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Abstract

Lysosomes play important roles in catabolism, nutrient sensing, metabolic signaling, and
homeostasis. NPC1 deficiency disrupts lysosomal function by inducing cholesterol accumu-
lation that leads to early neurodegeneration in Niemann-Pick type C (NPC) disease. Mito-
chondria pathology and deficits in NPC1 deficient cells are associated with impaired
lysosomal proteolysis and metabolic signaling. It is thought that activation of the transcrip-
tion factor TFEB, an inducer of lysosome biogenesis, restores lysosomal-autophagy activity
in lysosomal storage disorders. Here, we investigated the effect of trehalose, a TFEB activa-
tor, in the mitochondria pathology of NPC1 mutant fibroblasts in vitro and in mouse develop-
mental Purkinje cells ex vivo. We found that in NPC1 mutant fibroblasts, serum starvation
or/and trehalose treatment, both activators of TFEB, reversed mitochondria fragmentation
to a more tubular mitochondrion. Trehalose treatment also decreased the accumulation of
Filipin* cholesterol in NPC1 mutant fibroblasts. However, trehalose treatment in cerebellar
organotypic slices (COSCs) from wild-type and Npc1"™76% mice caused mitochondria frag-
mentation and lack of dendritic growth and degeneration in developmental Purkinje cells.
Our data suggest, that although trehalose successfully restores mitochondria length and
decreases cholesterol accumulation in NPC1 mutant fibroblasts, in COSCs, Purkinje cells
mitochondria and dendritic growth are negatively affected possibly through the overactiva-
tion of the TFEB-lysosomal-autophagy pathway.

Introduction

NPC (Niemann-Pick type C disease) is a lysosomal storage disease where mutations in the
NPC1 gene cause the deficiency of the protein, which leads to childhood dementia and death
at early/juvenile ages [1]. Early neuronal degeneration is a disease hallmark in human patients
and animal models of NPC [1-3]. In NPC1 deficient mouse models, early post developmental
demise of Purkinje cells (PCs) and ataxia are the main neuropathological and symptomatic
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features of the NPC disease [2, 4-7]. Our laboratory and others have found that NPC1 defi-
ciency significantly affects PCs postnatal development by impairing lysosomal metabolic sig-
naling, dendritic growth, synaptic development, and microglia function [8-11]. Deficiency of
NPCl in cells causes the overactivation of the metabolic regulator mTORCI1 [11-13], which
leads to the fragmentation and dysfunction of mitochondria in in vitro cells [13] and the tran-
sient overgrowth of PC dendrites in mice during the early stages of postnatal development
[11]. This overgrowth in NPC1 deficient PCs is followed by the regression of their dendrites
that is concomitant with the increased activation of the transcription factor TFEB [11]. TFEB
regulates the transcription of genes associated with lysosomal biogenesis and function, and
autophagy [14, 15]. The aberrant overlapping activation of mMTORC1 and TFEB in NPC1 defi-
cient PCs suggests a significant disruption of metabolic balance in these cells.

Disturbance of degradative pathways like autophagy has been linked to lysosomal storage
diseases and neurodegenerative diseases [16, 17]. Basal autophagy plays significant roles in
neurons, including clearance of cytotoxic materials, mitochondria turnover, and providing
metabolic balance [18, 19]. In NPC, accumulation of cholesterol impairs lysosomal proteolysis
leading to the buildup of autophagosomes and the blocking of the autophagy flux [17, 20]. In
vitro experiments have shown that drug activation of the autophagy flux in NPC1 mutant cells
reduces the buildup of autophagosomes and protects cells against drug induced cytotoxicity
[17]. Inhibitors of mTORCI, a TFEB inhibitor, can prevent the accumulation of damaged
mitochondria and restore lysosomal proteolysis in NPCs by facilitating the production of
healthy lysosomes and inhibiting protein translation [13]. However, the biogenesis of new
lysosomes allowed by these inhibitors does not fix or eliminate the accumulation of cholesterol
[13, 17]. On the other hand, the hydroxypropyl-beta cyclodextrin oligosaccharide blocks
autophagy flux, but significantly reduces the accumulation of lysosomal cholesterol leading to
the amelioration of cellular pathology associated with the NPC disease [17].

Here we used in vitro and ex vivo models, to ask if mitochondria pathology caused by
NPCI1 deficiency could be corrected by activators of TFEB. Using human NPC1 mutant fibro-
blasts, we tested serum starvation and trehalose as inducers of TFEB activation. Trehalose is a
non-reducing disaccharide of glucose, a-D-glucopyranosyl o-D-glucopyranoside, that induces
autophagy through the AKT-TFEB activation pathway independently from the mTORC1
pathway [21, 22]. Treatment with trehalose was also tested in cerebellar organotypic slices
(COSCs) from wild type (WT) and Npcl"mf 64 mutant mice where PCs dendrites were devel-
oping. Our results show that trehalose effectively reversed pathological changes in mitochon-
dria associated with the NPC1 mutation in the fibroblasts, but not in the NPC1 mutant
COSCs. In fact, treatment with trehalose was detrimental to the developing PCs in WT and
NPC1 mutant COSCs.

Material and methods
Fibroblasts cell cultures

Cell lines and culturing conditions. Skin derived fibroblasts from a healthy patient (HT,
GMO01652, F, 11YR) and a patient with a NPC1 mutation suffering from NPC (NPCl1,
GMO03123, F, 9YR), were obtained from the Coriell Institute. HT and NPCI1 fibroblasts were
grown in Corning® DMEM [+] 4.5 g/L glucose, L-glutamine, sodium pyruvate, supple-
mented with 15% fetal bovine serum (FBS), and incubated in a humidified atmosphere con-
taining 5% CO, at 37°C. Cells were passaged when confluent. Cells between the 4th and 9th
passage were used for the experiments reported here; HT and NPC1 cells were at equivalent
passages.
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Serum starvation and trehalose treatment. For the serum starvation and trehalose treat-
ment experiments, cells were seeded in 8 well cell culture chamber slides at moderate con-
fluency in complete media (CM: Corning® DMEM [+] 4.5 g/L glucose, L-glutamine, sodium
pyruvate, supplemented with 15% FBS). Then, after 16hrs, cell medium was changed to one of
the following: new CM, serum starved media (SSM), SSM + 100mM trehalose (VWR), SSM
+ 100mM sucrose, or CM + 100mM trehalose; and incubated in the replaced media for 24hrs.
For some experiments, new CM was reintroduced for 3hrs to the cells after 24hrs with the
media listed above. After the 3hrs incubation, cells were briefly washed with 1X PBS, fixed in
4% Paraformaldehyde (PFA) for 10min, and washed with PBS.

Immunofluorescence experiments for fibroblasts cell cultures. After fixation, HT and
NPCl fibroblasts were permeabilized with 0.5% TritonX-100 for 10 min and blocked in 5%
normal donkey serum/1X PBS with 0.05% Tween-20 for 1hr, all at room temperature. Then,
cells were incubated overnight at 4°C with a solution containing primary antibodies diluted in
1X PBS. Primary antibodies used for these experiments are rabbit anti-pyruvate dehydroge-
nase-E1 alpha (PDHEL, 1:200) and mouse anti-acetylated tubulin (AcTub 1:200). After the
overnight incubation, cells were washed three times for 5 min, and incubated with appropriate
secondary antibodies for 30 min at room temperature. After three washes with 1X PBS, cells
were incubated with DAPI, and mounted with Aqua-Poly/mount.

Filipin staining. Filipin staining was performed in cells fixed with 4% paraformaldehyde
and rinsed with PBS. Filipin complex ready-made solution (Sigma-Aldrich) was diluted 50ug/
ml and added to the fixed cells which were incubated for 1-2 hrs. Then, cells were washed with
PBS and mounted in Aqua-Poly/mount.

Microscope imaging and analysis of cultured fibroblasts. Immunolabeled fibroblasts
with PDHE1 and AcTub were imaged using a Nikon A1R Confocal System equipped with Live
Cell 6 Laser Line and Resonant Dual Scanner and 1pum images were taken with a 40X objective.
To determine the volume of PDHE1* mitochondria per cells, the Surface tool from the Bitplane
Imaris™ software (Oxford Instruments) was first used by selecting the AcTub immunostaining
to create the surface and calculate the cell area. Then, the AcTub surface was used to segregate
the PDHE1 immunoreactivity, create a new surface for the PDHE], and calculate the volume of
PDHEI1" mitochondria. To calculate the length of mitochondria in fibroblasts, the visual magni-
fication of the PDHE1" mitochondria was increased to facilitate the Image] manual quantifica-
tion by taking high magnified snapshots of the confocal images using the Bitplane Imaris™
software. The scale bars of the snapshots were then used to manually measure the length of
mitochondria using the Image] software. Three images were taken per culture at 40X.

Three images were taken per culture at 40X. To measure the intensity density of Filipin®
cholesterol, confocal images were used, and 28-30 cells were selected using Image] threshold
selection. Along with the Filipin intensity density, the area per cell was also measured using
the AcTub immunoreactivity, then the Filipin intensity density values were divided by the cell
area to calculate the Filipin immunoreactivity per cell.

Cerebellar organotypic slice cultures

Animals. Mouse experiments were conducted in accordance with policies and procedures
described in the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health and were approved by the Animal Care and Use Committees at the Rowan Univer-
sity School of Osteopathic Medicine and Providence College. The results and experiments of
this study that involve animals are also reported in accordance with ARRIVE 2.0 guidelines.
The C57BL/6]J-Npcl nmf164/1 mouse strain (Jax stock number 004817) was provided by Dr. Rob-
ert Burgess at The Jackson Laboratory. Npc1™™%* heterozygous mice were bred and housed in
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a 12/12-hour light/dark cycle to generate both WT and Npc1™™'* homozygous mutant mice.
To produce NPCI deficient mice with PCs expressing GFP (Npc1™™1%%-pcp2F©TF), Npc1™™/164
heterozygous mice were intercrossed with the B6;FVB-Tg(Pcp2-EGFP)2Yuza/J (Jax stock
number 004690).

Cerebellar organotypic slice culture. For the culturing of cerebellar organotypic slices,
the protocol described by Uesaka et al., was followed with some exceptions [23]. Briefly, after
euthanasia, postnatal mouse brains at day 10 (P10) were dissected and kept in cold HBSS.
Then, the cerebellum was separated from the rest of the brain and the portion of the brain
stem along with the meninges were carefully removed while keeping the tissue immersed in
HBSS. Using a tissue slicer (Stoelting), 250pum slices were cut and plated on a membrane filter
(Millicell-hydrophilic PTFE 0.4um; Millipore) coated with rat-tail collagen and immersed in
slice medium (50% MEM, 25% horse serum (Invitrogen), 25% HBSS, 3mM GlutaMAX (Invi-
trogen), and 5 mg/ml glucose). However, Mifepristone, which is usually used to help the sur-
vival of Purkinje cells [23], was not used in the experiments reported here. The slices were
cultured for 4 days at 37°C in an environment of humidified 95% air and 5% CO2. The
medium was changed every other day, and slices were washed and fixed with 4% PFA for 30
min on day 4 in vitro. For Trehalose treatment, the disaccharide was dissolved in the slice
medium at 100nM concentration.

COSCs immunohistochemistry. Using a scalpel, the membrane with the slices still
attached were cut and, using a brush, transferred into the wells of a 24-well plate containing 1x
PBS. The PBS was then replaced with pre-cooled 100% ethanol and slices were incubated at
-20°C for 15 to 20 min. The slices were washed three times in 1x PBS for 10 min at room tem-
perature and incubated for 30 min with a solution containing 1x PBS + 1% Triton-X 100 (1%
PBT) and 20% NDS detergent at room temperature. Next, the slices were incubated overnight
with the primary antibodies diluted in blocking solution at 4°C. The primary antibodies used
on cerebellar organotypic slices were rabbit anti-pyruvate dehydrogenase E 1 alpha (PDHE1)
(1:200, GeneTex, # GTX104015), rabbit anti-TFEB (1:200, Bethyl Laboratories, A303-673A),
LAMP1 (1:200, BioLegend, 121602) and mouse anti-CALB (calbindin,1:200, Sigma-Aldrich)
when PCP2-GFP expression was not used. The corresponding secondary antibodies were then
used after three washes with 1X PBT (1:500, Jackson-ImmunoResearch or Invitrogen). Cere-
bellar sections were then washed three times with 1X PBT for 10-15 min, incubated with
DAPI, and mounted in Aqua-Poly/mount (Polysciences).

Microscope imaging and analysis of COSCs. To quantify PDHE1" mitochondria length,
similar analysis as described above for fibroblasts was performed for COSCs. Briefly, immuno-
labeled COSCs with PDHEI and CALB were imaged using a Nikon A1R Confocal System
equipped with Live Cell 6 Laser Line and Resonant Dual Scanner and 1pum images were taken
with a 40X objective. To isolate the PDHE1" mitochondria from CALB™ PCs, the Surface tool
from the Bitplane Imaris™ software (Oxford Instruments) was first used by selecting the CALB
immunostaining to create the surface of the PCs. Then, the CALB surface was used to segre-
gate the PDHE1 immunoreactivity (by masking it and creating a new channel). To calculate
the length of mitochondria in PCs, the visual magnification of the channel containing the PC
specific PDHE1" mitochondria was increased to facilitate the Image] manual quantification,
then high magnified snapshots of the confocal images were taken using the Bitplane Imaris™
software. The scale bars of the snapshots were then used to manually measure the length of
mitochondria using the Image]J software. Three images were taken per culture at 40X.

Quantifications of the percentage of the LAMP1 total volume inside CALB* PCs soma and
dendrites were performed as previously reported [11]. Using the Imaris software and 40X con-
focal images, a 3D surface rendering was created for the CALB channel, then the total volume
(sum) of CALB* dendrites was measured. Then, the LAMP1™ structures inside of the created
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CALB surface were masked to create a new channel after clearing all the fluorescence that is
not found overlapping/contacting the CALB rendering surface. Then, 3D surface renderings
were created for the newly created LAMPI channels in order to determine the sum volume of
these immunostained structures. The Imaris™ software calculated and provided the measure-
ments of the respective volumes for CALB and LAMP]I, and the percentages of these markers
in PC dendrites were calculated by dividing them by the CALB volume of the dendrites.

To determine changes in dendritic tree morphology, COSCs were imaged using a confocal
microscope. A stack of 4 confocal image slices (each 1 um in depth) were combined to make 1
3D image per COSC. Each 3D image was cropped to 147um by 98.7 um by 4 um (S1 Fig).
Quantitative analysis of 3D dendritic morphology was performed using the Filaments tracer
tool of the Imaris 9.9.1 software (S1 Fig). Erroneous filament segments were deleted using the
Filaments Edit function. Each analysis used 9-10 NPC COSC, 6 TH COSC, and 7-8 WT
COSC confocal images.

To calculate the percentage of CALB* PCs in COSCs with nuclear immunoreactivity of
TFEB, 8 confocal images were taken per genotype (WT and Npc1™™%%). The total number of
CALB" PCs and the number of CALB* PCs with nuclear TFEB immunoreactivity was manu-
ally counted using the Bitplane Imaris software.

Statistical analysis

Data were analyzed using GraphPad Prism software. Significance was calculated using
unpaired t-tests for comparisons between two groups. p-values are provided as stated by
GraphPad Prism software and significance was determined with p-values less than 0.05.

Results

NPC1 mutant fibroblasts with mitochondrial deficits have a proper
response to serum starvation

In vitro and in vivo studies have demonstrated that NPC1 deficient cells present significant mito-
chondrial deficits and dysfunction [11, 13, 24-26]. For instance, NPCI mutant fibroblasts not
only have alterations in mitochondria organization and composition of the respiratory chain
complex, but also a significant reduction in cellular ATP with an increased respiration rate [24].
By using antibodies against the Pyruvate dehydrogenase el alpha (PDHE1) to label mitochondria
and acetylated Tubulin (AcTub) to label cell area, we quantified the total volume of mitochondria
per cell area in healthy (HT) and NPC1 mutant human fibroblasts (Fig 1A). As expected, the total
volume of all mitochondria that occupy the area of each cell was significantly lower in NPC1
mutant fibroblasts than in HT fibroblasts (Fig 1A-1C). It was also noticed that PDHE1" mito-
chondria were more globular and fragmented in NPC1 mutant fibroblasts when compared to HT
fibroblasts as previously reported by others [13, 24, 26]. Given that nutritional and metabolic
changes affect cellular and mitochondrial morphology [27, 28], we interrogated if NPC1 mutant
fibroblasts and their mitochondria would have a similar response to serum starvation as HT
fibroblasts. For instance, serum starvation causes cellular shrinkage [27] and mitochondria frag-
mentation [28, 29]. After 24hrs in serum starved media (SSM), we found that both HT and NPC1
mutant fibroblasts had a significant reduction of Ac-Tub" cellular area when compared with
fibroblasts in complete media (CM) (Fig 2A and 2B). Similarly, when CM was introduced for
3hrs after 24hrs of serum starvation (SSM + CM), HT and NPC1 mutant fibroblasts were able to
increase their Ac-Tub" cellular area to levels that were statistically higher than SSM levels but not
different from levels in CM (Fig 2A and 2B). These results showed that NPC1 mutant fibroblasts
can properly respond to serum starvation and reintroduction as HT fibroblasts do.
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Fig 1. The total volume of PDHE1" mitochondria is reduced in NPC1 mutant fibroblasts. A. Healthy and NPC1 mutant fibroblasts immunolabeled with
PDHEI, AcTub and DAPL B. Inserts from (A) showing the PDHEI immunoreactivity in Healthy and NPC1 mutant fibroblasts at a higher magnification. C.
Quantitative analysis showing a significant decrease in the total volume of PDHE1" mitochondria per cell area in NPC1 mutant fibroblasts when compared to
Healthy (HT) cells. Data are presented as mean + SEM, n = 8 cells. **P < 0.01. Scale bar: (A) 50 pm (B) 10 um.

https://doi.org/10.1371/journal.pone.0294312.9001

Next, we investigated if mitochondrial response to serum starvation was altered in NPC1
mutant fibroblasts. This time, the length of PDHE1" mitochondria was measured using 3D
confocal images, and the Imaris and Image] software. As previously reported, we found that
mitochondria from HT fibroblasts significantly reduced their length from a long tubular shape
to a more globular fragmented morphology after 24hrs of serum starvation (Fig 2C and 2D).
However, when serum was re-introduced for 3hrs to HT fibroblasts after 24hrs starvation, a
small but significant increase in mitochondria length was found when compared to HT fibro-
blasts in SSM, but still significantly lower when compared to mitochondria in non-starved
(CM) HT fibroblasts (Fig 2C and 2D), indicating that a longer time of CM may be needed for
complete recovery of tubular elongated mitochondria. The mitochondria length of NPC1
fibroblasts was significantly shorter than the HT fibroblasts mitochondria length in CM (Fig
2C and 2D). After 24hrs of serum starvation, in NPCI1 fibroblasts the reduction of mitochon-
dria length was not significant when compared to CM NPCl fibroblast mainly because of the
variability in mitochondria fragmentation in the CM group. However, when CM was re-intro-
duced to starved NPC1 mutant fibroblast, a significant increase in mitochondrial length was
quantified in this group (SSM + 3hrs CM) when compared to the serum starved (SSM) NPC1
mutant fibroblasts (Fig 2C and 2D). Overall, these results showed that NPC1 mutant fibro-
blasts are able to change and adapt to serum starvation and reintroduction similarly as HT
fibroblasts by reducing or increasing cell size and mitochondria length.
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Fig 2. NPC1 mutant fibroblasts and their fragmented mitochondria have a proper response to serum withdrawal and reintroduction. A. Healthy and
NPC1 mutant fibroblasts immunolabeled with AcTub and DAPI showing morphological changes after 24hrs in complete media (CM) + 3hr CM, serum
starved media (SSM), and SSM + 3hr CM. B. Quantitative analysis of the total cellular area per cell (AcTub area/#nuclei) after the different treatments
described on (A). C. Healthy and NPC1 mutant fibroblasts immunolabeled with PDHE1 and DAPI showing mitochondrial morphological changes after 24hrs
of CM + 3hr CM, SSM, and SSM + 3hr CM. D. Quantitative analysis of the length of PDHE1" mitochondria in HT and NPC1 mutant fibroblasts after the
different treatments described above. Data are presented as mean + SEM, (B) n = 6 images, (D) n = 28-30 mitochondria per genotype/treatment. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar: (A) 30 um (C) 5 um.

https://doi.org/10.1371/journal.pone.0294312.9002
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Trehalose treatment induces tubular and elongated mitochondria in NPC1
mutant fibroblasts

It has been suggested that an interplay between mitophagy and mitochondrial biogenesis is
necessary to prevent pathological conditions associated with mitochondria dysfunction [30,
31]. Accumulation of fragmented and damaged mitochondria has been found in Purkinje cells
from NPC1 mutant mice and in vitro NPCI deficient cellular models where lysosomal degra-
dation is severely impaired [11, 13, 24]. In this study, NPC1 mutant fibroblasts were able to
increase mitochondrial length after serum starvation and reintroduction of CM, suggesting
that a potential increase in lysosomal activity induced by serum starvation enhanced the fusion
or biogenesis of mitochondria when CM was reintroduced. In fact, we found nuclear TFEB
immunoreactivity in serum starved HT and NPC1 fibroblasts (S2 Fig), which could indicate
that lysosomal activity was enhanced by starvation. Therefore, we decided to use trehalose to
further increase the lysosomal activity. Trehalose is a well-known activator of TFEB [22, 32],
which has improved mitochondria morphology in human fibroblasts with an ataxia-associated
mutation in the C-terminal HSP70-interacting protein (CHIP) [33]. NPC1 mutant fibroblasts
were treated for 24hrs with 100mM trehalose (TH) while in SSM, then CM was reintroduced
for 3hrs, and mitochondria length was measured. We found that TH treatment significantly
increased mitochondrial length in NPC1 mutant fibroblasts when compared to the same type
of cells treated with water (SSM + H20) or 100mM sucrose (SSM + SUC), when CM was rein-
troduced for 3hrs (Fig 3A and 3B). Furthermore, addition of TH to NPC1 mutant fibroblasts
while in CM for 24hrs drastically increased mitochondria length comparable to HT fibroblasts
under normal conditions (CM) (Fig 3C and 3D). Addition of TH to SSM did not alter mito-
chondria length in HT cells after CM was reintroduced for 3hrs when compared to untreated
HT fibroblasts (S3 Fig).

It is thought that TH promotes TFEB activation by directly impacting lysosomes, specifi-
cally by causing lysosomal enlargement and membrane permeabilization [32]. TFEB activation
also improves lysosomal function [34, 35]. Both, HT and NPC1 mutant fibroblasts treated
with TH showed TFEB nuclear immunoreactivity (S4 Fig). Given that NPC1 mutation causes
impaired lysosomal degradation and the accumulation of cholesterol, we interrogated if TH
treatment effects on mitochondria health of NPC1 mutant fibroblasts were due to changes in
lysosomal accumulation of cholesterol. In fact, we found that the high levels of Filipin™ choles-
terol in NPC1 mutant fibroblasts were significantly reduced to levels found in HT fibroblasts
when treated with 100mM TH (Fig 4A and 4B). These results suggest that TH treatment
induces tubular and elongated mitochondria in NPC1 mutant fibroblasts by enhancing the
clearance of the pathological lysosomal accumulation of cholesterol in these cells.

NPC1 deficient Purkinje cells have shorter and fragmented mitochondria
ex-vivo

NPCI1 deficiency leads to the early degeneration of neurons in Niemann-Pick Type C disease.
Given that reduced levels and fragmentation of mitochondria are found in Purkinje cells (PCs)
from Npc1™** mutant mice [11], we pursued to determine the effects of TH treatment in
NPC1 mutant PCs. Cerebellar slices at postnatal day 10 (P10) from wild type (WT) and
Npc1™™1%* mutant mice were used for organotypic slice cultures, and after 4 days in vitro
(DIV) were fixed and immunolabeled with calbindin (CALB) and PDHEI antibodies. Using
the Imaris software, PDHE1" mitochondria from CALB" PCs were segregated, and mitochon-
dria length was measured in WT and Npc1™™"%* samples (Fig 5A). We found that Npc1™"™/¢*
PCs from P10 + 4DIV cerebellar organotypic slice cultures (COSC) had a significant decrease
in mitochondria length when compared to WT PCs (Fig 5A and 5B).
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Fig 3. Trehalose treatment induces tubular and elongated mitochondria in NPC1 mutant fibroblasts. A. NPC1 mutant fibroblasts immunolabeled with
PDHEI and DAPI showing morphological changes in mitochondria after 24hrs of SSM supplemented with H,O as a vehicle, 100mM Trehalose, or 100mM
Sucrose plus 3hrs of CM. B. Quantitative analysis of the length of PDHE1* mitochondria in NPC1 mutant fibroblasts after the different treatments described in
(A). C. NPC1 mutant fibroblasts immunolabeled with PDHE1 and DAPI showing mitochondrial morphological changes after 24hrs of CM + 100mM TH
(inlets). D. Quantitative analysis of the length of PDHE1"* mitochondria from HT and NPC1 mutant fibroblasts showing that CM supplemented with TH
induces mitochondria lengths in NPC1 fibroblasts similar to HT cells. *Data are presented as mean + SEM, (B) n = 20-21 mitochondria/treatment, (D) n = 28
mitochondria/genotype-treatment. *P < 0.05, ****P < 0.0001. Scale bar: (A) 40 pum and 5 pm (C) 40 ym and 5 pm.

https://doi.org/10.1371/journal.pone.0294312.9003

Trehalose treatment causes mitochondria fragmentation and impairs
Purkinje cells dendritic growth ex-vivo

Next, we added 100mM TH to the COSC media and cultured for 4 days P10 cerebellar slices
from PCP2-GFP-WT and PCP2-GFP-Npc1™™"%* mice. We found that the length of PDHE1*
mitochondria was significantly reduced in PCP2-GFP" PCs from TH treated WT when com-
pared to non-treated WT COSCs (Fig 6A and 6B). TH treatment in PCP2-GFP-Npc1"™/!¢*
COSCs led to a severe degeneration of PCs (S5 Fig), so PDHE1" mitochondria length was not
quantified in these samples. Measurements of the ratio of dendritic tree branching points per
length (um) in PCP-2-GFP"* PCs from WT, WT TH treated, and NPC1 mutant COSCs
showed a higher number of branch points per um in Npcl nmf164 pCP2-GFP* PCs when com-
pared to WT and WT TH treated COSCs (Fig 7A and 7B). No significant differences in branch
points/um were found in PCP2-GFP PCs from WT and WT TH treated COSCs (Fig 7A and
7B). However, the length of the molecular layer (ML) was significantly reduced in PCP2-GFP*
PCs from WT TH treated, and Npc1™"** mutant COSCs when compared to PCP2-GFP* PCs
from non-treated WT COSC (Fig 7A and 7C). These data show that TH treatment in WT
COSC affects the vertical growth of PCs dendrites (shortens ML), while NPC1 deficiency in
PCs affects the vertical growth of dendrites (shortens ML) and increases the addition of
branches. We also confirmed that TH treatment increased the nuclear translocation of TFEB
in PCs from WT TH treated COSC (S6 Fig). Additionally, a higher percentage of the total vol-
ume of LAMP1" lysosomes per the total volume of CALB* PCs was found in Npc1™'* and
TH treated (WT and Npc1™™"%*) COSCs when compared to untreated WT COSCs (Fig 7D
and 7E). Our data suggest that dendritic changes in Npc1™"** and TH treated COSCs are
associated with increased lysosomal activity that could be driven in part by the activation of
TFEB.
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Fig 4. Cholesterol accumulation is reduced in NPC1 mutant fibroblasts after trehalose treatment. A. HT and NPC1 mutant fibroblasts in CM or CM

+100mM TH stained with Filipin. B. Quantitative analysis of the Filipin intensity density per area. Data are presented as mean + SEM, n = 28-30 cells.
FHEP < 0.0001. Scale bar: (A) 30 um.

https://doi.org/10.1371/journal.pone.0294312.g004
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Fig 5. Fragmented PDHE1" mitochondria in Npc1"™/'%* Purkinje cells ex vivo. A. WT and Npc1™™"** cerebellar organotypic slices cultured for 4 DIV
immunolabeled with PDHE1 and CALB. B. Quantitative analysis of the length of PDHE1" mitochondria in WT and Npc1™"/'¢* Purkinje cells from COSCs
after 4 DIV. Data are presented as mean + SEM, n = 150 mitochondria from n = 3 COSC s/genotype. **P < 0.01. Scale bar: (A) 30 um and 10 pm (third
column).

https://doi.org/10.1371/journal.pone.0294312.9005
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Fig 6. Trehalose treatment induced fragmented PDHE1" mitochondria in Purkinje cells ex vivo. A. Non-treated
and TH treated PCP-2-GFP WT Purkinje cells from P10 cerebellar organotypic slices cultured for 4 DIV
immunolabeled with PDHEI. B. Quantitative analysis of the length of PDHE1" mitochondria in non-treated and TH
treated PCP-2-GFP WT Purkinje cells from P10 + 4DIV COSCs. Data are presented as mean + SEM, n = 6-10 cells.
P < 0.0001. Scale bar: (A) 30pm and 10pum (third column).

https://doi.org/10.1371/journal.pone.0294312.9006
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Fig 7. Trehalose treatment induced reduced dendritic growth and increased total volume of LAMP1" lysosomes in Purkinje cells ex vivo. A. PCP-2-GFP*
Purkinje cells from WT, TH treated WT, and NPC1 P10 + 4DIV COSCs showing dendritic growth and branching. B. Quantitative analysis of the number of
branch points per micrometer in PCP-2-GFP" Purkinje cells from WT, TH treated WT, and NPC1 P10 + 4DIV COSCs. C. Quantitative analysis of the length
of the molecular layer in PCP-2- GFP* Purkinje cells from WT, TH treated WT, and NPC1 P10 + 4DIV COSCs. Data are presented as mean + SEM, n = 6-10
cells. D. WT, WT + TH, NPC1, and NPC1 + TH P10 + 4 DIV COSCs immunolabeled with LAMP1 and CALB. LAMP1 immunoreactivity from CALB* PCs
was isolated using an Imaris masking tool. E. Quantitative analysis of the percentage of the LAMP1" lysosomes total volume in CALB" PCs from WT, WT
+TH, NPC1, and NPC1 + TH COSCs after 4 DIV. Data are presented as mean + SEM, n = 6 images, n = 3 COSCs. **P < 0.01, ***P < 0.001, ****P < 0.0001.
Scale bar: (A) and (D) 30pm.

https://doi.org/10.1371/journal.pone.0294312.9007

Discussion

Lysosomal function has a central role in degradation of protein and cellular components,
nutrient sensing, and metabolic signaling and balance [36, 37]. Lysosomes support the autop-
hagy pathway through their cellular clearance function and the transcriptional regulation of
genes associated with autophagy and lysosomal biogenesis [37]. Therefore, autophagy is signif-
icantly disrupted in lysosomal storage diseases like NPC [16]. In fact, accumulation of autop-
hagosomes and lack of lysosomal proteolysis lead to the disruption of the autophagy pathway
and function [17, 20]. Moreover, impaired mitophagy is implicated in the accumulation of
damaged and fragmented mitochondria in NPC1 deficient cells [13]. Given that lysosomal
dysfunction in NPC affects autophagy and mitophagy, we interrogated if NPCI1 mutant fibro-
blasts would be able to respond appropriately to metabolic stressors, such as serum starvation.
First, we confirmed that the volume of mitochondria per cell area is significantly decreased in
NPC1 mutant fibroblasts as previously reported [24] and similar to NPC1 deficient neurons
[11, 13]. Then, HT and NPC1 mutant fibroblasts were cultured for 24hrs in serum starved
media to determine if NPC1 mutant fibroblasts would respond differently than HT fibroblasts.
Serum starvation in fibroblasts induces the Warbug effect, which is the usage of the anaerobic
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glycolysis pathway even when oxygen is present [38]. Because of this metabolic shift, fibro-
blasts become quiescent by stopping proliferation and reducing their cellular area [27, 28]. We
found that both HT and NPC1 mutant fibroblasts were able to reduce their cellular area during
the withdrawal of serum and to recover their previous size once serum was introduced again
for three hours.

Another expected consequence of serum starvation is the activation of TFEB and autop-
hagy, which acts as a nutrient supplier through the degradation and reutilization of cellular
molecules [39, 40]. TFEB is a key regulator of the lysosomal and autophagy pathway [15, 41]. It
has been demonstrated that activation of autophagy and lysosomal activity during serum star-
vation is concomitant with the fragmentation of mitochondria [28, 29]. In fact, quiescent
fibroblasts have shorter and fragmented mitochondria when compared to proliferating cells,
which have elongated mitochondria and increased oxidative phosphorylation [28]. Addition
of serum to starved HCT116 cells induces mitochondria fusion and tubulation as soon as 3hrs
after the reintroduction [28]. In this study, we found that NPC1 mutant fibroblasts already had
a significant fragmentation of mitochondria in the presence of serum when compared to the
healthy cells. When HT and NPC1 mutant fibroblasts were cultured for 24hrs with serum
starved media, HT cells showed a significant fragmentation of mitochondria, while NPC1
mutant fibroblasts did not show changes statistically significant. However, 3hrs post reintro-
duction of serum after 24hrs of serum starvation was enough to see a small but significant
increase in mitochondria elongation in both HT and NPC1 mutant fibroblasts. For the NPC1
mutant fibroblasts, this finding is significant, because it is consistent with evidence that shows
that turnover of dysfunctional mitochondria is induced by serum starvation [29, 42]. TFEB
nuclear translocation was also confirmed in the serum starved fibroblasts. These results
encouraged us to examine if the potential activation of lysosomal function and autophagy by
trehalose [22, 32, 34, 35] could have an impact on mitochondria morphology and length. We
not only found mitochondria changes after the combination of serum starvation with the addi-
tion of trehalose, but also mitochondria tubulation and elongation occurred in these NPC1
mutant fibroblasts in the presence of medium (CM). Similarly, in Chip mutant fibroblasts
from ataxia patients, trehalose treatment restored mitochondria morphology and activated
autophagy among other effects [33]. Nuclear TFEB was also found in trehalose treated HT and
NPCI1 fibroblasts. However, trehalose did not have the same effect on HT fibroblasts, suggest-
ing that as previously reported, a stronger mitophagy induction is observed in cells with dam-
aged mitochondria [29, 42], promoting mitochondria turnover and presumably enhancing
mitochondria health.

Another intriguing finding was the significant reduction of lysosomal accumulation of Fili-
pin" cholesterol in NPC1 mutant fibroblasts after trehalose treatment. Previous studies in
NPCI1 mutant fibroblasts have shown that induction of autophagy by rapamycin, an inhibitor
of the mTORC1 pathway, rescues autophagy defects and protects these cells against induced
cytotoxicity [17]. However, although mTORCI inhibitors like rapamycin and Torin1 signifi-
cantly rescue autophagy and mitochondria defects in in vitro cell models, they are unable to
reduce lysosomal cholesterol accumulation in NPC1 mutant fibroblasts [13, 17]. Contrary to
these mTORCI1 inhibitors, trehalose treatment activates autophagy through an mTORCI1 inde-
pendent activation of TFEB, more specifically through the inhibition of the AKT pathway [21].
Inhibition of AKT by other pharmacological drugs also promotes the clearance of aggregated
material in a variety of models of lysosomal storage diseases [21], suggesting that trehalose is
not only capable of activating TFEB and mitochondria elongation, but also promotes the clear-
ance of lysosomal aggregated material. It is thought that the mechanism by which trehalose
activates TFEB is by increasing the lysosomal osmotic pressure, which transiently induces
membrane permeability of calcium that leads to the nuclear translocation of TFEB [32].
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Given that trehalose had such an enhancing effect on mitochondria morphology and lyso-
somal cholesterol accumulation in NPC1 mutant fibroblasts, we decided to test the effects of
trehalose in COSCs from Npc1™™/"** mice. Lysosomal and autophagy dysfunction leads to the
degeneration of axons and dendrites and ultimately neuronal cell death of adult neurons [18,
19, 41]. Treatments that enhance lysosomal-autophagy activity, like TFEB activation, have
proven to be beneficial in some neurodegenerative mouse models [21, 43]. However, because
previous work in our laboratory has shown that NPC1 deficiency affects the postnatal develop-
ment of PCs in vivo [11], we focused our study on developing PCs ex vivo.

First, we examined mitochondria length in PCs dendrites from Npc1™™/'** COSCs and
found that mitochondria were significantly fragmented in the mutant PCs when compared to
WT PCs. Next, we tested the trehalose treatment in WT and Npc1™™'®* COSCs and found that
trehalose was detrimental for both genotypes of developmental PCs. Significant fragmentation
of mitochondria was found in the dendrites of WT PCs treated with trehalose, and Npc1™"/'¢*
PCs showed a remarkable degeneration of dendrites. These trehalose-treated cells also pre-
sented increased nuclear TFEB and higher density of LAMP1" lysosomes, suggesting that tre-
halose treatment affected dendritic growth by increasing lysosomal activity. Similarly, PCs
from nontreated Npc1™™* COSCs had increased density of LAMP1* lysosomes, which mir-
rored our previous findings where increased nuclear translocation of TFEB was concomitant
with increased LAMP1" lysosomes and dendritic regression in PCs from postnatal Npc1™™/¢*
mice [11]. Still, trehalose treatment has been effective enhancing the cellular clearance of pro-
teolipid aggregates and preventing neuropathology in mice with a genetic mutation for the
lysosomal storage disorder Batten disease [21]. However, these mice have a more prolonged
life span (over 8 months) than NPC1 mutant mice (3-4 months), and the trehalose treatment
was provided by the end of postnatal development. In NPC1 mutant mice, PCs dendritic post-
natal development is significantly affected [11]. The role of lysosomes and autophagy in neuro-
nal development, specifically in the growth and patterning of dendrites, is not completely
understood. Since trehalose treatment induced the fragmentation of mitochondria in the ex-
vivo developing PCs, it was not surprising to find that dendritic growth in WT COSCs was sig-
nificantly compromised. These results suggest that trehalose treatment in WT COCs is detri-
mental for developmental PCs, possibly by over activating the lysosomal-autophagy pathway
through TFEB activation. In fact, it has been demonstrated that basal autophagy contributes to
the growth and arborization of dendrites, while excessive activation of autophagy leads to the
reduced growth and terminal branching of dendrites in Drosophila multidendritic (md) sen-
sory neurons [44]. Previous work in our laboratory also showed that early overgrowth of den-
drites and the followed regression and reduction of the dendritic tree in NPC1 mutant PCs
during postnatal development were associated with overactivation of TFEB [11]. Therefore,
our data suggest that NPC1 deficiency causes a metabolic imbalance between anabolic and cat-
abolic pathways that lead to early dendritic growth deficits that precede neurodegeneration.
Given that TFEB is already overactivated in NPC1 mutant PCs at postnatal and pre-symptom-
atic stages of the disease [11], trehalose treatment may not be effective rescuing the neuropa-
thology associated with NPC at PCs post-developmental stages.

Supporting information

S1 Fig. Filament tracing of PCP-2-GFP Purkinje cells. Sample images showing the use of the
Imaris Filament tool to trace the dendrites of PCP2-GFP PCs in 3D confocal images. Scale bar:
(A) 20 pm.

(TIF)
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S2 Fig. TFEB nuclear translocation after serum starvation. A. HT and NPC1 mutant fibro-
blasts immunolabeled with TFEB and DAPI showing nuclear translocation of TFEB after
24hrs of SSM. Scale bar: (A) 30 um.

(TIF)

S3 Fig. No effects of trehalose treatment in mitochondria length in HT fibroblasts. A. HT
fibroblasts immunolabeled with PDHE1and DAPI showing morphological changes in mito-
chondria after 24hrs of SSM supplemented with H,O as a vehicle, or 100mM trehalose plus
3hrs of CM. B. Quantitative analysis of the length of PDHE1" mitochondria in HT fibroblasts
after the different treatments described in (A). Data are presented as mean + SEM, n = 30
mitochondria/treatment. Scale bar: (A) 5 um.

(TIF)

S4 Fig. TFEB nuclear translocation after trehalose treatment. A. HT and NPC1 mutant
fibroblasts immunolabeled with TFEB and DAPI showing nuclear translocation of TFEB after
24hrs of SSM + 100mM trehalose. Scale bar: (A) 40 um.

(TIF)

S5 Fig. Trehalose treatment causes dendritic degeneration in NPC1 deficient COSCs. A.
NPC1 deficient P10 + 4DIV COSCs immunolabeled with PDHE1 and DAPI showing dendrite
degeneration and loss of mitochondria after 100mM trehalose treatment. Scale bar: (A) 30 pm.
(TIF)

S6 Fig. TFEB nuclear translocation after trehalose treatment in WT COSCs. A. WT P10
+4DIV COSCs immunolabeled with TFEB, CALB, and DAPI showing nuclear TFEB immu-
noreactivity in CALB* PCs (PC DAPI" nuclei are circled by dashed lines) after trehalose treat-
ment. B. Quantitative analysis of CALB™ PCs with nuclear translocation of TFEB. Nuclei are
stained with DAPI. Data are presented as mean + SEM, n = 8 images from COSCs n = 3.

**P < 0.01. Scale bar: (A) 5 um.

(TIF)

Author Contributions
Conceptualization: Claude Krummenacher, Benjamin Carone, Ileana Soto.

Formal analysis: Collin M. MacLeod, Fawad A. K. Yousufzai, Liam T. Spencer, Sarah Kim,
Ileana Soto.

Funding acquisition: Ileana Soto.

Investigation: Collin M. MacLeod, Fawad A. K. Yousufzai, Liam T. Spencer, Sarah Kim,
Lucianne A. Rivera-Rosario, Zerian D. Barrera, Lindsay Walsh, Ileana Soto.

Methodology: Collin M. MacLeod, Fawad A. K. Yousufzai, Liam T. Spencer, Sarah Kim,
Lucianne A. Rivera-Rosario, Zerian D. Barrera, Lindsay Walsh, Claude Krummenacher,
Benjamin Carone, Ileana Soto.

Project administration: Ileana Soto.
Supervision: Ileana Soto.
Writing - original draft: Ileana Soto.

Writing - review & editing: Collin M. MacLeod, Liam T. Spencer, Claude Krummenacher.

PLOS ONE | https://doi.org/10.1371/journal.pone.0294312 November 30, 2023 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294312.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294312.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294312.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294312.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294312.s006
https://doi.org/10.1371/journal.pone.0294312

PLOS ONE

Trehalose effect on NPC1 mutant cells

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Vanier MT, Millat G. Niemann-Pick disease type C. Clin Genet. 2003; 64(4):269-81. https://doi.org/10.
1034/j.1399-0004.2003.00147.x PMID: 12974729

Fog CK, Kirkegaard T. Animal models for Niemann-Pick type C: implications for drug discovery & devel-
opment. Expert Opin Drug Discov. 2019; 14(5):499-509.

Vanier MT. Niemann-Pick disease type C. Orphanet J Rare Dis. 2010; 5:16. https://doi.org/10.1186/
1750-1172-5-16 PMID: 20525256

Favret JM, Weinstock NI, Feltri ML, Shin D. Pre-clinical Mouse Models of Neurodegenerative Lyso-
somal Storage Diseases. Front Mol Biosci. 2020; 7:57. https://doi.org/10.3389/fmolb.2020.00057
PMID: 32351971

Gomez-Grau M, Albaiges J, Casas J, Auladell C, Dierssen M, Vilageliu L, et al. New murine Niemann-
Pick type C models bearing a pseudoexon-generating mutation recapitulate the main neurobehavioural
and molecular features of the disease. Sci Rep. 2017; 7:41931. https://doi.org/10.1038/srep41931
PMID: 28167839

Kavetsky L, Green KK, Boyle BR, Yousufzai FAK, Padron ZM, Melli SE, et al. Increased interactions
and engulfment of dendrites by microglia precede Purkinje cell degeneration in a mouse model of Nie-
mann Pick Type-C. Sci Rep. 2019; 9(1):14722. https://doi.org/10.1038/s41598-019-51246-1 PMID:
31605022

Maue RA, Burgess RW, Wang B, Wooley CM, Seburn KL, Vanier MT, et al. A novel mouse model of
Niemann-Pick type C disease carrying a D1005G-Npc1 mutation comparable to commonly observed
human mutations. Hum Mol Genet. 2012; 21(4):730-50. https://doi.org/10.1093/hmg/ddr505 PMID:
22048958

Baudry M, Yao Y, Simmons D, Liu J, Bi X. Postnatal development of inflammation in a murine model of
Niemann-Pick type C disease: immunohistochemical observations of microglia and astroglia. Exp Neu-
rol. 2003; 184(2):887-903. https://doi.org/10.1016/S0014-4886(03)00345-5 PMID: 14769381

Boyle BR, Melli SE, Altreche RS, Padron ZM, Yousufzai FAK, Kim S, et al. NPC1 deficiency impairs cer-
ebellar postnatal development of microglia and climbing fiber refinement in a mouse model of Niemann-
Pick disease type C. Development. 2020; 147(21).

Caporali P, Bruno F, Palladino G, Dragotto J, Petrosini L, Mangia F, et al. Developmental delay in motor
skill acquisition in Niemann-Pick C1 mice reveals abnormal cerebellar morphogenesis. Acta Neuro-
pathol Commun. 2016; 4(1):94. https://doi.org/10.1186/s40478-016-0370-z PMID: 27586038

Kim S, Ochoa K, Melli SE, Yousufzai FAK, Barrera ZD, Williams AA, et al. Disruptive lysosomal-meta-
bolic signaling and neurodevelopmental deficits that precede Purkinje cell loss in a mouse model of Nie-
mann-Pick Type-C disease. Sci Rep. 2023; 13(1):5665. https://doi.org/10.1038/s41598-023-32971-0
PMID: 37024714

Castellano BM, Thelen AM, Moldavski O, Feltes M, van der Welle RE, Mydock-McGrane L, et al. Lyso-
somal cholesterol activates mTORC1 via an SLC38A9-Niemann-Pick C1 signaling complex. Science.
2017; 355(6331):1306—11. https://doi.org/10.1126/science.aag1417 PMID: 28336668

Davis OB, Shin HR, Lim CY, Wu EY, Kukurugya M, Maher CF, et al. NPC1-mTORC1 Signaling Couples
Cholesterol Sensing to Organelle Homeostasis and Is a Targetable Pathway in Niemann-Pick Type C.
Dev Cell. 2021; 56(3):260-76 e7. https://doi.org/10.1016/j.devcel.2020.11.016 PMID: 33308480

Pena-Llopis S, Brugarolas J. TFEB, a novel nTORC1 effector implicated in lysosome biogenesis,
endocytosis and autophagy. Cell Cycle. 2011; 10(23):3987-8. https://doi.org/10.4161/cc.10.23.18251
PMID: 22101272

Song TT, Cai RS, Hu R, Xu YS, Qi BN, Xiong YA. The important role of TFEB in autophagy-lysosomal
pathway and autophagy-related diseases: a systematic review. Eur Rev Med Pharmacol Sci. 2021; 25
(3):1641-9. https://doi.org/10.26355/eurrev_202102_24875 PMID: 33629334

Elrick MJ, Lieberman AP. Autophagic dysfunction in a lysosomal storage disorder due to impaired pro-
teolysis. Autophagy. 2013; 9(2):234-5. https://doi.org/10.4161/auto.22501 PMID: 23086309

Sarkar S, Carroll B, Buganim Y, Maetzel D, Ng AH, Cassady JP, et al. Impaired autophagy in the lipid-
storage disorder Niemann-Pick type C1 disease. Cell Rep. 2013; 5(5):1302-15. https://doi.org/10.1016/
j.celrep.2013.10.042 PMID: 24290752

Stavoe AKH, Holzbaur ELF. Autophagy in Neurons. Annu Rev Cell Dev Biol. 2019; 35:477-500. https:/
doi.org/10.1146/annurev-cellbio-100818-125242 PMID: 31340124

Valencia M, Kim SR, Jang Y, Lee SH. Neuronal Autophagy: Characteristic Features and Roles in Neu-
ronal Pathophysiology. Biomol Ther (Seoul). 2021; 29(6):605—-14. hitps://doi.org/10.4062/biomolther.
2021.012 PMID: 33875624

PLOS ONE | https://doi.org/10.1371/journal.pone.0294312 November 30, 2023 16/18


https://doi.org/10.1034/j.1399-0004.2003.00147.x
https://doi.org/10.1034/j.1399-0004.2003.00147.x
http://www.ncbi.nlm.nih.gov/pubmed/12974729
https://doi.org/10.1186/1750-1172-5-16
https://doi.org/10.1186/1750-1172-5-16
http://www.ncbi.nlm.nih.gov/pubmed/20525256
https://doi.org/10.3389/fmolb.2020.00057
http://www.ncbi.nlm.nih.gov/pubmed/32351971
https://doi.org/10.1038/srep41931
http://www.ncbi.nlm.nih.gov/pubmed/28167839
https://doi.org/10.1038/s41598-019-51246-1
http://www.ncbi.nlm.nih.gov/pubmed/31605022
https://doi.org/10.1093/hmg/ddr505
http://www.ncbi.nlm.nih.gov/pubmed/22048958
https://doi.org/10.1016/S0014-4886%2803%2900345-5
http://www.ncbi.nlm.nih.gov/pubmed/14769381
https://doi.org/10.1186/s40478-016-0370-z
http://www.ncbi.nlm.nih.gov/pubmed/27586038
https://doi.org/10.1038/s41598-023-32971-0
http://www.ncbi.nlm.nih.gov/pubmed/37024714
https://doi.org/10.1126/science.aag1417
http://www.ncbi.nlm.nih.gov/pubmed/28336668
https://doi.org/10.1016/j.devcel.2020.11.016
http://www.ncbi.nlm.nih.gov/pubmed/33308480
https://doi.org/10.4161/cc.10.23.18251
http://www.ncbi.nlm.nih.gov/pubmed/22101272
https://doi.org/10.26355/eurrev%5F202102%5F24875
http://www.ncbi.nlm.nih.gov/pubmed/33629334
https://doi.org/10.4161/auto.22501
http://www.ncbi.nlm.nih.gov/pubmed/23086309
https://doi.org/10.1016/j.celrep.2013.10.042
https://doi.org/10.1016/j.celrep.2013.10.042
http://www.ncbi.nlm.nih.gov/pubmed/24290752
https://doi.org/10.1146/annurev-cellbio-100818-125242
https://doi.org/10.1146/annurev-cellbio-100818-125242
http://www.ncbi.nlm.nih.gov/pubmed/31340124
https://doi.org/10.4062/biomolther.2021.012
https://doi.org/10.4062/biomolther.2021.012
http://www.ncbi.nlm.nih.gov/pubmed/33875624
https://doi.org/10.1371/journal.pone.0294312

PLOS ONE

Trehalose effect on NPC1 mutant cells

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Elrick MJ, Yu T, Chung C, Lieberman AP. Impaired proteolysis underlies autophagic dysfunction in Nie-
mann-Pick type C disease. Hum Mol Genet. 2012; 21(22):4876-87. https://doi.org/10.1093/hmg/
dds324 PMID: 22872701

Palmieri M, Pal R, Nelvagal HR, Lotfi P, Stinnett GR, Seymour ML, et al. mnTORC1-independent TFEB
activation via Akt inhibition promotes cellular clearance in neurodegenerative storage diseases. Nat
Commun. 2017; 8:14338. https://doi.org/10.1038/ncomms 14338 PMID: 28165011

Sarkar S, Davies JE, Huang Z, Tunnacliffe A, Rubinsztein DC. Trehalose, a novel mTOR-independent
autophagy enhancer, accelerates the clearance of mutant huntingtin and alpha-synuclein. J Biol Chem.
2007; 282(8):5641-52. https://doi.org/10.1074/jbc.M609532200 PMID: 17182613

Uesaka N, Mikuni T, Hashimoto K, Hirai H, Sakimura K, Kano M. Organotypic coculture preparation for
the study of developmental synapse elimination in mammalian brain. J Neurosci. 2012; 32(34):11657—
70. https://doi.org/10.1523/JNEUROSCI.1097-12.2012 PMID: 22915109

Wos M, Szczepanowska J, Pikula S, Tylki-Szymanska A, Zablocki K, Bandorowicz-Pikula J. Mitochon-
drial dysfunction in fibroblasts derived from patients with Niemann-Pick type C disease. Arch Biochem
Biophys. 2016; 593:50-9. https://doi.org/10.1016/j.abb.2016.02.012 PMID: 26869201

Yambire KF, Fernandez-Mosquera L, Steinfeld R, Muhle C, Ikonen E, Milosevic |, et al. Mitochondrial
biogenesis is transcriptionally repressed in lysosomal lipid storage diseases. Elife. 2019;8. https://doi.
org/10.7554/eLife.39598 PMID: 30775969

Ordonez MP, Roberts EA, Kidwell CU, Yuan SH, Plaisted WC, Goldstein LS. Disruption and therapeutic
rescue of autophagy in a human neuronal model of Niemann Pick type C1. Hum Mol Genet. 2012; 21
(12):2651-62. https://doi.org/10.1093/hmg/dds090 PMID: 22437840

Boraldi F, Annovi G, Paolinelli-Devincenzi C, Tiozzo R, Quaglino D. The effect of serum withdrawal on
the protein profile of quiescent human dermal fibroblasts in primary cell culture. Proteomics. 2008; 8
(1):66-82. https://doi.org/10.1002/pmic.200700833 PMID: 18095366

Yao CH, Wang R, Wang Y, Kung CP, Weber JD, Patti GJ. Mitochondrial fusion supports increased oxi-
dative phosphorylation during cell proliferation. Elife. 2019; 8. https://doi.org/10.7554/eLife.41351
PMID: 30694178

Rambold AS, Kostelecky B, Elia N, Lippincott-Schwartz J. Tubular network formation protects mito-
chondria from autophagosomal degradation during nutrient starvation. Proc Natl Acad Sci U S A. 2011;
108(25):10190-5. https://doi.org/10.1073/pnas.1107402108 PMID: 21646527

Palikaras K, Tavernarakis N. Mitochondrial homeostasis: the interplay between mitophagy and mito-
chondrial biogenesis. Exp Gerontol. 2014; 56:182-8. https://doi.org/10.1016/j.exger.2014.01.021
PMID: 24486129

Rambold AS, Lippincott-Schwartz J. Mechanisms of mitochondria and autophagy crosstalk. Cell Cycle.
2011; 10(23):4032-8. https://doi.org/10.4161/cc.10.23.18384 PMID: 22101267

Rusmini P, Cortese K, Crippa V, Cristofani R, Cicardi ME, Ferrari V, et al. Trehalose induces autophagy
via lysosomal-mediated TFEB activation in models of motoneuron degeneration. Autophagy. 2019; 15
(4):631-51. https://doi.org/10.1080/15548627.2018.1535292 PMID: 30335591

Casarejos MJ, Perucho J, Lopez-Sendon JL, Garcia de Yebenes J, Bettencourt C, Gomez A, et al. Tre-
halose improves human fibroblast deficits in a new CHIP-mutation related ataxia. PLoS One. 2014; 9
(9):e106931. https://doi.org/10.1371/journal.pone.0106931 PMID: 25259530

Jeong SJ, Stitham J, Evans TD, Zhang X, Rodriguez-Velez A, Yeh YS, et al. Trehalose causes low-
grade lysosomal stress to activate TFEB and the autophagy-lysosome biogenesis response. Autop-
hagy. 2021; 17(11):3740-52. https://doi.org/10.1080/15548627.2021.1896906 PMID: 33706671

Kobayashi M, Yasukawa H, Arikawa T, Deguchi Y, Mizushima N, Sakurai M, et al. Trehalose induces
SQSTM1/p62 expression and enhances lysosomal activity and antioxidative capacity in adipocytes.
FEBS Open Bio. 2021; 11(1):185-94. https://doi.org/10.1002/2211-5463.13055 PMID: 33277792

Lawrence RE, Zoncu R. The lysosome as a cellular centre for signalling, metabolism and quality control.
Nat Cell Biol. 2019; 21(2):133—42. https://doi.org/10.1038/s41556-018-0244-7 PMID: 30602725

Lim CY, Zoncu R. The lysosome as a command-and-control center for cellular metabolism. J Cell Biol.
2016; 214(6):653-64. https://doi.org/10.1083/jcb.201607005 PMID: 27621362

Golpour M, Akhavan Niaki H, Khorasani HR, Hajian A, Mehrasa R, Mostafazadeh A. Human fibroblast
switches to anaerobic metabolic pathway in response to serum starvation: a mimic of warburg effect. Int
J Mol Cell Med. 2014; 3(2):74-80. PMID: 25035856

Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini F, Visvikis O, et al. TFEB controls cellular lipid
metabolism through a starvation-induced autoregulatory loop. Nat Cell Biol. 2013; 15(6):647-58.
https://doi.org/10.1038/ncb2718 PMID: 23604321

PLOS ONE | https://doi.org/10.1371/journal.pone.0294312 November 30, 2023 17/18


https://doi.org/10.1093/hmg/dds324
https://doi.org/10.1093/hmg/dds324
http://www.ncbi.nlm.nih.gov/pubmed/22872701
https://doi.org/10.1038/ncomms14338
http://www.ncbi.nlm.nih.gov/pubmed/28165011
https://doi.org/10.1074/jbc.M609532200
http://www.ncbi.nlm.nih.gov/pubmed/17182613
https://doi.org/10.1523/JNEUROSCI.1097-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22915109
https://doi.org/10.1016/j.abb.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26869201
https://doi.org/10.7554/eLife.39598
https://doi.org/10.7554/eLife.39598
http://www.ncbi.nlm.nih.gov/pubmed/30775969
https://doi.org/10.1093/hmg/dds090
http://www.ncbi.nlm.nih.gov/pubmed/22437840
https://doi.org/10.1002/pmic.200700833
http://www.ncbi.nlm.nih.gov/pubmed/18095366
https://doi.org/10.7554/eLife.41351
http://www.ncbi.nlm.nih.gov/pubmed/30694178
https://doi.org/10.1073/pnas.1107402108
http://www.ncbi.nlm.nih.gov/pubmed/21646527
https://doi.org/10.1016/j.exger.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24486129
https://doi.org/10.4161/cc.10.23.18384
http://www.ncbi.nlm.nih.gov/pubmed/22101267
https://doi.org/10.1080/15548627.2018.1535292
http://www.ncbi.nlm.nih.gov/pubmed/30335591
https://doi.org/10.1371/journal.pone.0106931
http://www.ncbi.nlm.nih.gov/pubmed/25259530
https://doi.org/10.1080/15548627.2021.1896906
http://www.ncbi.nlm.nih.gov/pubmed/33706671
https://doi.org/10.1002/2211-5463.13055
http://www.ncbi.nlm.nih.gov/pubmed/33277792
https://doi.org/10.1038/s41556-018-0244-7
http://www.ncbi.nlm.nih.gov/pubmed/30602725
https://doi.org/10.1083/jcb.201607005
http://www.ncbi.nlm.nih.gov/pubmed/27621362
http://www.ncbi.nlm.nih.gov/pubmed/25035856
https://doi.org/10.1038/ncb2718
http://www.ncbi.nlm.nih.gov/pubmed/23604321
https://doi.org/10.1371/journal.pone.0294312

PLOS ONE

Trehalose effect on NPC1 mutant cells

40.

41.

42,

43.

44.

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, et al. TFEB links autophagy
to lysosomal biogenesis. Science. 2011; 332(6036):1429-33. https://doi.org/10.1126/science.1204592
PMID: 21617040

Martini-Stoica H, Xu Y, Ballabio A, Zheng H. The Autophagy-Lysosomal Pathway in Neurodegenera-
tion: A TFEB Perspective. Trends Neurosci. 2016; 39(4):221-34. https://doi.org/10.1016/j.tins.2016.02.
002 PMID: 26968346

Elmore SP, Qian T, Grissom SF, Lemasters JJ. The mitochondrial permeability transition initiates
autophagy in rat hepatocytes. FASEB J. 2001; 15(12):2286—7. https://doi.org/10.1096/fj.01-0206fje
PMID: 11511528

Chun YS, Kim MY, Lee SY, Kim MJ, Hong TJ, Jeon JK, et al. MEK1/2 inhibition rescues neurodegen-
eration by TFEB-mediated activation of autophagic lysosomal function in a model of Alzheimer’s Dis-
ease. Mol Psychiatry. 2022; 27(11):4770-80. https://doi.org/10.1038/s41380-022-01713-5 PMID:
35948663

Clark SG, Graybeal LL, Bhattacharjee S, Thomas C, Bhattacharya S, Cox DN. Basal autophagy is
required for promoting dendritic terminal branching in Drosophila sensory neurons. PLoS One. 2018; 13
(11):e0206743. https://doi.org/10.1371/journal.pone.0206743 PMID: 30395636

PLOS ONE | https://doi.org/10.1371/journal.pone.0294312 November 30, 2023 18/18


https://doi.org/10.1126/science.1204592
http://www.ncbi.nlm.nih.gov/pubmed/21617040
https://doi.org/10.1016/j.tins.2016.02.002
https://doi.org/10.1016/j.tins.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26968346
https://doi.org/10.1096/fj.01-0206fje
http://www.ncbi.nlm.nih.gov/pubmed/11511528
https://doi.org/10.1038/s41380-022-01713-5
http://www.ncbi.nlm.nih.gov/pubmed/35948663
https://doi.org/10.1371/journal.pone.0206743
http://www.ncbi.nlm.nih.gov/pubmed/30395636
https://doi.org/10.1371/journal.pone.0294312

