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Abstract

The neurodegenerative disease autosomal recessive spastic ataxia of Charlevoix Saguenay (ARSACS) is caused by loss of
function of sacsin, a modular protein that is required for normal mitochondrial network organization. To further understand
cellular consequences of loss of sacsin, we performed microarray analyses in sacsin knockdown cells and ARSACS patient
fibroblasts. This identified altered transcript levels for oxidative phosphorylation and oxidative stress genes. These changes
in mitochondrial gene networks were validated by quantitative reverse transcription PCR. Functional impairment of
oxidative phosphorylation was then demonstrated by comparison of mitochondria bioenergetics through extracellular flux
analyses. Moreover, staining with the mitochondrial-specific fluorescent probe MitoSox suggested increased levels of super-
oxide in patient cells with reduced levels of sacsin.

Key to maintaining mitochondrial health is mitochondrial fission, which facilitates the dynamic exchange of mitochondrial
components and separates damaged parts of the mitochondrial network for selective elimination by mitophagy. Fission is
dependent on dynamin-related protein 1 (Drp1), which is recruited to prospective sites of division where it mediates scission.
In sacsin knockdown cells and ARSACS fibroblasts, we observed a decreased incidence of mitochondrial associated Drp1 foci.
This phenotype persists even when fission is induced by drug treatment. Mitochondrial-associated Drp1 foci are also smaller
in sacsin knockdown cells and ARSACS fibroblasts. These data suggest a model for ARSACS where neurons with reduced lev-
els of sacsin are compromised in their ability to recruit or retain Drp1 at the mitochondrial membrane leading to a decline in
mitochondrial health, potentially through impaired mitochondrial quality control.
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Introduction

The neurodegenerative disease autosomal recessive spastic
ataxia of Charlevoix Saguenay (ARSACS: OMIM 270550) was orig-
inally identified in Quebec, but is now known to have a world-
wide distribution (1,2). ARSACS is regarded as the second most
common recessive ataxia and typically presents with a promi-
nent cerebellar ataxia, spasticity and peripheral neuropathy.
Central to ARSACS pathology is Purkinje cell loss, which has
been documented from patient brain and observed in a mouse
model of the disease (3-5).

ARSACS is caused by mutations in the SACS gene that en-
codes sacsin/DNAJC29 (1). At 4579 amino acids in length, sacsin
is one of the largest proteins encoded by the human genome. It
is a modular protein that from N to C terminus is composed of a
ubiquitin-like (UBL) domain that binds to the proteasome (6),
three large sacsin repeat regions (SRR) that may have an Hsp90-
like chaperone function (7), a J-domain that binds Hsp70 (6,8)
and a higher eukaryotes and prokaryotes nucleotide-binding
domain that can dimerize (6-10). Despite the identification of
these domains, sacsin’s cellular role is unknown.

We have previously reported that siRNA-mediated knock-
down of sacsin leads to a reduction in mitochondrial membrane
potential and a more interconnected mitochondrial network in
the SH-SY5Y neuroblastoma cell line (3). Mitochondrial mem-
brane potential was also reduced in Purkinje neurons from sac-
sin knockout mice (3). Subsequently, it has been shown that
mitochondria are elongated and have reduced mobility in motor
neuron cultures from these KO mice (4), whereas in cultured rat
hippocampal neurons transduced with lentivirus encoding
shRNAmiRs targeting sacsin, mitochondria are clustered and
accumulate in the soma and proximal dendrites (3).

There is increasing evidence that perturbation of the equilib-
rium between mitochondrial fission and fusion underlies
mitochondrial defects that contribute to age-related neurode-
generative diseases, including Alzheimer’s and Parkinson’s
(11,12). This is because mitochondrial dynamics are essential
for distribution, traffic, and quality control of mitochondria. For
mitochondrial quality control, fission is required to sequester
damaged parts of mitochondrial networks away from healthy
mitochondria, acting as a precursor to their degradation by
mitophagy (13). Importantly, deficits in mitochondrial fission
may be particularly detrimental in neurons as they have bioen-
ergetic demands at sites distant from the cell body requiring
that they generate mitochondria of the correct size for transport
along dendrites and axons. There is also the possibility that mi-
tochondrial turnover may be restricted to the cell body, as op-
posed to occurring in axons (14), further linking mitochondrial
dynamics and traffic to mitophagy. Moreover, mitochondrial dy-
namics facilitates the exchange of mitochondrial matrix and
membrane components between individual mitochondrion as a
part of mitochondrial network maintenance.

As mitochondrial quality control mechanisms are intrinsi-
cally linked to mitochondrial division, disruption of fission has
potential downstream consequences for important aspects of
mitochondrial function. These include impaired oxidative phos-
phorylation. Unhealthy mitochondria are also likely to accumu-
late reactive oxygen species (ROS) and other markers of
damage. Moreover, there is evidence of reduced mitochondrial
fitness in multiple neurodegenerative diseases. For example, in
Parkinson’s, a disease where the mitochondrial quality control
machinery is compromised, respiration is impaired while ROS
and antioxidant enzymes increase (15,16). Evidence supporting
impaired bioenergetics in Parkinson’s includes that fibroblasts

from patients with sporadic disease show a significant decrease
in respiration compared with controls (17).

The mechanism through which loss of sacsin impairs mito-
chondrial function, distribution, and network organization is
unclear, but could potentially be explained by either an increase
in mitochondrial fusion or a decrease in fission. Supporting a
model where loss of sacsin impairs fission we identified,
through immunoprecipitation, an interaction between the N-
terminal 1368 amino acids of sacsin (encompassing the UBL do-
main and first SRR) and the dynamin-related GTPase dynamin-
related protein 1 (Drp1) (3). During mitochondrial fission Drp1 is
recruited from the cytosol onto the outer mitochondrial mem-
brane (OMM), where it assembles into foci. These foci consist of
oligomeric Drpl complexes that are thought to wrap around
and constrict the mitochondrial tubule to mediate fission (18).

In this study, we used unbiased microarray and gene ontol-
ogy analyses to identify oxidative phosphorylation and oxida-
tive stress pathways as altered in sacsin knockdown cells
and ARSACS patient fibroblasts. Changes in transcript levels for
genes in these pathways were confirmed by quantitative RT-
PCR (RT-gPCR) in both sacsin knockdown cells and ARSACS pa-
tient fibroblasts. Bioenergetics profiles for cells lacking sacsin
and accumulation of ROS were also analyzed. Using siRNA-me-
diated knockdown and ARSACS patient fibroblast cell lines,
we also examined the effect of reduced cellular levels of sacsin
on Drpl mitochondrial localization. We identified a reduction
in Drpl foci at mitochondria and reduced translocation of
Drpl to mitochondria after ablation of mitochondrial mem-
brane potential. This suggests that sacsin may play a role in re-
cruitment or retention of Drpl at mitochondrial fission sites,
with loss of this function leading to impaired mitochondrial
health.

Results

Microarray analyses implicate altered mitochondrial
function in ARSACS

To elucidate pathogenic mechanisms of ARSACS, we performed
two microarray experiments using a human Illumina Whole
Genome Gene Expression BeadChip (HT-12 v4.0). We compared
transcript levels in SH-SYSY cells transfected with siRNAs tar-
geting sacsin and control siRNAs (Supplementary Material,
Figure S1), while in a complimentary experiment, gene expres-
sion profiling was performed to compare ARSACS patient and
control human dermal fibroblasts (HDFs). For this part of the
study, four ARSACS HDF lines and two control HDF lines were
used. ARSACS HDFS were from three compound heterozygous
patients (c.2094-2A > G/Q4054*; K1715'/R4331Q and R2002fs/
Q4054") and one homozygous patient (2801delQ).
Immunoblotting of lysates from these ARSACS HDF lines was
performed using a commercially available antibody against an
undefined sequence between residues 4100 and 4200 of sacsin.
This detected a sacsin band in cells homozygous for the single
amino acid deletion mutation 2801delQ, which was of similar
intensity to that seen in wild-type control HDFs. In cells with
the K1715*/R4331Q mutation, a significantly fainter sacsin band
was visible. This is consistent with the K1715*/R4331Q HDF line
expressing detectable protein from a single allele. No sacsin
was detected in the other two ARSACS HDF lines although we
could not preclude expression of a truncated protein
(Supplementary Material, Figure S2). In sacsin knockdown cells,
523 genes showed a significant change in expression levels,
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whereas in patient cells, expression of 572 genes was altered
(P<0.05) (Fig. 1A). Functional annotation clustering using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) (19), identified enrichment of genes in four
clusters as common to the microarray comparing SH-SYSY cells
transfected with siRNAs targeting sacsin or scrambled siRNAs
and the microarray comparing ARSACS and control HDFs (Fig.
1B). Two of these clusters related directly to mitochondria with
gene ontology terms including mitochondrial components, cell
respiration, oxidative phosphorylation, and oxidative stress.
From the genes in these groupings, we identified 18 genes
where transcript levels showed a 1-fold or greater upregulation
or downregulation in both the sacsin knockdown cells (Fig. 1C)
and ARSACS HDF cells (Fig. 1D). These included 10 genes that
function in oxidative phosphorylation (NDUFB3, NDUFBS,
NDUFA9, NDUFB9, SDHD, UQCRFS1, COX7B, COX17, ATP5] and
ATP5J2), five genes linked to oxidative stress (SOD2, MAFF, FOSB,
FOS and ATF3) and three genes listed as mitochondrial compo-
nents (SUCLA2, MTCH1 and HSPE1) (Fig. 1D).

Loss of sacsin function causes alterations in levels of
oxidative phosphorylation and oxidative stress gene
transcripts

To validate alterations in transcript levels of oxidative phos-
phorylation and oxidative stress genes, we used RT-qPCR. In an
experiment that was independent from the microarray analy-
ses, total RNA was extracted from sacsin knockdown and con-
trol SH-SYSY cells. RT-gPCR was then performed for each gene
of interest with raw data normalized to GAPDH levels. In agree-
ment with the microarray data, we observed that expression of
eight oxidative phosphorylation genes were significantly de-
creased in cells with reduced levels of sacsin (Fig. 2A). This in-
cluded genes in each mitochondrial respiratory chain complex,
with COX17 showing the greatest reduction in transcript levels
(>35%). Contrastingly, two oxidative stress genes ATF3 and
FOSB were slightly increased in sacsin knockdown cells al-
though these changes were not significant (Fig. 2B). SOD2, which
the microarray suggested was downregulated, was significantly
upregulated in sacsin knockdown cells. Moreover, the mito-
chondrial component genes (SUCLA2 and MTCHI) that were
identified as having reduced transcript levels in the microarray
experiment were confirmed as being downregulated by RT-
gPCR (Fig. 2C).

Total RNA was also extracted from the four ARSACS patient
HDF cell lines and five control HDF lines and RT-qPCR per-
formed. Again we observed a downregulation of oxidative phos-
phorylation genes (Fig. 2D), with 9 of the 10 genes identified
from the microarray analyses exhibiting significantly decreased
transcript levels in ARSACS HDFs (the exception was SDHD). As
observed in the knockdown experiment, COX17 was the oxida-
tive phosphorylation gene that showed the greatest reduction
in transcript levels (>60%). ARSACS HDFs also exhibited an
upregulation of oxidative stress genes (Fig. 2E) with SOD2, ATF3
and FOSB transcripts all significantly increased relative to con-
trols. The most dramatic change was for FOSB, which showed a
more than 150-fold increase in transcript levels. The mitochon-
drial component genes were also confirmed as downregulated
in the patient cells (Fig. 2F). With the exception of data for SOD2,
changes in gene expression identified by the microarray and
RT-gPCR experiments were in broad agreement. The combined
data from analyses in sacsin knockdown cells and patient HDF
demonstrate reduced expression of oxidative phosphorylation
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genes in cellular models of ARSACS and suggests that oxidative
stress is increased.

Bioenergetic parameters are altered in sacsin
knockdown and ARSACS patient cells

Bioenergetics profiling was performed to test for functional con-
sequences of altered mitochondrial gene expression in cells
lacking sacsin. Oxygen consumption rates (OCR) were measured
in SH-SY5Y cells that had previously been transfected with
siRNAs targeting sacsin or control siRNAs (Fig. 3A).
Measurements were made under basal conditions and after se-
quential treatment with the ATP synthase (complex V) inhibitor
oligomycin, followed by the uncoupling agent carbonyl cyanide-
4 (trifluoromethoxy) phenylhydrazone (FCCP). OCR was then de-
termined after mitochondrial respiration was shut down by
combined treatment with the complex I inhibitor rotenone and
the complex III inhibitor antimycin A. These analyses revealed
that basal respiration, ATP production, proton leak, maximal
respiration, and spare capacity were all reduced in SH-SY5Y
cells with reduced levels of sacsin, compared with controls (Fig.
3A and B). These key parameters of mitochondrial respiration
were also compared in ARSACS patient HDF and control HDF
lines. As observed in SH-SY5Y cells with reduced levels of sac-
sin, ARSACS patient HDF showed decreased OCR under basal
conditions and after addition of mitochondrial inhibitors (Fig.
3C and D). Both knockdown cells and HDFs showed a significant
reduction in ATP-coupled respiration and maximal respiration,
strongly suggesting that compromised mitochondrial respira-
tion is a feature of ARSACS.

Increase levels of ROS in ARSACS patient cells

As gene expression analyses suggested increased oxidative
stress in cells with reduced levels of sacsin, we performed stain-
ing with MitoSOX Red to detect superoxide species. Confocal
imaging of HDFs and subsequent measurement of fluorescent
intensity revealed increased levels of MitoSOX staining in
ARSACS patient cells relative to controls, this was confirmed by
quantitative analyses of confocal images (Fig. 4). We were un-
able to validate these findings in sacsin knockdown SH-SY5Y
cells, potentially because the transient knockdown did not re-
duce sacsin levels sufficiently, or for sufficient time, for ROS to
accumulate (not shown).

Localization of Drp1 foci to mitochondria is reduced in
sacsin knockdown cells

The gene expression and functional data presented here sup-
port that mitochondrial health is impaired in ARSACS. Potential
mechanisms for this could include an increase in the proportion
of defective mitochondria in sacsin null cells as a consequence
of impaired mitochondrial dynamics and quality control.
Moreover, ARSACS-associated changes in mitochondrial net-
work organization are consistent with impaired Drpl-mediated
mitochondrial fission (3).

Based on these data, we investigated mitochondrial recruit-
ment of Drp1 in sacsin knockdown cells. Here, we initially used
control HDFs as they have a more distributed mitochondrial
network that was better for quantitative imaging of Drp1 associ-
ation. Cells were transfected with DSRed2-mito along with
scrambled siRNAs or siRNAs targeting SACS. After 48 hours,
cells were fixed and stained for Drp1l. First, we confirmed that
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Figure 1. Microarray analyses identify altered expression of genes associated with mitochondrial function in cells with reduced levels of sacsin. (A) Schematic sum-
mary of microarray study design. Two microarray experiments were performed. The first compared gene expression in SH-SY5Y cells transfected with siRNAs target-
ing sacsin (SACS) and scrambled (SCRM) control siRNAs. The second experiment compared gene expression in ARSACS patient and WT control HDFs. Gene ontology
analyses were used to identify functional clusters of genes that were altered in both experiments. (B) Functional clustering of mitochondrial genes identified as having
altered expression by microarray analyses in both SACS knockdown SH-SY5Y and ARSACS patient HDFs. (C) Fold change in expression of mitochondrial genes identi-
fied through microarray analyses comparing SH-SY5Y cells transfected with siRNAs targeting sacsin and scrambled siRNAs. (D) Fold change in expression of mitochon-
drial genes identified through microarray analyses comparing ARSACS patient and WT control HDFs.

sacsin knockdown in HDFs impacted mitochondrial network or-
ganization, observing that relative to control cells, sacsin knock-
down HDFs frequently exhibited a hyperfused mitochondrial
phenotype indicated by balloon-like or bulbed mitochondria
(Supplementary Material, Figure S3). Interestingly, we also ob-
served a larger total mitochondrial volume in individual cells
transfected with SACS siRNAs relative to controls, suggesting in-
creased mitochondrial mass in response to loss of sacsin
(Supplementary Material, Figure S3). We then analyzed the
number of Drp1 foci localized on individual mitochondria (Fig.
SA and B). We observed that for every 1 um along the length of a
mitochondrion, an average of 0.81+0.047 Drpl foci occurred.
This incidence of mitochondrial-associated Drpl foci

was significantly reduced in sacsin knockdown HDFs, where
only 0.68 = 0.039 foci localized per 1 um of mitochondrion.

We next tested whether this observation reflected a reduc-
tion in the capacity of mitochondria in sacsin-deficient cells to
recruit Drpl to prospective sites of fission (Fig. 5A and B). To in-
duce fission, siRNA-transfected cells were treated with carbonyl
cyanide m-chlorophenyl hydrazine (CCCP), which abolishes
membrane potential across the inner mitochondrial membrane
leading to Drpl-dependent fragmentation of mitochondria and
ultimately mitophagy (20). Confocal imaging indicated exten-
sive mitochondrial fragmentation after CCCP treatment in the
cells transfected with the scrambled siRNA relative to cells
where SACS was targeted (Fig. 5A). The degree of mitochondria
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Figure 2. RT-qPCR analyses shows cells with reduced levels of sacsin have alterations in levels of oxidative phosphorylation and oxidative stress gene transcripts.
Comparison of transcript levels of oxidative phosphorylation (A), oxidative stress (B), and mitochondrion component (C) genes between SH-SY5Y cells transfected with
siRNAs targeting sacsin and scrambled siRNAs. RT-qPCR was performed on total RNA extracted from five separate knockdown SACS experiments. Transcript levels of
the genes analyzed were normalized to GAPDH levels with data shown as mean fold change relative to cells transfected with scrambled siRNA (SCRM). Statistical sig-
nificances determined by t test are indicated. Comparison of transcript levels of oxidative phosphorylation (D), oxidative stress (E), and mitochondrion component (F)
genes between ARSACS patient and WT control HDFs. RT-qPCR was performed on total RNA extracted from four ARSACS HDF lines and five WT control HDF lines.
Transcript levels of the genes analyzed were normalized to GAPDH levels with data shown as mean fold change relative to WT controls. Statistical significances were
determined by Mann-Whitney U test. Error bars = SD. *P < 0.05, P < 0.005, P < 0.005.

fragmentation was analyzed by comparing the number of indi-
vidual mitochondrion in cells treated with CCCP and vehicle
controls. This confirmed that CCCP treatment resulted in higher
levels of fragmentation of mitochondrial network in control
HDFs than sacsin knockdown cells (Supplementary Material,
Figure S3). Quantitative analyses identified that treatment with

CCCP resulted in a significant increase in mitochondrial local-
ized Drpl foci in scrambled siRNA controls (P<0.0001). The
number of Drpl foci at mitochondria also increased in
sacsin knockdown cells, but to a lesser degree than for the con-
trol (Fig. 5B). Moreover, sacsin knockdown cells treated with
CCCP still had less mitochondrial localized Drpl foci than
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Figure 3. Bioenergetic function of mitochondria is impaired in sacsin knockdown and ARSACS patient cells. (A) Comparison of OCR between cells transfected with
siRNAs targeting sacsin and control siRNAs. (B) Comparison of basal respiration, ATP production, proton leak, maximum respiration and spare capacity in cells trans-
fected with siRNAs targeting sacsin and control siRNAs, were calculated from the mean of four time points. (C) Comparison of OCR between ARSACS patient and con-
trol cell lines. Measurements were made under basal conditions and after addition of oligomycin, FCCP and Antimycin A plus rotenone (arrows indicate the time
points when drugs were added). (D) Comparison of basal respiration, ATP production, proton leak, maximum respiration and spare capacity in ARSACS patient and
control HDFs, were calculated from the mean of four time points. For siRNA knockdown experiments n=12 (12 independent transfection for SACS and SCRM siRNAs)
and for ARSACS patient cells n=4 (four patient and four control HDF lines). Statistical significances were determined by t test or Mann-Whitney U test as appropriate.

Error bars =SD. *P <0.05, **P < 0.005, ***P < 0.005.

control cells that had not been treated to induce fission. This re-
duction in Drpl recruitment was also confirmed in siRNA-
treated SH-SY5Y cells (Supplementary Material, Figure S4).

As reduced cellular levels of sacsin impaired Drp1l recruit-
ment to mitochondria, we hypothesized that the amount of
Drp1 in individual foci may also be affected. To investigate this
further, we measured the diameter of individual cytosolic and
mitochondrially localized Drp1 foci in control and sacsin knock-
down cells (Fig. 5C and D). In control cells, we observed that cy-
tosolic Drp1 foci were significantly smaller than those localized
to mitochondria (P<0.0001), with respective diameters of
0.38 = 0.0053 pm and 0.52 + 0.0094 ym. Comparison of the diam-
eter of Drp1 foci between cells transfected with scrambled and
SACS siRNA revealed that mitochondrial associated foci were
16% smaller in cells lacking sacsin (P < 0.0001). In contrast, there
was no significant change in the size of cytosolic Drp1 foci be-
tween control and sacsin knockdown cells. We also measured
the intensity of the Drp1 fluorescent signal for the mitochon-
drial associated Drpl foci, observing that this was also

significantly reduced in sacsin knockdown cells relative to con-
trols (P < 0.01) (Fig. 5E). To further confirm that Drp1 localization
to mitochondria was reduced upon sacsin knockdown, we ex-
amined levels of the fission factor in mitochondrial fractions
generated from SH-SYS5Y cells. Immunoblot analyses of total
cell lysates and mitochondrial fractions further supported re-
duced levels of mitochondrial-associated Drp1 in cells with re-
duced levels of sacsin (Supplementary Material, Figure S4).

A potential explanation for the reduction in mitochondrial-
associated Drpl was that total levels of the fission factor are re-
duced in sacsin knockdown cells. Immunoblot analyses in SH-
SYSY suggested that this was not the case, as sacsin knockdown
did not significantly alter total Drpl levels (Fig. SF and
Supplementary Material, Figure S4). However, when cells trans-
fected with scrambled siRNAs and siRNAs targeting SACS were
treated with a cross-linking agent before lysates were immuno-
blotted for Drp1, we observed a reduction in higher molecular
weight Drp1 species in sacsin knockdown cells (Fig. 5F and G).
This may reflect an absence of Drpl:sacsin complexes, but could
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