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Rescue of lysosomal function as therapeutic 
strategy for SPG15 hereditary spastic 
paraplegia
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SPG15 is a hereditary spastic paraplegia subtype caused by mutations in Spastizin, a protein encoded by the ZFYVE26 gene. 
Spastizin is involved in autophagosome maturation and autophagic lysosome reformation and SPG15-related mutations 
lead to autophagic lysosome reformation defects with lysosome enlargement, free lysosome depletion and autophagosome 
accumulation. Symptomatic and rehabilitative treatments are the only therapy currently available for patients. Here, we 
targeted autophagy and lysosomes in SPG15 patient-derived cells by using a library of autophagy-modulating compounds. 
We identified a rose of compounds affecting intracellular calcium levels, the calcium-calpain pathway or lysosomal func-
tions, which reduced autophagosome accumulation. The six most effective compounds were tested in vivo in a new SPG15 
loss of function Drosophila model that mimicked the reported SPG15 phenotype, with autophagosome accumulation, en-
larged lysosomes, reduced free lysosomes, autophagic lysosome reformation defects and locomotor deficit. These com-
pounds, namely verapamil, Bay K8644, 2′,5′-dideoxyadenosine, trehalose, Small-Molecule Enhancer of Rapamycin 28 
and trifluoperazine, improved lysosome biogenesis and function in vivo, demonstrating that lysosomes are a key pharma-
cological target to rescue SPG15 phenotype. Among the others, the Small-Molecule Enhancer of Rapamycin 28 was the most 
effective, rescuing both autophagic lysosome reformation defects and locomotor deficit, and could be considered as a po-
tential therapeutic compound for this hereditary spastic paraplegia subtype.

1 Scientific Institute IRCCS E. Medea, Laboratory of Molecular Biology, 23842 Bosisio Parini, Lecco, Italy
2 Department of Pharmaceutical and Pharmacological Sciences, University of Padova, Largo E. Meneghetti 2, Padova, Italy
3 Department of Molecular Medicine, IRCCS Stella Maris Foundation, Calambrone, 56128 Pisa, Italy
4 Department of Cell Biology and Biophysics, Faculty of Biology, National and Kapodistrian University of Athens, 

Athens 15784, Greece
5 Unit of Clinical Pharmacology, Department of Biomedical and Clinical Sciences L. Sacco, ‘Luigi Sacco’ University 

Hospital, Università di Milano, Milan, Italy

Correspondence to: Chiara Vantaggiato, PhD  
Scientific Institute, IRCCS E. Medea, Laboratory of Molecular Biology, Via D. L. Monza 20  
23842 Bosisio Parini, Lecco, Italy  
E-mail: chiara.vantaggiato@lanostrafamiglia.it

Correspondence may also be addressed to: Genny Orso, PhD  
Department of Pharmaceutical and Pharmacological Sciences, University of Padova,  

Received March 23, 2022. Revised June 22, 2022. Accepted August 11, 2022. Advance access publication August 27, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by- 
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, 
please contact journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/146/3/1103/6677544 by guest on 25 M

ay 2023

https://orcid.org/0000-0002-3910-6836
https://orcid.org/0000-0002-1359-9062
mailto:chiara.vantaggiato@lanostrafamiglia.it
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awac308


1104 | BRAIN 2023: 146; 1103–1120                                                                                                                   C. Vantaggiato et al.

Largo E. Meneghetti 2, Padova, Italy  
E-mail: genny.orso@unipd.it

Keywords: ALR; SPG15; SMER28; lysosomes; autophagy

Introduction
Hereditary spastic paraparesis (HSPs) are rare neurodegenerative 
disorders characterized by progressive spasticity and weakness in 
the lower limbs, due to retrograde axonal degeneration of the corti-
cospinal tracts.1,2 The high level of genetic heterogeneity with >80 
SPG genes being identified corresponds to relatively less mechanis-
tic pathways leading to HSP and including axonal transport, endo-
plasmic reticulum morphogenesis and function, mitochondrial 
regulation, myelination, lipid and sterol metabolism, vesicle and 
endosomal trafficking, lysosomal function and autophagy.3–7 To 
date, HSPs remain uncurable conditions and palliative care and re-
habilitative programmes are the only available treatments.8,9

SPG15 is an autosomal recessive form of HSP with thin corpus 
callosum and an onset between the first and second decade of 
life. SPG15 is characterized by slowly progressive spastic parapar-
esis, mental deterioration associated with cerebellar ataxia, neur-
opathy and retinal abnormalities, and with distinctive pattern of 
leukoencephalopathy.10,11 SPG15 is associated with mutations in 
the ZFYVE26 gene that encodes for Spastizin, a large protein that 
forms a complex with Spatacsin and the adaptor protein 5,10,12

which mutations are associated, respectively, with SPG11 and 
SPG48, two clinical subtypes overlapping SPG15.13–15

We previously reported autophagy defects in SPG15 patient’s 
derived cells.16–18 Autophagy is an evolutionarily conserved intra-
cellular process that delivers long-lived proteins and damaged or-
ganelles to the lysosomes for degradation through the formation 
of double-membrane vacuoles termed autophagosomes. After car-
go degradation, new lysosomes are generated from autolysosomes 
by autophagic lysosome reformation (ALR), a process of lysosome 
biogenesis.19,20 Tubular structures extrude from the autolysosomes 
to generate not acidic proto-lysosomes that become functional ly-
sosomes after a maturation process.19 Constitutive autophagy is es-
sential for neurons and motor neurons to maintain cellular 
homeostasis and survival,21,22 such that autophagy and lysosomal 
defects are associated with several neurodegenerative diseases in-
cluding Alzheimer’s, Parkinson’s and Huntington’s diseases, spino-
cerebellar ataxias, amyotrophic lateral sclerosis, different forms of 
motor neuron diseases and HSP.23–26

A role for Spastizin and Spatacsin has been demonstrated in the 
initial phase of ALR and their loss affects autolysosomal tubulation 
leading to lysosomal biogenesis defects.27–29 Loss of Spastizin results 
in lysosome enlargement, depletion of free lysosomes available to 
fuse with autophagosomes and autophagosome accumulation in 
HeLa and SPG15 fibroblast cells.16,18,27,30,31 Lysosomal abnormalities 
with reduced tubulation events, lipid accumulation in lysosomal 
compartment and reduced free lysosomes were reported also in em-
bryonic fibroblasts and cortical neurons of Spastizin knockout mice, 
associated with defective axonal anterograde transport and impaired 
neurite outgrowth.29,31,32

To date, no pharmacological screening has been performed and 
no compounds were tested in vitro or in vivo in SPG15 models. We 
herein targeted the autophagy-lysosomal pathway in SPG15 cells 
and in a novel fruit fly model of the disease by using a commercial 

library of autophagy-modulating compounds. We identified a com-
pendium of drugs, affecting intracellular calcium levels or the 
calcium-calpain pathway or modulating the lysosomal function, 
that improved autophagosome degradation in SPG15 cells. When 
tested in vivo, in the fly model of SPG15, the most promising com-
pounds all showed significant improvement of lysosome biogen-
esis and function. The Small-Molecule Enhancer of Rapamycin 28 
(SMER28) did rescue both ALR defects and locomotor deficit in vivo.

Materials and methods
Cell cultures and treatments

Fibroblast cell lines were established from skin biopsies obtained 
from patients carrying L243P, S1312X and R1209fsX SPG15 muta-
tions and from two healthy control individuals as reported.16

Fibroblasts were grown in Dulbecco’s modified Eagle medium 
(41965062, Invitrogen, Thermo Fisher Scientific) supplemented 
with 10% FBS (ECS0180DH, Euroclone), 100 U/ml penicillin/strepto-
mycin and 2 mM L-glutamine (15140122 and 25030024, Invitrogen, 
Thermo Fisher Scientific). Cells were transiently transfected using 
Lipofectamine 2000 (11668027, Invitrogen, Thermo Fisher Scientific).

Fluorescent cell-based assays

Control and SPG15 cells were seeded in 96-well plates in the con-
centration of 1500 cells per well and treated for 24 h with com-
pounds from the Screen-Well Autophagy Library (BML-2837, Enzo 
Life Science) in different concentrations from 1 to 100 μM as indi-
cated, or with dimethyl sulphoxide as a negative control. 
Autophagy was determined by using the Cyto-ID autophagy detec-
tion kit (ENZ-51031, Enzo Life Science) to stain autophagosomes in 
living cells. Briefly, cells were incubated for 30 min with Cyto-ID 
Green Detection Reagent and Hoechst 33342 Nuclear Stain in 
Assay buffer, according to the manufacturer’s instructions. 
Cyto-ID Green and Hoechst fluorescence were quantified by using 
a Fluoroskan microplate reader (Ascent FL, Thermo Fisher 
Scientific) at 485/538 and at 355/460 nm, respectively. After back-
ground subtraction, Cyto-ID fluorescence was normalized on 
Hoechst fluorescence. Assay responsiveness was tested in control 
and SPG15 cells in the presence of 0.2 μM Bafilomycin to block au-
tophagosome degradation or 1 μM Rapamycin to induce autophagy, 
both for 24 h, or starved in Earle’s balanced salt solution for 1 h. We 
confirmed both the autophagosome accumulation in SPG15 cells 
and the effect of the autophagy modulators used, indicating the 
usefulness of the assay for the screening of the library compounds.

Compound toxicity analysis

Compound toxicity was determined by using the CellTiter-Blue Cell 
Viability Assay (G8080, Promega), according to the manufacturer’s 
instructions. Briefly, cells were seeded in 96-well plates in the con-
centration of 1500 cells/well. Cells were treated with the selected 
compounds from the Screen-Well Autophagy Library for 24 h and, 
the day after, CellTiter-Blue Reagent and Hoechst 33342 were added 
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directly to the cells and incubated for 1 h a 37°C. The assay is based 
on the ability of viable cells to reduce the indicator dye resazurin to 
resorufin, generating a fluorescent product. CellTiter-Blue fluores-
cence was quantified by using a Fluoroskan microplate reader at 
544/590 nm. After background subtraction, CellTiter-Blue fluores-
cence was normalized on Hoechst fluorescence.

Antibodies and reagents

Anti-LC3B Ab (BK2775) and anti β-actin Ab (sc47778) were purchased 
from Cell Signaling Technology and Santa Cruz Biotechnology, re-
spectively. Anti-Ref(2)P/p62 Ab (ab17844) was purchased from 
Abcam. Anti-SQSTM1/p62 Ab (P0067), 2′,5′-dideoxyadenosine 
(D7408), AICAR (A9978), amiodarone (A8423), Bafilomycin A1 
(B1793), (±)Bay K8644 (B112), clonidine hydrochloride (C7897), for-
skolin (F3917), GF109203X hydrochloride (B6292), minoxidil 
(M4145), nitrendipine (N144), loperamide hydrochloride (L4762), pi-
mozide (P1793), rolipram (R6520), rilmenidine (R134), SMER28 
(S8197), sodium valproate (BP452), spermidine (S2626), suramin so-
dium salt (S2671), trehalose (T0299), trifluoperazine dihydrochloride 
(T8516) and verapamil hydrochloride (V4629) were purchased from 
Merck Life Science.

Confocal immunofluorescence in fibroblast cells

Cells were usually fixed with 4% paraformaldehyde (sc-281692, Santa 
Cruz Biotechnology) for 10 min and permeabilized with PBS contain-
ing 0.1% saponin (S4521, Merck Life Science) and 1% BSA (A9647, 
Merck Life Science) for 30 min. For the analysis with mRFP-GFP-LC3 
vector, cells were fixed with cold methanol for 5 minutes and permea-
bilized with PBS containing 0.1% Triton X-100 (Merck Life Science). 
Samples were then incubated for 2 h with primary Abs and revealed 
using the secondary Abs AlexaFluor-488 and 546 (Invitrogen, 
Thermo Fisher Scientific). For the staining of LC3-positive vesicles, 
cells were transfected with the pCMVMAP1LC3B-RFP vector 
(RC100053, Origene). To analyse autophagosome degradation cells 
were transfected with the mRFP-GFP-LC3 (ptfLC3) vector, a gift from 
Tamotsu Yoshimori (Addgene plasmid #21074).33 For the staining of 
acidic organelles cells were incubated with 75 nM LysoTracker Red 
DND-99 (L7528, Invitrogen, Thermo Fisher Scientific) for 5 min to 
avoid alkalinization (according to the manufacturer’s instructions), 
fixed in paraformaldehyde and processed. Confocal microscopy was 
performed with a Yokogawa CSU-X1 spinning disc confocal on a 
Nikon Ti-E inverted microscope equipped with a Nikon ×60/1.40 oil 
Plan Apochromat objective and were acquired with an Andor 
Technology iXon3 DU-897-BV EMCCD camera (Nikon Instruments). 
RFP-LC3 positive vesicles were counted with ImageJ/Fiji by using the 
‘analyse particles’ tool and the investigator was blinded as to the na-
ture of the sample analysed. Lysosomal diameter in fibroblast cells 
was determined with ImageJ/Fiji by using the straight-line tool to 
draw a line through lysosomes and then using the plot profile tool. 
The size of the structures within the profile was determined by using 
again the straight-line tool. Two regions of interest (ROI)/cell were 
analysed.

Real-time PCR

Silencing efficiency was analysed in Drosophila by quantitative real- 
time PCR. Total RNA was isolated from 10 larvae with Trizol reagent 
(Thermo Fisher Scientific) and purified using Direct-Zol TM RNA 
MiniPrep kit (Zymo Research) according to the manufacturer’s in-
structions. Then, 1 µg/sample was reverse-transcribed into cDNA 
using the Superscript First Strand Synthesis System for RT–PCR 

kit (Thermo Fisher Scientific) and random hexamers. The expres-
sion levels of CG5270, the Drosophila orthologue of the human 
ZFYVE26 gene, were analysed by quantitative real-time PCR on a 
QuantStudio™ 3 Real-Time PCR System (Applied Biosystems, 
Thermo Fisher Scientific) by using a CG5270 specific gene expres-
sion assay (Dm02139099_g1, Applied Biosystems, Thermo Fisher 
Scientific) and RNA polymerase II 140 kD subunit (RpII140, 
Dm02134593_g1) for normalization. Tubulin-Gal4/+ Drosophila line 
was used as endogenous control. Data were analysed using the 
delta-delta-Ct method.

SDS-PAGE and western blot

Cells were lysed in Tris-HCl 0.125 M pH 6.8 and 2.5% SDS, loaded on 
10 or 15% polyacrylamide gels, blotted onto nitrocellulose mem-
branes and probed with the indicated primary antibodies. 
Horseradish peroxidase-conjugated secondary antibodies were 
used and signals were detected using ECL (GE Healthcare).

Fly strains and materials

Fly stocks were raised on standard medium (yeast 27 g/l, agar 10 g/l, 
corn meal 22 g/l, molasses 66 ml/l, nipagin 2,5 g/l, 12,5 ml/l ethanol 
96%) and in standard conditions at 22°C and 12:12 h light:dark cycle. 
Low caloric nutrient food (yeast 14 g/l, agar 5 g/l, corn meal 11 g/l, 
molasses 33 ml/l, nipagin 2,5 g/l, 12,5 ml/l ethanol 96%) was pre-
pared to quantify the eclosion rate under starvation. The 
Drosophila strains UAS-GFP-mcherry-Atg8a (BL-37749), 
UAS-mcherry-Atg8a (BL-37750), Tubulin-Gal4 (BL-5138), W1118 

(BL-5905) were obtained from the Bloomington Drosophila Stock 
Center. The UAS-LAMP1-GFP fly line was kindly provided by 
Helmut Krämer (Department of Neuroscience, University of 
Texas, Dallas, TX, USA). The UAS-RNAi CG5270 (27390GD) fly line 
was obtained from Vienna Drosophila Research Center. Gal4/UAS 
crossings were performed at 28°C.

Drosophila immunohistochemistry and imaging 
acquisition

Third-instar larvae raised at 28°C were harvested, dissected in HL3, 
fixed in 4% PFA for 10 min and washed in PBS containing 0.3% 
Triton X-100 as reported.34 Larvae were incubated with rabbit 
anti-Ref2P overnight at 4°C and successively with secondary anti- 
rabbit CyTM5 Ab (1:500, 111-175-144, Jackson ImmunoResearch 
Europe Ltd) and DAPI (Invitrogen, Thermo Fisher Scientific) for 1 h 
at room temperature, washed and mounted on glass slides using 
Mowiol 4-88 (Merck Life Science). For the staining of acidic orga-
nelles third-instar larvae were dissected in HL3, incubated for 
15 min in LysoTracker Red DND-99 2 µM (Invitrogen, Thermo 
Fisher Scientific) and Hoechst 33342 (Sigma-Aldrich), then fixed 
and mounted. Fixed larvae were acquired using a confocal micros-
copy ZEISS LSM 800 Confocal Laser Scanning Microscope (Carl Zeiss 
Microscopy), equipped with a Zeiss 63×/1.4 Plan Apochromat oil ob-
jective, by using the ZEN Blue acquisition software.

Lysosome tubulation morphometric analysis

Third-instar feeding larvae expressing the UAS-GFP-LAMP1 or co-
expressing the UAS-GFP-LAMP1 and UAS-RNAsptz using the 
Tubulin-Gal4 line were individually selected and placed in Petri 
plates containing a solution of 20% sucrose in PBS for 0, 2, 4, 6 and 
8 h. Eight to ten larvae per group were used for ALR quantification. 
To analyse ALR and quantify autolysosome tubulation we used the 
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ImageJ/Fiji macro developed to study mitochondrial morphology 
and to quantify fragmentated/vesicular and elongated mitochon-
dria that derive from fusion and fission processes.35,36 The green 
channel of GFP-LAMP1 larvae was extracted to grayscale, thre-
sholded to optimally resolve individual lysosomes and converted 
to a binary image. The macro traces lysosomal outlines using ‘ana-
lyse particles’ and quantifies size (area), circularity and elongation 
for each vesicle. Inverse circularity was used as a measure of lyso-
somal elongation. Elongation describes the shape of a vesicle and a 
value of one would be considered a perfect circle, while a higher va-
lue represents elongated structures. Fragmented mitochondria in 
the fission controls (cells overexpressing the fission protein Drp1 
or depleted of the fusion protein Opa1) have a mean circularity of 
0.67, therefore a circularity of 0.7 was used as cut-off to divide circu-
lar LAMP1-positive vesicles (≥0.7) from tubulated vesicles 
(<0.7).36,37 Elongation was calculated for this latter population 
that represents tubulated lysosomes. For tubule analysis, the bin-
ary image was converted to a skeleton that represents the features 
in the original image by using the ‘skeletonise’ tool. Finally, the 
length of each tubule was determined by using the ‘analyse skel-
eton’ plugin and branch length parameter.38 For each sample, two 
muscles and two ROI of 2000 μm2 per muscle were analysed. Eight 
to ten larvae for each group were used for quantification.

Quantification of autophagosomes, lysosomes and 
Ref(2)P aggregates in Drosophila tissues

Quantification of autophagosomes, lysosomes, acidified lyso-
somes, free lysosomes and Ref(2)P aggregates was performed as 

previously described.39 ImageJ was used to produce a maximum in-
tensity projection of the Z-stack. The UAS-GFP-LAMP1 strain was 
used to quantify the number and size of lysosomes, whereas the 
UAS-mcherry-Atg8a strain was used to quantify the number of au-
tophagosomes. For lysosomes, autophagosomes and Ref(2)P aggre-
gates quantification, ImageJ was used to threshold the red, green 
and cyano channels and to count GFP, mcherry and Cy5 dots. For 
each sample, two muscles and two ROI of 2000 μm2 per muscle 
were analysed. For each brain, three ROI of 3400 μm2 were analysed. 
Eight to ten larvae for each group were used for quantification. The 
colocalization of lysosomes with autophagosomes was calculated 
using the colocalization function of ImageJ (coloc-2). Colocalizing 
dots obtained from the macro were quantified and normalized on 
the total number of autophagosomes (red dots).

Drosophila drug treatments

To identify the most effective and not toxic concentration for each 
compound we carried out two experiments: the first pilot test was 
done to distinguish between the toxic and non-toxic range of con-
centration, in the subsequent experiment we identified the concen-
tration that allowed a correct development of Drosophila into the 
adult stage. Supplementary Table 5 summarizes the concentra-
tions tested and the relative effects on development, lethality and 
eclosion rate. Verapamil and Bay K8644 previously dissolved in 
ethanol were added to standard Drosophila food at the final concen-
tration of 1 and 0.4 µM, respectively. 2′,5′-Dideoxyadenosine and 
SMER28 were dissolved in dimethyl sulphoxide and added to stand-
ard food at the final concentrations of 30 and 20 µM. Trehalose and 

Table 1 Effect of the 23 selected compounds on autophagosome fluorescence and cell vitality in SPG15 cells

Compounds Cyto-ID fluorescence Cell titer-blue fluorescence

Control cells 0.407376 ± 0.01946*** 1.009622 ± 0.02678
SPG15 untreated cells 1 ± 0.03269+++ 1 ± 0.02729
(±)Bay K8644 10 μM 0.750333 ± 0.08544**,+++ 1.098417 ± 0.17490
2′,5′-Dideoxyadenosine 10 μM 0.605417 ± 0.02858*** 1.029107 ± 0.04596
AICAR 10 μM 0.682257 ± 0.03742***,+ 1.235116 ± 0.17384
Clonidine·HCl 10 μM 0.741703 ± 0.03266***,+++ 1.026005 ± 0.01879
Fluspirilene 10 μM 0.781212 ± 0.01633*,+++ 0.994232 ± 0.09926
Forskolin 10 μM 0.660783 ± 0.00712*** 1.128379 ± 0.19912
Lithium chloride 10 μM 0.783827 ± 0.03629*,+++ 1.042487 ± 0.06664
Loperamide·HCl 10 μM 0.769407 ± 0.08287**,+++ 1.012879 ± 0.03077
Minoxidil 10 μM 0.710553 ± 0.02449***,++ 1.058033 ± 0.01659
Nitrendipine 10 μM 0.791688 ± 0.05715*,+++ 1.101974 ± 0.01774
Pimozide 20 μM 0.832484 ± 0.02055*,+++ 0.842045 ± 0.13175
Quinine HCl·2H2O 10 μM 0.771528 ± 0.01414**,+++ 1.118622 ± 0.04515
Rilmenidine 10 μM 0.763333 ± 0.02867**,+++ 0.995853 ± 0.02012
Rolipram 10 μM 0.781676 ± 0.06096*,+++ 1.113576 ± 0.01586
SB216763 20 μM 0.762309 ± 0.02677**,+++ 0.980215 ± 0.01855
SMER28 10 μM 0.630783 ± 0.05354*** 0.885013 ± 0.00783
Sodium valproate 10 μM 0.650599 ± 0.00816*** 0.967541 ± 0.02448
Spermidine 10 μM 0.765055 ± 0.02944**,+++ 0.908491 ± 0.12057
Suramin·6Na 10 μM 0.721689 ± 0.04143***,++ 1.16602 ± 0.05748
Tolazamide 10 μM 0.751173 ± 0.07789**,+++ 1.199667 ± 0.05472
Trehalose 10 μM 0.582542 ± 0.03559*** 0.936267 ± 0.01455
Trifluoperazine·2HCl 10 μM 0.692157 ± 0.00816***,+ 0.929301 ± 0.13947
Verapamil·HCl 10 μM 0.710291 ± 0.09416***,++ 0.954414 ± 0.02196
Staurosporine 1 μM – 0.750517 ± 0.01454

The autophagosome fluorescence and cell vitality of SPG15 cells treated with the 23 selected compounds are reported. SPG15 cells were incubated with the compounds for 24 h at the 
indicated concentrations and successively with the Cyto-ID Green reagent, to stain autophagosomes or with the CellTiter-Blue reagent, for cell vitality. Cyto-ID and CellTiter-Blue 

fluorescence levels were normalized on Hoechst fluorescence and are reported as fold increases of SPG15 untreated cells (=1). No differences were detected among L243P, S1312X and 

R1209fsX SPG15 mutated cells and the results shown are the mean. For cell vitality assay the apoptosis inducer staurosporine was used as a negative control. The statistical analysis is 

reported (one-way ANOVA followed by Dunnett’s multiple comparison test; n > 3 experiments; *versus SPG15 untreated cells; +versus control cells).
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trifluoperazine dihydrochloride were dissolved in ddH2O and added 
to standard food at the final concentration of 200, or 500 and 
300 µM.

Eclosion rate

Female virgins and males were placed in a vial in a 10:5 ratio and al-
lowed to lay eggs for 48 h. Then, adults were discarded and larvae 
allowed to develop. Pupae were counted and flies that successfully 
eclosed were scored, and data expressed as percent of eclosion 
(number of adult flies eclosed/number of pupae). Six vials for 
each genotype were used.40

Negative geotaxis assay

For climbing assays, 20 flies for each genotype were collected after 
hatching and were transferred every other day to vials containing 
fresh standard or drug enriched food. Climbing capability was 
tested at three times along life of these flies (5, 10 and 15 days of 
age). Drosophilae were placed in an empty plastic vial with a line 
drawn 8 cm from the bottom of the tube and allowed to recover 
from anaesthesia for 1 h. Flies were gently tapped to the bottom 
of the tube and the number of flies above the 8 cm mark at 7 s 
was recorded as a percentage of flies able to climb the vial. Ten sep-
arate and consecutive trials were performed, and the results were 
averaged. At least 100 flies were tested for each genotype.41

Lifespan assay

We collected newly eclosed animals and bred them at low density 
(<20 animals per vial) in standard conditions. Ageing animals 
were transferred to new vials three times per week, with deaths 
scored. Lifespan plots were generated by calculating the percentage 
of survivorship and plotting viability as a function of time.41

Statistics

Double-blind experiments were performed. We report no data ex-
clusion. Student’s t-test for unpaired variables (two-tailed) and 
one-way ANOVA or two-way ANOVA followed by Dunnett’s, 
Tukey’s or Sidak’s multiple comparisons tests were performed 
using GraphPad Prism v.9.3.0 for Windows (GraphPad Software, 
San Diego, CA, USA). Results are reported as individual data plus 
the mean ± SEM; n represents individual data, as indicated in each 
figure legend. P-values of <0.05 were considered significant. 
Individual P-values are indicated in the graphs (+, *P < 0.05; ++, **P < 
0.01; +++, ***P < 0.001). Statistics are reported in each figure legend.

Study approval

The human tissues were harvested following written informed con-
sent from all participants. All experimental procedures were ap-
proved by the IRCCS E. Medea Scientific Institute Ethics Committee.

Data availability

Data supporting the findings of this study are included in this paper 
and Supplementary material. All supporting data are available 
from the corresponding authors on reasonable request.

Results
Screening of the autophagy library compounds and 
validation in SPG15 cells

Autophagosome maturation in SPG15 cells is impaired due to au-
tophagy and ALR defects that reduce the number of lysosomes 
available for degradation and induce autophagosome accumula-
tion.16–18,27 We performed a pilot screening of a small library of 94 
compounds with a defined autophagy inducing or inhibitory activ-
ity (Supplementary Table 1) for their ability to reduce autophago-
some accumulation in SPG15 cells. We identified 23 non-toxic 
compounds that induced a significant reduction in autophagosome 
fluorescence in patient-derived SPG15 cells carrying the point mu-
tation L243P or one of the two truncating mutations S1312X and 
R1209fsX, previously characterized (Table 1 for the selected 23 com-
pounds; Supplementary Tables 2 and 3 for all the compounds of the 
library).16–18 We classified these compounds into three different 
groups on the basis of their mechanism of action, i.e. compounds 
that: (i) affect intracellular calcium levels; (ii) affect the 
calcium-calpain-GSα and cyclic AMP (cAMP)-Phospholipase C ϵ iso-
form (PLCϵ)-inositol 1,4,5-triphosphate (IP3) pathways; and (iii) pro-
mote autophagosome degradation; thereby highlighting the 
importance of these pathways in the regulation of autophagy in 
SPG15 cells.23,42–45 The effects of the 23 compounds identified 
were analysed more in detail in SPG15 cells by quantifying the au-
tophagosomal markers LC3-II and SQSTM1/p62, and determining 
the autophagosome number by immunofluorescence.

Compounds affecting intracellular calcium levels

This group includes verapamil, loperamide, nitrendipine, fluspiri-
lene and pimozide that reduce intracellular calcium levels and in-
duce mTOR-independent autophagy,42,46–49 and Bay K8644, 
minoxidil, tolazamide and quinine that inhibit calcium channels 
and autophagy.42,49 Their mechanisms of action are schematized 
in Fig. 1A.

All compounds belonging to this group reduced LC3-II levels and 
autophagosome accumulation in SPG15 cells (Fig. 1B–D). Among the 
others, verapamil, loperamide, Bay K8644 and tolazamide were the 
most effective compounds in reducing LC3-II, p62 levels and the 
number of autophagosomes to values similar to control cells 
(Fig. 1B–E). Nitrendipine, fluspirilene, minoxidil and tolazamide did 
not reduce p62 levels (Fig. 1C) and increased the percentage of p62 
vesicles that do not colocalize with autophagosomes, compared 
with SPG15 untreated cells (Fig. 1F). These vesicles may represent 
isolation membranes and/or p62-ubiquitinated-protein aggregates 
directed to ubiquitin-proteasome system degradation.50,51

Compounds affecting the calcium-calpain-GSα and 
cAMP-PLCϵ-IP3 pathways

The compounds of the second group affect autophagy by regulating 
cAMP levels, inositol 1,4,5-triphosphate (IP3) levels or 
AMP-dependent Kinase (AMPK) activity,48,52,53 as depicted in 
Fig. 2A. 2′,5′-dideoxyadenosine (2′5′ ddA), suramin, clonidine and 
rilmenidine reduce cAMP levels inducing autophagy, while roli-
pram and forskolin increase them.42,52 Sodium valproate and lith-
ium chloride reduce inositol and IP3 levels, enhancing the 
clearance of autophagy substrate.53,54 Finally, spermidine and 
AICAR both activate AMPK, but have an opposite effect on autop-
hagy, due to their different effect on Beclin1.55–57
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Figure 1 Compounds that affect intracellular calcium channels. (A) Schematic representation of the mechanism of action of the compounds of this group. 
Red and blue indicate the compounds that inhibit or activate autophagy, respectively. (B) SPG15 cells were incubated with the indicated compounds at the 
concentration of 10 μM for 24 h (except of pimozide, 20 μM). Amiodarone, an L-type calcium channel antagonist that we found to increase autophagosome 
fluorescence in high-throughput screening (Supplementary Table 2), was used as a negative control. (C) Total protein extracts were immunoblotted as 
shown, and LC3-II and SQSTM1/p62 levels were normalized on actin levels and expressed as fold increase of control cells (one-way ANOVA followed by 
Dunnett’s multiple comparison test; n = 3 experiments; *versus SPG15 unt; +versus ctr). Black line indicates lanes that were run on the same gel but 
were non-contiguous. Uncropped gels are in Supplementary Fig. 1. (D) SPG15 cells were transfected with the pCMVMAP1LC3B-RFP vector for the staining 
of autophagosomes (red), incubated with the indicated compounds for 24 h, fixed and stained with anti-SQSTM1/p62 (green) Ab. Yellow in the images in-
dicates colocalization. Scale bar = 10 µm. (E) RFP-LC3 positive vesicles are reported in the graph (one-way ANOVA followed by Dunnett’s multiple compari-
son test, n > 15 cells; *versus SPG15 unt; +versus ctr). (F) p62 vesicles not colocalizing with LC3 were counted, normalized on total number of p62 vesicles and 
reported as percentage (one-way ANOVA followed by Dunnett’s multiple comparison test, n > 15 cells; *versus SPG15 unt; +versus ctr).
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Figure 2 Compounds affecting calcium-calpain-GSα and cAMP-PLCϵ-IP3 pathways. (A) Schematic representation of the mechanism of action of the 
compounds of this group. Red and blue indicate the compounds that inhibit or activate autophagy, respectively. (B) SPG15 cells were incubated 
with the indicated compounds at the concentration of 10 μM for 24 h and total protein extracts were immunoblotted as shown. ALLN, a calpain inhibi-
tor that increased autophagosome fluorescence in the high-throughput screening (Supplementary Table 2), was used as a negative control. LC3-II and 
SQSTM1/p62 levels were normalized on actin levels and expressed as fold increase of control cells (one-way ANOVA followed by Dunnett’s multiple 
comparison test; n = 3 experiments; *versus SPG15 unt; +versus ctr). Uncropped gels are in Supplementary Fig. 2. (C) SPG15 cells were transfected 
with the pCMVMAP1LC3B-RFP vector to stain autophagosomes (red), incubated with the indicated compounds for 24 h, fixed and stained with 
anti-SQSTM1/p62 (green) Ab. Yellow in the images indicates colocalization. Scale bar = 10 µm. (D) RFP-LC3 positive vesicles quantification from C is re-
ported in the graph (one-way ANOVA followed by Dunnett’s multiple comparison test; n > 15 cells; *versus SPG15 unt; +versus ctr). (E) p62 vesicles not 
colocalizing with LC3 were counted, normalized on total number of p62 vesicles and reported as percentage (one-way ANOVA followed by Dunnett’s 
multiple comparison test, n > 15 cells; *versus SPG15 unt; +versus ctr).
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We found that LC3-II levels and the number of autophagosome 
accumulated in SPG15 cells were reduced by all the compounds, in-
dependently of their targets, with 2′,5′-dideoxyadenosine, forsko-
lin, sodium valproate and AICAR as the most efficient, also in 
inducing cargo degradation (Fig. 2B–D). Similar to other compounds 
of the first groups, rilmenidine, clonidine, lithium chloride, sura-
mine and spermidine did not induce a significant reduction of 
p62 levels (Fig. 2B) and increased the percentage of p62 vesicles 
negative for RFP-LC3, compared with SPG15 untreated cells (Fig. 2E).

Compounds that promote autophagosome-lysosome 
fusion

The third group includes compounds promoting autophagosome- 
lysosome fusion and degradation (Fig. 3A). Trehalose and trifluo-
perazine induce Transcription Factor EB (TFEB) nuclear transloca-
tion,58,59 a transcription factor that activates lysosomal and 
autophagy genes inducing lysosome biogenesis and promoting 
autophagosome-lysosome fusion.60 SB216763 induces autophagy 
and promotes autophagic clearance by inhibiting Glycogen 
Synthase Kinase 3 beta (GSK3β),61 a TFEB negative regulator.62,63

The small-molecule enhancer of autophagy SMER28 induces autop-
hagosome synthesis and clearance.64,65

We found that all the compounds decreased LC3-II levels and 
the number of accumulated autophagosomes in SPG15 cells at 
similar threshold levels (Fig. 3B–D), but SB216763 did not reduce 
p62 levels; it increased the percentage of p62 vesicles negative for 
RFP-LC3 (Fig. 3E).

Effect of the hit compounds on autophagosome 
degradation and lysosome enlargement

Spastizin mutations affect ALR and SPG15 cells show lysosome en-
largement, a decreased number of free lysosomes and autophago-
some accumulation.16,27,31,32 Therefore, we analysed the effects of 
the 23 selected compounds on autophagosome degradation by using 
the mRFP-GFP tandem fluorescent tagged LC3B vector to visualize 
autophagosomes.18 The GFP signal is sensitive to acidic compart-
ment and is quenched when autophagosomes fuse with lysosomes, 
thus forming autolysosomes.18 We found that a very low percentage 
of the autophagosome accumulated in SPG15 cells are red acidified 
functional autolysosomes (mRFP+, GFP−) compared to control cells, 
and that verapamil, Bay K8644, 2′,5′-dideoxyadenosine, sodium val-
proate, lithium chloride, trehalose, SMER28, SB216763 and trifluo-
perazine significantly increased the percentage of red acidified 
autolysosomes with respect to SPG15 untreated cells (Fig. 4A and 
B). These compounds induced a decrease in total mRFP-LC3 vesicles 
number in SPG15 cells (Supplementary Fig. 4B and Fig. 1E, 2D and 3D) 
by improving lysosomal function and promoting autophagosome 
degradation; indeed, they reduced the number of autophagosomes 
(mRFP+, GFP+) (Supplementary Fig. 4C) and increased the absolute 
number of autolysosomes (mRFP+, GFP−) (Supplementary Fig. 4D) 
compared with SPG15 untreated cells.

SPG15 cells presented enlarged LAMP1 positive vesicles, com-
pared with control,27,32 that principally represent lysosomes,31 as 
confirmed by the use of the acidic organelle marker LysoTracker 
(Supplementary Fig. 5). This staining evidenced also the presence 
of a small population (20%) of enlarged LAMP1 vesicles that are not 
acidic and could therefore represent late endosomes or amphisomes 
fused with this latter population.66 We analysed the effect of the se-
lected compounds on the size of the LAMP1 positive vesicles and we 
found that verapamil, Bay K8644, 2′,5′-dideoxyadenosine, trehalose, 
SMER28 and trifluoperazine significantly reduced the lysosomal 

diameter in SPG15 cells to values similar to the control (Fig. 4C). 
Therefore, these compounds were selected for the in vivo analysis.

The SPG15 Drosophila model shows locomotor 
deficit, autophagosome accumulation and ALR 
defects

To investigate the in vivo efficacy of the selected compounds, we de-
veloped and characterized a novel SPG15 Drosophila model. CG5270 
is the predicted Drosophila orthologue of the human ZFYVE26. Its 
functional domain displays a 51% identity with the FYVE domain 
of the human protein (Supplementary Fig. 6 and Supplementary 
Table 4) and is predicted to enable phosphatidylinositol-3- 
phosphate binding activity.67

We adopted a loss of function approach by ubiquitously expres-
sing an RNAi construct that strongly reduced (70%) the expression of 
CG5270 (Supplementary Fig. 7). We analysed the eclosion rate of the 
RNAiCG5270 line and we found that while in standard condition the 
eclosion rate of RNAiCG5270 line was similar to control flies, it was sig-
nificantly reduced under nutrient restriction, suggesting that these 
flies are sensitive to starvation (Fig. 5A). Moreover, we found that 
the activity index measured by the negative geotaxis assay, was 
drastically decreased in RNAiCG5270 flies (Fig. 5B), a phenotype often 
presents in Drosophila models of HSP and neurodegenerative disor-
ders.68–70,39

We then coexpressed the mcherry-GFP-Atg8a and the RNAiCG5270 

using the tubulin-Gal4 driver line to analyse autophagosome accu-
mulation and fusion in larval muscle, a well-studied Drosophila tis-
sue for the analysis of autophagy and lysosomal function.71,72 Our 
data indicate that the reduction of CG5270 expression levels induced 
a significant increase in total Atg8 vesicles number and in the per-
centage of autophagosomes (yellow, mcherry+, GFP+ Atg8 vesicles), 
and a decrease in the percentage of autolysosomes (red, mcherry+, 
GFP− Atg8 vesicles) (Fig. 5C and D), indicating defects in autophago-
some degradation. We then quantified lysosomal/late endosomal al-
terations by expressing the recombinant line GFP-LAMP1; 
mcherry-Atg8a (Fig. 5E and F). RNAiCG5270 larvae muscles presented 
an increase in LAMP1 positive vesicles size and number compared 
with control (Fig. 5F), a reduced percentage of free LAMP1 positive ve-
sicles and an increase in Atg8a/LAMP1 colocalizing vesicles, most like-
ly autophagosomes fused with late endosomes, consistent with the 
reduced percentage of autolysosomes observed in the RNAiCG5270 lar-
vae muscles (Fig. 5D). Indeed, the use of LysoTracker to stain acidic or-
ganelles in the GFP-LAMP1 line showed that ∼50% of the LAMP1 
vesicles both in control and RNAiCG5270 larvae muscles were not la-
belled by LysoTracker (Supplementary Fig. 8), consistent with previous 
data.72 Therefore, these vesicles are not lysosomes or autolysosomes, 
but could represent endo-lysosomal structures, immature autophago-
somes fused with late endosomes or new formed lysosomes.19,66

We also analysed ALR in vivo by visualizing and measuring lyso-
somes and the tubular structures that extrude from the autolyso-
somes to generate proto-lysosomes during starvation,19 taking 
advantage of an ImageJ/Fiji macro previously described to quantify 
mitochondrial fission and fusion events.35–37 In our analysis, time 
course experiments were performed on muscle of third-instar feed-
ing larvae expressing GFP-LAMP1 that were starved for 2, 4, 6 and 
8 h (Fig. 5G).19,20 Area and circularity of LAMP1 positive vesicles 
and the elongation index of tubulated vesicles were quantified 
and are reported in Supplementary Fig. 9. In the control line we 
clearly identified two vesicle populations: round and small vesicles 
with stable value of area and circularity (presumably not involved 
in ALR), and a population of vesicles that increased in size and 

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/146/3/1103/6677544 by guest on 25 M

ay 2023

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac308#supplementary-data


Modulators of lysosomal functions rescue SPG15 phenotype                                             BRAIN 2023: 146; 1103–1120 | 1111

decreased in circularity along with time as the starvation pro-
ceeded (suggested to be tubulated vesicles) (Supplementary Fig. 
9A). In control larvae we found that after a short term of starvation 
(2 and 4 h) lysosomes increased in size (Supplementary Fig. 9A), 
consistent with the inhibition of mTOR, as reported for other in vitro 
and in vivo models,19 and presented tubule extrusion after 6 h of nu-
trient deprivation (Fig. 5G and Supplementary Fig. 9B), consistent 
with autophagy reactivation allowing lysosomal reformation.73

Finally, after 8 h we detected only small LAMP1 positive vesicles, 
more likely new formed lysosomes (Fig. 5G). Conversely, the 
RNAiCG5270 line, other than a population of round and small vesicles 
similar to that of control line, presented a population of enlarged 
vesicles stable in size and circularity along with time 
(Supplementary Fig. 9A). Moreover, at 6 h of starvation there was 

no vesicle tubulation (Fig. 5G–J), indicating a block of lysosomal re-
formation in line with the altered ALR process previously described 
in SPG15 models.27,29,31,32 Indeed, the elongation indexes of tubu-
lated vesicle (Fig. 5H) and tubule length (Fig. 5I) were reduced in 
RNAiCG5270 larvae; likewise, the percentage of vesicles with tubules 
>1 µm (Fig. 5J) decreased compared with control. This clearly high-
lights that a reduced CG5270 expression is associated with the in-
ability to form new tubulated structures from preexisting 
lysosomes.

A defective autophagic cargo clearance was also confirmed in 
the brain; indeed, we found accumulation of Ref(2)P/p62-positive 
aggregates in RNAiCG5270 larval ventral nerve cord (Fig. 5K and L).

In conclusion, downregulation of CG5270 expression levels 
mimicked the SPG15 phenotype with autophagy and locomotor 

Figure 3 Compounds affecting autophagosome degradation. (A) Schematic representation of the mechanism of action of the compounds of this group. (B) 
SPG15 cells were incubated with the indicated compounds at the concentration of 10 μM, except of SB216768 (20 μM), for 24 h and total protein extracts were 
run on SDS–polyacrylamide gels and probed with anti-MAP1LC3B, SQSTM1/p62 and actin Abs. GF109203X, a PKC inhibitor that increased autophagosome 
fluorescence in the high-throughput screening (Supplementary Table 2), was used as a negative control. LC3-II and SQSTM1/p62 levels were normalized on 
actin and expressed as fold increase of control cells (one-way ANOVA followed by Dunnett’s multiple comparison test, n = 3 experiments; *versus SPG15 unt; 
+versus ctr). Uncropped gels are in Supplementary Fig. 3. (C) SPG15 cells were transfected with the pCMVMAP1LC3B-RFP vector for the staining of autopha-
gosomes, incubated with the indicated compounds for 24 h, fixed and stained with anti-SQSTM1/p62 (green) Ab. Yellow in the images indicates colocaliza-
tion. Scale bar = 10 µm. (D) RFP-LC3 positive vesicles are reported in the graph (one-way ANOVA followed by Dunnett’s multiple comparison test; n > 15 cells; 
*versus SPG15 unt; +versus ctr). (E) p62 vesicles not colocalizing with LC3 were counted, normalized on total number of p62 vesicles and reported as percent-
age (one-way ANOVA followed by Dunnett’s multiple comparison test, n > 15 cells; *versus SPG15 unt; +versus ctr).
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Figure 4 Effect of the selected compounds on autophagosome degradation and lysosomal size. (A) SPG15 mutated cells were transfected with the 
mRFP-GFP-LC3 vector and incubated with the indicated compounds for 24 h. Cells were then fixed and analysed by confocal microscopy. 
mRFP-GFP-LC3 positive autophagosomes are shown in yellow. (B) Red mRFP+, GFP− LC3 vesicles, corresponding to acidified autolysosomes, were 
counted and expressed as a percentage of total LC3 vesicles (one-way ANOVA followed by Dunnett’s multiple comparison test; n > 30 cells; *versus 
SPG15 unt; +versus ctr). Scale bar = 10 µm. (C) SPG15 mutated cells were incubated with the indicated compounds for 24 h, fixed and stained with 
anti-LAMP1 Ab. The diameter of LAMP1 positive vesicles was determined in two ROI/cell and reported in the graph (one-way ANOVA followed by 
Dunnett’s multiple comparison test; n = 300 vesicles; *versus SPG15 unt; +versus ctr). Scale bar = 10 µm.
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Figure 5 SPG15 Drosophila model characterization. (A) Eclosion rate of control (Tub/+) and RNAiCG5270 lines expressing the Tubulin-Gal4 driver, in 
standard (STD) and starvation (STV) conditions (n = 6 experiments). (B) Activity index of negative geotaxis assay of Tub/+ and RNAiCG5270 lines measured 
at 5, 10 and 15 d after eclosion (n = 15 experiments). Two-way ANOVA followed by Sidak’s multiple comparison test. (C) Images show autophagosomes 
in larval muscles coexpressing RNAiCG5270 and mcherry-GFP-Atg8a with the Tubulin driver. Scale bar = 10 µm. (D) The graphs show the percentage of 
autophagosomes (mcherry+, GFP+) and autolysosomes (mcherry+, GFP− Atg8 vesicles), the number of mcherry+, GFP− Atg8 vesicles/area and the total 
number of Atg8 vesicles/area from C. Unpaired t test; n = 8 larvae; *versus Tub/+. (E) GFP-LAMP1; mcherry-Atg8a and RNAiCG5270 were coexpressed by 
using the Tubulin driver. Autophagosomes fused with LAMP1 positive vesicles in larval muscles are in yellow. Scale bar = 10 µm. (F) The number of 
LAMP1 positive vesicles/area, the average size of LAMP1 positive organelles, the percentage of free LAMP1 vesicles (not colocalizing with autophago-
somes) and of autophagosomes colocalizing with lysosomes/late endosomes (Atg8/LAMP1) from E are reported in the graphs. Unpaired t test; n > 9 lar-
vae; * versus Tub/+. (G) Images show LAMP1 positive vesicles in third-instar feeding larvae coexpressing GFP-LAMP1 and RNAiCG5270 with the Tubulin 
driver, starved for 2, 4, 6 and 8 h. The small panels show an higher magnification of the area indicated in the squares. Arrows indicate round and small 
vesicles, while arrow-heads indicate vesicles that increase in size and decrease in circularity. Green arrows in the magnification of Tub/+ at 6 h indicate 
tubules extruding from LAMP1 positive vesicles. Area and circularity of LAMP1 positive vesicles and the elongation index of tubulated vesicles from 
each time points are reported in Supplementary Fig. 9. Scale bar = 10 μm. (H–J) Morphometric analysis of LAMP1 positive vesicles from G. (H) The elong-
ation index of tubulated vesicles (n = 15 larvae), (I) the branch length of tubules >1 µm (n > 250 vesicles) and (J) the percentage of vesicles with tubules 
>1 µm (n = 14 larvae) are reported. Unpaired t test; * versus Tub/+. (K) Third-instar feeding larvae expressing RNAiCG5270 with the Tubulin driver were 
stained with anti Ref(2)P antibody and DAPI. Images show ventral nerve cord of larval brains. Scale bar = 10 µm. (L) The mean Ref(2)P aggregates size 
and the relative Ref(2)P area/ROI area (3400 µm2) are reported in the graphs (unpaired t-test; n > 9 larvae; *versus Tub/+).
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Figure 6 Bay K8644, verapamil, trifluoperazine, 2′,5′-dideoxyadenosine and SMER28 reduce autophagosome accumulation and lysosomal size in a 
SPG15 Drosophila model. (A) The mcherry-GFP-Atg8a and the RNAisptz line were coexpressed by using the Tubulin-Gal4 driver (RNAi sptz/Tub) and 
chronically treated with 0.4 μM Bay K8644, 1 μM verapamil, 200 and 500 μM trehalose, 30 μM trifluoperazine, 30 μM 2′,5′-dideoxyadenosine (2′5′ ddA) 
and 20 μM SMER28. Images show autophagosomes in larval muscles. Scale bar = 10 µm. (B and C) Quantification from A. (B) The number of autophago-
somes/area (n > 18 ROI) and (C) the percentage of mcherry+, GFP+ Atg8 vesicles (yellow) are reported in the graphs (n > 8 larvae). One-way ANOVA fol-
lowed by Dunnett’s multiple comparison test; *versus RNAi sptz/Tub; +versus Tub/+. Comparison data for SMER28 are in Supplementary Tables 7 and 8. 
(D) RNAi sptz/Tub larvae chronically treated with 0.4 μM Bay K8644, 1 μM verapamil, 200 and 500 μM trehalose, 30 μM trifluoperazine, 30 μM 
2′,5′-dideoxyadenosine (2′5′ ddA) and 20 μM SMER28, were stained with anti α-Ref(2)P Ab (see Supplementary Fig. 10 for images). The mean Ref(2)P ag-
gregates size and total Ref(2)p area measured in the neurones of the ventral nerve cord are reported (one-way ANOVA followed by Dunnett’s multiple 
comparison test; n > 10 larvae; *versus RNAi sptz/Tub; +versus Tub/+). (E) The GFP-LAMP1; mcherry-Atg8a and the RNAisptz lines were coexpressed 
using the Tubulin-Gal4 driver and chronically treated with 0.4 μM Bay K8644, 1 μM verapamil, 200 and 500 μM trehalose, 30 μM trifluoperazine, 
30 μM 2′,5′-dideoxyadenosine (2′5′ ddA) and 20 μM SMER28. Images show LAMP1 positive vesicles (green) and autophagosomes (red) in larval muscles. 
Scale bar = 10 µm. (F–I) Quantification from E. (F) The percentage of autophagosome colocalizing with LAMP1 positive vesicles (Atg8/LAMP1 positive) (n 
> 8 larvae), (G) the LAMP1 vesicles (area) (n > 8 larvae), (H) the percentage of free LAMP1 vesicles (not colocalizing with autophagosomes) (n > 8 larvae) 
and (I) the number of LAMP1 positive vesicles/area (n > 10 larvae) are reported in the graphs. One-way ANOVA followed by Dunnett’s multiple com-
parison test; *versus RNAi sptz/Tub; +versus Tub/+.
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Figure 7 SMER28 rescue locomotion and ALR defects in SPG15 Drosophila model. (A–C) Activity index of negative geotaxis assay of control (Tub/+) and 
SPG15 Drosophila model (RNAi sptz/Tub) measured at 5 (A), 10 (B) and 15 (C) days after eclosion under chronic treatment with 0.4 μM Bay K8644, 1 μM 
verapamil, 200 and 500 μM trehalose, 30 μM trifluoperazine, 30 μM 2′,5′-dideoxyadenosine (2′5′ ddA) and 20 μM SMER28 (two-way ANOVA followed by 
Dunnett’s multiple comparison test; n = 15 experiments; *versus Tub/+). Comparison data for SMER28 are in Supplementary Table 9. (D) Third-instar 
feeding larvae coexpressing LAMP1GFP and RNAsptz with the Tubulin-Gal4 driver line untreated (unt) or chronically treated with 20 μM SMER28 were 
starved in PBS 20% sucrose for 0, 4, 5, 6 and 8 h. Image show lysosomes. Scale bar = 10 µm. (E and F) Morphometric analysis of lysosomes of D. (E) Total 
vesicle size (area) and (F) elongation index of tubulated vesicles are reported in the graphs (two-way ANOVA followed by Dunnett’s multiple compari-
son test; n = 15 larvae; *versus Tub/+).
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defects, and represents a good SPG15 Drosophila model. Therefore, 
we proposed to name CG5270 D-Spastizin (D-Sptz) for the work.

Verapamil, Bay K8644, 2′,5′-dideoxyadenosine and 
SMER28 rescue lysosomal and autophagy defects in 
SPG15 Drosophila model

We selected verapamil, Bay K8644, 2′,5′-dideoxyadenosine, trehal-
ose, trifluoperazine and SMER28 to rescue autophagy defects in 
the Drosophila Sptz fly model (RNAisptz).

The most effective concentration for each compound with min-
imal toxic effects was determined (Supplementary Table 5). The ef-
fects of the compounds on autophagosome accumulation and 
degradation in RNAisptz model were evaluated in larval tissues treated 
with 0.4 μM Bay K8644, 1 μM verapamil, 200 μM and 500 μM trehalose, 
30 μM trifluoperazine, 30 μM 2′,5′-dideoxyadenosine (2′5′ ddA) and 
20 μM SMER28 (Fig. 6). All the compounds significantly reduced the 
number of autophagosomes accumulated in untreated RNAisptz mus-
cles, although at different threshold levels (Fig. 6A and B), with trehal-
ose, trifluoperazine, 2′,5′-dideoxyadenosine and SMER28 being the 
most effective (Fig. 6B and Supplementary Table 6). Moreover, all 
compounds also reduced the number of yellow mcherry+, GFP+ 
Atg8 vesicles, representing autophagosomes (Fig. 6C), indicating im-
proved lysosomal function and autophagosome degradation. 
SMER28 was the most efficient (Supplementary Table 7), while only 
the lowest concentration of trehalose improved degradation. The 
analysis of Ref(2)P/p62-positive aggregates in RNAisptz neurones 
(Fig. 6D and Supplementary Fig. 10) showed that only SMER28 was 
able to reduce the size of Ref(2)P/p62-positive aggregates, making it 
effective not only in skeletal muscle, but also in the CNS.

We then analysed the effects of these compounds on lysosomes 
in the line coexpressing the GFP-LAMP1; mcherry-Atg8a and the 
RNAisptz transgenes. All the compounds reduced the accumulation 
of Atg8a/LAMP1 vesicles (Fig. 6E and F) indicating an increased 
autolysosome degradation and, except trifluoperazine, also re-
duced the size of LAMP1 vesicles to values similar to control flies 
(Fig. 6G). Trehalose, trifluoperazine, 2′,5′-dideoxyadenosine and 
SMER28 restored the percentage of free LAMP1 vesicles that do 
not colocalize with autophagosomes and are therefore available 
for fusion and degradation processes (Fig. 6H). Finally, only 
2′,5′-dideoxyadenosine and SMER28 reduced the total number of 
LAMP1 vesicles (Fig. 6I).

Our data showed also that none of the compounds affected au-
tophagosome number or LAMP1 vesicles size in control muscle or 
Ref(2)P aggregates in neurones (Supplementary Fig. 11), excluding 
non-specific effects.

We conclude that only SMER28 was able to restore all the para-
meters tested in vivo in the SPG15 Drosophila model.

SMER28 treatment rescues ALR and locomotor 
defects in SPG15 Drosophila model

Chronic treatment of D-Sptz loss of function model and quantifica-
tion of climbing activity at 5, 10 and 15 d (Fig. 7A–C) showed that all 
the compounds increased flies’ locomotor activity indexes at 5 and 
10 days. After 15 days, verapamil and 200 µm trehalose did not im-
prove locomotion in the RNAisptz line, while SMER28 was the most 
effective compound on this parameter, in line with the results from 
Ref(2)P aggregates in the nervous system (Fig. 7C and 
Supplementary Table 8). Therefore, we tested whether SMER28 
could also rescue the lysosomal reformation defects in D-Sptz fruit 
fly model. Larvae chronically treated with SMER28 and subjected to 

starvation (for 4, 5, 6 and 8 h) were processed for immunohisto-
chemistry and lysosomal indexes were quantified. We found that 
SMER28 was able to partially reconstitute lysosomal homeostasis 
in larval muscle by stimulating the formation of elongated lyso-
somes during starvation, and thus suggesting that SMER28 can 
positively affect ALR in vivo (Fig. 7D–F). Therefore, SMER28 could 
be considered to be a new modulator of lysosomal reformation 
and a potential therapeutic compound for the SPG15 HSP subtype.

Discussion
SPG15 is an orphan disease: currently, no specific therapy has been 
developed such that only symptomatic and rehabilitative treatments 
are available for SPG15 patients. Lysosomal defects and autophago-
some accumulation are key players in the pathogenesis of SPG15 
and are sensible targets to test novel therapeutic strategies.16,27,29

Here we report on the identification and further characterization of 
compounds that are effective in vivo in rescuing SPG15 phenotype 
by targeting lysosomes and autophagy. This was done by screening 
a library of autophagy-modulating compounds in SPG15-derived cells 
by which we identified a rose of six compounds that enhanced autop-
hagosome degradation and reduced lysosome/late endosomes en-
largement in vitro through mTor independent mechanisms.42,65,74

These six compounds are trehalose, trifluoperazine, SMER28, verap-
amil, Bay K8644 and 2′,5′-dideoxyadenosine. The in vivo administra-
tion of each of these compounds in a new SPG15 Drosophila model 
that mimicked the SPG15 phenotype confirmed their positive effects 
on autophagy and lysosomal deranged processes. The compounds 
significantly reduced the number of not degraded autolysosomes ac-
cumulated in SPG15 Drosophila muscles, indicating an improvement 
in lysosomal function and autophagosome degradation. Beyond the 
identification of candidate compounds amenable to further pharma-
cological characterization and therapeutic development, these results 
indicate that lysosomes are key pharmacological targets to rescue the 
SPG15 phenotype.

We identified SMER28 as the most effective molecule in vivo in 
restoring autophagosome number, improving autolysosome deg-
radation, increasing the percentage of free available lysosomes 
and reducing the size of Ref(2)P/p62-positive aggregates in the 
brain. Moreover, we found that SMER28 rescued ALR defects in 
SPG15 Drosophila muscles and the locomotor deficit observed in 
this model, supporting its beneficial activity in both neuronal and 
muscle tissues. Therefore, we propose SMER28 to be a new modula-
tor of lysosomal reformation and a potential therapeutic com-
pound for this HSP subtype.

In more detail, the analysis of the mechanism of these six com-
pounds suggests a possible common action on lysosomes. 
Trifluoperazine and verapamil both inhibit the TCP2 lysosomal cal-
cium channel, a negative regulator of lysosomal fusion,75 thereby 
improving lysosomal functions and fusion.59,76 Indeed, lysosomal 
calcium release is involved in lysosome biogenesis and ALR, thus 
regulating lysosomal calcium channels could improve both pro-
cesses.77–80 This also resembles naringenin function, which we 
found to be effective for SPG31 Drosophila model.41,81 Moreover, tri-
fluoperazine and trehalose both induce TFEB nuclear translocation 
and the transcription of lysosomal and autophagy regulating genes, 
promoting lysosome biogenesis.58,59,74 Concerning Bay K8644 and 
2′,5′-dideoxyadenosine, the information is limited and a direct ef-
fect on lysosomal functions is not reported. Nevertheless, Bay 
K8644, as calcium channel modulator, could regulate both plasma 
membrane and lysosomal channel as reported for the other two 
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calcium channel modulators, verapamil and trifluoperazine, with 
similar effects. Moreover, the final effect of calcium channel- 
regulating compounds on autophagy is not only related to their pri-
mary effect on calcium channels, but it could also derive from their 
chemical propriety or from off-target effects.82 In line with this, the 
action of calcium channels regulators on autophagy is not limited 
to excitable cells, rather, it can also be observed in fibroblasts, hepa-
tocytes and cancer cell lines.78 Finally, SMER28 induces autophago-
some synthesis and improves autophagic flux and autophagosome 
clearance.64,65,83,84

Spastizin, together with Spatacsin, mutated in SPG11, is sup-
posed to participate in the initial step of autophagic lysosomal re-
formation and both proteins are essential for the process.27–29

Indeed, Spatacsin and Spastizin may form, or be part of, a 
lysosome-specific coat that drives fission, either through vesicula-
tion and/or tubulation.27 Their loss is associated with a failure of 
ALR with accumulation of autolysosomes and depletion of free ly-
sosomes.27–29,31 Here we demonstrate that SMER28 promotes ALR 
in vivo and that rescuing ALR is a possible therapeutic strategy for 
SPG15. Not only do we indicate SMER28 as a potential therapeutic 
compound for this form of HSP, but also that it can be useful for 
those associated with ALR and lysosomal defects, such as SPG11. 
For this HSP subtype, but not for SPG15, two compounds, 
Miglustat and Tideglusib, have been investigated and their ability 
to rescue the pathological phenotype was tested. Miglustat reduced 
lysosomal ganglioside accumulation in cells and zebrafish SPG11 
models,85 but its efficacy for SPG11 patient is uncertain because of 
its low ability to cross the blood–brain barrier and the increased gly-
cosphingolipid levels reported in the Sandhoff disease mouse 
model after treatment.4,86,87 Tideglusib, a GSK3β inhibitor, rescued 
proliferation and neurodegenerative defects in SPG11 iPSC and or-
ganoids.88,89 Our results, indicating TFEB and its inhibitor GSK3β 
as therapeutic targets for these forms of HSP, support the possible 
therapeutic value of Tideglusib. Nevertheless, this needs to be fur-
ther investigated.

Our analysis also reveals the potential of SMER28, verapamil, 
Bay K8644, 2′,5′-dideoxyadenosine, trehalose and trifluoperazine 
for other HSP subtypes associated with autophagy/lysosomal de-
fects, such as SPG11, SPG48, SPG49 and SPG78, and for neurodegen-
erative diseases associated with lysosomal dysfunctions, such as 
lysosomal storage disorders, amyotrophic later sclerosis and atax-
ia.26 All six compounds have been widely tested for their therapeut-
ic potentiality in several neurodegenerative disease models, albeit 
at different extents.42,90–97 Notably, SMER28 is reported to: (i) pre-
vent beta-amyloid aggregate formation and reduce accumulation 
in cellular models of Alzheimer’s disease74,96; (ii) enhance the clear-
ance of mutant huntingtin in Huntington’s disease cells and 
Drosophila models64; and (iii) attenuate dopaminergic neuronal de-
generation and improving motor behaviour in a Parkinson’s dis-
ease rat model.98 In addition, verapamil and trifluoperazine are 
clinically used compounds to treat cardiovascular disease and 
psychosis, respectively, and repositioning tests are ongoing for dif-
ferent neurodegenerative disorders. Two clinical trials for the use 
of trehalose in SPG11 and neuronal ceroid lipofuscinoses patients 
are active (NCT04912609 and NCT04808297; ClinicalTrials.gov). No 
clinical trials instead are registered for SMER28, Bay K8644 and 
2′,5′-dideoxyadenosine, which therefore need to be further investi-
gated. The efficacy of SMER28 at post-symptomatic stages in the 
SPG15 fly model encourages a future translation in clinics.

In conclusion, the identification of a number of molecules as po-
tential candidates for a pharmacological intervention in HSP is of 
great relevance in the HSP field because of the lack of gene-specific 

pharmacological therapy.8,9 Indeed, rehabilitation along with 
symptomatic treatments are so far the only treatments available 
for this disease. However, considering the various degrees of dis-
eases severity observed in SPG15 and in other HSP subtypes with 
similar autophagy/lysosomal defects, the combined approach of a 
rehabilitative intervention and a pharmacological treatment is like-
ly to represent the most effective disease therapy. Based on this, a 
number of molecules rather than a single one may be necessary to 
reach this goal. In line with that, the findings here reported all re-
present valuable data to select the best candidate/s to start with.
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