear. Each sample was ana-
lyzed in triplicates. Positive and negative controls were run
in each plate.

Evaluation of hydrogen peroxide concentrations in cells in
culture

Hydrogen peroxide (H2O2) was measured using the Amplex red
hydrogen peroxide assay kit (Life Technologies, NY, USA).
Cells (passages 11 and 12, 2 × T75 flasks for each cell line at
a density of 4 × 105) were grown in regular growth media for
24 h. The cells were then collected by trypsinization and
counted with a TC10 cell counter (Bio-Rad). The H2O2 quanti-
fication assay was carried out in a 96-well plate with 0.2–0.5 ×
105 progenitor or differentiated striatal cells in a final volume of
100 ml of growth media (without phenol red) in the presence of
horseradish peroxidase (0.2 U/ml) and Amplex red reagent
(100 mM). The oxidized product or resorufin, produced in a 1
H2O2: 1 product stoichiometry, exhibits a maximum absorbance
at 560 nm. The production of H2O2 was followed for 30 min at
378C and 560 nm in an infinite spectrophotometer and
expressed as nmol H2O2 produced × (h × 106 cells)21.

Statistical and power analyses

The number of experiments per group required to reach statis-
tical significance (with alpha and beta fixed at 0.05 and 0.95)
was computed using G∗power analysis from an a priori ana-
lysis. Experiments were run in triplicates and repeated three
times in independent experiments unless noted otherwise.
Data were expressed as mean+ standard error. The data
were evaluated by the analysis of variance (ANOVA) fol-
lowed by Bonferroni’s post-test using GraphPad Prism
(GraphPad Software Incorporation, La Jolla, CA, USA) and
considering P ≤ 0.05 as statistically significant unless indi-
cated.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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