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Mitochondria and lysosomes are critical for neuronal homeostasis, as highlighted
by their dysfunction in various neurological diseases. Recent studies have identified
dynamic membrane contact sites between mitochondria and lysosomes, independent
of mitophagy and the lysosomal degradation of mitochondrial-derived vesicles
(MDVs), allowing bidirectional crosstalk between these cell compartments, the
dynamic regulation of organelle networks, and substance exchanges. Emerging
evidence suggests that abnormalities in mitochondria-lysosome contact sites
(MLCSs) contribute to neurological diseases, including Parkinson'’s disease, Charcot-
Marie-Tooth (CMT) disease, lysosomal storage diseases, and epilepsy. This article
reviews recent research advances regarding the tethering processes, regulation,
and function of MLCSs and their role in neurological diseases.
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1 Introduction

The idea that mitochondria are merely “cellular energy factories” has now been firmly
abandoned. Extensive research has shown that mitochondria play crucial roles in the
regulation of calcium homeostasis, apoptosis, cell growth, differentiation, and reactive oxygen
species (ROS) production (Claiborne et al., 2016; Harrington et al., 2023; Markovinovic et al.,
2022). Over the past decade, the crosstalk between mitochondria and other organelles has
garnered widespread attention (Valm et al., 2017), with considerable progress being made in
the study of mitochondria-lysosome contact sites (MLCSs). Although contact sites between
mitochondria and vacuoles had been discovered in yeast as early as 2014 (Elbaz-Alon et al.,
2014), it was not until 2018 that Wong et al. using high-resolution microscopy; first identified
in mammalian cells the direct physical contact between mitochondria and lysosomes, known
as MLCSs (Wong et al., 2018).

Consistent with the range of 10-30 nm at other contact sites (Phillips and Voeltz, 2016;
Wu et al., 2018), MLCSs exhibit an average intermembrane distance of ~10 nm (Kim et al.,
2021; Wong et al., 2018). Depending on the cell type, these contacts have variable tethering
durations, with stable tethering lasting on average 60 s (Wong et al., 2018), but extending up
to 13 min (Han et al., 2017). MLCSs represent a novel form of interorganellar crosstalk that is
distinct from mitophagy and lysosomal degradation of mitochondrial-derived vesicles
(MDVs). These contact sites do not express key autophagosome markers (ULK1, ATG5,
ATGI12, and LC3) (Wong et al., 2018) and are not disrupted by knockout of autophagy
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receptors (NDP52, OPTN, NBR1, TAX1BP1, and p62) (Chen et al.,
2018). Moreover, no substantial transfer of mitochondrial proteins to
lysosomes at these contact sites has been observed, and mitochondria
that form these contacts, which contain both outer mitochondrial
membrane (OMM) and matrix proteins (Wong et al., 2018), are larger
than MDVs (Wong et al., 2019a). The development of cell-permeable
organic fluorescent probes for live-cell long-term super-resolution
imaging enabled the identification of the following four types of
physical mitochondria-lysosome interactions: (1) rapid lysosomal
movement followed by adhesion; (2) motility-restricted interaction;
(3) lysosome-bound mitochondrial transport; and (4) mitochondrial
transfer between lysosomes (Figure 1; Han et al., 2017). Regarding the
contact distance, at least two types of MLCSs are known: narrow/
short-range interactions (~4 nm) and wide/long-range interactions
(~10 nm) (Giamogante et al., 2024). These interactions exhibit distinct
responses to mitophagy or autophagy stimuli and to different levels of
specific tethering or untethering factors (Giamogante et al., 2024).
Furthermore, a decrease in extracellular matrix stiffness leads to
rearrangement of the cellular cytoskeleton, which may facilitate

10.3389/fnmol.2024.1527013

random movements of lysosomes along the disordered cytoskeleton,
thereby increasing the probability of MLCSs (Wang K. et al., 2024).
Although these observations demonstrate the dynamic and varied
nature of mitochondria-lysosome interactions, their underlying
molecular mechanisms and physiological significance remain unclear.
Future research is needed to elucidate the specific signaling pathways,
regulatory proteins, and metabolic processes that govern these
interactions under defined conditions and to explore their broader
implications for cellular function and homeostasis.

Although the mitochondrial and lysosomal membranes form
specific contact sites mediated by tethering proteins, it is important
to emphasize that they do not fuse, but instead maintain their
distinct structures and characteristics, which are crucial for their
roles as major platforms in regulating various physiological
processes, such as the mitochondrial network, lysosomal
dynamics, calcium homeostasis, and lipid metabolism, all of which
have been implicated in Parkinson’s disease (PD), Charcot-Marie-
Tooth (CMT) disease, and lysosomal storage diseases (LSDs)
(Cantarero et al., 2021; Cisneros et al., 2022; Giamogante et al.,

FIGURE 1

Four types of physical mitochondria-lysosome interactions. This figure illustrates four distinct types of dynamic contact between mitochondria and
lysosomes, highlighting the spatial and temporal dynamics of MLCS, which are crucial for cellular homeostasis and organelle function. Top Left: rapid
lysosomal movement followed by adhesion: some lysosomes initially exhibit rapid movement before contacting with and adhering to mitochondria;
Top Right: motility-restricted interaction: the mitochondrial network surrounds certain types of lysosomes, limiting their movement along it; Bottom
Left: lysosome-bound mitochondrial transport: smaller mitochondria attach to lysosomes and move together as a unit within the cytoplasm; Bottom
Right: mitochondrial transfer between lysosomes: this interaction involves the dynamic transfer of a mitochondrion between two lysosomes. Initially,
one end of the mitochondrion adheres to a lysosome, and the mitochondrion begins to elongate. It then detaches from the first lysosome and
transfers to the second lysosome, forming a thin and tubular intermediate structure during the transfer.
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2024; Peng et al., 20205 Pijuan et al., 2022). This review focuses on
recent evidence regarding MLCS tethers, regulation, and functions,
their
neurological diseases.

as  well as potential involvement in various

2 Tethering and regulation of
mitochondria-lysosome contact sites

MLCS dynamics are regulated through different tethering and
untethering protein machineries (Figure 2), which are crucial for the

10.3389/fnmol.2024.1527013

interaction between mitochondria and lysosomes, as well as our
understanding of their potential influences on neurological diseases.

2.1 Rab7

Rab7, a small GTPase regulating lysosomal/late endosomal
dynamics (Hutagalung and Novick, 2011; Markovinovic et al., 2022),
modulates the dynamics of MLCS tethering and untethering (Wong
et al,, 2018). Active, GTP-bound lysosomal Rab7 induces MLCS
formation. Hydrolysis of GTP-bound Rab7, which results in an

FIGURE 2

The molecular composition and regulation of MLCSs. The dynamics of MLCS are mechanically regulated by different tethering and untethering
proteins. Rab7: the small GTPase Rab7 plays a critical role in the tethering and untethering of MLCSs. Active, GTP-bound Rab7 promotes MLCS
formation, while the hydrolysis of GTP to GDP by TBC1D15 leads to untethering. TBC1D15: TBC1D15 is recruited to mitochondria via OMM protein
FIS1, promoting MLCS untethering by hydrolyzing GTP-bound lysosomal Rab7 to GDP-bound state. AnxA6: AnxA6 plays a dual role in regulating
MLCSs. First, it recruits TBC1D15 to lysosomes, facilitating Rab7 GTP hydrolysis and promoting MLCS untethering. Second, AnxA6 interacts with Drpl,
whose phosphorylation (Drp1S616P) further promotes MLCS formation through its interaction with Rab7. GDAP1 and MFN2: the OMM proteins GDAP1
and MFN2 are involved in MLCS by interacting with LAMP1. TM4SF5: TM4SF5 translocates to the lysosomal membrane in response to extracellular
glucose availability and contributes to MLCS formation through its interaction with FKBP8. NPC1 and TSPO: NPC1 and TSPO interact at MLCSs to
support contact site formation. STARD3 and TRPML1: the late endosomal sterol-binding protein STARD3 and the lysosomal calcium efflux channel
TRPML1 also play roles in MLCS regulation. However, the specific mechanisms by which these proteins contribute to MLCS dynamics remain unclear.
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inactive, GDP-bound state, is driven at contact sites by the GTPase-
activating protein (GAP) TBCl domain family member 15
(TBC1D15) (Peralta et al., 2010; Zhang et al., 2005), which is recruited
to mitochondria via oligomers of the OMM protein FIS1 (Onoue
et al,, 2013), and GDP-bound Rab7 promote untethering dynamics
(Wong et al., 2018). Indeed, the constitutively active Rab7 (Q67L)
mutant which is unable to undergo Rab7 GTP hydrolysis leads to a
higher percentage of lysosomes forming stable contacts and an
extended duration of contact tetherings than wild-type Rab7 (Wong
et al,, 2018). Similarly, TBC1D15 GAP-domain mutants (D397A or
R400K; Rab7 GTP hydrolysis inhibition) or FIS1 (LA) mutant
(TBC1D15 mitochondrial recruitment disruption) resulted in
increased contact durations (Wong et al., 2018). Furthermore, the
small-molecule inhibitor ML-282, which competitively inhibits the
Rab7 binding site at MLCSs, effectively reduced the number of these
contacts (Wang K. et al, 2024). Recent findings highlight
mitochondrial ~ phosphorylated dynamic-related protein 1
(Drp1S616P) as a novel interorganellar tethering protein that localizes
to the MLCS through interaction with Rab7, thereby enhancing
crosstalk between these organelles (Che et al., 2022). Additionally,
dephosphorylation of DrplS616P mediated by the protein
phosphatase 2A regulatory subunit B56y inhibits the interaction
between mitochondrial Drp1S616P and Rab7, thus suppressing
mitochondria-lysosome crosstalk (Che et al., 2022). Understanding
the intricate interplay between Rab7 and its binding partners may
provide valuable insights into regulatory mechanisms and functional
roles within the cell.

2.2 Transient receptor potential mucolipin
1

In addition to Rab7, the most studied regulatory factor, the
endolysosomal, non-selective cation channel transient receptor
potential mucolipin 1 (TRPMLI1), which modulates multiple
biological processes, including endocytosis, exocytosis, lysosome
reformation, lysosomal biogenesis, and autophagy (Qi et al., 2024),
also regulates the dynamics of MLCSs (Peng et al., 2020). Cells
expressing a dominant-negative TRPML1 mutant had a higher
proportion of lysosomes in stable contact with mitochondria and a
significantly longer minimum of contact duration (Peng et al., 2020).
Future studies could further explore the specific regulatory modes of
TRPMLI in MLCSs under different physiological and pathological
conditions, as well as its interrelationships with other regulatory
factors. This will facilitate a more comprehensive and in-depth
understanding of the regulatory mechanism underlying the
occurrence and function of MLCSs.

2.3 GDAP1 and MFN2

The OMM proteins ganglioside-induced differentiation-
associated protein 1 (GDAP1) and mitofusin (MFN)2 which regulate
mitochondrial division and fusion (Liesa et al., 2009; Wolf et al., 2022),
respectively, are involved in MLCSs by interacting with LAMP1
(Cantarero et al.,, 2021; Pijuan et al., 2022). Pijuan et al. (2022)
hypothesized that GDAP1 and MFN2 play coordinated roles in
regulating MLCSs. Missense variants of GDAP1 and MFN2 do not
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decrease the expression of either protein but affect MLCSs (Pijuan
et al,, 2022). The discovery of GDAP1 and MFN?2 as protein tethers
between mitochondria and lysosomes highlights the relevance of
mitochondrial dynamics for the MLCSs. Interestingly, missense
mutations can occur within the catalytic domains of these two
proteins, specifically in the GST-N domain of GDAPI and the GTPase
domain of MEN2 (Pijuan et al., 2022). Further investigation into how
missense variants affect other domains of these proteins might provide
valuable insights into the structure—function relationship of GDAP1
and MFN2 in the regulation of MLCSs.

2.4 Transmembrane 4 L six family member
5

Transmembrane 4 L six family member 5 (TM4SF5), a member
of the transmembrane 4 L six family, can form numerous protein—
protein complexes across various subcellular membranes with four
transmembrane domains and two extracellular loops (Lee, 2015).
TMA4SF5 can translocate to the lysosomal membrane in response to
extracellular glucose availability, facilitating MLCS formation through
its interaction with mitochondrial FK506-binding protein 8 (FKBP8)
(Kim et al., 2024). The formation of TM4SF5-mediated MLCSs was
markedly reduced in hepatocytes expressing TM4SF5 mutants that
were either palmitoylation-deficient (Pal~, C2/6/9/74/75/79/80/
84/189A) or carried a mutation of the second transmembrane domain
(C62A) (Kim et al., 2024). Rab7 inhibition reduced the levels of
TM4SF5-enriched MLCS but did not completely abolish the formation
of TMA4SF5-dependent MLCSs following glucose treatment (Kim
et al, 2024), suggesting that TM4SF5 may drive membrane
interactions between mitochondria and lysosomes under conditions
of extracellular glucose. Different proteins, including mitochondrial
dynamics-related proteins, cholesterol transporters, and mitophagy
receptors, may be localized in proximity to the TM4SF5-FKBP8
linkage site in TM4SF5-enriched MLCSs (Kim et al., 2024). The
formation and aggregation of these protein complexes mediated by
lysosomal TM4SF5 highlight the biological importance of TM4SF5-
enriched MLCS, which appear to play a crucial role in the
mitochondrial dynamics, transfer of cholesterol from lysosomes to
mitochondria and mitophagy in the context of extracellular glucose.

2.5 Others

AnxAS®, the largest member of the annexin family, is involved in
regulating various cellular processes, including endocytic and exocytic
pathways, cholesterol homeostasis, and the formation of multifactorial
signaling complexes (Garcia-Melero et al., 2016). In addition to these
roles, AnxA6 is associated with membrane contact site (MCS)
formation (Garcia-Melero et al., 2016). It has been shown to reduce
GTP-bound Rab7 levels by recruiting TBC1D15 to lysosomes, also
interacts with Drpl and may play a scaffolding role in Rab7/
TBC1D15- and Drpl-dependent MLCS dynamics (Chlystun et al.,
2013; Meneses-Salas et al., 2020). Electron microscopy results
indicated that the late endosomal sterol-binding protein STARD3
(also called MLN64) can be located at the mitochondria-lysosome
interface, suggesting that STARD3 may play a key role in mediating
or stabilizing the interaction between these two organelles. Specifically,
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the study by Hoglinger et al. demonstrated that STARD3 depletion
substantially reduces the proportion of lysosomes that form contact
sites with mitochondria (Hoglinger et al., 2019). Moreover, the
interaction between the lysosomal Niemann-Pick type C (NPC)1
protein and the mitochondrial translocator protein (TSPO) promotes
the formation of MLCSs (Lin et al, 2023). Furthermore, the
mammalian target of rapamycin complex 1 (mTORC1), a vital cellular
nutrient and stress receptor, plays a crucial role in maintaining cellular
homeostasis (Su and Zheng, 2021). It has been shown that mTORC1
activation inhibits the interaction between lysosomal NPCI and
mitochondrial TSPO, thereby modulating MLCS formation (Lin et al.,
2023). This highlights that mTORCI could regulate the balance
between cellular signaling and organelle dynamics, influencing
contact site formation under different metabolic or stress conditions.
Interestingly, recent finding indicates that the absence of NPC1 leads
to an increase in STARD3-dependent MLCSs, suggesting that the loss
of NPCI may alter STARD3-dependent mechanisms at MLCSs
(Hoglinger et al., 2019).

Collectively, these findings reveal a complex network of proteins
that regulate MLCS dynamics, each contributing in distinct ways to
tethering or untethering processes. While the intricate interplay of
some proteins highlights the complexity of mitochondria-lysosome
interactions, the specific regulatory mechanisms of others remain
poorly understood, emphasizing the need for further investigation.
Concurrently, future studies should focus on elucidating the biological
implications of distinct MLCS subtypes formed through various
tethering mechanisms.

3 Functions of _
mitochondria-lysosome contact sites

Membrane domains formed at MLCSs serve as critical hubs for
coordinating communication between mitochondria and lysosomes,
influencing cellular metabolic processes, and maintaining overall
cellular homeostasis (Lackner, 2019).

3.1 Mitochondrial dynamics and network

Mitochondria are highly dynamic organelles that undergo
continuous fission and fusion to maintain functional networks and
mitochondrial homeostasis (Chan, 2006; Kyriakoudi et al., 2021). In
mammals, mitochondrial fission is regulated by Drpl and other
members of the dynamin family of large GTPases (Otera et al., 2010),
whereas fusion is controlled by the OMM large GTPases MFN1 and
MFN2, along with optic atrophy 1 in the inner mitochondrial
membrane (Cipolat et al., 2004). MLCSs regulate the mitochondrial
network by marking mitochondrial fission sites and controlling the
rate of fission events (Kleele et al., 2021; Wong et al., 2018). There are
two distinct types of mitochondrial fission: midzone division (within
the central 50%) and peripheral division (less than 25% from the tip).
Both types of fission are mediated by Drp1, but the mechanisms that
regulate them differ. Pre-constriction, which involves the endoplasmic
reticulum (ER) and actin, along with the mitochondrial fission factor
(MFEF), specifically governs midzone fission. In contrast, peripheral
fission is regulated by the OMM protein FIS1. Midzone division
facilitates mitochondrial proliferation, whereas peripheral division
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promotes the removal of damaged mitochondria by fission into
smaller units for mitophagy (Kleele et al., 2021). These distinct
molecular mechanisms explain how cells can independently regulate
fission events, leading to different mitochondrial fates. A decrease in
extracellular matrix stiffness can promote excessive mitochondria-
lysosome contacts, which in turn exacerbate mitochondrial peripheral
division. This leads to the accumulation of ROS within the
mitochondria, causing mitochondrial oxidative stress and ultimately
disrupting cellular homeostasis (Wang K. et al., 2024). Rab7 (Q67L)
mutant and TBC1D15 (D397A, R400K) mutants resulted in reduced
mitochondrial fission rates and an increase in overly elongated
mitochondrial networks (Wong et al., 2018). Moreover, TBC1D15-
mediated MLCS untethering plays a regulatory role in asymmetric
mitochondrial fission (Sun et al., 2022) because TBC1D15 interacts
with Drpl through its C-terminal domain (574-624), recruiting Drp1l
to MLCSs and facilitating asymmetric fission (Sun et al., 2022). Qiu
et al. developed an optogenetic system for controlling mitochondrial
fission through a light-induced MLCS. This system allows
spatiotemporal control and reversibility of MLCS formation (Qiu
et al, 2022), offering the potential for the investigation of
mitochondrial fission and the treatment of mitochondrial diseases.
Moreover, MLCSs mark and regulate inter-mitochondrial contact
untethering events, with the formation and untethering of these
contacts regulated by MFN1/2 and Drp1 GTP hydrolysis, respectively
(Wong et al., 2019b). These insights underscore the pivotal role of
MLCSs in orchestrating mitochondrial network dynamics and
highlight its potential as a therapeutic target for correcting
mitochondrial dysfunction in disease.

3.2 Lysosomal dynamics

Beyond the canonical role of lysosomes in cellular waste
management, lysosomes function as signaling hubs involved in
nutrient sensing, immune cell signaling, metabolism, and membrane
repair, allowing them to detect, adapt, and react to fluctuations in
substrate metabolism to preserve cellular function (Perera and Zoncu,
20165 Trivedi et al., 2020). Lysosomal localization is a dynamically
regulated process that is a critical determinant of lysosomal function
(Ballabio and Bonifacino, 2020). Thus, elucidating the regulation of
lysosomal networks is vital for investigating cellular homeostasis and
disease mechanisms. In addition to GTP-bound, active Rab7, which
regulates lysosomal transport, fusion, and maturation (Hutagalung
and Novick, 2011; Wong et al., 2018), lysosomal dynamics are also
strongly influenced by Rab7 effector proteins that preferentially
interact with GTP-bound Rab7 on lysosomal membranes. Notable
among these are Rab7-interacting lysosomal protein and the protein
FYVE and coiled-coil domain containing 1 (Jordens et al., 2001;
Pankiv et al, 2010), which facilitate retrograde and anterograde
microtubule transport, respectively, as well as the homotypic fusion
and protein sorting complex, which facilitates lysosomal tethering and
fusion (Balderhaar and Ungermann, 2013). MLCSs serve as a platform
for mitochondria-localized proteins to regulate lysosomal dynamics
by modulating Rab7 GTP hydrolysis. Specifically, mitochondrial
TBC1D15 promotes the hydrolysis of Rab7 GTP at the MLCS, leading
to untethering of these contacts (Wong et al., 2018) and subsequent
release of Rab7 effector proteins from GTP-bound Rab7 and lysosomal
membranes, thereby influencing lysosomal dynamics. Intriguingly, the
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mitochondrial oligomeric Mid51/Fis1 complex links during this
process Drpl and the Rab7 GTP hydrolysis machinery to regulate
inter-lysosomal untethering and network dynamics (Wong et al.,
2022). Dysregulation of this pathway may impair lysosomal network
dynamics, including interruption of lysosomal movement,
distribution, and cargo transport (Wong et al., 2022). Furthermore,
reduced TBC1D15 expression can result in the accumulation of
abnormal MLCSs, leading to acidification defects and lysosomal
enlargement (Yu et al., 2020). A possible reason for these alterations
is the disruption of metabolic exchange processes by abnormal
MLCSs, leading to excessive accumulation of substances and
subsequent lysosomal dysfunction. Recent study has shown that soft
substrates microenvironment can stimulate an increase in lysosomal
activity, resulting in enhanced lysosomal motility (Wang K. et al,,
2024). This, in turn, increases the frequency of MLCSs, which can
subsequently impact lysosomal dynamics (Wang K. et al., 2024). The
finding highlights the reciprocal relationship between lysosomal
and MLCSs,

cellular homeostasis.

dynamics which act together to maintain

3.3 Substance exchanges

Mitochondria and lysosomes are crucial for the distribution of
various ions and metabolites, including calcium, cholesterol, and iron
(Cisneros et al., 2022; Han et al., 2017). MLCS provide a platform for
substance exchange between two organelles, which plays an important
role in maintaining ions and metabolic homeostasis.

3.3.1 Calcium

Both mitochondria and lysosomes play major roles in cellular
calcium homeostasis. Calcium is transported into mitochondria to
facilitate intracytoplasmic calcium removal and to stimulate
metabolic processes, including ATP synthesis, ROS production, and
apoptosis (Rosencrans et al., 2021; Todkar et al., 2017). While the
regulatory role of mitochondria in calcium homeostasis is well
established, the recognition of lysosomes as calcium stores has only
recently emerged. Lysosomal calcium signaling regulates various
cellular processes, including autophagy, membrane fusion, endocytic
membrane trafficking, and cell death (Ballabio and Bonifacino, 20205
Todkar et al., 2017). A recent study by Peng et al. utilized high spatial
and temporal resolution live-cell microscopy to show that the
lysosomal calcium efflux channel TRPMLI1 preferentially meditates
lysosomal calcium transfer to mitochondria at the MLCSs,
modulated by the voltage-dependent anion channel 1 (VDAC1) and
mitochondrial calcium uniporter (MCU) (Peng et al., 2020). MLCSs
may serve as a platform for contact-dependent calcium transfer from
lysosomes to mitochondria, promoting downstream calcium-
dependent mitochondrial functions such as oxidative
phosphorylation, mitochondrial fission, trafficking, and ROS
signaling. This prevents the activation of the mitochondrial
permeability transition pore due to excess or sustained increases in
mitochondrial calcium concentrations, which can trigger
mitochondrial swelling, Aym collapse, bioenergetic failure, and
ultimately necrotic cell death (Pedersen et al., 2021). Notably,
TRPMLI is activated by an increase in ROS levels, resulting in
calcium efflux from lysosomes and nuclear translocation of

transcription factor EB (TFEB). If this process fails, ROS

Frontiers in Molecular Neuroscience

10.3389/fnmol.2024.1527013

accumulation leads to a loss of mitochondrial membrane potential
and fragmentation, emphasizing the bidirectional regulation of
mitochondrial function by TRPMLI (Todkar et al., 2017). A broader
understanding of calcium regulation mechanisms in the crosstalk
between mitochondria and lysosomes will enhance our
understanding of their role in cellular homeostasis and disease.
Further research is required to elucidate the mechanism of calcium-

dependent translocation of MLCSs.

3.3.2 Cholesterol

Cholesterol is essential for maintaining the structural integrity of
cell membranes and for supporting cellular functions (Chen et al.,
2023). Mitochondria acquire cholesterol from distinct subcellular
pools via various pathways and convert it into sterol metabolites,
which are crucial for physiological processes (Juhl et al., 2021;
Kennedy et al., 2012). Emerging research has highlighted MLCSs as a
vital site for cholesterol transfer between lysosomes and mitochondria,
which is mediated by specific protein interactions. NPCl1 is a large
transmembrane protein located in the limiting membrane of late
endocytic organelles, while NPC2 is a small soluble luminal protein
that transfers cholesterol from intra-lysosomal vesicle membranes to
the N-terminal domain of NPC1 (Infante et al., 2008). Together, they
play a pivotal role in the cholesterol regulation. One study highlighted
that the lysosomal protein NPC2 is involved in transferring cholesterol
from lysosomes to mitochondria in fibroblasts in vitro, underscoring
the significance of MLCSs in cellular cholesterol dynamics (Juhl et al.,
2021). Additionally, MTORC1, whose activity is regulated by Rab7 (Li
etal., 2010), located on lysosomes senses cholesterol signals through
intercellular contacts, thereby regulating the interactions of cholesterol
transport proteins (Zhu and Wang, 2020). Subsequent study has
revealed that mMTORC1 mediates the transport of cholesterol from
lysosomes to mitochondria by regulating the interaction between
NPC1 and TSPO, which
permeabilization and mitochondria-dependent necroptosis-mediated

triggers lysosomal ~membrane
hepatotoxicity through the accumulation of inter-organelle free
cholesterol (Lin et al.,, 2023). Moreover, TM4SF5 translocates to
lysosomes upon extracellular glucose availability, where it interacts
with NPCI and free cholesterol to further drive cholesterol transport
to mitochondria (Kim et al., 2024). As an emerging research focus,
cholesterol transport via MLCSs offers new insights into cellular
homeostasis. Unpacking the molecular mechanisms underlying this
transfer will enhance our understanding of cholesterol-related cell
signaling and interorganelle communication, providing potential
therapeutic targets.

3.3.3 Iron

Mitochondria serve as a major reservoir of cellular iron, containing
20-50% of the total iron within cells (Ward and Cloonan, 2019). Iron
uptake by mitochondria is critical for essential processes, such as heme
synthesis and iron-sulfur cluster biogenesis, which support key
cellular functions, including the electron transport chain, metabolic
conversions, and protein synthesis (Giacomello et al., 2020; Pedersen
etal.,2021). Concurrently, iron is present at micromolar concentrations
within the lysosomal lumen and is released from lysosomes into the
cytoplasm via the TRPMLI (Trivedi et al., 2020). Owing to these
functions, iron levels are tightly regulated. Recent studies have shown
that MLCSs facilitate the transfer of iron from lysosomes to
mitochondria, potentially via TRPMLI1 (Khalil et al., 2017; Li et al.,
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2024). These interactions further underscore the vital role of MLCSs
in coordinating cellular iron distribution and metabolic balance.

3.3.4 Amino acids

In addition to calcium, cholesterol, and iron, MLCSs also play a
critical role in maintaining cellular amino acid homeostasis. Recent
research suggests that abnormal MLCSs can disrupt the amino acid
balance, marked by amino acid accumulation in lysosomes and amino
acid deficiency in mitochondria (Peng et al., 2023). This imbalance
underscores the functional importance of MLCSs in coordinating
organelle-specific amino acid profiles to sustain cellular functions.
Restoring stable MLCSs partially recovered amino acid levels within the
entire cell, as well as in mitochondria and lysosomes (Peng et al., 2023),
suggesting a regulatory role for MLCSs in amino acid distribution.

Opverall, continued research on MLCSs and substance exchanges
is likely to provide new insights into the fundamental biology of
cellular metabolism.

3.4 Mitophagy

Although MLCS represents a novel mechanism of organelle
crosstalk that is independent of mitophagy, studies have indicated that
these contacts are linked to mitophagy (Juhl et al., 2021; Kim et al,,
2024; Wong et al., 2019a). Proximity labeling revealed the molecular
clustering of Drp1S616P and specific mitophagy receptors (BCL2L13,
PHB2, AMBRAL1, OPA1, and VDAC1) in TM4SF5-enriched MLCSs,
promoting mitochondrial fission and autophagy (Kim et al., 2024).
Indeed, the formation of TM4SF5-enriched MLCSs upon glucose
repletion reduced mitochondrial length. Notably, mitochondrial
DrplS616P interacts with Rab7 at the MLCS to mediate PINK1-
Parkin-dependent mitophagy in hepatocellular carcinoma cells (Che
et al., 2022). Furthermore, the calcium regulation by MLCSs can
activate the TFEB pathway (TFEB nuclear translocation through
calcineurin- and Rag GTPase-dependent pathways) and downstream
protective cellular responses, including autophagy (Giamogante et al.,
2024). Specifically, MLCSs mark mitochondrial peripheral fission
sites, prompting damaged material to segregate into smaller
mitochondria for mitophagy (Kleele et al., 2021). Peripheral fission is
associated with oxidative stress, cellular damage, and high energy
demands. Interestingly, mitochondrial dysfunction—manifested by
elevated mitochondrial calcium levels, increased ROS, reduced
membrane potential, and lower pH—along with the recruitment of
autophagic machinery, such as the accumulation of Parkin on
mitochondria, precedes peripheral fission (Kleele et al., 2021). These
features link peripheral fission to mitophagy, PINKI-mediated
mitochondrial turnover, and Parkin-regulated autophagy, while also
providing localization cues for fission events at the periphery.
Although research on MLCSs and mitophagy has provided initial
insights, future studies should explore how proteins and signaling
molecules regulating MLCSs affect the recognition of damaged
mitochondria during the early stages of mitophagy.

3.5 RNA translation

Recent studies have highlighted the emerging role of MLCSs in
regulating localized RNA translation (Cioni et al., 2019; Fenton et al.,
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2024). A key finding revealed that Rab7a-positive late endosomes,
which carry RNA, form contacts with mitochondria in axons, acting
as translation platforms (Cioni et al., 2019). This translation at MLCSs
is crucial for maintaining axonal function and mitochondrial integrity,
as it enables the synthesis of nascent proteins required for axonal
mitochondrial function. In addition to facilitating the trafficking of
mRNAs, MLCSs provide a spatially regulated environment for the
translation machinery. The localized translation at MLCSs ensures
that mitochondrial proteins are synthesized in close proximity to
mitochondria, promoting efficient protein import into mitochondria.
Another study showed that late endosomes and lysosomes in neuronal
axons and dendrites localize the key translational regulator fragile X
messenger ribonucleoprotein particles, which are enriched in
ribosome structures, to the mitochondrial midzone in a Rab7-
dependent manner (Fenton et al., 2024), serving as a platform for the
translation of MFF to promote mitochondrial fission at the
mitochondrial midzone.

In summary, MLCSs fulfill diverse functions, are indispensable for
various aspects of cellular biology, playing critical roles in maintaining
cellular homeostasis, and support physiological processes. Continued
research in this field is essential to fully understand the potential of
MLCSs
disease mechanisms.

and their significance in biological systems and

4 Mitochondria-lysosome contact
sites and neurological disorders

Various neurological diseases are associated with mitochondrial
and lysosomal dysfunction (Ballabio and Bonifacino, 2020; Bonam
etal, 2019), indicating that abnormal interactions between these two
organelles may lead to neuronal damage and, ultimately, neurological
diseases. After the dynamic formation of these contacts in human
neuronal soma, axons, and dendrites has first been described, many
studies have investigated the relationship between MLCS impairments
and various neurological diseases (Table 1; Kim et al., 2021).

4.1 Parkinson’s disease

PD is a multisystem neurologic disorder characterized by Lewy
bodies, progressive loss of dopaminergic neurons in the substantia
nigra pars compacta, and a unique motor phenotype (parkinsonism)
(Ye et al, 2023). Mitochondrial and lysosomal dysfunctions are
genetically and functionally associated with PD (Burbulla et al., 2017;
Nguyen et al., 2019). Kim et al. investigated the direct homeostatic
relationship between these two organelles and found that neurons
with GBAI (the
B-glucocerebrosidase,

gene encoding the
which
glucosylceramide into glucose and ceramide) mutations found in

lysosomal enzyme

catalyzes the hydrolysis of
patients with PD exhibited prolonged MLCS duration and consequent
disruption of mitochondrial distribution and function (oxidative
phosphorylation and ATP levels) due to defective modulation of the
untethering protein TBC1D15 (Kim et al., 2021). Thus, GBA1 can
be considered an upstream regulator of mitochondrial function and
dynamics in midbrain dopaminergic neurons. Importantly,
mitochondrial dysfunction in these cells can be partially rescued by
expressing TBC1D15, highlighting the potential role of MLCSs in the
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TABLE 1 Genes and proteins involved in MLCS-related neurological disorders.

10.3389/fnmol.2024.1527013

Disease Key genes or Effect on MLCSs Potential References
proteins pathophysiological
implication
PD - GBA1 Prolonged MLCS duration, disruption of GBA1 mutation causes defective Kim et al. (2021)
mitochondrial distribution and function TBC1D15 regulation, impairing
mitochondrial function and
dynamics, contributing to GBA1-
associated PD pathogenesis
- a-synuclein (A30P Disruption of MLCS tethering, elevated Disruption of MLCS tethering and Giamogante et al. (2024)
and A53T) local cytosolic calcium levels, activation of subsequent elevated local cytosolic
the TFEB pathway calcium levels lead to calcineurin
activation, TFEB dephosphorylation,
and cytoprotective responses, which
counteract neurodegenerative
processes at an early presumably
protective stage
- Mid51 (R169W) Inhibition of inter-lysosomal untethering Aberrant lysosomal network Wong et al. (2022)
events mediated by MLCSs, dysregulation dynamics play a role in
of lysosomal network dynamics neurodegeneration
- Parkin reduced number of MLCSs, accumulation Parkin mutations destabilize Rab7, Peng et al. (2023)
of amino acids in lysosomes with a affecting MLCS formation and
corresponding deficiency in mitochondria | leading to disrupted amino acid
metabolism
CMT disease | CMT2A Mfn2 (T105M) Impaired MLCS-regulated inter- Mutations impair MLCS regulation, Wong et al. (2023) and
CMT2C TRPV4 (R269H) mitochondrial untethering, decreased causing mitochondrial network Wong et al. (2019a)
CMT2B Rab7 (V162M) mitochondrial network motility defects that contribute to disease
progression
Rab7 (K157N, L129F, | Disruption of MLCS-regulated mRNA Impairment of mitochondrial Cioni et al. (2019)
V162M, and N161T) | translation essential for mitochondrialand | function and axonal integrity
axonal integrity
- GDAPI1 (deficiency) Reduced cellular glutathione levels, GDAP1 deficiency or mutations Cantarero et al. (2021)
lysosomal membrane defects, defective affect redox homeostasis, disrupt
MLCSs MLCSs, and impact lysosomal and
- GDAP1 Increased number of MLCSs, a mitochondrial function Cantarero et al. (2023)
(p.Thr157Pro) hyperfissioned mitochondrial network
- GDAP1 Decreased number of MLCSs, elongated Cantarero et al. (2023)
(p-Argl61His) mitochondria
LSD MLIV TRPMLI1 Changes in MLCSs and dysfunction of Loss of TRPMLI function impairs Peng et al. (2020)
contact-dependent mitochondrial calcium MLCSs and mitochondrial calcium
uptake regulation, promoting disease onset
NPC disease = NPCl1 Impaired transport of cholesterol mediated | MLCSs may play a compensatory Hoglinger et al. (2019)
by the ER-endocytic organelle MCS, role by supporting mitochondrial
increased number of MLCSs in response to | cholesterol accumulation, affecting
lysosomal cholesterol accumulation mitochondrial function
Epilepsy - TBC1DI15 Abnormalities in MLCS, excessive calcium Overexpression of TBC1D15 Xie et al. (2024)
influx from lysosomes into mitochondria, protects against neuronal injury by
mitochondrial dysfunction modulating MLCSs and reducing
mitochondrial dysfunction in
epilepsy

pathogenesis of GBAl-associated PD (Kim et al., 2021). A recent
study has shown that the overexpression of wild-type or PD-associated
A30P and A53T a-synuclein mutants significantly disrupts MLCS

tethering (Giamogante et al, 2024). This disruption impedes
mitochondrial calcium uptake after lysosomal calcium release, leading
to localized increases in cytosolic calcium levels (Giamogante et al.,
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2024). Consequently, this may trigger calcineurin activation and TFEB
dephosphorylation, which in turn regulate the TFEB pathway and
downstream cytoprotective responses, such as autophagy and
lysosome biogenesis, to counteract neurodegenerative processes at
early presumably protective response. However, at a later stage, the
decreased expression of TFEB in the nuclear fraction (sequestered into
the cytoplasm by a-Syn) resulted in the impairment of autophagy.
Furthermore, the oligomerization domain mutant Mid51 (R169W)
has recently been identified as a potential candidate genetic variant for
PD as it can inhibit inter-lysosomal untethering events mediated by
MLCSs, resulting in the dysregulation of lysosomal network dynamics
(Wong et al., 2022). Moreover, in dopaminergic neurons derived from
induced pluripotent stem cells of patients with Parkin-associated PD,
Parkin mutations destabilize active Rab7, leading to reduced numbers
of MLCSs (Peng et al., 2023). Subcellular metabolomics analysis
revealed an accumulation of amino acids in lysosomes and a
corresponding amino acid deficiency in mitochondria (Peng et al.,
2023), reflecting disrupted amino acid homeostasis. Interestingly,
TBCI1D15 knockdown partially restored MLCSs and improved
cellular and subcellular amino acid profiles (Peng et al., 2023). These
findings suggest that targeting the regulatory mechanisms of MLCSs
may offer new therapeutic opportunities in PD, particularly for
addressing amino acid imbalances in Parkin-associated PD. Overall,
these findings highlight the potential of MLCSs as a therapeutic target
for broader intervention strategies in PD.

4.2 Charcot—Marie—Tooth disease

CMT disease is a genetically heterogenous group of primary
peripheral neuropathies characterized by progressive distal muscle
atrophy and weakness, sensory loss, and limb deformities
(Volodarsky et al., 2021). Mutations in CMT-related genes lead to
either demyelination or axonal degeneration (Petkovic et al., 2021),
and numerous genetic variants have been identified as the
underlying causes of different CMT subtypes (Young et al., 2008).
Understanding the distinct pathogenic mechanisms associated with
each CMT subtype is essential for identifying new molecular
targets and developing novel therapeutic strategies. Various
mutations linked to CMT2 cause defects in mitochondrial
dynamics, underscoring the importance of MLCSs in mitochondrial
network regulation and disease progression. For instance,
mutations such as MFN2 (T105M) in CMT2A (Ziichner et al.,
2004), Rab7 (V162M) in CMT2B (Houlden et al., 2004), and
TRPV4 (R269H) in CMT2C (Auer-Grumbach et al., 2010) impair
MLCS-regulated inter-mitochondrial untethering, leading to
decreased mitochondrial network motility (Wong et al., 2023;
Wong et al., 2019b). Recent study has shown that Rab7a mutations
(K157N, L129F, V162M, and N161T), which are associated with
CMT2B, disrupt the translation of mRNAs
mitochondrial and axonal integrity, leading to a significant

critical for

reduction in axonal protein synthesis, impairing mitochondrial
function, and compromising axonal vitality (Cioni et al., 2019).
Mutations in GDAPI, a gene encoding the enzyme glutathione
S-transferase (Cantarero et al., 2021), are associated with various
CMT phenotypes, including autosomal dominant axonal CMT
(CMT2K), autosomal recessive axonal CMT (AR-CMT2K), and
recessive CMT  (CMT4A)

autosomal demyelinating
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(Gonzalez-Sanchez et al., 2019). GDAP1 deficiency reduces cellular
glutathione levels, leads to lysosomal membrane defects, and results
in defective MLCSs (Cantarero et al., 2021). Glutathione-reduced
ethyl ester supplementation can effectively rescue lysosomal and
mitochondrial network defects resulting from abnormal MLCSs
(Cantarero et al., 2021), suggesting that GDAP1 may act as a tether,
regulating or sensing the redox state of the MLCSs. However, the
exact role of MLCSs in the redox regulation in CMT disease
remains to be elucidated. Recent studies have revealed the
phenotypic heterogeneity of GDAPI variants based on their effects
on MLCSs. Variants in the a-loop interaction domain exhibit
distinct functional consequences; the dominant variant
p-Thr157Pro of MLCSs,
mitochondrial hyperfission, whereas the recessive variant

increases the number causing
p-Argl61His decreases the number of MLCSs, resulting in
elongated mitochondria (Cantarero et al., 2023). Additionally, cases
of co-inheritance of pathogenic variants in GDAPI and MFN2—
two genes with overlapping functions in MLCS regulation—suggest
an additive effect on axonal CMT phenotypes (Anghelescu et al.,
2017; Kostera-Pruszczyk et al., 2014), further supporting the

collaborative role of GDAP1 and MFN2 in MLCS regulation.

4.3 Lysosomal storage diseases

LSD, a group of hereditary disorders leading to lysosomal
substrate accumulation and lysosomal dysfunction, are characterized
by progressive multisystemic phenotype that includes
neurodegeneration (Frosch and Prinz, 2024). A recent study found
dynamic changes in MLCSs and contact-dependent mitochondrial
calcium uptake dysfunction in fibroblasts of patients with
Mucolipidosis type IV, an autosomal recessive LSD caused by loss-of-
function mutations in TRPML1 (Peng et al, 2020). Thus, in
Mucolipidosis type IV, the loss of TRPMLI function may promote
disease onset through impairment of the aforementioned pathways,
further confirming the convergence of mitochondrial and lysosomal
dysfunctions in this disease. NPC disease is an autosomal recessive
neurodegenerative LSD caused by mutations in NPC1 or NPC2 and
is characterized by excessive accumulation of cholesterol in lysosomes
(Colaco et al., 2020; Martello et al., 2020; Zhang et al., 2002). NPC1
interacts with the ER-localized protein Gramd1b, which connects the
ER-endolysosomal MCS to regulate cholesterol release (Hoglinger
etal, 2019). In NPC1-deficient cells, cholesterol transport mediated
by the ER-endocytic organelle MCS is impaired, leading to increased
numbers of MLCSs dependent on STARD?3 in response to lysosomal
cholesterol accumulation (Hoglinger et al., 2019). This indicates that
MLCSs may play a compensatory role, providing a possible
mechanism for mitochondrial cholesterol accumulation and
dysfunction observed in NPC. Future studies are needed to elucidate
whether changes in organelle contacts in NPC disease affect previously
observed mitochondrial phenotypes (e.g., ATP production and
mitochondrial networks) (Wos et al., 2016).

4.4 Epilepsy

Epilepsy is a complex neurological disorder characterized by a
persistent tendency for spontaneous seizures (Wang H. et al., 2024).
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Recent studies have elucidated the crucial role of mitochondrial
dysfunction in the pathophysiology of epilepsy, emphasizing that
mitochondrial calcium overload is a significant contributor to
neuronal damage (Xie et al., 2024; Xu et al., 2024). Our recent
research has demonstrated that seizures can lead to abnormalities in
MLCS, resulting in excessive calcium influx from lysosomes into
mitochondria, subsequently causing mitochondrial calcium
overload, which then results in mitochondrial dysfunction
characterized by decreased mitochondrial membrane potential and
increased ROS levels (Xie et al., 2024). Overexpression of TBC1D15
effectively regulates MLCSs and alleviates mitochondrial calcium
overload and associated dysfunction (Xie et al., 2024). This protective
mechanism shields neurons from injury, highlighting the potential
of MLCSs as a therapeutic target for treating neuronal damage
in epilepsy.

5 Conclusion and perspective

The study of organelle interactions has long been a fundamental
aspect of cell biology, particularly concerning interactions within the
endosomal system, which have been known for decades. The recently
discovered contacts between mitochondria and lysosomes represent
an exciting new frontier in this field. While much of the earlier
research has utilized yeast as a model system (Elbaz-Alon et al., 2014),
current investigations have increasingly focused on mammalian cells
and tissues (Cisneros et al., 2022; Pijuan et al., 2022). In mammalian
cells, the contact sites between mitochondria and lysosomes are
regulated by various tethering/untethering proteins, which in turn
modulate mitochondrial and lysosomal dynamics, as well as substance
transfer, underscoring the complex crosstalk between these
two organelles.

Neurons are particularly sensitive to disruptions in mitochondrial
and lysosomal functions, suggesting that MLCSs may serve as a
critical hub for neuronal homeostasis (Cantarero et al., 2021; Haidar
and Timmerman, 2017). The exploration of these contact sites might
help elucidate the simultaneous dysfunction of these organelles
observed in various neurological diseases, including PD, CMT,
and LSD.

The initial mechanisms underlying lysosomal and mitochondrial
dysfunctions in neurological diseases remain debatable. Future
research utilizing diverse techniques and methodologies is necessary
to elucidate the molecular mechanisms and regulatory pathways
involved in MLCS function in different cell types. Understanding how
these mechanisms adapt to varying metabolic and signaling states
within cells will enhance our understanding of the pathophysiological
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