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ABSTRACT

Krabbe disease (KD) is a childhood leukodystrophy with no cure currently available. KD is due to a deficiency of
a lysosomal enzyme called galactosyl-ceramidase (GALC) and is characterized by the accumulation in the ner-
vous system of the sphingolipid psychosine (PSY), whose cytotoxic molecular mechanism is not fully known yet.

Here, we study the expression of some fundamental autophagy markers (LC3, p62, and Beclin-1) in a KD
murine model [the twitcher (TWI) mouse] by immunohistochemistry and Western blot. Moreover, the autop-
hagy molecular process is also shown in primary fibroblasts from TWI and WT mice, with and without PSY
treatment. Data demonstrate that large p62 cytoplasmic aggregates are present in the brain of both early and late
symptomatic TWI mice. p62 expression is also upregulated in TWI sciatic nerves compared to that measured for
WT nerves. In vitro data suggest that this effect might not be fully PSY-driven. Finally, we investigate in vitro the
capability of autophagy inducers (Rapamycin, RAP and Resveratrol, RESV) to reinstate the WT phenotype in TWI
cells. We show that RAP administration can partially restore the autophagy markers levels, while RESV cannot,
indicating a line along which new therapeutic approaches can be developed.

1. Introduction

Krabbe disease (KD or globoid cell leukodystrophy, GLD) is a rare,
hereditary and neurodegerative disorder, triggered by a deficit of the
lysosomal enzyme galactosylceramidase (GALC) and characterized by
the accumulation of galactosylsphingosine (psychosine, PSY) in the
nervous system (Esch et al., 2003; Whitfield et al., 2001). PSY is a cy-
totoxic sphingolipid, which leads to the widespread degeneration of
oligodendrocytes and Schwann cells, causing demyelination. Still, little
is known about the molecular mechanisms by which PSY imparts
toxicity and there is currently no cure available for KD. The early-in-
fantile and most widespread form of this lysosomal storage disorder
(LSD) is rapidly progressive and lethal. Bone marrow transplantation
(BMT) is presently the only clinically applied method to treat KD, but
gene therapy has yielded good results in several experimental models

(Mikulka and Sands, 2016). However, the recent literature strongly
suggests that GALC-deficiency correction is not sufficient to completely
rescue the KD phenotype (Rafi et al., 2015; Ricca et al., 2015). Thus,
supportive therapies specifically addressing secondary targets of the
disease might be needed to improve the final therapeutic outcome.
Autophagy is a dynamic degradation pathway by which cytosolic
material, including damaged organelles, proteins, carbohydrates, lipids
and pathogens, are delivered to the lysosome for degradation. The in-
itiation phase of the autophagy pathway is finely regulated by several
proteins that form regulatory initiation complexes. One of the most
studied protein is, for example, Beclin-1, that presents three different
structural domains interacting with a wide network of proteins involved
in the regulation of the autophagy machinery. In particular, interacting
with several cofactors, Beclin-1 regulates the lipid kinase Vps-34 pro-
moting the formation of the Beclin-1-Vps34-Vpsl5 core complex,
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thereby inducing autophagy (Kang et al., 2011). Thus, after a specific
trigger positive input, the process physically starts with the formation
of double-membrane-layer vesicles called autophagosomes from cup-
shaped structures (the phagophores). In this phase microtubule-asso-
ciated protein 1 light-chain 3 (LC3) helps in phagophore edge folding
and binds adaptor proteins (such as the ubiquitin-binding protein p62)
that, in turn, can regulate the degradation of specific cellular and mo-
lecular structures, making autophagy a selective process. Subsequently,
autophagosomes fuse with lysosomes, forming the so-called autolyso-
somes and allowing the final stage of autophagy in which the luminal
material is degraded by the resident hydrolases.

LSDs are characterized by the accumulation of undigested macro-
molecules within the cell, and can show impaired autophagy features
(Settembre et al., 2008a; Lieberman et al., 2012). However, very little is
known about autophagy in KD; autophagy dysregulations have been
only recently found in KD cellular models by us and others (Ribbens
et al., 2014; Del Grosso et al., 2016). Furthermore, in the current lit-
erature autophagy has never been analysed in the most widely accepted
murine model of KD, the twitcher (TWI) mouse (Duchen et al., 1980;
Cappello et al., 2016; Pellegrini et al., 2019), except for a very recent
study performed by Abdelkarim and collaborators (Abdelkarim et al.,
2018). They demonstrated that PSY and a-synuclein colocalize in the
lysosomal pathway in the TWI brain, and that TWI brains also show an
elevated basal level of both LAMP-1 and LC3-I markers. a-synuclein is
generally linked to the pathogenesis of Parkinson's disease (PD), but has
just been recently found accumulated also in KD human and mouse
brains (Abdelkarim et al., 2018; Smith et al., 2014; Marshall and
Bongarzone, 2016).

Cytoplasmic aggregation-prone proteins causing neurodegenera-
tion, such as a-synuclein, are in general good autophagy substrates and,
besides LSDs, autophagy dysregulation is a well-known characteristic of
the most common neurodegenerative disorders. Several molecules that
accumulate in these disorders, such as PD, Alzheimer's (AD) and
Huntington's (HD) diseases, revealed in fact to be autophagic substrates
(Ballabio and Gieselmann, 2009). The accumulation of these aggrega-
tion-prone proteins, thus, saturates the autophagic flux ultimately
blocking it, and not allowing their proper degradation. Thereby, up-
regulation of autophagy is considered a therapeutic strategy for several
neurodegenerative diseases (Sarkar et al., 2009; Rubinsztein et al.,
2012; Fleming et al., 2011). The beneficial effects of autophagy up-
regulation in neurodegenerative diseases first came with the mTOR
inhibitor Rapamycin (RAP), which ameliorated the disease phenotype
in transgenic HD mice (Ravikumar et al., 2004). Subsequently, RAP was
protective in other various cellular and animal neurodegenerative
models (Pan et al., 2008; Wang et al., 2009; Mandrioli et al., 2018).
Later, lots of autophagy enhancers have been discovered and tested.
Resveratrol (RESV), for example, can induce autophagy via an mTOR
dependent pathway and was found to promote remyelination in a
model of multiple sclerosis (Ghaiad et al., 2016). The discovery of
mTOR-independent autophagy enhancers, such as Lithium (Li), a drug
that has been used for decades to chronically treat people with affective
disorders, also provided an alternative way to stimulate autophagy. In
our previous work, we likewise demonstrated that Li can activate au-
tophagy and, more interestingly, that this drug can partially restore cell
viability in an immortalized cell model of oligodendrocytes after PSY
administration (Del Grosso et al., 2016).

In this work, we investigate the expression of some fundamental
autophagy markers, LC3, p62 and Beclin-1, in the TWI mouse, by im-
munohistochemistry and Western blot techniques. We also show the
autophagy molecular process in primary fibroblasts from TWI and WT
mice, with and without PSY treatment. By high-pressure liquid chro-
matography-mass spectrometry methods (HPLC/MS), we investigate
whether the changes in autophagy marker levels that we found in TWI
cells could be considered PSY-driven. Finally, in view of possible new
therapeutic approaches to treat KD, we show the capability of two
mTOR-dependent autophagy modulators (RAP and RESV) to rescue in
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vitro the WT phenotype.
2. Materials and methods
2.1. Animals

TWI heterozygous mice (TWI+/— C57BL6 mice; Jackson Labs),
kindly donated by Dr. A. Biffi (San Raffaele Telethon Institute for Gene
Therapy, Milan, Italy), were used as breeder pairs to generate homo-
zygous TWI mice (TWI—/—, elsewhere abbreviated as TWI for sim-
plicity). Animals were maintained under standard housing conditions
and used according to the protocols and ethical guidelines approved by
the Ministry of Health (Permit Number: CBS-not. 0517; approved the 4/
1/2018). For genotyping purpose, mice genomic DNA was extracted
from clipped tails by Proteinase K digestion and subsequent genomic
DNA extraction (EUROGOLD Tissue-DNA Mini Kit, Euroclone), as pre-
viously done by us (Parlanti et al., 2017; de Vito et al., 2017; de Vito
et al.,, 2014). The genetic status of each mouse was later determined
from the genome analysis of the TWI mutation, as reported from Sakai
and coworkers (Sakai et al., 1996). Both PND 20 and 30 TWI and WT
animals were used for experiments, while the heterozygous littermates
were retained for the colony maintenance. For immunohistochemistry
experiments, 4 TWI and 4 WT mice were used (2 PND 20 and 2 PND 30
for each group). Surgical procedures for fresh organs extraction and for
fixation were performed under urethane anesthesia (Sigma Aldrich,
0.8 ml/hg), and all efforts were made to minimize mice suffering.

2.2. Immunohistochemistry

TWI and WT deeply anesthetized mice were sacrificed by trans-
cardial perfusion with phosphate buffer saline (PBS) and subsequently
with paraformaldehyde (PFA) 4%. After perfusion, the brains were
stored at 4 °C in a 4% PFA solution for at minimum 2 days. Consecutive
coronal brain sections, 50 um thick, were cut with a microtome (VT
1000 S, Leica BIOSYSTEM) at 0.50-2.10 mm from bregma. Sections
were maintained at 4 °C in PBS until use. For the immunohistochemistry
staining, sections were transferred in a 24 well cell culture plate
(maximum of 3 sections per well) and incubated with blocking solution
(3% bovine serum albumin, 0.3% TritonX-100 in PBS; 1 ml per well) for
1 h at room temperature (RT). Then, the blocking solution was removed
and the primary antibody mix (1% BSA, 0.3% TritonX-100, antibody at
the optimal dilution and PBS to reach 1 ml) was added to the well and
left overnight at 4° under gentle shaking. We used the following anti-
bodies: anti-p62 (ab56416 Abcam, 1:100), anti-LC3 (ab48394 Abcam,
1:200), anti-NeuN (ab104225 Abcam, 1:1000), anti-GFAP (ab7260
Abcam, 1:1000), anti-MBP (ab980 Merck Millipore, 1:500), anti-LAMP-
1 (sc-20,011 Santa Cruz, 1:200) and anti-LAMP-1 (21997-1-AP
Proteintech, 1:200). These primary antibodies have been validated in
previous studies (Del Grosso et al., 2016; Fu et al., 2017; Lu et al., 2017;
Spalletti et al., 2017; Floden and Combs, 2011). The next morning,
primary antibody solution was removed and 3 washes with 1 ml of PBS
were made (10min each). Then, secondary antibody solution was
added (BSA 1%, TritonX-100 0,3%, anti-mouse or anti-rabbit Alexa 647
1:1000, anti-mouse or anti-rabbit Alexa 488 1:000 and PBS to reach
1 ml total volume). After 2h of incubation at RT other 3 washes with
PBS were made. Sections were then stained with a Hoechst solution for
1 min and then mounted on SUPERFROST Microscope Slides (Thermo
Scientific) with Vectashield Antifade Mounting Medium (VECTOR
LABORATORIES). Finally, slides were sealed and stored at 4 °C until
confocal imaging.

2.3. Cell culture and treatments
Adult mouse fibroblast cultures were obtained from WT and TWI

ears, according to the protocol established in the laboratory of Dr. Evan
Eichler (University of Washington, https://genome.ucsc.edu/ENCODE/
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protocols/cell/mouse/Fibroblast Stam_protocol.pdf) from mice that
were less than six months old. Briefly, after anesthesia, mouse ears were
extracted, washed with sterile water and cut into small pieces. All
pieces were then collected in an Eppendorf tube and added with col-
lagenase XI (C7657-100 mg; Sigma Aldrich) diluted in high glucose
Dulbecco's Modified Eagle Medium (DMEM) (approximately 2.5 mg of
collagenase —320 CDU- for 1 mouse). After 2h of incubation at 37 °C
the Eppendorf tube was centrifuged for 5 min at 200g, the supernatant
was discarded and the pellet was washed with 2ml of PBS and cen-
trifuged again discarding the supernatant. Trypsin-EDTA 0.05%
(59418C-100ML; Thermo Fisher Scientific) was then added to the tube
and left 45 min at 37 °C. The tube was then centrifuged and the pellet
was resuspended in the complete DMEM [high glucose DMEM supple-
mented with 10% of heat-inactivated fetal calf serum (FCS), 4 mM -
glutamine, 1% MEM Nonessential Amino Acids and 1% penicillin/
streptomycin; all products were from GIBCO-Life Technologies)].
Obtained cells were thus divided pipetting up and down with a syringe,
plated in a 60 mm cell Petri and incubated at 37 °C in a humidified
atmosphere containing 5% CO,. The day after, cells were washed and
medium was replaced. After reaching confluence (approximately
3—-4 days), cells (p0) were washed with 1 ml of PBS and split with a ratio
of 1:2. Cells were cultured and used for experiments within the 10th
passage in vitro. For treatments, WT and TWI fibroblast primary cells
were plated in standard 6 well cell plates (300,000 cells per well, for the
western blot experiments), in 60 mm cell plates (800,000 cells, for PSY
quantification experiments) or in 12 mm WillCo dishes (70,000 cells,
for immunocytochemistry). After 24h, depending on the treatment,
cells were pre-treated with RAP 100 nM (tlrl-rap 5 mg; InvivoGen) or
RESV 100 uM (tlrl-resv 100 mg; InvivoGen) for 1h and then adminis-
tered with PSY 100 uM (P9256-1MG; Sigma Aldrich). For selected ex-
periments, cells were also treated with bafilomycin (BAF; B1793-2UG;
Sigma Aldrich) 200 nM for 4 h before cell lysis. PSY, RAP, BAF, and
RESV were dissolved in dimethylsulfoxide (DMSO). Control cultures
received the same quantity of DMSO, which never exceeded 0.6% v/v.

2.4. Immunocytochemistry

WT and TWI fibroblasts were grown and fixed for 20 min with 4%
formaldehyde/4% sucrose in PBS at RT. Then, fixed cells were washed
3 times with PBS (10 min for each wash). After washes, cells were in-
cubated with primary antibodies (anti-LC3 and anti-p62, see par.
Immunohistochemistry) diluted in the GDB buffer (0.2% BSA,
0.5%Triton, 0.8 M NaCl, Phosphate buffer 30mM with pH?7.4)
(Tonazzini et al., 2015). After an overnight incubation at 4°C in a
humid chamber, samples plates were washed 3 times in PBS and the
secondary antibodies mix was added [anti-rabbit alexa 555, anti-mouse
alexa 488 and alexa Fluor Phalloidin 647 (A-31572, A-11029, A-22287;
Thermo Fisher Scientific), diluted, respectively, 1:1000, 1:1000 and
1:40 in the GDB buffer]. After 1,5h of incubation at RT, 3 washes with
PBS and 1 with water (to remove salt) were performed. After drying,
Vectashield mounting medium with DAPI (F6057-20ML; Sigma Al-
drich) was added and plates were stored at 4 °C until usage.

2.5. Confocal microscopy and images analysis

Immunostained cells and brain sections were imaged with a laser
scanning confocal microscope TCS SP2 (Leica Microsystems) equipped
with a 63X oil objective and interfaced with UV, Ar, HeNe and He
lasers for excitation at 405, 488, 561 and 633 nm, respectively. Each
reported confocal image was obtained from a z-series (stack depth was
maximum 10pm with steps of 0.5-1um for cells and maximum
20-30 um with steps of 2 um for brain sections).

The resulting z-stack was processed in ImageJ (NIH; RRID:SCR_
003070) into a single image by using “z-project” and “Max intensity”
options. The processed z-stack was than merged using the “Merge
channel options”. For the quantitative analysis of the p62 aggregates
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and autophagosomes, every image was thresholded using the
“threshold” tool (with a threshold of 100 for the p62 aggregates and
180 for the autophagosomes); subsequently, binary images were in-
verted, and the number of particles was analysed by the “Analyze
Particles” plugin, by setting “size (micron?)” = from 1 to infinity, and
“circularity” = from 0.00 to 1.00. For the brain, particles were analysed
on images randomly acquired on whole slices (see the par.
Immunohistochemistry for details). For cell experiments, particles were
analysed for every single cell: the area covered by each cell analysed
was manually selected as a region of interest (ROI) on bright-field
images (merged with the DAPI signal for tissues and with both the DAPI
and the phalloidin signals for cells) and then the ROI was applied to the
correspondent p62 positive binary image for the analysis of the parti-
cles. Colocalization was evaluated calculating Mander's coefficient with
the JACoP plugin in ImageJ as previously done (Galliani et al., 2018).
For each graph, images were taken with the same magnification. The
confocal settings were kept the same, with pinhole aperture set at 1.0
Airy level and 1024 x 1024 pixels image format for all the experi-
ments.

2.6. Immunoblotting

Western blot was carried out with cultured cells and mouse tissues.
For in vitro experiments, cells were cultured on standard 6 well plates,
treated as previously described, and then lysed on ice with RIPA buffer
(R0278-50ML; Sigma Aldrich) containing a protease and phosphatase
inhibitors cocktail [cOmplete (4693116001) and PhosSTOP
(4906845001); Roche Diagnostics]. Cell lysates were sonicated (for 4 s
at 12um of intensity) and after centrifugation (15.000 g for 25min,
4°C) tested for protein concentration by the micro-BCA protein assay
kit (23225; Thermo Scientific Pierce). The samples were boiled in
Laemli buffer containing -mercaptoethanol (5% final concentration)
for 5 min, centrifuged at room temperature and the supernatants were
finally used for gel electrophoresis (SDS-PAGE) or kept at —80 °C until
use. For mouse tissues the extracted whole brains and sciatic nerves
were lysed on ice with the already mentioned complete RIPA buffer,
and homogenized with pestles in 1.5ml microcentrifuge tubes.
Homogenized tissues were then centrifuged (15,000¢g for 30 min, at
4°C) and the recovered supernatants were tested for protein content
and processed as described above for cell lysates. Samples (6 pg for cell
lysates and 30 pg for tissue lysates) were resolved by SDS-PAGE using
Gel Criterion XT-Precast polyacrylamide gel 4-12% Bis-Tris (3,450,123;
Bio-Rad) and subsequently transferred to nitrocellulose membranes, as
previously described (Del Grosso et al., 2016). Immunodetection was
performed with the following antibodies: anti-LC3 (1:1000), anti-p62
(1:800; see above for the codes) and anti-Beclin-1 (ab114071; Abcam,
1:1000). On the following day, blots were incubated with the corre-
sponding peroxidase-linked secondary antibodies (goat anti-rabbit or
mouse IgG-HRP conjugate; 170-6516 and 170-6515; Biorad, 1:2.500),
and after incubation membranes were developed with Clarity enhanced
chemiluminescent substrates (1,705,061; Bio-Rad). The chemilumi-
nescent signal was acquired with an ImageQUANT LAS400 scanner (GE
Healthcare Life Science), and the density of immunoreactive bands was
quantified in ImageJ. Membranes were then incubated with a stripping
buffer containing (-mercaptoethanol and re-incubated as above with
the anti-tubulin (T6074; Sigma Aldrich; 1:3000) or anti-GADPH
(G8795; Sigma Aldrich, 1:3000) for 1h and then with the corre-
sponding secondary antibodies. Secondary antibody incubation was
thus made and images were acquired as described for the primary an-
tibodies. LC3, p62 and Beclin-1 results were normalized to the tubulin
content for brain lysates and to GADPH content for fibroblasts, and
reported as % of the WT-PND 20 or WT untreated condition respec-
tively.
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2.7. PSY quantification

For lipid extraction, WT and TWI cells were plated on standard
60 mm plates. After 48 h of incubation, cells were washed with cold PBS
and lysed on ice with 300 pl/well of RIPA buffer containing a protease
and phosphatase inhibitors cocktail (as above). For each sample, a
mixture was prepared combining the cell lysate, N,N-dimethyl-
sphingosine 1.250 uM (N,N- DMS, the selected internal standard for LC/
MS-MS; SML0311-5MG; Sigma-Aldrich) (Zanfini et al., 2013), and
MilliQ water. Then a chloroform/methanol solution (2:1) was added.
Samples were vortexed, left at RT for 10 min, and supplemented with
NaCl 0.9% w/v in Milli-Q water. The biphasic mixture was centrifuged
at 800 g for 30 min, and the lower layer was collected and evaporated to
dryness under vacuum at 30 °C. The residue was dissolved in 50 pl of
methanol/formic acid 100/0.1 and processed for HPLC/MS. HPLC/MS
quantitation was performed on a Shimadzu Nexera UHPLC chromato-
graph interfaced with a 5500 QTRAP mass spectrometer (AB SCIEX).
HPLC analyses were performed on a Phenomenex Kinetex C8
3 X 150 mm column (particle size 4 pm), using water/methanol/iso-
propanol/formic acid 40/55/5/0.1 (A) and methanol/isopropanol/
formic acid 95/5/0.1 (B) as mobile phases at 0.4 ml/min flow (column
temperature = 45 °C). Runs were performed under a 10min linear
gradient from 65 to 100% of solvent B, followed by a 5 min purge step
at 100% of B and by a 5 min re-equilibration step to the starting con-
ditions. MRM analyses were performed under the following conditions:
ion spray voltage: 5000V, source temperature 350 °C, declustering
potential 50V, collision energy variable (see value in parentheses), ion
source gas 201/min, curtain gas: 251/min. The following transitions
were monitored (acquisition time 150 msec/transition): i) N,N-di-
methylsphingosine (Q1/Q3, m/z, CE in parenthesis): 328.2/310.2
(26 V); 328.2/280.2 (32V); 328.2/110.2 (42 V); ii) PSY (Q1/Q3, m/z,
CE in parenthesis): 462.5/444 (25V); 462.5/282 (30V);462.5/264
(27V); 462.5/252 (39V). Transitions 328.2/310.2 (N,N- dimethyl-
sphingosine) and 462.5/282 (PSY) were used for quantitation purposes.

2.8. Statistical analysis

If not differently specified, data are reported as mean *+ SEM ob-
tained from at least three independent experiments (in figure legends,
“n” indicates the number of experiments performed). Data were sta-
tistically analysed by using Prism 6.00 (GraphPad Software, San Diego,
CA; RRID:SCR_002798). For parametric data, Student's t-test (unpaired,
two-tailed) or one-way ANOVA (Tukey's or Dunnett's multiple-com-
parisons test) was used; the mean values obtained in each repeated
experiment were assumed to be normally distributed about the true
mean. Statistical significance refers to results for which P < .05 was
obtained.

3. Results

3.1. Autophagy is dysregulated in the TWI mouse central and peripheral
nervous system

Forasmuch as KD has a strong neurological component, we ex-
tensively characterized autophagy in the nervous system of the main KD
murine model, the TWI mouse; in particular, the brain and sciatic nerve
were chosen as representative components of the central and peripheral
nervous system (CNS and PNS), respectively. As markers of autophagy,
we focused on p62, LC3 and Beclin-1 (see Introduction for their role in
the autophagic flux).

3.1.1. Brain

Immunohistochemistry experiments revealed a markedly increased
presence of p62 aggregates (green in Fig. 1 a) in both PND 20 and 30
TWI brains compared to the age-matched WT ones. Quantitative ana-
lysis of confocal images, indeed, showed an increase in both their
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number (Fig. 1 d) and area (Fig. 1 e) in TWI brains. A representative
high-magnification image of p62 brain aggregates is also shown in
Fig. 1 g. In agreement with these data, western blots reported aug-
mented levels of p62 total expression in TWI brains compared to that
measured for WT brains, for PND 20 and PND 30 mice (Fig. 1 h). Taken
together, these experiments demonstrate for the first time a general
upregulation of the autophagy marker p62 in TWI mice at the early
(PND 20) and late stage (PND 30) of the disease. Total LC3 levels, in-
stead, were rather similarly expressed in TWI and WT mice. Fig. 1 a
reports representative confocal fluorescence images of total LC3 in TWI
and WT brains, for PND 20 and PND 30 mice. No evident differences
can be observed by a visual analysis of these images. Quantification of
autophagosomes as LC3 positive puncta was then carried out on mag-
nified fluorescence images (Fig. 1 f), and showed no significant varia-
tions between TWI and WT mice in both their number and area, in PND
20 and PND 30 brains as well (Fig. 1 b and c). Nevertheless, Western
blot data instead highlighted an increased expression of the phospha-
tidylethanolaminate form of LC3 (LC3-II; Fig. 1 i) in TWI mice with
respect to the age-matched WT mice, supporting the hypothesis of up-
regulation of the autophagy flux. Finally, Beclin-1 total levels were
mainly stable among the experimental groups, apart for a slight in-
crease in PND 30 WT brains (Fig. S 1 a), indicating that the initial phase
of the autophagy process may not be altered in the TWI brain.

3.1.2. Sciatic nerve

In agreement with the results obtained for the brain, Western blots
performed on entire sciatic nerve lysates revealed a very important p62
increase of expression in TWI mice (at both PND 20 and PND 30)
compared to the expression found in WT nerves. It was indeed about 3.5
times greater than that of aged matched WT nerves (Fig. 2 a). Similarly,
we found upregulation of LC3-II in PND 20 and PND 30 TWI nerves
(Fig. 2 b) and, as in the brain, this increase was more evident for late
symptomatic mice (PND 30). Moreover, differently to the brain, we
reported an increased amount of Beclin-1 in TWI nerves in respect to
the WT ones (Fig. S 1 b).

Overall, these experiments demonstrate a widespread up-regulation
of the autophagy machinery in the TWI nervous system, which resulted
more pronounced in the case of PNS.

3.2. P62 aggregates accumulate differently in distinct neural cell types

In order to investigate the localization of the p62 aggregates we
performed a double immunostaining of TWI and WT brain slices with
the anti-p62 antibody (red in Fig. 3) together with antibodies specific
for different brain cell types (neurons: anti-NeuN, astrocytes: anti-
GFAP, oligodendrocytes: anti-MBP; green in Fig. 3). Similarly to what
has been previously shown (Fig. 1 a and d), also in this case the WT
brain did not highlight significant p62 aggregates; they were instead
present in the TWI brain, as expected (Fig. 3 a, b and c). Colocalization
was found with the neuronal protein NeuN (Fig. 3 a), a widely used
neuronal marker commonly localized in nuclei and perinuclear cyto-
plasm of most of the neurons in the CNS of mammals (Gusel' Nikova and
Korzhevskiy, 2015). Conversely, the glial fibrillary acidic protein
(GFAP) did not show colocalization with p62 aggregates (Fig. 3 b). The
visual analysis of high magnification images and confocal z-stacks on
several GFAP-positive cells, in fact, could not reveal colocalization ei-
ther in cell nuclei or in cell protrusions. Thus, astrocytes do not seem to
be directly involved in the brain accumulations of p62. Finally, Fig. 3 ¢
indicates that colocalization of p62 with oligodendrocytes, marked as
MBP-positive cells (Barbarese et al.,, 1988), also might not occur.
However, this is, in our vision, a more ticklish question. As expected,
TWI brains presented extended demyelination (Fig. 3 c) due to the
characteristic apoptosis of oligodendrocytes that occurs with the dis-
ease onset and progression (Graziano and Cardile, 2015; Won et al.,
2016). TWI oligodendrocytes differentiation and survival, in fact, are
known to be intrinsically defective. These defects are associated with
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aberrant accumulation of endogenous PSY and reduced activation of More specifically, while the widespread degeneration of TWI oligo-
the Erkl/2 and Akt/mTOR pathways before apoptotic cell death dendrocytes made difficult data interpretation for this kind of cells, p62
(Inamura et al., 2018). Consequently, the scattered and mild fluores- aggregates were clearly found in neurons, but not in astrocytes.

cence signal deriving from oligodendrocytes staining made not

straightforward the interpretation of colocalization images, and thus
assessing the presence of p62 aggregates in oligodendrocytes. 3.3. Autophagosome-lysosome fusion and autophagosome-mediated p62

Taken together, these data suggest that p62 accumulation is not  recycling are not impaired in TWI brains

homogeneously distributed among different TWI neural cell types.
We wondered if the p62 accumulations that we found in the TWI

199



A. Del Grosso, et al.

Neurobiology of Disease 129 (2019) 195-207

a) b)
)
a PND 20 PND 30 N PND 20
N 2 300-
% 500~ " E
l *kk E
E 4004 —
%S 200- A
Y o
g 300+ 52 !
o '
S c
£ 2004 !
= 3 100+
2 ¥
£ 100- =
s =
N )
8 o Q o

& & ¢

c)
PND 30
. wT TWI
1 PND20 PND30 PND20 PND 30

PO2 | — ~ 62 kDa
LC31 W e 17 kDa
LC3 1 S W 15 kDa
Tubulin | “S— S S 50 kDa

& ¢

Fig. 2. Autophagy is dysregulated in the TWI sciatic nerve. (a, b) Western blot analysis of the total p62 and LC3-II content in whole sciatic nerve lysates. (a) p62: **
P < .01 TWI-PND 20 ys. WT PND 20; *** P < .001 TWI-PND 30 vs. WT-PND 30. (b) LC3: "~ P = .18 TWI-PND 20 vs. WT- PND 20; * P < .05 TWI-PND 30 vs. WT-
PND 30; Student's t-test. Data are shown as mean = SEM, n = 3. (c) Representative western blot bands.

brain could be a consequence of an impaired autophagic flux or only
the result of an augmented rate of ubiquitinated cell products tagged
with p62. To discriminate which of the two hypotheses was correct we
performed different double immunostainings to verify the correct pro-
gression of some crucial steps of the autophagy pathway.

First, we demonstrated that the autophagy flux correctly reaches its
final stage, the fusion of the autophagosome with the lysosome.
Colocalization of the autophagosome's marker LC3 with the lysosome's
marker LAMP-1 (Settembre et al., 2008b), in fact, occurred in both WT
and TWI brains (Fig. 4 a). Mander's colocalization coefficient analysis
(LC3/LAMP-1) also revealed higher and less dispersed values for TWI
mice with respect to WT mice (Fig. 4 d), suggesting a higher rate of
autolysosome formation in the TWI CNS and consequently an increased
autophagic activity. We also assayed the colocalization of the p62 ag-
gregates with both autophagosome and lysosome markers, finding that
it occurs for both p62 and LAMP-1 (Fig. 4 b and e) and p62 and LC3
(Fig. 4 c and f), in TWI and WT mice as well.

(a) Immunohistochemistry staining of WT and TWI brains with anti-
LAMP1 (in red) and anti-LC3 (in green) antibodies, nuclei are stained
with DAPI (in blue); scale bar: 2um. (b) Immunohistochemistry
staining of WT and TWI brains with anti-LAMP1 (in red) and anti-p62
(in green) antibodies (nuclei are stained with DAPI, in blue); scale bar:
10 pm. (¢) Immunohistochemistry staining of WT and TWI brains with
anti-LC3 (in red) and anti-p62 (in green) antibodies (nuclei are stained
with DAPI, in blue); scale bar: 18 um. (d-f) Mander's coefficients de-
monstrated that colocalization occurs for LAMP1/LC3, LAMP1/p62 and
LC3/p62 in both WT and TWI brains (each point is calculated for a
single image). (d) LAMP1/LC3: **** P < .0001 TWI vs. WT; Student's
t-test. Mice were sacrificed at PND 20.

3.4. Autophagy is dysregulated in TWI primary cells

In order to better understand if autophagy dysregulation could be
determined by the cytotoxic catabolite, PSY, we investigated autophagy
in primary fibroblasts from WT and TWI mice, with or without exo-
genous PSY administration.

For this treatment, we chose the minimum PSY concentration
(100 pM) that could diminish cell viability of at least 50% after 24 h
from the administration (data not shown). Immunostaining was per-
formed for p62 and LC3, and cells were imaged by confocal fluores-
cence microscopy (see a representative image in Fig. 5 a). An aug-
mented number of p62 intracellular aggregates was reported in TWI
untreated cells and in PSY-treated WT and TWI cells with respect to that
measured in WT cells (Fig. 5 ¢). LC3 puncta, instead, increased only
upon PSY treatment, in TWI and WT cells as well; no significant
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difference was measured between untreated TWI and WT cells (Fig. 5
b). These data agree with what we already observed in a PSY-treated
oligodendrocyte cell line (M03.13) (Del Grosso et al., 2016).

As we did for whole organs extracts, we analysed the total p62 and
LC3-II amount in the different conditions by Western blot (Fig. 5 d and
e). Total p62 and LC3-II amounts significantly increased in PSY treated
cells compared to the untreated ones, both for TWI and for WT cells. We
also found higher levels of total p62 for untreated TWI cells with re-
spect to the WT ones. Moreover, to exclude that the measured p62 and
LC3-II increase induced by PSY could stem from impaired autophago-
some-lysosome fusion rather than from an augmented autophagy ac-
tivity, we also treated cells with BAF. BAF is a drug that blocks the
fusion between lysosomes and autophagosomes and which is typically
used to prevent LC3-II and consequently p62 degradation (Del Grosso
et al., 2016; Rubinsztein et al., 2009; Singh and Bhaskar, 2018;
Mizushima et al., 2010). LC3-II, indeed, is itself degraded by autophagy.
By blocking the fusion between autophagosomes and lysosomes, BAF
was indeed expected to determine an overall increase of LC3-II in case
of functional autophagy.

The administration of BAF induced a further increase of LC3-II and
p62 total levels both in presence and absence of GALC activity, proving
that enzyme deficiency does not interfere with autophagolysosome
formation in our PSY treated cell model (WT + PSY and TWI + PSY).
Moreover, the efficacy of BAF has been validated also for untreated WT
and TWI cells (WT-UT and TWI-UT; Fig. S2).

We also investigated Beclin-1 expression and found that its main
band at 55kDa (Li et al., 2018) was not statistically different between
the distinct WT and TWI conditions, although an increasing trend can
be seen in Fig. S 1 d and f. Bands with lower molecular weight appear
instead quite different between WT and TWI conditions, showing that
the cleavage of the Beclin-1 complex did not occur in the same way in
TWI and WT cells (Fig. S 1 e and g).

Finally, in order to assess if the autophagy activation suggested by
the increase of p62 expression and number of aggregates per cell in
untreated TWI-cells could be attributed to a PSY intracellular accu-
mulation, we quantified the endogenous PSY amount by HPLC/MS in
TWI and WT cells. As shown in Fig. 5 g, TWI untreated fibroblasts did
not report a significant level of PSY, which was at the limit of detection
of our set-up and almost undistinguishable to that measured for WT
cells. As a positive control we performed the same measurement in TWI
brain lysates. In this case, as expected, PSY resulted well detectable and
significantly higher than in WT and TWI fibroblasts. Representative PSY
chromatographic peaks are reported in Fig. 5 h, i and 1 for comparison.



obiology of Dise

NeuN _
S
g
GFAP
S \
2 A
R X
P .
MBP
b=
S 3
2
De g 0 a bod
AP god d B or e pa
00 g d e ed D ba




A. Del Grosso, et al.

T I
g
f)

Neurobiology of Disease 129 (2019) 195-207

(2)
N

1.0 o 1.0
® —— £ <& £ el
2 08 ey g 8 _ 03] o’ 3 08 V “an
E E ..... " E E ... é —_—
2 S 06 °*° S 0.6 S 0.6-
o 8 8@
o °_.° o Q
(] j o.:o (7] : : =
w80 0.4 TN 0.47 20 04-
g o $¢ =)
s 0.2 * & 0.2 2
= ’ s : g 0.2
0.0 T T 0.0 0.0 T T

&

Fig. 4. p62 colocalization with autophagosomes and lysosomes in the TWI brain

3.5. RAP and not RESV-mediated autophagy induction partially restore
autophagy markers levels

Given the presence of augmented p62 intracellular aggregates found
in vivo and in vitro in the missing GALC conditions, we decided to test
the capability of autophagy inducers to stimulate the clearance of p62-
aggregates from cells. We tested two well-known autophagy inducers,
RAP and RESV, in TWI cells treated with PSY, so to exacerbate the KD
phenotype. The Western blot experiments reported in Fig. 6 a demon-
strated that a pre-treatment with RAP before PSY administration can
restore the p62 level approximately to that of the wild type. RESV,
instead, did not induce relevant changes in the p62 amount in PSY
treated cells. LC3-II levels, as expected, increased with the addition of
RAP or RESV. In both cases, moreover, p62 and LC3-II levels increased
with the addition of BAF, confirming that both RAP and RESV did not
impair autolysosome formation in our conditions (Fig. 6 a). Beclin-1,
instead, resulted significantly upregulated only in RESV +BAF treated
cells (Fig. S 1 f), and, as previously mentioned, TWI and WT cells
presented differences in the bands with molecular weights lower than
the principal one (55 kDa).

Subsequently we focused on RAP, and studied the number of p62
aggregates and LC3-marked autophagosomes in TWI + PSY cells pre-
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treated with RAP by immunostaining and confocal fluorescence mi-
croscopy (representative images are shown in Fig. 6 d). This experiment
confirmed the results obtained with the Western blot analysis, de-
monstrating that the pre-treatment with RAP can significantly decrease
the number of p62 aggregates per cell, bringing back the number of
aggregates at an intermediate value between the WT-UT control and the
TWI-UT condition (Fig. 6 f). The number of autophagosomes (yellow
marked puncta), instead, could not be rescued by RAP pre-treatment
(Fig. 6 €.

4. Discussion

KD (GLD; OMIM# 245200) is a rare demyelinating disease be-
longing to the class of the LSDs. KD results from the deficiency of the
lysosomal hydrolase GALC (E.C. 3.2.1.46), that causes the accumulation
of the cytotoxic metabolite PSY, one of the [(-galactose-containing
sphingolipids normally degraded by GALC. PSY accumulation in both
CNS and PNS is considered the main cause of KD. In the most recent
literature, however, new aspects of the molecular pathogenesis of KD
have been discovered, as the involvement of endothelial cell dysfunc-
tion in the advancement of the disease (Belleri and Presta, 2016), de-
fects in calcium signalling (Voccoli et al., 2014), the involvement of the
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Fig. 5. Autophagy in TWI primary cells. (a) Representative confocal imaging of WT and TWI primary fibroblasts treated or not with PSY and immunostained for p62
(in green) and LC3 (in yellow); nuclei are stained with DAPI (in blue) and actin fibers with phalloidin (in red); scale bar: 10 pm. (b, ¢) Quantification of LC3 and p62
positive puncta. (b) LC3: ## P < .01 WT + PSY vs. WT-UT, # P < .05 TWI + PSY vs. TWI-UT; One-way ANOVA, Dunnett's test. (c) p62: #### P < .0001 TWI-UT
vs. WT-UT; # P < .05 WT + PSY vs. WT-UT; ## P < .01 TWI + PSY vs. WT-UT; One-way ANOVA, Dunnett's test. Data are shown as mean + SEM; n = 3. (d, e)
Western blot analysis of the total p62 and LC3-II content in whole cell lysates. (d) p62: * P < .05 WT + PSY and TWI + PSY vs. WT-UT and TWI-UT; Student's t-test.
# P < .05 TWI + PSY + BAF vs. WT-UT; One-way ANOVA, Dunnett's test. (¢) LC3: * P < .05 WT + PSY + BAF and TWI + PSY vs. WT + PSY and TWI-UT;
Student's t-test. # P < .05 TWI + PSY + BAF vs. WT-UT and ## P < .01 WT + PSY + BAF vs. WT-UT; One-way ANOVA, Dunnett's test. Data are shown as

+

mean

SEM; n = 3. (f) Representative western blot bands. (g) HPLC/MS quantification of PSY in WT and TWI primary fibroblast lysates and in a TWI brain (PND

20, used as positive control). (h-1) Representative chromatograms with the PSY monitored transition for quantitative purpose (462.5/282). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

phospholipase A2 in the PSY-induced toxicity (Misslin et al., 2017), and
the PSY-induced shedding of membrane microvesicles (D'Auria et al.,
2017). Moreover, Nicaise and colleagues (Nicaise et al., 2016), for-
mulated an interesting new hypothesis, “the microglial hypothesis”,
which suggests that the pathophysiological effects of PSY could be not
only limited to oligodendrocyte death, but rather, PSY may impact
primarily on microglia and astrocytes that, when activated, would be-
come cytotoxic for oligodendrocytes. However, the exact pathogenic
mechanism that leads from the enzyme deficiency to cell death in KD is
still not completely understood and no cure is currently available for
KD, being treatment symptomatic and supportive only.

A novelty that could bring freshness to the current therapeutic at-
tempts came with the work of Folts and colleagues. Basically they
showed that PSY induces multiple lysosomal dysfunctions (altered ly-
sosomal pH, endolysosomal trafficking, lipid degradation and cathepsin
activation), providing for the first time a direct link between enzymatic
mutations and lysosomal abnormalities (Folts et al., 2016S). Since
cellular waste material, such as proteins or lipids, has to reach lyso-
somes for degradation in the context of the autophagy pathway, is in-
deed reasonable to expect autophagy dysfunction to be implicated in
the KD pathogenesis. Coupled with the fact that abnormal protein ag-
gregates (e.g a-synuclein and ubiquitinated proteins) have been found
in KD brains (Smith et al., 2014; Marshall and Bongarzone, 2016;
Abdelkarim et al., 2018), the connection between the autophagy
pathway and KD is especially supported. Hence, recent studies focus on
the attractive possibility that acting on the autophagic pathway could
lead to new promising therapeutic approaches. An example of treat-
ment based on this concept is the idea of restoring physiological lyso-
somal pH to enhance normal autophagy mediated protein degradation
(Guha et al., 2013).

In our previous work, we started investigating autophagy in KD. We
demonstrated that autophagy is up-regulated in an oligodendrocyte cell
culture upon PSY treatment, and that the further autophagy induction
with Lithium is able to ameliorate cell viability after PSY administra-
tion. This is, except than for a study performed by Ribbens and col-
leagues in 2014 (Ribbens et al., 2014), the first time autophagy has
been investigated in a KD model. In accordance with our data, they
demonstrated in vitro that PSY enhances LC3 lysosomal localization and
expression in a new GALC-deficient murine oligodendrocyte line.

Here, we focused on the TWI mouse, a naturally occurring model of
KD that closely recapitulates most human symptoms. In particular, the
TWI mouse functions appear to be normal at birth, symptoms (e.g.
tremors, muscle weakness in the hindlimbs and decreased body weight)
manifest from approximately PND 20, and death occurs near PND 42. In
this study, we characterized the expression and localization of some
fundamental autophagy markers (p62, LC3 and Beclin-1) in TWI and
WT CNS and PNS. We found that the basal levels of autophagy acti-
vation are higher in TWI brain and sciatic nerves with respect to the WT
ones. At both PND 20 (symptoms onset) and 30 (late stage of the dis-
ease), in fact, TWI tissues presented higher levels of LC3-II and p62 and
showed increasing trend in Beclin-1 levels especially in the sciatic
nerve. Regarding LC3-II, its augmentation positively correlates with
increased autophagic activity; at the beginning of autophagosome for-
mation, in fact, LC3 is converted into a cleaved form (LC3-II) and in-
serted into autophagosome membranes (Eskelinen and Saftig, 2009).
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Increased brain LC3-II levels have already been found for others lyso-
somal disorders as Niemman Pick, Sandhoff and GM1 gangliosidosis
disease (Boland et al., 2010). For KD, rather, only increased LC3-I ex-
pression in the TWI brain has been recently demonstrated (Abdelkarim
et al.,, 2018). p62 aggregates, instead, were not yet reported in litera-
ture for KD, but found in many other neurodegenerative and lysosomal
disorders models characterized by dysregulated autophagy machinery
(Seidel et al., 2017; Micsenyi et al., 2013). Furthermore, we also found
that they are clearly present in neurons instead of astrocytes. Thus,
accordingly with previous studies indicating that the pathologic process
associated with autophagic deficiency is cell-type specific (Komatsu
et al., 2007; Smith et al., 2014), these data suggest that there could be a
failure in the autophagy process, leading to the accumulation of p62-
tagged proteins, which acts differently depending on the cell type.
Moreover, these findings suggest that neurodegeneration, classically
viewed in KD as a secondary consequence of demyelination, could be
reinterpreted as an independent process, that occurs following the ac-
cumulation of undigested material, as typically happen in many neu-
rodegenerative disorders (Pierzynowska et al., 2018). Furthermore,
reasonably, neurons remain particularly vulnerable to accumulated
waste material; given their post-mitotic status, in fact, the possibility of
diluting accumulated aggregates is unlikely. Thus, to understand if the
accumulation of ubiquitinated undigested material could stem from a
defect in the final step of the autophagy pathway, we tested the colo-
calization of the autophagosomes with the lysosomes, finding that in
both WT and TWI brains. Moreover, also p62 colocalizes with both
autophagosomes and lysosomes. This indicates that p62 follows the
correct steps of the autophagy flux, being first embedded into the au-
tophagosome and subsequently into the lysosome, where predictably is
metabolized by lysosomal enzymes. These pieces of evidence suggest
that autophagy is dysregulated but not impaired in the TWI brain,
thanks to the fact that p62-mediated delivery to the autolysosomes
would occur. However, other in vivo imaging experiments could be
necessary to assess if the amount of autolysosomes is different between
healthy and affected mice. Hence, we can speculate that the protein
accumulations found in the TWI tissues could be the outcome of a sa-
turated autophagic flux. Specifically, GALC deficiency could lead to a
lysosomal dysfunction, partially blocking and, consequently, saturating
the autophagy flux. This, in turn, could prevent the degradation of all
the p62-tagged material, culminating in aggregations. (Folts et al.,
2016).

At this point, we decided to move in vitro, where a modulation of the
autophagy pathway could be easily implemented. Firstly, we char-
acterized the same autophagy markers also in primary fibroblasts de-
rived from both WT and TWI mice, treated or not with PSY. We de-
monstrated that PSY administration increased the expression of the
autophagy markers LC3-II and p62 in both WT and TWI cells. Beclin-1,
instead, appeared to be differently cleaved between WT and TWI cells,
indicating a diverse regulation of the early steps of the autophagy
machinery. Interestingly, by immunocytochemistry, we also high-
lighted a higher number of p62 tagged aggregates in the TWI untreated
cells with respect to the WT. These data suggest a higher basal level of
autophagy activation in the missing GALC condition, that is further
stimulated in the presence of PSY. At this point, in order to asses if this
difference could be due to the accumulation of endogenous PSY, we
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Fig. 6. Autophagy induction in PSY treated primary cells. (a. b) Western blot analysis of the total p62 and LC3-1I content in whole cell lysates. (a) p62: * P < .05
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+BAF vs. WT-UT; One-way ANOVA, Dunnett's test. Data are shown as mean = SEM; n = 3. (c) Representative western blot bands. (d) Immunocytochemistry
staining of WT and TWI primary fibroblasts treated or not with PSY and RAP, immunostained for LC3 (in yellow) and p62 (in green); nuclei are stained with DAPI (in
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TWI + PSY + RAP vs. TWI + PSY. Student's t-test. Data are shown as mean = SEM; n = 3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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quantified it by HPLC/MS. Given the lack of PSY content in both WT
and TWI cells, we hypothesized that, probably, some other molecular
mechanism, not directly linked with PSY accumulation, should be
considered. A hydrolase deficiency, in fact, as commonly happens in
LSDs, cause a general imbalance in the lysosome homeostasis, pre-
venting the development of an optimal environment for the correct
recycling of all the waste material. Besides the already demonstrated
PSY-induced autophagy activation (Del Grosso et al., 2016), thus, also
the GALC deficiency would be responsible for the increased autophagic
flux in an at least partially PSY-independent manner. Subsequently,
aiming to promote the clearance of the p62 tagged aggregates and thus
rescue the WT phenotype, we tested in vitro two well-known autophagy
inducers (RAP and RESV). Both the modulators, as expected, activated
the autophagy flow in our cellular model. Furthermore, while RESV did
not reduce the p62 intracellular levels, RAP rescued the WT levels of the
total p62 expression in cells disturbed by the presence of PSY. More-
over, the number of aggregates showed a significant reduction, partially
restoring the WT condition. Given the presence of a wide recent lit-
erature showing the positive effect of autophagy induction on the
clearance of accumulated cell aggregates in vitro (Ravikumar et al.,
2002; Sarkar and Rubinsztein, 2008; Webb et al., 2003), our results
concerning the reduction of aggregates after the RAP-mediated autop-
hagy induction is not surprising. Thus, our data strongly give the ra-
tionale to test autophagy induction in the TWI mouse to remove protein
aggregates from the nervous system. Moreover, since RAP is already
available as pharmaceutical preparations, in case of positive in vivo
results, this therapy could also be readily applicable to humans for
clinical testing.

Although additional studies are required to fully characterize the
autophagy machinery in the TWI mice, this paper suggests autophagy
dysregulation as a new aspect involved in the molecular pathogenesis of
KD. This could at least partially explain the failure of the main ther-
apeutic attempts in completely curing this LSD. Despite important ad-
vances made in the last years in research, in fact, the principally studied
therapies (as BMT, gene/cell therapy and their combination) can in-
crease life expectancy of the treated TWI mice, which, however, later
suddenly die for unclear complications (Rafi et al., 2015; Ricca et al.,
2015). This late death may be due to additional pathological processes
that proceed despite the GALC provision. Therefore, autophagy mod-
ulation could be a promising option to be tested in combination with a
main GALC-deficiency correcting therapy (as gene therapy and/or en-
zyme replacement therapy) to help in achieving a complete KD phe-
notype rescue.
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