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Abstract

Neurons rely heavily on properly regulated mitochondrial and lysosomal homeostasis, with 

multiple neurodegenerative diseases linked to dysfunction in these two organelles. Interestingly, 

mitochondria-lysosome membrane contact sites have been identified as a key pathway mediating 

their crosstalk in neurons. Recent studies have further elucidated the regulation of mitochondria-

lysosome contact dynamics via distinct tethering/untethering protein machinery. Moreover, this 

pathway has been shown to have additional functions in regulating organelle network dynamics 

and metabolite transfer between lysosomes and mitochondria. In this review, we highlight recent 

advances in the field of mitochondria-lysosome contact sites and their misregulation across 

multiple neurodegenerative disorders, which further underscore a potential role for this pathway in 

neuronal homeostasis and disease.
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Roles for mitochondrial and lysosomal function in neuronal homeostasis

Properly regulated organelle dynamics and function are critical for maintaining neuronal 

homeostasis and have key implications for the etiology underlying neurodegeneration. 

Mitochondria rely on highly dynamic mitochondrial networks modulated by fission and 

fusion events as well as inter-mitochondrial tethering dynamics [1, 2] to perform a wide 

array of functions including oxidative phosphorylation, ATP production, regulation of 

reactive oxygen species, and metabolite storage such as calcium [3, 4]. Like mitochondria, 

lysosomes are highly dynamic organelles, and their dysfunction has been linked to many 
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neurological disorders [5]. Lysosomes have multiple roles in protein degradation, protein 

turnover, and ion storage, along with additional functions in metabolic signaling and nutrient 

sensing [6]. However, the direct crosstalk between mitochondria and lysosomes at inter-
organelle membrane contact sites (see Glossary) has only recently become appreciated 

as a significant pathway for regulating neuronal homeostasis and neurodegenerative disease 

pathogenesis. Mitochondria-lysosome contact sites can dynamically form in neurons [7–

9], and are distinct from mitochondrial degradation by lysosomes via pathways such as 

mitophagy [10] or mitochondrial-derived vesicles [11]. Importantly, mitochondria-lysosome 

contacts allow for these organelles’ bidirectional regulation as well as the mechanistic 

modulation of organelle network dynamics, function and metabolite transfer at these sites. 

This Review highlights recent findings on the regulation and function of mitochondria-

lysosome contact sites in neuronal homeostasis, and further summarizes defects in this 

pathway which have been associated with multiple neurodegenerative diseases.

The dynamic formation of mitochondria-lysosome contact sites

While indirect functional interactions between mitochondria and lysosomes have been 

demonstrated (reviewed in [12]), the direct interactions between mitochondria and 

lysosomes at membrane contact sites have only been recently investigated. Contact sites 

between mitochondria and lysosomes (Figure 1) were observed by electron microscopy 

in mammalian non-neuronal cell lines [13–15] and primary human progenitor cells [16], 

and had an average distance between membranes of ~10nm, consistent with other inter-

organelle contacts. 3D super-resolution structured illumination microscopy (SIM) and 

confocal imaging of the lysosomal membrane and outer mitochondrial membrane further 

demonstrated the formation of mitochondria-lysosome contacts [13, 17]. Live confocal 

microscopy at high spatial and temporal resolutions in mammalian cell lines revealed that 

~15% of lysosomes contacted a mitochondria at any given time, with contacts tethered for 

an average duration of ~60 sec [13] although tethering could last as long as 13 minutes 

[18]. Of note, mitochondria contacted lysosomes of varying sizes including both small 

(vesicle diameter <0.5μm) and larger (vesicle diameter >1μm) lysosomes [13]. In addition, 

lysosomes could also simultaneously contact multiple mitochondria [13].

Further imaging using correlative light electron microscopy (CLEM) of LysoTracker-

positive vesicles contacting mitochondria [13], and CLEM combined with focused ion beam 

scanning electron microscopy (FIB-SEM) [19] also revealed mitochondria-lysosome contact 

site formation in mammalian cells lines. Additional studies using lattice light sheet spectral 

imaging [20] have also demonstrated the formation of mitochondria-lysosome contacts, as 

well as SIM imaging of organelles labeled with mitochondrial [21] and lysosomal dyes [18]. 

Finally, sensitized emission fluorescence resonance energy transfer (SE-FRET) between 

outer mitochondrial membranes and lysosomal membranes at mitochondria–lysosome 

contacts further confirmed the formation of these contacts in mammalian cells [13].

Importantly, mitochondria-lysosome contacts were shown to be distinct from pathways 

involving mitochondrial degradation by lysosomes. Of note, mitochondria that formed 

contacts with lysosomes were not mitochondrial-derived vesicles (MDV) as they were 

substantially larger (over 500 nm) than previously described MDVs (about 100 nm) 
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[11]. In addition, intermembrane space mitochondrial proteins and mitochondrial matrix 

proteins were not bulk transferred into lysosomes, and lysosomal lumen content was not 

transferred into mitochondria at contact sites, demonstrating that bulk transfer of whole 

organelles did not occur through this pathway [13]. Moreover, mitochondria in contact 

with lysosomes did not undergo mitophagy as they were not engulfed by LC3-positive 

autophagosomes and were negative for autophagosome biogenesis markers [13]. Indeed, 

knockout of five autophagy receptors (NDP52, OPTN, NBR1, TAX1BP1, and p62) did 

not prevent mitochondria–lysosome contact formation, further demonstrating that contact 

formation is independent of mitophagy pathways [21].

More recently, neuronal mitochondria-lysosome contact sites have also been shown to form 

in the soma, axons, and dendrites of human-derived neurons (Figure 1). Using human 

induced pluripotent stem cells (iPSC), mitochondria-lysosome contact sites were found 

to dynamically form in iPSC-derived midbrain dopaminergic neurons [7]. 3D SIM and 

electron microscopy showed neuronal contact sites were stably tethered together, exhibiting 

similar dynamics to mammalian non-neuronal cells. While contacts formed at similar 

rates throughout the soma, axons, and dendrites, mitochondria-lysosome contacts in axons 

demonstrated increased tethering durations compared to those in the soma or dendrites 

[7]. Neuronal contacts between mitochondria and late endosomes/lysosomes have also been 

observed in the axons of Xenopus retinal ganglion cells [8], as well as in the soma and 

axons of mouse embryonic motor neurons [9]. Future studies on mitochondria-lysosome 

contact formation in neurons in vivo will consequently also be highly informative. Thus, 

mitochondria-lysosome contacts can dynamically form throughout neurons to potentially 

mediate mitochondrial and lysosomal crosstalk in neuronal homeostasis.

Mitochondria-lysosome contact site regulation and tethering machinery

The formation and dynamics of mitochondria–lysosome contacts are tightly regulated by 

multiple proteins on the mitochondrial and lysosomal membrane. In particular, this pathway 

is dependent on Rab7, a small GTPase which localizes to lysosomes/late endosomes upon 

GTP-binding and acts as a master regulator of lysosomal dynamics by binding Rab7 effector 

proteins in its GTP-bound state. Rab7 GTP hydrolysis was found to regulate mitochondria–

lysosome contact untethering [13], whereby GTP-bound Rab7 promotes contact formation, 

while subsequent Rab7 GTP hydrolysis from a GTP-bound to GDP-bound state mediates 

the untethering of mitochondria from lysosomes at contact sites (Figure 2A). Indeed, 

expression of the constitutively active Rab7(Q67L)-GTP mutant which is unable to undergo 

Rab7 GTP hydrolysis resulted in an increased percentage of lysosomes in contacts, and 

prolonged contact tethering duration compared to wildtype Rab7 [13]. Importantly, Rab7 

GTP hydrolysis at mitochondria–lysosome contact sites was driven by TBC1D15, a Rab7 

GTPase activating protein (GAP) which localizes to the outer mitochondrial membrane 

through its binding to Fis1 [22–24]. Of note, inhibition of Rab7 GTP hydrolysis by 

TBC1D15 GAP-domain mutants (D397A, R400K) or mutant Fis1(LA) (unable to recruit 

TBC1D15 to mitochondria) led to prolonged mitochondria–lysosome contact durations due 

to inefficient untethering events [13]. In addition, constitutively active Rab7(Q67L)-GTP 

mutant also led to prolonged contact durations between mitochondria and late endosomes/

lysosomes in the axons of Xenopus retinal ganglion cells [8].
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Additional studies have also highlighted other regulators of mitochondria–lysosome contact 

site tethering. GDAP1 is a glutathione S-transferase on the outer mitochondrial membrane 

which has been suggested to directly interact with LAMP1, a lysosomal membrane protein, 

from co-immunoprecipitation and proximity ligation assays in human neuroblastoma 

SHSY5Y cells [9]. Knockdown of GDAP1 increased the distance between mitochondria and 

lysosomes, decreased the number of mitochondria-lysosome contacts, and also decreased 

contact duration [9]. The outer mitochondrial membrane protein Mitofusin2 (MFN2) 
has also been implicated in regulating mitochondria–lysosome contacts, as knockdown of 

MFN2 reduced the numbers of contacts between mitochondria and lysosomes in primary 

human erythroid progenitors [16]. It remains to be examined whether there are other 

protein complexes that act together to modulate contact tethering dynamics, in addition 

to mitochondria–lysosome contact regulation by Rab7 GTP hydrolysis.

Mitochondria-lysosome contact functions in modulating organelle 

dynamics

Mitochondria-lysosome contacts have been shown to play key roles in regulating the 

dynamics of both mitochondria and lysosomes (Figure 2B). Interestingly, lysosomes were 

found to mark the majority of mitochondrial fission events via mitochondria-lysosome 

contact sites [13]. Other vesicles such as early endosomes or peroxisomes were not observed 

at these fission events [13], and lysosomes preferentially marked mitochondrial fission but 

not fusion events [2]. Importantly, disruption of mitochondria-lysosome contact dynamics 

by inhibiting Rab7 GTP hydrolysis led to significantly reduced rates of mitochondrial 

fission [13]. As previous studies have also demonstrated roles for the endoplasmic reticulum 

(ER) and actin in mitochondrial fission [25–31], fission events in the midzone of cells 

were proposed to rely more heavily on ER and actin-mediated pre-constriction, while 

fission events in the periphery may be more dependent on lysosomal contacts [32]. In 

addition, other studies have also suggested that the ER may help recruit lysosomes to 

fission sites through the interaction of VAMP-associated proteins (VAPs) with the lysosomal 

lipid transfer protein ORP1L to induce three-way contacts between the ER, lysosome and 

mitochondria to regulate phosphatidylinositol 4-phosphate (PI(4)P) levels at mitochondrial 

fission events [33]. However, PI(4)P levels may also be regulated by Golgi-derived vesicles 

recruited at the final steps of mitochondrial division [34]. Thus, multiple organelles 

including lysosomal contacts may be involved in regulating the machinery involved in 

mitochondrial fission.

Tethering between two mitochondria at inter-mitochondrial contacts has also been 

found to be regulated by lysosomal contacts. Super-resolution imaging showed that 

inter-mitochondrial contact formation played a crucial role in mitochondrial networks 

by restricting mitochondrial motility [2]. Inter-mitochondrial contact formation occurred 

ten times more frequently than mitochondrial fission or fusion events. Time-lapse 

confocal imaging further revealed that lysosomes also preferentially marked sites of inter-

mitochondrial contact untethering which were also modulated by Rab7 GTP hydrolysis [2], 

a key regulator of mitochondria-lysosome contact dynamics [13]. In addition, studies using 

grazing incidence structured illumination microscopy (GI-SIM) showed that lysosomes 
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in contact with mitochondria could lead to large invaginations in mitochondria, move 

mitochondria as much as ~4 μm, and pull mitochondrial tubules from their parent 

mitochondria [35]. Consequently, multiple aspects of mitochondrial network dynamics may 

be directly regulated by mitochondria-lysosome contact sites.

Conversely, lysosomal networks may also be regulated by this pathway through the 

modulation of Rab7, via its known roles in late endosomal/lysosomal dynamics [36]. 

As Rab7 GTP hydrolysis occurs on late endosomal/lysosomal membranes mediated by 

mitochondrial TBC1D15 (Rab7 GAP) at mitochondria-lysosome contact sites [13], this 

further allows for mitochondrial regulation of Rab7’s GTP state. In particular, while active 

Rab7-GTP promotes its interaction with different binding partners (Rab7 effectors) [36], 

subsequent Rab7 GTP hydrolysis coupled to mitochondria-lysosome contact untethering 

may lead to inactive Rab7-GDP which can no longer bind these effectors to modulate 

lysosomal dynamics. Thus, mitochondria-lysosome contacts may play an important part 

in mediating the simultaneous and bidirectional regulation of both mitochondrial and 

lysosomal network dynamics.

Roles for mitochondria-lysosome contacts in regulating organelle function

Mitochondria-lysosome contacts have also been found to play a crucial role in the 

maintenance of metabolite homeostasis by serving as the primary site for exchange of 

different ions and lipids between both organelles. Indeed, both mitochondria and lysosomes 

are important organelles for storing various metabolites including calcium, cholesterol 

and iron (Figure 3). Mitochondria-lysosome contacts were recently shown to regulate 

intracellular calcium dynamics by mediating the transfer of calcium from lysosomes to 

mitochondria [37]. The lysosomal cation channel transient receptor potential mucolipin 1 
(TRPML1) serves as a calcium efflux channel mediating release of calcium to mitochondria 

at contact sites. Using live cell microscopy, activation of TRPML1 by agonists such as ML-

SA1 was demonstrated to increase mitochondrial calcium, preferentially for mitochondria 

which were in contact with lysosomes. Furthermore, dominant-negative pore mutant 

TRPML1 led to reduced mitochondrial calcium influx in comparison to wildtype TRPML1. 

On the mitochondria, voltage-dependent anion channel 1 (VDAC1) located in the outer 

mitochondrial membrane and mitochondrial calcium uniporter (MCU) in the inner 

mitochondrial membrane mediated mitochondrial influx of lysosomal calcium at contact 

sites [37]. Thus, the storage of calcium in mitochondria and lysosomes can be acutely 

regulated by mitochondria-lysosome contact tethering dynamics.

Mitochondria-lysosome contacts have also been implicated in regulating the dynamics of 

other metabolites. Cholesterol homeostasis is essential for maintaining membrane integrity 

as well as serving as a precursor for multiple classes of signaling molecules. While 

Niemann Pick C1 (NPC1) on the lysosomal membrane may help shuttle cholesterol from 

lysosomes to the ER through interactions with the ER sterol-binding protein Gramd1b 

[38], Niemann Pick C2 (NPC2) in lysosomes has been proposed to regulate the transfer of 

cholesterol from lysosomes to mitochondria at mitochondria-lysosome contact sites [39]. 

Interestingly, loss of NPC1 was recently found to reduce ER contacts with endocytic 

organelles, resulting in increased mitochondria-lysosome contacts via the sterol transfer 
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protein StAR-related lipid transfer domain-3 (STARD3) [38]. In contrast, other studies 

showed that loss of NPC1 instead increased ER-lysosome contacts, and led to increased 

cholesterol transfer from the ER to the lysosomal membrane via VAP on the ER binding 

to the cholesterol carrier oxysterol binding protein (OSBP) [40]. Of note, cholesterol has 

also been suggested to be transported from endolysosomes to mitochondria via MLN64, 

a steroidogenic acute regulatory protein-related lipid transfer (START) domain-containing 

protein which is localized to endolysosomal membranes [41, 42], although it remains 

unclear whether this occurs directly at mitochondria–lysosome contact sites. In addition, 

transferrin receptor 2 (Trf2) on endolysosomal membranes was found to mediate transferrin 

uptake and delivery of iron from lysosomes to mitochondria [16].

Finally, lipid homeostasis may also be regulated by these contact sites, as the vacuole and 
mitochondria patch (vCLAMP) in yeast [43, 44] has been shown to regulate the transfer 

of phospholipids such as phosphatidylserine and phosphatidylcholine [43], and is further 

modulated by various proteins complexes including mitochondrial Tom40/VPS39/vacuolar 

Rab GTPase Ypt7 [44, 45], mitochondrial MCP1/Vps13/vacuolar Ypt35 [46, 47], and Lam6 

[48]. Indeed, ORP1L on the endolysosomal membrane was recently suggested to mediate 

the transport of lipid PI(4)P from lysosomes to mitochondria at mammalian mitochondria-

lysosome contacts [33]. Moreover, misregulation of the ceramide pathway via loss of the 

lysosomal enzyme β-glucocerebrosidase (GCase) which catalyzes glucosylceramide into 

glucose and ceramide, or increased levels of glucosylceramide, was sufficient to prolong 

mitochondria-lysosome contact tethering duration in neurons [7], further highlighting the 

crosstalk between this pathway and the homeostasis of various metabolites.

A role for RNA translation was also recently shown for neuronal contacts between 

mitochondria and late endosomes/lysosomes, whereby mRNAs encoding proteins for 

mitochondrial function were found to be translated on Rab7a vesicles via contact sites 

in axons of Xenopus retinal ganglion cells. Ribonucleoprotein particles (RNPs) on Rab7a 

vesicles which dock at mitochondria serve as hotspots for de novo protein synthesis for 

mRNA such as LaminB2, which are important for mitochondrial integrity and axon survival 

[8]. Thus, as precise RNP localization and nascent protein synthesis are required at defined 

neuronal sites, mitochondria-lysosome contacts may have additional specialized roles in 

neurons to maintain these cells’ homeostasis.

Misregulation of mitochondria-lysosome contacts in genetic models of 

neurodegenerative diseases

Multiple neurodegenerative diseases have been linked to the dysfunction of mitochondria 

and lysosomes, suggesting that disrupting the crosstalk between these two organelles may 

be a potential mechanistic pathway contributing to neurodegeneration. Indeed, recent studies 

have linked mutations associated with various neurodegenerative disorders with impaired 

dynamics and function of mitochondria-lysosome contact sites (Table 1).

Charcot-Marie-Tooth (CMT) disease is the most common genetic group of peripheral 

neuropathies, involving the degeneration of peripheral sensory and motor neurons, with 

autosomal dominant forms resulting in axonal degeneration classified as Charcot-Marie-
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Tooth disease Type 2 [49]. Mutations in the GTPase Rab7 lead to Charcot-Marie-Tooth 

Type 2B (CMT2B) [50], and result in defective GTP hydrolysis and constitutively bound 

GTP [51–53]. Consistent with a role for Rab7 GTP hydrolysis in driving mitochondria-

lysosome contact untethering events [13], time-lapse confocal microscopy in mammalian 

cell lines revealed that the most common CMT2B disease-linked mutant Rab7 (V162M) 

significantly increased the percentage of lysosomes in contact with mitochondria and 

further prolonged mitochondria-lysosome contact duration [2]. Moreover, mutant Rab7 

(V162M) prolonged inter-mitochondrial contacts and decreased mitochondrial network 

motility [2]. Finally, CMT2B disease-linked Rab7 mutants have also been shown to 

decrease axonal protein synthesis, impair mitochondrial function, and compromise axonal 

viability in Xenopus retinal ganglion cells due to defective axonal translation of mRNAs 

at neuronal mitochondria-lysosome contacts, including those encoding proteins essential for 

mitochondrial integrity [8]. Thus, CMT2B disease-linked mutations in Rab7 directly prolong 

mitochondria-lysosome contact tethering, resulting in impaired mitochondrial network 

dynamics and function.

In addition, various other genes mutated in Charcot-Marie-Tooth disease have also been 

found to regulate mitochondria-lysosome contact sites. GDAP1 regulates mitochondria-

lysosome contact tethering [9], and its autosomal dominant mutations lead to CMT Type 2K 

[54, 55], while Mfn2, which mediates outer mitochondrial membrane fusion [56], has been 

suggested to modulate contact formation [16] and is linked to CMT Type 2A [57]. Of note, 

other Charcot-Marie-Tooth Type 2 disease genes have also been implicated in mitochondrial 

dynamics [49]. Inverted formin 2 (INF2), which is linked to CMT Type DIE [58], was 

found to regulate mitochondrial fission, potentially by mediating actin polymerization for 

initial mitochondrial constriction prior to Drp1-mediated constriction [26, 27]. In addition, 

dynamin2 (Dyn2) linked to CMT Type 2M [59] may potentially play a role in mitochondrial 

fission [60–62] by assisting sequential constriction events following Drp1 recruitment 

through its transient accumulation shortly before fission [60]. Consequently, defects in 

mitochondrial dynamics may be a potential factor driving peripheral neurodegeneration in 

CMT2 pathogenesis.

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder [63], 

and mutations in the lysosomal enzyme GBA1 are a genetic risk factor for PD. GBA1 

encodes for the lysosomal enzyme β-glucocerebrosidase (GCase) which exhibits decreased 

enzymatic activity in PD patients harboring GBA1 mutations (GBA1-PD) [64]. GBA1-PD 

patient iPSC-derived dopaminergic neurons were recently found to demonstrate prolonged 

mitochondria-lysosome contact tethering due to decreased TBC1D15 (Rab7-GAP) protein 

levels [7]. Inhibition of GCase activity by CBE (Conduritol-B-Epoxide) in control wild-type 

human neurons also resulted in prolonged mitochondria-lysosome contact durations, as well 

as decreased TBC1D15 expression levels, suggesting that loss of GCase enzymatic activity 

drives these defects in GBA1-PD patient neurons [7]. Of note, PD mutations in GBA1 

further led to mitochondrial dysfunction including defects in mitochondrial distribution, 

oxidative phosphorylation and ATP levels. However, overexpression of TBC1D15 was 

able to rescue mitochondria-lysosome contact dynamics as well as rescue mitochondrial 

dysfunction in mutant neurons from GBA1-PD patients [7], suggesting that defects in 
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contact site dynamics may potentially drive downstream neuronal dysfunction in GBA1-

PD. Interestingly, the mitochondrial kinase phosphatase and tensin homologue (PTEN)-

induced kinase1 (PINK1) whose loss-of-function mutations also cause familial PD was 

recently found to modulate contact formation between late endosomes and mitochondria, 

to potentially transfer mtDNA for subsequent release in extracellular vesicles [65]. While 

genetic forms of PD (familial PD) represent only about 10% of PD cases, the rest 

are considered idiopathic or sporadic. Thus, whether misregulated mitochondria-lysosome 

contact tethering and function are involved in sporadic PD or other familial forms of PD 

remains an open question to be examined in future studies.

Lysosomal storage disorders are a group of genetic diseases resulting in impaired 

lysosomal degradation, leading to multisystem defects including neurodegeneration [66]. 

Mucolipidosis type IV (MLIV) is an autosomal disease caused by loss-of-function 

mutations in TRMPL1 [67, 68], an efflux channel on the lysosomal membrane recently 

shown to mediate calcium transfer to mitochondria via mitochondria-lysosome contact 

sites [37]. Interestingly, fibroblasts from MLIV patients with TRPML1 mutations showed 

decreased mitochondrial calcium uptake compared to control fibroblasts upon activation 

of lysosomal calcium release from TRMPL1. Moreover, while control fibroblasts showed 

preferential increase in mitochondrial calcium uptake for mitochondria in contact with 

lysosomes, this was not observed in MLIV patient fibroblasts. In addition, MLIV patient 

fibroblasts had increased mitochondria-lysosome contact formation and prolonged contact 

tethering dynamics [37], suggesting that loss of TRPML1 lysosomal function may 

contribute to mitochondrial dyshomeostasis in disease through this pathway. Furthermore, 

the accumulation of cholesterol and other sphingolipid species in the endocytic pathway 

has been linked to multiple lysosomal storage disorders, including the childhood 

neurodegenerative disease Niemann-Pick type C (NPC) [66]. Loss of function mutations 

in NPC1 are the main cause of NPC, and mammalian cell lines with loss or inhibition of 

NPC1 as well as NPC1 patient fibroblasts demonstrated increased percentage of lysosomes 

in contact with mitochondria, potentially contributing to misregulated cholesterol levels [38].

Finally, other major neurodegenerative disorders such as Alzheimer’s disease and 

Amyotrophic Lateral Sclerosis (ALS) have also been linked to pathogenic pathways 

involving mitochondria and lysosomes. This raises the question of whether disrupted 

crosstalk between these two organelles at mitochondria-lysosome contact sites may be 

among the contributors to disease pathogenesis in these disorders, and remains to be further 

investigated.

Future studies will help to elucidate the exact roles of mitochondrial-lysosome contacts, 

both in the specific disease models discussed earlier, and possibly other neurodegenerative 

diseases. It also remains to be tested whether impaired mitochondrial-lysosome contacts 

in neurons contribute to disease progression, or reflect more of a corollary of other, more 

detrimental pathological process. Of note, many of the disease mutations discussed earlier, 

as well as others, affect lysosomal or mitochondrial dynamics, and clarifying the interplay 

between impairments in each of these organelles and mitochondria-lysosome contact 

tethering and/or function remains a major goal for further research in this field. Finally, as 

non-cell autonomous pathways have also been shown to be important in neurodegeneration, 
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and as mitochondria-lysosome contacts can form in multiple cell types, it is possible that 

defective mitochondria-lysosome contact dynamics or function in non-neuronal cells may 

additionally contribute to disease etiology.

Concluding remarks and future perspectives

Mitochondria-lysosome contacts have become increasingly appreciated as key players 

in neuronal biology and homeostasis. These contacts dynamically form in the neuronal 

soma, axons and dendrites. Importantly, multiple protein complexes come together to 

regulate the initial tethering and subsequent untethering dynamics of mitochondria-lysosome 

contacts. Functionally, these contacts have been found to mediate multiple cellular functions 

including the dynamic regulation of both mitochondrial and lysosomal network dynamics 

and organelle motility, as well as the regulation of organelle function including metabolite 

transfer between the two organelles. Finally, defects in mitochondria-lysosome contacts 

have been observed in different models of various neurodegenerative diseases including 

Charcot-Marie-Tooth disease, PD and lysosomal storage disorders, suggesting that their 

dysfunction may potentially contribute to neurodegeneration.

Future studies on mitochondria-lysosome contacts will be important for shedding light on 

the role of this pathway in neuronal function and disease (see Outstanding Questions). These 

include identifying additional regulators of contact site tethering and possibly, new functions 

that may be mediated through these contacts. Moreover, whether mitochondria-lysosome 

contacts play distinct roles in different neuronal subtypes, or in non-neuronal cells such as 

astrocytes or microglia remains to be explored. Finally, investigating the role of this pathway 

as an underlying mechanism in various neurological disorders linked to mitochondrial 

and/or lysosomal dysfunction may help shed light on its contribution to neurodegenerative 

disease pathogenesis.
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GLOSSARY

Charcot-Marie-Tooth disease (CMT)
the most common group of genetic peripheral neuropathies, with autosomal dominant forms 

caused by axonal degeneration classified as CMT Type 2

Fis1
mitochondrial fission 1 protein; an outer mitochondrial membrane protein which recruits 

TBC1D15 to the mitochondria

GBA1
a gene encoding the lysosomal enzyme β-glucocerebrosidase (GCase) which converts 

glucosylceramide to glucose and ceramide. GBA1 is a genetic risk factor for PD

Ganglioside Induced Differentiation Associated Protein 1 (GDAP1)
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a gene encoding an outer mitochondrial membrane protein implicated in mitochondria-

lysosome contact tethering and whose mutations cause Charcot-Marie-Tooth Type 2K

Induced pluripotent stem cells (iPSC)
cells that can be reprogrammed from human skin or blood cells into a pluripotent state, 

allowing for subsequent differentiation into specific cell types such as neurons

Inter-organelle membrane contact site
a stable contact between the membranes of two different organelles that are tethered in close 

apposition (<30nm) without fusion, which regulates the dynamics and/or function of either 

organelle

Mitochondrial calcium uniporter (MCU)
an inner mitochondrial membrane channel which mediates calcium import into the 

mitochondria at mitochondria-lysosome contact sites

Mitofusin 2
an outer mitochondrial membrane protein implicated in mitochondria-lysosome contact 

tethering and whose mutations cause Charcot-Marie-Tooth Type 2A

Mucolipidosis Type IV (MLIV)
a lysosomal storage disorder involving neurodegeneration, caused by loss of function 

mutations in the lysosomal channel TRPML1

Niemann-Pick Type C (NPC)
a lysosomal storage disorder involving neurodegeneration, caused by loss of function 

mutations in the lysosomal cholesterol transporters NPC1 and NPC2

Parkinson’s disease (PD)
the most common neurodegenerative movement disorder. PD’s pathogenesis involves 

degeneration of dopaminergic neurons in the substantia nigra

Rab7 GTP hydrolysis
the conversion of Rab7 GTPase from an active GTP-bound to inactive GDP-bound 

state mediated by GTPase activating proteins (GAPs). Rab7 localizes to lysosomal/late 

endosomal membranes to regulate their dynamics through its ability to bind Rab7 effector 

proteins, and is mutated in Charcot-Marie-Tooth Type 2B

Structured illumination microscopy (SIM)
super-resolution microscopy imaging that has been used to visualize mitochondria-lysosome 

contacts in fixed and live cells

TBC1D15
a GAP (GTPase activating protein) for Rab7 which is cytosolic and recruited to the outer 

mitochondrial membrane via Fis1

Transient receptor potential mucolipin 1 (TRPML1)

Cisneros et al. Page 10

Trends Neurosci. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a lysosomal calcium efflux channel which mediates calcium transfer to mitochondria at 

mitochondria-lysosome contact sites, whose mutations cause MLIV

Vacuole and mitochondria patch (vCLAMP)
membrane contact site between mitochondria and vacuoles in yeast

Voltage-dependent anion channel 1 (VDAC1)
an outer mitochondrial membrane channel which mediates calcium import into the 

mitochondria at mitochondria-lysosome contact sites
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OUTSTANDING QUESTIONS BOX

• Several proteins including Rab7 GTP hydrolysis have been found to regulate 

mitochondria-lysosome contacts. Are there additional regulators of contact 

site tethering dynamics?

• Mitochondria-lysosome contacts modulate the transfer of specific ions 

between mitochondria and lysosomes, as well as regulate the dynamics of 

both organelles. Are there additional events which occur at mitochondria-

lysosome contacts to further modulate mitochondrial and/or lysosomal 

function?

• Selectively vulnerable neuronal populations degenerate in neurological 

disorders. Do mitochondria-lysosome contacts play distinct roles in different 

neuronal subtypes and/or contribute to non-cell autonomous pathways by 

modulating the function of non-neuronal cells such as astrocytes and 

microglia?

• Defects in mitochondria-lysosome contact tethering have been found in 

several experimental models involving genetic mutations associated with 

neurodegenerative diseases. Do mitochondria-lysosome contacts play a causal 

role in the pathogenesis of these diseases, or are they a downstream 

consequence of dysfunction in other disease pathways? Do other neurological 

disorders previously linked to mitochondrial and lysosomal dysfunction also 

display impaired mitochondria-lysosome contact dynamics and function?

• Conceivably, targeting mitochondria-lysosome contact tethering and function 

may represent a possible therapeutic approach for neurodegenerative diseases. 

Would either increasing or decreasing contact formation or tethering be 

beneficial for preventing disease pathogenesis? What are effective strategies 

for directly modulating mitochondria-lysosome contact site dynamics in 

patients, and would this be sufficient to rescue downstream neuronal 

dysfunction and degeneration?
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HIGHLIGHTS

• Mitochondria-lysosome contacts form in multiple cell types including 

neurons, and throughout different neuronal compartments including the soma, 

axons and dendrites.

• Mitochondria-lysosome contact untethering events are driven by Rab7 GTP 

hydrolysis, and may be further regulated by additional protein complexes.

• Multiple aspects of mitochondrial and lysosomal network dynamics are 

modulated by mitochondria-lysosome contacts including mitochondrial 

fission and inter-mitochondrial untethering events.

• Mitochondria-lysosome contacts regulate various organelle functions 

including the transfer of different metabolites between both organelles.

• Defects in mitochondria-lysosome contacts have been observed in 

experimental models of genetic mutations associated with multiple 

neurodegenerative diseases including Charcot-Marie-Tooth disease, 

Parkinson’s disease and lysosomal storage disorders.
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Figure 1. Mitochondria-lysosome contact sites in neurons.
Mitochondria-lysosome contact sites are inter-organelle contacts which form between 

mitochondria and lysosomes, allowing for these organelles’ bidirectional crosstalk. 

Mitochondria-lysosome contact sites have been shown to form in the soma, axons and 

dendrites of neurons including human iPSC-derived neurons [7, 8].
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Figure 2. Regulation of mitochondria-lysosome contact site dynamics.
(A) Regulation of contact sites: Mitochondria and lysosomes undergo contact formation 

and tethering regulated by Rab7 on the lysosomal membrane. Active GTP-bound Rab7 

may tether the lysosome to the mitochondria via various Rab7 effector proteins or 

protein complexes (gray). Subsequently, TBC1D15 (Rab7 GAP) which is recruited to 

the mitochondria by the outer mitochondrial membrane protein Fis1 drives Rab7 GTP 

hydrolysis from an active Rab7 GTP-bound state into an inactive Rab7 GDP-bound state 

at mitochondria-lysosome contacts. This transition from a GTP-bound state to a GDP-

bound state leads to GDP-bound Rab7 leaving the lysosomal membrane, resulting in the 

subsequent untethering of mitochondria-lysosome contacts.

(B) Modulation of organelle dynamics: Mitochondria-lysosome contact sites can 

simultaneously bidirectionally regulate both mitochondrial and lysosomal network 
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dynamics, including mitochondrial fission events, inter-mitochondrial contact untethering 

and lysosomal tethering.
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Figure 3. Metabolite transfer at mitochondria-lysosome contact sites.
Mitochondria-lysosome contact sites can mediate the exchange of metabolites, such as 

calcium, cholesterol and iron. The transport of calcium from lysosomes to mitochondria 

occurs via the lysosomal membrane channel TRPML1 which promotes efflux of lysosomal 

calcium into the mitochondrial matrix via the outer and inner mitochondrial membrane 

channels VDAC1 and MCU at mitochondria-lysosome contacts. Cholesterol and iron have 

also been shown to be transferred from lysosomes to mitochondria at contact sites.
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Table 1.

Genetic mutations associated with neurodegenerative diseases that have been linked to misregulation of 

mitochondria-lysosome contacts.

Neurodegenerative Disease Description Disease Gene References

Charcot-Marie-Tooth Disease Peripheral neuropathy MFN2 (Charcot-Marie-Tooth Type 2A) [16]

RAB7 (Charcot-Marie-Tooth Type 2B) [2, 8]

GDAP1 (Charcot-Marie-Tooth Type 2K) [9]

Parkinson’s Disease Movement disorder GBA (Parkinson’s disease) [64]

PINK1 (Parkinson’s disease) [65]

Lysosomal Storage Disorders Multi-systemic/neurodegeneration TRPML1 (Mucolipidosis Type IV) [37]

NPC1 (Niemann-Pick Type C) [38]

Trends Neurosci. Author manuscript; available in PMC 2023 April 01.


	Abstract
	Roles for mitochondrial and lysosomal function in neuronal homeostasis
	The dynamic formation of mitochondria-lysosome contact sites
	Mitochondria-lysosome contact site regulation and tethering machinery
	Mitochondria-lysosome contact functions in modulating organelle dynamics
	Roles for mitochondria-lysosome contacts in regulating organelle function
	Misregulation of mitochondria-lysosome contacts in genetic models of neurodegenerative diseases
	Concluding remarks and future perspectives
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

