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Abstract
Chediak–Higashi syndrome (CHS) is a rare, autosomal recessive disorder caused by biallelic mutations in the lysosomal 
trafficking regulator (LYST) gene. Even though enlarged lysosomes and/or lysosome-related organelles (LROs) are the typi-
cal cellular hallmarks of CHS, they have not been investigated in human neuronal models. Moreover, how and why the loss 
of LYST function causes a lysosome phenotype in cells has not been elucidated. We report that the LYST-deficient human 
neuronal model exhibits lysosome depletion accompanied by hyperelongated tubules extruding from enlarged autolysosomes. 
These results have also been recapitulated in neurons differentiated from CHS patients’ induced pluripotent stem cells 
(iPSCs), validating our model system. We propose that LYST ensures the correct fission/scission of the autolysosome tubules 
during autophagic lysosome reformation (ALR), a crucial process to restore the number of free lysosomes after autophagy. 
We further demonstrate that LYST is recruited to the lysosome membrane, likely to facilitate the fission of autolysosome 
tubules. Together, our results highlight the key role of LYST in maintaining lysosomal homeostasis following autophagy 
and suggest that ALR dysregulation is likely associated with the neurodegenerative CHS phenotype.
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Introduction

Lysosomes are degradative organellar hubs in which the 
turnover of endocytic and autophagic cargo occurs. Lys-
osomes frequently change their position, number, and size to 
maintain their homeostasis to meet the needs of a constantly 

changing intracellular environment. Autophagic lysosome 
reformation (ALR) is an evolutionarily conserved cellular 
process that instigates at the culmination of autophagy to 
restore the cellular pool of free lysosomes. During ALR, 
tubular structures composed of lysosomal membrane com-
ponents bud off from autolysosomes followed by the scission 
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of small nascent lysosomes (protolysosomes) that ultimately 
mature and become functional lysosomes [1]. Precise regu-
lation of lysosomal homeostasis is indispensable for termi-
nally differentiated cells such as neurons. Consequently, the 
changes in the optimal lysosome functions are frequently 
associated with neurodegenerative diseases [2–4].

Chediak–Higashi syndrome (CHS) is a rare, autoso-
mal recessive, lysosome-related organelle (LRO) disorder 
characterized by congenital partial oculocutaneous albi-
nism, prolonged bleeding, immune dysregulation, and risk 
for development of hemophagocytic lymphohistiocytosis 
[5]. CHS patients also manifest developmental and degen-
erative neurological dysfunction [6]. The hallmark of the 

subcellular morphology associated with CHS is enlarged 
lysosomes and/or LROs, including melanosomes, lytic 
granules, Major Histocompatibility Complex class II com-
partments, and platelet-dense granules [7]; these organelles 
cluster near the perinuclear region of the cell.

CHS is caused by bi-allelic variants in the lysosomal traf-
ficking regulator (LYST) gene [8, 9]. LYST and its murine 
orthologous beige (Lyst) are presumed to be regulators of 
lysosome and LRO size, either by acting as a negative regu-
lator of lysosomal fusion events [10] or a positive regulator 
of lysosomal fission events [11, 12]. Moreover, as its name 
implies, the LYST protein may play a role in endolysoso-
mal trafficking [13] and lysosome movement within the 
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cell [11]. Mice carrying a homozygous missense variant 
(LystIng3618/Ing3618) showed giant lysosomes in the central 
and peripheral nervous systems that increase during aging 
and exhibit progressive degeneration accompanied by loss 
of Purkinje cells [14]. Later, it has been reported that the 
genetic background of Lyst-mutant mice dictates the sever-
ity of the neurodegenerative phenotype [15, 16]. However, 
the effect of LYST deficiency has not been studied in human 
neurons. Additionally, the large size of the LYST protein, 
429 kilodaltons (kDa) [11], constitutes a significant barrier 
to manipulating its levels in attempts to precisely dissect its 
functional role in cells.

In this study, we define the role of LYST in neuronal 
lysosomes by establishing the first LYST-deficient human 
neuronal cell model from induced pluripotent stem cells 
(iPSCs) using CRISPR-Cas9 technology. We employed 
super-resolution fluorescence microscopy to demonstrate 
that LYST regulates lysosome number and size. Although 

LYST depletion does not interfere with autolysosome deg-
radation capability, we observed a defective scission of the 
autolysosome tubules, which results in defective ALR. We 
also recapitulated this phenotype in neurons differentiated 
from CHS patients’ iPSCs. To further explore the LYST 
function, we expressed LYST in neurons and U2OS cells 
using the piggyBac transposon system and found a signifi-
cant increase in the number of small lysosomes. We revealed 
that LYST is highly recruited to LAMP1-positive organelles 
likely to facilitate the fission of the autolysosome tubules. 
Here, we conclude that LYST plays an important role in 
maintaining lysosomal homeostasis by regulating protolyso-
some scission during ALR.

Results

Generation of LYST‑deficient neuronal cell model

To understand the role of LYST in neuronal lysosomes, we 
differentiated human iPSCs  (i3N iPSC line) into a uniform 
population of glutamatergic neurons using a doxycycline-
inducible system [17, 18] (Fig. 1a). LYST expression was 
undetectable in undifferentiated iPSCs, suggesting that 
LYST is either not or expressed at a very low level in iPSCs. 
The addition of doxycycline induced the differentiation 
of iPSCs into cortical glutamatergic neurons  (i3Neurons) 
coincided with the detectable LYST expression that peaked 
on day four and remained mainly unchanged during differ-
entiation (Fig. 1b). Using CRISPR-Cas9, we knocked out 
(KO) LYST in iPSCs and generated a clonal population of 
LYST KO (LYST−/−) iPSCs (Figs. S1a and S1b). We con-
firmed and characterized the pluripotency and the genomic 
integrity of these iPSCs (Figs. S1c and S1d). Upon doxy-
cycline induction, LYST−/− iPSCs were able to differentiate 
into glutamatergic neurons (Fig. S1e), and as expected, no 
LYST expression was detected in LYST-deficient (LYST−/−) 
 i3Neurons (Fig. S1f).

LYST is dispensable for the axonal transport 
of lysosomes in neuronal cells

In neurons, lysosomes are distributed in axons, dendrites, 
and soma. The microtubule-dependent motor proteins medi-
ate the movement of lysosomes. While some lysosomes are 
relatively static, others move bidirectionally along microtu-
bule tracks between plus-ends (anterograde, towards axons) 
and minus-ends (retrograde, towards the soma). To explore 
the lysosome axonal transport in LYST deficient neurons, 
we transduced LYST+/+ and LYST−/−  i3Neurons with a lyso-
some-associate membrane protein-1 (LAMP1) fused with a 
fluorescent protein mNeonGreen. We then performed time-
lapse imaging in the mid-axon to follow lysosome movement 

Fig. 1  LYST is not essential for the axonal transport of lysosomes 
but controls the number and the size of the perinuclear lysosomes. a 
Scheme describing a two-step (neuronal induction and maturation) 
protocol of  i3Neuron differentiation. b Fold changes in the levels 
of LYST mRNA over the 15 days of iPSCs  (i3N iPSC line) differen-
tiation into  i3Neurons. c Representative kymographs of LYST+/+ and 
LYST−/−  i3Neurons expressing LAMP1-mNeonGreen. The height of 
the kymographs represents acquisition time (5 min), while the width 
represents the length (70 μm) of the axon imaged. The correspond-
ing diagram on the right side of each kymograph shows lines with 
positive or negative slopes. Lines in green and red represent retro-
grade and anterograde movements respectively, while vertical lines 
in blue depict static movements. d Quantification of the number of 
retrograde, anterograde, and static LAMP1-mNeonGreen particles 
in the mid-axon of LYST+/+ and LYST−/−  i3Neurons. The number of 
moving and static particles is expressed as a percentage of the total 
number of events in each kymograph. Values are the mean ± SEM (in 
red) with dots representing individual axons from LYST+/+ (n = 49) 
and LYST−/− (n = 55)  i3Neurons from two independent experiments. 
*P < 0.05, **P < 0.01, ****P < 0.0001, unpaired two-tailed Mann–
Whitney test. e Representative images of LYST+/+ and LYST−/− 
 i3Neurons showing indirect immunofluorescence of LAMP1 (purple) 
and a luminal lysosomal protease cathepsin D (Cath D; green). The 
grey color represents ß-tubulin III (TUBB3), and the cell nuclei were 
visualized using Hoechst 33342 (in blue). Single-LAMP1 and Cath 
D channel images are shown in inverted greyscale. Scale bar 10 μm. 
See also Fig. S2a. f Three-dimensional surface reconstruction from 
an Airyscan z-stack image of the indirect immunofluorescence of 
LAMP1 (purple), Cath D (green), and Hoechst 33342 (blue; nucleus) 
of LYST+/+ and LYST−/−  i3Neurons. Scale bar 1 μm. g Quantification 
of  lysosomeCathD per cell presented as mean (in red) ± SEM with dots 
representing the average of  lysosomeCathD/cell per image analyzed. A 
total of 40 images from four independent experiments were analyzed 
that represent a total of 790 cells in both genotypes. ****P < 0.0001, 
unpaired two-tailed Mann–Whitney test. See also Fig. S2b. h Histo-
gram for  lysosomesCathD size (area) distribution pooled from 350 cells 
from both, LYST+/+ and LYST−/−  i3Neurons. The bin width is 0.4 µm2. 
The distribution of sizes is presented in two separate histograms; the 
histogram shows the  lysosomesCathD number up to 2.0 µm2 area, and 
the histogram in the inset shows the distribution  lysosomesCathD with 
the larger area, ranging between 1.6 to 4.8 µm2. See also Fig. S2c

◂
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using a micro-grooved Polydimethylsiloxane microdevice 
that provides a physical separation between the neuronal 
soma and their axons and allows parallel axonal extension 
suitable for imaging. The results revealed significantly less 
retrograde [LYST+/+ (29.67 ± 1.94), LYST−/− (21.57 ± 1.28), 
P < 0.01] and anterograde [LYST+/+ (51.43 ± 1.78), 
LYST−/− (46.64 ± 1.61), P < 0.05] along with more static 
events [LYST+/+ (18.89 ± 1.29), LYST−/− (31.78 ± 1.71), 
P < 0.0001] in the LYST−/−  i3Neurons compared to the 
LYST+/+  i3Neurons (Fig. 1c, d). This finding suggests that 
LYST depletion diminishes lysosome transport in the neu-
ronal axon but does not abolish their retrograde nor antero-
grade axonal transport. Our findings are in line with a previ-
ous report demonstrating that the interaction of lysosomes 
with a microtubule-dependent motor system is not altered 
by the absence of LYST [19].

LYST depletion alters the number of cathepsin 
D‑positive organelles

The dysregulation of lysosomal degradation pathways is 
linked to various neurodegenerative disorders [20, 21]. The 
degradative lysosomes (autolysosomes or endolysosomes), 
which are mainly present in the neuronal soma, are char-
acterized by the presence of lysosomal hydrolases, such 
as cathepsin D and B or ß-glucosidase in the lumen, sur-
rounded by a membrane that contains LAMP1 [22, 23]. By 
indirect immunofluorescence using anti-LAMP1, anti-Cath 
D, and the neuronal marker anti-ß-tubulin III (TUBB3), 
we found a marked reduction [LYST+/+ (21.72 ± 0.73), 
LYST−/− (6.72 ± 0.20), P < 0.0001] of Cath D-positive 
lysosomes (referring hereafter as  lysosomesCathD) in 
LYST−/−  i3Neurons, compared to the LYST+/+  i3Neurons 
(Fig. 1e, g). We verified that LAMP1 resides on the sur-
face of the  lysosomesCathD, but not all the LAMP1-labeled 
organelles contain CathD (Fig. 1e, f). Therefore we used 
CathD immunostaining to differentiate the  lysosomesCathD 
from the rest of LAMP1-positive organelles.  When 
 lysosomesCathD are analyzed by size (area) using a fre-
quency distribution, LYST−/−  i3Neurons contained fewer 
small  lysosomesCathD (< 0.4 µm) (Fig. 1h, histogram), and 
a higher number of very large  lysosomesCathD (> 2 µm) 
(Fig.  1h, inset histogram) compared to the LYST+/+ 
 i3Neurons. Comparable results were obtained in  i3Neurons 
derived from an independent LYST−/− iPSC-clone (Fig. 
S2a–c, clone #62B,) generated using a different combi-
nation of sgRNA. To further explore whether the loss of 
one allele of LYST produces a lysosome phenotype in neu-
rons, we differentiated  i3Neurons from two heterozygous 

Fig. 2  LYST deficiency leads to abnormal autolysosome tabulation. 
a Upper panels show representative Airyscan images of LYST+/+ 
and LYST−/−  i3Neurons expressing Halo-LC3 (purple). Cells were 
loaded with BODIPY-FL-pepstatin A (1  μM for 30  min) to label 
active forms of Cathepsin D (Cath D; green). Single-channel images 
are shown in inverted grayscale. Line-scan (in the lower panels) 
shows the related intensity profiles of Halo-LC3 (purple) and active 
Cath D (BODIPY-FL-pepstatin A; green) across the dotted line 
from the enlarged views. Scale bar 2 μm. b Upper panels show the 
representative Airyscan images of LYST+/+ and LYST−/−  i3Neurons 
expressing EGFP-LC3 (green) and LAMP1-mApple (purple). Sin-
gle-channel images are shown in inverted grayscale. Line-scan (in 
the lower panels) shows the related intensity profiles of EGFP-LC3 
(green) and LAMP1-mApple (purple) across the dotted line from the 
enlarged views. Bafilomycin A1 (200  nM) was added to the media 
3  h before data acquisition to avoid EGFP quenching in acidic pH. 
Red arrowheads in the LAMP1-mApple channel indicate the autol-
ysosome tubules. Scale bar 2 μm. c Representative Airyscan images 
of LYST+/+ and LYST−/−  i3Neurons expressing LAMP1-mNeonGreen. 
Images are shown in inverted grayscale. Red arrowheads show swol-
len structures in the middle of the autolysosome tubule. Scale bar 
5  μm. See also Fig. S3a and Videos S1. d Quantitative analysis of 
autolysosome tubule lengths in LYST+/+ and LYST−/−  i3Neurons pre-
sented as mean (in red) ± SEM with dots representing individual 
autolysosome tubule length contained in (n) number of analyzed cells 
from three independent experiments. ****P < 0.0001, unpaired two-
tailed Mann–Whitney test. e Airyscan image showing autolysosome 
tubule in the LYST−/−  i3Neurons expressing LAMP1-mNeonGreen 
(mNG; green) and incubated with LysoTracker (purple). Lysotracker 
accumulated in the autolysosome lumen and in the bulge on the 
tubule (box region). This bulge is likely a nascent protolysosome that 
appears attached to the tubule and is acidic. Single-channel images 
are shown in inverted grayscale. Line-scan shows the related intensity 
profilers of LAMP1-mNG (green) and LysoTracker (purple) across 
the dotted line from the enlarged view. Scale bar 2  μm. See also 
Video S2. f Three-dimensional surface reconstruction from an Airys-
can z-stack image of LYST−/− tubule extruding from an autolysosome 
immunostained with anti-LAMP1 antibody (yellow). The anti-Cath 
D (green) antibody immunostained the body of the autolysosome and 
the lumen of the putative protolysosome (white arrowhead). The frac-
tional appearance of the autolysosome tubule is due to the paraform-
aldehyde fixation. Scale bar 2  μm. See also Fig. S3c. g Time-lapse 
images show how the autolysosome tubule modulates the movement 
of the autolysosome in LYST+/+ and LYST−/−  i3Neurons expressing 
LAMP1-mNeonGreen. Images are shown in inverted grayscale. Red 
arrowheads point to the position of a specific autolysosome body at 
different time points. Scale bar 2 μm. See also Videos S1. h Scheme 
describing the iNeuron differentiation protocol used to differentiate 
iPSCs-derived from a healthy (wild type; WT) and two CHS patients. 
i Representative Airyscan images of iNeurons expressing EGFP-LC3 
(green) and LAMP1-mApple (purple). iNeurons were differenti-
ated from iPSCs-derived from a WT and two CHS patients. Single-
channel images are shown in inverted grayscale. Line-scan shows 
the related intensity profiles of EGFP-LC3 (green) and LAMP1-
mApple (purple) across the dotted line from the enlarged views. 
Scale bar 2 μm. j Quantitative analysis of autolysosome tubule length 
from a WT and two CHS patients’ iNeurons, presented as mean (in 
red) ± SEM with dots representing individual autolysosome tubule 
lengths containing in (n) number of analyzed cells from three inde-
pendent experiments. ****P < 0.0001, unpaired two-tailed Mann–
Whitney test. See also Videos S3

◂
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(LYST+/−) iPSC clones (Fig. S2a–c, clone #7A and clone 
#63B); LYST+/−  i3Neurons did not have a significant reduc-
tion in the total number of  lysosomesCathD (Fig. S2b) how-
ever, the analysis of their size (area) distribution showed a 
reduction in the number of small  lysosomesCathD (< 0.4 µm) 
(Fig. S2c) and an increment in large  lysosomesCathD with 
(> 2 µm) in LYST+/−  i3Neurons as compared to LYST+/+ 
 i3Neurons (Fig. S2c, inset histogram). Taken together, 
our findings established that the lysosome phenotype in 
LYST−/−  i3Neurons is similar to the CHS cellular phenotype 
find in other cell types [10, 24–26], and provide the first 
evidence that loss of LYST function (total and partial) leads 
to a reduction of the number of the small  lysosomesCathD 
and an increase in the number of large  lysosomesCathD in 
neurons.

To further determine whether the reduction in the num-
ber of  lysosomesCathD and their enlargement in size in 
LYST−/−  i3Neurons reflected changes in Cath D protein lev-
els, we immunoblotted the total protein extracts using an 
anti-Cath D antibody that detects different forms of Cath 
D (Fig. S2d). Quantification of the ratio of proCath D to its 
mature two-chain enzyme form (Heavy chain/ProCath D) 
did not reveal any significant difference (Fig. S2e), suggest-
ing that LYST deficiency does not alter the endolysosomal 
trafficking nor the maturation of lysosomal hydrolases, as 
reported previously [25].

The larger perinuclear  lysosomesCath D are 
autolysosomes

Autolysosomes are the sites where the degradation of intra-
cellular cargo takes place following the fusion of autophago-
somes with lysosomes during autophagy. Autolysosomes are 
characterized by the presence of the microtubule-associated 
protein light chain-3 (LC3), LAMP1, and Cath D. To deter-
mine whether enlarged Cath D positive compartments in 
the perinuclear region were autolysosomes, we transduced 
 i3Neurons with a lentivirus encoding the autophagic marker, 
LC3 fused to Halo-Tag (Halo-LC3) and loaded the cells with 
BODIPY-FL-pepstatin A, a fluorescent probe that binds spe-
cifically to active Cath D [27, 28] (Fig. 2a). The overlapping 
peaks between the intensity profiles of LC3 and active Cath 
D (BODIPY-FL-pepstatin A) confirmed their colocalization 
(Fig. 2a, lower panels: intensity profiles of Sect.  1 and 2). 
Next, we co-transduced the LYST+/+ and LYST−/−  i3Neurons 
with EGFP-LC3 and LAMP1-mApple and we observed 
an enrichment of discrete EGFP-LC3-positive puncta that 
colocalized in the larger perinuclear LAMP1-mApple posi-
tive organelles (Fig. 2b, lower panels: intensity profiles of 
Sect.  1 and 2). Together, these results suggest that the large 
perinuclear Cath D positive organelles in both genotypes 
are autolysosomes.

LYST is necessary for the fission of protolysosomes 
from the autolysosome tubules

We observed the presence of tubular LAMP1-positive struc-
tures extruding from autolysosomes in both LYST+/+ and 
LYST−/−  i3Neurons (Fig. 2b, red arrowheads in the LAMP1-
mApple channel) which is indicative of the presence of 
ALR. To further evaluate the ALR in  i3Neurons, we trans-
duced both LYST+/+ and LYST−/−  i3Neurons with LAMP1-
mNeonGreen and performed time-lapse live cell imaging. Of 
note, autolysosome tubules coming from LYST−/−  i3Neurons 
were remarkably longer compared to the LYST+/+  i3Neurons 
[LYST+/+ (2.31 ± 0.15), LYST−/− (7.76 ± 0.68), P < 0.0001] 
(Figs. 2c, d, S3a and Videos S1). However, the percentage 
of LAMP1-positive tubules was not significantly different 
between both genotypes, which indicates that the initiation 
of the autolysosome tubules was not affected by LYST deple-
tion (Fig. S3b). Additionally, we noticed frequently swollen 
structures in the middle of the autolysosome tubule in the 
LYST−/−  i3Neurons (Fig. 2c, red arrowheads). These swollen 
structures are acidic (Fig. 2e and Video S2) and proteolyti-
cally active (Figs. 2f, white arrowhead and S3c) and may 
represent nascent protolysosomes that were not released 
from the autolysosome tubule during ALR. Moreover, it 
appeared that the autolysosome tubule in LYST+/+  i3Neurons 
helped in pulling autolysosomes through the cellular soma. 
However, in LYST−/−  i3Neurons, the autolysosome tubules 
were more static and did not appear to promote autolysosome 
mobility (Fig. 2g and Video S1). Despite the longer tubules 
extruding from the autolysosomes in LYST−/−  i3Neurons, 
these autolysosomes maintained their degradative capacity 
as gauged by DQ-BSA (Fig. S4a), and acidic pH confirmed 
by the LysoTracker staining of the LAMP1-positive struc-
tures in both genotypes (Fig. S4b). Their acidification was 
also reported by the presence of active proteases: Cath B 
(Magic Red-Cath B; Fig. S4c) and, as mentioned previously, 
Cath D (Fig. 2a, active Cath D).

To determine if LYST plays a role in autophagy, we eval-
uated the levels of cytosolic LC3-I and its lipidated form 
LC3-II, which is recruited to the autophagosome membranes 
where it is eventually internalized upon autolysosome for-
mation to be degraded by lysosomal hydrolases. The levels 
of LC3 in  i3Neurons were evaluated with and without Bafilo-
mycin A1 (Baf A1; 200 nM for 3 h), a reversible inhibi-
tor of lysosome  H+-ATPase that inhibits acidification, and 
therefore protein cargo degradation during autophagy. We 
found that the levels of LC3-I and II were similar in both 
genotypes (Fig. S4d–g), which indicates that LYST deple-
tion does not increase autophagosome formation nor reduce 
autolysosome clearance. Similarly, we did not find any sig-
nificant difference between genotypes in the protein levels 
of SQSTM1/p62 (Figs. S4d and S4h), an adaptor that links 
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ubiquitinated cargo to the LC3 machinery during engulf-
ment. Taken together, these results indicate that the absence 
of LYST does not affect autophagy.

CHS iPSCs‑derived iNeurons phenocopy  LYST−/− 
 i3Neurons

We differentiated two of our previously characterized CHS 
iPSC lines [29] together with an unrelated healthy iPSCs 
(wild-type; WT), into glutamatergic neurons using lenti-
Ngn2 (neurogenin-2) and lenti-rtTA (reverse tetracycline-
controlled trans-activator) [30]. These neurons are subse-
quently referred to as iNeurons (protocol scheme Fig. 2h). 
Using lentivirus encoding EGFP-LC3 and LAMP1-mApple, 
we confirmed that the larger perinuclear LAMP1-mApple 
positive organelles are indeed autolysosomes (Fig. 2i). By 
monitoring autolysosome tubulation using LAMP1-mNeon-
Green, we also showed that CHS iNeurons exhibited longer 
tubules compared to WT iNeurons (Fig. 2j and Videos S3), 
however the percentage of LAMP1-positive tubules in iNeu-
rons was not significantly different between genotypes (Fig. 
S4i). These results demonstrate that the lysosomal pheno-
type in LYST−/−  i3Neurons is reminiscent of the lysosomal 
phenotype in the CHS patient-derived iNeurons.

Exogenous LYST expression increases the number 
of small  lysosomesCathD and reduces the number 
of large  lysosomesCathD in LYST−/−  i3Neurons

To further underscore the role of LYST, we aimed to over-
express the exogenous LYST in both LYST−/− and LYST+/+ 
 i3Neurons. However, the enormous size of LYST cDNA 
(11.4 kb) posed difficulty for its delivery into cells and its 
exogenous expression. Therefore, we utilized the piggyBac 
transposon system (Fig. 3a), a non-viral genetic engineer-
ing system that allows the introduction of the large open 
reading frame into the genome [31–33]. Using this sys-
tem, we were able to introduce the piggyBac cargo, com-
posed of LYST tagged with ALFA-tag (LYST-ALFA) and 
a selection cassette that conferred resistance to hygromy-
cin and mNeonGreen fused to a Nuclear Localization Sig-
nal (NLS) in the genome of LYST+/+ and LYST−/− iPSCs 
(Fig.  3b, c). Following the differentiation of iPSCs to 
 i3Neurons, the total level of LYST mRNA was two-fold 
higher in LYST+/+  i3Neurons overexpressing LYST-ALFA 
compared to LYST+/+  i3Neurons. The level of exogenous 
LYST mRNA in LYST−/−  i3Neurons overexpressing LYST-
ALFA was comparable to the level in LYST+/+  i3Neurons 
(Fig. 3d). Using an anti-ALFA nanobody we were able 
to detect the LYST-ALFA construct by the western blot-
ting (Fig. 3e). Through indirect immunofluorescence of 
Cath D, we demonstrated that the increased expression 
of LYST led to a significant increase in the number of 

 lysosomesCathD in LYST−/−  i3Neurons and a modest incre-
ment in LYST+/+  i3Neurons (Fig. 3f, g). The increased num-
ber of  lysosomesCathD in LYST−/−  i3Neurons overexpressing 
LYST-ALFA was noticeable in the small  lysosomesCathD 
(< 0.4 µm) fraction, where we observed a three-fold higher 
number of small  lysosomesCathD (423 in LYST−/− vs 1321 in 
LYST−/− overexpressing LYST-ALFA; Fig. 3h, # in the his-
togram). Interestingly, the increased LYST expression also 
reduced the number of the larger   lysosomesCathD (> 2 µm) 
in the LYST−/−  i3Neurons background (Fig. 3h, inset his-
togram). These results suggest that LYST plays an impor-
tant role in maintaining lysosomal homeostasis, likely by 
promoting the protolysosome generation from the fission 
of autolysosome tubules during ALR. Unfortunately, our 
attempts to determine if LYST is localized to lysosomal 
domains to mediate the fission failed, likely because the 
levels of the exogenous LYST in  i3Neurons are not enough 
to be detectable by immunofluorescence (IF).

Exogenous LYST expression restores 
the  lysosomesCathD pool during autophagy

We next investigated whether the expression of LYST-ALFA 
can be increased using other cells, such as the osteosarcoma 
cell line (U2OS), which offers efficient transfection and flat-
tened cell morphology for IF analysis. LYST is endogenously 
expressed at lower levels in U2OS cells (www. prote inatl as. 
org), however stable transfection of LYST-ALFA in U2OS 
(Fig. 4a) led to a robust increase of LYST mRNA (Fig. 4b) 
that was markedly higher than in LYST-overexpressed 
 i3Neurons (Fig. 4c). In agreement with increased mRNA 
expression, we also found noticeably higher exogenous 
LYST-ALFA protein levels in U2OS as compared to both 
iPSC and  i3Neurons (Fig. 4d). Consistent with our findings 
in  i3Neurons, we observed a significantly increased number 
of small  lysosomesCathD, possibly protolysosomes, in U2OS 
overexpressing LYST-ALFA compared to mock-transfected 
cells (ALFA) under basal (growth media; GM) conditions 
(Fig. 4e, f, GM panels). Next, we evaluated the effect of 
LYST overexpression in U2OS cultured for 24 h in Earle’s 
balanced salt solution (EBSS), which is known to induce 
autophagy [34, 35]. During autophagy, peripheral lysosomes 
are redistributed toward the perinuclear region of the cell to 
promote membrane fusion between lysosomes and autophago-
somes. Consistent with this, ALFA U2OS cells growing in 
EBSS exhibited noticeably larger and perinuclearly clus-
tered  lysosomesCathD compared to the cells growing in GM, 
which led to a reduction in the  lysosomesCathD puncta per 
cell (Fig. 4e, f, ALFA cells panels). Conversely, in U2OS 
cells overexpressing LYST-ALFA, there were noticeably 
smaller and more abundant  lysosomesCathD scattered in the 
cell periphery (in both GM and EBSS) compared to ALFA 
cells (Fig. 4e, f). These results show that exogenous LYST 

http://www.proteinatlas.org
http://www.proteinatlas.org
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increases the formation of small  lysosomesCathD in both GM 
and EBSS media and supports the probable role of LYST in 
maintaining the lysosome pool (lysosomal homeostasis) even 
in autophagy conditions, where there is a reduction of the 
number of free lysosomes. As expected, LC3-II levels were 

increased in cells growing in EBSS compared to GM (Fig. 4g, 
h), confirming successful starvation-induced autophagy in 
cells expressing both ALFA and LYST-ALFA. After the 
treatment of cells with Baf A1, which blocks the degradation 
of the autolysosome contents by the lysosomal hydrolases’ 
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inactivation, there is a significant increase of the LC3-II levels 
in all the conditions (lanes 5–8), which reflects a reduction of 
autolysosome clearance due to the lysosome de-acidification. 
Our results suggest that the LYST-ALFA exogenous expres-
sion does not affect autolysosome clearance. Additionally, 
using the anti-ALFA nanobody, we detected an increment 
of LYST expression when LYST-ALFA cells were grown in 
EBSS for 24 h (Fig. 4g, i, compare lanes 3 and 4). This is 
likely an effect of nutrient deprivation on the CAG promoter 
activity [36], causing an increase in LYST-ALFA mRNA lev-
els (Fig. 4j). LYST-ALFA is slightly increased in the Baf A1 
treatment (Fig. 4g, i), which suggests that its degradation is 
also reduced due to lysosomal de-acidification.

To explore if ALR defects in LYST-depleted  i3Neurons 
affect their viability after long-term starvation [37], we cul-
tured LYST+/+ and LYST−/−  i3Neurons in EBSS for 24 h. We 
noticed a slight reduction of  lysosomesCathD number (Figs. 
S5a and S5b). The distribution of the  lysosomesCathD by 
their size (area) revealed a reduction of 18% and 36% in 
the number of small  lysosomesCathD (< 0.4 µm) in LYST+/+ 
and LYST−/−  i3Neurons, respectively (Fig. S5c), suggest-
ing that LYST is important for the repopulation of these 
small  lysosomesCathD, possibly corresponding to protolyso-
some fraction, in autophagy conditions (EBSS). Moreover, 
the viability of the LYST−/−  i3Neurons was comparable to 
LYST+/+  i3Neurons under prolonged nutrient deprivation 
(Fig. S5d), suggesting that LYST depletion does not affect 
the survival of  i3Neurons in prolonged starvation.

LYST is recruited to LAMP1‑positive structures 
to maintain lysosomal homeostasis

Using ALFA nanobody, we detected diffuse staining in the 
cytoplasm of U2OS cells expressing LYST-ALFA (Fig. 5a). 
This finding is consistent with a previous report [11] and 
suggests that LYST may be localized in the cytoplasm. Addi-
tionally, LYST-ALFA was also recruited to specific donut 
shaped-structures (Fig. 5a, red arrowhead). Localization 
of LYST to similar structures has been described in other 
non-mammalian LYST orthologs, including Dictyostelium 
lvsB [10] and the Drosophila Mauve [38]. Moreover, com-
pared to cells in GM, these structures increased in size after 
growing cells in EBSS media for 24 h with distinctly higher 
fluorescence intensity compared to cells growing in GM 
(Fig. 5a, right-intensity panel), possibly due to the higher 
LYST-ALFA levels in EBSS. Interestingly even with the dif-
ferences in the LYST-ALFA levels between GM and EBSS, 
LYST-ALFA followed the same structural recruitment pat-
tern suggesting a very specific LYST localization. This is 
further supported by our observation that donut-shaped 
structures were not detected in mock cells (Fig. S6a).

Co-staining the cells with anti-ALFA nanobody and 
anti-LAMP1 antibody revealed a high degree of colo-
calization in big and perinuclear LAMP1-positive lys-
osomes that are aggregated (Fig. 5b, top panel) or make 
tubulation events (Fig.  5b, bottom panel). To provide 
additional evidence that LYST is localized in the direct 
vicinity of the LAMP1-positive structures to mediate 
their fission, we performed a proximity labeling assay. 
We generated a lentiviral construct in which LAMP1-
3xFLAG was fused to engineered ascorbate peroxidase 
2 (APEX2) [39]. We transduced U2OS cells expressing 
LYST-ALFA with the lenti-LAMP1-3xFLAG-APEX2 
to generate a stable cell line that expresses both LYST-
ALFA and LAMP1-3xFLAG-APEX2. First, we assessed 
APEX2 functionality (Fig. S6b) and we also confirmed 

Fig. 3  LYST overexpression increases the number of  lysosomesCathD. 
a Scheme of the piggyBac system that consists of piggyBac trans-
poson and transposase vector, which transiently expresses the trans-
posase enzyme that integrates the transposon cargo into the genome. 
The transposase allows the integration of the transposon cargo into 
random TTAA genomic DNA location by the recognition of the 
transposon-specific inverted terminal repeat sequences (ITRs) flank-
ing the transposon cargo. b Transposon cargo is composed of two 
separate cassettes, each consisting of different promotors. Top: The 
CAG promoter drives the expression of LYST cDNA fused with 
ALFA-tag (LYST-ALFA). Bottom: The EF-1 alpha promoter con-
trols the selection cassette that confirms resistance to hygromycin 
and mNeonGreen fussed to a Nuclear Localization Signal (NLS). c 
Strategy for the generation of stable LYST overexpressed  i3Neurons. 
The LYST-ALFA transposon was co-transfected with the transposase 
in LYST+/+ and LYST−/− iPSCs. After 72 h, cells were selected with 
hygromycin to generate iPSCs that stably express LYST-ALFA. 
LYST+/+ and LYST−/− iPSCs were differentiated into  i3Neurons by 
the addition of doxycycline in the media. d A representative qPCR 
experiment and quantification of the relative fold change of LYST 
mRNA levels in LYST+/+ and LYST−/−  i3Neurons expressing LYST-
ALFA as compared to a LYST+/+ and LYST−/−  i3Neurons. Values are 
the mean ± SEM. Each sample was run in triplicates. e Total protein 
extracts of LYST+/+ and LYST−/−  i3Neurons were analyzed by west-
ern blotting using anti-ALFA nanobody. Vinculin was used as a load-
ing control. The positions of molecular mass markers (in kDa) are 
indicated on the right side. f Representative images of LYST+/+ and 
LYST−/−  i3Neurons without and with the expression of LYST-ALFA 
showing the indirect immunofluorescence of cathepsin D (Cath D; 
yellow). The grey color represents ß-tubulin III (TUBB3). Cell nuclei 
were visualized using Hoechst 33342 (in blue) because after fixation 
NLS-mNeonGreen was not visible. Single-Cath D channel images 
are shown in inverted grayscale. Scale bar 10  μm. g Quantification 
of  lysosomeCathD per cell presented as mean (in red) ± SEM with dots 
representing the average of  lysosomeCathD/cell per image analyzed. 
Two independent differentiation experiments were performed and 
10 images per genotype were analyzed, representing a total of > 150 
cells per genotype. ****P < 0.0001; ns nonsignificant, unpaired two-
tailed Mann–Whitney test. h Histograms showing  lysosomesCathD 
size (area) distribution. Data were pooled from a similar number (n) 
of cells from each  i3Neurons genotype as shown. The bin width is 
0.4 µm2. The distribution of sizes is presented in two separate histo-
grams; the histogram shows the number of  lysosomesCathD up to 2.0 
µm2 area, and the histogram in the inset shows the distribution of 
 lysosomesCathD with the larger area, ranging between 1.6 to 4.4 µm2. 
The symbol # indicates a three-fold increase in  lysosomesCathD num-
ber (< 0.4  µm) in LYST−/−  i3Neurons expressing LYST-ALFA com-
pared to LYST−/−  i3Neurons

◂
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that LAMP1-3xFLAG-APEX2 colocalized with the endog-
enous LAMP1 (Fig. S6c). Next, we cultured cells in either 
GM or EBSS for 24 h, and we started the APEX2 reaction 

by incubating cells with biotin-phenol. Following the addi-
tion of hydrogen peroxide  (H2O2) for 1 min, APEX2 cata-
lyzed the oxidation of biotin-phenol to a highly reactive 
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biotin-phenoxyl radical, which conjugated to proteins that 
are proximal to the LAMP1-3xFLAG-APEX2. We then 
used streptavidin beads to pull down biotinylated proteins 
and analyzed them by western blotting using anti-ALFA 
nanobody (Fig. 5c). We detected LYST-ALFA as a pro-
tein near LAMP1-3xFLAG-APEX2. Next, we calculated 
band intensities of biotinylated LYST-ALFA and LAMP1-
3xFLAG-APEX2 in streptavidin pull down. We found a 
higher LYST-ALFA/LAMP1-3xFLAG-APEX2 ratio in 

EBSS compared to GM (Fig.  5d, e), suggesting more 
recruitment of LYST-ALFA in LAMP1-positive structures 
during autophagy. These results support the assumption 
that LYST is associated with or nearby the lysosome mem-
brane (LAMP1-positive structures) in both basal (GM) 
and during autophagy conditions (EBSS). Overall, these 
results suggest that LYST is preferentially recruited to 
LAMP1-positive structures to mediate lysosome-associ-
ated membrane events such as ALR.

Discussion

During autophagy, there is a rapid decline in the number 
of lysosomes owing to their fusion with autophagosomes 
to form autolysosomes in the perinuclear region of the 
cells. ALR commences at the termination of autophagy 
to restore the pool of functional lysosomes [1]. The ALR 
process can be divided into four steps: (1) initiation of the 
tubular structures from autolysosomes; (2) tubule elonga-
tion by the coordination of actin polymerization and the 
kinesin 5B [40] that mediates the tubule extension along 
microtubules; (3) scission of protolysosomes, and; (4) the 
protolysosome maturation. The impairment in ALR due 
to a defect in initiation results in enlarged autolysosomes 
accompanied by a lysosome depletion [41–44]. In addition 
to the enlarged autolysosomes and the lysosome depletion, 
the autolysosome tubules became hyperelongated when the 
impairment is due to disruption of the autolysosome tubule 
scission [37, 45, 46]. In LYST−/−  i3Neurons, we observed 
a remarkable reduction in the number and increment in 
the size of  lysosomesCathD accompanied by hyperelon-
gated autolysosome tubules. The elongated tubules fea-
ture a ‘beads on necklace’ appearance in which beads may 
represent newly immerging protolysosomes that remained 
attached to the LAMP1-positive tubule. We hypothesized 
that LYST is required for mediating the scission/fission of 
protolysosomes to bud off from the autolysosome tubule 
and ultimately restore the lysosome pool after autophagy 
(Fig. 6). In support of this notion, we observed (i) an incre-
ment in the number of the small  lysosomesCathD fraction, 
probably protolysosomes, when LYST was exogenously 
expressed in the LYST−/−  i3Neurons and in U2OS cells; 
(ii) in autophagy-induction media (EBSS) when there is 
a rapid decline in  lysosomesCathD, the overexpression of 
LYST-ALFA was able to reverse the  lysosomesCathD pool 
depletion; and (iii) an increased localization of LYST in a 
proximal region of LAMP1-positive structures/lysosomes 
in basal and autophagy conditions (Fig. 6, II + , LYST in 
red spheres). While our results support LYST as a positive 
regulator of lysosome fission or more precisely a positive 
regulator of the fission of autolysosome tubules, we can-
not formally rule out the possibility that LYST may also 

Fig. 4  LYST overexpression restores the number of  lysosomesCathD 
during autophagy. a Strategy for generating a stable LYST overex-
pressed U2OS line. The LYST-ALFA transposon was co-transfected 
with the transposase in U2OS cells. After 72  h, cells were selected 
with hygromycin to generate a stable LYST-ALFA overexpressed 
U2OS line. b A representative qPCR experiment and quantification 
of the relative fold change of LYST mRNA levels in U2OS express-
ing LYST-ALFA as compared to U2OS expressing the piggyBac with 
only ALFA-tag (ALFA, mock cells). Values are the mean ± SEM. 
Each sample was run in triplicate. c A representative qPCR experi-
ment and quantification of the relative fold change of LYST mRNA 
levels in  i3Neurons and U2OS, both expressing LYST-ALFA. Values 
are the mean ± SEM. Each sample was run in triplicates. d Total pro-
tein extracts of U2OS, iPSC, and  i3Neurons expressing LYST-ALFA 
were analyzed by western blotting using anti-ALFA nanobody. Actin 
was used as a loading control. Positions of molecular mass mark-
ers (in kDa) are indicated on the right side. The image of the stain-
free gel before protein transfer shows that a similar amount of pro-
tein lysates was loaded. On the right, the quantitative analysis of the 
total LYST-ALFA levels is shown. Each band intensity was normal-
ized to the actin band intensity of the same sample. Values are rep-
resented as mean ± SEM from three independent experiments. Rep-
resentative images of ALFA U2OS (mock cells) and LYST-ALFA 
U2OS showing the indirect immunofluorescence of the cathepsin D 
(Cath D; white) and the ß-tubulin III (TUBB3; purple). Single-Cath 
D channel images are shown in inverted grayscale. The cell nuclei 
were visualized by the expression of mNeonGreen from the piggy-
Bac transposon selection cassette, indicating stable expression after 
fixation. Cells were cultured in growth media (GM, upper panels) or 
in EBSS for 24 h (lower panels). Scale bar 20 μm. f Quantification 
of Cath D-positive puncta per cell presented as mean (in red) ± SEM 
with dots representing the average Cath D-positive puncta per image 
analyzed. A total of 12–16 images per genotype and condition (GM 
or EBSS) were analyzed representing a total of (n) number of cells. 
***P < 0.001; ****P < 0.0001, unpaired two-tailed Mann–Whitney 
test. g Total protein extracts of U2OS expressing ALFA (mock cells) 
and LYST-ALFA cultured in GM or EBSS for 24  h were analyzed 
by western blotting using anti-LC3 antibody and anti-ALFA nano-
body. Bafilomycin A1 (Baf A1) treatment was carried out for 3 h at 
200 nM. Vinculin was used as a loading control. Anti-LC3 antibody 
revealed two bands; the upper band is LC3-I, and the lower band is 
LC3-II (lipidated LC3). The positions of molecular mass mark-
ers (in kDa) are indicated on the right side. h, i Quantitative analy-
sis of total LC3-II relative to the total LC3-II levels in ALFA U2OS 
in GM treated with DMSO (h) and total LYST-ALFA protein levels 
relative to the total LYST-ALFA levels in LYST-ALFA U2OS in GM 
treated with  DMSO (i). Each band intensity was normalized to the 
vinculin band intensity of the same sample. Values are represented 
as mean ± SEM (n = 3). *P < 0.05, unpaired Mann–Whitney test. j 
A representative qPCR experiment and quantification of the relative 
fold change of LYST mRNA levels in U2OS expressing LYST-ALFA 
in GM or EBSS media. Values are the mean ± SEM. Each sample was 
run in triplicates
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regulate lysosome fusion events. In addition to deficient 
ALR, the enlarged autolysosomes in LYST−/−  i3Neurons 
could be an additional consequence of the fusion of the 
remaining free functional lysosomes to maintain autol-
ysosome degradative capability (Fig. 6, V). This scenario 
could explain why the LYST−/− autolysosomes maintain 
their degradative function as well as their acidic pH.

Our observation regarding the loss of one LYST allele 
(LYST+/−) also led to an effect on lysosome size and 
number further underscoring that LYST regulates the 
 lysosomesCathD size and number in a dose-dependent man-
ner. However, because the CHS symptomatology is not 
reported in LYST heterozygotes, we assume that even if 
we were able to detect a cellular effect upon partial loss 
of LYST function, this effect is not clinically pathogenic.

In this study, we have not been focused on the possible 
mechanisms that could help us to underscore the neurological 

phenotype seen in CHS patients. However, efficient and consti-
tutive autophagy is particularly important in neurons [47, 48] 
to preserve their homeostasis. Autophagy dysfunction has been 
extensively linked to neurodegeneration and impaired neuro-
logical function [49]. Furthermore, several studies linked ALR 
dysfunction with neurodegenerative diseases, such as heredi-
tary spastic paraplegia [42, 50–52] and Parkinson’s disease 
[53, 54]. In LYST−/−  i3Neurons, we did not find evidence for 
autophagy-induced cell death, possibly because autophagy is 
highly a cell/tissue-dependent process [48, 49] and cortical 
glutamatergic neurons, such as the  i3Neurons, may be more 
resistant in displaying the pathological consequences com-
pared to other brain cells. The loss of cerebellar Purkinje cells 
has been documented in Lyst-mutant mice [14–16]. Purkinje 
cells are very susceptible to the consequences of compromised 
autophagy [55]. Therefore, the loss of Purkinje cells may be a 
consequence of primary defects in ALR and the cell’s ability 
to withstand them.

Our results also suggest that autolysosome tubules may 
help in the mobility of autolysosomes through the soma; the 
hyperelongated autolysosome tubules in LYST−/−  i3Neurons 
are likely hindering this movement. However, we don’t know 
the biological consequences of this phenomenon or if this can 
also explain the presence of more static lysosomes in the neu-
ronal axons.

The main hallmark of CHS is immunological dysfunc-
tion, therefore, it could be attractive to investigate how LYST 
operates in the lysosomal tubulation observed during the 
activation of immune cells. Interestingly, lysosomes in bone 
marrow-derived macrophages from beige mice showed abnor-
mal tubular morphology [12] resembling the autolysosome 
tubules seen in LYST−/− neurons. These observations indicate 
that LYST and its possible partners could operate similarly to 
regulate ALR in different cell types. Additionally, LROs share 
features with the endolysosome system, and their function is 
cell-type-specific [56]. Melanosomes (LROs of skin epidermal 
melanocytes and eye-pigmented cells) reshape their membrane 
to form melanosome-recycling tubules that ultimately undergo 
fission. Defects in the fission of these tubules may result in 
the loss of organelle homeostasis and increased organelle size 
[57]. The architectural similarity between the melanosome 
recycling tubules and ALR, as well as the large melanosomes 
seen in CHS melanocytes, maybe a consequence of the loss 
of LYST function in coordinating the melanosome recycling 
by tubules pinch-off. Therefore, future studies should focus on 
the LYST-mediated mechanism that regulated the scission of 
protolysosomes from the autolysosome tubules during ALR to 
further understand the CHS symptomatology and the role of 
LYST in LRO biology. However, the enormous size of LYST 
continues to pose a technical challenge to precisely dissecting 
its role. Our LYST-deficient human neuronal cell model and 
the piggyBac transposon system to express LYST in different 

Fig. 5  LYST is localized to LAMP1-positive structures. a U2OS 
expressing LYST-ALFA were cultured either in growth media (GM) 
or in EBSS for 24 h. Indirect immunofluorescence using anti-ALFA 
shows donut-shaped structures (red arrowheads). LYST-ALFA is 
grey on the left panel and with Rainbow RGB LUT to visualize the 
fluorescence intensity on the right panel. The cell nuclei were visual-
ized by the expression of mNeonGreen from the piggyBac transposon 
selection cassette, indicating stable expression after fixation. Scale 
bar 10 μm. The calibration bar on the right of the figure shows the 
fluorescence intensity. See also Fig. S6a. b Two representative Airy-
scan images of U2OS expressing LYST-ALFA. The left panels show 
the immunostaining using an anti-LAMP1 antibody (purple) and 
anti-ALFA nanobody (yellow). Single-channel images are shown in 
inverted grayscale. The right panels show the three-dimensional sur-
face reconstruction from an Airyscan z-stack image of the indirect 
immunofluorescence of LAMP1 (purple) and ALFA (yellow) from 
regions 1 and 2. Scale bar 2 μm. c Schematic of APEX2 proximity 
labeling assay. U2OS expressing LYST-ALFA were transduced with 
lenti-LAMP1-3xFLAG-APEX2. APEX2 is an engineered peroxidase 
that uses biotin-phenol and hydrogen peroxide  (H2O2) to produce 
highly reactive biotin-phenol radicals that covalently biotinylated 
proteins that are up to 20  nm in distance. Biotinylated proteins can 
be enriched from lysates using streptavidin beads and only if LYST-
ALFA is nearby 20  nm of distance to LAMP1-3xFLAG-APEX2, it 
will be detectable using anti-ALFA nanobody. d Cells were cultured 
either in growth media (GM) or in EBSS for 24 h and induced with 
 H2O2 for 1 min before lysis. Biotinylated proteins were enriched from 
lysates using streptavidin beads and immunoblotted using anti-ALFA 
nanobody and anti-FLAG antibody (to detect LAMP1-3xFLAG-
APEX2). Detection of LYST-ALFA band (below 460  kDa molecu-
lar weight marker) suggests that LYST is present within 20  nm of 
LAMP1 positive structures (top panels). Uninduced cells (without 
the addition of  H2O2) were used as a negative control. Lysates show 
the expression of LYST-ALFA and LAMP1-3xFLAG-APEX2 pro-
teins (bottom panels). Streptavidin conjugated to infrared dye 680 
was used for detecting biotinylated proteins. Vinculin was used as a 
loading control. See also Figs. S6b and S6c. e Quantitative analysis 
of LYST-ALFA recruitment or proximal to the LAMP1-3xFLAG-
APEX2 after streptavidin pull down and immunoblotting with anti-
ALFA nanobody and anti-FLAG antibody. Ratio of LYST-ALFA/ 
LAMP1-3xFLAG-APEX2 was calculated from each pull down. Val-
ues are presented as mean ± SEM from 7 independent experiments. 
*P < 0.05, unpaired two-tailed Mann–Whitney test
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cell types opens new research avenues to further explore LYST 
function.

Materials and methods

Materials

Cell lines

WTC11 line: iPSC line derived from healthy human male 
adult skin fibroblasts (Coriell cell repository, Cat. No. 
GM25256).

i3N iPSCs (Ngn2 iPSC) line: WTC11 line that harbors a 
single copy of doxycycline-inducible mouse Ngn2 transgene 
at an adeno-associated virus integration site 1 (AAVS1) 
safe-harbor locus [17, 18].  i3N iPSCs can be differentiated 
into a pure population of functional glutamatergic neurons 

 (i3Neurons) using the  i3Neuron differentiation protocol (see 
below).

CHS iPSC lines: iPSCs generated from the of CHD 
patients (generation and characterization as described 
previously [29]. The patient 1 genotype (CHS #1: 
c.1507C>T; p. Arg503*/c.9925G>A; p. Gly3309Ser) and 
patient 2 genotype (CHS #2: c.7951G>T; p.Val2651Phe/
c.11039_11195del; p.Ala3680Glyfs*8).

Human osteosarcoma cell line (U2OS) (ATCC-HTB-96): 
Cells were authenticated by morphological assessment by 
microscopy and grown at 37 °C, 5%  CO2 using ATCC-
formulated McCoy’s 5a Medium Modified (Catalog No. 
30-2007) supplemented with 10% fetal bovine serum (FBS).

All cell lines were tested routinely for mycoplasma con-
tamination using the universal mycoplasma detection kit 
(ATCC, Cat. No. 30-1012K) following the manufacturer’s 
instructions.

Fig. 6  Model illustrating the proposed role of LYST in regulating 
the autolysosome reformation fission step. During autophagy, the 
autophagosome-lysosome fuse to form the autolysosome, where the 
cargo degradation takes place (I). After cargo degradation, autolys-
osomes go through a recycling process name autolysosome reforma-
tion (ALR) to restore the number of the lysosomes consumed during 
autophagy (II). In wild-type neurons (II +), LYST (red spheres) may 
be recruited to the autolysosome membrane promoting the efficient 
tubule fission during ALR and therefore the re-formation of new pro-

tolysosomes (III +) that untimely mature into functional lysosomes 
(IV +). In LYST deficient neurons (II−), autolysosomes are bigger, 
tubules are hyperelongated, and the protolysosomes appear attached 
to the autolysosome tubule, likely due to impaired fission of autolyso-
some tubules. This led to fewer protolysosomes (III−) and eventually 
a depletion of functional lysosomes (IV−). Remaining free functional 
lysosomes may fuse with autolysosomes to respond the degradative 
needs of the cell (V−), at the same time increasing the autolysosome 
size in LYST deficient neurons
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Plasmids

pLEX-PGK-LAMP1-mNeonGreen, pLEX-PGK-LAMP1-
mApple, pLEX-PGK-EGFP-LC3, pLEX-PGK-Halo-LC3 
were gifts from M. Ward (NINDS, NIH, USA); pTet-O-
Ngn2-puro (Addgene; 52047); rtTA (Addgene; 20342); 
pSpCas9(BB)-2A-GFP (Addgene; PX458) the Lenti-X 
plasmids: pAdVantage, pMD2-G Coat protein and psPAX2 
helper were obtained from Lofstrand Labs Ltd. To gener-
ate  piggyBac (PB) transposon PB-LYST-ALFA hygro-
NLS-mNeonGreen, the cDNA encoding full-length LYST 
was fused in frame with ALFA-tag and subcloned into PB-
hygro-NLS-mNeonGreen (gift from M. Ward) backbone 
using NEBbuilder HiFi DNA Assembly cloning kit (New 
England BioLabs, Cat. No. E5520S). To generate pLEX-
PGK-LAMP1-3xFLAG-APEX2, the cDNAs encoding full-
length LAMP1, 3xFLAG and APEX2 were fused in-frame 
and subcloned into pLEX-PGK backbone using NEBbuilder 
HiFi DNA Assembly cloning kit.

Antibodies

Anti-cathepsin D antibody (IF: 1:200, WB: 1:500; R&D 
Systems, Cat. No. AF1014, AB_2087218); anti-LAMP1 
(IF: 1:250; Hybridoma bank, Cat. No. H4A3, AB_2296838); 
Alexa Fluor 647 anti-ß-tubulin III (IF: 1:500; BioLegend, 
Clone TUJ1, AB_2315514); anti-ß-tubulin III (WB: 1:1000; 
STEMCELL technologies, Clone TUJ1, AB_2315514); 
anti-LC3 (WB: 1:1000; Sigma-Aldrich, Cat. No. L7543, 
AB_796155); anti-p62/SQSTM1 (WB: 1:1000; Sigma-
Aldrich, Cat. No. P0067, AB_1841064); anti-vGlut1 (IF: 
1:100; Millipore, Cat. No. MAB5502, AB_262185); anti-
MAP2 (IF: 1:2000; Abcam, Cat. No. ab5392, AB_2138153); 
anti-FLAG (IF: 1:500, WB: 1:500; Sigma-Aldrich, Cat. No. 
F3165, AB_259529); anti-ALFA (IF: 1:250; WB: 1:500; 
NanoTag Biotechnologies, Clone 1G5); anti-Vinculin (WB: 
1:5000; Sigma-Aldrich, Cat. No. V9131, AB_477629); 
anti-Actin (WB: 1:10,000; Sigma-Aldrich, Cat. No. A5316, 
AB_476743); Alexa Fluor 488 Streptavidin (IF: 1:500; 
Thermo Fisher Scientific, Cat. No. S11223); IRDye 680RD 
Streptavidin (WB: 1:1000; LI-COR, Cat. No. 926-68079).

Methods

Lentivirus production

Lentivirus were produced using Lenti-X™ 293T Cell Line 
(Takara, Cat. No. 632180). The day before the transfec-
tion, 1–1.5 ×  106 cells/well were plated in a Poly-l-Orni-
thine (PLO; 0.1 mg/mL; Sigma-Aldrich, Cat. No. P3655)-
coated six-well plate with 2 mL of DMEM complete media 
(Thermo Fisher Scientific) supplemented with 10% FBS 
and 1% pyruvate. To transfect the cells, 5 µL P3000™ 

Reagent  (LipofectamineR 3000 Transfection Kit; Invitro-
gen, Cat. No. L3000-015) and 1.2 µg of lenti-packaging 
plasmids mix (0.8 µg psPAX2 helper, 0.3 µg pMD2-G Coat 
protein and 0.1 µg pAdVantage) was added to 150 µL of 
Opti-MEM I Reduced Serum Media (Gibco,Thermo Fisher 
Scientific, Cat. No. 31985-062) in an Eppendorf tube. In 
another Eppendorf tube 3.75 µL  LipofectamineR 3000 Rea-
gent  (LipofectamineR 3000 Transfection Kit) was added to 
150 µL of Opti-MEM I Reduced Serum. After incubation 
for 10 min, both tubes were mixed and further incubated 
at room temperature for 20 min. Following incubation, the 
transfection solution was gently added dropwise to each 
well, and the plate was gently moved to homogeneously mix 
with the 3 mL of fresh media. Twelve-14 h post-transfection, 
the media were replaced with fresh DMEM supplemented 
with ViralBoost™ Reagent (Alstem; Cat. No. VB100, 
diluted 1:500 in media). 46 h later, cell culture media was 
transferred to a 15 mL conical tube and centrifuged at room 
temperature for 10 min at 300g to pellet cell debris. After-
ward, the supernatant was transferred into a new 15 mL 
conical tube and supplemented with Lenti-X™ Concentra-
tor (Takara, Cat. No. 631231) in 3:1 ratio. Solutions were 
mixed by inversion and stored at 4 °C for 48 h. The viruses 
were pelleted by centrifugation at 4 °C for 30 min at 1500g 
and the supernatant was carefully removed. The virus-con-
taining pellet was gently resuspended in PBS using 1/10th 
of the original volume. Aliquots of 50 µL of virus solution 
(required for infecting 1.5 ×  106 iPSCs plated in one well of 
six-well plates) were stored at −80 °C.

Design and clone of single guide RNAs (sgRNAs)

The sgRNAs (targeting 5′ UTR and 3′UTR of the LYST 
gene) were designed using Benchling software (Bench-
ling) to maximize on-target activity and minimize off-target 
effects. The sgRNA target sequences with cloning adapters 
were obtained from Integrated DNA Technologies (IDT) 
as single standard-desalted DNA oligos and cloned with 
BbsI into the plasmid pSpCas9(BB)-2A-GFP, bearing both 
sgRNA scaffold backbone (BB) and Cas9, pSpCas9.

Human iPSCs culture

All the iPSC lines were maintained under feeder-free 
conditions in a 37 °C, 5%  CO2 tissue culture incubator 
on Matrigel (BD Biosciences)-coated dishes. Cells were 
fed daily with fresh Essential 8 medium (Thermo Fisher 
Scientific). At 80–90% confluency, cells were washed 
with DPBS (Gibco, Thermo Fisher Scientific, Cat. No. 
10010-023) and passaged either by Accutase (STEMCELL 
Technologies, Cat. No. 07920) at 37 °C for 5 min to enzy-
matically dissociate the iPSC colonies into single cells, 
or by 0.5 mM EDTA at room temperature for 5–7 min to 
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dissociate iPSCs into small clumps, for routine cell pas-
saging. To promote cell survival during cell dissociation, 
the Essential 8 medium was supplemented with 10 µM of 
inhibitor of Rho-associated coiled-coil containing protein 
kinase (ROCK), Y-27632 (STEMCELL Technologies). 
Cells were frozen in 90% fetal bovine serum (EmbryoMax 
ES Cell Qualified FBS; Millipore, Cat. No. ES-009-B) and 
10% DMSO (Sigma-Aldrich).

Generation of LYST knock out (LYST−/−) iPSC line

i3N iPSCs were dissociated with Accutase. 1 ×  106 cells 
were seeded onto one well of a six-well Matrigel-coated 
plate in Essential 8 media supplemented with 10  µM 
Y-27632. The next day (16 h later) cells were co-trans-
fected with 3 µg of two sgRNA plasmids (1.5 µg each), 
one targeted to the 3’UTR and the other 5′UTR region 
(sequence specified below) and 10 µL of Lipofectamine 
Stem transfection reagent (Thermo Fisher Scientific). 
After 48 h post-transfection, cells were dissociated by 
Accutase and the GFP positive cells were bulk sorted 
by a fluorescence-activated cell sorter (FACS) (BD Bio-
sciences) and seeded in one Matrigel-coated well of a 
six-well dish. At 80–90% confluency, cells were dissoci-
ated using Accutase and single-cell sorted by FACS into 
Matrigel-coated 96-well plate. These cells were main-
tained in Essential 8 Flex medium (Thermo Fisher Scien-
tific) supplemented with RevitaCell (Thermo Fisher Sci-
entific, Cat. No. A2644501). After approximately 15 days 
(when the iPSC clone size occupies 3/4 of the well), clones 
were dissociated with 0.5 mM EDTA prepared in DPBS. 
For clonal expansion, 20% of the cells from each well were 
seeded in a new Matrigel-coated well of a 96-well dish 
for genotyping; and 80% were seeded into one Matrigel-
coated well of a 12-well dish. After 2–3 days, genomic 
DNA was isolated from the cells growing in a 96-well dish 
using QuickExtract DNA (Lucigen, Cat. No. QE0905T), 
and genotyping was performed using PCR. The OUT-Fw 
primer (GAA TGG AAG AGG CGG ACG AT) and OUT-Rv 
Primer (TGT GTG TGG TGG GAG GAG TAT) were used to 
detect the KO and heterozygous alleles generated using the 
sgRNAs GAA GTT CAT TCG CAT TCA CC and ACG CGT 
CAC GCC TGC GAC GC (combination A; KO [#32A] and 
the Heterozygous [#7A]). The OUT-Fw primer (GAA TGG 
AAG AGG CGG ACG AT) and OUT-Rv primer (TGA GCG 
GTT TGA TCT TGG GA) were used to detect the KO and 
heterozygous alleles generated using the sgRNAs ATG 
AGC AGA TCT CAA ATC GA and ACG CGT CAC GCC TGC 
GAC GC (combination B; KO [#62B] and the Heterozy-
gous [#63B]). The IN-Fw primer (CAG CCT AGG GGA 
GCA ACA GA) and IN-Rv primer (CTT CTG AGT CAT TGG 
CCG ACT) that PCR amplify a region of the LYST exon 

seven were used to detect the WT alleles. Correctly edited 
clones were further expended and frozen as described 
above. The KO clone #32A (LYST−/−) has been used for 
all experiments.

Karyotyping

To check the chromosomal integrity after the generation 
of the KO alleles,  i3PSC lines were treated with Kary-
oMAXTM ColcemidTM solution (10 µg/mL, Thermo Fisher 
scientific) to arrest the chromosomes at the metaphase stage 
of the cell cycle. Cells were then fixed in Carnoy’s fixative 
(3:1, methanol: acetic acid) and cell spreads were made by 
dropping cell suspension onto the slides for DAPI banding 
analysis.

Differentiation of human iPSC‑derived neurons

The differentiation protocol of iPSC  (i3N iPSC line) to 
 i3Neurons consists of a two-step protocol. (i) pre-differen-
tiation and (ii) maturation. The protocol scheme is shown 
in Fig. 1a.

 (i) Pre-differentiation of iPSC to  i3neuronal progenitor 
cells was carried out using the induction medium 
(IM), which consists of Dulbecco’s modified Eagle’s 
medium (DMEM)/F12, HEPES medium (Gibco, 
Thermo Fisher Scientific; Cat. No. 11330-057) con-
taining N2 supplement (Gibco, Thermo Fisher Sci-
entific; Cat. No. 17502-048), MEM Non-Essential 
Amino Acids (Gibco, Thermo Fisher Scientific; 
Cat. No. 11140-050), GlutaMAX (Gibco, Thermo 
Fisher Scientific; Cat. No. 35050-061), 10 nM ROCK 
inhibitor (Y-27632; STEMCELL Technologies) and 
2 µg/mL doxycycline hydrochloride (Sigma-Aldrich; 
Cat. No. D9891). When iPSCs were 70–80% con-
fluent, they were dissociated by Accutase from the 
plate, collected in conical tubes with DMEM/F12 
medium (Gibco, Thermo Fisher Scientific, Cat. No. 
11320-033) and centrifuged at 200g for 5 min. The 
pelleted cells were resuspended in IM, counted, and 
replated at density 1.5 ×  106 cells/well in Matrigel-
coated six-well plate with 2 mL of IM. The medium 
was changed daily for two additional days. ROCK 
inhibitor was added only for the first 24 h.

 (ii) Maturation of  i3neuronal progenitor cells to 
 i3Neurons was carried out using cortical neuronal 
medium (CM), which consists of BrainPhys neu-
ronal medium (STEMCELL Technologies, Cat. 
No. 05790) supplemented by B27 supplement 
(Gibco,Thermo Fisher Scientific, Cat. No. 17504-
044), 50 ng/mL of brain-derived neurotrophic factor 
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(BDNF; PeproTech, Cat. No. 450-02), 50 ng/mL of 
neurotrophin-3 (NT-3; PeproTech; Cat. No. 450-03), 
1 µg/mL Laminin mouse protein (Gibco, Thermo 
Fisher Scientific; Cat. No. 23017-015) and 2 µg/
mL doxycycline hydrochloride. After three days of 
pre-differentiation,  i3neuronal progenitor cells were 
dissociated by Accutase and centrifuged at 200g 
for 5 min. Pelleted cells were resuspended in CM, 
counted, and replated at desired density in BioCoat 
PLO-coated plates or in µ-slide wells (Ibidi).

Generation of iNeurons by the introduction of lenti‑Ngn2

iNeurons were generated following the protocol described 
by Zhang et al. [30] with some modifications. The proto-
col scheme is shown in Fig. 2h. On day-2, iPSCs (WT and 
CHS #1 and #2) were dissociated with Accutase and plated 
on Matrigel-coated six-well plate with Essential 8 medium 
and 10 µM ROCK inhibitor. The following day, (day-1), the 
medium was replaced with fresh Essential 8 medium and 
50 µL of each virus (Ngn2 and rtTA) was added to each well 
of a six-well plate. On day 0, the medium was replaced with 
fresh Essential 8 medium containing 2 µg/mL doxycycline, 
which was maintained in the medium throughout the dif-
ferentiation protocol. From day 1 to day 4, the cells were 
growing with IM supplemented with 1.25 µg/mL of puromy-
cin. On day 4, cells dissociated by Accutase and centrifuged 
at 200g for 5 min. Pelleted cells were resuspended in CM, 
counted, and replated at a desired density at BioCoat PLO-
coated plates or µ-slide wells (Ibidi).

Generation of stable LYST‑ALFA cell lines

For the generation of iPSC and U2OS cells stably overex-
pressing LYST-ALFA, cells grown in a well of six-well dish 
were co-transfected with the piggyBac transposon contain-
ing the coding sequence of LYST with in-frame C-terminus 
ALFA-tag (PB-LYST-ALFA hygro-NLS-mNeonGreen) 
together with piggyBac transposase plasmid (5:1) in a total 
of 3 µg of DNA and 10 µL of Lipofectamine Stem as a trans-
fection reagent for the iPSC or Lipofectamine 3000 reagent 
for the U2OS cells. Cells were selected by the addition of 
hygromycin (200 µg/mL) 48 h post-transfection.

Labeling lysosomes with probes

For labeling active CathD,  i3Neurons were incubated with 
BODIPY-FL-pepstatin A (1 µM; Thermo Fisher Scientific, 
Cat. No. P12271) at 37 °C and 5%  CO2 for 1 h. The cells 
were imaged after washing twice with the neuronal media.

For labeling catalytic active Cath B, we used the Magic 
Red-Cathepsin B Assay (1:4000, ImmunoChemistry Tech-
nologies, Cat. No. 937) for 1 h at 37 °C and 5%  CO2. The 

cells were imaged after washing twice with the neuronal 
media.

For labeling acidic organelles, cells were incubated with 
75 nM of LysoTracker Red DND-99 (Invitrogen, Cat. No. 
L7528) for 1 h at 37 °C and 5%  CO2. The cells were imaged 
after washing twice with the neuronal media.

For analyze the lysosomal protease activity, cells were 
incubated with DQ™ Red BSA  (Invitrogen, Cat. No. 
D-12051) that becomes fluorescent upon proteolytic cleav-
age (λex: ~ 590 nm, λem: ~ 620 nm). Cells were incubated with 
10 µg/mL of DQ™ Red BSA for 1 h at 37 °C and 5%  CO2, 
followed by incubation with fresh media for 3 h.

Microfluidic assays

Microfluidic devices were fabricated using polydimethylsi-
loxane (PDMS). The design consists of two open chambers 
connected by microgrooves 5 μm wide, 4.5 μm high, and 
450 μm, molded on photolithographically patterned tem-
plates designed and fabricated in-house. After un-molding 
and trimming of PDMS the devices were irreversibly bonded 
to acid-etched glass coverslips after activation with oxygen 
plasma. The coverslips were then coated with PLO. After 3 
days of pre-differentiation,  i3neuronal progenitor cells were 
dissociated as described before, plated in one chamber of 
the microdevice, and cultured for at least 10 days to allow 
the axons to grow through the microgrooves to the other 
chamber for easy visualization.

Live cell imaging

For LAMP1-mNeonGreen trafficking experiments, we 
used Yakogawa CSU XI Spinning-disk with photomet-
ric Evolve Delta EMCCD on a Nikon Ti2e microscope. 
The objective and the environmental chamber were set at 
37 °C with 5%  CO2 during the image acquisition. Spin-
ning-disk images were taken in the mid-axon of LYST+/+ 
and LYST−/−  i3Neurons (growing in microfluidic devices) 
with a Plan Apo VC 100X 1.35 NA silicone immersion oil 
objective. The movement of LAMP1-mNeonGreen posi-
tive vesicles was then imaged in 70 μm segments of the 
neuronal axons for 5 min. NIS-Elements AR Microscope 
imaging software was used for the acquisition. Kymographs 
were generated with Fiji software (Image J, NIH): lines of 
one-pixel thickness and 70 μm length were tracked through 
the axon and straightened, followed by stack re-slicing and 
Z projection. The number of retrograde, anterograde, or 
static events was determined manually from kymographs 
by looking at the slopes of the generated lines, with negative 
and positive slopes representing anterograde and retrograde 
movement, respectively. The results were expressed as a per-
centage of the total number of events in each kymograph.
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Super-resolution live imaging was performed using Zeiss 
LSM 880 microscope equipped with a 63x/1.4 numerical 
aperture (NA) objective. Super-resolution imaging was per-
formed using the Airyscan mode and the images were pro-
cessed using Airyscan processing in ZEISS ZEN microscope 
software. The objective and the environmental chamber were 
set at 37 °C with 5%  CO2 during the image acquisition. Fiji 
software was used for image processing.

Immunofluorescence microscopy

Cells (iPSC,  i3Neurons or U2OS) were fixed for 10 min in 
4% v/v PFA in PBS supplemented with 4% sucrose. Cells 
were then washed twice in PBS and permeabilized with per-
meabilization/blocking buffer: PBS containing 0.1% (w/v) 
saponin and 1% (w/v) BSA) for 1 h at room temperature. 
Fixed cells were incubated with primary antibodies diluted 
in permeabilization/blocking buffer overnight at 4 °C. The 
next day, after three five-min washes with permeabilization/
blocking buffer, Alexa Fluor labeled secondary antibodies 
(Invitrogen) diluted 1:500 in permeabilization/blocking 
buffer were added for 1 h at room temperature. Nuclei were 
labeled with 5 µg/mL Hoechst 33342 (Sigma-Aldrich) in 
PBS and incubated at room temperature for 10 min. After 
three 5-min washes with PBS, slides were preserved using 
Ibid Mounting Medium (Cat. No. 50001). Cells were imaged 
using Zeiss LSM 700 microscope equipped with a 40X 1.2 
NA and 63X 1.4 NA objective. Fiji software was used for 
image processing.

Immunoblotting

Cells were washed with PBS and lysed using 2X SDS lysis 
buffer (250 mM Tris–HCl pH 6.8, 4% SDS, 10% glycerol, 
Complete Protease Inhibitor Cocktail [Roche, Cat. No. 
5892791001], and PhosSTOP phosphatase inhibitor cock-
tail [Roche, Cat. No. 4906845001]). Lysates were kept at 
room temperature, and sonicated at 10% amplitude with 
Branson Digital Sonicator for 30 s. Cleared lysates were 
obtained by centrifugation at 15,000g for 10 min and super-
natants were transferred to new tubes. Protein concentra-
tions were measured using the DC protein assay (Bio-Rad, 
Cat. No. 5000116). Twenty to 40 μg of total protein extracts 
were mixed with 2X SDS sample buffer containing 2-mer-
captoethanol and resolved through SDS-PAGE on 4–15% 
Mini Protean TGX stain-Free Gels (Bio-Rad) and trans-
ferred to polyvinylidene fluoride (PVDF) or nitrocellulose 
membranes via a Trans-Blot Turbo Transfer System (BIO-
RAD). Membranes were blocked in Odyssey blocking buffer 
(LI-COR, Cat. No. 927-60001) for 2 h at room temperature 
and probed with the primary antibodies overnight at 4 °C. 
Membranes were then washed with TBST (Tris-buffered 
saline with 0.05% Tween 20) followed by incubation with 

IRDye 680RD or IRDye 800CW labeled secondary anti-
bodies (LI-COR Biosciences) for 1 h at room temperature. 
Images were captured on a LI-COR Odyssey CLx imaging 
system and analyzed using Image Studio software (LI-COR 
Biosciences).

APEX2 reaction

U2OS LYST-ALFA cells expressing LAMP1-3xFLAG-
APEX2 were plated in a 10  cm2 dish. When the cell 
density reached at 90%, media was replaced either with 
EBBS (Gibco, Cat. No. 24010-043) or basal media (growth 
media; GM), and cells were further incubated for 24 h. 
APEX2-mediated biotinylation reaction was carried out by 
supplementing cell media with 500 µM Biotinyl-tyramide 
(Biotin-phenol; Tocris, Cat. No. 6241) for 30 min at 37 °C 
and 5%  CO2 prior to APEX2 enzyme stimulation with the 
addition of hydrogen peroxide  (H2O2) at room temperature. 
Cells were washed with 15 mL quencher solution (10 mM 
sodium azide, 10 mM sodium ascorbate, 5 mM Trolox in 
PBS) four times before lysing the cells with 500 µL of Lysis 
buffer (50 mM Tris–Cl pH 7.5, 500 mM NaCl, 0.2% SDS, 
1 mM DTT, 10 mM sodium azide, 10 mM sodium ascorbate, 
5 mM Trolox, complete mini protease inhibitor tablets in 
 ddH2O). Cells were then incubated on ice for 1 h and soni-
cated at 10% amplitude with Branson Digital Sonicator for 
1 min on ice. Cleared lysates were obtained by centrifuga-
tion at 15,000g for 10 min at 4 °C and the protein concentra-
tion was quantified using a Pierce™ 660 nm Protein Assay 
(Thermo Fisher Scientific, Cat. No. 22660). Equal concen-
trations of protein lysates were incubated with pre-washed 
Streptavidin Magnetic Beads (Pierce, Cat. No. 88817) over-
night with end-to-end rotation at 4 °C. The next day, using 
a magnetic rack, we washed twice the biotinylated proteins 
bound to streptavidin-conjugated beads with Buffer 1 (2% 
SDS in  ddH2O), twice with Buffer 2 (50 mM Tris–HCl pH 
7.4, 500 mM NaCl, 0.1% sodium deoxycholate, 1% Triton-
X, 1 mM EDTA in  ddH2O), twice with Buffer 3 (10 mM 
Tris–HCl pH 7.4, 250 mM NaCl, 0.5% sodium deoxycho-
late, 0.5% NP-40, 1 mM EDTA in  ddH2O), and twice with 
Buffer 4 (50 mM ammonium bicarbonate in  ddH2O). Bioti-
nylated proteins were eluted from streptavidin-conjugated 
beads by boiling them at 95 °C for 5 min with 2X SDS 
sample buffer with 2-mercaptoethanol. The samples were 
then evaluated by immunoblotting.

Cell viability assay

LYST+/+ and LYST−/−  i3Neurons were cultured in basal 
media (GM) or EBSS for 24 h. Cell viability was based on 
the cell’s metabolic ability to reduce yellow tetrazolium salt 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide or MTT; Roche, 11465007001) to purple formazan 
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crystals, which was measured fluorometrically following the 
manufacturer recommendation. The cell viability of LYST+/+ 
and LYST−/−  i3Neurons was compared between GM and 
EBSS.

Quantification and statistical analysis

Multiple independent experiments were carried out as 
detailed in the figure legends. Quantified data were analyzed 
using Prism 9 software (Graphpad, San Diego, CA), and 
the statical significance of differences between two samples 
was calculated using a Mann–Whitney test. The Cath D sig-
nal was thresholded in Fiji software using the Otsu dark 
algorithm. After thresholding, images were made binary 
(run ‘create a mask’), and a watershed function was run to 
separate objects that touch each other. Finally, the ‘analyze 
particles’ function (circularity set at 0.7–1.0) was used to 
quantify the number and size (area) of the Cath D signal 
 (lysosomeCathD). The histograms were generated using the 
frequency distribution function from Prism 9 software. The 
bin width was set at 0.4. To generate histograms, the bin 
range was 0.2–1.8. To generate histograms shown in insets, 
the bin range was 1.8–4.6.

For the generation of line scan analysis, a straight line 
across the organelle was drawn as a Region of Interest (ROI) 
using Fiji software, and the values of intensity from each 
channel were determined. The related intensity profiles from 
the intensity values of each channel were generated using 
Prism 9 software.
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