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Loss of the batten disease protein CLN3 leads
to mis-trafficking of M6PR and defective
autophagic-lysosomal reformation

Alessia Calcagni’ 1,2 , Leopoldo Staiano 3,4, Nicolina Zampelli3,
Nadia Minopoli3,5, Niculin J. Herz1,2, Giuseppe Di Tullio3, Tuong Huynh1,2,
Jlenia Monfregola3, Alessandra Esposito 3,6, Carmine Cirillo3,
Aleksandar Bajic1,2, Mahla Zahabiyon1,2, Rachel Curnock7, Elena Polishchuk3,
Luke Parkitny 1,2, Diego Luis Medina 3,5, Nunzia Pastore 3,5,
Peter J. Cullen 7, Giancarlo Parenti3,5, Maria Antonietta De Matteis 3,8,
Paolo Grumati 3,9 & Andrea Ballabio 1,2,3,5,6

Batten disease, one of the most devastating types of neurodegenerative
lysosomal storage disorders, is caused by mutations in CLN3. Here, we show
that CLN3 is a vesicular trafficking hub connecting the Golgi and lysosome
compartments. Proteomic analysis reveals that CLN3 interacts with several
endo-lysosomal trafficking proteins, including the cation-independent man-
nose 6 phosphate receptor (CI-M6PR), which coordinates the targeting of
lysosomal enzymes to lysosomes. CLN3 depletion results in mis-trafficking of
CI-M6PR, mis-sorting of lysosomal enzymes, and defective autophagic lyso-
somal reformation. Conversely, CLN3 overexpression promotes the formation
of multiple lysosomal tubules, which are autophagy and CI-M6PR-dependent,
generating newly formed proto-lysosomes. Together, our findings reveal that
CLN3 functions as a link between the M6P-dependent trafficking of lysosomal
enzymes and lysosomal reformation pathway, explaining the global impair-
ment of lysosomal function in Batten disease.

Neuronal Ceroid Lipofuscinoses (NCLs) are neurodegenerative lyso-
somal storage disorders (LSDs) associated with the accumulation of
auto-fluorescent ceroid material (lipofuscins) inside lysosomes1. NCLs
are caused by mutations in genes encoding either transmembrane
(e.g., CLN3, CLN7) or soluble (e.g., CLN1, CLN2, CLN5) lysosomal pro-
teins, as well as non-lysosomal proteins (CLN6, CLN8)2–4. Unfortu-
nately, the biochemical function and physiological role of most CLN
proteins remains elusive. This also applies to CLN3, whose mutations
underlie a severe form of NCL, known as Batten disease (NCL3)5. CLN3

is a predicted multi-pass transmembrane protein that was reported to
be localized predominantly at the lysosome6. Similarly to other NCLs,
NCL3 disease is associated with ceroid lipofuscin accumulation pri-
marily in the brain5, with devastating disease manifestations spanning
from blindness, seizures, and dementia, to the progressive loss of
cognitive and motor skills, ultimately leading to death. These symp-
toms typically arise at ~4–7 years of age, and cause death by age 302,7,8.
Most patients with NCL3 carry a homozygous 1.02 Kb deletion in the
CLN3 gene, whereas some are compound heterozygotes, carrying this
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deletion in combination with other mutations9–12. Currently approved
therapies for NCL3 only manage symptoms, whereas effective ther-
apeutic approaches are unavailable, mostly due to the lack of knowl-
edge on the biological function of CLN3.

Lysosomal enzymes after being synthesized in the endoplasmic
reticulum, they traffic through the Golgi where they acquire M6P
residues, and then are targeted to the endo-lysosomes through the
recognition of M6P residues by mannose-6-phosphate receptors
(M6PRs)13. We discovered that CLN3 regulates the trafficking of CI-
M6PR, thus playing a central role in the targeting of lysosomal
enzymes to the lysosome. We also discovered that CLN3 is involved in
Autophagic Lysosomal Reformation (ALR), an essential process to
generate new functioning proto-lysosomes from mature lysosomes14.
This process is promoted by prolonged starvation, a condition that
activates autophagy. Upon autophagosome-lysosome fusion, cargo
degradation results in the release of nutrients that are then required
for mTOR reactivation. This triggers a membrane remodeling
mechanism characterized by the generation of PI(4,5)P2 subdomains,
and the assembly of AP2-clathrin lattices, where the anchoring of
kinesin-1 determines the generation of tubules and of novel proto-
lysosomes15,16. Mutations in genes important for lysosomal function,
have already been associated with ALR. For example, mutations in
spinster, a critical regulator of ALR17, result in alteration of lysosomal
pH, defective lysosomal degradative function, and faulty ALR due to
failure of mTOR reactivation17. Also, in flies, spinster mutations reca-
pitulate several features of LSDs18. Notably, failure of ALR was also
shown in some LSDs such as Scheie syndrome, Fabry disease, and
Aspartylglucosaminuria15.

Here we show that CLN3 localizes both at the Golgi apparatus and
at the lysosome, where it interacts with multiple trafficking protein
complexes to mediate recycling of CI-M6PR at the Golgi. Loss-of-
function of CLN3 causes degradation of CI-M6PR in lysosomes, mis-
targeting and secretion of lysosomal enzymes, and impairment of
autophagic-lysosomal reformation.

Results
CLN3 traffics through the Golgi apparatus and lysosomes
The absence of reliable CLN3 antibodies has hindered studies on
endogenous CLN3 protein localization and kinetics. We generated a
novel anti-CLN3 polyclonal antibody to study the subcellular localiza-
tion of the endogenous CLN3 protein. In ARPE19 cells, endogenous
CLN3was equally distributedbetween lysosomes and aperinuclear area
overlappingwith the trans-Golgi networkmarker TGN46 (Fig. 1a, b), and
was undetectable on EEA1-positive early endosomes (Supplementary
Fig. 1a, b) whereas no specific signal was observed in CLN3-KO cells
(Fig. 1a). CLN3 Golgi signal in WT ARPE19 cells was also detected with
Airyscan super-resolution microscopy (Fig. 1c). To further validate
CLN3 subcellular distribution, we generated a doxycycline inducible
CLN3 construct that was internally tagged (CLN3-innHA), as previous
observations showed protein mis-localization upon N- or C-terminal
tagging9,19,20. We generated ARPE19 pLVX-CLN3innHA stable cell lines
and confirmed CLN3-innHA Golgi-lysosomal localization (Supplemen-
tary Fig. 1c). The same distribution pattern was also observed in HeLa
cells (Supplementary Fig. 1d), no specific signal was detectable in CLN3
KO cells (Supplementary Fig. 1e). Overall, these results indicate that
CLN3 localizes at bothGolgi and lysosomal compartments. Immunoblot
(IB) analysis performed in ARPE19 cells identified a 45 kDa and a
65–80 kDa form, which were both lost upon siRNA-mediated knock-
down (siCLN3) and in CRISPR/Cas9 CLN3 KO cells (Supplementary
Fig. 1f, g). The same resultwas confirmed inHeLaWTandCLN3-KO cells
(Supplementary Fig. 1h, i). The antibody was further validated by per-
forming CLN3-immunopurification on ARPE19 WT and CLN3-KO cells.
This experiment clearly confirmed the presence of the 65–80KDa band
only in WT cells (Fig. 1d). Unfortunately, the lower band was not
detectable because the signal was covered by the IgG heavy chains.

Tunicamycin treatment, which inhibits N-linked glycosylation, resulted
in the appearance of a 42 kDa band, confirming that both CLN3 forms
are glycosylated21 (Supplementary Fig. 2a). Lysosome immuno-
purification (Lyso-IP)22 revealed that only the 65–80kDa protein form
localizes to lysosomes (Supplementary Fig. 2b), suggesting that the two
CLN3 forms may represent different stages of protein maturation. To
test this hypothesis, we used the doxycycline inducible CLN3 construct
to temporally modulate CLN3 overexpression. Blocking CLN3-specific
and total protein synthesis through concomitant removal of doxycy-
cline and addition of cycloheximide (CHX) revealed that the 65–80kDa
band is long-lived, with a half-life of 12 h, whereas the low-molecular
weight band is lost 2 h after inhibiting translation (Supplementary
Fig. 2c). Short doxycycline treatments on CLN3-innHA cells resulted in
the production of the 45 kDa form, which gradually disappeared after
long doxycycline washouts, whereas the 65–80kDa band becamemore
evident (Fig. 1e, f). Bafilomycin A1, but notMG132, treatment resulted in
CLN3 accumulation (Supplementary Fig. 2d, e), suggesting that CLN3 is
mainly degraded through lysosome-mediated pathways. Notably, upon
short doxycycline treatment, CLN3 exclusively localized to the Golgi
apparatus (de novo synthesis), whereas the long doxycycline washout
resulted in reduction of the protein at Golgi and appearance of the
protein on lysosomes, indicating that the newly synthesized protein
transits through the Golgi to reach the lysosomes (Supplemen-
tary Fig. 2f).

These data indicate that the 45 kDa and 65–80 kDa CLN3 protein
forms represent the newly synthesized and the mature form respec-
tively, with the latter undergoing heavy glycosylation and trafficking
through the Golgi and lysosomal compartments.

CLN3 interacts with protein complexes involved in membrane
trafficking and recycling
To identify CLN3protein interactors thatmediate important aspects of
CLN3 function, we performed CLN3 interactome analysis by co-IP and
mass spectrometry (Co-IP-MS) inCLN3-innHAARPE19 cells upona 24 h
doxycycline induction, in both fed and prolonged starvation condi-
tions. This analysis revealed that CLN3 interacts with several proteins
and protein complexes involved in endo-lysosomal trafficking path-
ways such as BORC (e.g., Lyspersin, Snapin), BLOC1 (e.g., Disbindin),
ESCPE-1 (e.g., SNX5, SNX6), retromer (e.g., VPS26), SNARE (e.g.,
VAMP3, VAMP7), PI4K2A and other PI-related proteins, and the cation
independent-mannose 6-phosphate receptor (CI-M6PR) (Fig. 2; Sup-
plementaryData 1). Also,wenoted thatprolonged starvation increased
the number of CLN3 interactors. Specifically, we identified 107 CLN3
interactors in fed cells and 158 interactors in starvation conditions
(fold change ≥ 1.5, p value < 0.05), with 88 common interactors shared
between the two sets (Supplementary Fig. 3a and Supplementary
Data 1). Candidate interactors from these pathways were validated via
Co-IP-immunoblot experiments (Supplementary Fig. 3b, c, d). These
data revealed that CLN3 interacts with several protein complexes
involved in lysosome motility, biogenesis of lysosome-related orga-
nelles, and transmembrane receptor recycling from the endosome,
suggesting that CLN3 may play a role in lysosome biogenesis and
vesicular trafficking.

Loss of CLN3 leads to mis-trafficking of CI-M6PR
CLN3 interactome analysis revealed that CI-M6PR, which is involved in
the sorting of lysosomal enzymes and is recycled to the TGN com-
partment by retrograde trafficking machineries from sorting
endosomes23–27, was among the most enriched CLN3 interactors. We
observed that the levels of CI-M6PR were highly reduced in ARPE19
CLN3-depleted cells and recovered upon bafilomycin treatment
(Fig. 3a, b, Supplementary Fig. 4a). Inhibition of lysosomal degradation
through bafilomycin also revealed that the CI-M6PR accumulated into
the lysosomal lumen, indicating mis-trafficking consequent degrada-
tion (Fig. 3c). To follow the trafficking ofCI-M6PR,we performed a cell-
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surface uptake assay, where cells are incubated with an antibody
against the extracellular/luminal domain of CI-M6PR. After the uptake
of the CI-M6PR, a portion of the protein is delivered from the plasma
membrane (PM) to sorting endosomes and subsequently to the Golgi
compartment, while a fraction is recycled back to the PM28. This assay
showed that the amount of internalized receptor is also highly reduced

in CLN3-KO cells (Fig. 3d), confirming the previous data. Flow cyto-
metry (FC) also showed a reduction of CI-M6PR at the PM (Fig. 3e).
During endocytosis, the internalized receptor accumulated in enlarged
EEA1-positive early endosomes in CLN3 KO cells (Fig. 4a), whereas its
Golgi delivery was impaired (Fig. 4b). No defects in the recycling of the
receptor to the PM were detectable (Supplementary Fig. 4b, c).
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Conversely, CLN3 overexpression enhanced trafficking of the CI-M6PR
to the Golgi compartment (Fig. 4a–c). Delivery of the CI-M6PR to the
Golgi compartment is mainly modulated by the retromer and ESCPE-1
complex29,30. Upon CLN3-overexpression, the enhanced Golgi delivery
of the receptor was partially rescued by silencing of the ESCPE-1
complex, but was mostly unaffected by retromer depletion (Fig. 4d).
Of note, several components of the ESCPE-1 complex were also iden-
tified among CLN3 interactors, indicating that it may cooperate with
CLN3 in the recycling of the receptor atGolgi. ImpairedGolgi recycling
of CI-M6PR was rescued by CLN3 reintroduction (Supplementary
Fig. 4d) and was also detected in HeLa CLN3 KO cells (Supplementary

Fig. 4e). These results indicate that CLN3 is required for the correct
trafficking of CI-M6PR.

Loss of CLN3 causes mis-sorting of lysosomal enzymes
Due to the roleof CLN3 in the trafficking ofCI-M6PR, its lossmay result
in mis-targeting of lysosomal enzymes. To test this hypothesis, we
analyzed the lysosomal proteome composition of wild type and CLN3
KO cells. MS analysis of Lyso-IP22-purified lysosomes from CLN3 KO
cells, revealed significant alterations of the lysosomal proteome. Spe-
cifically, we detected an intra-lysosomal reduction of 14 different
lysosomal hydrolases and as well as of CI-M6PR (Fig. 5a,

Fig. 1 | CLN3protein localizes to lysosomesandGolgi. aARPE19WTandCLN3-KO
cells stained with antibodies against CLN3 (red), TGN46 (blue) and LAMP1 (green),
analyzed by confocal microscopy. Scale bar 20μm. Insets show image enlarge-
ments. b Enlargement of WT cells shown in (a), and fluorescent line intensity plot
showing CLN3-LAMP1 and CLN3-TGN46 co-localization. White lines show analyzed
areas. CLN3-TGN46 and CLN3-LAMP1 Manders’ co-localization coefficients and
mean+single values are also shown. N = 45 cells, unpaired t-test (two-tailed), P value
0.4977 (NS). c ARPE19 cells stained with antibodies against CLN3 (red) and TGN46
(green) and imaged with Airyscan super-resolution microscopy. Scale bar 5μm

d CLN3- immunoprecipitates were prepared from WT and CLN3-KO ARPE19 cells
and analyzed by immunoblotting for the indicated proteins. Repeated two times.
IgH, IgG heavy-chains. e Immunoblot of ARPE19 cells infected with pLVX-
CLN3innHA and induced for 0, 4, 6, or 18 h with doxycycline followed by a 12 h
doxycycline washout, or collected immediately after induction. Arrows indicate
45 kDa and 65–80kDa bands. W/Owashout, Dox doxycycline, hrs hours. Repeated
two times. f Scheme of doxycycline protocol used to study CLN3 protein matura-
tion. Source data are provided as a Source Data file.

Fig. 2 | CLN3 interacts with endo-lysosomal trafficking and recycling com-
plexes. Interactome analysis in ARPE19-pLVX-CLN3innHA cells induced for 24 h
with 1μg/ml doxycycline, and immunoprecipitated for the HA-tag, showing enri-
chedhits (fold change ≥ 1.5,p value <0.05) compared to cells not expressing theHA

tag. Relevant protein complexes identified with Corum and displayed with Cytos-
cape, are color-coded and reported in separate enlargements. N = three indepen-
dent experiments. Data are provided in Supplementary Data 1. P values are
calculated using two-tailed unpaired t-tests.
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Supplementary Fig. 5a, b, c, Supplementary Data 2, 3). These results
were validated by both immunoblot analysis (Supplementary Fig. 5d)
and enzymatic assays (Supplementary Fig. 5e), which confirmed a
reduction of GAA, HexA and GusB enzyme activities within the lyso-
somes of CLN3 KO cells. More specifically, we observed a substantial
reduction of the intermediate and mature forms of the lysosomal

enzymealpha-glucosidase (GAA) inCLN3KOcells, suggesting reduced
intra-lysosomal maturation of the enzyme (Fig. 5b). GAA precursor
levels were highly increased in the media of CLN3 KO cells, which is in
line with a secretion of the neo-synthesized enzyme into the media
(Fig. 5c). Similar results were obtained for the beta-glucuronidase
(GusB) enzyme, whose mature form was reduced in the pellet
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(Supplementary Fig. 6a) and the precursor form increased in the
medium of CLN3 KO cells (Supplementary Fig. 6b). Consistent with
these results, enzymatic assays performed on the supernatant and cell
lysates of CLN3KOcells revealed increased secretionofGAA,GusBand
HexA enzymes in the media, and a reduction of their cellular content
(Supplementary Fig. 6c).

We also found that rhGAA PM-to-lysosome trafficking was
impaired in CLN3 KO cells, in which GAA accumulated in endosomes
(Fig. 5d). Furthermore, lysosomal degradation of rhGAA was severely
impaired in CLN3 KO cells, whereas it was enhanced after a 30min-
chase in CLN3-overexpressing cells (Fig. 5e). Finally, live-imaging of
cells loaded with rhGAA-546 after prolonged starvation revealed that
most of the enzyme failed to reach lysosomes after a 60min-loading in
CLN3 KO cells (Supplementary Fig. 6d), confirming our previous
results.

Together these results are consistent with the above-described
trafficking defect of CI-M6PR, resulting in mis-sorting of lysosomal
proteins and leading to global impairment of lysosomal degradative
capacity.

CLN3 modulates lysosomal tubulation and reformation
To investigate the effects of CLN3 depletion on lysosomes, we per-
formed ultrastructural analysis on CLN3 KO cells. This analysis
revealed the presence of enlarged and aggregated lysosomes and
accumulation of autolysosomes (Fig. 6a, Supplementary Fig. 7a), a
phenotype that was exacerbated when the cell cycle was blocked
(Fig. 6b), suggesting an impairment of a lysosomal biogenesis process
known as ALR14–16. ALR is induced upon prolonged starvation (i.e.,
serum+ glutamine deprivation)15, duringwhich lysosomal degradation
of autophagic cargos results in reactivation of the mTOR pathway, a
critical step for ALR15. Notably, we observed that mTOR signalling was
insensitive to prolonged starvation in CLN3-KO cells, and its reactiva-
tion was defective, possibly because of the impaired lysosomal
degradation capacity (Fig. 6c). Moreover, after prolonged starvation
CLN3-depleted cells showed accumulation of enlarged LC3-GFP+

autolysosomes (Fig. 6d), supporting an impairment of ALR. We also
observed that CLN3 reintroduction in CLN3-KO cells, not only rescued
lysosomal storage (Supplementary Fig. 7b), but also induced extensive
lysosome tubulation, an important step in the autophagic-lysosome
reformation (ALR) process14–16 (Fig. 6e). Moreover, in CLN3-rescued
cells lysosomes were increased in number, and reduced in size, in line
with the activation of ALR (Fig. 6e, Supplementary Fig. 7c).

Induction of ALR by prolonged starvation in CLN3-innHA over-
expressing cells revealed remodeling of the lysosomal compartment,
with the appearance of multiple tubules on lysosomes which bud,
elongate and are then released (Fig. 7a, b; Supplementary Movie 1).
These tubules were positive for themarkers dextran, LAMP1 and CLN3
(Fig. 7a, b; Supplementary Fig. 8a–c) and closely resembled tubules
observed during ALR14–16,31. Induction of CLN3-innHA expression in
both basal and prolonged starvation conditions also resulted in a
striking increase in the total number of lysosomes per cell compared
with control cells, especially in the prolonged starvation conditions

(Fig. 7b, Supplementary Fig. 8d). These data indicate that ALR is
enhanced upon CLN3 overexpression. In line with these results, lyso-
somal tubules were nearly absent in CLN3 KO cells and no significant
difference in the number of lysosomes was detected between starved
and fed CLN3 KO cells (Fig. 7b, Supplementary Fig. 8d). Furthermore,
prolonged starvation failed to restore normal lysosomal size in CLN3
KO cells (Fig. 7b; Supplementary Movie 2, 3).

To test whether the tubulation phenotype was dependent upon
autophagy induction, we first we co-expressed LAMP1-mCherry and
LC3-GFP and observed LAMP1+ tubules extending from autolysosomes
(LAMP1+, LC3+) upon 16 h of starvation (Supplementary Fig. 8e). Next,
we silenced the ATG7protein, an essential autophagy effector enzyme,
and then assessed lysosomal tubulation and reformation rate in CLN3
overexpressing cells upon prolonged starvation. Silencing of ATG7
completely abolished lysosomal tubules, reduced lysosomal number
and increased lysosomal size, confirming that the observed lysosomal
reformation process is autophagy-dependent (Fig. 7c, Supplementary
Fig. 8f). Together, these data indicate that CLN3 drives lysosomal
tubule formation, which is required for the generation of new lyso-
somes through ALR.

We then reasoned that CLN3-mediated lysosomal tubulation and
reformation function may be connected to its role on CI-M6PR and on
the delivery of lysosomal enzymes. We performed lysosomal immuno-
purification analysis, and confirmed that in CLN3-overexpressing cells,
not only lysosome numbers were increased, but also the levels of
lysosomal enzymes were higher, indicating that newly-formed lyso-
somes contained lysosomal enzymes (Fig. 8a). In addition, new lyso-
somes and tubules were positive for rhGAA and pepstatin A (PepA),
confirming that CLN3 was able to promote delivery of lysosomal
enzymes in the new lysosomes (Fig. 8b). Finally, we found that silen-
cing of CI-M6PR completely abolished CLN3-mediated lysosomal
tubulation and reformation phenotypes (Fig. 8c, Supplementary
Fig. 8g, h). These data indicate that CLN3-mediated hypertubulation
requires the presence of CI-M6PR, and of key proteins in ALR such as
the autophagy regulator ATG7.

Discussion
Batten disease, caused by mutations in CLN3, is one of the most
devastating neurodegenerative childhood diseases. Its progressive
nature and fatal outcome represent a heavy burden for the families of
affected children and for society. CLN3 has been linked to a variety of
different processes, such as regulation of lysosomal pH32,33,
autophagy34,35, calcium homeostasis36,37, cell proliferation38,39 and
synaptic activity12, and it was recently shown to be essential for the
clearance of glycerophosphodiesters from lysosomes40.
More recently, attention has shifted to the ability of CLN3 tomodulate
endocytic pathways andmembrane dynamics41–43, suggesting that this
protein may exert a global role on lysosomal function. Interestingly,
Schmidtke et al.43 recently described a general loss of lysosomal
enzymes and defective trafficking of Tf and TfR in a cerebellar murine
NCL3 cell line, while Yasa et al.42 reported a role for CLN3 in regulating
retromer-RAB7A function. These results suggest a role of CLN3 in the

Fig. 3 | CI-M6PR is degraded in CLN3-KO cells. a ARPE19 WT and CLN3-KO cells
were treatedwith 20nMbafilomycin for 12 h and analyzed by immunoblotting with
the indicated antibodies. Each lane is an independent replicate. The relative
quantifications are shown in graph, values are normalized against b-tubulin (Tubb)
andWTcells. N = three independent experiments. Unpaired t-test (Tukey’smultiple
comparisons test) (*p <0.05, **p <0.01, ***p <0.001). b ARPE19 WT and CLN3-KO
cells stained with antibodies against CI-M6PR and TGN46, analyzed by confocal
microscopy. Scale bar 20μm(left), and 5μm(right, insets). cARPE19WT andCLN3-
KO cells were treated with 20nM bafilomycin for 12 h and stained with antibodies
against CI-M6PR, TGN46 and LAMP1. Overlapped CI-M6PR-LAMP1 fluorescent line
intensity plots are shown. Scale bar 20μm (left), and 5 μm (right, insets). d ARPE19
WT and CLN3-KO cells were loaded with saturating concentrations (5 ug/ml) of a

monoclonal anti-CI-M6PR antibody recognizing the extracellular/luminal domain
(lum-CI-M6PR) at 37 °C for 60min and were analyzed by immunoblot with anti-
bodies against the indicated proteins. To detect lum-CI-M6PR, only the relative
secondary antibody was blotted. Each lane is an independent replicate. Relative
quantifications are shown in graph, values are normalized against b-tubulin (Tubb)
and WT+lum-CI-M6PR condition. N = three independent experiments. One-way
Anova (**p <0.01). e Representative flow cytometry dot plots from ARPE19WT and
CLN3 KO cells, loaded with 5ug/ml of anti-lum-CI-M6PR at 4 °C for 45min, and
stained for PM CI-M6PR, or unstained (lower plot). Selected positive populations
and their relative quantification are shown (N= three independent experiments,
unpaired t-test (two-tailed),mean ± SEM, **p <0.01). The gating strategy is provided
in Supplementary Fig. 9. Source data are provided as a Source Data file.
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regulation of endo-lysosomal trafficking and sorting of lysosomal
enzymes.

Thanks to the generation of a novel CLN3 antibody we were able
to observe that CLN3 localization is not limited to lysosomes, as pre-
viously indicated, but a significant fraction of CLN3 is also found at the
Golgi apparatus.More specifically, we observed a Golgi-specific 45 kDa
form, which represents the newly synthesized protein, and a mature,
highly glycosylated, 65–80 kDa form located both at the Golgi and

lysosomes. We also observed that CLN3 Golgi localization, which was
visible at early times of induction, was significantly reduced upon
inhibition of protein biosynthesis (CHX treatment). These results
strongly suggest that CLN3 is not a Golgi resident protein, but that the
newly synthesized protein transits through the Golgi to reach the
lysosomes.

Moreover, proteomic analyses showed that CLN3 interacts with
several endo-lysosomal trafficking complexes, such as BORC, BLOC1,
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retromer and ESCPE-1, as well as with SNAREs (e.g., VAMP3, VAMP7)
proteins, clathrin adaptors, PI4K2A, a regulator of phosphoinositide
metabolism, and CI-M6PR, an important sorting receptor of lysosomal
hydrolases13,44. Notably, CI-M6PR was among the most enriched CLN3
interactors.Mostof lysosomal enzymes acquiremannose-6-phosphate
residues, which are then recognized by specific sorting receptors
(mannose-6-phosphate receptors, MPRs) and sorted into the endo-
lysosomal compartment13,44,45. We found that loss of CLN3 resulted in
mis-sorting of CI-M6PR to the lysosomes, with its consequent
degradation.

Considering the role CI-M6PR, we postulated that CLN3 depletion
would result in a global depletion of lysosomal hydrolases in the
lysosomal lumen. In line with this hypothesis, proteomic analysis
performed on purified lysosomes revealed a significant reduction of
intra-lysosomal levels of several hydrolases. Schmidtke et al.43, and by
Metcalf et al.46 also reported defects in the trafficking of lysosomal
enzymes in CLN3 KO cells. These data are consistent with an impaired
sorting of lysosomal enzymes due to defective recycling of CI-M6PR.
We also observed that GAA protein levels and enzymatic activity were
reduced in CLN3 KO cells, and increased in the media, together with
other lysosomal enzymes such as HexA. Notably, a similar mechanism
was reported in two other neurodegenerative LSDs caused by muta-
tions affecting theMPR-sorting pathway: mucolipidosis II or Inclusion-
cell (I-cell) disease, and mucolipidosis III (pseudo-Hurler poly-
dystrophy Inclusion-cell)47. In these conditions, lysosomal enzymes
cannot enter the lysosomal delivery route, instead they are secreted
extracellularly, similarly to what we observed in CLN3 KO cells. Similar
results were also reported by Pechincha et al.48, who recently showed
that depletion of LYSET, a core component of the M6P pathway,
caused depletion of several lysosomal enzymes from the lysosomes,
together with their consequent secretion in the media. Notably, all 14
enzymes that we found to be reduced in CLN3-KO lysosomes, were
also reduced in lysosomes isolated from LYSET-depleted cells, con-
firming that our results are in line with a defect in the M6P pathway
(Table 1).

Finally, we found that GAA maturation, and rhGAA endosome-to-
lysosome delivery and lysosomal degradation was impaired in CLN3
KO cells, while CLN3-overexpressing cells displayed enhanced lyso-
somal degradation of the rhGAA-internalized enzyme, which is in line
with the enhanced recycling of CI-M6PR observed in CLN3-
overexpressing cells.

We reasoned that depletion of CI-M6PR and of lysosomal
enzymes, may affect lysosomal function. In the absence of CLN3,
electron microscopy revealed that cells accumulated enlarged and
aggregated lysosomes, which is a feature of impaired ALR. Also, cells
were unable to reactivate mTOR activity upon prolonged starvation
and showed accumulation of enlarged LC3-GFP+ autolysosomes 16 h
post serum+glutamine starvation. Both of these features resemble
defects observed during failure of ALR15–17. Consistently, we found that
tubules were almost completely absent in CLN3 KO cells, in both fed
and prolonged starvation conditions. Rong et al.17 previously showed
that during prolonged starvation a portion of lysosomes is initially
consumed until they are restored by ALR upon starvation-induced
autophagy. We quantified the number of lysosomes during starvation

andobserved that inCLN3-KOcells it remained stable over time, unlike
in WT cells. These data suggest that loss of CLN3 impairs both lyso-
somal consumption during the initial phase of starvation and lysoso-
mal reformation during prolonged starvation.

Oppositely from CLN3 depletion, we observed that CLN3 over-
expression positivelymodulates ALR. CLN3 overexpression resulted in
tubule formation and in a substantial increase in the number of lyso-
somes, especially upon prolonged starvation, and a reduction of
lysosomal size. Specifically, the number of lysosomes was significantly
decreased after 8 h of starvation and recovered after 16 h to levels that
are significantly higher compared toWTcells.We also determined that
inhibition of autophagy through ATG7 silencing completely abolished
CLN3-dependent tubules, confirming that this process is autophagy-
dependent. Interestingly, newly formed proto-lysosomes contained
lysosomal enzymes, as shown by lysoIP data, and tubules were positive
for rhGAA, or pepstatinA, supporting the hypothesis that CLN3 may
modulate ALR by promoting the delivery of lysosomal enzymes.
Consistently, we observed that CI-M6PR is essential for CLN3-
mediated ALR, as its silencing completely abolished lysosomal tubu-
lation and reformation.

Other interactors identified in our proteomic analysis may also
play a role in the lysosomal reformation process. Both Lyspersin, a
BORC subunit essential for lysosomal positioning and motility49, and
PI4K2A, a member of the family of phosphatidylinositol (PtdIns)
4-kinases responsible for phosphatidylinositol 4-monophosphate
(PI4P) production50,51, were also highly enriched among CLN3 inter-
actors. The BORC subunit BLOC1S1 was recently shown to be impor-
tant in the initiation of the lysosomal tubulation process52. Also,
mutations of Borcs7, a subunit of the BORC complex, result in a neu-
rodegenerative phenotype associated with progressive axonal dys-
trophy and perinatal death in mice53. Furthermore, PI4K2A was shown
to play a role in ALR in hereditary spastic paraplegia (HSP), a group of
neurodegenerative diseases associated with severe motor decline54,55.
The specific role of the interaction of CLN3 with Lyspersin and PI4K2A
will be the subject of future studies.

Notably, a recent study showed that loss of function of CLN7,
another lysosomal transmembrane protein involved in NCL, resulted
in both depletion of multiple soluble lysosomal proteins and
impaired lysosome reformation56. Also in this case, the impaired
degradative capacity of lysosomes abolished mTOR reactivation and
ALR. These findings indicate that ALR impairment and global altera-
tion of the lysosomal degradative capacity may be a pathogenic
mechanism common to other NCLs and suggest that CLN3 and CLN7
have similar roles in intracellular trafficking. In summary, we dis-
covered that CLN3 plays a crucial role in the sorting of CI-M6PR and
links this process with ALR, thus explaining the global lysosomal
dysfunction observed in Batten disease (Fig. 8d). Hopefully, future
studies based on these data will point to new therapeutic strategies
for this devastating disease.

Methods
Cell cultures
Cells were cultured in the following media: HeLa and HEK 293 T in
DMEM (Cat# 16777-200, VWR), ARPE19 in DMEM-F12 (Cat# 11320082,

Fig. 4 | CLN3 regulates the recycling of CI-M6PR. a Representative confocal
images of ARPE19 cells loaded with 5ug/ml anti-lumCI-M6PR antibody, at 37 °C for
60min (lumCI-M6PR, red), and co-stained with EEA1 (green) (scale bar 20μm).
Insets show enlargement areas. Graph shows lumCI-M6PR-EEA1 Manders’ coloca-
lization coefficient (N = 16–21 areas, mean+ single values, three independent
replicates). One-way Anova (Tukey’s multiple comparisons test), (***p <0.001,
****p <0.0001). b Representative confocal images of ARPE19 cells loaded with
lumCI-M6PR (red), as described in (a), and co-stained with G97 (green) (scale bar
20μm). Insets show enlargement areas. Quantification shows lumCI-M6PR-G97
Manders’ colocalization coefficient (N = 16–21 areas, mean+single values, three

independent replicates) one-way Anova (***p <0.001, ****p <0.0001). c Schematic
representation of lumCI-M6PR localization upon CLN3-overexpression. d ARPE
CLN3innHAcells were transfectedwith SNX5 + 6, VPS35 or scramble siRNA for 72 h,
and the day after induced with 1μg/ml doxycycline for the remaining 40h, loaded
with 5ug/ml anti-lumCI-M6PR antibody (red), at 37 °C for 45min, and then chased
for 30min. Cells were co-stained with G97 (green) and analyzed by confocal
microscopy (scale bar 20μm). Manders’ colocalization coefficients are shown.
Results are means+single values, N = 18–21 areas, four independent experiments,
one-way Anova. Scale bar 10μm. (**p <0.01, ****p <0.0001). Source data are pro-
vided as a Source Data file.
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Thermo Fisher Scientific) and DMEM/F-12, no glutamine (Cat# 21331-
020, Gibco). All media were supplemented with 10% inactivated FBS
(tetracycline-free) (Cat# 631106, Clontech/Takara), 2mM glutamine
(Cat# 25030081, ThermoFisher), penicillin (100 IU/mL) and strepto-
mycin (100μg/mL) (Cat# 10378016, ThermoFisher) and maintained at

37 °C and 5% CO2. Stable Tet-On ARPE19 CLN3-innHA, CLN3 and HeLa
CLN3-innHA cell lines were generated by transducing cells with the
lenti-pLVX Tet-One Inducible Expression System (Clontech). All cell
lines were validated bymorphological analysis and routinely tested for
absence of mycoplasma.
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Generation of CLN3-KO CRISPr/Cas9 cell lines
ARPE19 cells full KO for CLN3 gene was generated using the CRISPr/
Cas9 system.A gRNA sequencewith a lowoff-target scorewas selected
by using the http://crispor.tefor.net/crispor.pv online tool. The fol-
lowing guide was selected: GGCGCGCATTGGAAGAACG. The “ALL in
One” vector containing each gRNA was obtained from SIGMA
(CAS9GFPP). Cells were electroporated using the Amaxa system with
the nucleofection kit (Cat.# VCA-1003, Lonza). GFP-positive cells were
FACS sorted into 96-well plates to obtain single-cell derived colonies
carrying the INDEL mutations. Upon genomic DNA extraction, the
genomic sequence containing the targeted region was amplified by
PCR reaction with the specific primers: CLN3KOup tgaggggaatga-
gagctgac, CLN3KOlow cggtcacttccctcttctca. PCR products were ana-
lyzed by DNA Sanger sequencing and cell clones carrying homozygous
mutations introducing a premature stop codon (c. 109delA) were
selected and expanded. Clones were grown to confluency and
screened for knockout deletion by western blotting and immunos-
taining. Clone 26 and clone 21were selected, and clone 26was used for
the reported experiments. HeLa cells were seeded 1 day prior to
transfection, then transiently transfected with CRISPR plasmids
encoding the specific gRNA guide against CLN3 (GGCGCGCATTG-
GAAGAACG), the Cas9 enzyme and a puromycin-resistance marker
using FuGENE® 6 (Promega). Transfected cells were selected by incu-
bation with 1μg/ml puromycin for 24 h. Following puromycin selec-
tion, cellswere seeded into a 96-well plate at a density of 1 cell per well.
Clones were grown to confluency and screened for knockout deletion
by western blotting and immunostaining.

Plasmids and generation of cells stably expressing cDNAs
pLVX-TeT-ON CLN3, CLN3-innHA, LAMP1-mCherry inducible lentiviral
vectors were generated by standard cloning using the In-fusion HD
cloning kit (#638920, Takara). pLJC5-TMEM192-3xHA plasmid was
obtained on Addgene (Cat# 104434). Lentiviruses were produced by
co-transfecting HEK293T cells with the plasmids indicated above in
combinationwith VSV-G andΔVPRpackaging plasmids. Lipofectamine
LTX (Invitrogen) was used as transfection reagent. Twelve hours post
transfection, medium was changed to DMEM supplemented with 20%
FBS. Forty-eight hours later, virus-containing supernatants were col-
lected, passed through a 0.45 μm filter to eliminate cell debris and
used for infection in the presenceof 8μg/ml polybrene (Cat# TR-1003-
G, EMD Millipore). Twenty-four hours later, cells were selected with
puromycin or blasticidin for selection. The pEGFP-N1-PI4K2A was
previously published57. PeT28A and pGEX-4T1-CLN3 plasmids were
generated by standard cloning using the In-fusion HD cloning kit
(#638920, Takara).

Reagents and antibodies
The homemade polyclonal anti-CLN3 antibody was generated by
immunizing rabbits with a purified Escherichia Coli expressed His-

tagged CLN3 polypeptide, containing both luminal and cytoplasmic
protein domains.

Reagents used in this study were obtained from the following
sources: HA (Biolegend, Cat# 902301; Cat# 901501, 1:400 dilution for
IF, 1:1000 for WB), LAMP1 (Santa Cruz, Cat# sc-20011, 1:200 dilution
for IF, 1:1000 dilution for WB), GM130 (abcam, ab52649, 1:400 dilu-
tion for IF), TGN46 (Bio-Rad, AHP500GT, 1:400 dilution for IF),
LAMP1 (Hybridoma Bank, Cat# H4A3-a, 1:500 dilution for immu-
noEM), LC3 (Novus, Cat#NB100-2220 1:1000 dilution for WB), p62
(Novus 2C11, Cat# H00008878-M01, 1:1000 dilution for WB), NBR1
(Abnova, cat# H00004077-M01, 1:1000 dilution for WB), ATP syn-
thase C (Abcam, Cat# ab181243, 1:1000 dilution for WB), PI4K2A
(Santa Cruz, Cat# sc-390026, 1:1000 dilution for WB), Pallidin (Cat#
10891-2-AP, Proteintech, 1:500 dilution for WB), Dysbindin (Novus,
Cat# NBP2-16245, 1:1000 dilution for WB), Rab7 (CellSignaling, Cat#
9367 S, 1:1000 dilution for WB), VPS35 (Abcam, ab10099, 1:1000
dilution for WB), Lamtor1 (CellSignaling, Cat# 8975, 1:1000 dilution
for WB), Lamtor2 (CellSignaling, Cat# 8145, 1:1000 dilution for WB),
VAMP3 (Novus, NB300-510, 1:1000 dilution for WB), TfR (Thermo,
Cat# 13-6890 1:1000 dilution for WB), Rab11 (Prointech, Cat# 15903-
1-AP, 1:1000 dilution forWB), CI-M6PR (Abcam, Cat# ab32815, 1:1000
dilution for WB and Novus, 2G11 Cat# NB300-514SS, 1:200 dilution
for IF), Cathepsin H (Santa Cruz, Cat# sc-398527, 1:1000 dilution for
WB), Cathepsin X/Z/P (R&D, Cat# AF934, 1:1000 dilution for WB),
Cathepsin D (abcam, Cat# ab75852, 1:1000 dilution for WB), DPP7
(Novus Biologicals, Cat# NBP132875, 1:1000 dilution for WB), HexA
(Abcam, ab189865, 1:1000 dilution for WB), GAPDH (Santa Cruz, sc-
32233 1:5000 dilution for WB). HRP-conjugated secondary anti-
bodies to Mouse (Cat# 401215 − 1:6000 dilution) and Rabbit (Cat#
401315 − 1:6000 dilution). HA−Agarose (Sigma, Cat# A2095), HA-
magnetic beads (Thermo, Cat# 88836), GFP (Cromotek, Cat# GTA-
20), anti-rabbit IgG (Bethyl, Cat.# P120-101), ProteinA-Sepharose 4B
Conjugate (Invitrogen, Cat#101041); Donkey anti-Rabbit IgG (H + L)
Alexa Fluor 488 (Cat# A-21206 − 1:500 dilution), Alexa Fluor 568
(Cat# A-10042 −1:500 dilution), Donkey anti-mouse IgG (H + L) Alexa
Fluor 568 (Cat# A- 10037 − 1:500 dilution), Alexa Fluor 647 (Cat#
A-31571 − 1:500 dilution), Alexa Fluor 594 (Cat# A-21203 − 1:500
dilution), Donkey anti-goat IgG (H + L) Alexa Fluor 647 (Cat# A-21447
− 1:500 dilution), Donkey anti-sheep (H + L) Alexa Fluor 488 (Cat#
A-11015 − 1:500 dilution) were from Thermo Fisher Scientific.

Chemicals: Protease Inhibitor Cocktail (Cat# P8340, Sigma), Pur-
omycin (Cat# P9620, Sigma), PhosSTOP phosphatase inhibitor cock-
tail tablets (Cat# 04906837001, ThermoFisher), MG132 (Cat# M7449,
Sigma), Bafilomycin (Cat# sml1661, Sigma), Cycloheximide (Cat#
C1988-1G, Sigma), Doxycycline (Cat# D9891, Sigma), DSP (Cat# 22585,
ThermoFisher), Dextran (Cat# D22910, ThermoFisher), Lysotraker
(Cat# L7528, ThermoFisher), Blasticydin (Cat# A1113903, Fisher),
Polybrene (Cat# TR-1003-G, EMD Millipore, Hydroxyurea (Cat
#H8627, Sigma).

Fig. 5 | CLN3 depletion causes mis-sorting of lysosomal enzymes. a Volcano
plots of the lysosomal proteome from ARPE19 WT and CLN3 KO cells. Lysosomal
immuno-purificationwas performed as reported in Supplementary Fig. 2b. Volcano
plots highlight proteins significantly depleted (blue dots, fold change ≤−1,
p value < 0.05) and enriched (red dots, fold change ≥1, p value > 0.05) compared to
WT cells. Cells without HA expression were used as negative control. Lysosomal
enzymes are depicted in yellow.N = 4 independent experiments. Data are provided
in Supplementary Data 2. P values are calculated using two-tailed unpaired t-tests.
b, c Immunoblot analysis of GAA protein maturation in WT and CLN3 KO ARPE19
cells (b, pellet,N = 6 independent replicates; cmediaN = 3 independent replicates);
mean ± SEM, one-way Anova (Fisher’s LSD test), with relative quantifications
(*p <0.05, **p <0.01). P precursor, I intermediate, M1 mature 1, M2 mature 2.
Graphs report the levels of precursor, intermediate, and mature proteins (expres-
sed as sum of M1 +M2), respectively normalized against GAPDH and WT samples.

d Representative confocal images of ARPE WT, CLN3 KO and CLN3innHA cells
(induced with 1μg/ml doxycycline for 40h) loaded for 45min at 37 °C with 40 µg/
ml rhGAA-546 and then chased for 15min. RhGAAparticles are shown inwhite. Cells
were then co-stained for EEA1 (green) and LAMP1 (red) and analyzed by confocal
microscopy. Manders’ colocalization coefficients of internalized rhGAA with EEA1
and LAMP1 are shown. Results are means + single values, three independent
experiments, 45’ loading N = 14 areas, 45’ + 15’ W/O N = 12 areas, two-way Anova
(*p <0.05, **p <0.01, ***p <0.001). Scale bar 20μm. e Representative confocal
images of GAA degradation, in cells treated as described in (a), and chased for 30
and 60min. Images were generated with the Imaris software, white dots represent
rhGAA particles. Graphs are relative to the number of GAA particles per cell, over
time (T0N = 13–14 areas, T30N = 12–15 areas, T60 = 10–14 areas,mean ± SEM, three
independent replicates, two-way Anova, ****p <0.0001). Scale bar 10μm. Source
data are provided as a Source Data file.
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Cell treatments and protein knockdown
Prolonged starvation was always performed by incubating cells in
serum+glutamine starvation media (prolonged starvation media:
DMEM/F-12, no glutamine, Cat# 21331-020 Gibco, supplemented with
1% pen/strept, Cat# 10378016, ThermoFisher).

All doxycycline experiments were performed treating cells with
1 µg/ml doxycycline (Sigma, Cat#D9891) for 40 h (unless differently
stated).

To perform CLN3-HA IP-followed mass spec analyses, cells were
induced with doxycycline for 24 h in completemedia, and 16 h prior to
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collection, the starvation condition was switched to prolonged star-
vation media completed with doxycycline.

To block cell cycle, cells were plated in order to reach a 60–70%
confluency after 24 h, and then were treated with 1mM HU (Cat
#H8627, Sigma) for 1 week, replacing the treatment every 48 h. Cells
stop dividing after 24 h from treatment addition.

To perform ALR live-imaging experiments, cells were plated on
Glass Bottom 35mm Culture Dishes (VWR, Cat# 10810-054). CLN3-
overexpressing cells were induced with doxycycline for 40 h. The day
before imaging, cells were loaded in complete medium with 1 µg/µl
dextran-488 (10.000MW, Cat# D22910, ThermoFisher,) for 1 h at
37 °C, allowing internalization of the dye. Cells were then extensively
washedwith PBS, and then incubatedwith for 16 h in serum+glutamine
starvation, which enables both dextran labelling of lysosomes, and
activation of lysosomal reformation. Alternatively, ARPE19 stable cell
lines expressing the TeT-ON LAMP1-mCherry construct were induced
with 1μg/ml doxycycline (Sigma, Cat#D9891) for 40h, and shifted to
prolonged starvation media (containing doxycycline) 16 h prior to
imaging. Before acquisition, nuclei were stained with the Hoechst
33342 (Cat# R37605, ThermoFisher) dye and media supplemented
with 10mM Hepes.

For siRNA-based experiments, cells were transfected using Lipo-
fectamine® RNAiMAX Transfection Reagent (Cat#13778075, Invitro-
gen) with the indicated siRNAs and analyzed after 72 h unless stated
otherwise. The following siRNAs were fromDharmacon: non-targeting
siRNA Pool (D-001810-10-05). Other siRNA were synthesized form
Sigma-Aldrich: siATG7-1 GAAGCUCCCAAGGACAUUA, siATG7-2 CGCU
UAACAUUGGAGUUCA, siATG7-3 GGAACACUGUAUAACACCA, siVPS3
5-1 GUUGUUAUGUGCUUAGUA30, siVPS35-2 AAAUACCACUUGACACU
UA30, siSNX5 CUACGAAGCCCGACUUUGA30, siSNX6 UAAAUCAGCA
GAUGGAGUA30, siCI-M6PR-1 CUACCUGUAUGAGAUCCAA, siCI-M6PR-
2 GGACGGCUGCAAUCAAUGA and siCI-M6PR-3 GCUAAACAGUU
CGCAAGGA.

CI-M6PR trafficking assays
CI-M6PR recycling assay was performed as previously reported58. To
track CI-M6PRs after their internalization at the plasma membrane,
cells were plated on coverslips, and after 48 h were incubated with
saturating concentrations (5 µg/ml) of the monoclonal anti-CI-M6PR
(Cat# NB300-514, Clone 2G11, Novus) antibody (recognizing the
extracellular/luminal domain of the protein) at 37 °C for the indicated
time points. Cells were then either washed and fixed with 4% PFA, or
chased for the indicated time points (as reported in figure legends).
Cells were quickly switched in ice-cold methanol, for 5min at −20 °C,
washed and blocked with 3% BSA for 15min. CI-MPR-antibody com-
plexes were imaged in permeabilized cells upon addition of the spe-
cific secondary antibody for 45min at RT.

For CI-M6PR plasma-membrane assay, cells were quickly washed
with media+BSA1%, and then incubated at 4 °C for 45min with a pre-

cooled mix containing saturating concentrations (5 µg/ml) of the
monoclonal anti-CI-M6PR (Cat# NB300-514, Clone 2G11, Novus) anti-
body in complete media+10mM HEPES, and then processed for FC or
immunofluorescence. For recycled PM CI-M6PR, cells were incubated
with the antibody at 37 °C for 15, 30 or 60min in complete media, and
then processed for FC or immunofluorescence. For immuno-
fluorescence, cells were then washed two times with cold PBS, and
then fixed with methanol-free 4%PFA for 10min on ice. Plasma mem-
brane CI-M6PR was imaged in non-permeabilized cells upon addition
of the specific secondary antibody for 45min at RT, and nuclei and cell
membranes were respectively counterstained with Hoechst 33342
(Cat.# R37605, ThermoFisher) and CellMask™ PlasmaMembrane Stain
(Cat# C10046, ThermoFisher). For FC, cells were washed once with
2ml of ice-cold FC buffer (PBS, 1% FBS, 2mM EDTA), centrifuged at
300 g for 5min, and then incubated with a pre-cooled mix containing
the specific secondary antibody (1:500), for 45min at 4 °C. Cells were
then washed once, and incubated with the Helix NP™ NIR (Biolegend,
cat# 425301) dye, a far-red emitting nucleic acid stain used for the
discrimination of live and dead cells. The FACSDiva software was used
to collect the data, while FlowJo (v10.8.1) was used for data analysis.

Trafficking of rhGAA and PepstatinA
RhGAA was kindly provided by Prof. Giancarlo Parenti. rhGAA (2mg/
ml) was conjugated with the Alexa Fluor™−546 Protein Labeling Kit
(ThermoFisher, cat#A10237) followingmanufacturer instruction. Cells
were incubatedwith saturating concentrations of rhGAA (1:50dilution,
40 µg/ml) in complete media at 37 °C for 45min, washed and chased
for the indicated time points, and then fixed and processed for
immunofluorescence. For live-image experiments, cells were loaded
with 1 µg/µl dextran-488 for 1 h at 37 °C, and then extensively washed
for 16 h in serum+glutamine starvation medium (prolonged starvation
media). The next day, cells were loaded with 40 µg/ml rhGAA for
60min at 37 °C and then washed prior to imaging.

Pepstatin A labels active cathepsin D inside lysosomes. For Pep-
statinA loading experiments, cells were loaded with 1 µM Pepstatin A-
BODIPY® Conjugate (Life technologies, cat# P12271), for 30min at
37 °C, and then fixed at 37 °C for 15min via the addition of an equal
volume of prewarmed, freshly made 8% PFA in 2× microtubule stabi-
lization buffer (MTSB; 160mM PIPES pH 6.8, 10mM EGTA, 2mM
MgCl2) to minimize tubules rupture, as previously reported59.

Mass spectrometry
All the experiments were performed in a labeling free setting and
samples prepared using the in StageTip (iST) method60. Instruments
for LC MS/MS analysis consisted of a NanoLC 1200 coupled via a
nano-electrospray ionization source to the quadrupole-based Q
Exactive HF benchtop mass spectrometer61. Peptide separation was
carried out according to their hydrophobicity on a home-made
chromatographic column, 75 µm ID, 8 Um tip, 250mm bed packed

Fig. 6 | CLN3 depletion causes accumulation of enlarged autolysosomes.
a Ultrastructural analysis of lysosomal compartment. LAMP1 immuno-EM (iEM)
images of ARPE19 cells showing normal lysosomes in WT cells (arrows, green), and
aggregated lysosomes with undigested material in CLN3 KO cells (arrows, pink).
Scale bar 500 nm. Relative quantifications are shown in graph. Size of LAMP1
vesicles, N = 33–57 areas, Autolysosomes number/field, N = 26–30 areas. Unpaired
t-test (two-tailed) (***p <0.001, ****p <0.0001). b Transmission electron micro-
scopy (EM, scale bar 500 nm) and confocal microscopy (Scale bar 20 μm, magni-
fication of the outlined areas are shown at the bottom) images of ARPE19 cells upon
block of cell cycle for 1 week, with 1mM hydroxyurea (HU) treatment. Aggregated
lysosomes in KO cells are indicated by arrows. Repeated two times. c ARPE19 WT
and CLN3-KO cells were progressively starved (serum+glutamine) for the indi-
cated time point and analyzed by immunoblot with the indicated antibodies.
Mean ± SEM, four independent experiments. Quantifications are shown in graph.
d pLVX-LAMP1-mCherry cells were induced with doxycycline for 40h and

transfected with LC3-GFP plasmid for 24h. Cells were then starved for 16 h and
analyzed by confocal microscopy. Quantifications shown in graph indicate the
number of LC3-GFP spots per cell (top), the percentage of autolysosomes nor-
malized on total lysosomes (middle), and the LC3 + LAMP1 overlapping area (bot-
tom) (N = 9–10 areas, unpaired t-test, two-tailed, *p <0.05, **p <0.01). Scale bar
10μm. e Representative live-image confocal snapshots of CLN3-KO+pLVX-CLN3-
innHA with and without 40h of 1μg/ml doxycycline induction, in prolonged star-
vation (16 h) and loaded with 1 µg/µl dextran for 1 h the night prior imaging. Lyso-
somes (dextran, green) and lysosomal tubules (red). Scale bar 7μm. Graphs show
number of lysosomal tubules, normalized against the total number of lysosomes
per field, lysosome number per cell, normalized against the total number of cells,
and lysosomes area quantification, each spot is a single lysosome. N = 90–141 cells,
three independent experiments, mean+ single values are reported, unpaired t-test
(two-tailed) (*p <0.05, **p <0.01, ****p <0.0001). Source data are provided as a
Source Data file.
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with Reprosil-PUR, C18-AQ, 1.9μm particle size, 120 Angstrom pore
size (NewObjective, Inc., cat. PF7508-250H363), using a binary buffer
system consisting of solution A: 0.1% formic acid and B: 80% acet-
onitrile, 0.1% formic acid. Runs of 240min after loadingwere used for
proteome, while runs of 75min were used for Interactome and Lyso-
IP. In both cases, a constant flow rate of 300 nl/minwas used.MSdata

were acquired using a data‐dependent top‐20, for the proteome, or
top-15, for interactome, method with maximum injection time of
20ms, a scan range of 300–1650Th, an AGC target of 3e6 and a
resolution of 120,000. Resolution, for MS/MS spectra, was set to
15,000 at 200m/z, for the proteome, and 45,000 at 200m/z, for
interactome. AGC target was set 1E5,max injection time to 20ms and
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the isolation window to 1.4Th. The intensity threshold was set at 2.0
E4 and Dynamic exclusion at 30 s.

MS data processing and analysis
Raw mass spectrometry data were processed with MaxQuant
(1.6.2.10)62 using default settings (FDR =0.01, oxidizedmethionine (M)
and acetylation (protein N‐term) as variable modifications, and car-
bamidomethyl (C) as fixed modification). For protein assignment,
spectra were correlated with the Uniprot Homo Sapiens (v.2019),
including list of common contaminants. Label‐free quantitation (LFQ)
and “Match between runs” were enabled. Bioinformatics analysis was
performed with Perseus 1.6.2.363. The LFQ intensities were logarith-
mized, grouped and filtered formin.valid number (min.3 in at least one
group). Missing values have been replaced by random numbers that
are drawn from a normal distribution. Proteins with Log2 ratios ≥1 and
a p value ≤0.05 were considered significantly enriched. To identify
significant enrichedGO terms in Lyso-IP, we utilized the 1D enrichment
tool in Perseus64. The protein-protein interaction network was built in
the Cytoscape environment65. Proteins belonging to the selected
cluster were loaded into the STRING plugin and the network was
subsequently generated66.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE67 partner repository
with the dataset identifier PXD031582.

Cell lysis, western blotting and immunoprecipitation
Cells were rinsed once with PBS and lysed in ice-cold RIPA buffer
(150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1mM
EDTA, 50mM Tris HCl pH 8) supplemented with protease and phos-
phatase inhibitors. Total lysates were passed ten times through a 25-
gauge needle with syringe, kept at 4 °C for 30min, processed with
three freeze-thaw cycles, and then cleared by centrifugation in a
microcentrifuge (18,800 g at 4 °C for 20min). Protein concentration
was measured by BCA assay and samples were prepared in Laemmli
buffer and boiled for 25min at 37 °C. Quantification of western blot-
ting was performed by calculating the intensity of protein bands by
densitometry analysis using the Fiji software.

For HA immunoprecipitations, cells grown in 10 cmculture dishes
were washed twice with cold PBS and then incubated with 1mg/mL
DSP (dithiobis(succinimidyl propionate)) (Cat#22585, Thermo Fischer
Scientific) crosslinker for 7min at room temperature. The cross-linking
reaction was quenched by adding Tris-HCl (pH 8.5) to a final con-
centration of 100mM. Cells were rinsed twice with ice cold PBS and
lysed with RIPA (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1mMEDTA, 50mMTris HCl pH 8) lysis buffer supplemented
with protease and phosphatase inhibitors. Cell lysates were then
incubated with anti-HA (Cat# A2095, Sigma) or anti-GFP trap agarose
beads (Cat# GTA-20, Chromotek) at 4 °C, washed six times, resolved

by SDS-polyacrylamide gel electrophoresis on 4–12% Bis-Tris gradient
gels (Cat# NP0336BOX NuPage, Thermo Fischer Scientific) and ana-
lyzed by immunoblotting with the indicated primary antibodies.

For endogenous CLN3 immunuoprecipitation, cells grown in
10 cm culture dishes were rinsed twice with PBS and lysed in ice-cold
RIPA lysis buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1mM EDTA, 50mM Tris HCl pH 8) supplemented with pro-
tease and phosphatase inhibitors. Cell lysates were then incubated
overnight with anti-CLN3 antibody (1 µg per mg of immunoprecipi-
tated protein) or with anti-rabbit IgG (Bethyl, Cat.# P120-101) at 4 °C,
then incubated for 45min at 4 °C with ProteinA-Sepharose 4B Con-
jugate (Invitrogen, Cat#101041), washed four times and resolved by
SDS-polyacrylamide gel electrophoresis on 4–12% Bis-Tris gradient
gels (Cat# NP0323PK2 NuPage, Thermo Fischer Scientific) and ana-
lyzed by immunoblotting with the indicated primary antibodies.

Lysosomal immunopurification (Lyso-IP)
Lysosomes from cells expressing TMEM192-3xHA were purified as
previously described22,68. Briefly, cells were seeded in a 15 cm at a
density appropriate for them to reach confluency after 24 h. Samples
were processed separately to ensure rapid isolation of lysosomes using
buffers that were pre-chilled on ice. Cells were quickly rinsed twice
with ice-cold PBS buffer and then scraped in KPBS (136mM KCl,
10mMKH2PO4, pH 7.25), supplementedwith Protease Inhibitors, and
collected by centrifugation at 1000 × g for 2min at 4 °C. Pelleted cells
were resuspended in a total volume of 1ml of fractionation buffer
(140mM KCl, 50mM Sucrose,1mM DTT, 2mMEGTA, 2.5mM MgCl2,
25mM Hepes, pH adjusted to 7.25 in KOH) supplemented with Pro-
tease Inhibitors, and 50μl of the suspensionwas stored for processing
of the whole-cell fraction (input). The remaining 950μl were gently
homogenized with 20 strokes of a 2ml homogenizer, followed by
centrifugation at 1000 g for 5min. Post-nuclear supernatant was har-
vested and incubated at 4 °Cwith anti-HAmagnetic beads (Cat#88836,
ThermoFisher) pre-equilibrated in fractionation buffer. Lysosome-
bound beads were gently washed four times with KPBS on a DynaMag
Spin Magnet and then eluted in fractionation buffer+NP40 0.5% for
30min at 4 °C. Beads were removed and the resulting eluate was
prepped for subsequent proteomics and biochemical analyses.

Confocal microscopy
For immunofluorescence experiments, cells were grown on 8-well Lab-
Tek II—Chamber Slides or coverslips and treated as indicated. Cells
were fixed with 4% PFA for 10min, washed three times with PBS,
blocked and permeabilized for 30min with blocking solution (0.05%
saponin, 0.5% BSA, and 50mM NH4Cl in PBS). For endogenous
CLN3 staining, samples were permeabilized for 5min by the addition
of 20 µM digitonin under continuous agitation, washed three times
and blocked for 30minwith 5%goat serumand 50mMNH4Cl. Primary

Fig. 7 | CLN3 drives lysosomal tubulation and reformation. a Representative
time-lapse images of ARPE19-CLN3innHA+ LAMP1-mCherry cells, induced with
1μg/ml doxycycline for 40 h, and highlighting tubules (asterisks), budding and
being released from lysosomes (arrows). Cells were imaged after 16 h of serum
+glutamine starvation to induce ALR. Repeated six times. Scale bar 20 μm.
bRepresentative live-image confocal snapshots of ARPE19WT,CLN3 KO andCLN3-
overexpressing cells treated with 1 µg/ml doxycycline for 40h, loaded with 1μg/μl
Dextran for 1 h the night before imaging, and then treated with PSmedia for 16 h to
label lysosomes (green), with lysosomal tubules marked in red. Images were gen-
erated with the Imaris software. Enlargement panels show lysosomes and tubules
stained with dextran (green) and lysosotracker (red, 100nM). Lysotracker was
added right before imaging. Scale bar 10μm. Top graphs depict the number of
lysosomal tubules and lysosomes showed in (b). Number of lysosomal tubules (left
graph) is normalized against the total number of lysosomes per field (N = 102–134
cells, three independent experiments). Lysosome number per cell (right graph), is
normalized against the total number of cells, and quantified in fed (FED) and

starvation conditions (8 h and 16 h PS, prolonged starvation) (basal N = 274–375
cells, 8 h PS N = 344–500 cells, 16 h PS N = 225–598 cells). N = 3 independent
experiments. Mean ± SEM, two-way Anova (*p <0.05, **p <0.01, ***p <0.001,
****p <0.0001). Bottom graph shows lysosome area quantification from images
shown in (b). Each spot represents a single lysosome, quantified in fed and star-
vation conditions (N = 102–134 cells, N = 3 independent experiments). Mean +
single values are reported, one-way Anova. PS, prolonged starvation (*p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001). c Representative live-image confocal snap-
shots of ARPE19-CLN3innHA transfected with ATG7 or scramble siRNA for 72 h,
induced with doxycycline for 40h and loaded with 1μg/μl dextran as described in
(b). Scale bar 20μm. Graphs show number of lysosomal tubules, normalized
against the total number of lysosomes per field, lysosome number per cell, nor-
malized against the total number of cells, and lysosomes area quantification, each
spot is a single lysosome. N = 197–303 cells, three independent experiments,
mean + single values are reported, unpaired t-test (two-tailed) (****p <0.0001).
Source data are provided as a Source Data file.
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antibody incubations were performed overnight at 4 °C. Samples were
washed with PBS and incubated with fluorochrome-conjugated sec-
ondary antibodies for 50min at RT (Alexa Fluor 488, Alexa Fluor 568,
and Alexa Fluor 633). Fixed cells were mounted in VECTASHIELD®
mounting medium with DAPI and analyzed using LSM 710 or LSM
880 +Airyscan systems (Carl Zeiss). Optical sections were collected

under a ×63 oil immersion objective at a definition of 1024 × 1024
(average of eight or sixteen scans), with the pinhole adjusted to 1 Airy
unit for each channel emission to have all intensity values between 1
and 254 (linear range).

For high content images, cells were seeded in 96-well plates and
incubated for 24 h. After incubation, cells were treated as incubated
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above, then fixedwith 4% PFA for 10min, washed three timeswith PBS,
blocked and permeabilized for 30min with blocking solution (0.05%
saponin, 0.5% BSA, and 50mM NH4Cl in PBS). Primary and secondary
antibody incubations were performed as described above. At least ten
images per field were acquired in each well using the confocal auto-
mated imager OPERA, from PerkinElmer. For image analysis, we used
Columbus 2.6.0.127073 released by PerkinElmer. This online platform
is based on Harmony High-Content Imaging and Analysis Software
which provides an easy quantification of complex cellular phenotypes.

Live cell imaging
For live imaging of lysosomal tubules, cells were plated in glass-
bottomed dishes (Cat# 10810-054, VWR), and cells were maintained at
37 °C with 5% CO. Right before imaging, nuclei were stained with the
Hoechst 33342 (Cat# R37605, ThermoFisher) dye and media supple-
mented with 10mM Hepes. Imaging was performed on a LSM 880
confocal microscope (Zeiss) equipped with a full incubation chamber,
and optical sections were obtained under a ×40 water immersion
objective at a definition of 1024 × 1024, with the pinhole adjusted to 1
Airy unit for each channel emission tohave all intensity valuesbetween 1

and 254 (linear range). Images were collected with a Zeiss Zen Blue
software, andmovieswere recorded at 3 s intervals for at least 50 cycles.

Image analysis
For live-imaging experiments, morphometric analyses of lysosomes
and lysosomal tubules were performed with the Imaris software. Total
lysosomes (Dextran channel) were identified with the Imaris ‘surface’
module: for thresholding, constant image smoothing and background
subtraction were applied. Surfaces detail (0.2 µm) and diameter of
largest sphere (0.150μm) were determined (threshold values were
kept constant along images). Lysosomal structures smaller than
0.05μmwere filtered out. Lysosomal tubules were also identified with
the Imaris “surface”module, applying a sphericity and ellipsoidfilter to
lysosomal masks, which allowed to filter out non-tubular lysosomal
structures based on their shape.

For the quantification of the number of GAA and CI-M6PR parti-
cles, image were processed with the Imaris software. The ‘cell’module
was applied to identify nuclei, cell borders and spots: briefly, constant
image smoothing andbackground subtractionwereapplied to identify
nuclei, cells and particles, and kept constant along images. Moreover,
nuclei were identified according to their threshold and diameter, and
split by seed points. Cells were split considering either cell channel
intensity or distance from the nucleus, and finally particles were
identified according to their diameter and thresholding parameters.

The level of colocalization (CLN3-LAMP, CLN3-TGN49, lumCI-
M6PR-EEA1, lumCI-M6PR-G97, rhGAA-EEA1, rhGAA-LAMP1) was calcu-
lated acquiring confocal sections at the same laser power and photo-
multiplier gain. Images were then processed using the Image J
software. Single channels from each image were converted into 8-bit
grayscale images. The ImageJ JACoP Plugin was then used to create
thresholded images (dark background threshold was applied to sub-
tract background) and to calculate Mander’s Colocalization
Coefficients (MCC).

To calculate the percentage of LC3-LAMP1+ autolysosomes, the
number of LC3-GFP spots and LC3-LAMP1 overlapping area, confocal
sections were acquired at the same laser power and photomultiplier
gain. Images were then processed using the ImageJ software. Single
channels from each image were converted into 8-bit grayscale images,
and then thresholded in order to subtract background. The Image J
“Analyze Particles” plugin was then used to identify, count, and mea-
sure the area of structures (with an area above 0.05μm2) in channel 1
(LAMP1) and in channel 2 (LC3). The structures in channel 1 (LAMP)
were used to build a LC3ΔLAMP1 mask, that was generated by over-
lapping LAMP1 structures to LC3 channel, and then by subtracting the
structures containingbothmarkers. The remaining structures, positive
only for LC3 (LC3ΔLAMP1), were counted and their area wasmeasured
with the “analyze particles” tool. By difference, the number of

Fig. 8 | CLN3 modulate ALR by promoting the delivery of lysosomal enzymes.
a Lysosomal immuno-purification analysis of pLVX-CLN3-innHA cells with and
without 40h doxycycline induction (repeated twice). Cells were analyzed by
immuno-blot analysis with the indicated antibodies. Quantification is shown in
graph. b Left, representative live-image confocal snapshots of ARPE19 CLN3-innHA
cells upon prolonged starvation and 40h doxycycline induction, loaded with 1μg/
μl dextran as described in 7b, and then loaded for 60min with 40 µg/ml rhGAA-546
before imaging. Lysosomal tubules that are positive to both Dextran and GAA, are
reported in pink and are indicated by white arrows. Enlargements areas are
reported. Scale bar 7μm. Right, ARPE19 CLN3-innHA cells upon prolonged starva-
tion and 40hdoxycycline induction, loadedwith 1μMPepA (green) and stained for
LAMP1 (red). PepA-488 and LAMP1 positive tubules are indicated by white arrows.
Repeated two times. Scale bar 20μm. c Representative live-image confocal snap-
shots of ARPE19-CLN3innHA transfectedwith CI-M6PR, SNX5 + 6or scramble siRNA
for 72 h, induced with 1μg/ml doxycycline for 40h and loadedwith 1μg/μl dextran
as described in 7b. Scale bar 20μm. Graphs show number of lysosomal tubules,
normalized against the total number of lysosomes per field, lysosome number per

cell, normalized against the total number of cells, and lysosomes area quantifica-
tion. N = 5–9 fields per replicate, three independent experiments. For lysosomal
tubules quantification and lysosome number per cell, mean + single values (each
spot is an averagedmeasurement of the replicates) are shown. For lysosomes area,
each spot is a single lysosome. N = 5–9 fields per replicate, three independent
experiments, one-way Anova (Dunnett’s multiple comparisons test) (**p <0.01,
***p <0.001, ****p <0.0001). d A model for the role of CLN3 in the regulation of
lysosomal biogenesis and reformation. In the presence of CLN3, lysosomal
enzymes are recognized by CI-M6PR, and then they are sorted into lysosomes,
resulting in lysosomal biogenesis and reformation. On lysosomes, CLN3modulates
the formation of tubules, which then gives rise to new proto-lysosomes. The
absence of CLN3 results in mis-trafficking of the CI-M6PR, that is then degraded
inside lysosomes. This leads to mis-sorting of neo-synthesized lysosomal enzymes
into the secretion route, causing reduction of multiple lysosomal enzymes within
the lysosome and consequent accumulation of undigested material (lipofuscins),
impaired mTOR reactivation and failure of ALR. Source data are provided as a
Source Data file.

Table 1 | List of lysosomal enzymes significantly reduced in
both lysosomes of CLN3- and LYSET-KO cells48

Luminal lysosomal enzymes

Reduced in CLN3-KO
& LYSET-KO

Log2 Difference (CLN3-
KO/CTRL)

Log2 Difference (LYSET-
KO/CTRL)

CTSH −4.58066 −2.88505

DPP7 −3.37081 −4.88403

HEXA −3.19612 −4.70883

PRCP −3.12789 −2.64847

ARSA −2.72279 −4.38194

PPT1 −2.60860 −2.49936

PLBD2 −2.47825 −5.46654

GAA −2.46810 −0.64867

GNS −2.36429 −3.49467

CTSZ −2.12500 −4.80665

AGA −2.12223 −2.57942

GUSB −2.02897 −3.42793

CTSA −1.72551 −3.76310

GLB1 −1.54273 −4.99637

List of lysosomal enzymes significantly reduced in both lysosomes from CLN3- and LYSET-KO
cells. Data from LYSET-KO cells were obtained from Pechincha et al.48.
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structures containing both LAMP1 and LC3 (autolysosomes), as well as
the identification of the LC3-LAMP1 overlapping areawas calculated by
subtracting LC3 numbers and area values to LC3ΔLAMP1 values (note
that this quantitative analysis procedure does not use merged images
and is not affected by the fluorescence intensity).

Enzymatic assays
GAA assay: Acid α-Glucosidase (GAA) activity was assayed by using the
fluorogenic substrate 4-methylumbelliferyl-α-D-glucopyranoside
(4MU) (Sigma-Aldrich) according to a published procedure. Briefly,
3 µg of immuno-purified lysosomes, 10 µg of sample lysates, or 10 µl of
concentrated cellmediawere incubatedwith thefluorogenic substrate
(2mM) in 20 µl of 0.2M acetate buffer (pH 4.0), for 60min at 37 °C.
The reactionwas stoppedby adding 200uLof 0.5Mglycine-carbonate
buffer (pH 10.7). Fluorescence was measured at 365 nm (excitation)
and 450nm (emission) on a Promega GloMax Multidetection system
fluorimeter. Protein concentration was measured by the Pierce BCA
protein assay kit.

HexA/B assay: HexA/B activity was assayed by using the substrate
4-Methylumbellifery-β-D- acetamide-2-deossi- β-glucopiranoside. 3 µg
of immuno-purified lysosomes, 10 µg of sample lysates, or 10 µl of
concentrated cell media were incubated at 50 °C× 2 h (inactivation of
HexA) or maintained at 4 °C (HexA+B). Then all the samples were
incubated with the florigenic substrate (5mM) in a buffer containing
0.2M Na-phosphate, 0.1M Citrate Buffer (pH 4.4) and 0.2% Albumin
(Pi/Ci Buffer-BSA) for 30min at 37 °C in incubation mixtures of 20 µl.
The reactionwas stoppedby adding 200uLof 0.5Mglycine-carbonate
buffer (pH 10.7). Fluorescence was read at 365 nm (excitation) and
450nm (emission) on a Promega GloMax Multidetection system
fluorometer. Protein concentration was measured by the Pierce BCA
protein assay kit.

GUSB assay:Β-Glucoronidase (GUSB) activitywas assayedbyusing
the florigenic substrate 4-methylumbelliferyl-β-glucuronide (4MU).
3 µg of immuno-purified lysosomes, 10 µg of sample lysates, or 10 µl of
concentrated cellmediawere incubatedwith the florigenic substrate in
0.15M Acetate buffer (pH 3.5) for 60min at 37 °C in incubation mix-
tures of 50 µl. The reaction was stopped by adding 200uL of 0.5M
carbonate buffer (pH 10.7) supplemented with 0.025% Triton X100.
Fluorescence was read at 365 nm (excitation) and 450nm (emission)
on a Promega GloMax Multidetection system fluorometer. Protein
concentration was measured by the Pierce BCA protein assay kit.

Electron microscopy
For immuno-EM analysis, the cells were fixed with the mixture of 4%
paraformaldehyde (PFA) and 0.05% glutaraldehyde (GA) for 10min at
RT, then ‘washed’ with 4% PFA once to remove the residual GA and
fixed again with 4% PFA for 30min at RT. Next the cells were incubated
with the blocking/permeabilizing mixture (0.5% BSA, 0.1% saponin,
50mMNH4Cl) for 30min and subsequently with the primary antibody
against LAMP-1 (Developmental Studies Hybridoma Bank, Cat N°
H4A3-a) or primary purified antibody against HA (BioLegend, Cat N°
16B12-Previously Covance catalog#MMS-101P), diluted 1:500 (LAMP-1)
or 1:100 (HA) in blocking/ permeabilizing solution. The following day,
the cellswerewashed and incubatedwith the secondary antibody, anti-
mouse Fab’ fragment coupled to 1.4-nm gold particles (Nanoprobes,
Cat N° 2002, anti-mouse nanogold) diluted 1:50 in blocking/permea-
bilizing solution, for 2 h RT. The GoldEnhance™ EM kit (from Nanop-
robes) was used to enhance ultrasmall gold particles.

For conventional EM the cells (or tissue) were fixed with 1% GA
prepared in 0.2M HEPES buffer for 30min (RT). Samples prepared for
IEM or conventional EM were post-fixed in OsO4 and uranyl acetate,
dehydrated, embedded in Epon and polymerized at 60 °C for 72 h. For
each sample, thin sections were cut using a Leica EM UC7 ultra-
microtome (Leica Microsystems, Vienna, Austria). EM images were
acquired from thin sections using a FEI Tecnai-12 electron microscope

(FEI, Eindhoven, Netherlands) equipped with a VELETTA CCD digital
camera (Soft Imaging Systems GmbH, Munster, Germany).

Statistics and reproducibility
The experiments were repeated at least three times, unless stated
otherwise. As indicated in the figure legends, all quantitative data are
presented as the mean of biologically independent experiments or
samples. For each experiment we described specific statistic test used
and the relative significance in the figure legend. Statistical analyses
were performed using GraphPad Prism 8.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Full scans for all western blots as well as source data for all the graphs
are provided with this paper. For graphs, the exact p value for all
the experiments is present in the Source data file. All other data are
available from the corresponding author on reasonable request.
The MS proteomics data were deposited to the ProteomeXchange
Consortium through the PRIDE partner repository with the dataset
identifier PXD031582. To identify enriched GO terms in the Lyso-IP
dataset, we utilized the 1D enrichment tool in Perseus. The protein-
protein interaction network was built in the Cytoscape environ-
ment. Source data are provided with this paper.

References
1. Weimer, J. M., Kriscenski-Perry, E., Elshatory, Y. & Pearce, D. A. The

neuronal ceroid lipofuscinoses: Mutations in different proteins
result in similar disease. NeuroMol. Med. 1, 111–124 (2002).

2. Mole, S. E. & Cotman, S. L. Genetics of the neuronal ceroid lipo-
fuscinoses (Batten disease). Biochim. et. Biophys. Acta—Mol. Basis
Dis. 1852, 2237–2241 (2015).

3. Bennett, M. J. & Hofmann, S. L. The neuronal ceroid-lipofuscinoses
(Batten disease): A new class of lysosomal storage diseases. in
Journal of Inherited Metabolic Disease vol. 22 535–544 (J Inherit
Metab Dis, 1999). https://doi.org/10.1023/A:1005564509027.

4. Cárcel-Trullols, J., Kovács, A. D. & Pearce, D. A. Cell biology of the
NCL proteins:What they do and don’t do. Biochim. et. Biophys. Acta
—Mol. Basis Dis. 1852, 2242–2255 (2015).

5. Cotman, S. L. & Staropoli, J. F. The juvenile Batten disease protein,
CLN3, and its role in regulating anterograde and retrograde post-
Golgi trafficking. Clin. Lipidol. 7, 79–91 (2012).

6. Nelson, T., Pearce, D. A. & Kovács, A. D. Lack of specificity of anti-
bodies raised against CLN3, the lysosomal/endosomal transmem-
brane protein mutated in juvenile Batten disease. Biosci. Rep. 37,
https://doi.org/10.1042/BSR20171229. (2017).

7. Kohlschütter, A., Schulz, A., Bartsch, U. & Storch, S. Current and
Emerging Treatment Strategies for Neuronal Ceroid Lipofusci-
noses. CNS Drugs 33, 315–325 (2019).

8. Kuper, W. F. E. et al. Timing of cognitive decline in CLN3 disease. J.
Inherit. Metab. Dis. 41, 257–261 (2018).

9. Mirza, M. et al. The CLN3 gene and protein: what we know. Mol.
Genet. Genom. Med. 7 https://doi.org/10.1002/mgg3.859 (2019).

10. Kousi, M., Lehesjoki, A. E. & Mole, S. E. Update of the mutation
spectrum and clinical correlations of over 360 mutations in eight
genes that underlie theneuronal ceroid lipofuscinoses.Hum.Mutat.
33, 42–63 (2012).

11. Munroe, P. B. et al. Spectrum of mutations in the Batten disease
gene, CLN3. Am. J. Hum. Genet. 61, 310–316 (1997).

12. Gomez-Giro, G. et al. Synapse alterations precede neuronal
damage and storage pathology in a human cerebral organoid
model of CLN3-juvenile neuronal ceroid lipofuscinosis. Acta Neu-
ropathol. Commun. 7, 222 (2019).

Article https://doi.org/10.1038/s41467-023-39643-7

Nature Communications |         (2023) 14:3911 17

https://www.ebi.ac.uk/pride/archive/projects/PXD031582
https://doi.org/10.1023/A:1005564509027
https://doi.org/10.1042/BSR20171229
https://doi.org/10.1002/mgg3.859


13. Braulke, T. & Bonifacino, J. S. Sorting of lysosomal proteins. Bio-
chim. Biophys. Acta—Mol. Cell Res. 1793, 605–614 (2009).

14. Chen, Y. & Yu, L. Recent progress in autophagic lysosome refor-
mation. Traffic 18, 358–361 (2017).

15. Yu, L. et al. Termination of autophagy and reformation of lysosomes
regulated by mTOR. Nature 465, 942–946 (2010).

16. Chen, Y. & Yu, L. Development of research into autophagic lyso-
some reformation. Mol. Cells 41, 45–49 (2018).

17. Rong, Y. et al. Spinster is required for autophagic lysosome refor-
mation andmTOR reactivation following starvation. Proc.Natl Acad.
Sci. Usa. 108, 7826–7831 (2011).

18. Hebbar, S. et al. Lipid metabolic perturbation is an early-onset
phenotype in adult spinster mutants: a Drosophila model for lyso-
somal storage disorders. Mol. Biol. Cell 28, 3728 (2017).

19. Haskell, R. E., Derksen, T. A. &Davidson, B. L. Intracellular trafficking
of the JNCL protein CLN3. Mol. Genet. Metab. 66, 253–260 (1999).

20. Phillips, S. N., Benedict, J. W., Weimer, J. M. & Pearce, D. A. CLN3,
the protein associated with batten disease: structure, function and
localization. J. Neurosci. Res. 79, 573–583 (2005).

21. Golabek, A. A. et al. Expression studies of CLN3 protein (battenin) in
fusion with the green fluorescent protein in mammalian cells
in vitro. in Molecular Genetics and Metabolism vol. 66 277–282
(Academic Press Inc., 1999). https://doi.org/10.1006/mgme.
1999.2836.

22. Abu-Remaileh,M. et al. Lysosomalmetabolomics reveals V-ATPase-
and mTOR-dependent regulation of amino acid efflux from lyso-
somes. Sci. (80-.). 358, 807–813 (2017).

23. Jović, M. et al. Endosomal sorting of VAMP3 is regulated by PI4K2A.
J. Cell Sci. 127, 3745–3756 (2014).

24. Ganley, I. G., Espinosa, E. & Pfeffer, S. R. A syntaxin 10-SNARE
complex distinguishes two distinct transport routes from endo-
somes to the trans-Golgi in human cells. J. Cell Biol. 180, 159–172
(2008).

25. Pfeffer, S. R.Multiple routes of protein transport fromendosomes to
the trans Golgi network. FEBS Lett. 583 3811–3816. https://doi.org/
10.1016/j.febslet.2009.10.075.

26. Mckenzie, J. E. et al. Retromer Guides STxB and CD8-M6PR from
Early to Recycling Endosomes, EHD1 Guides STxB from Recycling
Endosome to Golgi. Traffic 13, 1140–1159 (2012).

27. Bonifacino, J. S. & Rojas, R. Retrograde transport from endosomes
to the trans-Golgi network. Nat. Rev. Mol. Cell Biol. 7 568–579.
https://doi.org/10.1038/nrm1985.

28. Lin, S. X., Mallet, W. G., Huang, A. Y. & Maxfield, F. R. Endocytosed
Cation-Independent Mannose 6-Phosphate Receptor Traffics via
the Endocytic Recycling Compartment en Route to the trans-Golgi
Network and a Subpopulation of Late Endosomes.Mol. Biol. Cell 15,
721 (2004).

29. Seaman, M. N. J. Identification of a novel conserved sorting motif
required for retromer-mediated endosome-to-TGN retrieval. J. Cell
Sci. 120, 2378–2389 (2007).

30. Simonetti, B., Danson, C.M., Heesom, K. J. & Cullen, P. J. Sequence-
dependent cargo recognition by SNX-BARs mediates retromer-
independent transport ofCI-MPR. J. Cell Biol.216, 3695–3712 (2017).

31. Saric, A. et al. mTOR controls lysosome tubulation and antigen
presentation inmacrophages and dendritic cells.Mol. Biol. Cell. 27,
321–333 (2015).

32. Golabek, A. et al. CLN3 protein regulates lysosomal pH and alters
intracellular processing of Alzheimer’s amyloid-beta protein pre-
cursor and cathepsin D in human cells. Mol. Genet. Metab. 70,
203–213 (2000).

33. Chattopadhyay, S., Muzaffar, N., Sherman, F. & Pearce, D. The yeast
model for batten disease:mutations in BTN1, BTN2, andHSP30 alter
pH homeostasis. J. Bacteriol. 182, 6418–6423 (2000).

34. Chandrachud, U. et al. Unbiased Cell-based Screening in a Neuro-
nal Cell Model of Batten Disease Highlights an Interaction between

Ca2+ Homeostasis, Autophagy, and CLN3 Protein Function. J. Biol.
Chem. 290, 14361–14380 (2015).

35. Cao, Y. et al. Autophagy is disrupted in a knock-in mouse model of
juvenile neuronal ceroid lipofuscinosis. J. Biol. Chem. 281,
20483–20493 (2006).

36. Chang, J. W. et al. Neuronal vulnerability of CLN3 deletion to
calcium-induced cytotoxicity is mediated by calsenilin. Hum. Mol.
Genet. 16, 317–326 (2007).

37. Mathavarajah, S., O’Day, D. H. & Huber, R. J. Neuronal Ceroid
Lipofuscinoses: Connecting Calcium Signalling through Calmo-
dulin. Cells 7, https://doi.org/10.3390/cells7110188 (2018).

38. Zhu, X. et al. Effect of CLN3 silencing by RNA interference on the
proliferation and apoptosis of human colorectal cancer cells.
Biomed. Pharmacother. 68, 253–258 (2014).

39. Xu, Y. et al. Overexpression of CLN3 contributes to tumour pro-
gression and predicts poor prognosis in hepatocellular carcinoma.
Surg. Oncol. 28, 180–189 (2019).

40. Laqtom, N. N. et al. CLN3 is required for the clearance of glycer-
ophosphodiesters from lysosomes. Nature 609, 1005–1011 (2022).

41. Cotman, S. & Lefrancois, S. CLN3, at the crossroads of endocytic
trafficking. Neurosci. Lett. 762, https://doi.org/10.1016/j.neulet.
2021.136117 (2021).

42. Yasa, S. et al. CLN3 regulates endosomal function by modulating
Rab7A-effector interactions. J. Cell Sci. 133, https://doi.org/10.
1242/jcs.234047 (2020).

43. Schmidtke, C. et al. Lysosomal proteome analysis reveals that
CLN3-defective cells havemultiple enzymedeficiencies associated
with changes in intracellular trafficking. J. Biol. Chem. 294,
9592–9604 (2019).

44. Saftig, P. & Klumperman, J. Lysosome biogenesis and lysosomal
membrane proteins: trafficking meets function. Nat. Rev. Mol. Cell
Biol. 2009 109 10, 623–635 (2009).

45. Sleat, D. E. et al. The human brain mannose 6-phosphate glyco-
proteome: a complex mixture composed of multiple isoforms of
many soluble lysosomal proteins. Proteomics 5, 1520–1532 (2005).

46. Metcalf, D. J., Calvi, A. A., Seaman, M. N. J., Mitchison, H. M. &
Cutler, D. F. Loss of the Batten disease gene CLN3 prevents exit
from the TGN of the mannose 6-phosphate receptor. Traffic 9,
1905–1914 (2008).

47. Owada, M. [I-cell disease and pseudo-Hurler polydystrophy].Nihon
Rinsho. 53, 3028–3034 (1995).

48. Pechincha, C. et al. Lysosomal enzyme trafficking factor LYSET
enables nutritional usage of extracellular proteins. Science 378,
eabn5637 (2022).

49. Pu, J. et al. BORC, aMultisubunit Complex that Regulates Lysosome
Positioning. Dev. Cell 33, 176–188 (2015).

50. Zhou, Q. et al. Molecular insights into the membrane-associated
phosphatidylinositol 4-kinase IIα. Nat. Commun. 5, 1–10 (2014).

51. Henmi, Y. et al. PtdIns4 KIIα generates endosomal PtdIns(4)P and is
required for receptor sorting at early endosomes.Mol. Biol. Cell 27,
990–1001 (2016).

52. Wu, K. et al. BLOC1S1/GCN5L1/BORCS1 is a critical mediator for the
initiation of autolysosomal tubulation. Autophagy 17, 3707 (2021).

53. Snouwaert, J. N. et al. A Mutation in the Borcs7 Subunit of the
Lysosome Regulatory BORC Complex Results in Motor Deficits and
Dystrophic Axonopathy in Mice. Cell Rep. 24, 1254–1265 (2018).

54. Khundadze, M. et al. Mouse models for hereditary spastic para-
plegia uncover a role of PI4K2A in autophagic lysosome reforma-
tion. Autophagy 17, 3690–3706 (2021).

55. Alkhater, R. A., Scherer, S. W., Minassian, B. A. & Walker, S. PI4K2A
deficiency in an intellectual disability, epilepsy, myoclonus, aka-
thisia syndrome. Ann. Clin. Transl. Neurol. 5, 1617–1621 (2018).

56. Danyukova, T. et al. Loss of CLN7 results in depletion of soluble
lysosomal proteins and impaired mTOR reactivation. Hum. Mol.
Genet. 27, 1711 (2018).

Article https://doi.org/10.1038/s41467-023-39643-7

Nature Communications |         (2023) 14:3911 18

https://doi.org/10.1006/mgme.1999.2836
https://doi.org/10.1006/mgme.1999.2836
https://doi.org/10.1016/j.febslet.2009.10.075
https://doi.org/10.1016/j.febslet.2009.10.075
https://doi.org/10.1038/nrm1985
https://doi.org/10.3390/cells7110188
https://doi.org/10.1016/j.neulet.2021.136117
https://doi.org/10.1016/j.neulet.2021.136117
https://doi.org/10.1242/jcs.234047
https://doi.org/10.1242/jcs.234047


57. Hammond, G. R. V., Machner, M. P. & Balla, T. A novel probe for
phosphatidylinositol 4-phosphate reveals multiple pools beyond
the Golgi. J. Cell Biol. 205, 113–126 (2014).

58. Finetti, F. et al. The intraflagellar transport protein IFT20 controls
lysosome biogenesis by regulating the post-Golgi transport of acid
hydrolases. Cell Death Differ. 27, 310–328 (2020).

59. McGrath, M. J. et al. Defective lysosome reformation during
autophagy causes skeletal muscle disease. J. Clin. Investig. 131,
https://doi.org/10.1172/JCI135124 (2021).

60. Kulak, N. A., Pichler, G., Paron, I., Nagaraj, N. & Mann, M. Minimal,
encapsulated proteomic-sample processing applied to copy-
number estimation in eukaryotic cells. Nat. Methods 2014 113 11,
319–324 (2014).

61. Michalski, A. et al. Mass spectrometry-based proteomics using Q
Exactive, a high-performance benchtop quadrupole Orbitrap mass
spectrometer.Mol. Cell. Proteom. 10, https://doi.org/10.1074/mcp.
M111.011015 (2011).

62. Cox, J. & Mann, M. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat. Biotechnol. 2008 2612 26,
1367–1372 (2008).

63. Tyanova, S. et al. The Perseus computational platform for com-
prehensive analysis of (prote)omics data.Nat. Methods 2016 139 13,
731–740 (2016).

64. Cox, J. & Mann, M. 1D and 2D annotation enrichment: a statistical
method integrating quantitative proteomics with complementary
high-throughput data. BMC Bioinforma. 13, S12 (2012).

65. Shannon, P. et al. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. 13,
2498–2504 (2003).

66. Jensen, L. J. et al. STRING 8–a global view on proteins and their
functional interactions in 630 organisms. Nucleic Acids Res. 37,
https://doi.org/10.1093/nar/gkn760 (2009).

67. Perez-Riverol, Y. et al. The PRIDE database and related tools and
resources in 2019: improving support for quantification data.
Nucleic Acids Res. 47, D442–D450 (2019).

68. Lim, C. Y. et al. ER–lysosome contacts enable cholesterol sensing
by mTORC1 and drive aberrant growth signalling in Niemann–Pick
type C. Nat. Cell Biol. 21, 1206–1218 (2019).

Acknowledgements
We thank Juan S Bonifacino and Michael Marks, Carmine Settembre,
GracianaDiez-Roux andDustinC. Bagley for for helpful suggestions, and
critical reading of the manuscript. We thank Angela Nacca for technical
help. This work was supported by the US National Institutes of Health
(R01-NS078072 and R01CA260205), the Huffington Foundation (A.B.);
the NCL-Stiftung foundation (A.C.), the Italian Telethon Foundation
(A.B.); MIUR PRIN E5L5P3_002 (A.B.), European Research Council H2020
AdG ‘LYSOSOMICS 694282’ (A.B.); European Regional Development
Fund—PORCampania FESR 2014/2020 (A.B); A.I.R.C. (ItalianAssociation
for Cancer Research) ‘IG-22103’ and ‘5×1000-21051’ (A.B.), theWellcome
Trust (104568/Z/14/Z and220260/Z/20/Z) (P.J.C.); theMedical Research
Council (MR/L007363/1 and MR/P018807/1) (P.J.C.); the Lister Institute
of Preventive Medicine and the Royal Society Noreen Murray Research
Professorship (RSRP/R1/211004) (PJC). Research reported in this pub-
lication was supported by the Eunice Kennedy Shriver National Institute
of Child Health & Human Development of the National Institutes of
Health under Award Number P50HD103555, for the use of the Human
Neuronal Differentiation Core (HNDC) and of the Neurovisualization
core. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health. This work was supported in part by the Cytometry and Cell
Sorting Core at Baylor College of Medicine with funding from the CPRIT
Core Facility Support Award (CPRIT-RP180672), the NIH (CA125123 and
RR024574) and the assistance of Joel M. Sederstrom.

Author contributions
A.C. and An.B. conceived the study. A.C. designed and performed
most of the experiments. L.S. performed most of the experiments
involving CLN3 staining, interpreted the results and suggested
experiments. N.M. performed enzymatic assays and GAA maturation
experiments. G.D.T. and N.Z. generated the CLN3 antibody. N.Z.,
N.J.H. performed experiments involved in CLN3- and Lyso-IP, and
provided technical support to A.C. in the execution of the experi-
ments. C.C. and P.G. generated and analyzed proteomics data. T.H.
generated constructs and transcriptional data, and supported A.C. in
the execution of the experiments. J.M. generated Crispr/Cas9 gene-
edited ARPE19 cells and performed some microscopy experiments.
A.E. performed endogenous CLN3 immunoprecipitation, designed
the model, and supported A.C. in the execution of the experiments.
Al.B and M.Z. were involved in experiments related to the char-
acterization of trafficking defects in CLN3-depleted cells. L.P. per-
formed flow cytometry experiments. E.P. performed electron
microscopy analysis. R.C. and P.J.C. generated HeLa CLN3-KO cells,
performed some experiments for their characterization, revised the
paper and suggested experiments. D.L.M. provided resources and
supervision for high content experiments. N.P. provided technical
support to A.C., M.A.D.M., and G.P. revised the paper and suggested
experiments. A.C. and An.B. wrote the paper. An.B. supervised
the study.

Competing interests
A.B. is co-founder of CASMA Therapeutics and advisory board member
of Next Generation Diagnostics and Avilar and Coave Therapeutics. The
remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39643-7.

Correspondence and requests for materials should be addressed to
Alessia Calcagni’ or Andrea Ballabio.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39643-7

Nature Communications |         (2023) 14:3911 19

https://doi.org/10.1172/JCI135124
https://doi.org/10.1074/mcp.M111.011015
https://doi.org/10.1074/mcp.M111.011015
https://doi.org/10.1093/nar/gkn760
https://doi.org/10.1038/s41467-023-39643-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Loss of the batten disease protein CLN3 leads to mis-trafficking of M6PR and defective autophagic-lysosomal reformation
	Results
	CLN3 traffics through the Golgi apparatus and lysosomes
	CLN3 interacts with protein complexes involved in membrane trafficking and recycling
	Loss of CLN3 leads to mis-trafficking of CI-M6PR
	Loss of CLN3 causes mis-sorting of lysosomal enzymes
	CLN3 modulates lysosomal tubulation and reformation

	Discussion
	Methods
	Cell cultures
	Generation of CLN3-KO CRISPr/Cas9 cell lines
	Plasmids and generation of cells stably expressing cDNAs
	Reagents and antibodies
	Cell treatments and protein knockdown
	CI-M6PR trafficking assays
	Trafficking of rhGAA and PepstatinA
	Mass spectrometry
	MS data processing and analysis
	Cell lysis, western blotting and immunoprecipitation
	Lysosomal immunopurification (Lyso-IP)
	Confocal microscopy
	Live cell imaging
	Image analysis
	Enzymatic assays
	Electron microscopy
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




