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Abstract

Mutations in the GDAP1 gene cause Charcot-Marie-Tooth (CMT) neuropathy. GDAP1 is an atypical glutathione S-transferase
(GST) of the outer mitochondrial membrane and the mitochondrial membrane contacts with the endoplasmic reticulum
(MAMs). Here, we investigate the role of this GST in the autophagic flux and the membrane contact sites (MCSs) between
mitochondria and lysosomes in the cellular pathophysiology of GDAP1 deficiency. We demonstrate that GDAP1 participates
in basal autophagy and that its depletion affects LC3 and PI3P biology in autophagosome biogenesis and membrane
trafficking from MAMs. GDAP1 also contributes to the maturation of lysosome by interacting with PYKfyve kinase, a
pH-dependent master lysosomal regulator. GDAP1 deficiency causes giant lysosomes with hydrolytic activity, a delay in the
autophagic lysosome reformation, and TFEB activation. Notably, we found that GDAP1 interacts with LAMP-1, which
supports that GDAP1-LAMP-1 is a new tethering pair of mitochondria and lysosome membrane contacts. We observed
mitochondria-lysosome MCSs in soma and axons of cultured mouse embryonic motor neurons and human neuroblastoma
cells. GDAP1 deficiency reduces the MCSs between these organelles, causes mitochondrial network abnormalities, and
decreases levels of cellular glutathione (GSH). The supply of GSH-MEE suffices to rescue the lysosome membranes and the
defects of the mitochondrial network, but not the interorganelle MCSs nor early autophagic events. Overall, we show
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that GDAP1 enables the proper function of mitochondrial MCSs in both degradative and nondegradative pathways, which
could explain primary insults in GDAP1-related CMT pathophysiology, and highlights new redox-sensitive targets in

axonopathies where mitochondria and lysosomes are involved.

Introduction

Charcot-Marie-Tooth disease (CMT) and related disorders are a
heterogenous group of genetic neuropathies with a complex
pathophysiology involving both myelin and axons, and the
Schwann cell axonal interactions. The discovery of pathogenic
mechanisms underlying the different types of CMT is a crucial
point to define molecular targets and design therapeutic
approaches (1).

Ganglioside-induced differentiation-associated protein 1
(GDAP1) is an atypical glutathione S-transferase (GST) (2) with
glutathione-conjugating and membrane-remodeling activities
(3). Mutations in the GDAPI gene cause Charcot-Marie-Tooth
disease, which can be expressed as an autosomal recessive
demyelinating neuropathy (4) or as an axonopathy, either
recessive (5) or dominant (6-8). Autosomal recessive mutations
are associated with an early-onset and severe neuropathy, with
most patients being wheelchair-bound by the second decade
and having vocal cord paresis (9), while dominant mutations
used to be associated with a milder course (10).

GDAP1 is an integral protein of the outer mitochondrial
membrane (OMM) (11-13). Our previous studies in embryonic
motor neurons (eMNs) of the Gdap1 knockout mouse (Gdap1~'~)
and GDAP1 knockdown neuroblastoma cells showed structural
defects in mitochondria, mitochondrial network and endo-
plasmic reticulum (ER) cisternae, associated with abnormal
autophagic vesicles (14,15). Additionally, the lack of GDAP1
causes oxidative stress in the peripheral nervous system (16) and
fibroblasts (17) and decreases the levels of cellular glutathione
(GSH) (18), which is the major redox buffer of the cell (19).
Recently, we have also reported an inflammatory response
in both spinal cord and sciatic nerve associated with axonal
damage in the Gdapl~~ mouse (20).

GDAP1 is also located in the mitochondria-associated
membranes (MAMs), the membrane contact sites (MCSs)
between mitochondria and ER, and its deficiency reduces
the contact between these two organelles (15). Mitochondria
come into contact with other organelles not only regulating
their own function but also impacting larger inter-organelle
networks, which are essential for cell function and tissue
homeostasis (21,22). Recently, mitochondria-lysosome MCSs
have been identified as regulators of mitochondrial fission via
the lysosomal GTPase Ras-related protein Rab-7 (RAB7) (23).
Interestingly, GDAP1 also regulates mitochondrial fission and
mitochondrial network dynamics (3,11-13). Nevertheless, the
scenario of primary pathophysiological insult caused by GDAP1
deficiency remains unclear. In this work, we demonstrate that
GDAP1 depletion causes membrane defects in early autophagic
vesicles as well as in lysosomes and their contacts with
mitochondria. Moreover, GDAP1 interacts with the lysosomal
marker LAMP-1, tethering the membranes of these organelles.
Glutathione supply suffices to rescue the lysosomal morphology
and the mitochondrial network dynamics but not autophagic
defects. Overall, our results indicate that GDAP1 enables the
proper function of mitochondria and their MCSs in both
degradative and nondegradative pathways whose deficiencies
are early events in the pathophysiology of CMT.

Results
GDAP1 deficiency impairs basal autophagy

We first investigated the occurrence of basal autophagy.
We found by electron microscopy a significant accumula-
tion of autophagic vesicles in eMNs from Gdapl™~ mice
(Fig. 1A). This phenotype was confirmed using the GFP-labeled
autophagosome marker LC3. Punctate GFP-LC3 was increased
in transfected Gdapl™~ eMNs and GDAPl-silenced human
neuroblastoma SH-SY5Y cells (hereinafter referred to as G4
cells) (15) stably expressing GFP-LC3 (Fig. 1B). Western blotting
analysis showed an increase of lipidated LC3 (LC3-II) levels in
both Gdap1~/~ eMNs and G4 cells (Fig. 1C and D). To examine
the autophagic flux, we analyzed the aggregates forming of p62,
whose levels negatively correlate with this flux (24). We found
accumulation of p62 aggregates in Gdapl~'~ eMNs (Fig. 1E), G4
cells (Fig. 1F) and postnatal spinal cord MNs from Gdapl~/~
mice (Supplementary Material, Fig. S1). We did not observe the
accumulation of p62 in Gdapl~~ mice brain (Supplementary
Material, Fig. S1B), which may be related to the selective neuronal
vulnerability to GDAP1 deficiency. To further investigate the
autophagic flux we used bafilomycin A1 (BafA1), which prevents
late phases of autophagy. BafAl caused accumulation of p62
aggregates in Gdapl™~ eMNs (Fig. 1E) and G4 cells (Fig. 1F)
although to a lesser degree than in controls, suggesting that the
fusion of autophagosomes with lysosomes is affected. Western
blotting analyses and GFP quantification by flow cytometry after
BafAl treatment also showed reduced LC3-II accumulation in
GDAP1-deficient cells (Supplementary Material, Fig. S2A and B)
and G4 cells stably expressing GFP-LC3 (Supplementary Material,
Fig. S2C). These results indicate that basal autophagy occurs
despite GDAP1 depletion, although its efficiency is suboptimal.

GDAP1 participates in membrane biogenesis of early
autophagic vesicles

GDAP1 function in basal autophagy was further assessed by
studying its interaction with autophagy- and MAM-related
proteins in SH-SYS5Y cells. We performed a series of co-
immunoprecipitation (co-IP) experiments of GDAP1 with
Acyl-CoA synthetase long-chain family member 1 (ACSL1),
Autophagy-related 4 cysteine peptidase (ATG4), coiled-coil
myosin-like BCL2-interacting protein (BECLIN-1), Dynamin-
related protein 1 (DRP1), LC3-I, LC3-II, RAB7 and SYNTAXIN 17
(STX17) (Fig. 2A-E). We found constitutive interaction of GDAP1
with STX17, LC3-I and LC3-II that were confirmed by proximity
ligation assay (PLA) (Fig. 2D and E). These proteins are involved
in autophagosome biogenesis and membrane trafficking (25-27).
BafA1l or autophagy induction by starvation in Earle’s balanced
salt solution (EBSS) treatments did not affect these interactions.
In addition, western blotting of subcellular fractions showed
GDAP1, STX17 (28), LC3-I and LC3-II bands in MAMs (Fig. 2F),
suggesting mitochondria-ER contacts as a platform for their
interaction. We found significantly lower levels of LC3-I and
LC3-1Iin MAMs fraction of G4 cells, probably caused by impaired
recruitment. Notably, we also found ATG4 in MAMs (Fig. 2F),
a redox-regulated cysteine protease that processes cytosolic
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Figure 1. GDAP1 deficiency produces an impairment of basal autophagy. (A) Representative electron microscopy images of two-day cultured eMNs and box-plot of the
autophagic vesicles (AV, yellow arrows) per cell (number of neurons: wild-type =31, Gdap1~/— =48). The analysis was performed from independent culture preparations
(wild-type =2, Gdapl—/~ =4). Scale bar 2 pm, detail 1 pum. (B) Percentage of punctate GFP-LC3 in transfected eMNs (n=150 wild-type cells, n=202 Gdapl~/~ cells) and
in neuroblastoma cells stably expressing GFP-LC3 (n=SH-SY5Y GFP-LC3 cells, n=100 SH-SY5Y G4 GFP-LC3 cells; three independent experiments). Scale bars: 10 pm.
(C and D) Western blotting of LC3-I and LC3-II in eMNs and neuroblastoma cells with quantification of relative LC3-II protein levels (three independent experiments).
(E and F) Percentage of p62-positive eMNs (D; n=56, 50, 47 and 45 cells, respectively) and neuroblastoma cells (E; n=287 241288 and 222 cells, respectively) without
treatment and after BafA1 treatment. Three independent experiments. Scale bars: 10 pm. Data information: In (A), the box plot lines correspond from the bottom of
the box to top: 25th percentile, median percentile, 75th percentile. The whiskers extend to the minimum and maximum values. In (B-F), data represent mean 4 SD and
individual values are displayed as dots. Mann-Whitney test (A), Mantel-Haenszel chi-squared test (B, E, F) and Student’s t-test (C, D). *P < 0.05, **P < 0.01, ***P < 0.001.

pro-LC3 for lipidation and binding to autophagosome mem-
branes (29). ATG4 also delipidates LC3-II for autophagosome
maturation and LC3 recycling (30,31). Furthermore, since
early events of autophagosome formation also include the
local synthesis of phosphatidylinositol 3-phosphate (PI3P) in
MAMs (28), we visualized PI3P-positive vesicles when GDAP1
is depleted. We transfected into SH-SY5Y and G4 cells the
GFP-2xFYVE plasmid, which is a domain that mostly binds
PI3P (32). Super-resolution confocal imaging revealed enlarged
abnormal PI3P-positive vesicles in G4 cells (Fig. 3A). Altogether,
these findings demonstrate that GDAP1 participates in early
autophagic events and membrane trafficking initiated in MAMs.

GDAP1 deficiency causes enlarged lysosomes that
maintain the hydrolytic capacity

Next, we investigated whether GDAP1 contributes to autophago-
some maturation by studying its interaction with PIKfyve.
This kinase is a master regulator of lysosomes that phospho-
rylates PI3P to PI(3,5)P, for vesicle maturation, identity and

trafficking (33,34). PLA and co-IP experiments revealed the
interaction between GDAP1 and PIKfyve (Fig. 3B and C), which
increases after starvation-induced autophagy (EBSS). Either
LysoTracker or o-LAMP-1 (Lysosomal-associated membrane
protein 1) staining of GDAP1-depleted models showed enlarged
perinuclear lysosomes and abnormal distribution of this
organelle in G4 cells (Fig. 3D and E), Gdapl~~ eMNs (Fig. 3F)
and spinal cord MNs from Gdapl™~ mice (Supplementary
Material, Fig. S3). As this lysosomal phenotype is associated with
decreased PIKfyve kinase activity (38), we treated SH-SY5Y and
G4 cells with Apilimod, a specific PIKfyve inhibitor (Fig. 3G). After
treatment, we observed a significant increase in the lysosomal
area in SH-SYSY cells and not in G4, suggesting that PIKfyve
was already inhibited in G4 cells. This finding indicates that
there is a loss of PIKfyve activity when GDAP1 is depleted. We
also quantified the nuclear translocation of the transcription
factor EB (TFEB), which is a crucial regulator of autophagy by
promoting autophagosome formation, lysosomal biogenesis
and function (35-37). TFEB nuclear levels were significantly
increased in G4 cells (Fig.3H) and Gdapl™~ eMNs (Fig.3I),
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Figure 2. GDAP1 interacts with SYNTAXIN 17 (STX17) and LC3 in MAMs. (A) Negative interactions by co-IP assays of GDAP1 with DRP1 (mitochondrial fission in MAMs),
ACSL1 (fatty acid metabolism in MAMs), GRP75 (CaZt channel in MAMs), BECLIN-1 (ER-mitochondria tethering and autophagosome formation), ATG4 (unique redox
sensor essential for maturation of autophagosomes) and RAB7 (trafficking, maturation, and fusion of endocytic and autophagic vesicles). (B and C) Co-IP assay of
endogenous GDAP1 and STX17 (B) or LC3 (C) in SH-SY5Y cells. (D and E) Representative images of the interaction between GDAP1 and STX17 (D) or LC3 (E) in SH-SYS5Y
cells by PLA from 3 independent experiments. Scale bar: 10 pm. (F) Western blot of subcellular fractions from SH-SY5Y and G4 cells and quantification of relative
protein levels in MAMs fraction (three or four independent experiments). C, cytosol; ER, endoplasmic reticulum; pM, pure mitochondria; MAM, mitochondria associated
membranes. Data information: In (F), data represent mean + SD and individual values are displayed as dots. ANOVA followed by Sidak’s post hoc test.

supporting the inhibitory effect on PIKfyve (38) and suggesting an
impaired lysosomal function when GDAP1 is depleted. To know
if autophagosome defects also contribute to lysosomal defects,
we immunostained with «-LAMP-1 both SH-SY5Y and G4 cells

of the vesicles were LAMP-1+/LC3-II- that confirmed their
lysosomal nature in both SH-SY5Y and G4 cells.

Then, we wondered if the enlargement of lysosomes affected
their enzymatic activity. We found no changes either in
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Figure 3. GDAP1 regulates membrane biogenesis in MAMs and the activity of PYKfyve. (A) Representative images of GFP-FYVE positive vesicles in transfected
SH-SY5Y and G4 cells. Box-plot shows vesicle diameter (um). Scale bar: 10 pm, 3D scale bar:1 pm. (B) PLA of GDAP1 and PIKfyve in untreated SH-SY5SY cells and after
autophagy induction (EBSS). Quantification of the number of dots per cell is shown in the right panel (n=261 untreated SH-SY5Y cells and n=229 SH-SY5Y EBSS cells;
three independent experiments). (C) Co-IP assay of endogenous GDAP1 and PIKfyve in SH-SY5Y cells. Quantification is shown in the right panel (three independent
experiments). (D-F) Representative images of lysosomes stained with LysoTracker Red (D) or «-LAMP-1 (E) in SH-SY5Y and G4 cells and with «-LAMP-1 in eMNs (F). (G)
Representative images of «-LAMP-1 staining in untreated neuroblastoma cells and after Apilimod treatment (left panel) and lysosomal area distribution (right panel)
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bar: 10 pm. (H and I) Representative images of TFEB staining and quantification of nuclear TFEB intensity in neuroblastoma cells (H) (n=459 SH-SYS5Y cells, n=399 G4
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lysosomal pH (LysoSensor Green) or in CATHEPSIN B activity
(Magic Red) in G4 cells (Supplementary Material, Fig. S4). On the
other hand, after BafAl treatment, we observed morphological
differences in G4 cells, suggestive of a delay in the autophagic
lysosome reformation (ALR) (39) (Supplementary Material, Fig.
S4A, detail). This finding would further support that PYKfyve,
which regulates ALR (40), needs GDAP1 for proper activity. These
results argue that GDAP1 regulates the activity of PYKfyve for
the maturation of lysosomal membranes regardless of their
hydrolytic capacity.

GDAP1-LAMP-1 is a tethering couple of
mitochondria-lysosome MCSs

We analyzed how GDAP1 is related to lysosomes. We found by
western blotting a GDAP1 band in lysosome-enriched fractions
from SH-SYSY cells (Fig. 4A). These fractions were negative for
other mitochondrial and peroxisomal markers. To further inves-
tigate whether GDAP1 is located in lysosomes, we transiently
overexpressed GDAP1 in SH-SY5Y cells and stained with «-
GDAP1, o-LAMP-1 and MitoTracker Deep Red. Super-resolution
confocal imaging revealed that GDAP1 is exclusively located
at mitochondria (Fig. 4B). We then hypothesized that GDAP1,
located in the OMM could be resident of the MCSs between
these organelles. Co-IP assays in untransfected SH-SYSY cells
detected the constitutive interaction of GDAP1 with the lyso-
somal membrane protein LAMP-1 in untreated cells and after
BafAl or EBSS treatments (Fig. 4C). Consistent with co-IP data,
PLA experiments confirmed the GDAP1-LAMP-1 interaction. We
used two different «-LAMP-1 antibodies that recognize either
the carboxy-terminus («-LAMP-1-Ct) or a luminal epitope of
the protein. We found a larger number of PLA spots using «-
GDAP1 and «-LAMP-1-Ct antibodies, which recognize exposed
epitopes on the outer surface of mitochondria and lysosomes,
respectively. The number of PLA spots was significantly lower
when GDAP1 is depleted (G4 cells) or the «-LAMP-1 epitope
is located in the lysosome lumen (Fig. 4D). Hence, GDAP1 is
not located at the lysosome membrane but rather it associates
with lysosomes by its interaction with LAMP-1 in mitochon-
dria-lysosome MCSs. We also examined mitochondria-lysosome
MCSs in cultured WT and Gdapl~~ eMNs. We found PLA spots
in both soma and axons of WT eMNs whilst they were absent in
Gdapl~/~ eMNs (Fig. 4E). The location of mitochondria-lysosome
MCSs along the eMNs axons (Fig. 4E, detail) is intriguing, and
therefore, we seek to visualize these contacts in SH-SY5Y in vivo
by intensity-based image segmentation of time-lapse images
(Supplementary Material, Fig. S5). We identified mitochondria—
lysosome colocalization signal in SH-SY5Y soma and neurites as
well (Fig. 4F), thus, indicating a role for mitochondria-lysosome
MCSs along axons.

We next examined how GDAP1 knockdown might be affect-
ing mitochondria-lysosome MCSs by using super-resolution
confocal imaging. GDAP1 depletion markedly increased the
distance between mitochondria and lysosomes (Fig. 5A-C) as
well as the distribution of the four contact event categories (see
Methods) according to the distance between these organelles

(Fig. 5D). G4 cells showed a decrease of contacts (<80 nm) and
possible contacts (80-150 nm) whereas the vicinity (150-300 nm)
and far populations (>300 nm) were increased (Fig. 5D and E).
We also observed a significant presence of engulfment events
(lysosome enveloping mitochondria) in G4 cells (Fig. SF).
Besides, time-lapse cell imaging (Supplementary Material, Fig.
S5) of mitochondria-lysosome MCSs in G4 cells showed a
reduction of mitochondria-lysosome MCSs surface (Fig. 5G and
Supplementary Material, Movies S1, S2, S4 and S5) and contact
duration (Fig. 5H and Supplementary Material, Movies S3 and
S6). Collectively, these data demonstrated that GDAP1-LAMP-1
is a new tethering pair of mitochondria-lysosome MCSs, which
is altered by GDAP1 depletion.

Glutathione supply rescues lysosome and
mitochondrial network abnormalities caused by GDAP1
depletion

As GDAP1 has been proposed to be a sensor for cellular redox
status (3,16), we investigate whether the effects observed by the
depletion of GDAP1 are related to changes in redox homeostasis
of the cell. We detected significantly lower levels of GSH in
G4 cells and Gdapl~~ eMNs (Fig. 6A and B), which led us to
perform rescue experiments with GSH-reduced ethyl ester (GSH-
MEE). The supply of GSH-MEE did not rescue autophagosome
accumulation linked to basal autophagy slow-down (Fig. 6C).
In contrast, GSH-MEE did rescue the aberrant lysosomal
morphology in G4 cells (Fig. 6D) and Gdapl~~ eMNs (Fig. 6E). As
lysosomes and mitochondria-lysosome MCSs regulate mito-
chondrial network dynamics (23), we performed rescue exper-
iments to analyze GSH-MEE effect on 3D volume models of
mitochondrial network (Fig. 7A-P and Supplementary Material,
Fig. S6). In untreated G4 cells, the mitochondrial network showed
a significant increase in volume, length and number of branch-
points and endpoints, as well as a reduction in the number
of substructures (individual mitochondria and subnetworks).
GSH-MEE supply rescued all these mitochondrial network
abnormalities (Fig.7), while the number of mitochondria-
lysosome contacts was further decreased; however, the supply
of GSH-MEE caused these organelles to come closer (Fig. 7Q)
and a reduction of mitochondria engulfment events in G4 cells
(Fig. 7R), suggesting a reduction of dysfunctional mitochondria
and lysosomes. Therefore, the antioxidant environment after
GSH-MEE supply rescued the lysosome membranes and
mitochondrial network dynamics, but not the defects in the
autophagic degradative pathway.

Discussion

Here, we report novel functions of GDAP1 linked to its local-
ization in the OMM (12) and to its potential GST-like activity
(2), which could explain primary insults in GDAPI-related
CMT pathophysiology. We previously described that GDAP1
is part of the mitochondrial MCSs with the ER (MAMs), and
of the mitochondria-ER-plasmatic membrane contacts (Ca?t
microdomains), and that MCSs are affected by GDAP1 depletion

cells; three independent experiments) and eMNs (I) (n=95 Wild-type cells, n=66 Gdapl~~ cells; three independent primary cultures). Scale bars: 10 pm. (J)
Colocalization of GFP-LC3 vesicles with LAMP-1 staining in SH-SY5Y and G4 cells. Analysis of Mander’s Overlapping Coefficient (MOC) of the vesicles is shown in the
graphic below (n=278 SH-SY5Y cells, n=260 G4 cells; three independent experiments). Scale bars: 10 pm. Data information: In (A, B), the box plot lines correspond
from the bottom of the box to top: 25th percentile, median percentile, 75th percentile. The whiskers extend to the minimum and maximum values. Outliers are
represented as dots. In (C, G, H, I and J) data represent mean + SD and individual values are displayed as dots. Mann-Whitney U test (A, B), Student’s t-test (C, H-J) and

Kolmogorov-Smirnov test (G). *P <0.05, **P < 0.01, ***P < 0.001.
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(14,15). Additionally, GDAP1 reduction affects mitochondrial
movement, which would cause defects in the structure and
function of mitochondrial membrane contacts, as we found
in the mitochondria-ER-plasmatic membrane contacts that
regulate the store-operated Ca?" entry (SOCE) activity (15,41,42).

In this study, we found that GDAP1 function is relevant in
cellular pathways where mitochondria and lysosomes act in a
coordinated manner (Fig. 8). In first place, GDAP1 participates
in early autophagic events by interacting with STX17, LC3-I and
LC3-II; all of which are involved in autophagosome biogenesis
and membrane trafficking (25-27,29,30). As GDAP1 and these
interactors have been found in MAMs, it is tempting to propose
the direct participation of GDAP1 in early events of membrane
biogenesis in MAMs. The depletion of GDAP1 causes abnormal
autophagosomes contributing to the slow-down of autophagic
pathways. Moreover, our GDAP1-deficient models also showed
membrane defects of lysosomes thus supporting that mito-
chondrial dysfunction affects lysosomes structure, as previously
reported (43). We observed enlarged lysosomes, whose mobility
and fusion with autophagosomes may be compromised, affect-
ing both basal and induced autophagy by defective autophagic
flux (Fig. 8). However, the lysosomal defects related to GDAP1
depletion were only structural since the lysosomes did not lose
their hydrolytic capacity. Importantly, lysosome morphology but
not the autophagosome phenotype was rescued by restoring cel-
lular GSH levels in GDAP1-deficient cells, indicating that mem-
brane defects of these vesicles have a different origin. Regarding
lysosomes rescue, it has been reported that PIKfyve inhibition
activates TFEB (44) and causes lysosome coalescence (38) as we
found here. Given that FYVE-PI3P binding is pH dependent (45)
and consequently sensitive to redox state (19), we propose that
GDAP1 interacts with PYKfyve to maintain the redox state for
proper PYKfyve binding to PI3P in membranes. Of note, GDAP1-
PYKfyve interaction increases with the induction of autophagy
when the activity of PYKfyve for vesicle maturation is more
necessary.

Notably, we also found that GDAP1 is located in mitochon-
dria-lysosome MCSs, another mitochondrial membrane contact,
that links this protein with lysosomal biology (Fig. 8). Indeed,
we show that GDAP1-LAMP-1 is a new tethering pair of mito-
chondria-lysosome MCSs, where GDAP1 increases the affinity
of one organelle for the other. In our models, GDAP1 reduction
affects both the structure and function of these MCSs, causing
lysosomes to coalesce and mitochondrial network defects.
Since mitochondria-lysosome MCSs regulate mitochondrial
fission via RAB7 (23), defective MCSs between these organelles
could explain mitochondrial network abnormalities related to
GDAP1 deficiency (12,13,15,44). The supply of GSH in GDAP1-
depleted cells rescue all mitochondrial network abnormalities
including the number of substructures suggesting a link between
mitochondrial fission and the redox state (18). The relevance of
GST activity in the regulation of mitochondrial function has
been recently reported for the role of the cytosolic glutathione
S-transferase Gfzf upon mitochondrial network in axons (46).
Previous studies on GDAP1 relation with cellular redox state
showed that overexpression of this protein increases GSH
in neuronal cells whereas its knockdown causes sensitivity
to oxidative stress (18), which would support GDAP1 GST
activity. However, the canonical GST activity of GDAP1 is still

controversial (3,11,47,48) and recent structural data showed that
GDAP1 is not capable of binding GSH in the G-domain but retains
binding of the substrate in the H-domain (47). These findings
are consistent with a putative role of GDAP1 as a sensor of
cellular oxidative stress (3,16,18,47), which would also explain
the cellular oxidative state caused by GDAP1 depletion.

GSH rescue of lysosome membranes and mitochondrial net-
work dynamics but not of their contacts further support the
GDAP1 tethering function of mitochondrial MCSs. Given that
very few proteins have now been found to be pure tethers (49), we
propose that GDAP1 is a tether that also regulates or senses the
redox state in mitochondrial MCSs and, perhaps also, through its
remodeling membrane activity (3). The uniqueness of mitochon-
drial MCSs functions in terms of its redox state regulation has
not been studied. Mitochondria-organelle contacts constitute
membrane domains that integrate organelle communication
and function with cellular metabolism and homeostasis (22).
Our findings place GDAP1 as part of this network regulating
both mitochondria-lysosome MCSs and mitochondria-lysosome
degradative and nondegradative pathways. Neurons are particu-
larly sensitive to disruption of both mitochondria and lysosome
function and combined defects of these organelles are observed
in many neurodegenerative diseases, also in hereditary neu-
ropathies (50). The absence of GDAP1 especially affects neurons
and long axons of the peripheral nerves and now it seems that
the abnormal changes of the redox state in ER-mitochondria-
lysosome membrane axis can be a primary insult that causes
Charcot-Marie-Tooth disease: the contacts between mitochon-
dria and lysosomes may play a relevant role not only in the neu-
ronal soma but also within axons. Finally, our results open new
target pathways in the axonal pathophysiology in peripheral
neuropathies like CMT disease, but also in the axonopathy asso-
ciated with neurodegenerative diseases, where mitochondria
and lysosomes are involved.

Materials and Methods

Reagents

Plasmids. The following plasmids were used: mGFP-LAMP
(Addgene plasmid #34831), eGFP-LC3 was a gift from Dr Erwin
Knecht (Addgene #21073), pEGFP-2xFYVE was a gift from Dr
Pascual Sanz, pCMV6-AC-@ and pCMV-GDAP1-Myc plasmid (15).

Antibodies and probes. The following antibodies were used:
ACSL1 rabbit antibody (Cell Signaling, #4047), ATG4B mouse anti-
body (MBL, M134-3), ATG4B rabbit antibody (Abcam, ab154843),
BECLIN-1 rabbit antibody (Cell Signaling #3738), 8-ACTIN mouse
antibody (Sigma-Aldrich, A5316), TUBB3 rabbit antibody (Sigma-
Aldrich, T2200), TUBB3 mouse antibody (Promega, G7121),
DRP1 mouse antibody (BD Biosciences, 611113), FACL-4 mouse
antibody (Santa Cruz, sc-365230), GDAP1 rabbit antibody (Sigma-
Aldrich, HPA024334), GDAP1 mouse antibody (Abcam, ab194493),
GRP75 rabbit antibody (Santa Cruz, sc-13967), HA-probe mouse
antibody (Santa Cruz, sc-7392), LAMP-1 rabbit antibody (Sigma-
Aldrich, L1418 and Abcam ab24170), LAMP-1 mouse antibody
(DSHB, H4A3), LC3 mouse antibody (LifeSpan Biosciences,
LS-C165694), LC3B rabbit antibody (Sigma-Aldrich, L7543),
MITOFUSIN-2 rabbit antibody (Sigma-Aldrich, M6319), PIKfyve

isolated. Maximum projection of the 2D +t volume generated from the colocalization at each video frame is shown (down). Scale bar: 10 pm. Data information: In
(D) the box plot lines correspond from the bottom of the box to top: 25th percentile, median percentile, 75th percentile. The whiskers extend to the minimum and

maximum values. Mann-Whitney U test ***P < 0.001.
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Figure 5. GDAP1 and LAMP-1 is a new tethering pair of mitochondria-lysosomes MCSs. (A) Comparative Kernel density plots of lysosome-mitochondria distance in
SH-SY5Y and G4 cells. (B) Cumulative distribution plot of lysosome-mitochondria distance in SH-SYSY and G4 cells. (C) Distance between lysosomes and mitochondria
in SH-SY5Y (n=100 total events) and G4 (n= 104 total events) cells. (D) Percentage of events in the four categories (contact, possible contact, vicinity and far) in SH-SYSY
(n=100 total events) and G4 (n=104 total events) cells. (E) Representative 3D images of the four mitochondria-lysosome event categories and the corresponding intensity
profiles of MTDR (red channel) and LAMP-1 (green channel) along an ideal straight line crossing the event. Scale bar: 500 nm. (A.U: arbitrary units). (F) Percentage of
engulfment events in SH-SY5Y (n=100 total events) and G4 (n=104 total events) cells. A representative 3D images of and engulfment event and the corresponding
intensity profile of MTDR (red channel) and LAMP-1 (green channel) along an ideal straight line (white) crossing the event. Scale bar: 500 nm. (A.U: arbitrary units). (G)
Percentage of total lysosome area colocalizing with mitochondria (n = 3600 video frames form 8 SH-SY5Y cells), n=3150 video frames from 7 G4 cells). (H) Duration (ms)
of lysosome-mitochondria contacts (n=10658 contacts from 8 SH-SY5Y cells), n=19661 contacts from 7 G4 cells. Data information: In (C), the box plot lines correspond
from the bottom of the box to top: 25th percentile, median percentile, 75th percentile. The whiskers extend to the minimum and maximum values. In (F, G and H)
data represent mean =+ SD. Kolmogorov-Smirnov test (B), Mann-Whitney U test (C), Pearson’s Chi-squared test (D), Fisher’s exact test (F) and Student’s t-test (G and H).
*P <0.05, **P < 0.01, ***P < 0.001.

mouse antibody (Santa Cruz, sc-100408), p62/SQSTM1 rabbit Magic Red™ cathepsin B reagent was from Immunochemistry

antibody (Sigma-Aldrich, P0067), RAB7 mouse antibody (Sigma- Technologies.

Aldrich, R8779), SYNTAXIN 17 rabbit antibody (Sigma-Aldrich,

HPA001204), TFEB rabbit antibody (LifeSpan Biosciences, LS- Drugs and treatments. For the induction of autophagy by amino
C353036), TOM20 mouse antibody (BD Biosciences, 612278), V5 acid starvation cells were washed three times with PBS and
rabbit antibody (Sigma-Aldrich,v8137) and Alexa fluorophore- cultured in Earle’s Balanced Salt Solution (EBSS, Thermo Fisher)

conjugated secondary antibodies from Molecular Probes for 4 or 24 h at 37°C. The PIKfyve kinase inhibitor Apilimod
(Invitrogen). MitoTracker Deep Red, LysoTracker Red DND-99 (Selleckchem) was used at 20 nwM for 60 min at 37°C. The specific
and LysoSensor Green DND-189 were from Molecular Probes and inhibitor of vacuolar-type H*-ATPase Bafilomycin Al (Merck)
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Figure 6. Restoration of cellular GSH levels rescues lysosomal morphology in GDAP1 depleted cells. (A and B) GSH levels (nmol/mg protein) in SH-SY5Y and G4
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cells stably expressing GFP-LC3 and after GSH-MEE treatment (n=278 SH-SYSY cells, n=260 G4 cells, n=181 SH-SY5Y GSH cells and n=111 G4 GSH cells; three
independent experiments). (D) Representative images of «-LAMP-1 staining in untreated neuroblastoma cells and after GSH-MEE treatment (left panel) and lysosomal
area distribution (right panel) (n=7653 SH-SY5Y lysosomes, n=9404 G4 lysosomes, n=6181 SH-SY5Y GSH-MEE lysosomes and n=6504 G4 GSH-MEE lysosomes; three
independent experiments). Scale bars: 10 um. (E) Representative images of «-LAMP-1 staining in untreated MNs and after GSH-MEE treatment (left panel) and
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two independent primary cultures). Scale bars: 10 pm. Data information: In (A and B), the box plot lines correspond from the bottom of the box to top: 25th percentile,
median percentile, 75th percentile. The whiskers extend to the minimum and maximum values. In (C-E) data represent mean + SD and individual values are displayed
as dots. Mann-Whitney U test (A and B), ANOVA followed by Sidak’s post hoc test (C and E) and Kolmogorov-Smirnov test (D). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7. Restoration of cellular GSH levels rescues mitochondrial network dynamics in GDAP1 depleted cells. (A) Representative 3D volume models of the mitochondrial
network in SH-SY5Y, G4 and GSH-MEE-treated G4 cells. (B-O) Assessment of morphological mitochondrial parameters for the total network (B-I) (n=20 SH-SY5 cells,
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post hoc test (A-O), Pearson’s Chi-squared (Q) and Fisher’s exact tests (R). *P <0.05, **P <0.01, ***P < 0.001, ns, non-significant.
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Figure 8. GDAP1 function in mitochondrial MCSs and proposed pathophysiological mechanisms in deficient cells. (A) GDAP1 is located in both the outer mitochondrial
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biogenesis of early autophagic vesicles, interacting with STX17 and LC3-V/II, allowing proper basal autophagic flux. GDAP1 through its interaction with the lysosomal
protein LAMP-1, constitutes a new tether of mitochondria-lysosome MCSs, regulating mitochondrial and lysosomal dynamics. GDAP1 also interacts with the
kinase PIKfyve, involved in lysosomal identity, maturation, and transport. The figure also includes the known participation of GDAP1 in both retrograde and
anterograde movements mediated by RAB6 and caytaxin, respectively, which locates mitochondria at Ca2t microdomains. (B) Cells lacking GDAP1 present an oxidative
microenvironment due to a decrease in GSH levels. The depletion of GDAP1 causes defects in vesicle biogenesis from MAMs, leading to autophagosome accumulation
and slowing down the autophagic flux. The lack of GDAP1 also affects mitochondria-lysosome MCSs inducing (1) enlarged lysosomes and the activation of TFEB,
which is recruited to the nucleus activating the expression of autophagic genes and (2) mitochondrial network abnormalities. In Ca2+ microdomains, mitochondrial
localization is also altered affecting SOCE activity. Illustration created with BioRender (https://biorender.com/).
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was used at 200 nm for 30 min or 4 h at 37°C. The antioxidant
glutathione reduced ethyl ester (GSH-MEE, Sigma-Aldrich) was
used at 1 mm for 24 h at 37°C.

Animals and embryonic motor neuron (€MN) primary
culture

Gdap1 knockout (Gdap1~'~) mice were previously generated
and characterized in our laboratory (14). All the animals were
kept under controlled temperature (23°C) and humidity (60%)
on a 12 h light/dark cycle with access to food and water
ad libitum. eMN cultures were prepared from 13.5 embryonic
day (E13.5) mouse spinal cord as previously described with
some modifications (14). Briefly, mouse embryo spinal cords
were dissected, and the dorsal half removed. Ventral spinal
cords were dissociated mechanically after trypsin treatment
(0.025% trypsin in HBSS) and collected under a 4% bovine
serum albumin (BSA) cushion. The largest cells were isolated by
centrifugation (10 min at 520g) using iodixanol density gradient
purification. The collected cells were finally suspended in a
tube containing: Neurobasal (Life technologies) supplemented
with B27 (Life technologies), 2% horse serum (Life technologies),
1x glutamax (Life technologies), and a cocktail of recombinant
neurotrophins: 1 ng/ml BDNF, 10 ng/ml GDNF, 10 ng/ml CNTF,
and 10 ng/ml HGF (PreProtech). Isolated eMNs were plated on
poly-DL-ornithine/laminin-coated surfaces and grown in a 5%
CO; incubator at 37°C. media was changed every 2-3 days and
2 pM AraC (Sigma-Aldrich) was added to the culture medium to
limit the growth of non-neuronal cells. eMNs were transfected
with Lipofectamine™ 2000 reagent (Invitrogen) according to
manufacturer’s instructions.

Neuroblastoma cell culture

SH-SY5Y and SH-SY5Y G4 (15) neuroblastoma cell lines were
cultured in Dulbecco’s Modified Eagles’s Medium/Nutrient mix-
ture F-12 (DMEM-F12, Sigma-Aldrich) supplemented with 10%
fetal bovine serum (Sigma-Aldrich), 2 mMm L-glutamine (Sigma-
Aldrich) and 100 mg/ml penicillin-streptomycin (Sigma-Aldrich),
at 37°C in a 5% CO, incubator. SH-SY5Y G4 cell line was addi-
tionally supplemented with 2 cg/ml puromycin (Sigma-Aldrich)
to maintain the selection and GFP-LC3 stable cell lines were
selected in the presence of 500 pg/ml geneticin (G418 Sigma-
Aldrich). Neuroblastoma cells were transfected with FuGENE
Transfection Reagent (Promega) according to the manufacturer’s
instructions.

Transmission electron microscopy

Isolated eMNs were seeded onto poly-D-lysine/laminin-coated
Lab-Tek chamber slides of 2 wells (Nalge Nunc International),
fixed after 24 h of culture in 2.5% glutaraldehyde for 1 h at 37°C
and processed for TEM as previously reported (51).

Western blot and co-immunoprecipitation assays
(co-IP)

Cells were homogenized in lysis buffer (50 mm Tris HCl pH 7.4,
1.5 mm MgCl, 5 mMm EDTA, 1% Triton X-100, 50 mM NaF and
1 mm Na,VOs) containing a protease inhibitor cocktail (Complete
Mini-Protease Inhibitor Cocktail, Roche). Homogenates were
centrifuged at 13200 rpm (FA-45-30-11 Rotor) for 15 min at 4°C
and the protein concentration of the supernatant was quantified
by BCA method (Thermo Fisher Scientific), resolved in sodium
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dodecyl sulfate-polyacrylamide gels (SDS-Page) and transferred
onto Amersham Hybond PVDF membranes (GE Healthcare).
The membranes were blocked with 5% defatted-milk or bovine
serum albumin in TBS-0.1% Tween 20 buffer (25 mm Tris, 50 mm
NaCl, 2.5 mm KCl, 0.1% Tween-20). Afterward the membranes
were blotted with the specific primary antibodies, which were
detected using secondary antibodies coupled to horseradish
peroxidase. Proteins were processed for chemiluminescence
with Amersham ECL Prime Western Blotting Detection Reagent
and visualized by iBright™ CL1000 Imaging System (Thermo
Fisher Scientific). Bands intensity was measured using ImageJ
(NIH, http://rsb.info.nih.gov/ij).

For immunoprecipitation assays, 1 mg of total lysate was
incubated with the specific antibody for 6-8 h at 4°C followed by
incubation with Protein G Sepharose™ 4 Fast Flow (GE, Health-
care) overnight at 4°C. Beads were softly washed with lysis buffer,
resuspended in Laemmli Buffer, heated at 95°C and analyzed by
SDS-Page and western blot.

Immunofluorescence

Cells were seeded onto glass coverslips, washed with PBS and
fixed in pre-warmed 4% paraformaldehyde for 20 min at room
temperature. Cells were permeabilized with 0.2% Triton in PBS
for 30 min and they were blocked with 1% BSA and 4% serum in
PBS. The specific primary antibodies were incubated overnight
at 4°C and the secondary conjugated antibodies were incubated
for 1.5 h at room temperature. The coverslips were mounted
with Fluoromount-G with DAPI (4,6'-diamidino-2-phenylindole).
To visualize mitochondria or lysosomes, cells were loaded with
200 nM MitoTracker Deep Red for 30 min at 37°C or with 75 nMm
LysoTracker Red DND-99 for 45 min at 37°C, respectively.

eMNs were washed with PB 0.1 M and fixed in pre-warmed 4%
paraformaldehyde for 20 min at room temperature. Cells were
permeabilized and blocked with BSA 4%—Triton 0.5% in PB 0.1 M
for 1.5 h. The following steps are explained above.

For immunostaining of autophagic markers in tissues, sec-
tions of brains and spinal cords were dewaxed, and antigenic
unmasking was carried out. The tissues were blocked with 4%
BSA 0.1% Triton and 5% goat serum for 2 h at room temperature.
After several wash steps, the sections were incubated with the
corresponding primary antibodies overnight at 4°C in a humidity
chamber. The secondary antibody was added after washed with
PBS, and the sections were mounted with Fluoromount-G with
DAPIL.

Proximity ligation assay

Cells were seeded onto glass coverslips, washed with PBS, fixed
in pre-warmed 4% paraformaldehyde for 20 min at room tem-
perature and permeabilized with ice-cold methanol at —20°C for
20 min. In MNs, the permeabilization was performed with PBS
0.4% Triton X-100 for 10 min. After 1 h of incubation at 37°C
with the blocking solution in a pre-heated humidity chamber,
cells were incubated overnight at 4°C with the specific primary
antibodies. Afterward, we performed the PLA assay according
to the manufacturer’s instructions (Duolink In Situ-Fluorescence,
Sigma-Aldrich) and the coverslips were mounted with Duolink In
Situ Mounting Medium with DAPI.

GFP-LC3 flow cytometry

SH-SYS5Y and SH-SYS5Y G4 GFP-LC3 stable cell lines were seeded
on 35-mm plates and treated with Bafilomycin Al for 4 h at 37°C.
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Cells were harvested by trypsinization and washed with PBS.
10000 cells were counted by sample, and GFP intensity levels
were analyzed with a Novocyte 3000 flow cytometer (ACEA).

Lysosomal pH analysis

To observe lysosomal alkalinization cells were seeded onto
25-mm glass coverslips, washed with PBS and loaded with
1 pM LysoSensor Green DND-189 for 30 min at 37°C. Cells were
washed with PBS and immediately visualized with a confocal
microscope.

CATHEPSIN B activity

Lysosomal function was analyzed by the CATHEPSIN B enzy-
matic activity. Cells were loaded with Magic Red™ CATHEPSIN
B reagent for 45 min at 37°C and the fluorescence intensity of
10000 cells per sample was measured by flow cytometry.

Subcellular fractionation (MAMs)

Subcellular fractions were obtained according to Annunziata
and collaborators (52) with little modifications. Briefly, cells
were resuspended in hypotonic buffer (250 mM sucrose, 20 mm
HEPES pH 7.4, 10 mm KCl, 1.5 mm MgCl,, 1 mm EDTA, 1 mM
EGTA, protease and phosphatase inhibitors) for 30 min on ice
and then homogenized with a pestle and disrupted by passing
through a 25 G and 30 G needles. Lysed cells were centrifuged
at 750g for 10 min at 4°C to remove cell debris and nuclei. The
supernatant was centrifuged at 10000g for 20 min at 4°C: the
pellet contained the mitochondrial fraction. The supernatant
was again centrifuged at 100 000g for 1 h at 4°C in a Hitachi Ultra-
centrifuge CP8ONX, rotor P40ST. This third supernatant was the
cytosolic fraction, while the pellet contained the endoplasmic
reticulum fraction. The mitochondrial pellet was resuspended in
isolation medium (250 mm mannitol, 5 mm HEPES pH 7.4, 0.5 mm
EGTA, 0.10% BSA), layered on top of a 30% Percoll gradient and
centrifuged at 95000g for 30 min at 4°C (P40ST Rotor). Two white
bands were obtained: the upper band was collected, diluted with
isolation medium and centrifuged at 6300g for 10 min at 4°C.
The resulting supernatant was centrifuged at 100000g for 1 h
at 4°C. The pellet contained the MAMs fraction. The lower band
was diluted with isolation medium and centrifuged at 6300g for
10 min at 4°C twice to remove the Percoll. The resulting pellet
was collected as the pure mitochondrial fraction.

Lysosomal enriched fractions

Lysosomes were isolated using a lysosomal enrichment kit
(Thermo Fisher Scientific). SH-SYS5Y cells were seeded on
150-mm plates and lysed following the manufacturer’s instruc-
tions. The lysates were combined with OptiPrep to a final
concentration of 15% and layered on top of a discontinuous
density gradient with the following concentrations from top to
bottom: 17, 20, 23, 27 and 30%. The tube was centrifuged for 2 h
at 145000g and the whole volume collected to determine the
lysosome-containing fraction. The fractions were diluted with
PBS, pelleted by centrifugation for 30 min at 18 000g and washed
with the kit solution. The fractions were analyzed by SDS-Page
and western blot.

Glutathione quantification (GSH assay)

Cells were seeded onto a 96-well plate and the measure of GSH
cellular levels was performed with the GSH-Glo Glutathione

Assay (Promega) following the manufacturer’s instructions. The
total protein concentration of equitable wells was analyzed by
BCA method to normalize the results of each well and eliminate
the variations due to differences in the number of cells.

Image acquisition and processing

Super-resolution images were acquired with a Leica TCS SP8
X White Light Laser confocal microscope with Hybrid spectral
detectors and HyVolution (Leica Microsystems, Wetzlar, Ger-
many) using the Leica LAS X software (version 3.1.5). Image
deconvolution was performed with Huygens Essential software
v 4.4 0p6 (SVI, Leiden, The Netherlands). Image processing and
analysis were implemented and performed using the software
MATLAB R_2018a (The MathWorks Inc., Natick, MA, USA) and the
Leica Application Suite X (LAS-X) software (Leica Microsystems,
Wetzlar, Germany).

Mitochondria-lysosome contact sites in fixed cells. Coverslips
were mounted in ProLong Antifade Kit (Life Technologies).
Images were acquired using a HC x PL APO 100x/1.4 oil immer-
sion objective, the HyD detector and HyVolution. Optimized
emission detectors bandwidths were configured to avoid inter-
channel crosstalk. The confocal pinhole was set to 0.5 Airy
units. To study and detect contacts in three dimensions, Z
stacks were acquired every 0.12 pm along with the cell thickness
(n=10 independent experiments). Appropriate negative controls
were used to adjust confocal settings to avoid non-specific
fluorescence artifacts. To compare the data, identical settings
were used for image acquisition of different experiments. The
distances between mitochondria-lysosome in each cell were
measured by LAS-X and quantified as the distance of mass
center mitochondria-lysosome. We analyzed the MCS-visual
field (contact region/area) which is the visual field defined by
the presence of 1 or more membrane contact sites. Organelle
membrane contacts sites in confocal images are defined as
an overlap of 3 or more contiguous pixels, in our case 1 pixel
is equivalent to 29 nm (3 pixels are 87 nm). This definition
may lead to an overestimate of contacts, as the distance
between membranes at membrane contact sites studied by
electron microscopy has generally been reported in the range of
15-30 nm. However, the maximum distance between mem-
branes that allows for a functional interaction is unclear and
maybe even greater than 100 nm owing to the long lengths
of tethering proteins (53,54). Moreover, if physical links exist
between two organelles, they might be transient and/or localized
to limited membrane areas, so that vicinities might in part
represent contacts undetected by electron microscopy (55).
For these reasons, we defined four categories to obtain the
maximum information: contact (<80 nm), possible contact
(80-150 nm), vicinity (150-300 nm) and far (>300 nm).

Mitochondria-lysosome contact sites in live cells. Time-lapsed
multichannel (red and green) fluorescence microscopy was used
to image living cells in a temperature-controlled chamber (37°C)
at 5% CO,. The confocal pinhole was set to 1.5 Airy units. Images
were captured using a HC x PL APO 100x/1.4 oil immersion
objective with an acquisition period of 261 ms for 2 min. This
resulted in a sequence of images stored as 16-bit grey scale
images with a spatial resolution of 496 x 496 pixels and with a
physical pixel size of 0.117 x 0.117 pm (Supplementary Material,
Fig. S5, Supplementary Material, Movies S1 and S4).

A custom automatic image analysis method was developed
to identify both mitochondria and lysosome vesicles and
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characterize their spatio-temporal colocalization patterns
(Supplementary Material, Fig. S5). To enhance the structures
before segmentation an image pre-processing routine was
implemented including the following stages: (1) individual
cells of interest were manually masked from the fields, (2) the
contrast of mitochondrial and lysosome objects was enhanced
using an intensity-based linear transformation saturating the
bottom and the top 10% of all pixel values at each frame,
(3) median filtering with a 3 x3 pixels window provided a
convenient way to further increase image quality by reducing
noise while preserving edges. Subsequently, a segmentation
algorithm based on Otsu’s method (which chooses the threshold
to minimize the intraclass variance of the black and white
pixels) was selected for the autonomous discrimination of the
organelles from the background (Supplementary Material, Fig.
S5A-G). Mitochondria-lysosome contacts were defined as an
overlap of 3 or more pixels (consistent with the analysis in
fixed cells) between segmented organelles. Contact area was
defined as the mean percentage of the overlapping area of each
colocalizing lysosome at each frame (Supplementary Material,
Fig. S5H-J; Supplementary Material, Movies S2 and S5). The
percentage of lysosomes in contacts was quantified as the
mean percentage of lysosome vesicles that formed contacts with
mitochondria divided by the total number of lysosome vesicles
at each frame. For contact duration assessment, we generated
a 2D+t structure from the colocalization segmentation at each
frame. Duration time was then calculated as the average number
of frames (each frame representing 261 ms) that an individual
contact spans in time (Supplementary Material, Fig. S5K-M;
Supplementary Material, Movies S3 and S6).

Mitochondrial network morphology. Images were captured using
a HC x PL APO 100x/1.4 oil immersion objective. The confocal
pinhole was set to 0.5 Airy units. The original data was stored as
16-bit grey scale images with a spatial resolution of 1024 x 1024
pixels. Pixel sizes ranged from 0.035 x 0.035 to 0.057 x 0.057 pm.
Z-stacks were acquired in 0.16 pm z-increments from each cell.

Image pre-processing to assess mitochondrial network mor-
phology involved: (1) manually masking of individual cells of
interest from the fields, (2) contrast enhancement using an
intensity-based linear transformation saturating the bottom 25%
of all pixel values, (3) median filtering with a 5 x 5 pixels neigh-
borhood. To accurately identify the mitochondrial structures, we
applied a 2D segmentation algorithm at each layer of the Z-
stack involving a Laplacian of Gaussian edge detector followed
by a Moore-Neighbor algorithm. An iso-surface 3D (volumetric)
model was generated by stacking the contiguous set of seg-
mented slices. The segmentation technique was validated using
a ground truth of the 3D mitochondrial network generated by an
expert. Overall, this segmentation approach avoided erroneous
fusions and provided better segmentation results than standard
algorithms (Otsu’s segmentation, for instance, tripled false pos-
itive rate). A labeling algorithm was applied to identify each
substructure (objects smaller than 100 pixels were excluded)
(Supplementary Material, Fig. S6A-F). Furthermore, the resulting
mitochondrial network volume was subsequently skeletonized
using the standard process operations. This approach allowed
3D quantification of shape and topology biomarkers, namely, the
number of mitochondrial structures (individuals/subnetworks)
as wells as volume, length (rods + branches) and the number
of branchpoints both for total network and single structures
(Supplementary Material, Fig. S6G and H).
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Colocalization analysis of GFP-LC3 and LAMP-1 vesicles. Images
were captured using a HC x PL APO 63x/1.75 oil immersion
objective. The confocal pinhole was set to 1.0 Airy units.
The original data was stored as 8-bit grayscale images with
a spatial resolution of 1024 x 1024 pixels and a pixel size of
0.103 x 0.103 pm. Z-stacks were acquired in 0.5 pm z-increments.
Maximum-intensity projections of 3D image stacks of lysosomes
(red channel—LAMP-1), GFP-LC3 (green channel—GFP) and
nuclei (blue channel-DAPI) were calculated. A multi-stage
approach was implemented to correct for spectral bleed-through
artifacts (caused by the emission of DAPI fluorophore being
detected in the through the filter combination reserved for
the GFP). First, image segmentation (Otsu’s method) of the blue
channel rendered a binary mask delimitating nuclei regions. The
resulting mask was applied to the GFP channel to exclude those
pixels outside the nuclei regions. Next, morphological opening
(disk-shaped structuring element with a radius of 10) followed
by 2D-gaussian filtering (sigma=5) returned a background
approximation image. Intensity values were then adjusted by
saturating the bottom 10%-pixel values. The result obtained
(inflated nuclei illumination) was finally substracted from the
original image. The automatic identification of cell regions was
achieved by applying an Otsu segmentation algorithm to the
green channel. Background artifacts were subsequently filtered
by a morphological opening operator that removed small objects
with an area <10.6 um?. The resulting binary mask (delimiting
cells) was applied both to the red and green channels to exclude
from the analysis the unsuccessfully co-transfected cells. A
segmentation algorithm based on Otsu’s method was selected
for the autonomous delimitation of vesicles (lysosomes and
GFP-LC3 vesicles). Artifacts were removed if they had an area
<0.0027 pm?. Mander’s overlapping coefficient (MOC) was used
to assess the degree of colocalization (pixel co-occurrence)
between the vesicle regions of the two channels. This index is
more robust to background noise fluctuations than area overlap
measures since it gives more relevance to pixels with higher
intensities.

Statistics

Statistical analysis was performed using Excel (Microsoft Corpo-
ration, Redmond, WA), GraphPad Prism or R (3.5.1 version) with
a minimum of three independent experiments. The specific test
applied in each case is indicated in the figure legend. P values
less than 0.05 were considered significant.

Study approval

Experimental procedures were performed following the Euro-
pean Union Council guidelines (2010/63/EU) and Spanish reg-
ulations (RD 1201/2005). Research protocols with experimental
mouse models are reported in detail to the local Ethical Com-
mittee of Animal Experimentation (CEEA) of the University of
Barcelona before experiments start, and further approval has
been provided by the Government of Catalonia. The registration
number is C-133/18 (10071) for Gdap1~/~ mouse model. All efforts
were made to minimize pain and distress.

Supplementary Material

Supplementary Material is available at HMG online.
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