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Abstract: Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a neurodegenera-

tive disease caused by mutations in the SACS gene, encoding the 520 kDa modular protein sacsin,

which comprises multiple functional sequence domains that suggest a role either as a scaffold in

protein folding or in proteostasis. Cells from patients with ARSACS display a distinct phenotype

including altered organisation of the intermediate filament cytoskeleton and a hyperfused mitochon-

drial network where mitochondrial respiration is compromised. Here, we used vimentin bundling

as a biomarker of sacsin function to test the therapeutic potential of Hsp90 inhibition with the

C-terminal-domain-targeted compound KU-32, which has demonstrated mitochondrial activity. This

study shows that ARSACS patient cells have significantly increased vimentin bundling compared to

control, and this was also present in ARSACS carriers despite them being asymptomatic. We found

that KU-32 treatment significantly reduced vimentin bundling in carrier and patient cells. We also

found that cells from patients with ARSACS were unable to maintain mitochondrial membrane

potential upon challenge with mitotoxins, and that the electron transport chain function was restored

upon KU-32 treatment. Our preliminary findings presented here suggest that targeting the heat-shock

response by Hsp90 inhibition alleviates vimentin bundling and may represent a promising area for

the development of therapeutics for ARSACS.
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1. Introduction

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS; OMIM 270550)
is an inherited neurodegenerative disorder characterised by early-onset cerebellar ataxia
with spasticity, peripheral neuropathy, dysarthria and nystagmus [1]. ARSACS is caused by
mutations in the SACS gene, which encodes sacsin, a 520 kDa modular protein containing,
from the N- to C-terminus, a ubiquitin-like (UbL) domain that binds to the proteasome [2],
three large sacsin repeat regions (SRRs) that may have an Hsp90-like chaperone function [3],
a J-domain that binds Hsp70 [2,4], and a higher eukaryotes and prokaryotes nucleotide-
binding (HEPN) domain that can dimerise [2–6]. Although the function of sacsin is still
to be elucidated, the presence of these conserved domains, often found in molecular
chaperones and components of the ubiquitin–proteasome pathway, suggest a role in
proteostasis. Cytoskeletal abnormalities have been previously reported in mouse models
of ARSACS [7,8] and patient dermal fibroblasts [9]. The striking bundling and collapse
of the vimentin intermediate filament network observed in patient dermal fibroblasts
mirrors the abnormal bundling of neurofilaments in multiple neuronal populations in
Sacs knockout mice and patients with ARSACS [7]. Vimentin is a type III intermediate
filament that is found in mesenchymal, endothelial and haematopoietic cell types, with
a role in supporting cellular membranes, anchoring some organelles in the cytoplasm,
and transmitting membrane receptor signals to the nucleus [10]. Neurofilaments are,
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however, type IV intermediate filaments found in neuronal axons [10]. A recent study
has proposed that there are distinct, but complementary, functions of sacsin domains
in intermediate filament organisation and turnover [8]. That study also proposed the
upregulation of heat-shock protein chaperones could compensate for the loss of sacsin
function and restore the intermediate filament network [8].

Heat-shock protein 90 (Hsp90) is the master regulator of the heat-shock response (HSR)
since it binds heat-shock factor 1 (HSF1), maintaining it in an inactive form. Cellular stress
disrupts the Hsp90–HSF1 complex, leading to the trimerisation and activation of HSF1 and
upregulation of molecular chaperone gene expression, including Hsp70, a signature of the
HSR [11]. Small-molecule N-terminal Hsp90 inhibitors can mimic cell stress and promote
the release of HSF1 from Hsp90 to activate the HSR [12]. The induction of molecular
chaperones by the HSR can reduce protein aggregation; hence, Hsp90 inhibitors have been
considered potential therapeutics for neurodegenerative diseases where the accumulation
of specific misfolded or aggregated proteins is a key feature [13–16]. KU-32 is a novobiocin-
derived C-terminal-targeted Hsp90 inhibitor that can potently induce Hsp70 and protects
against neuronal cell death [17–19].

Here, we used vimentin bundling as a biomarker for testing the therapeutic potential
of Hsp90 inhibition by KU-32. We found that treatment with KU-32 significantly reduces
the vimentin bundling phenotype observed in ARSACS patient fibroblasts. We also found
that mitochondrial membrane potential maintenance was compromised in ARSACS patient
fibroblasts but could be rescued upon treatment with KU-32. Our preliminary findings
suggest that targeting the HSR by C-terminal-targeted Hsp90 inhibition is a promising area
for further exploration and therapeutic development.

2. Results

Effect of KU-32 Treatment

To assess the therapeutic potential of C-terminal Hsp90 inhibition, dermal fibroblast
lines from a control, a carrier, and two patients were cultured for 24 h with either DMSO
(Vehicle) or 100 nM KU-32 prior to the immunofluorescence detection of vimentin interme-
diate filaments by confocal imaging. This concentration of KU-32 was able to induce Hsp70,
and a mild increase in sacsin expression was also observed (Figure S1). Representative
images are shown in Figure 1A with examples of cells displaying a disorganised vimentin
network (bundling) indicated with arrows. The quantification of cells with the bundled
vimentin phenotype is shown in Figure 1B. Vimentin bundling was significantly higher in
all the cell lines relative to the control cell line. Notably, this included the carrier cell line.
Interestingly, KU-32 treatment significantly reduced the levels in the carrier and patient
cell lines but did not alter the vimentin bundling levels in the control cell line (Figure 1B).

We then measured the mitochondrial membrane potential (∆Ψm) maintenance to
understand whether the alterations in vimentin were associated with mitochondrial dys-
function. Using the fluorescent probe tetramethylrhodamine methyl ester (TMRM), we as-
sessed the maintenance of the ∆Ψm in Control and ARSACS Patient fibroblasts (Figure 2A).
TMRM is a permeable, cationic dye sequestered by active mitochondria, which redis-
tributes into the cytosol during depolarisation, decreasing the fluorescent signal in the
mitochondria. After baseline measurements, we challenged the cells with oligomycin (an
ATP-synthase inhibitor) to test the electron transport chain (ETC)’s ability to maintain
the ∆Ψm. ARSACS patient fibroblasts showed a decrease in TMRM intensity following
oligomycin administration (Figure 2A). This revealed the inability of the ETC to maintain
the ∆Ψm in ARSACS patient cells; however, this was restored by pre-incubation with KU-32.
The histogram in Figure 2B shows the percentage of the increased depolarisation upon
oligomycin administration. This was calculated as the difference in TMRM fluorescence in-
tensity after oligomycin administration from the baseline. Although the patient fibroblasts
showed clear mitochondrial dysfunction with an increased oligomycin response (Patient 1,
223 ± 71; Patient 2, 270 ± 93%; mean ± standard deviation), KU-32 treatment was able
to prevent oligomycin-induced depolarisation (Patient 1, 103 ± 14; Patient 2, 123 ± 24%),
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indicating an improvement in mitochondrial function (Figure 2B). Carrier showed a similar
pattern to the patients, but there was no significant difference compared to control (Carrier,
171 ± 47; Carrier KU-32, 91 ± 32).

Figure 1. Reduction of vimentin bundling in dermal fibroblasts by KU-32. Fibroblast lines were cultured for 24 h with

either DMSO vehicle or 100 nM KU-32 prior to fixation and immunofluorescence. (A) Representative micrographs of

Control, Carrier, Patient 1 and Patient 2 fibroblast lines with and without KU-32 treatment (Vimentin, green; DAPI, blue).

Examples of cells with vimentin bundling are indicated with arrows. Scale bar = 20 µm. (B) The percentage of cells

with an abnormal vimentin network was then quantified for each cell line and treatment condition. Ten fields of view

comprising >200 cells per cell line and treatment were analysed. Conditions were compared by two-way ANOVA with

Tukey’s multiple-comparison post hoc analysis. KU-32 treatment significantly reduced vimentin bundling in the carrier and

both patient lines but did not alter vimentin bundling in the control line. However, the vimentin bundling levels in the

treated patient lines remained significantly higher than in control and carrier lines. * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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Figure 2. ARSACS patient fibroblasts show a significantly deeper depolarisation after oligomycin administration,

which is significantly reduced upon 100 nM KU-32 treatment. Fibroblast lines were cultured for 24 h with either DMSO

vehicle or 100 nM KU-32 prior to equilibration with 25 nM TMRM for 45 min and imaging. (A) Kinetic curves of the

TMRM fluorescence intensity of vehicle-treated control, carrier, and ARSACS Patient 1 and 2 fibroblasts following the

addition of oligomycin (2 µg/mL), rotenone (5 µM) and FCCP (1 µM). (B) Graph showing the increase in depolarisation

after oligomycin administration in percentage normalised to control. * p ≤ 0.05; ** p ≤ 0.01.

To corroborate our results, we measured the mitochondrial mass by looking at the
mitochondrial and the total volume cell by cell. Figure 3A shows the mitochondrial network
compared to control, perhaps suggesting an impairment in mitochondrial quality control.
Moreover, the histogram shows a significant increase in mitochondrial volume in Patient 1,
confirming the mitochondrial defect (Figure 3B). However, KU-32 successfully restored the
volume to control levels. Although the carrier line shows a similar trend to the patient line,
it is not significant compared to the control.

Figure 3. Cont.
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Figure 3. ARSACS patient fibroblasts show an increased mitochondrial volume compared to control, which was re-

duced upon 100 nM KU-32 treatment. (A) The micrographs show the mitochondrial staining (TMRM; red) and the double

staining with the cell body (Calcein Blue; blue). (B) The histogram represents the calculation of the mitochondrial mass

compared to the total volume of the cell body as a percentage. (Carrier vehicle, 160 ± 5.8; Carrier 100 nM KU-32, 80.8 ± 9;

Patient 1 vehicle, 184 ± 63; and Patient 1 100 nM KU-32, 79.4 ± 4.5). * p ≤ 0.05. Scale bar = 20 µm.

3. Discussion

It has previously been observed that ARSACS patient dermal fibroblasts display a
collapsed, disorganised vimentin intermediate filament network [9], like the abnormal neu-
rofilament bundling found in neurons from Sacs-knockout mice and ARSACS patients [7].
Here, we used the striking phenotype of vimentin bundling as a biomarker of the disease
state to assess the efficacy of a C-terminal-targeted Hsp90 inhibitor, KU-32, in treating
ARSACS. We found that KU-32 treatment significantly reduced vimentin bundling in both
carrier and patient cell lines. This suggests that targeting Hsp90 may represent a promising
avenue for therapeutics in ARSACS and that the assay confirms that vimentin bundling is a
very good biomarker of ARSACS. Interestingly, the carrier cell line under vehicle-treatment
conditions had significantly more vimentin bundling than control cells, although much
less than that seen in patients, despite ARSACS being an autosomal recessive disorder and
carriers being asymptomatic. We have previously shown that healthy carriers may show
intermediate phenotypes, with mild thickening of the retinal nerve fibre layer (RNFL),
as determined by optical coherence tomography (OCT) in two carriers [20]. However,
the further examination of 13 heterozygous carriers revealed that this thickness (115.5 µm)
was just below the 119 µm threshold for distinguishing ARSACS from non-ARSACS pa-
tients [21]. A recent study suggests that this cut-off should be increased to 121 µm to
provide 100% accuracy in diagnosing ARSACS [22].

The role of sacsin in intermediate filament assembly and dynamics has previously
been examined in Sacs-knockout mouse motor neurons [8]. The study found that increasing
the expression of heat-shock proteins could compensate for sacsin deficiency and resolve
neurofilament bundling [8]. In addition to the ectopic expression of HSPA1A, the au-
thors also tested celastrol, an inducer of multiple HSPs, including HSPA1A, DNAJB1 and
HSPB1 [23]. Celastrol has also been shown to inhibit Hsp90 through its suppression of the
interaction between Hsp90 and its co-chaperone Cdc37 [24,25]. Culturing Sacs−/− motor
neurons with 1 µM celastrol for 24 h was able to induce the expression of HSPA1A and
resolve neurofilament bundles.
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In addition to the altered intermediate filament network, ARSACS patient cells also
show changes in mitochondrial morphology, dynamics and distribution resulting in im-
paired oxidative phosphorylation and increased oxidative stress [7,26–28]. This may be
linked to the cytoskeletal abnormalities seen in ARSACS since the cytoskeleton regulates
mitochondrial dynamics [29–31]. It is possible that Hsp90 inhibition by KU-32 could also
correct mitochondrial dysfunction in ARSACS patient cells [19]. The activity of KU-32 has
been shown to be dependent upon the Hsp70 expression [19]. That study hypothesised
that an interaction between Hsp70 and Drp1 (dynamin-related protein 1) may aid the
refolding of the latter or prevent its aggregation [19]. Mitochondrial fission is an important
step in maintaining mitochondrial health and is dependent on the recruitment of Drp1 to
potential sites of division [27,32]. Sacsin may play a role in recruiting or retaining Drp1
at mitochondrial fission sites, and its mutation in ARSACS leads to the mitochondrial
changes described above [7,26–28]. In line with this, our experiments here show that
mitochondrial membrane potential maintenance was compromised in ARSACS patient
fibroblasts but could be rescued upon treatment with KU-32, illustrating the dual nature of
the therapeutic benefit KU-32 offers. Moreover, another indication of mitochondrial defect
was achieved by measuring the mitochondrial volume, which was increased in ARSACS
patient fibroblasts. Interestingly, KU-32 was able to re-establish the mitochondrial volume
to control levels. We believe that mitochondrial membrane potential maintenance together
with vimentin bundling is a useful marker for the future screening of novel compounds for
treating ARSACS.

Therapies for patients with ARSACS are urgently needed, and this study shows that
targeting the HSR, in particular, Hsp90, is a promising avenue. Advances in this domain
would pave the way for treatments that will have a significant impact on the lives of
patients with ARSACS.

4. Materials and Methods

4.1. Ethics Statement

The ARSACS patient and control dermal fibroblast lines were collected under ethical
approval from the NRES Committee London-Harrow for the European integrated project on
spinocerebellar ataxias, EUROSCA (NHS REC reference: 04/Q0505/21). Written informed
consent was obtained from the patients for the skin biopsies.

4.2. Cell Culture

Fibroblast lines were cultured in Dulbecco’s Minimum Eagle Medium (DMEM) with
high glucose and GlutaMAX, supplemented with 15% (w/v) foetal bovine serum (FBS)
and MEM non-essential amino acids (all supplied by Thermo Fisher Scientific, Waltham,
MA, USA). All the cells were maintained in a constant humidified atmosphere of 5%
CO2 at 37 ◦C. Since ARSACS is a recessive disorder and carriers are healthy, we included
a carrier line to act as a benchmark for the ability for the KU-32 therapeutic rescue of
the ARSACS phenotype. Additionally, we also included a fibroblast cell line from a
healthy control. ARSACS patient lines 1 and 2 are from siblings with the mutations
c.8339T>C (p.Phe2780Cys) and c.12416T>C (p.Leu4139Ser) on one allele and c.11675C>G
(p.Ser3892X) on the other allele. The ARSACS carrier line was heterozygous for the
mutation c.5151dupA (p.Ser1718fsX1736). The sacsin levels in all four fibroblast lines were
assessed by immunoblotting (Figure S2). The patient fibroblast lines showed reduced sacsin
levels, and the carrier line had an intermediate level of sacsin compared to the control line.

KU-32 was provided by Reata Pharmaceuticals Inc. as a 10 mM stock in DMSO. Cells
were treated with either DMSO vehicle (Sigma-Aldrich, Dorset, UK) or KU-32 diluted
to 100 nM in fibroblast medium for 24 h prior to fixation or mitochondrial membrane
potential experiments. For immunoblot analysis, cells were cultured with DMSO vehicle
(Sigma-Aldrich, Dorset, UK), 100 nM KU-32, 500 nM geldanamycin (Sigma-Aldrich, Dorset,
UK) or 1 µM celastrol (Sigma-Aldrich, Dorset, UK) diluted in fibroblast medium for 24 h
prior to lysis.
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4.3. Immunofluorescence and Imaging

Cells were cultured on CellCarrier Ultra 96-well cyclic olefin-bottomed microplates
(PerkinElmer Inc., Waltham, MA, USA) and were fixed with 4% formaldehyde in PBS for
15 min at room temperature. The wells were washed thrice with PBS, pH 7.4, for 10 min
each time with gentle agitation at room temperature. The cells were permeabilised with
0.5% (v/v) Triton X-100 for 15 min at room temperature with gentle agitation. The wells
were washed thrice with PBS, pH 7.4, for 10 min each time with gentle agitation at room
temperature. The cells were incubated with blocking buffer (3% (w/v) BSA, fraction V,
in DPBS) for 1 h at room temperature with gentle agitation. The cells were then incubated
overnight at 4 ◦C with gentle agitation with immunofluorescence staining solution con-
taining a 1:1000 dilution of Alexa Fluor 488-conjugated mouse anti-vimentin (BioLegend,
San Diego, CA, USA; #677809) and 300 nM DAPI counterstain in blocking buffer. The wells
were washed thrice with PBS, pH 7.4, for 10 min each time with gentle agitation at room
temperature. A 100 µL volume of PBS, pH 7.4, was added to each well, and the plates
were sealed, protected from light and stored at 4 ◦C until imaged. Confocal images were
acquired using an Opera Phenix™ high content confocal microscope (PerkinElmer Inc.,
Waltham, MA, USA) with a 40× air objective.

4.4. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (∆Ψm) was measured with tetramethyl rho-
damine methyl ester (TMRM, 25 nM; Invitrogen, Waltham, MA, USA) in ‘redistribution
mode’ [33]: The dye was allowed to equilibrate for 45 min prior to the experiment and was
present continuously in the recording solution. TMRM distributes between cellular com-
partments in response to different potentials and, at concentrations <50 nM, in healthy cells,
the fluorescent signal shows a localisation to the mitochondria, where it is retained until
depolarisation induced by mitotoxins. The basal level of ∆Ψm was measured by exciting
TMRM at 560 nm and collecting the images with a 590 nm long-pass filter. The maintenance
of ∆Ψm was measured after using 2 µg/mL oligomycin, 1 µM rotenone and 1 µM FCCP.

4.5. Mitochondrial Volume Assay

Cells were stained with TMRM (25 nM; to visualise mitochondria) and Calcein Blue-
AM (5 µM; to visualise the cell body) in cell culture media, respectively, for 45 min and
20 min. Z-stacks images were acquired using a 710 Zeiss Confocal microscope and analysed
with the Volocity software (version 6.0, PerkinElmer Inc.). In detail, TMRM was visualised
using an excitation wavelength of 561 nm, and Calcein Blue-AM was excited at 405 nm.
Analysis was performed for each channel, measuring the volume via the Volocity software,
and then, the ratio between the mitochondrial portion and the total cell volume was
determined. Five fields of view per dish were analysed. To avoid observer bias, the analysis
was blinded. The means represent >3 independent experiments.

4.6. Immunoblotting

Cells were lysed in CelLytic M (Sigma-Aldrich, Dorset, UK) supplemented with
protease and phosphatase inhibitors (Roche, Mannheim, Germany). A 20 µg amount of
lysate was separated on 3–8% gradient NuPAGE Tris-Acetate gels (Invitrogen, Waltham,
MA, USA) and transferred to nitrocellulose membranes (LI-COR, Lincoln, NE, USA).
Revert 700 Total Protein Stain (LI-COR) was used to assess the transfer and for immunoblot
normalisation. The membranes were blocked with Intercept (TBS) Blocking Buffer (LI-COR)
before probing with the specified antibodies diluted in Intercept T20 (TBS) antibody Diluent
(LI-COR). Primary antibodies were used at the following titres: 1:1500 for rabbit monoclonal
anti-sacsin (abcam, Cambridge, UK; #ab181190), 1:5000 for mouse monoclonal anti-GAPDH
(Invitrogen, #MA-15738), and 1:1000 for mouse monoclonal anti-Hsp70 (abcam; #ab2787)
and rabbit polyclonal anti-pan-AKT (abcam; #ab8805). The secondary antibodies used
were goat anti-mouse IRDye 680RD (abcam; #ab216776) and goat anti-rabbit IRDye 800CW
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(abcam; #ab216773). Images were acquired using an Odyssey CLx Imaging System (LI-
COR), and analysis was performed using the Empiria Software (version 2.1.0, LI-COR).

4.7. Statistical Analysis

Ten fields of view from 3 wells for each treatment condition were analysed. Vimentin
bundling counts were performed by 3 operators (S.N., R.A. and M.K.) in a blinded manner
to ensure unbiased analysis. The data were subjected to two-way ANOVA with Tukey’s
multiple-comparison post hoc analysis. The oligomycin response was calculated as a
percentage, normalised to the vehicle-treated control. An ordinary one-way ANOVA
with Dunnett’s multiple-comparison post hoc analysis was performed on the oligomycin
response data. The error bars on all the graphs indicate the mean ± standard deviation.
Where indicated, * = p < 0.05, ** = p < 0.01 and **** = p < 0.0001. All the statistical analyses
were performed using the Prism statistical software (version 9.1.0, GraphPad).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/ijms222111722/s1.

Author Contributions: Conceptualisation, S.N. and P.G.; methodology, S.N., R.A., W.C.W. and P.G.;

formal analysis, S.N., R.A. and M.K.; investigation, S.N., R.A. and W.C.W.; resources, W.C.W. and

P.G.; writing—original draft preparation, S.N. and R.A.; writing—review and editing, W.C.W. and

P.G.; visualisation, S.N.; supervision, P.G.; funding acquisition, S.N. and P.G. All authors have read

and agreed to the published version of the manuscript.

Funding: This work was funded by the Ataxia Charlevoix-Saguenay Foundation (Charitable Reg-

istration No. 856980321 RR0001). S.N, R.A., M.K. and P.G. work at University College London

Hospitals/UCL, which receives a proportion of funding from the Department of Health’s National

Institute for Health Research Biomedical Research Centres funding scheme. P.G. receives support

from the CRN: North Thames, National Institute for Health Research (NIHR). P.G. received funding

from the Medical Research Council (MR/N028767/1). The Opera Phenix™ high content confocal

microscope is part of the MRC High Content Imaging Laboratory, which was funded by an MRC

DPUK Infrastructure grant (MR/M02492X/1).

Institutional Review Board Statement: The study was conducted according to the guidelines

of the Declaration of Helsinki and approved by the NHS Research Ethics Committee (reference

04/Q0505/21).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available from the corresponding

author upon reasonable request.

Acknowledgments: We thank Cristina Gonzalez-Robles and Nooria Iqbal for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bouchard, J.-P.P.; Barbeau, A.; Bouchard, R.W. Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay. Can. J. Neurol. Sci. Le

J. Can. Des Sci. Neurol. 1978, 5, 61–69. [CrossRef]

2. Parfitt, D.A.; Michael, G.J.; Vermeulen, E.G.M.; Prodromou, N.V.; Webb, T.R.; Gallo, J.-M.; Cheetham, M.E.; Nicoll, W.S.; Blatch,

G.L.; Chapple, J.P. The Ataxia Protein Sacsin Is a Functional Co-Chaperone That Protects against Polyglutamine-Expanded

Ataxin-1. Hum. Mol. Genet. 2009, 18, 1556–1565. [CrossRef] [PubMed]

3. Anderson, J.F.; Siller, E.; Barral, J.M. The Sacsin Repeating Region (SRR): A Novel Hsp90-Related Supra-Domain Associated with

Neurodegeneration. J. Mol. Biol. 2010, 400, 665–674. [CrossRef]

4. Anderson, J.F.; Siller, E.; Barral, J.M. The Neurodegenerative-Disease-Related Protein Sacsin Is a Molecular Chaperone. J. Mol.

Biol. 2011, 411, 870–880. [CrossRef] [PubMed]

5. Kozlov, G.; Denisov, A.Y.; Girard, M.; Dicaire, M.-J.; Hamlin, J.; McPherson, P.S.; Brais, B.; Gehring, K. Structural Basis of Defects

in the Sacsin HEPN Domain Responsible for Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay (ARSACS). J. Biol.

Chem. 2011, 286, 20407–20412. [CrossRef] [PubMed]

6. Romano, A.; Tessa, A.; Barca, A.; Fattori, F.; Fulvia de Leva, M.; Terracciano, A.; Storelli, C.; Maria Santorelli, F.; Verri, T.

Comparative Analysis and Functional Mapping of SACS Mutations Reveal Novel Insights into Sacsin Repeated Architecture.

Hum. Mutat. 2013, 34, 525–537. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms222111722/s1
https://www.mdpi.com/article/10.3390/ijms222111722/s1
http://doi.org/10.1017/S0317167100024793
http://doi.org/10.1093/hmg/ddp067
http://www.ncbi.nlm.nih.gov/pubmed/19208651
http://doi.org/10.1016/j.jmb.2010.05.023
http://doi.org/10.1016/j.jmb.2011.06.016
http://www.ncbi.nlm.nih.gov/pubmed/21726565
http://doi.org/10.1074/jbc.M111.232884
http://www.ncbi.nlm.nih.gov/pubmed/21507954
http://doi.org/10.1002/humu.22269


Int. J. Mol. Sci. 2021, 22, 11722 9 of 10

7. Larivière, R.; Gaudet, R.; Gentil, B.J.; Girard, M.; Conte, T.C.; Minotti, S.; Leclerc-Desaulniers, K.; Gehring, K.; McKinney, R.A.;

Shoubridge, E.A.; et al. Sacs Knockout Mice Present Pathophysiological Defects Underlying Autosomal Recessive Spastic Ataxia

of Charlevoix-Saguenay. Hum. Mol. Genet. 2015, 24, 727–739. [CrossRef]

8. Gentil, B.J.; Lai, G.-T.; Menade, M.; Larivière, R.; Minotti, S.; Gehring, K.; Chapple, J.-P.; Brais, B.; Durham, H.D. Sacsin, Mutated

in the Ataxia ARSACS, Regulates Intermediate Filament Assembly and Dynamics. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol.

2019, 33, 2982–2994. [CrossRef]

9. Duncan, E.J.; Larivière, R.; Bradshaw, T.Y.; Longo, F.; Sgarioto, N.; Hayes, M.J.; Romano, L.E.L.; Nethisinghe, S.; Giunti, P.;

Bruntraeger, M.B.; et al. Altered Organization of the Intermediate Filament Cytoskeleton and Relocalization of Proteostasis

Modulators in Cells Lacking the Ataxia Protein Sacsin. Hum. Mol. Genet. 2017, 26, 3130–3143. [CrossRef] [PubMed]

10. Szeverenyi, I.; Cassidy, A.J.; Chung, C.W.; Lee, B.T.K.; Common, J.E.A.; Ogg, S.C.; Chen, H.; Sim, S.Y.; Goh, W.L.P.; Ng, K.W.; et al.

The Human Intermediate Filament Database: Comprehensive Information on a Gene Family Involved in Many Human Diseases.

Hum. Mutat. 2008, 29, 351–360. [CrossRef] [PubMed]

11. Peterson, L.B.; Blagg, B.S.J. To Fold or Not to Fold: Modulation and Consequences of Hsp90 Inhibition. Future Med. Chem. 2009, 1,

267–283. [CrossRef]

12. Blagg, B.S.J.; Kerr, T.D. Hsp90 Inhibitors: Small Molecules That Transform the Hsp90 Protein Folding Machinery into a Catalyst

for Protein Degradation. Med. Res. Rev. 2006, 26, 310–338. [CrossRef] [PubMed]

13. Luo, W.; Dou, F.; Rodina, A.; Chip, S.; Kim, J.; Zhao, Q.; Moulick, K.; Aguirre, J.; Wu, N.; Greengard, P.; et al. Roles of Heat-Shock

Protein 90 in Maintaining and Facilitating the Neurodegenerative Phenotype in Tauopathies. Proc. Natl. Acad. Sci. USA 2007, 104,

9511–9516. [CrossRef] [PubMed]

14. Luo, W.; Rodina, A.; Chiosis, G. Heat Shock Protein 90: Translation from Cancer to Alzheimer’s Disease Treatment? BMC Neurosci.

2008, 9 (Suppl. S2), S7. [CrossRef]

15. Thomas, M.; Harrell, J.M.; Morishima, Y.; Peng, H.-M.; Pratt, W.B.; Lieberman, A.P. Pharmacologic and Genetic Inhibition of

Hsp90-Dependent Trafficking Reduces Aggregation and Promotes Degradation of the Expanded Glutamine Androgen Receptor

without Stress Protein Induction. Hum. Mol. Genet. 2006, 15, 1876–1883. [CrossRef]

16. Waza, M.; Adachi, H.; Katsuno, M.; Minamiyama, M.; Sang, C.; Tanaka, F.; Inukai, A.; Doyu, M.; Sobue, G. 17-AAG, an Hsp90

Inhibitor, Ameliorates Polyglutamine-Mediated Motor Neuron Degeneration. Nat. Med. 2005, 11, 1088–1095. [CrossRef]

17. Ansar, S.; Burlison, J.A.; Hadden, M.K.; Yu, X.M.; Desino, K.E.; Bean, J.; Neckers, L.; Audus, K.L.; Michaelis, M.L.; Blagg, B.S.J.

A Non-Toxic Hsp90 Inhibitor Protects Neurons from Abeta-Induced Toxicity. Bioorganic Med. Chem. Lett. 2007, 17, 1984–1990.

[CrossRef]

18. Lu, Y.; Ansar, S.; Michaelis, M.L.; Blagg, B.S.J. Neuroprotective Activity and Evaluation of Hsp90 Inhibitors in an Immortalized

Neuronal Cell Line. Bioorganic Med. Chem. 2009, 17, 1709–1715. [CrossRef]

19. Urban, M.J.; Li, C.; Yu, C.; Lu, Y.; Krise, J.M.; McIntosh, M.P.; Rajewski, R.A.; Blagg, B.S.J.; Dobrowsky, R.T. Inhibiting Heat-Shock

Protein 90 Reverses Sensory Hypoalgesia in Diabetic Mice. ASN Neuro 2010, 2, e00040. [CrossRef] [PubMed]

20. Nethisinghe, S.; Clayton, L.; Vermeer, S.; Chapple, J.P.; Reilly, M.M.; Bremner, F.; Giunti, P. Retinal Imaging in Autosomal

Recessive Spastic Ataxia of Charlevoix-Saguenay. Neuro-Ophthalmology 2011, 35, 197–201. [CrossRef]

21. Parkinson, M.H.; Bartmann, A.P.; Clayton, L.M.S.; Nethisinghe, S.; Pfundt, R.; Chapple, J.P.; Reilly, M.M.; Manji, H.; Wood, N.J.;

Bremner, F.; et al. Optical Coherence Tomography in Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay. Brain J. Neurol.

2018, 141, 989–999. [CrossRef]

22. Rezende Filho, F.M.; Bremner, F.; Pedroso, J.L.; de Andrade, J.B.C.; Marianelli, B.F.; Lourenço, C.M.; Marques-Júnior, W.; França,

M.C.; Kok, F.; Sallum, J.M.F.; et al. Retinal Architecture in Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay (ARSACS):

Insights into Disease Pathogenesis and Biomarkers. Mov. Disord. Off. J. Mov. Disord. Soc. 2021, 36, 1–10. [CrossRef] [PubMed]

23. Deane, C.A.S.; Brown, I.R. Induction of Heat Shock Proteins in Differentiated Human Neuronal Cells Following Co-Application

of Celastrol and Arimoclomol. Cell Stress Chaperones 2016, 21, 837–848. [CrossRef]

24. Zhang, T.; Hamza, A.; Cao, X.; Wang, B.; Yu, S.; Zhan, C.-G.; Sun, D. A Novel Hsp90 Inhibitor to Disrupt Hsp90/Cdc37 Complex

against Pancreatic Cancer Cells. Mol. Cancer Ther. 2008, 7, 162–170. [CrossRef]

25. Sreeramulu, S.; Gande, S.L.; Göbel, M.; Schwalbe, H. Molecular Mechanism of Inhibition of the Human Protein Complex

Hsp90-Cdc37, a Kinome Chaperone-Cochaperone, by Triterpene Celastrol. Angew. Chem. (Int. Ed. Engl.) 2009, 48, 5853–5855.

[CrossRef] [PubMed]

26. Girard, M.; Larivière, R.; Parfitt, D.A.; Deane, E.C.; Gaudet, R.; Nossova, N.; Blondeau, F.; Prenosil, G.; Vermeulen, E.G.M.; Duchen,

M.R.; et al. Mitochondrial Dysfunction and Purkinje Cell Loss in Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay

(ARSACS). Proc. Natl. Acad. Sci. USA 2012, 109, 1661–1666. [CrossRef] [PubMed]

27. Bradshaw, T.Y.; Romano, L.E.L.; Duncan, E.J.; Nethisinghe, S.; Abeti, R.; Michael, G.J.; Giunti, P.; Vermeer, S.; Chapple, J.P.

A Reduction in Drp1-Mediated Fission Compromises Mitochondrial Health in Autosomal Recessive Spastic Ataxia of Charlevoix

Saguenay. Hum. Mol. Genet. 2016, 25, 3232–3244. [CrossRef]

28. Criscuolo, C.; Procaccini, C.; Meschini, M.C.; Cianflone, A.; Carbone, R.; Doccini, S.; Devos, D.; Nesti, C.; Vuillaume, I.; Pellegrino,

M.; et al. Powerhouse Failure and Oxidative Damage in Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay. J. Neurol.

2015. [CrossRef]

29. Anesti, V.; Scorrano, L. The Relationship between Mitochondrial Shape and Function and the Cytoskeleton. Biochim. Biophys.

Acta 2006, 1757, 692–699. [CrossRef]

http://doi.org/10.1093/hmg/ddu491
http://doi.org/10.1096/fj.201801556R
http://doi.org/10.1093/hmg/ddx197
http://www.ncbi.nlm.nih.gov/pubmed/28535259
http://doi.org/10.1002/humu.20652
http://www.ncbi.nlm.nih.gov/pubmed/18033728
http://doi.org/10.4155/fmc.09.17
http://doi.org/10.1002/med.20052
http://www.ncbi.nlm.nih.gov/pubmed/16385472
http://doi.org/10.1073/pnas.0701055104
http://www.ncbi.nlm.nih.gov/pubmed/17517623
http://doi.org/10.1186/1471-2202-9-S2-S7
http://doi.org/10.1093/hmg/ddl110
http://doi.org/10.1038/nm1298
http://doi.org/10.1016/j.bmcl.2007.01.017
http://doi.org/10.1016/j.bmc.2008.12.047
http://doi.org/10.1042/AN20100015
http://www.ncbi.nlm.nih.gov/pubmed/20711301
http://doi.org/10.3109/01658107.2011.595043
http://doi.org/10.1093/brain/awy028
http://doi.org/10.1002/mds.28612
http://www.ncbi.nlm.nih.gov/pubmed/33893680
http://doi.org/10.1007/s12192-016-0708-2
http://doi.org/10.1158/1535-7163.MCT-07-0484
http://doi.org/10.1002/anie.200900929
http://www.ncbi.nlm.nih.gov/pubmed/19585625
http://doi.org/10.1073/pnas.1113166109
http://www.ncbi.nlm.nih.gov/pubmed/22307627
http://doi.org/10.1093/hmg/ddw173
http://doi.org/10.1007/s00415-015-7911-4
http://doi.org/10.1016/j.bbabio.2006.04.013


Int. J. Mol. Sci. 2021, 22, 11722 10 of 10

30. Chen, H.; Chan, D.C. Mitochondrial Dynamics-Fusion, Fission, Movement, and Mitophagy-in Neurodegenerative Diseases. Hum.

Mol. Genet. 2009, 18, R169–R176. [CrossRef]

31. Gentil, B.J.; Minotti, S.; Beange, M.; Baloh, R.H.; Julien, J.; Durham, H.D. Normal Role of the Low-Molecular-Weight Neurofilament

Protein in Mitochondrial Dynamics and Disruption in Charcot-Marie-Tooth Disease. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol.

2012, 26, 1194–1203. [CrossRef] [PubMed]

32. Mears, J.A.; Lackner, L.L.; Fang, S.; Ingerman, E.; Nunnari, J.; Hinshaw, J.E. Conformational Changes in Dnm1 Support a

Contractile Mechanism for Mitochondrial Fission. Nat. Struct. Mol. Biol. 2011, 18, 20–26. [CrossRef] [PubMed]

33. Duchen, M.R.; Surin, A.; Jacobson, J. Imaging Mitochondrial Function in Intact Cells. Methods Enzymol. 2003, 361, 353–389.

[CrossRef] [PubMed]

http://doi.org/10.1093/hmg/ddp326
http://doi.org/10.1096/fj.11-196345
http://www.ncbi.nlm.nih.gov/pubmed/22155564
http://doi.org/10.1038/nsmb.1949
http://www.ncbi.nlm.nih.gov/pubmed/21170049
http://doi.org/10.1016/s0076-6879(03)61019-0
http://www.ncbi.nlm.nih.gov/pubmed/12624920

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Ethics Statement 
	Cell Culture 
	Immunofluorescence and Imaging 
	Mitochondrial Membrane Potential Assay 
	Mitochondrial Volume Assay 
	Immunoblotting 
	Statistical Analysis 

	References

