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ARTICLE INFO ABSTRACT

Keywords: CLNS8 is an endoplasmic reticulum cargo receptor and a regulator of lysosome biogenesis whose loss of function

Ne“r"r_‘al ceroid lipofuscinosis 8 leads to neuronal ceroid lipofuscinosis. CLN8 has been linked to autophagy and lipid metabolism, but much

[Z\dt’m?fh remains to be learned, and there are no therapies acting on the molecular signatures in this disorder. The present
utophagy

study aims to characterize the molecular pathways involved in CLN8 disease and, by pinpointing altered ones, to
identify potential therapies. To bridge the gap between cell and mammalian models, we generated a new
zebrafish model of CLN8 deficiency, which recapitulates the pathological features of the disease. We observed,
for the first time, that CLN8 dysfunction impairs autophagy. Using autophagy modulators, we showed that
trehalose and SG2 are able to attenuate the pathological phenotype in mutant larvae, confirming autophagy
impairment as a secondary event in disease progression. Overall, our successful modeling of CLN8 defects in
zebrafish highlights this novel in vivo model’s strong potential as an instrument for exploring the role of CLN8
dysfunction in cellular pathways, with a view to identifying small molecules to treat this rare disease.

Drug screening

1. Introduction

The term neuronal ceroid lipofuscinosis (NCL) refers to a group of
lysosomal storage disorders, with different ages at onset, in which
impaired lysosomal function of many tissue and cell types, both
neuronal and extra-neuronal, causes accumulation of autofluorescent
storage material. However, the disease mainly affects the central ner-
vous system and eyes. Common symptoms include progressive loss of

vision, mental and motor deterioration, epileptic seizures, and, in the
rare adult-onset form, frank dementia (Morsy et al., 2021). The accu-
mulated storage material resembles ceroid and lipofuscin, which accu-
mulate during normal aging (Marotta et al., 2017; Nita et al., 2016).
Currently, no curative treatments are available and all forms of NCL are
fatal. Neuronal ceroid lipofuscinosis type 8 (CLN8) is a late-childhood-
onset form (onset on average after 4 years of age) reported in multiple
ethnicities. It accounts for 2-3% of all NCLs (Nita et al., 2016). The CLN8

Abbreviations: NCL, neuronal ceroid lipofuscinosis; FDA, U.S. Food and Drug Administration; dpf, days post fertilization; hpf, hours post fertilization; CID,
collision-induced dissociation; IDA, information-dependent acquisition; CES, collision energy spread; DIA, data-independent acquisition; DEPs, differentially
expressed proteins; AO, acridine orange; ERG, electroretinogram recording; LFP, local field potential; ER, endoplasmic reticulum; WT, wild-type; TTBS, Tween-Tris-
buffered saline; ROI, region of interest; RMS, root mean square; NMD, nonsense-mediated mRNA decay; CTSD, cathepsin D; SCMAS, ATP synthase subunit C.
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protein is an endoplasmic reticulum (ER)-associated membrane protein
whose loss of function leads to impaired lysosomal storage (Ranta et al.,
1999). di Ronza and colleagues found that CLN8 is an ER cargo receptor
that, through interaction with the COPII and COPI machineries, regu-
lates lysosome biogenesis (di Ronza et al., 2018) by transferring lyso-
somal enzymes from the ER to the Golgi apparatus. Impaired function of
CLN8 leads to reduced clearance of protein aggregates, suggesting an
alteration of autophagy, as already reported in several mouse models of
NCL (Leinonen et al., 2017). On the basis of earlier work (Passantino
et al., 2013) suggesting that CLN8 acts on processes relevant to lipid
synthesis and transport, membrane trafficking, and autophagy, through
binding of its C-terminus with the inhibitor 2 of type 2 protein phos-
phatase, it has been hypothesized to be a regulator of cell signaling
(Adhikari et al., 2019). Pesaola and colleagues provided evidence that
CLN8 participates in vesicular distribution, maintenance of lysosomal
pH, and normal development of the dendritic tree (Pesaola et al., 2021).
All these findings show that CLN8 is involved in biologically relevant
processes with potential links to the pathophysiology of NCL. None-
theless, the scope and involvement of CLN8 in autophagy still need to be
fully clarified (Kim et al., 2022), also to identify molecules of potential
therapeutic value.

To date, two CLN8 animal models have been described and charac-
terized. The first is the naturally occurring canine (English Setter) model
(Katz et al., 2017), scarcely used in preclinical research. The other is the
mnd mouse model, which carries a homozygous mutation in CIn8 (Ranta
et al., 1999) and recapitulates the typical signatures of NCL pathology,
including storage of autofluorescent material, gliosis, brain and retinal
degeneration, lysosomal abnormality, motor coordination impairment,
and decreased learning and memory (Messer and Flaherty, 1986;
Bronson et al., 1993; Traina et al., 2012; Bolivar et al., 2002); this model
is valuable for investigating disease mechanisms and intra-
cerebroventricularly delivered AAV9 gene therapy approaches.

The zebrafish is an in vivo tool, ideal for bridging the gap between
mammalian and in vitro models of CLN8, since it has already been used
successfully to model lysosomal storage diseases including NCLs (Mah-
mood et al., 2013), glycogen storage disorders, namely Pompe disease
(Wu et al., 2017) and Lafora disease (Della Vecchia et al., 2022), and
different forms of epilepsy (Grone et al., 2016). Moreover, it has become
a leading model for large-scale screening of therapeutic compounds and
for phenotype-based drug discovery (MacRae and Peterson, 2015).

With the aim of dissecting complex disease-related cellular pathways
in vivo, we edited the gene to produce a novel cIn8 knockout model in
zebrafish. We also combined cell- and behavior-based phenotypic
screening of newly synthesized compounds with repurposing of FDA-
approved autophagy-modulating molecules able to correct locomotor
and biochemical impairment in CLN8. Together, our data show that the
cIn8’/~ fish model is a very promising instrument for exploring mech-
anisms underlying disease status, with a view to developing new small-
molecule approaches to NCLs.

2. Materials and methods
2.1. Zebrafish maintenance

Experiments were conducted on a cln8 /™ and also on a transgenic
[Tg (neurod1:GCaMP6F)] line (kindly donated by Claire Wyart of the
Institut du Cerveau et de la Moelle Epiniére, Paris, France) (Rupprecht
et al., 2016) in the nacre (mitfa’/ ") background, which will henceforth
be referred to as WT. We used the mitfa™’~ background for calcium
imaging analyses, whereas the mitfa /" fish were used for the other
experiments. We had previously verified the absence of any behavioral
differences between the [mitfa’/ *; Tg (neurod1:GCaMP6F)] line and the
standard AB line (Della Vecchia et al., 2022). The cn8~/~ experimental
fish were generated by intercrossing cln8/~ males and females. Adults
were housed in tanks at a density of no more than five zebrafish per liter
at a constant temperature of 28 °C with a 14-h light/10-h dark cycle.

Neurobiology of Disease 197 (2024) 106536

Zebrafish eggs and embryos were collected and grown at 28.5 °C in egg
water obtained using “Instant Ocean” sea salts (60 pg/mL) (Aquarium
Systems, Sarrebourg, France) and in E3 medium (292.2 mg NaCl, 12.6
mg KCl, 48.6 g mM CaCl, 2H50, and 39.8 mg MgSO4, per 1 L of
deionized water), respectively, according to established procedures
(Westerfield, 2000). They were staged in either hours post fertilization
(hpf) or days post fertilization (dpf). All compounds used for E3 medium
solution preparation were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The generation of the mutant, using CRISPR/Cas9 technology,
was performed with the ethical approval of the Italian Ministry of Health
(approval n° 584/2019-PR), in accordance with the European Union’s
Directive 2010/63/EU on the protection of animals used for scientific
purposes, under the supervision of the University of Pisa Animal Care
and Use Committee, and in compliance with the 3R principles.

2.2. Establishing mutant lines

The selected sgRNA was chosen among the top targets identified by
CHOPCHOP software (www.chochop.rc.fas.harvard.edu/index.php) set
with NGG PAM sites and zero predicted off-targets (fewer than three
mismatches in the cln8-targeting 20-mer). The sgRNA was designed
against exon three of the cln8 transcript (ENSDART00000148431.2)
(Supplementary Table S1) and generated as already described. The
sgRNA was transcribed using the Megascript T7 Transcription Kit
(Invitrogen, Heidelberg, Germany) (Naef et al., 2021). The optimized
Cas9 mRNA, for genome editing in zebrafish, was transcribed from a
linearized template plasmid pCS2-nCas9n using the mMESSAGE mMA-
CHINE™ SP6 Transcription Kit (Thermo Fisher Scientific, Waltham, MA,
USA). RNA concentration was quantified using a NanoDrop spectro-
photometer (Optosky, Xiamen, China) and diluted to 500 ng/pL. About
100 ng of cIn8-sgRNA and 500 ng of Cas9 mRNA were co-injected into 1-
cell-stage embryos to ensure high-efficiency delivery of the injected
mRNA to the embryo. The volume of solution injected was ~1 nL. At
least three independent injection experiments were performed with
spawns from different founder fish to control for the batch effect.
CRISPR/Cas 9 was used in the WT strain.

2.3. Genotyping

For mutation screening, sgRNA-injected FO embryos, raised to
adulthood and outcrossed with the Tg(neurod1:GCaMP6F) line, were
used to obtain heterozygous F1 embryos. Adults potentially carrying
mutations were identified by PCR and fragment analysis using genomic
DNA from 16 randomly selected F1 embryos. The sequences of the
primers used are listed in Supplementary Table S1. Heterozygous F1 fish
carrying an 11-bp deletion mutation in the target site were selected and
inter-crossed to generate the homozygous F2 cln8 " line.

2.4. In situ hybridization

Whole-mount in situ hybridization was performed in 5 dpf WT larvae
as described elsewhere (Marchese et al., 2016). Templates for ribop-
robes were generated by PCR amplification of zebrafish cIn8 transcript,
using a T3 promoter sequence added to either the reverse primer (for the
antisense probe) or the forward primer (for the sense control). The se-
quences of the primers used can be found in Supplementary Table S1.

2.5. Analysis of larval morphology

Live zebrafish were mounted on glass depression slides with 1% low
melting point agarose. Images were obtained using a Leica M205FA
stereomicroscope (Leica Microsystems, Wetzlar, Germany). Zebrafish
standard body length, eye size, and yolk sac area were measured using
Danioscope software (Noldus Information Technology Wageningen, The
Netherlands) (Della Vecchia et al., 2022).
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2.6. Quantitative (Q)JRT-PCR

Gene expression levels of cln8 mRNA were examined using RNA
pooled from WT and cIn8 /™ larvae. Total RNA was extracted from 30
larvae at 120 hpf using the Quick RNA Miniprep Kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s instructions, and
quantified with a NanoDrop™ ND-1000 spectrophotometer (Thermo
Fisher Scientific). Extraction of cDNA and qRT-PCR were performed as
described elsewhere (Marchese et al., 2016). Relative expression levels
of each gene were calculated using the 2722CT method (Livak and
Schmittgen, 2001). The results obtained in at least three independent
experiments were normalized to the expression of the housekeeping
gene, f-actin (ENSDARG00000037746). The expression analysis of cln8
mRNA in mutant larvae was calculated setting the mean of the controls
at one, and the p-value was calculated using GraphPad Prism 6 software
(GraphPad Software Inc., San Diego, CA, USA). The primers used are
listed in Supplementary Table S1.

2.7. Western blotting

Larvae collected at 120 hpf (n = 60) in triplicates were lysed in RIPA
buffer (Cell Signaling Technology Inc., Danvers, MA) and Western
blotting was performed as described elsewhere (Di Nottia et al., 2020).
In brief, 50 pg of proteins was loaded in Novex™ 8-16% Tris-Glycine
Mini Gels, WedgeWell™ format (Thermo Fisher Scientific), in
reducing conditions. Blots were performed using the Trans-Blot Turbo
Transfer System (Bio-Rad Laboratories Inc., Berkeley, CA) and Trans-
Blot® Turbo™ RTA Mini PVDF Transfer Kit (Bio-Rad Laboratories Inc.).
Membranes were blocked with TBS/0.1% Tween20 (TTBS) containing
5% non-fat dry milk. Primary antibodies were incubated overnight at
4 °C in TTBS with 2.5% non-fat dry milk, whereas, as secondary anti-
bodies, we used peroxidase-conjugated anti-mouse and anti-rabbit an-
tibodies (Jackson Immuno Research Inc., West Grove, PA) for 1 h at
room temperature in the same buffer used for the primary antibodies
(2.5% non-fat dry milk in TTBS). Bands were revealed using the
ChemiDoc™ Imaging System (Bio-Rad Laboratories Inc.). ImageJ soft-
ware (https://imagej.nih.gov/ij/) was used for densitometry analysis.
The following antibodies were used: anti-LC3 (NB100-2220, Novus Bi-
ologicals, Centennial, CO, USA; 1:1000), anti-ATG5 (NB110-53818,
Novus Biologicals; 1:500), anti-Rab7 (R4779, Sigma-Aldrich; 1:2000),
anti-cathepsin D (610,801, BD Biosciences, Franklin Lakes, NJ; 1:250),
anti-p-actin (GTX629630, GeneTex, Irvine, CA; 1:2500), and anti-
GAPDH (GTX100118, GeneTex; 1:5000).

2.8. Proteomic analysis

2.8.1. Sample preparation for mass spectrometry-based proteomics

Six pellets of whole zebrafish larvae at 5 dpf (three WT and three
cln8’ ~, each derived from 100 larvae) were thawed, allowed to return
to room temperature, treated with 200 pL of 5% (w/v) sodium deoxy-
cholate (D6750, Sigma-Aldrich) aqueous solution, and incubated in a
Thermomixer Compact (Eppendorf, Hamburg, Germany) for 10 min at
80 °C at 500 rpm. The samples were sonicated for 5 min (five 20-s cycles
separated by 40-s intervals on ice) and clarified by centrifugation
(13,000 rpm for 10 min at 4 °C). The Pierce bicinchoninic acid assay
(reagent A 23228 and reagent B 1859078, Thermo Scientific, Rockford,
IL) was used to determine the protein concentration of the supernatants,
with serum albumin (A7906, Sigma-Aldrich) used as a standard. For
each sample, 100 pg of protein was reduced with 10 mM dithiothreitol
(D1 309.0010, Duchefa Biochemie, Haarlem, The Netherlands) in
ammonium bicarbonate (Ambic, LC-MS grade, 40,867, Merck, Darm-
stadt, Germany) 50 mM for 30 min at 65 °C and alkylated using 20 mM
iodoacetamide (RPN6302V, GE Healthcare, Chicago, IL) in Ambic me-
dium, 50 mM (Ambic, Witney, United Kingdom) for 30 min at 37 °C in
the dark. Protein digestion was performed using sequencing grade
trypsin (11,418,033,001, Roche, Indianapolis, IN) at a modified
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enzyme:protein ratio (w/w) of 1:50 for 17 h at 37 °C. Then the samples
were incubated with 10% trifluoroacetic acid (LC-MS grade, 80,457,
Sigma-Aldrich) for 10 min at 37 °C in a Thermomixer Compact at 500
rpm to quench the trypsin reaction and remove sodium deoxycholate by
acid precipitation. After centrifugation for 10 min at 13000 rpm and
4 °C, the supernatants were desalted with Mobicol spin columns
(M1003, Mo Bi Tec, Goettingen, Germany) equipped with 10 pm pore
size filters (M2110, Mo Bi Tec), and transferred to a clean tube, which
was filled with a C18 stationary phase (VersaFlash spherical C18 bonded
flash silica, Supelco Analytical, Bellefonte, PA). The peptide mixtures
were evaporated to dryness under vacuum at 36 °C (Speed Vac
Concentrator, Savant Instruments Inc., Farmingdale, NY), before being
resuspended in 50 pL of 5/95 CH3CN/0.1% HCOOH to achieve a final
peptide concentration of 2 pg/pL (acetonitrile, hypergrade for LC-MS
LiChrosolv, Merck; and formic acid LC-MS grade, Merck). Finally, the
samples were transferred into plastic vials for the subsequent LC-MS/MS
analysis. All aqueous solutions were prepared using Milli-Q deionized
water filtered on a Millipak filter (0.22 pm, MPGL040001) and purified
on an LC-Pak cartridge (C18, LCPAK0001), all Millipore (Bedford, MA).

2.8.2. LC-MS/MS analysis

The analyses were performed using a micro-HPLC Eksigent Ekspert
microLC 200 combined with a Triple TOF 5600 mass spectrometer
equipped with a Turbo Ion Spray probe as the ion source (all AB Sciex,
Framingham, MA). We adopted the approach used in our previous
publication with some modifications (Di Giorgi et al., 2022). Five pL of
each sample/pool vial, placed in an autosampler at 8 °C, was injected in
triplicate onto a C18 Jupiter column (150 mm 0.3 mm, 4 pm particle
size, 90 A) thermostatted at 30 °C and equipped with a micro trap C18
(10 mm 0.3 mm) (both Phenomenex, Torrance, CA, USA). The flow rate
was set at 5 pL/min and the mobile phases A and B were, respectively,
H,0 and CH3CN, both with 0.1% HCOOH. The elution program was: 0
min, 5% B; 1 min, 5% B; 51 min, 22% B; 51.5 min, 90% B; 53.5 min, 90%
B; 54 min, 5% B; 60 min, 5% B. Chromatographic performances and TOF
accuracy were evaluated using an intra-run injection (5 pL) of 100 fmol/
uL beta-galactosidase-digested proteins (4,333,606, AB Sciex). The mass
spectrometer was set in the positive ion mode, and the operating con-
ditions of the ion source were the following: ion spray voltage floating,
5.5 kV, probe temperature, 150 °C, curtain gas, 25 psi, ion source gas 1
and gas 2, respectively 30 and 20 psi, declustering potential, 100 V. Ny,
as an inert gas, was used for collision-induced dissociation (CID)
experiments.

A sample pool was analyzed with an information-dependent acqui-
sition (IDA) tandem mass spectrometry method based on an MS1 survey
scan from which the 20 most abundant precursor ions were selected for
subsequent CID fragmentation. The MS1 survey scans and MS2 scans
were acquired over a mass range of 250-1250 m/z and 100-1500 m/z,
with an accumulation time of 250 and 100 ms, respectively. CID ex-
periments were carried out using rolling collision energies that were
automatically calculated according to the m/z and the charge of the
candidate ion, with a collision energy spread (CES) of 5 V. Precursor ions
with a charge state ranging from 2 to 5" were chosen to trigger the MS/
MS experiments. The isolation width for precursor ion selection was set
at 0.7 m/z on the Q1.

IDA results were used to generate the SWATH data-independent
acquisition (DIA) method for protein quantitation. For each sample,
the SWATH acquisitions were performed over 50 overlapping isolation
mass windows of variable length (minimum window width 3 Da, win-
dow overlap 1 Da) depending on the peptide density distribution along
the entire mass range of 250-1250 m/z. Precursor ion activation was
performed by CID, as described above, but an acquisition mass range of
230-1500 m/z and a charge state of 2" were chosen. An accumulation
time of 100 ms for MS1 and 50 ms for MS2 scans resulted in an overall
duty cycle of 2.6 s (~15 points per elution peak).
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2.8.3. Data processing and analysis

SWATH data analysis was carried out with DIA-NN (https://github.
com/vdemichev/DiaNN) version 1.8, the free universal software for DIA
proteomics data processing by V. Demichev, M. Ralser, and K. S. Lilley
(The Francis Crick Institute, Molecular Biology of Metabolism labora-
tory, London, UK and Department of Biochemistry and The Milner
Therapeutics Institute, University of Cambridge, Cambridge, UK).

First, the SWATH raw file.wiff was converted into .wiff.dia and then
used to generate the spectral library utilizing the following options:
FASTA digest for library-free search/library generation, enabled;
Zebrafish Swiss-Prot FASTA database of 3233 reviewed, non-redundant
protein species (downloaded on 4 May 2022); deep learning-based
spectra, RTs and IMs prediction, enabled; protease = trypsin; missed
cleavages = 2; maximum number of variable modifications = 3; N-term
M excision, C carbamidomethylation as fixed modification, and M
oxidation as variable modification, all enabled; peptide length range =
7-30; precursor charge range = 1-4; precursor m/z range = 250-1250;
fragment ion m/z range = 230-1500; generate spectral library, enabled;
precursor FDR = 1%; mass accuracy was determined automatically
(mass accuracy = 0, MS1 accuracy = 0); use isotopologues, MBR (match
between run), and remove likely interferences, all enabled; neural
network classifier = single-pass mode; protein inference = genes;
quantification strategy = any LC (high accuracy); cross-run normaliza-
tion = RT-dependent; library generation = smart profiling. Where not
specified, the standard settings were used.

For the protein quantitation step on files.wiff.dia, we kept the same
parameters used above for spectral library generation, with the
following exceptions: in the spectral library, the report-lib.tsv file
generated in the previous step was selected; the generate the spectral
library, FASTA digest for library-free search/library generation and
deep learning-based spectra, and RTs and IMs prediction options were
all disabled; quantitative matrices were enabled.

The DIA-NN report-quantification.pg_matrix output file, reporting
the log, transformed cross-run normalized protein areas (obtained as the
sum of the intensity of the top three precursor ions identified at 1% FDR
and cross-run normalized), was used for the subsequent data analysis.

In order to identify the differentially expressed proteins (DEPs) be-
tween the cln8/~ and WT groups, a p-value <0.05 and FC 20% were
selected. Filtered datasets of DEPs from both groups were evaluated by
means of QIAGEN’s Ingenuity Pathway Analysis (IPA Winter Release -
December 2020; QIAGEN, Hilden, Germany), to identify meaningful
biological processes and molecular pathways.

2.9. Live staining imaging

To visualize apoptotic cells, in vivo staining was carried out in live,
PTU-treated, manually-dechorionated larvae at 24 hpf using the vital
dye acridine orange (AO, #235474; Sigma-Aldrich). Zebrafish embryos
were incubated with 10 pg/mL AO solution for 15 min in the dark; the
larvae were then washed three times with E3 medium. LysoTracker
Green DND-26 (L7528, Thermo Fisher Scientific; 1:1000) and BODIPY™
493/503 (D3922, Thermo Fisher Scientific, 100 pM) were used to stain
lysosomes and other acidic organelles and neutral lipids, respectively, in
live zebrafish larvae. Zebrafish larvae at 5 dpf were incubated with the
dye for 30 min in the dark. Following the staining, larvae were rinsed 3
times with fresh egg water. All images were acquired using a Leica
M205FA stereo-microscope (Leica Microsystems), and fluorescence
analysis was performed using Image-J software v.1.46, calculating the
fluorescent intensity in the region of interest (ROI). All the ROIs used for
the analysis were designed excluding the yolk/gut area and were
localized in the brain (AO, Lysotracker and BODIPY), and in the body
(Lysotracker).

2.10. Immunohistochemistry staining of whole-mount zebrafish embryos

To prevent the development of pigmentation, embryos were treated
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with 0.005% N-phenylthiourea (P7629; Sigma-Aldrich) from 24 hpf.
Whole-mount immunohistochemistry was performed in 48 hpf or 120
hpf embryos fixed in 4% paraformaldehyde overnight at 4 °C and stored
in methanol. The primary antibody used was anti-ATP synthase subunit
C (SCMAS) antibody (ab181243; Abcam, Cambridge, UK1;100). Images
were acquired using a Leica M205FA stereo-microscope (Leica Micro-
systems) with a ROI placed in the body.

2.11. Locomotor behavior

Coiling behavior was measured to assess burst activity in homozy-
gous cIn8/~ and WT embryos at 30 hpf; to this end, the number of tail
flicks in 30 s was measured using a Leica M205FA stereo-microscope
(Leica Microsystems) connected with Danioscope software (Noldus In-
formation Technology). Larval locomotor behavior (distance traveled
and velocity) was measured in homozygous cIn8/~ F2 larvae and WT
larvae at 5 dpf using the DanioVision device (Noldus Information
Technology). Briefly, single larvae were transferred into 96-well plates
containing 300 pL of E3 medium per well. Then, plates were placed, one
at a time, in the DanioVision system, and larval locomotor activity was
recorded for 30 min and analyzed using EthoVision XT software (Noldus
Information Technology). Adult locomotor behavior was measured in
homozygous cln8/~ and WT animals (12 months old, 50:50 male:fe-
male ratio) using the open field test, an assay commonly used to study
animals’ exploration and emotionality. The arena consists of a rectan-
gular transparent tank (40 cm height x 40 cm width x 40 cm length)
and behavioral tests were performed under light conditions using a top-
view digital camera. At each trial, a single fish was gently placed in the
center of the tank (filled with water of the same temperature as that of
the home tank) and video-recorded for 5 min. The fish-test room was
empty during the recording, to avoid disturbing the animals. All trials
were analyzed using Ethovision XT17 video-tracking software (Noldus
Information Technology), and distance traveled and velocity were
measured.

2.12. Electroretinogram recording (ERG)

ERG was performed on zebrafish (both cIn8~/~ F2 and WT) at 5 dpf, 6
dpf, and 6 weeks post fertilization (Masek et al., 2023). A single eye of
each individual fish was stimulated with flashes of 5 different light in-
tensities, and the corresponding ERG b-wave amplitude was quantified.

2.13. Simultaneous local field potential (LFP) and calcium imaging
recordings and statistical analysis

Electrophysiological forebrain recordings were performed in 120 hpf
zebrafish larvae to characterize epilepsy phenotype. The larvae were
placed on a drop of 1.2% low melting point agarose and LFPs were
recorded with an AgCl electrode inside a glass micropipette back loaded
with 2 M NaCl. Electrophysiological signals were amplified 500-fold
(EXT-02F, NPI, Tamm, Germany), band pass filtered (0.3-1300 Hz),
and digitized at a rate of 5 kHz (Axon Digidata 1550B, Clampex 10.7.0.3,
Molecular Devices, Berkeley, CA). The microelectrode was positioned by
advancing its tip until it punctured the skin, after which it was carefully
advanced into the forebrain. Data analyses of the LFP recordings were
performed using a suite of custom MATLAB scripts. Burst activity
analysis was performed on the LFP signals filtered in the 30-95 Hz band
as already described. The root mean square (RMS) power of the signal
was computed on the recording on rolling windows of 250 ms and in
steps of 50 ms. The distribution of the logarithm of the RMS power
measurements was fitted with a single Gaussian distribution. In some
recordings, the distribution was characterized by an asymmetry due to a
high-energy population. Those distributions were fitted with double
Gaussians, then the ROC curves and areas under the curves were
calculated; values >0.9 were considered acceptable and events were
extracted as described (Della Vecchia et al., 2022). For normally
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distributed recordings, bursts were identified by extracting all events
with a power higher than three standard deviations (SD) from the mean.
Statistical analysis was performed using GraphPad Prism version 9
software (GraphPad Software Inc.). For the calcium imaging analysis,
zebrafish larvae at 120 hpf were restrained in low melting point agarose
and a Nikon FN1 microscope (Nikon, Tokyo, Japan) was used for video
recording; the image acquisitions were obtained using a Prime sCMOS
camera (Teledyne Photometrics, Tucson, AZ, USA) supplied with Met-
afluor software (Molecular Devices, San Jose, CA), applying a time-lapse
interval of 150 ms and acquiring 3860 frames per video. The distribution
of fluorescence fluctuations (DF/FO0) in the brain area was evaluated in a
pre-defined ROI using ImageJ 64 software. Data were normalized to
background fluorescence and were quantified by the Pearson’s coeffi-
cient of skewness defined as: 6 = (3(M-m))/c, where M is the mean, m is
the median, and o is the SD of the distribution, as described elsewhere
(Cozzolino et al., 2020).

2.14. Pharmacological treatments

The molecules to be tested were first selected for their action as
autophagy inducers from the SCREEN-WELL® Autophagy library (BML-
28374) and, in preliminary experiments, were diluted to a final working
concentration of 10 pM, using, as a carrier, DMSO at a final concentra-
tion of 0.01%. Other autophagy promoters were synthesized in Prof.
Rapposelli’s laboratory at the University of Pisa, in the manner already
described elsewhere (Runfola et al., 2021; Chiellini et al., 2016). All the
molecules were tested for their toxicity through evaluation of embryo
morphology and death rate. Compounds found to be safe for embryo
development or with no toxic effects derived from the use of DMSO as a
carrier (Turner et al., 2012), were tested on cIn8/~ mutants to verify
possible rescue of locomotor defects. Finally, two more compounds after
the first screen (trehalose and SG2) were selected for an in-depth anal-
ysis. Fifty 4 hpf embryos were randomly placed in 60 mm x 15 mm Petri
dishes containing trehalose and SG2 diluted in egg water. Trehalose and
SG2 stock solutions were prepared in Milli-Q water (Merck-Millipore,
Milan, Italy) and diluted in egg water to final working concentrations of,
respectively, 100 pM (Doccini et al., 2022) and 2.5 pM. The media were
not refreshed during the experiment unless otherwise stated. To test
treatment efficacy, we assessed tail coiling activity and performed lo-
comotor behavioral assays, LFP and calcium recordings, qRT-PCR, and
Western blotting.

2.15. Statistics

All data in the manuscript represent three or more independent ex-
periments. Statistical analysis was performed using GraphPad Prism 6.
All quantitative variables were analyzed using either parametric or non-
parametric methods, depending on the distribution shown by the
Shapiro-Wilk test. For comparisons between two different groups the
analysis was performed using the t-test for normally distributed data;
instead, the Mann-Whitney test was applied in the case of non-normally
distributed data. For multiple comparisons, Dunn’s test was performed
after the Kruskal-Wallis test, since the data of the various groups
examined did not show Gaussian distribution. Statistical significance is
reported as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p <
0.0001. The specific test applied for each analysis is reported in the
figure legend.

3. Results
3.1. Spatiotemporal expression of cIn8 in zebrafish

As already described the zebrafish cln8 protein is 289 amino acids
long and has 54% identity with human CLN8 (Huber et al., 2020). We

evaluated the spatiotemporal expression of cln8 during zebrafish
development. We found it to be expressed from the first stage of
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development (it is highly expressed at 0 hpf); after midblastula transi-
tion at 6 hpf its expression decreases and thereafter it is constantly
expressed until 5 dpf. In situ hybridization of cIn8 mRNA revealed that it
is expressed over the entire larval body at 5 dpf (Fig. 1A).

3.2. Generation of novel cIn8/~ zebrafish line

We successfully edited the novel cIn8/~ zebrafish model using the
CRISPR/cas9 system, which resulted in an 11-bp deletion in exon 3
(Fig. 1B). This led to a frameshift mutation and an early stop codon in
position 191 (Fig. 1C). The efficacy of the mutation was further
confirmed by qRT-PCR analysis in homozygous F2 mutant cln8 /"
larvae, which showed reduced expression of cln8 mRNA versus control
siblings (Fig. 1D). The reduced expression of cln8 mRNA in cin8/~
mutant larvae might be due to nonsense-mediated mRNA decay (NMD).
Moreover, we noted that this mutation did not affect viability, and
indeed observed that the Mendelian ratios were maintained. We also
observed no qualitative difference in phenotype between zygotic cln8 ™/
~ embryos derived from heterozygous females and maternal-zygotic
(MZ) cIn8/~ embryos obtained from homozygous cln8 /~ females.
This finding suggests that maternal cln8 mRNA does not play a crucial
role during early embryonic development in zebrafish. Morphological
analyses of 5 dpf larvae showed that the cIn8 /~ mutant larvae had a
slightly increased body length, a decreased eye size, and an increased
yolk sac area (Fig. 1F).

3.3. Mutant cln8 '~ zebrafish displayed impaired locomotor behaviors

Behavioral analyses performed at different stages of zebrafish
development displayed increased tail coiling activity at 30 hpf (Fig. 2A)
and locomotor defects at 5 dpf, as shown by a decreased distance trav-
eled and decreased velocity compared with WT controls (Fig. 2B).
Mutant embryos did not show typical increased locomotion associated
with the onset of seizures. The locomotor defects of cln8 /~ mutants
were further confirmed in adulthood: mutant fish at 12 months showed
altered swimming behavior (Fig. 2C).

3.4. cIn8~/~ larvae recapitulate the main pathological signatures of NCL

Compared with control larvae, cln8 /™ larvae showed accumulation
of SCMAS, a common hallmark of CLN8 disease (Fig. 3A). Moreover,
using AO, we observed increased apoptosis in the brain at 24 hpf
(Fig. 3B). The cIn8/~ mutant larvae also showed decreased fluorescence
after Lysotracker staining, possibly indicating lysosomal alkalization, as
already described in CLN8-deficient cells (Fig. 3C) (Pesaola et al., 2021).
Furthermore, our mutants showed an accumulation of neutral lipids
compared with the WT controls (Fig. 3D). Mass spectrometry-based
proteomic analysis of 5 dpf whole larvae quantified 279 proteins. We
identified 15 DEPs between cIn8 /~ and WT larvae with a p-value <0.05
and FC >20% (Supplementary Table 2). It is worth noting that the
limited number of DEPs in our study is due to a reduced annotation of
the zebrafish proteome (Chodkowski et al., 2023). DEPs were sorted on
the basis of their interconnectedness and prediction of the upstream or
downstream effects of their activation or inhibition. We constructed two
distinct networks of molecules predicted to be involved in Developmental
Disorders, Hereditary Disorders, and Lipid Metabolism (network 1 — score
24; number of focus molecules, 9) and Cell Morphology, Cell Compromise
and Molecular Transport (network 2 — score 15; number of focus mole-
cules, 6), respectively (Supplementary Figs. 1 A-B). We examined the
overlap of molecules belonging to the considered disease categories
(Supplementary Fig. 1C) and, among others, we identified the npc2
protein, which was particularly overexpressed. To validate proteomic
data, we assessed the mRNA expression of two DEPs (mRNA levels of
sept3 and ddi2) and confirmed their downregulation in mutant larvae as
compared to control siblings (Supplementary Fig. 1D).
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Fig. 1. Generation of cln8/~ mutants.

(A) Temporal and spatial expression of cln8 mRNA during zebrafish development evaluated using qRT-PCR and in situ hybridization at 5 dpf, the upper image
indicates the antisense probe (AS), the figure below is the sense probe (S). (B) Sequence alignment of WT and mutant cln8~/~ embryos shows the generation of cln8~/
~ mutant zebrafish by deletion of 11 bp of the cIn8 gene. (C) Protein alignment of WT and mutant cin8/~. The red rectangle shows the premature stop codon at
residue 191 (p.Ala151Glufs*191), while the blue arrows indicate the forward and reverse primers used for qRT-PCR. (D) qRT-PCR analysis revealed a decrease in cIn8
mRNA expression, normalized to f-actin. The image represents the RT-PCR of of the entire cIn8 coding sequence, showing the decreased expression in mutants. Three
independent RNA samples (each obtained from about 30-40 larvae) from cln8 /™ larvae at 120 hpf and from controls were analyzed. The values are expressed as
mean =+ standard deviation (SD). **p < 0.05, calculated by Student’s t-test. (E) Morphology analysis of 5 dpf cin8 /~ and WT embryos shows a slight increase in body
length, a decreased eye size and an 1ncreased yolk sac area in the mutant larvae (n = 40). Data are represented as box and whisker plot with 5-95% confidence
interval. All data were obtained from three independent experiments and were analyzed through statistical analysis (***p < 0.001; *p < 0.05) performed using the

Mann-Whitney test.

3.5. Mutants displayed normal visual responses to light stimuli

In order to verify the impairment of the visual system in zebrafish
cln8/~ larvae, we performed ERG recordings. The zebrafish ERG
response is dominated by the ERG b-wave, which represents the depo-
larization of ON bipolar cells in response to light (Zang and Neuhauss,
2021). The results of our tests revealed decreased b-wave amplitudes in
cln8~/~ mutants compared with WT siblings at 5 dpf, but not at 6 dpf or
at 6 weeks post fertilization (Supplementary Fig. 2), which indicates
that the defect observed at 5 dpf might be due to the smaller size of the
eyes at that time point (Fig. 1F). Overall, cln8/~ mutants showed
normal visual function from 6 dpf on.

3.6. Identification of seizure-like events in the brains of cln8 /™ larvae

Simultaneous forebrain LFP recordings and brain calcium imaging
were performed on WT and cln8 /™ larvae at 5 dpf in order to identify
seizure-like events. We observed altered brain activity in mutant
compared with control larvae (Fig. 4A). Statistical analysis of LFP re-
cordings confirmed the presence of seizure-like events in cln8 /™ larvae,
showing increased duration and power of the detected events (Fig. 4B).
These data were further confirmed through statistical analysis of the
calcium imaging, which revealed increased skewness, suggestive of
recurrent large fluctuations of intracellular Ca®® (Fig. 4C), nicely
reflecting the observations based on the LFP statistics.

3.7. Increased inflammation was associated with cIn8 defects

Assessment of expression of genes involved in the inflammatory
pathway revealed increased expression of some of the key factors such as
the cytokines tnfa (tumor necrosis factor alpha) and il-1f (interleukin-1
beta), indicating increased inflammation in cln8 /" larvae (Fig. 5) (Yuan
et al., 2022).

3.8. Impaired autophagy in cln8 '~ larvae

We performed gene and protein expression analyses of different
factors involved in the autophagy pathway. Several markers, namely
mTOR, beclin, atg5, Ic3b, and atgl2, were found to be upregulated in
cIn8~/~ larvae, whereas other factors (Ic3q, p62 and tfeb) showed normal
expression (Fig. 6A). Expression of hypoxia-inducible factor-1a (hif-1a)
was downregulated in cIn8/~ compared with control siblings (Fig. 6A).
Western blotting analyses revealed that cin8/~ mutants expressed
higher a LC3II/LC3I ratio and higher Rab7 and cathepsin D (CTSD)
levels, whereas levels of ATG5 were normal (Fig. 6B).

3.9. Potential beneficial effects of two pro-autophagy molecules

We screened 22 molecules known to be autophagy promoters; some
of them are already FDA approved and others are original molecules
(personal communication from our co-author Sim. R.; Runfola et al.,
2021; Chiellini et al., 2016). Compounds that showed a toxic effect on
morphology or caused an increased death rate were discarded. The
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Fig. 2. Characterization of locomotor behavior of cln8/~ mutants.

(A) Analysis of coiling behavior (tail flicks) in 30 hpf WT and cIn8~/~ mutant embryos. (B) Locomotion analysis of 5 dpf WT and cIn8~/~ larvae. (C) Locomotor
behavior of adult WT and cIn8/~ zebrafish. All data were obtained from three independent experiments and were analyzed through statistical analysis (***p <
0.001; *p < 0.05) performed using the Mann-Whitney test. The values are expressed as mean + standard error of the mean (SEM).

40+ 3 25+
2 Brain 150
£ 204 Trunk
23 - 15000 Rk
. ] **k 2
£ o 154 I 2 & £ 100
3 8 3 £ £ 10000 ET
£ 201 g L E £ - s "
H g 10 § e < =
3 - ] g = ° =
S i 8 @ 5000 @ 2 50
2 104 s @ @ -
[ 2 54 o = ]
g : 3 s
3 -
o Fred w
z2 I S
0 v T
N X 0-
& & & @ )
N
& v < g\o‘s

Fig. 3. Evaluation of the pathological signs of NCL in cln8~/~ mutants.

(A) Immunofluorescence analysis of subunit ¢ of mitochondrial ATP synthase (SCMAS) in 5 dpf WT and cIn8 /~embryos. (B) Acridine orange staining in brains of
mutant and control 24 hpf embryos. (C) Lysotracker in vivo staining in 5 dpf WT and cIn8 /™ larvae. (D) Bodipy staining in live 5 dpf mutant and control larvae. Three
independent experiments were performed in each group: cln8 /"~ and controls. Statistical analysis was performed using the Mann-Whitney test (****p < 0.0001; ***p
< 0.001; *p < 0.05). (scale bar = 100 pm). The number inside the bars is the sample size. The values are expressed as mean =+ standard error of the mean (SEM).
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Fig. 4. Electroencephalographic recordings and brain calcium imaging in cin8/~ mutants.

(A) The images on the left show the local field potential (LFP) traces of 5 dpf WT and cIn8 /" larvae with (below) the power spectrum calculated in the 30-95 Hz
passband lasting 16 min. On the right, the representative z-projection images of the brain calcium imaging performed in the larvae in 16 min of recording (see
calcium fluorescence heatmap). (B) LFP analysis using MATLAB software. The graphs represent the duration and power of identified events in 15 WT and 15 cin8 /=
fish. (C) Analysis of calcium imaging was performed by calculating Pearson’s coefficient of skewness in the two groups. Statistical analysis was performed using the
Mann-Whitney test (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). Violin plots show the median and quartiles.
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Fig. 5. Evaluation of inflammatory response in cIn8 /~ mutant larvae.
gRT-PCR analysis of inflammatory factors. Three independent experiments were performed for each experimental group (cIn8/~~ and WT controls). Statistical
analysis (*p < 0.05) was performed using the t-test. The values are expressed as mean + standard error of the mean (SEM).

corresponding author can be contacted for the full list. After the toxi- were not affected by the treatments (Fig. 7D). It is important to say that
cological analyses, five molecules were selected to be tested on cln8 /'~ prior to these tests we had verified the presence of similar levels of
larvae to verify their locomotor effects at 5 dpf (Supplementary Table 3 trehalase expression in both mutant and WT embryos. In humans and
and Supplementary Fig. 3). However, we observed a hyperactive lo- mice, too, trehalase can specifically bind and hydrolyze trehalose, and it
comotor behavior both in WT and cIn8 "~ caused by the treatment with is critical for the mechanism of action of this compound (Supplemen-
the vehicle, DMSO, at a concentration of 0.01% a finding already re- tary Fig. 4).

ported by others (Huang et al., 2018; Christou et al., 2020; Turner et al., Finally, we observed that both compounds increased the expression

2012). Thus, we decided to focus our studies only on those molecules of hif-1a) (Fig. 8A). Only SG2 reduced the LC3II/LC3I ratio (Fig. 8B) and
dissolved in fish water. Only two molecules (trehalose and SG2) were only trehalose reduced expression levels of Rab7 and CTSD (Fig. 8C).
selected for in-depth characterization. Both trehalose and SG2 were able

to rescue the behavioral defects, as shown by an increase in the distance 4. Discussion

traveled by the treated cin8 /™ larvae as well as in their velocity, even

though those larvae failed to reach the values achieved by their WT In an effort to bridge the gap between cell and mammalian models
siblings (Fig. 7A). The two compounds were able to decrease burst ac- for pilot drug screening in CLN8 dysfunction, we created a novel
tivity in treated cIn8/~ embryos compared with untreated ones zebrafish model of NCL. The generated maternal zygotic cln8/~ mu-
(Fig. 7B). Indeed, SG2 was able to reduce both the duration and power of tants showed decreased transcript levels as demonstrated by real-time
seizure-like events in cln8/~ mutants, whereas trehalose slightly PCR analysis and RT-PCR amplification of the whole coding sequence
reduced only their duration (Fig. 7C), while waves of calcium spreading of the cIn8 zebrafish gene; this might be a consequence of the NMD
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(A) The graphs show the qRT-PCR analysis of autophagy factors, performed by normalizing to f-actin, and comparing cln8 /"~ larvae with controls at 5 dpf. Three
independent samples (each obtained from about 30-40 larvae) from controls and cln8/~ mutant larvae at 120 hpf were analyzed. Statistical analysis (* p < 0.05,
**p < 0.01, *** p < 0.001) was performed using Student’s t-test. The values are expressed as mean + standard deviation (SD). (B) Three independent larval ho-
mogenates from controls (n = 50) and cIn8/~ larvae (n = 50) were tested by Western blotting for the expression of LC3, Rab7, Ctsd, and ATG5 protein. The levels of
the proteins were normalized to B-actin or GAPDH. Statistical analysis (*p < 0.05, **p < 0.01) was performed using Student’s t-test. The values are expressed as mean

+ standard error of the mean (SEM).

mechanism which might induce a decreased protein level. It should be
noted that we did not characterize the zygotic cin8 / mutants which
may have a milder phenotype due to the presence of maternal cln8
mRNA in the early stages of the embryogenesis. This novel mutant re-
capitulates several of the characteristics of NCL disease, including
impaired locomotion (perhaps correlating with an ataxic phenotype)
and a clear seizure-prone (“epileptic”) phenotype, common to CLN8
patients but not seen in mnd mice (Kolikova et al., 2011). Furthermore,
the inflammatory response in our cln8 /~ mutants was already activated
in the early stages of embryogenesis, as also observed in the mnd mouse
which is reported to show integration of ER stress pathways with an
increased inflammatory response in CNS structures (Galizzi et al., 2011).
Overall, characterization of this new in vivo model showed that it re-
capitulates at least some of the main pathological signatures of NCL
disease.

In vivo exploration of CLN8 disease has shown the protein dysfunc-
tion to lead not only to impaired lysosomal biogenesis, but also to
enhanced lipid accumulation and impaired autophagy (Kim et al.,
2022). The increased levels of the autophagosome marker (LC3II) and of
a late endosome marker (Rab7) suggest impairment of the autophagy
pathway, which may indicate decreased autophagosome-lysosome
fusion, with consequent accumulation of these two proteins. We also
observed increased expression of CTSD, whose over-secretion is re-
ported in mouse models of other NCL forms (Bartsch et al., 2013; Wavre-
Shapton et al., 2015). Reduced expression of CTSD in CLN8 KO cells,
observed in another study (di Ronza et al., 2018), may be due to the
different analysis performed, i.e., whole larval body (present work)

versus lysosome-enriched fractions (di Ronza et al., 2018), or to unan-
ticipated differences between fish and humans.

In the present study, we were able to investigate, for the first time,
proteomic profiles in a zebrafish model of NCL. These profiles in fish
larvae were found to strongly corroborate the aforementioned evidence
of impaired lipid metabolism and impairment of the autophagy
pathway, although several proteins directly involved in the autophagy
pathway were not identified with our assay, probably because of the
reduced annotation of the zebrafish proteome (Chodkowski et al., 2023)
or the extremely stringent bioinformatic setting in our study. Nonethe-
less, NPC2, found to be upregulated in our system, was also increased in
cortical neurons from patients with CLN3 disease (Chear et al., 2022);
furthermore, its increased expression is associated with lysosomal
accumulation of cholesterol (Li et al., 2015). Downregulation of sept3
and ddi2, on the other hand, has been associated with sensing autophagy
in neurons (Toth et al., 2022) and with proteasome inhibition (Dirac-
Svejstrup et al., 2020), respectively. These results confirm that auto-
phagy is impacted by CLN8 dysfunction.

On these bases, we previously exploited a number of pro-autophagy
compounds synthesized in house to investigate models of Alzheimer’s
disease (Runfola et al., 2021), and here used commercial FDA-approved
libraries of compounds known to modulate autophagy. This was a proof-
of-principle investigation designed to show that modulation of auto-
phagy might rescue behavioral and molecular defects in cin8 /"~ larvae.

Our research identified two compounds that seem to be safe and
capable of significantly reducing the power and the duration of the
seizure-like events, although they did not rescue abnormal spread of
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Fig. 7. Consequences of the effective molecules, SG2 and trehalose.

(A) Analysis of the effects of the SG2 and trehalose on locomotion (distance traveled and velocity) in cIn8/~. (B) Analysis of the effects of the two compounds on
coiling behavior of cln8/~ embryos. The values are expressed as mean + standard error of the mean (SEM). (C) Analysis of the effects of trehalose and SG2 on the
duration and power of LFP events. (D) Analysis of calcium imaging analysis performed by calculating Pearson’s coefficient in WT and treated and untreated cln8~/~.
The experiments were performed in triplicate. The graphs represent the median and SEM. Statistical analysis (**** p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05)
was performed using the Mann-Whitney test. Violin plots show the median and quartiles.

cerebral calcium homeostasis.

It is important to highlight that both compounds allow increased
expression of hif-1a, which is known to modulate autophagy and the
underlying molecular mechanisms regulating this process (Wang et al.,
2017). Moreover, trehalose seems to increase the LC3II/LC3I ratio and
decrease Rab7 and CTSD expression compared with SG2, which may
indicate that it exerts its effect by activating the lysosome and auto-
phagosome biogenesis pathways. Trehalose is already known to have an
anti-inflammatory effect and to activate lysosome and autophagosome
biogenesis through the activities of TFEB and FOXO1 (Pupyshev et al.,
2022).

SG2, on the other hand, is a member of a new class of synthetic
diphenylmethane thyronamine analogs (Chiellini et al., 2015) whose
mechanism of action has been found to produce a time-dependent re-
covery of autophagic activity in U87MG cells, due to downregulation of
mTOR (Bellusci et al., 2017). Additionally, SG2 is able to modulate lipid
metabolism through modulation of the AMPK/ACC pathway (Rogowski
et al., 2019). However, the molecular mechanism underlying the multi-
target effects of this novel drug candidate is currently under investiga-
tion. The multiple, divergent or similar roles of the two classes of
compounds investigated here might favor their role in neurodegenera-
tive conditions such as progressive myoclonic epilepsies similar to NCLs
or other disorders characterized by impairment of autophagy, such as
Alzheimer’s disease and Parkinson’s disease.

In summary, this study offers a novel CLN8 research tool that

recapitulates much of the pathological phenotype of the human disease,
and facilitates in vivo dissection of complex cellular pathways and high-
throughput drug screenings. Further analysis of the fish mutants linked,
for the first time, CLN8 dysfunction during development to impairment
of autophagy. This enabled us to monitor the rescue effects of two
interesting drugs.

5. Conclusions

While recapitulating many aspects of the human pathology, cin8~/~
mutants pave the way for high-throughput screening of drugs, particu-
larly those able to counteract dysregulated autophagy. Targeting auto-
phagy, even during the years leading up to the emergence of gene
therapy approaches, might offer new options for treating the human
disease.
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Fig. 8. Analysis of autophagy pathway after trehalose and SG2 administration.
qRT-PCR analysis of hypoxia-inducible factor 1-alpha (hif-1a). qQRT-PCR analysis was performed (normalizing to f-actin) in untreated cIn8 /~ larvae compared with
cIn8 /" larvae treated with trehalose and SG2 at 5 dpf. Three independent RNA samples (each obtained from about 30-40 larvae) from controls and cln8 /~ mutant

larvae at 5 dpf 120 hpf were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001, calculated by Student’s t-test. The values are expressed as mean =+ standard error of the
mean (SEM). (B) Three independent larval homogenates from WT (n = 50), untreated cln8 /"~ (n = 50) and treated cIn8 /~larvae were tested by Western blotting for
the expression of LC3, Rab7 and cathepsin D protein. The levels of the protein were normalized to p-actin. * p < 0.05, **p < 0.01, calculated by one-way ANOVA test.

The values are expressed as mean + SEM.
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