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ABSTRACT 

 

 Inter-organelle contact sites have become increasingly appreciated as important regulators 

of cellular homeostasis, and disruption of inter-organelle contact site dynamics and function has 

been observed in various pathologies. Recently, inter-organelle contact sites between mitochondria 

and lysosomes were discovered, offering a new mechanism by which these two organelles may 

directly interact, and were subsequently found to regulate mitochondrial fission. However, whether 

mitochondria-lysosome contacts like other inter-organelle contacts may serve additional functions 

has not been elucidated. Moreover, while both mitochondrial and lysosomal dysfunction have been 

implicated in many neurological diseases, whether alterations in mitochondria-lysosome contact 

site dynamics and function may further contribute to disease pathogenesis has not been described. 

 Here, we report two novel functions of mitochondria-lysosome contact sites—the 

regulation of inter-mitochondrial contact site tethering and direct calcium transfer from lysosomes 

to mitochondria—and describe dysregulation of these contact-dependent functions in two models 

of neurological disease. First, using super-resolution imaging, we demonstrate that inter-

mitochondrial contacts frequently form and play a fundamental role in mitochondrial networks by 

restricting mitochondrial motility. Inter-mitochondrial contact untethering events are marked and 

regulated by mitochondria-lysosome contacts and moreover, inter-mitochondrial contact 

formation and untethering are regulated by Mfn1/2 and Drp1 GTP hydrolysis, respectively. 

Importantly, we find that multiple Charcot-Marie-Tooth Type 2 disease-linked mutations in Mfn2 

(CMT2A), RAB7 (CMT2B) and TRPV4 (CMT2C) converge on prolonged inter-mitochondrial 

contacts and defective mitochondrial motility. 



 4 
Additionally, using high spatial and temporal resolution live-cell microscopy, we identify 

a role for mitochondria–lysosome contacts in regulating mitochondrial calcium dynamics through 

the lysosomal calcium efflux channel, transient receptor potential mucolipin 1 (TRPML1). 

Lysosomal calcium release by TRPML1 promotes calcium transfer to mitochondria, which is 

mediated by tethering of mitochondria–lysosome contact sites. Mitochondrial calcium uptake at 

mitochondria–lysosome contact sites is further modulated by the outer and inner mitochondrial 

membrane channels, voltage-dependent anion channel 1 and the mitochondrial calcium uniporter, 

respectively. Importantly, mucolipidosis type IV (MLIV) patient fibroblasts harboring loss-of-

function mutations in TRPML1 show both altered mitochondria-lysosome contact site dynamics 

and defective contact-dependent mitochondrial calcium uptake. 

 Together, our findings highlight a role of mitochondria-lysosome contact sites in 

mitochondrial network regulation and interorganelle calcium dynamics and furthermore, 

demonstrate the potential contribution of mitochondria-lysosome contact site dysfunction to the 

pathophysiology of several neurological disorders. 
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CHAPTER 1. 

INTRODUCTION 

 
Mitochondria and lysosomes as critical organelles in cellular homeostasis 
 

Both mitochondria and lysosomes are critical for maintaining cellular homeostasis, which 

is further evinced by the fact that dysfunction of both organelles is functionally and genetically 

linked to multiple human diseases (Burte, Carelli, Chinnery, & Yu-Wai-Man, 2015; Hutagalung 

& Novick, 2011; Mc Donald & Krainc, 2017; Plotegher & Duchen, 2017b; Wong, Kim, Peng, & 

Krainc, 2019). Mitochondria are necessary for cellular respiration but also function as storage 

compartments for metabolites including calcium, iron, lipids, protons and ATP, and as gatekeepers 

for apoptosis and inflammatory pathways (Friedman & Nunnari, 2014; N. Sun, Youle, & Finkel, 

2016). Consequently, proper regulation of mitochondrial transport and dynamics is key to 

maintaining a functional mitochondrial network throughout the cell (Mishra & Chan, 2016). 

Mitochondrial fission has multiple roles including mitochondrial biogenesis and mitochondrial 

DNA (mtDNA) synthesis (Lewis, Uchiyama, & Nunnari, 2016; Mishra & Chan, 2016) and is 

regulated by the GTPase dynamin-related protein (Drp1), endoplasmic reticulum (ER), dynamin-

2 and actin (Friedman et al., 2011; Ji, Hatch, Merrill, Strack, & Higgs, 2015; Korobova, 

Ramabhadran, & Higgs, 2013; J. E. Lee, Westrate, Wu, Page, & Voeltz, 2016; Manor et al., 2015; 

Moore, Wong, Simpson, & Holzbaur, 2016; Smirnova, Griparic, Shurland, & van der Bliek, 2001). 

In contrast, mitochondrial membrane fusion allows for mixing of mitochondrial proteins, mtDNA 

and metabolites, and is mediated by the outer membrane GTPases Mitofusin1 (Mfn1) and 

Mitofusin2 (Mfn2) in consort with the inner membrane GTPase Opa1 (Mishra & Chan, 2016). 

Properly balanced mitochondrial fission and fusion is crucial as mutations in these proteins result 
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in various diseases (Alexander et al., 2000; Burte et al., 2015; Delettre et al., 2000; Zuchner et al., 

2004). 

Similarly, lysosomes are highly dynamic organelles and are responsible for the turnover of 

cellular contents including proteins and lipids via mature enzymes localized in the lysosomal 

lumen. Lysosomes can also act as calcium and iron stores, as well as mediate cell death pathways 

through the initiation of lysosomal membrane permeabilization (Aits & Jaattela, 2013), 

highlighting a critical role for lysosomes in the maintenance of cellular homeostasis. Lysosomes 

must undergo strict regulation of their maturation, positioning and network dynamics via the 

master regulator Rab7. Active, GTP-bound Rab7 is recruited to late endosomal/lysosomal 

membranes by guanine nucleotide exchange factors (GEFs) such as Mon1-Ccz1 but dissociates 

upon Rab GTP hydrolysis mediated by Rab GTPase-activating proteins (GAPs) resulting in an 

inactive, cytosolic GDP-bound form of Rab7 (Hutagalung & Novick, 2011; Zhen & Stenmark, 

2015). Importantly, GTP-bound Rab7 promotes lysosomal tethering and fusion and can further 

bind Rab7 effectors to mediate lysosomal transport in the cell (Langemeyer, Frohlich, & 

Ungermann, 2018). Importantly, mutations in Rab7 lead to peripheral neuropathy (Houlden et al., 

2004; Meggouh, Bienfait, Weterman, de Visser, & Baas, 2006; Verhoeven et al., 2003; X. Wang, 

Han, Liu, Wang, & Zhang, 2014), further emphasizing the importance of proper lysosomal 

dynamics in maintaining cell viability. However, the role and regulation of direct mitochondrial 

and lysosomal interactions at inter-organelle contact sites has only been recently studied.  

 

Previous Crosstalk between Mitochondria and Lysosomes 

 Previous studies have demonstrated several pathways for indirect interactions between 

mitochondria and lysosomes. Mitochondrial function, including respiration has been shown to be 
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critical for regulating lysosomal function as deletion of mitochondrial proteins (AIF, Opa1 or 

PINK1), chemical inhibition of oxidative phosphorylation (Brahimi-Horn et al., 2015; Demers-

Lamarche et al., 2016), or expression of transcription factor A, mitochondrial (TFAM) mutations 

impair lysosomal activity (Baixauli et al., 2015). In addition, lysosomal biogenesis increases 

dramatically in response to short-term inhibition of mitochondrial respiration but is disrupted by 

long-term inhibition via rotenone (Fernández-Mosquera et al., 2017). Moreover, increased 

mitochondrial oxidative stress in human dopaminergic neurons contributes to reduced activity of 

oxidized lysosomal enzymes such as glucocerebrosidase, which impairs lysosomal glycolipid 

metabolism (Burbulla et al., 2017). 

Conversely, lysosomal function has been shown to be essential for maintaining 

mitochondrial homeostasis. In skeletal muscle, the lysosomal biogenesis regulator transcription 

factor EB (TFEB) acts as a central coordinator for mitochondrial function in a peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1α)-independent manner 

(Mansueto et al., 2017). In neurons, the autophagy inhibitor mammalian target of rapamycin 

complex 1 (mTORC1) promotes an integrated mitochondrial stress response (Khan et al., 2017) 

and also regulates mitochondrial activity (Norambuena et al., 2018). In addition, disrupting 

lysosomal acidification is sufficient to decrease mitochondrial respiration (Monteleon et al., 2018). 

Finally, endolysosomal Rabs, including Rab5, Rab7A, Rab5-GEP (RABGEF1) and Rab7-GEF 

(MON1-CCZ1), also regulate mitochondrial function and can be recruited to damaged 

mitochondria (Hsu et al., 2018; Yamano et al., 2018). Moreover, Rab7 knockdown inhibits the 

assembly of ATG9A vesicles during Parkin-dependent mitophagy (Yamano et al., 2018), while 

translocation of Rab5 to mitochondria decreases oxygen consumption of cytochrome C release 

during mitochondrial oxidative stress (Hsu et al., 2018). 
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In addition, mitochondria and lysosomes have also been shown to directly interact upon 

cellular stress (Hamacher-Brady, Choe, Krijnse-Locker, & Brady, 2014; Pickrell & Youle, 2015; 

Sugiura, McLelland, Fon, & McBride, 2014), with the majority of these studies predominantly 

focusing on lysosomal degradation of mitochondria either through mitophagy (Pickrell & Youle, 

2015) or fusion of mitochondrial-derived vesicles (MDVs) with lysosomes (Sugiura et al., 2014). 

Whole mitochondria can be degraded by autophagy (mitophagy), which involves engulfment of 

damaged mitochondria by an autophagosome followed by fusion with lysosomes to form an 

autolysosome for degradation of its contents. Mitophagy can occur either nonselectively or 

selectively via mitophagy receptors such as optineurin and NDP52, which are recruited to 

ubiquitinated mitochondria in a PINK1/Parkin-dependent manner and subsequently recruit LC3 

on the autophagosome via their LC3 interaction region (Lazarou et al., 2015; Wong & Holzbaur, 

2014). In contrast, MDVs are small vesicles (~ 100 nm) (Sugiura et al., 2014), which bud off from 

mitochondria and contain different subsets of mitochondrial outer membrane and matrix proteins. 

MDVs targeted to lysosomes are generated through a PINK1/Parkin-dependent manner 

(McLelland, Soubannier, Chen, McBride, & Fon, 2014) and may represent a pathway to 

selectively degrade a subset of mitochondrial proteins rather than entire mitochondria. However, 

whether mitochondria and lysosomes directly interact with one another under normal conditions 

in healthy mammalian cells via nondegradative pathways has not been previously well-studied. 

 

Identification of dynamic mitochondria-lysosome membrane contact sites 

Inter-organelle membrane contact sites are defined as contacts forming between the 

membranes of two distinct organelles at close proximity allowing for their intracellular 

communication (Gatta & Levine, 2017). While the ER forms many contacts with other parts of the 
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cell including the plasma membrane, Golgi, mitochondria, peroxisomes, lipid droplets and 

endosomes (H. Wu, Carvalho, & Voeltz, 2018), the discovery of additional inter-organelle contacts 

not involving the ER such as those between lysosomes, lipid droplets and peroxisomes have further 

demonstrated that many organelles within the cell are well connected (Valm et al., 2017). In 

addition, contacts between mitochondria and lysosomal-related organelles including 

melanosomes, multi-vesicular bodies and yeast vacuoles have also been previously described 

(Daniele et al., 2014; Elbaz-Alon et al., 2014; Honscher et al., 2014; Sugiura et al., 2014). 

Importantly, while contacts are maintained by tethering proteins which allow for the dynamic 

formation and subsequent untethering of organelle membranes, additional proteins may also be 

present at contact sites which do not physically bridge membranes but help to regulate contact 

function such as by mediating metabolite transfer, or regulatory proteins which help coordinate 

contacts and their response to the cellular environment (Eisenberg-Bord, Shai, Schuldiner, & 

Bohnert, 2016). Functionally, previous contact sites have been found to be important for mediating 

multiple cellular functions including the transfer of lipids, calcium and iron, the regulation of 

organelle dynamics such as mitochondrial division (Friedman et al., 2011) and endosomal division 

(Rowland, Chitwood, Phillips, & Voeltz, 2014) which are marked by ER tubules, and additional 

processes which occur at contact sites (Simmen & Herrera-Cruz, 2018; H. Wu et al., 2018), 

demonstrating a critical role for inter-organelle contact sites in maintaining cellular homeostasis.  

Recently, multiple studies using diverse imaging techniques have demonstrated that inter-

organelle contact sites also form between mitochondria and lysosomes in multiple different cell 

types under healthy conditions (Aston et al., 2017; Q. Chen et al., 2018; Fermie et al., 2018; Han, 

Li, Qiu, Zhang, & Zhang, 2017; Itoh et al., 2019; Valm et al., 2017; Wong, Ysselstein, & Krainc, 

2018). Mitochondria-lysosome contacts were observed using 2D and 3D electron microscopy 
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(Aston et al., 2017) as well as correlative light electron microscopy (CLEM) of LysoTracker-

positive vesicles in contact with mitochondria (Wong et al., 2018) or CLEM combined with 

focused ion beam scanning electron microscopy (FIB-SEM) which showed Lamp1 and dextran 

positive vesicles stably contacting mitochondria (Fermie et al., 2018). Contacts between 

mitochondria and lysosomes were also observed by lattice light sheet spectral imaging (Valm et 

al., 2017), and were found to be less frequent than contacts involving the ER (Valm et al., 2017). 

In addition, mitochondria-lysosome contacts were observed by structured illumination microscopy 

(SIM) imaging of organelles labeled by mitochondrial (Q. Chen et al., 2018) or lysosomal (Han et 

al., 2017) dyes or fluorescently-labeled proteins which showed that mitochondria could first 

contact one lysosome and subsequently move on to contact another lysosome (Han et al., 2017). 

Moreover, contacts were also seen by immunofluorescent staining of endogenous mitochondrial 

(Tom20) and lysosomal (Lamp1) membrane proteins by confocal microscopy (Itoh et al., 2019) 

or 3D SIM imaging (Wong et al., 2018). Finally, mitochondria-lysosome contacts were also 

labeled by sensitized emission fluorescence resonance energy transfer (SE-FRET) between 

TOM20–Venus on the outer mitochondrial membrane and LAMP1–mTurquoise2 on the 

lysosomal membrane (Wong et al., 2018).  

 Mitochondria-lysosome contact sites had an average distance between mitochondrial and 

lysosomal membranes (Aston et al., 2017; Wong et al., 2018) consistent with previously observed 

membrane contact sites (10–30 nm) (Csordas et al., 2006; M. J. Phillips & Voeltz, 2016). 

Approximately 15% of lysosomes were in contact with mitochondria at any point in time with 

mitochondria-lysosome contact sites remaining stably tethered for an average of 60 sec (Wong et 

al., 2018) although contacts demonstrated a varying range of tethering durations, lasting as long 

as 13 minutes (Han et al., 2017). Bulk transfer of either lysosomal luminal contents or 
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mitochondrial matrix or inter-membrane space proteins across organelles was not observed at sites 

of contact (Wong et al., 2018), and contacts did not represent autophagosome biogenesis events or 

mitophagy as they were negative for multiple autophagosome markers including ULK1, Atg5, and 

LC3 (Wong et al., 2018). In addition, mitochondria that formed contacts were distinct from MDVs 

as they contained both outer mitochondrial membrane and matrix proteins (Wong et al., 2018) and 

were substantially larger than previously described MDVs (~100 nm (MDVs) versus ~500 nm 

(mitochondria)) (Sugiura et al., 2014), suggesting that mitochondria-lysosome contact sites do not 

represent sites of mitophagy or lysosomal engulfment of bulk mitochondria. 

 

Regulation of mitochondria-lysosome contacts by Rab7 GTP hydrolysis  

 Mitochondria-lysosome contact site tethering is mechanistically regulated by multiple 

proteins on the mitochondrial and lysosomal membranes. The small GTPase Rab7 which is a 

master regulator of lysosomal dynamics modulates mitochondria-lysosome contact site tethering 

and untethering dynamics through its ability to alternate between an active, lysosomal-localized 

GTP-binding state and an inactive, cytosolic GDP-binding state. Contact tethering is promoted by 

lysosomal GTP-bound Rab7 and may be tethered to mitochondria via Rab7 effector proteins which 

bind GTP-bound Rab7 on the lysosome. Importantly, expression of RAB7 Q67L, a constitutively 

active GTP-bound form which is unable to undergo GTP hydrolysis, is sufficient to increase the 

number of lysosomes contacting mitochondria and results in prolonged contacts (Wong et al., 

2018).  

Subsequent mitochondria-lysosome contact untethering is mediated by Rab7 GTP 

hydrolysis which first involves the recruitment of cytosolic TBC1D15 (Rab7 GAP) to 

mitochondria via the outer mitochondrial membrane protein Fis1 (Onoue et al., 2013; Peralta, 
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Martin, & Edinger, 2010; X. M. Zhang, Walsh, Mitchell, & Rowe, 2005). Once recruited to 

mitochondria, TBC1D15 is able to interact with lysosomal GTP-bound Rab7 to drive its hydrolysis 

to a GDP-bound state. GDP-bound Rab7 can no longer bind Rab7 effectors and also loses its 

lysosomal membrane localization (Langemeyer et al., 2018), leading to mitochondria-lysosome 

contact untethering (Wong et al., 2018) potentially via the loss of Rab7 effector tethering. 

Importantly, inhibition of Rab7 GTP hydrolysis with either TBC1D15 (D397A or R400K) 

mutants, which lack GAP activity (Onoue et al., 2013), prevents efficient mitochondria-lysosome 

contact untethering, resulting in prolonged contacts (Wong et al., 2018). Interestingly, TBC1D15 

mutants have no effect on contact formation, suggesting that TBC1D15-dependent Rab7 GTP 

hydrolysis is limited to regulating contact untethering but not the formation of contacts. In 

addition, mutant Fis1 (LA), which is unable to recruit TBC1D15 to mitochondria (Onoue et al., 

2013), as well as complete knockout of either TBC1D15 or Fis1, prevents efficient mitochondria-

lysosome contact untethering, leading to prolonged contacts (Wong et al., 2018). Thus, Rab7 GTP 

hydrolysis, which requires interaction of both lysosomal (Rab7) and mitochondrial-localized 

(TBC1D15, Fis1) proteins at contact sites, provides a mechanism for the regulation of 

mitochondria-lysosome untethering.  

 

Known and potential functions of mitochondria-lysosome contact sites 

 Several functions of mitochondria-lysosome contact sites have been discovered including 

the regulation of lysosomal and mitochondrial dynamics. Lysosomal dynamics are acutely 

regulated by Rab7 effector proteins which preferentially bind GTP-bound Rab7 on the lysosomal 

membrane, such as RILP and FYCO which mediate lysosomal retrograde and anterograde 

microtubule transport respectively (Jordens et al., 2001; Pankiv et al., 2010), and the HOPS 
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complex which mediates lysosomal tethering and fusion (Balderhaar & Ungermann, 2013). 

Mitochondria-lysosome contact sites thus offer a platform for mitochondrial-localized proteins to 

regulate lysosomal dynamics via modulation of Rab7-GTP binding. As mitochondrial TBC1D15 

promotes Rab7 GTP hydrolysis at contacts leading to the termination of GTP-bound Rab7 (Wong 

et al., 2018), this simultaneously results in both contact site untethering and the release of Rab7 

effector proteins from GTP-bound Rab7 and the lysosomal membrane, thus regulating lysosomal 

dynamics. Indeed, expression of mitochondrial-localized mutant TBC1D15 (D397A or R400K) 

lacking GAP activity leads to enlarged lysosomes (Wong et al., 2018), consistent with the 

lysosomal morphology observed upon inhibition of RAB7 GTP hydrolysis. Thus, mitochondria-

lysosome contact sites may help promote Rab7 GTP hydrolysis and regulate the dynamics of a 

subset of lysosomes within the cell which are in contact with mitochondria.  

Mitochondria-lysosome contact sites are also able to regulate mitochondrial dynamics, as 

the majority of mitochondrial fission events (>80%) are marked by LAMP1-positive vesicles but 

not early endosomes or peroxisomes (Wong et al., 2018). Disrupting mitochondria-lysosome 

contact untethering dynamics by inhibiting Rab7 GTP hydrolysis with mutants GTP-bound Rab7 

Q67L, TBC1D15 (D397A or R400K) or Fis1 (LA) decreases rates of mitochondrial fission and 

disrupts the mitochondrial network (Wong et al., 2018). All mitochondrial fission events marked 

by lysosomes were also positive for Drp1, a dynamin-related GTPase that facilitates the 

constriction of the outer mitochondrial membrane during mitochondrial fission (Friedman & 

Nunnari, 2014). Mitochondria-lysosome contact sites were also recently found to regulate the 

untethering of inter-mitochondrial contacts, homotypic contact sites involving two distinct 

mitochondria that do not undergo fusion and which are important for regulating mitochondrial 

motility (Wong, Peng, & Krainc, 2019). Specifically, LAMP1-positive vesicles were found to 
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preferentially mark sites of inter-mitochondrial contact untethering (> 90%) (Wong, Peng, et al., 

2019). Thus, mitochondria-lysosome contact sites additionally act to regulate the mitochondrial 

network by marking sites of mitochondrial fission and inter-mitochondrial contact untethering. 

Although the function of mitochondria-lysosome contacts has been explored largely with 

regard to the regulation of organelle dynamics, additional functions, such as the transfer of ions or 

metabolites, are also possible given the importance of both organelles to ion homeostasis and 

metabolism. One such candidate is calcium, which is a highly regulated ion that plays a crucial 

role in various cellular processes such as exocytosis, gene transcription and apoptosis (Raffaello, 

Mammucari, Gherardi, & Rizzuto, 2016). While the primary cellular store of calcium is located in 

the ER, both mitochondria and lysosomes have also been implicated as important players in 

calcium homeostasis. Calcium is transported into mitochondria through the voltage-dependent 

anion channel-1 (VDAC1) on the outer mitochondrial membrane and the mitochondrial calcium 

uniporter (MCU) on the inner mitochondrial membrane, and serves to remove cytosolic calcium 

and drive metabolic processes such as ATP production (Todkar, Ilamathi, & Germain, 2017). 

Mitochondria-ER contact sites known as MAMs (mitochondrial-associated membranes) have 

previously been identified as regulators of calcium transfer and dynamics in mitochondria in 

various cell types (Bononi et al., 2012) including mammalian neurons (Hirabayashi et al., 2017). 

However, as lysosomes also play emerging roles in calcium signaling and storage, mitochondria-

lysosome contact sites may serve as similar platforms for calcium transfer. Indeed, TRPML1, a 

mucolipin channel on the lysosomal membrane that releases calcium, functions as a sensor of 

cellular reactive oxygen species (ROS), which are produced in large part by mitochondria (Sena 

& Chandel, 2012). In addition, the activity of TRPML1 increases with rising levels of ROS, and 

TRPML1 activation promotes autophagy (X. Zhang et al., 2016). While this suggests an indirect 
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modulation of mitochondrial function and activity by lysosomal calcium, mitochondria-lysosome 

contact sites may support more direct mechanisms for calcium transfer and signaling between these 

two organelles. 

 

Conclusions 

 The recent identification of mitochondria-lysosome membrane contact sites in mammalian 

cells and their regulation of Rab7 GTP hydrolysis and mitochondrial dynamics highlight the 

intricate crosstalk between these two organelles. These contact sites offer important insight into 

their bidirectional relationship and may help to explain the converging dysfunction of both 

organelles in multiple diseases. As both mitochondria and lysosomes are crucial for proper 

metabolism and degradation, investigating their interplay will be key to elucidating their 

overlapping pathways in cellular homeostasis. 
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CHAPTER 2. 

LYSOSOMAL REGULATION OF INTER-MITOCHONDRIAL CONTACT FATE AND 

MOTILITY IN CHARCOT-MARIE-TOOTH TYPE 2 

 

Introduction 

Mitochondrial networks are critical for functional cellular metabolism and must be 

properly regulated (Wai & Langer, 2016), as reflected by multiple human diseases linked to 

defective mitochondrial dynamics (Alexander et al., 2000; Burte et al., 2015; Delettre et al., 2000; 

Zuchner et al., 2004). Mitochondria undergo both fission and fusion events to regulate the 

mitochondrial network, but the dynamic role and regulation of a third event - the formation of 

inter-mitochondrial contact sites - in shaping mitochondrial network dynamics is still not well 

understood. Indeed, the majority of previous studies have viewed mitochondrial tethering between 

two mitochondria merely as a transition step occurring prior to membrane fusion for generating a 

single mitochondria (Mishra & Chan, 2016), rather than as a distinct event which can dynamically 

modulate the mitochondrial network. 

Mitochondria can additionally interact with other organelles such as the endoplasmic 

reticulum (ER) or lysosomes/late endosomes at membrane contact sites to mediate multiple forms 

of inter-organelle communication and maintain cellular homeostasis (Eisenberg-Bord et al., 2016; 

Gottschling & Nyström, 2017; M. J. Phillips & Voeltz, 2016; Wong et al., 2018; Y. Wu et al., 

2017). However, while mitochondria fission events are marked by ER tubules and lysosomes 

(Friedman et al., 2011; Wong et al., 2018), how inter-organelle contacts interact with and modulate 

inter-mitochondrial contact tethering dynamics is still not known. 
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In addition, whether dysfunctional inter-mitochondrial contact site dynamics might 

contribute to human disease pathogenesis is also unclear. Charcot-Marie-Tooth (CMT) disease is 

the most common hereditary peripheral neuropathy, with Type 2 forms representing autosomal 

dominant forms linked to axonal degeneration (Harel & Lupski, 2014). Mitofusin 2 (Mfn2) is an 

outer mitochondrial membrane protein which regulates mitochondrial fusion and has been 

implicated in additional mitochondrial functions including mitophagy, mitochondrial transport, 

ER-mitochondria contacts and mtDNA stability (H. Chen et al., 2010; Y. Chen & Dorn Ii, 2013; 

De Brito & Scorrano, 2008; A. Misko, Jiang, Wegorzewska, Milbrandt, & Baloh, 2010; Santel & 

Fuller, 2001; Schrepfer & Scorrano, 2016), with Mfn2 mutations leading to CMT Type 2A 

(Zuchner et al., 2004). In contrast, Rab7 is a lysosomal/late endosomal regulator (Hutagalung & 

Novick, 2011), with Rab7 mutations resulting in CMT Type 2B (Houlden et al., 2004; Manganelli 

et al., 2012; Meggouh et al., 2006; Verhoeven et al., 2003; X. Wang et al., 2014). However, 

whether and how CMT2A (Mfn2) and CMT2B (RAB7) disease-linked mutations converge in 

disease pathogenesis is unclear. 

Previously, using super-resolution confocal imaging of mitochondrial membranes in living 

cells, we identified inter-mitochondrial contact tethering as fundamental events which modulate 

mitochondrial network dynamics. Inter-mitochondrial contacts form 10x more frequently than 

mitochondrial fission/fusion events and functionally help to restrict mitochondrial motility. 

Interestingly, late endosomes/lysosomes actively promote inter-mitochondrial contact untethering 

which are regulated by lysosomal RAB7 GTP hydrolysis at mitochondria-lysosome contact sites. 

Inter-mitochondrial contact formation and untethering dynamics are further mediated by Mfn1/2 

GTP hydrolysis and Drp1 GTP hydrolysis respectively and are modulated by mitochondrial 

respiration and nutrient availability. Importantly, multiple Charcot-Marie-Tooth Type 2 disease-
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linked mutants including Mfn2 (CMT2A), RAB7 (CMT2B) and TRPV4 (CMT2C) converge on 

defective inter-mitochondrial contact untethering and disrupted mitochondrial motility. Our study 

thus identifies a crucial role for inter-mitochondrial contacts in modulating mitochondrial 

homeostasis and demonstrate its dysfunction in the pathogenesis of multiple forms of CMT2. 

 

Methods 

Cell lines. HeLa cells (gift from Michael Schwake (ATCC)) and HEK293 cells (human embryonic 

kidney cell line 293FT (Life Technologies)) were cultured in DMEM (Gibco; 11995–065) 

supplemented with 10% (vol/vol) FBS, 100 units/mL penicillin, and 100 µg/mL streptomycin. H4 

neuroglioma cells (Mazzulli et al., 2011) were cultured in Optimem + 5% FBS, 200ug/ml geneticin 

and hygromycin, 1% penicillin / streptomycin (Life Technologies) and treated with 1ug/ml 

doxycycline (Sigma) for 3 days. Cells were derived from female (HeLa, HEK293) or male (H4) 

subjects. All cells were maintained at 37 °C in a 5% CO2 incubator and previously verified by 

cytochrome c oxidase subunit I (COI) and short tandem repeat (STR) testing and tested for 

Mycoplasma contamination. Cells were transfected using Lipofectamine 2000 (Invitrogen). For 

live imaging, cells were grown on glass bottom culture dishes (MatTek; P35G-1.5-14-C). 

 

Plasmids. The following plasmids were obtained from Addgene: LAMP1-mGFP was a gift from 

Esteban Dell’Angelica (Addgene #34831) (Falcon-Perez, Nazarian, Sabatti, & Dell'Angelica, 

2005), mito-BFP and mCh-Drp1 were gifts from Gia Voeltz (Addgene #49151, #49152) 

(Friedman et al., 2011), Snap-Omp25 was a gift from David Sabatini (Addgene # 69599) (Katajisto 

et al., 2015), mito-PAGFP was a gift from Richard Youle (Addgene # 23348) (Karbowski et al., 

2004), EGFP-RAB7A WT was a gift from Qing Zhong (Addgene #28047) (Q. Sun, Westphal, 
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Wong, Tan, & Zhong, 2010), mApple-TOMM20-N-10, mEmerald-TOMM20-C-10, DsRed2-

Mito-7, and mCherry-ER-3 were gifts from Michael Davidson (Addgene #54955, #54281, #55838, 

#55041), and Mfn1-Myc, Mfn1(K88T)-10xmyc, Mfn2-myc and Mfn2 K109A-myc were gifts 

from David Chan (Addgene #23212, #26050, #23213, #26051) (Y. Chen & Dorn Ii, 2013). GFP-

RAB7-Q67L was a gift from Aimee Edinger (Rosales, Peralta, Guenther, Wong, & Edinger, 2009). 

N-terminal HA-tagged TBC1D15 (wild-type and D397A mutant) and Flag-FIS1 (wild-type and 

LA mutant) were generous gifts from Naotada Ishihara (Jofuku, Ishihara, & Mihara, 2005; Onoue 

et al., 2013), mCherry-Mfn1 and mCherry-Mfn2 were generous gifts from Elena Kolobova 

(Mason, Goldenring, & Kolobova, 2014), and pIRES2-ZsGreen1- TRPV4 (WT) and pIRES2-

ZsGreen1- TRPV4 (R269H) were generous gifts from Han-Xiang Deng (Deng et al., 2010). 

mCherry-Drp1(K38A), bicistronic Mfn2(WT)+mApple, bicistronic Mfn2(T105M)+mApple, 

mNeonGreen-RAB7(WT) and mNeonGreen-RAB7(V162M) were generated using 

VectorBuilder. 

 

Cell treatment. To modulate mitochondrial and cellular homeostasis, HeLa cells were incubated 

with control DMSO (3h, Sigma), mitochondrial respiration Complex I inhibitor Rotenone (3h, 

1µM, Sigma) or cultured in low nutrient media Hank’s Balanced Salt Solutions (2h HBSS, 

Corning) prior to confocal live-cell imaging experiments. 

 

Confocal microscopy. All confocal images were acquired on a Nikon A1R laser scanning confocal 

microscope with GaAsp detectors using a Plan Apo λ 100× 1.45 NA oil immersion objective 

(Nikon) using NIS-Elements 4.20 (Nikon). Live cells were imaged in a temperature-controlled 

chamber (37 °C) at 5% CO2 at 1 frame every 2–3 sec. Cells transfected with Snap-OMP25 were 
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visualized by incubation for 30 min with 0.6 µM SNAP-Cell® 647-SiR (New England Biolabs; 

S9102S) and subsequently washed 4x with warm media before imaging. The matrix of individual 

mitochondria were selectively labeled by localized photoactivation of cells transfected with 

photoactivatable mitochondrial matrix marker mito-PAGFP using a 405 nm laser (100% for 4 sec) 

and mitochondrial matrix transfer at fusion or transient fusion events was subsequently tracked. 

 

Electron microscopy. For transmission electron microscopy (TEM), cells were grown on 

coverslips and fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M 

cacodylate buffer for 2–24 h at 4 °C. After post-fixation in 1% osmium tetroxide and 3% uranyl 

acetate, cells were dehydrated in series of ethanol, embedded in Epon resin and polymerized for 

48 h at 60 °C. Ultrathin sections were made using UCT ultramicrotome (Leica Microsystems) and 

contrasted with 4% uranyl acetate and Reynolds’s lead citrate. Samples were imaged using a FEI 

Tecnai Spirit G2 transmission electron microscope (FEI Company, Hillsboro, OR) operated at 80 

kV. Images were captured with an Eagle 4k HR 200kV CCD camera. 

 

Structured illumination microscopy. Structured illumination microscopy (SIM) super-resolution 

images were taken on a Nikon N-SIM system with an oil immersion objective lens 100×, 1.49 NA, 

Nikon. Images were captured using NIS-Elements (Nikon) at 1 frame every 6 sec and 

reconstructed using slice reconstruction in NIS-Elements (Nikon). Images for live cell imaging 

(live N-SIM) were taken at a single z-plane. Cells used for live cell imaging were maintained in a 

temperature-controlled chamber (37 °C) at 5% CO2 in a TokaiHit stagetop incubator. 
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Image analysis (detailed). Inter-mitochondrial contacts were defined as those which clearly 

showed two distinct mitochondria which came together to form a tether and subsequently 

untethered, and remained as two distinct mitochondria throughout the process without fusion. 

Mitochondrial fusion events were defined as those which clearly began as two distinct 

mitochondria and subsequently tethered together prior to outer mitochondrial membrane fusion to 

form a single mitochondria. Mitochondrial fission events were defined as those which clearly 

showed division of a single mitochondria into two distinct daughter mitochondria which 

transiently tethered prior to subsequently separating from one another. The percentage of 

mitochondria in inter-mitochondrial contacts at a given point in time were defined as those which 

were tethered (<0.1 µm) to another mitochondria for >10s. The frequency of duration of inter-

mitochondrial contact tethering was calculated from contacts which showed both clear formation 

of tether and subsequent untethering. Mitochondrial events were defined as tether (formation of 

inter-mitochondrial contacts not leading to fusion), untether (untethering of inter-mitochondrial 

contacts), fusion and fission as analyzed from confocal time-lapse of outer mitochondrial 

membrane markers. Mitochondrial transient fusion events were defined as events involving 

transfer of photoactivated mitochondrial matrix marker mito-PAGFP from individual 

mitochondria selectively labeled by localized photoactivation, without the obvious fusion of outer 

mitochondrial membrane marker (mApple-TOM20). Tethered mitochondrial partners were 

tracked over time (10s) for their inter-mitochondrial contact site using ImageJ 1.51j8 (NIH) from 

time-lapse confocal images of outer mitochondrial membrane marker (mApple-TOM20), with the 

starting location for all contact sites set to the center of the graph. For motility analysis, 

mitochondria which were tethered in an inter-mitochondrial contact (distance traveled over 30 sec 
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prior to untethering) were compared to free mitochondria (distance traveled over 30 sec after 

untethering from an inter-mitochondrial contact). 

 

Mitochondrial untethering, fusion and fission events marked by Drp1 or ER were analyzed from 

confocal time-lapse images of outer mitochondrial membrane marker (TOM20-mEmerald), matrix 

marker (mito-BFP) and Drp1 marker (mCherry-Drp1) or ER marker (mCherry-ER). 

Mitochondrial untethering events and tethered mitochondria (the state of being tethered) were 

further analyzed for the presence of ER or Drp1 and confirmed to be distinct from 

fission/fusion/transient fusion events by confocal time-lapse images of individually labeled locally 

photoactivated mitochondria (mito-PAGFP) with outer mitochondrial membrane marker (Snap-

OMP25). The expected probability that Drp1 oligomers would be at the site of a mitochondrial 

division event by random chance was calculated as the density of mCherry-Drp1 on the outer 

mitochondrial membrane (mApple-TOM20) from n = 19 living cells, using ImageJ 1.51j8 (NIH). 

The expected probability that ER would be at the site of a mitochondrial division event by random 

chance was calculated as the density of mCherry-ER in the cytosol from n = 11 living cells, using 

ImageJ 1.51j8 (NIH). Analysis for Drp1 conditions was conducted from confocal time-lapse 

images of outer mitochondrial membrane marker (mEmerald-TOM20), matrix marker (mito-BFP) 

and mCherry-Drp1 (WT or K38A) and subsequently normalized to Control. The duration for 

different mitochondrial events were defined for fusion (time from formation of mitochondrial 

tether to fusion into a single mitochondria), untether (time from formation of mitochondrial tether 

to untethering as two distinct mitochondria throughout the process), and fission (time from the 

formation of transient tethering of two daughter mitochondria to their separation). The minimum 
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time to untethering or transient fusion were quantified from mitochondrial tethers already formed 

at the beginning of the video. 

 

Mitochondrial untethering, fusion and fission events and tethered state marked by lysosomes/late 

endosomes contacts (M-L) were analyzed from confocal time-lapse images of outer mitochondrial 

membrane marker (mApple-TOM20) and lysosome/late endosome marker (LAMP1-mGFP). The 

expected probability that a LAMP1 vesicle would be at the site of a mitochondrial division event 

by random chance was calculated as the density of LAMP1-mGFP vesicles in the cytosol from n 

= 16 living cells, using ImageJ 1.51j8 (NIH). The fate of inter-mitochondrial contacts (either 

remaining tethered or untethering in ≤10s) was analyzed for tethered mitochondria which did not 

simultaneously contact lysosomes compared to those that did. Inter-mitochondrial (M-M) contact 

and M-L contact formation were defined as the time when two distinct organelles clearly came 

together to form a tether, while M-M and M-L contact untethering were defined as the time when 

two distinct organelles clearly separated. M-L contacts were only analyzed for LAMP1-mGFP-

positive vesicles which were clearly in contact (<0.1 µm) with a mitochondria that was 

simultaneously in a M-M contact. M-L contact formation was quantified for any events occurring 

either prior or subsequent to M-M formation but prior to M-M untethering. M-L contact 

untethering was quantified for any events occurring after M-M contact formation but either prior 

or subsequent to M-M untethering. The minimum time to M-M untether (duration of M-M 

contacts) was analyzed from mitochondria already tethered at the beginning of the video and was 

defined as the time prior to mitochondrial untethering over a 150s video. Any contacts which lasted 

throughout the entire 150s video and which were still in contact by the end of the video were 

categorized as 150s in bar graphs, and as > 120s in histograms. 
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Inter-mitochondrial contacts marked by mitofusins were analyzed from confocal time-lapse 

images of outer mitochondrial membrane marker (mEmerald-TOM20), matrix marker (mito-BFP) 

and mitofusin markers (mCherry-Mfn1, mCherry-Mfn2). The percentage of inter-mitochondrial 

(M-M) contacts was quantified as the percentage of mitochondria tethered to another mitochondria 

for >10s divided by the total number of mitochondria in the region of interest, and the minimum 

duration of M-M contacts was analyzed from mitochondria already tethered at the beginning of 

the video, and defined as the time prior to mitochondrial untethering over a 180s video, with any 

contacts which lasted throughout the entire 180s video and which were still in contact by the end 

of the video categorized as 180s and as > 120s in histograms. Analysis for Mitofusin 

conditions was conducted from confocal time-lapse images of outer mitochondrial membrane 

marker (TOM20-mApple) and matrix marker (mito-BFP) with or without myc-tagged mitofusins. 

All analysis was subsequently normalized to Control. 

 

Analysis for CMT type 2A conditions was conducted from confocal time-lapse images of outer 

mitochondrial membrane marker (mEmerald-TOM20), matrix marker (mito-BFP) and bicistronic 

Mfn2 WT or T105M in cells simultaneously expressing mApple, and was subsequently normalized 

to Mfn2 (WT). For comparison of mNeonGreen-RAB7 WT with V162M using outer 

mitochondrial membrane marker (mApple-TOM20), the percentage of lysosomes in M-L contact 

was quantified as the percentage of RAB7 vesicles that formed contacts lasting >10s with 

mitochondria divided by the total number of RAB7 vesicles in the region of interest, the rate of 

mitochondrial fission was analyzed from videos >180s, and the minimum duration of both M-L 

and M-M contacts were analyzed from mitochondria already tethered at the beginning of the video, 

and defined as the time prior to mitochondrial untethering over a 180s video, with any contacts 
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which lasted throughout the entire 180s video and which were still in contact by the end of the 

video categorized as 180s and as > 120s in histograms, and all analysis was subsequently 

normalized to RAB7 WT. Analysis for CMT type 2C was conducted from confocal time-lapse 

images of outer mitochondrial membrane marker (mApple-TOM20) and the minimum duration of 

M-M contacts were analyzed from mitochondria already tethered at the beginning of the video, 

and defined as the time prior to mitochondrial untethering over a 180s video, with any contacts 

which lasted throughout the entire 180s video and which were still in contact by the end of the 

video categorized as 180s and as > 120s in histograms, and was subsequently normalized to 

TRPV4 (WT). For motility analysis, the motility of 5 randomly selected mitochondria per cell was 

tracked over 3 min (only for mitochondria which remained in the field of view for the entire 3 min) 

and normalized to WT/control/DMSO conditions. 

 

Statistical analysis, graphing and figure assembly. Data were analyzed using unpaired two-tailed 

Student t test (for two datasets), Fisher’s exact test or one-way ANOVA with Tukey’s post hoc 

test (for multiple data sets) (see figure legends for details). Data presented are means ± SEM 

(except in histograms). Statistics and graphing were performed using Prism 7 (GraphPad) 

software. All experiments were analyzed from n ≥3 independent experiments (biological 

replicates) per condition. All line scans were generated using ImageJ 1.51j8 (NIH) and normalized 

per protein. Examples of transient fusion and M-L contacts are shown after linear rescaling in NIS-

Elements 4.20 (Nikon) and all videos and images were assembled using ImageJ 1.51j8 (NIH). All 

final figures were assembled in Illustrator CC (Adobe). 
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Results 

Super-resolution imaging of inter-mitochondrial contacts 

To investigate the formation and dynamics of inter-mitochondrial contacts, we performed 

electron microscopy and super-resolution live cell imaging of mitochondria in human cells. 

Consistent with previous studies demonstrating mitochondria in close apposition spanning <20 nm 

between the outer mitochondrial membrane in fixed cells without membrane fusion (Pease, 1962; 

Picard et al., 2015; Vernay et al., 2017), we observed inter-mitochondrial contact sites using 

transmission electron microscopy (TEM) in healthy untreated HeLa cells (Fig. 1A). Next, we 

examined their dynamics using super-resolution imaging of the outer mitochondrial membrane 

(mApple-TOM20) by time-lapse structured illumination microscopy (SIM) in living cells. Inter-

mitochondrial contacts were stably tethered together over time (Fig. 1B-E), with contacts forming 

between mitochondria of different lengths including tubular mitochondria as observed by TEM 

(Fig. 1A), super-resolution (Fig. 1B) and confocal imaging. Importantly, contacts were indeed the 

result of two distinct mitochondria and were positive for both outer mitochondrial membrane 

(TOM20) and matrix (mito-BFP; COX4) proteins (Fig. 1F). At any given time, ~30% of 

mitochondria were in stable inter-mitochondrial contacts for >10 sec (Fig. 1G) and remained 

tethered for 39.8 ± 2.6 sec (Fig. 1H). 

Using super-resolution imaging of the outer mitochondrial membrane (mApple-TOM20), 

we further confirmed that inter-mitochondrial contacts were indeed distinct from previously 

described mitochondrial fusion or fission events. Mitochondrial fusion events involved two 

separate mitochondria that tethered together for >20s on average (white arrows) but subsequently 

fused to form a single mitochondria. Conversely, mitochondrial fission events involved a single 

mitochondria which divided into two transiently tethered distinct daughter mitochondria prior to 
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separating. In contrast, the formation and untethering of tethered mitochondria began and ended 

with two distinct mitochondria (Fig. 1D-E). 

We further found that the majority of tethered mitochondria in the cell represented inter-

mitochondrial contacts which subsequently untethered from each other (Fig. 1C-E), rather than 

mitochondrial fusion events (89.3% untether versus 10.7% fusion, p<0.0001, n = 195 events) (Fig. 

1I) with their outcomes independent of tethering duration (Fig. 1J). Thus, inter-mitochondrial 

contacts represent a previously underappreciated dynamic event which frequently occurs and are 

distinct from mitochondrial fission or fusion events. 

 

Inter-mitochondrial contacts form without matrix transfer and modulate the mitochondrial 

network 

As mitochondrial kiss-and-run transient fusion events between two mitochondria have 

previously been observed without requiring complete fusion of the outer mitochondrial membrane 

(Huang et al., 2013; Liu, Weaver, Shirihai, & Hajnóczky, 2009), we examined whether tethered 

mitochondria represented sites of transient fusion by selectively locally photoactivating the matrix 

of individual mitochondria labeled with mito-PAGFP (photoactivatable GFP) and tracking their 

fate. We found that the majority of mitochondria tethered to another mitochondria (labeled for 

both outer mitochondrial membrane (SNAP-Omp25) and matrix proteins (Dsred2-mito)) without 

mito-PAGFP transfer (Fig. 1K-L). Moreover, mitochondria remained stably tethered in inter-

mitochondrial contacts over time, and even untethered from one another without mito-PAGFP 

transfer (Fig. 1K). While we did observe several examples of transient fusion events leading to 

mito-PAGFP transfer without outer mitochondrial membrane fusion (mApple-TOM20), the 

majority of mitochondrial tethering events resulted in untethering without bulk matrix transfer 
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rather than in transient fusion, and was not dependent on the amount of time mitochondria were 

tethered. 

To further differentiate between physical tethering and non-specific close apposition of 

mitochondrial membranes, we traced the movements of tethered inter-mitochondrial contact 

partners by tracking the point of inter-mitochondrial contact over time (10s) from time-lapse 

confocal live cell images. As expected, we found that tethered mitochondria could move together 

over time consistent with physical tethering between mitochondria, resulting in inter-

mitochondrial contact sites which persisted but could move within the cell. 

Next, we investigated the rate of different mitochondrial events to determine which 

occurred the most frequently in the cell. Surprisingly, while the rates of both mitochondrial fission 

and fusion were <2 events/min in live HeLa cells, inter-mitochondrial contact tethering and 

untethering events occurred ten times more frequently (23.1 ± 3.8 tethering events/min, 27.4 ± 4.7 

untethering events/min) (Fig. 1M). We further confirmed that inter-mitochondrial contact 

tethering and untethering occurred significantly more frequently in other cell types including 

HEK293 and H4 neuroglioma cells. Taken together, these results demonstrate that dynamic inter-

mitochondrial contacts occur frequently without matrix transfer and significantly more often than 

mitochondrial fission or fusion events, suggesting they play a critical role in modulating the 

mitochondrial network. 
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Figure 1: Super-resolution imaging of inter-mitochondrial contacts as important 
contributors to mitochondrial networks. A, Transmission electron microscopy of inter-
mitochondrial contacts (M, arrows) in untreated HeLa cells, corresponding to Figure S1B. 
Scale bar, 200 nm. B, Super-resolution time-lapse structured illumination microscopy (N-
SIM) of inter-mitochondrial contact tethering (white arrows) in live HeLa cells (outer 
mitochondrial membrane (OMM) label mApple-TOM20). Scale bar, 0.5 μm. C-E, Super-
resolution time-lapse structured illumination microscopy (N-SIM) of inter-mitochondrial 
contact tethering (white arrows) and subsequent untethering (yellow arrows) in live HeLa 
cells (outer mitochondrial membrane (OMM) label mApple-TOM20). Scale bars, 0.5 μm. 
F, Line scan of inter-mitochondrial contact positive for OMM label mApple-TOM20 and 
matrix label Mito-BFP (t = 0 s). G, H, Percentage of mitochondria forming inter-
mitochondrial contacts (G) and frequency of contact duration (H) from confocal time-lapse 
images of live HeLa cells (OMM label mApple-TOM20 and matrix label Mito-BFP) (n = 
176 events from 10 cells). I, J, Percentage of tethering outcomes (I) and time to outcome 
(J) for inter-mitochondrial contact untethering and mitochondrial fusion events from 
confocal time-lapse images of live HeLa cells (OMM label mApple-TOM20 and matrix 
label Mito-BFP) (n = 176 untethering and n = 19 fusion from 10 cells). K, Confocal time-
lapse images of inter-mitochondrial contacts (white arrows), which do not undergo 
mitochondrial matrix mito-PAGFP transfer prior to untethering (yellow arrows) in live 
HeLa cells (OMM label SNAP-Omp25, matrix label DsRed2-mito, and individual 
mitochondrial matrix label mito-PAGFP). The matrix of individual mitochondria was 
selectively locally photoactivated and tracked over time. Scale bar, 0.5 μm. L, Confocal 
images of inter-mitochondrial contact (white arrows), which do not undergo mitochondrial 
matrix mito-PAGFP transfer in live HeLa cells (OMM label SNAP-Omp25, matrix label 
DsRed2-mito, and individual mitochondrial matrix label mito-PAGFP). The matrix of 
individual mitochondria was selectively locally photoactivated and tracked over time. 
Scale bar, 0.5 μm. M, Quantification of mitochondrial event rates from confocal time-lapse 
images of live HeLa cells (OMM label mApple-TOM20 and matrix label Mito-BFP) (n = 
231 tether, n = 275 untether, n = 16 fusion, and n = 21 fission from 10 cells). N, Percentage 
of events marked by ER tubules for tethered mitochondria (confirmed as distinct 
mitochondria by selective local photoactivation of individual mitochondria by mito-
PAGFP (OMM label SNAP-Omp25, individual mitochondrial matrix label mito-PAGFP, 
and ER label mCherry-ER) and mitochondrial untethering, fusion, and fission events 
(OMM label mEmerald-TOM20, matrix label Mito-BFP, and ER label mCherry-ER) in 
live HeLa cells (n = 88 tethered, n = 36 untether, n = 18 fusion, and n = 17 fission). Mean ± 
SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; NS, not significant; unpaired two-tailed t test for 
(I) and (J), ANOVA with Tukey’s post hoc test for (M) and (N).  
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Lysosomes both mark and regulate inter-mitochondrial contact untethering events 

As lysosomes/late endosomes could also simultaneously contact inter-mitochondrial 

contacts, we next examined whether the fate of inter-mitochondrial contact might be directly 

coupled to mitochondria-lysosome contacts. Surprisingly, using time-lapse confocal imaging of 

mitochondria (mApple-TOM20) and the lysosome/late endosome membrane marker LAMP1-

mGFP, we found that the majority of inter-mitochondrial contact untethering events had at least 

one of the mitochondria simultaneously in contact with a LAMP1-positive vesicle within 10 s of 

untethering (94%, n = 50 events), which was significantly greater than expected by random chance 

(10.7%; ***p < 0.001, Fisher’s exact test) (Fig. 2A-B). In contrast, very few tethered inter-

mitochondrial contacts (Fig. 2C) or mitochondrial fusion events (Fig. 2C) were marked by 

lysosomes, suggesting that in contrast to ER tubules (Fig. 1N), mitochondria-lysosome contacts 

preferentially mark inter-mitochondrial contact untethering events over fusion events. 

We further investigated the timing of inter-mitochondrial contact untethering and found 

that it was closely coupled to both mitochondria-lysosome (M-L) contact formation (Fig. 2D) and 

subsequent M-L contact untethering (Fig. 2E). In contrast, the formation of inter-mitochondrial 

contacts was not temporally coupled to either M-L contact formation (Fig. 2F) or M-L contact 

untethering (Fig. 2G). Indeed, M-L contacts which formed on a mitochondria that was in contact 

with another mitochondria resulted in rapid inter-mitochondrial contact untethering (≤10s) (Fig. 

2H-I), as well as rapid subsequent M-L contact untethering (≤10s) (Fig. 2J-K). Moreover, we saw 

multiple examples of inter-mitochondrial contacts and M-L contacts which were tethered together 

(Fig. 2A), followed by simultaneous untethering of both contact sites (Fig. 2A). 

Finally, to examine whether lysosomes directly promoted inter-mitochondrial contact 

untethering, we analyzed the fate of inter-mitochondrial contacts. In the absence of M-L contacts, 
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the majority of inter-mitochondrial contacts remained tethered (87.8%, n = 45 contacts from 21 

cells) with very few subsequently untethering within 10s (12.2%, ***p<0.001) (Fig. 2L; left). In 

contrast, upon formation of M-L contacts, the majority of inter-mitochondrial contacts 

subsequently untethered within 10s (69.6%, n = 47 contacts from 21 cells) with few remaining 

tethered (30.3%,***p<0.001) (Fig. 2L; right), suggesting that mitochondria-lysosome contacts 

directly promote the untethering of inter-mitochondrial contacts. 

 

Mfn1/2 and Drp1 GTP hydrolysis respectively regulate inter-mitochondrial contact 

formation and untethering 

We next investigated whether GTPases such as mitochondrial Mfn1/2 and Drp1 might 

further regulate inter-mitochondrial contact dynamics. Both Mfn1 and Mfn2 localized to sites of 

inter-mitochondrial contact tethering (Fig. 3A-B) which were positive for both outer mitochondrial 

membrane (TOM20) and matrix (mito-BFP; COX4) proteins. Moreover, while the majority of 

tethered inter-mitochondrial contacts (>70%) were marked by Mfn1 (Fig. 3C) and Mfn2 (Fig. 3D), 

significantly fewer untethering events (<35%) were marked by Mfn1 or Mfn2 (Fig. 3C-D), 

suggesting that mitofusins might promote contact tethering rather than untethering events. 

To directly examine the role of mitofusin GTP hydrolysis on inter-mitochondrial contact 

dynamics, we compared the effect of wild-type Mfn1 and Mfn2 and GTP hydrolysis deficient 

mutants on inter-mitochondrial contact tethering. Both wild-type Mfn1 and Mfn2 expression 

significantly increased the percentage of tethered inter-mitochondrial contacts by ~1.5 fold (Fig. 

3E, H). In contrast, GTP hydrolysis deficient mutants Mfn1 (K88T) or Mfn2 (K109A) did not 

affect the percentage of tethered mitochondria (Fig. 3E, H), suggesting that inter-mitochondrial 

contact tethering is directly regulated by mitofusin GTP hydrolysis. Moreover, wild-type Mfn1 or 
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Mfn2 expression inhibited inter-mitochondrial contact untethering events resulting in significantly 

prolonged contact durations (Fig. 3F-G, I-J, ***p<0.001). In contrast, GTP hydrolysis deficient 

mutants Mfn1 (K88T) or Mfn2 (K109A) did not disrupt inter-mitochondrial contact untethering 

events, leading to decreased contact durations compared to wild-type Mfn1 and Mfn2 (Fig. 3F-G, 

I-J, ***p<0.001), suggesting that both Mfn1 and Mfn2 GTP hydrolysis promote inter-

mitochondrial contact tethering. 

We also found that Drp1 oligomers were gradually recruited to inter-mitochondrial contact 

sites and marked the majority of untethering events (>75%, n = 79), which was significantly greater 

than expected by random chance (18.7%; ***p<0.001, Fisher’s exact test) (Fig. 4A-B, Fig. 5A-

C). In addition, Drp1 oligomers preferentially marked inter-mitochondrial contact untethering 

events over stably tethered contacts (<40%; n = 94 tethered mitochondria from 19 cells) (Fig. 4C), 

suggesting that they might regulate inter-mitochondrial contact untethering dynamics. 

Surprisingly, Drp1 oligomers were also recruited to the majority of both mitochondrial 

fission (Fig. 5D) and fusion events (Fig. 4D, Fig. 5E) as well as transient fusion events (Fig. 5F-

G). While Drp1 oligomers were present for the majority of time during mitochondrial fission 

events, Drp1 oligomers were only present immediately prior to mitochondrial fusion or inter-

mitochondrial contact untethering events (Fig. 4E, Fig. 5H). We further confirmed using selective 

local mito-PAGFP photoactivation of individual mitochondria that inter-mitochondrial contacts 

marked by Drp1 oligomers were indeed two distinct mitochondria lacking mito-PAGFP transfer, 

and thus not the result of fission or fusion events (Fig. 4F). Moreover, Drp1 oligomerization at 

mitochondrial untethering events occurred regardless of whether Drp1 oligomers were present 

during the initial tethering (Fig. 4G). 
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To directly examine the role of Drp1 in inter-mitochondrial contact dynamics, we 

compared the effect of wild-type Drp1 and its GTP hydrolysis deficient mutant on inter-

mitochondrial contact tethering. Expression of the GTP hydrolysis mutant Drp1 (K38A) 

significantly increased the percentage of mitochondria forming inter-mitochondrial contacts (Fig. 

4H, ***p<0.001), as compared to wild-type Drp1 or control conditions. Additionally, Drp1 

(K38A) significantly prolonged the duration of inter-mitochondrial contacts by preventing 

efficient untethering (Fig. 4I-J, ***p<0.001), suggesting that Drp1 GTP hydrolysis regulates inter-

mitochondrial contact site untethering. 

Of note, two distinct tethered mitochondria at inter-mitochondrial contacts labeled by 

matrix markers (DsRed2-mito or mito-BFP) (Fig. 1K-L) appeared very similar to previously 

described mitochondrial constriction sites. Since inter-mitochondrial contact tethering occurred 

significantly more frequently than mitochondrial fission events (Fig. 1M), the majority of 

previously described mitochondrial constriction sites may have been tethering of two distinct 

mitochondria at inter-mitochondrial contact sites followed by untethering, rather than prolonged 

constriction of a single mitochondria followed by fission into two daughter mitochondria, which 

occurs much faster. Interestingly, we found that similar to what was previously proposed for 

mitochondrial constriction sites, Drp1 oligomers and ER tubules also both marked inter-

mitochondrial contact untethering and mitochondrial fusion events (Fig. 1N, Fig. 4D). 
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Figure 2: Lysosomes regulate inter-mitochondrial contact untethering events. A, 
Confocal time-lapse images of inter-mitochondrial contact (M-M) formation (white arrow) 
and subsequent untethering (yellow arrow) temporally coupled to mitochondria-lysosome 
(M-L) contact formation and untethering in live HeLa cells (OMM label mApple-TOM20 
and lysosome/late endosome label LAMP1-mGFP). Scale bar, 0.5 μm. B, Observed 
localization of lysosomes marking inter-mitochondrial contact untethering events 
compared to lysosomal localization by random chance (expected) in live HeLa cells (OMM 
label mApple-TOM20 and lysosome/late endosome label LAMP1-mGFP) (n = 50 
untethering events from 26 cells). C, Percentage of inter-mitochondrial contact untethering 
events and mitochondrial events (tethered state, untethering event, fission event, and fusion 
event) marked by LAMP1-mGFP vesicles in live HeLa cells (OMM label mApple-TOM20 
and lysosome/late endosome label LAMP1-mGFP) (n = 25 tethered, n = 50 untether, n = 
9 fission, and n = 17 fusion events from 26 cells). D, Histogram of time between 
mitochondria-lysosome (M-L) contact formation and inter-mitochondrial (M-M) contact 
untethering (n = 47 total events from 21 cells). E, Histogram of time between 
mitochondria-lysosome (M-L) contact untethering and inter-mitochondrial (M-M) contact 
untethering (n = 46 total events from 18 cells). F, Histogram of time between 
mitochondria-lysosome (M-L) contact formation and inter-mitochondrial (M-M) contact 
formation (n = 40 total events from 18 cells). G, Histogram of time between mitochondria-
lysosome (M-L) contact untethering and inter-mitochondrial (M-M) contact formation (n = 
46 total events from 18 cells). H, Graph of time between mitochondria-lysosome (M-L) 
contact formation and inter-mitochondrial (M-M) contact untethering (n = 47 total events 
from 21 cells). I, Graph of time between mitochondria-lysosome (M-L) contact formation 
and inter-mitochondrial (M-M) contact formation and untethering (n = 40 total M-M 
formation events from 18 cells and n = 47 total M-M untether events from 21 cells). J, 
Graph of time between mitochondria-lysosome contact untethering and inter-
mitochondrial (M-M) contact untethering (n = 46 total events from 18 cells). K, Graph of 
time between mitochondria-lysosome (M-L) contact untethering and inter-mitochondrial 
(M-M) contact formation and untethering (n = 46 total M-M formation events from 18 
cells and n = 46 total M-M untether events from 18 cells). L, Fate of inter-mitochondrial 
contacts either remaining tethered or untethering in ≤10 s depending on whether 
mitochondria simultaneously contact lysosomes (n = 45 events from 21 cells [no 
lysosomes] and n = 47 events from 21 cells [with lysosomes]). Mean ± SEM; ∗p < 0.05; 
∗∗p < 0.01; ∗∗∗p < 0.001; Fisher’s exact test for (B), unpaired two-tailed t test for (H)–(L), 
and ANOVA with Tukey’s post hoc test for (C). 
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Figure 3: Mfn1/2 GTP hydrolysis regulates inter-mitochondrial contact formation. 
A, B,  Confocal images of mCherry-Mfn1 (A) and mCherry-Mfn2 (B) localized to sites of 
inter-mitochondrial contact tethering (white arrows) in live HeLa cells (OMM label 
mEmerald-TOM20 and matrix label Mito-BFP). Scale bar, 0.5 μm. C, D, Percentage of 
inter-mitochondrial contact (in tethered state) and untethering events marked by mCherry-
Mfn1 (C) and mCherry-Mfn2 (D) oligomers from confocal time-lapse images in live HeLa 
cells (OMM label mEmerald-TOM20 and matrix label Mito-BFP) (Mfn1, n = 105 events 
from 15 cells and Mfn2, n = 91 events from 13 cells). E-G, Percentage of mitochondria in 
inter-mitochondrial contact (E) and minimum time to untethering (F, histogram in G) in 
live HeLa cells expressing myc-tagged Mfn1 wild-type or GTP hydrolysis mutant K88T 
(n = 146 events from 21 cells (control), n = 119 events from 17 cells (Mfn1 [WT]) and n = 
140 events from 20 cells (Mfn1 [K88T]). H-J, Percentage of mitochondria in inter-
mitochondrial contact (H) and minimum time to untethering (I, histogram in J) in live HeLa 
cells expressing myc-tagged Mfn2 wild-type or GTP hydrolysis mutant K109A (n = 146 
events from 21 cells (control), n = 140 events from 20 cells (Mfn2 [WT]), and n = 98 
events from 14 cells (Mfn2 [K109A]). Mean ± SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; 
unpaired two-tailed t test for (C) and (D) and ANOVA with Tukey’s post hoc test for (E), 
(F), (H), and (I). 
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Figure 4: Drp1 GTP hydrolysis regulates inter-mitochondrial contact untethering. A, 
Confocal time-lapse images of inter-mitochondrial contact tethering (white arrows) and 
untethering (yellow arrows), showing Drp1 oligomerization in live HeLa cells (OMM label 
mEmerald-TOM20, matrix label Mito-BFP, and Drp1 label mCherry-Drp1). Scale bar, 
0.5 μm. B, Observed localization of Drp1 oligomers marking inter-mitochondrial contact 
untethering events compared to Drp1 localization by random chance (Expected) from 
confocal time-lapse images in live HeLa cells, confirmed as distinct mitochondria by 
selective local photoactivation of individual mitochondria by mito-PAGFP (OMM label 
SNAP-Omp25, individual mitochondrial matrix label mito-PAGFP, and Drp1 label 
mCherry-Drp1). C, Localization of Drp1 oligomers marking inter-mitochondrial contact 
untethering events compared to tethered contacts from confocal time-lapse images in live 
HeLa cells, confirmed as distinct mitochondria by selective local photoactivation of 
individual mitochondria by mito-PAGFP (OMM label SNAP-Omp25, individual 
mitochondrial matrix label mito-PAGFP, and Drp1 label mCherry-Drp1) (n = 94 tethered 
mitochondria and n = 79 untethering events from 19 cells). D, E, Percentage of events 
marked by Drp1 oligomerization (D) and percentage of event time marked by Drp1 
oligomers (E) for mitochondrial fusion, untethering, and fission events in live HeLa cells 
(OMM label mEmerald-TOM20, matrix label Mito-BFP, and Drp1 label mCherry-Drp1) 
((D) n = 11 fusion, n = 24 untether, and n = 12 fission and (E) n = 7 fusion, n = 14 untether, 
and n = 12 fission from 6–9 cells). F, G, Confocal image of inter-mitochondrial contact 
marked by Drp1 oligomerization confirmed as distinct mitochondria by selective 
photoactivation of individual mitochondria by mito-PAGFP (F) and Drp1 oligomerization 
dynamics in live HeLa cells (G) (OMM label SNAP-Omp25, individual mitochondrial 
matrix label mito-PAGFP, and Drp1 label mCherry-Drp1). Scale bar, 0.5 μm. (G) n = total 
79 events from 19 cells. H-J, Percentage of mitochondria forming inter-mitochondrial 
contacts (H) and minimum time to untethering (I, histogram in J) in live HeLa cells 
expressing mCherry-tagged Drp1 wild-type or GTP hydrolysis mutant K38A (n = 146 
events from 21 cells (control), n = 119 events from 17 cells (Drp1 [WT]), and n = 133 
events from 19 cells (Drp1 [K38A]). Mean ± SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; NS, 
not significant; Fisher’s exact test for (B), unpaired two-tailed t test for (C) and (G), and 
ANOVA with Tukey’s post hoc test for (D), (E), (H), and (I). 
 
 
 
 



 46 

 

 



 47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Drp1 oligomers mark sites of multiple mitochondrial events and modulation 
of mitochondria by mitochondrial and cellular stress. A-C, Confocal time-lapse images 
of two distinct mitochondria (yellow arrows) which form inter-mitochondrial contacts 
(white arrow) and subsequently untether (yellow arrow) marked by Drp1 oligomerization 
prior to separation (white arrows) in live HeLa cells (OMM label mEmerald-TOM20, 
matrix label Mito-BFP, Drp1 label mCherry-Drp1). Scale bars, 0.5 μm. D, Confocal time-
lapse images of mitochondrial fission that are marked by Drp1 oligomerization (white 
arrows) in live HeLa cells (OMM label mEmerald-TOM20, matrix label Mito-BFP, Drp1 
label mCherry-Drp1). Scale bar, 0.5 μm. E, Confocal time-lapse images of mitochondrial 
fusion prior to separation that are marked by Drp1 oligomerization (white arrows) in live 
HeLa cells (OMM label mEmerald-TOM20, matrix label Mito-BFP, Drp1 label mCherry-
Drp1). Scale bar, 0.5 μm. F, G, Quantification of percentage of transient fusion events 
(observed as mito-PAGFP transfer without outer mitochondrial membrane fusion) marked 
by Drp1 oligomerization and time to transient fusion in live HeLa cells (OMM label 
SNAP-Omp25, individual mitochondrial matrix label mito-PAGFP, Drp1 label mCherry-
Drp1) (F: n = 19 positive events for Drp1, n = 7 negative events for Drp1 from 9 cells; G: 
n = 30 positive events for Drp1, n = 14 negative events for Drp1 from 9 cells). H, Duration 
of Drp1 oligomerization pre-event for fusion, untethering and fission events in live HeLa 
cells (OMM label mEmerald-TOM20, matrix label Mito-BFP, Drp1 label mCherry-Drp1) 
(n = 7 fusion, n = 14 untether, n = 12 fission from 6-8 cells). I, Increased duration of 
mitochondria-lysosome contact sites in live HeLa cells treated with Rotenone (3h, 1 μM) 
compared to DMSO (3h) (n = 112 events from 15 cells per condition). J, Mitochondrial 
motility in live HeLa cells treated with Rotenone (3h, 1 μM) compared to DMSO (3h) 
expressing mutant Mfn2(K109A) (n = 90 mitochondrial from 18 cells per condition). K, 
Increased duration of mitochondria-lysosome contact sites in live HeLa cells cultured in 
low nutrient media (2h HBSS) compared to high nutrient media (Control) (n = 105 events 
from 15 cells per condition). Mean ± SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; NS, not 
significant (unpaired two-tailed t test for (F, G, I-L), ANOVA with Tukey’s post hoc test 
for (H)). 
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Inter-mitochondrial contacts functionally restrict mitochondrial motility and are modulated 

by mitochondrial respiration and nutrient availability 

We then analyzed how inter-mitochondrial contacts might functionally regulate the 

mitochondrial network, as they represented significant events occurring more frequently than 

fission or fusion (Fig. 1M). While mitochondria tethered in inter-mitochondrial contacts could 

move, their motility was significantly decreased compared to that of free mitochondria not in inter-

mitochondrial contacts (Fig. 6A-B), suggesting that inter-mitochondrial contacts may functionally 

act to restrict individual mitochondrial motility. Indeed, disruption of inter-mitochondrial contact 

untethering by inhibiting RAB7 GTP hydrolysis via RAB7(Q67L), TBC1D15(D397A) or Fis1 

(LA) mutants all resulted in significantly decreased mitochondrial motility (Fig. 6C-E). 

We further examined whether inter-mitochondrial contact dynamics might respond to 

mitochondrial or cellular stress such as defective mitochondrial respiration or decreased nutrient 

availability as a way to modulate the mitochondrial network and its motility. Disruption of 

mitochondrial respiration with the mitochondrial respiratory chain complex I inhibitor Rotenone 

(1µM) or decreased nutrient availability (2h HBSS) resulted in inter-mitochondrial contact 

tethering/untethering rates which were still significantly higher than mitochondrial fusion/fission 

rates (Fig. 6F, I). This was consistent with our observations in control cells (Fig. 1M), suggesting 

that mitochondrial tethering is an important dynamic process that persists upon inhibition of 

mitochondrial respiration or decreased nutrient availability. Moreover, these conditions disrupted 

mitochondria-lysosome contact site dynamics (Fig. 5I, K), significantly increased the percentage 

of mitochondria forming inter-mitochondrial contacts (Fig. 6G, J), and led to a functional Mfn-

dependent decrease in mitochondrial motility (Fig. 5J, L; Fig. 6H, K). Thus, upregulation of inter-
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mitochondrial contacts in response to mitochondrial or cellular stress may contribute to restricted 

mitochondrial motility as a potential mechanism for preventing unnecessary energy expenditure. 
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Figure 6: Inter-mitochondrial contacts functionally restrict mitochondrial motility 
and are modulated by mitochondrial respiration and nutrient availability. A, B, 
Decreased mitochondrial motility (B, histogram in A) in inter-mitochondrial contact (30 s 
before contact untethering) compared to free mitochondria (30 s after contact untethering) 
(n = 30 events per condition from 15 cells). C-E, Decreased mitochondrial motility upon 
inhibition of RAB7 GTP hydrolysis by mutant RAB7(Q67L) (C), TBC1D15 (D397A) (D), 
or FIS1(LA) (E) (OMM label mApple-TOM20 and matrix label Mito-BFP); n = 75 
mitochondria from 15 cells (RAB7[WT], RAB7[Q67L], TBC1D15[D397A], and 
FIS1[WT]), n = 60 mitochondria from 12 cells (TBC1D15 [WT]), and n = 85 mitochondria 
from 17 cells (FIS1 [LA]). F, Quantification of distribution of mitochondrial events from 
confocal time-lapse images of live HeLa cells treated with mitochondrial respiration 
complex I inhibitor Rotenone (3 h, 1 μM) (OMM label mApple-TOM20 and matrix label 
Mito-BFP) (n = 493 events from 10 cells). G, Increased percentage of mitochondria 
forming inter-mitochondrial contacts in live HeLa cells treated with Rotenone (3 h, 1 μM) 
compared to DMSO (3 h) (n = 105 events from 15 cells (DMSO) and n = 105 events from 
15 cells [Rotenone]). H, Decreased mitochondrial motility in live HeLa cells treated with 
Rotenone (3 h, 1 μM) compared to DMSO (3 h) (n = 90 mitochondria from 18 cells per 
condition). I, Quantification of distribution of mitochondrial events from confocal time-
lapse images of live HeLa cells cultured in low-nutrient media (2 h HBSS) (OMM label 
mApple-TOM20 and matrix label Mito-BFP) (n = 297 events from 10 cells). J, Increased 
percentage of mitochondria forming inter-mitochondrial contacts in live HeLa cells 
cultured in low-nutrient media (2 h HBSS) compared to high-nutrient media (control) (n = 
112 events from 16 cells (control) and n = 112 events from 16 cells [2 h HBSS]). K, 
Decreased mitochondrial motility in live HeLa cells cultured in low nutrient media (2 h 
HBSS) compared to high-nutrient media (control) (n = 90 mitochondria from 18 cells per 
condition). Mean ± SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; unpaired two-tailed t test for 
(B)–(E), (G), (H), (J), and (K) and ANOVA with Tukey’s post hoc test for (F) and (I). 
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Multiple Charcot-Marie-Tooth Disease Type 2 mutants converge on defective inter-

mitochondrial contact dynamics and mitochondrial motility 

Mutations in the mitochondrial GTPase Mitofusin2 (Mfn2) result in Charcot-Marie-Tooth 

Disease Type 2A (Zuchner et al., 2004), while mutations in the GTPase RAB7 lead to Charcot-

Marie-Tooth Disease Type 2B (Houlden et al., 2004). However, whether these different mutants 

functionally converge in CMT2 disease pathogenesis is not well understood. We first compared 

the effect of wild-type Mfn2 and the CMT2A disease-linked Mfn2 mutation (T105M) located in 

its GTPase domain (Chung et al., 2006; Lawson, Graham, & Flanigan, 2005) on inter-

mitochondrial contact dynamics. Mutant Mfn2 (T105M) significantly prolonged the duration of 

inter-mitochondrial contacts leading to inefficient untethering compared to wild-type Mfn2 (Fig. 

7A, B) and significantly decreased mitochondrial network motility (Fig. 7C), consistent with 

previous studies showing mitochondrial defects (Bannerman, Burns, Xu, Miers, & Pleasure, 2016; 

Detmer, Velde, Cleveland, & Chan, 2008; El Fissi et al., 2018; Franco et al., 2016; Rocha et al., 

2018). 

We next examined whether CMT2B mutations in RAB7 (Fig. 7D) which lead to defective 

GTP hydrolysis and increased GTP-binding (McCray, Skordalakes, & Taylor, 2010; Spinosa et 

al., 2008; K. Zhang et al., 2013) might similarly disrupt inter-mitochondrial contact dynamics. 

Using time-lapse confocal imaging, we investigated whether the most common CMT2B disease-

linked RAB7 mutation (V162M) (Manganelli et al., 2012; Verhoeven et al., 2003) might disrupt 

mitochondria-lysosome contacts and further misregulate mitochondrial dynamics. Indeed, we 

found that similar to the RAB7 (Q67L) GTP hydrolysis mutant which locks RAB7 in a GTP-bound 

state, RAB7 (V162M) also significantly increased the formation of stable mitochondria-lysosome 

contacts (lasting >10s) (Fig. 7E) and increased the duration of mitochondria-lysosome contacts 
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resulting in inefficient untethering (Fig. 7F, G). Moreover, consistent with our data suggesting 

that mitochondria-lysosome contact dynamics regulate inter-mitochondrial contact untethering 

events, we found that RAB7 (V162M) led to prolonged inter-mitochondrial contacts unable to 

efficiently untether (Fig. 7H, I) and also decreased mitochondrial motility (Fig. 7J). 

Finally, to test whether defective mitochondrial dynamics might be a common pathway 

across multiple forms of CMT2, we examined the CMT2C disease-linked TRPV4 mutation 

(R269H) (Auer-Grumbach et al., 2010; Deng et al., 2010; Landouré et al., 2010). Surprisingly, we 

found that mutant TRPV4 (R269H) also resulted in significantly prolonged inter-mitochondrial 

contacts which could not efficiently untether (Fig. 7K, L) and also decreased mitochondrial 

motility (Fig. 7M). Together, these results highlight a role for inter-mitochondrial contacts in 

regulating mitochondrial network motility and suggest that this pathway may be converging 

mechanism relevant to multiple forms of Charcot-Marie-Tooth Disease Type 2. 
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Figure 7: Multiple Charcot-Marie-Tooth type 2 mutants converge on defective inter-
mitochondrial contact dynamics and mitochondrial motility. A, B, CMT2A disease-
linked Mfn2 mutant (T105M) prevents efficient untethering of inter-mitochondrial 
contacts (A, histogram in B) (n = 77 events from 11 cells per condition). C, CMT2A 
disease-linked Mfn2 mutant (T105M) disrupts mitochondrial motility (n = 90 events from 
18 cells per condition). D, Model of RAB7 showing GTP hydrolysis mutant (Q67L, red 
circle) and Charcot-Marie-Tooth type 2B (CMT2B) disease-linked mutations (green 
circles). E-G, RAB7 CMT2B disease-linked V162M mutation increases the percentage of 
lysosomes in mitochondria-lysosome (M-L) contacts (E) and the duration of M-L contacts 
(F, histogram in G). (n = 133 events from 19 cells (RAB7 [WT]) and n = 119 events from 
17 cells (RAB7 [V162M]). H, I, RAB7 CMT2B disease-linked V162M mutation prevents 
efficient untethering of inter-mitochondrial contacts (H, histogram in I) (n = 133 events 
from 19 cells (RAB7 [WT]) and n = 119 events from 17 cells (RAB7 [V162M]). J, 
CMT2B disease-linked mutant RAB7 (V162M) disrupts mitochondrial motility (n = 90 
events from 18 cells per condition). K, L, CMT2C disease-linked mutant TRPV4 (R269H) 
prevents efficient untethering of inter-mitochondrial contacts (K, histogram in L) (n = 50 
events from 10 cells (TRPV4 [WT]) and n = 50 events from 10 cells (TRPV4 [R269H]). 
M, CMT2C disease-linked mutant TRPV4 (R269H) disrupts mitochondrial motility (n = 
90 events from 18 cells per condition). Mean ± SEM; ∗p < 0.05; ∗∗∗p < 0.001; unpaired 
two-tailed t test for (A), (C), (E), (F), (H), (J), (K), and (M). 
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Conclusions 

In summary, our study highlights an important role for inter-mitochondrial contact 

formation in regulating mitochondrial network dynamics. Inter-mitochondrial contacts did not 

result in fusion or bulk mitochondrial matrix exchange, but rather represented dynamic inter-

mitochondrial contact site which formed under normal conditions in multiple cell types and whose 

dynamics were acutely regulated by multiple GTPases. Inter-mitochondrial contacts were further 

found to be modulated by mitochondrial respiratory activity and nutrient availability, suggesting 

that contact dynamics may be regulated to counter mitochondrial and cellular dyshomeostasis 

(Ichas, Jouaville, & Mazat, 1997; Picard et al., 2015; Rambold, Kostelecky, Elia, & Lippincott-

Schwartz, 2011; Santo-Domingo, Giacomello, Poburko, Scorrano, & Demaurex, 2013; Vernay et 

al., 2017). Moreover, mitochondria in inter-mitochondrial contacts had significantly restricted 

motility, potentially allowing for contact formation to further modulate the dynamics of the global 

mitochondrial network. Importantly, we observed dysregulation of mitochondrial tethering and 

motility in various forms of CMT type 2, suggesting a potential contribution of inter-mitochondrial 

contacts to diseases pathogenesis.  
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CHAPTER 3. 

MITOCHONDRIA-LYSOSOME CONTACTS REGULATE MITOCHONDRIAL 

CALCIUM DYNAMICS VIA LYSOSOMAL TRPML1 

 

Introduction 

Inter-organelle contact sites have become increasingly appreciated as essential regulators 

of cellular homeostasis. Contact sites, which form dynamically between two distinct organelles in 

close proximity, have been shown to have a variety of functions including the ability to act as 

platforms for the direct transfer of ions such as calcium (Bartok et al., 2019; Hayashi & Su, 2007; 

Hirabayashi et al., 2017; Lim et al., 2019; Rizzuto et al., 1998; Szabadkai et al., 2006). Recently, 

inter-organelle contact sites between mitochondria and lysosomes were characterized, revealing a 

novel mechanism of crosstalk between the two organelles (Han et al., 2017; Hoglinger et al., 2019; 

Wong, Kim, et al., 2019; Wong et al., 2018). Interestingly, both mitochondria and lysosomes are 

also important players in cellular homeostasis including intracellular calcium dynamics (Lawrence 

& Zoncu, 2019; J. H. Lee et al., 2015; Lie & Nixon, 2019; Misgeld & Schwarz, 2017), and a 

number of diseases presenting with mitochondrial and/or lysosomal dysfunction also exhibit 

dysregulation of cellular calcium (Abeliovich & Gitler, 2016; Burbulla et al., 2017; Burte et al., 

2015; Mc Donald & Krainc, 2017; Pchitskaya, Popugaeva, & Bezprozvanny, 2018; Peng, 

Minakaki, Nguyen, & Krainc, 2019; Plotegher & Duchen, 2017b; Wong, Peng, et al., 2019). 

Although the calcium dynamics of mitochondria and lysosomes have previously been studied 

individually or in relation to other organelles (Bartok et al., 2019; Garrity et al., 2016; Hayashi & 

Su, 2007; Hirabayashi et al., 2017; Kilpatrick, Yates, Grimm, Schapira, & Patel, 2016; Rizzuto et 

al., 1998; Szabadkai et al., 2006), whether mitochondria and lysosomes can interact directly to 
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modulate their calcium states has not been elucidated. Mitochondria-lysosome contacts may thus 

enable the direct transfer of calcium between lysosomes and mitochondria and function as an 

additional pathway in regulating intracellular calcium homeostasis. 

TRPML1 is a lysosomal/late endosomal cation channel that mediates lysosomal calcium 

efflux (Q. Chen et al., 2017; Dong et al., 2008; Fine, Schmiege, & Li, 2018; Hirschi et al., 2017; 

M. Li et al., 2017; Schmiege, Fine, Blobel, & Li, 2017) and function (Dayam, Saric, Shilliday, & 

Botelho, 2015; X. Li et al., 2016; Minckley et al., 2019; Samie et al., 2013; Scotto Rosato et al., 

2019; W. Wang et al., 2015), and dysfunction in TRPML1 has been associated with several 

mitochondrial defects (Eichelsdoerfer, Evans, Slaugenhaupt, & Cuajungco, 2010; Jennings et al., 

2006). In addition, loss of function mutations in TRPML1 cause Mucolipidosis type IV (MLIV), 

an autosomal recessive lysosomal storage disorder characterized by psychomotor retardation, 

retinal degeneration and developmental delay (Bassi et al., 2000; Dong et al., 2008; Marques & 

Saftig, 2019; M. Sun et al., 2000) and which has been associated with various lysosomal and 

mitochondrial aberrations ,(Eichelsdoerfer et al., 2010; Jennings et al., 2006; LaPlante et al., 2006; 

S. Park et al., 2016; Shen et al., 2012; Soyombo et al., 2006; Vergarajauregui, Connelly, Daniels, 

& Puertollano, 2008). However, whether TRPML1-mediated lysosomal calcium release modulates 

mitochondrial calcium dynamics via mitochondria-lysosome contact sites, and the role of 

mitochondria-lysosome contact site dysfunction in the pathophysiology of lysosomal storage 

disorders such as MLIV has not previously been studied.  

Using live-cell high spatial and temporal resolution microscopy, we show that TRPML1 

lysosomal calcium release mediates the direct transfer of calcium into mitochondria. Calcium 

transfer from lysosomes to mitochondria is modulated by mitochondria-lysosome contact site 

tethering and is modulated by the outer and inner mitochondrial membrane proteins, VDAC1 and 
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MCU, respectively. Importantly, MLIV patient fibroblasts with loss of TRPML1 function exhibit 

disrupted mitochondria-lysosome contact site dynamics and contact-dependent calcium transfer, 

suggesting a potential contribution of dysregulated mitochondria-lysosome contact site dynamics 

in lysosomal storage disorders. Our results thus elucidate a novel mechanism for regulating 

intracellular calcium dynamics via mitochondria-lysosome contact sites, which are further 

implicated in disease pathophysiology. 

 

Methods 

Reagents. The following plasmids were obtained from Addgene: CMV-mito-R-GECO1 was a gift 

from Robert Campbell (Addgene #46021), LAMP1-mGFP was a gift from Esteban Dell-Angelica 

(Addgene #34831) (Falcon-Perez et al., 2005), mito-BFP was a gift from Gia Voeltz (Addgene 

#49151) (Friedman et al., 2011), mTagBFP-Lysosomes-20, mApple-TOMM20-N-10 and 

mEmerald-TOMM20-N-10 were gifts from Michael Davidson (Addgene #55263, #54955, 

#54282) (Rizzo, Davidson, & Piston, 2009), pCMV-2E2-HA-mCh was a gift from Tim Stasevich 

(Addgene #129596) (Zhao et al., 2019), TRPML1-HA was a gift from Craig Montell (Addgene 

#18825) (Venkatachalam, Hofmann, & Montell, 2006), Mucolipin1 pHcRed C1, Mucolipin1 

D471-472K-pHcRed C1 and Mucolipin-pEGFP C3 were gifts from Paul Luzio (Addgene #62959, 

#62961, #62960) (Pryor, Reimann, Gribble, & Luzio, 2006), pEGFP-N1-FLAG was a gift from 

Patrick Calsou (Addgene #60360) (Britton et al., 2014), and pDONR223-MCU and pDONR223-

MCU-E264A were gifts from Vamsi Mootha (Addgene #31726, #31730) (Baughman et al., 2011). 

TRPML1 WT-Halo, TRPML1 D471K-Halo, VDAC1 WT-SNAP, VDAC1 E73Q-SNAP, 

bicistronic VDAC1 WT-IRES-BFP, bicistronic VDAC1 E73Q-IRES-BFP, MCU WT-SNAP and 

MCU E264A-SNAP were generated using VectorBuilder. The following reagents were also used: 
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ML-SA1 (Sigma; SML0627) (Shen et al., 2012), MK6-83 (Cayman Chemicals; 21944) (C. C. 

Chen et al., 2014), PI(3,5)P2 diC8 (Echelon Biosciences; P-3508), Unlabeled Shuttle PIP Carrier 

2 (Echelon Biosciences; P-9C2), BAPTA-AM (Cayman Chemicals; 15551), Xestospongin-C 

(Cayman Chemicals; 64950) (Gafni et al., 1997), DHBP dibromide (Tocris; 0839), SKF-96365 

hydrochloride (Tocris; 1147), thapsigargin (abcam; ab120286), ionomycin (Cayman Chemicals; 

10004974), staurosporine (abcam; ab120056), MitoTracker Red CMXRos (Invitrogen; M7512), 

calcein-AM (Invitrogen; 65-0853-78) and cobalt (II) chloride (Sigma; 232696). 

 

Cell culture and transfection (detailed). HeLa cells (gift from Michael Schwake (ATCC)) and 

HEK293 cells were cultured in DMEM (Gibco; 11995-065) supplemented with 10% (vol/vol) heat 

inactivated FBS, 100 units/mL penicillin and 100 µg/mL streptomycin. Wild-type and TBC1D15-

/- HCT116 cells were gifts from Richard Youle (Yamano, Fogel, Wang, van der Bliek, & Youle, 

2014) and cultured in McCoy’s 5A with L-glutamine (ATCC; 30-2007) supplemented with 10% 

(vol/vol) heat inactivated FBS, 100 units/mL penicillin and 100 µg/mL streptomycin. MLIV 

patient fibroblasts (GM02048 (MLIV #1), GM02527 (MLIV #2), GM02629 (MLIV #3)) and age-

matched control fibroblasts (GM00498 (Con #1), GM00969 (Con #2), GM05658 (Con #3)) were 

obtained from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical 

Research and cultured in DMEM (Gibco; 11995-065) supplemented with 15% (vol/vol) heat 

inactivated FBS, 100 units/mL penicillin and 100 µg/mL streptomycin. All MLIV patient 

fibroblast lines contain recessive mutations as described by the NIGMS Human Genetic Cell 

Repository at the Coriell Institute for Medical Research [GM02048 (MLIV #1; from same patient 

as GM02533a) is heterozygous for 1) a splice site mutation (IVS3AS-2A>G) leading to frameshift 

and premature termination resulting in a severely truncated protein containing only the first 21 
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amino acids of wild-type TRPML1 and 2) a deletion removing 6432 base pairs spanning from 938 

base pairs upstream of the 5’ end of the gene, including transcriptional regulatory elements, to 

exon 6 (Bassi et al., 2000). GM02527 (MLIV #2) is homozygous for the aforementioned splice 

site mutation (IVS3AS-2A>G) (Bassi et al., 2000)]. All cells were maintained at 37 ºC in a 5% 

CO2 incubator and previously verified by cytochrome c oxidase subunit I (COI) and short tandem 

repeat (STR) testing and tested for Mycoplasma contamination. HeLa, HEK293 and HCT116 cells 

were transfected using X-tremeGENE HP DNA transfection reagent (Roche; XTGHP-RO), and 

fibroblasts were transfected using Lipofectamine LTX with PLUS reagent (Invitrogen; 15338100). 

For live imaging, cells were grown on glass bottom culture dishes (MatTek; P35G-1.5-14-C). 

 

Immunofluorescence staining. All confocal images were acquired on a Nikon A1R laser scanning 

confocal microscopy with GaAsp detectors using a Plan Apo λ 100x 1.45 NA oil immersion 

objective (Nikon) using NIS-Elements (Nikon). Live HeLa cells on coverslips were treated with 

ML-SA1 (31.25 µM), staurosporine (1 µM, positive control) or vehicle control (DMSO) for 2 h or 

4 h and in the last 15 minutes of drug treatment, cells were incubated with MitoTracker Red (200 

nM). Following drug treatment, cells were washed three times in PBS then immediately fixed in 

4% paraformaldehyde in PBS for 15 minutes. Cells were then blocked and permeabilized in 2% 

BSA/0.1% saponin in PBS for 30 minutes at room temperature then incubated with cytochrome C 

antibody (mouse; 1:200) (abcam; ab13575) overnight at 4 ºC. The following day, cells were 

washed three times in blocking solution then incubated with secondary antibody (Goat anti-mouse 

Alexa Fluor 488; 1:300) (Invitrogen; A28175) for 1 h at room temperature. Cells were washed 

three times in blocking solution then mounted (Vector Laboratories; H-1500-10). Mounted 

coverslips were allowed to dry for at least 1 h at 4 ºC prior to imaging. 
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Co-immunoprecipitation. HEK293 cells plated on 15 cm dishes were transfected with Mucolipin1-

pEGFP C3 (5 µg) or pEGFP-N1-FLAG (5 µg, negative control). After 22-24 hours, cells were 

washed three times in PBS then scraped in ice-cold lysis buffer (10 mM Tris pH 7.5, 150 mM 

NaCl, 0.5 mM EDTA, 1% Triton X-100, 10% glycerol) with protease inhibitors (Roche; 

11873580001). Cell suspensions were incubated on ice for 30 minutes with vigorous pipetting 

every 5 minutes followed by centrifugation at 14,000 rpm for 10 minutes at 4 ºC. Each supernatant 

was then applied to 50 µL pre-blocked GFP-Trap Magnetic Agarose beads (Chromotek; gtma) and 

incubated on a 4 ºC rotator for 1 hour. Beads were washed three times for 10 minutes with ice-

cold lysis buffer on a 4 ºC rotator and then eluted by heating in 100 µL 2x Laemmli sample buffer 

(Bio-Rad; 1610737) at 95 ºC for 5 minutes. Samples were loaded onto a 4-20% Tris-Glycine gel 

(Invitrogen; XP04205BOX) and were subsequently analyzed by SDS-PAGE and Western blot for 

immunoprecipitation and co-immunoprecipitation. For co-immunoprecipitation blots, varying 

exposure times were used to image input (30-60 seconds) and IP (300 seconds) lanes. Antibodies 

used included anti-GFP (mouse; 1:1000) (Santa Cruz; SC-9996), anti-VDAC1 (mouse; 1:500) 

(abcam; ab14734), anti-VDAC2 (rabbit; 1:500) (Proteintech; 11663-1-AP), anti-VDAC3 (rabbit; 

1:500) (Proteintech; 14451-1-AP).  

 

Live-cell confocal microscopy (detailed). Baseline calcium fluorescence was acquired over the 

course of 60 seconds followed by the addition of the following drug treatments in 100 µL Krebs-

Ringer solution (without calcium): TRPML1 agonists, ML-SA1 (31.25 µM, within the range used 

in previous studies) (Garrity et al., 2016; Kilpatrick et al., 2016; Minckley et al., 2019; Scotto 

Rosato et al., 2019; Shen et al., 2012) or MK6-83 (10 µM); or DMSO control. For calcium imaging 

with endogenous TRPML1 activator, PI(3,5)P2 diC8 (1 mM in Ultrapure H2O) was incubated with 
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Unlabeled Shuttle PIP Carrier 2 (1 mM in Ultrapure H2O) for 10 min.; the lipid-histone complex 

or histone alone (control) was then diluted in 100 uL Krebs-Ringer solution (without calcium), 

delivered to cells as previously described (Ozaki, DeWald, Shope, Chen, & Prestwich, 2000) and 

imaged as described above. For calcium imaging with drug pre-treatment, cells were incubated 

with the following in Krebs-Ringer solution (without calcium) then imaged as described above: 

Xestospongin-C (10 µM in DMSO) for 20 min., BAPTA-AM (5 µM in DMSO) for 20 min., DHBP 

(50 µM in Ultrapure H2O) for 10 min., SKF-96365 (20 µM in Ultrapure H2O) for 10 min., 

thapsigargin (1 µM in DMSO) for 10 min. or vehicle control (DMSO or Ultrapure H2O). For 

imaging experiments with Halo or SNAP-tagged proteins, cells were incubated with 30 nM PA 

Janelia Fluor 646 (a gift from Luke Lavis) or 100 nM SNAP-Cell 647 SiR (New England Biolabs; 

S9102S) for 30 min. then washed three times with fresh media prior to imaging. 

 

For measurement of mPTP opening with the calcein-AM/cobalt assay, live HeLa cells were 

incubated with calcein-AM (1 µM), CoCl2 (8 mM) and MitoTracker Red (200 nM) for 15 minutes 

in modified Krebs-Ringer solution as previously described (Bonora et al., 2016). Cells were then 

washed three times with modified Krebs-Ringer solution. Following verification of calcein-AM 

loading into mitochondria via colocalization with MitoTracker Red, cells were immediately 

imaged at 1 frame every 4 sec for 5 minutes. Baseline calcein fluorescence was acquired over the 

course of 60 seconds followed by addition of the following drug treatments in 100 µL modified 

Krebs-Ringer solution: TRPML1 agonist ML-SA1 (31.25 µM), ionomycin (2 µM, positive 

control) or DMSO control.  
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Image analysis (detailed). Calcium responses for total mitochondria were assessed using ΔF/F0 

analysis defined as the difference in fluorescence at time t minus the initial fluorescence (F0), all 

divided by the initial fluorescence (F0). F0 was defined as the mean fluorescence intensity from t = 

-5 s to t = 0 s, the time when drug was added, for thresholded mitochondria in a given cell drawn 

as a region of interest (ROI). Calcium fluorescence parameters were defined as follows: maximum 

calcium fluorescence as the maximum ΔF/F0 following addition of drug at t = 0 s; mean calcium 

fluorescence as the average ΔF/F0 across all time points following addition of drug at t = 0 s; and 

calcium fluorescence at 30 s, 60 s, 90 s and 120 s as the ΔF/F0 at the respective time points 

following addition of drug at t = 0 s. Expression levels of Halo and SNAP-tagged proteins in the 

cells analyzed for calcium responses were assessed by drawing ROIs around each cell and 

measuring the mean fluorescence intensities in the channel corresponding to the excitation of the 

Halo/SNAP ligands (far-red).  

 

Contact-dependent mitochondrial calcium responses were assessed by comparing mean 

fluorescence intensity values for mitochondria in stable contact with lysosomes versus 

mitochondria not in contact with lysosomes following addition of TRPML1 agonist. Stable 

mitochondria-lysosome contacts imaged in living cells were categorized as those that showed 

mitochondria and lysosomes in close proximity (< 0.1 µm) for > 10 s in time-lapse images. ROIs 

were drawn for mitochondria in contact and not in contact with lysosomes at t = 0 s and were re-

drawn for the same mitochondria at t = 30 s. Mean fluorescence intensity values at both time points 

were obtained using the ROI Statistics feature in NIS-Elements (Nikon).  
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For the analysis of mitochondria-lysosome contact dynamics, mitochondria-lysosome contacts 

were defined as has been previously described (Wong et al., 2018). In short, the percentage of 

lysosomes in contact was quantified as the percentage of lamp1-mGFP or mTagBFP-Lysosomes-

20-positive vesicles that formed contacts with mApple-TOMM20-N-10 or mEmerald-TOMM20-

N-10-labeled mitochondria (> 10 s) divided by the total number of vesicles in the ROI. The 

minimum duration of contacts was quantified as the time before contact untethering (mitochondria 

and lysosomes detaching from one another) over a 3-minute (180 s) video. All contacts analyzed 

for the minimum duration of contacts were those that had already formed at the beginning of the 

video and any contacts that lasted throughout the entirety of the video were categorized as 180 s 

in the analysis. Prior to analysis of contacts, videos were processed using the Denoise AI and 

equalize intensity over time feature in NIS-Elements (Nikon). Mitochondria-lysosome contact 

sites marked by TRPML1 were analyzed from confocal time-lapse images of outer mitochondrial 

membrane marker (mEmerald-TOMM20-N-10), lysosomal marker (mTagBFP-Lysosomes-20), 

TRPML1-HA and HA-mCherry nanobody (pCMV-2E2-HA-mCh). The expected probability that 

TRPML1-HA/HA-mCherry would be at the site of a mitochondria-lysosome contact site by 

random chance was calculated as the total density of TRPML1-HA/HA-mCherry vesicles in a 

given cell using NIS-Elements (Nikon). 

 

Calcein fluorescence responses in mitochondria were assessed by analysis of fluorescence at time 

t as a % of initial fluorescence, defined as the average calcein fluorescence over the 60 second 

baseline acquisition period. Prior to analysis of calcein fluorescence, images were processed by 

background subtraction. Overall calcein fluorescence was defined as the average calcein 
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fluorescence as a % of initial fluorescence across all time points following addition of drug at t = 

0 s. 

 

Colocalization analysis of endogenous cytochrome C and MitoTracker Red in 

immunofluorescence staining was performed using ImageJ. Prior to colocalization analysis, 

images were processed by background subtraction and median filtering. Processed images were 

then analyzed using the Colocalization Threshold feature (ImageJ) and Pearson’s correlation 

coefficients between endogenous cytochrome C and MitoTracker Red were calculated. 

 

Statistical analysis, graphing and figure assembly. Data were analyzed using unpaired two-

tailed Student t-test (for two datasets) or one-way ANOVA with Tukey’s post hoc test (for multiple 

datasets). Data presented are means ± s.e.m. All statistical tests were justified as appropriate and 

were analyzed from n ≥ 10 cells (see text and figure legends for details) from n ≥ 3 independent 

experiments (biological replicates) per condition. Statistics and graphing were performed using 

MatLab and Prism 8 (GraphPad) software. All videos and images were analyzed and assembled 

using NIS-Elements (Nikon) and ImageJ. All final figures were assembled in Adobe Photoshop 

and Microsoft PowerPoint.  
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Results 

TRPML1-mediated lysosomal calcium efflux leads to mitochondrial calcium influx  

To evaluate whether lysosomal TRPML1 calcium efflux modulated mitochondrial calcium 

(Fig. 8A), we used live-cell confocal microscopy at high spatial and temporal resolution to image 

mitochondrial calcium dynamics using the mitochondria-targeted genetically encoded calcium 

sensor Mito-R-GECO1 (J. Wu et al., 2013) (Fig. 8B). We first verified correct localization of Mito-

R-GECO1, which was found to localize to the mitochondrial matrix as demonstrated by 

colocalization with the mitochondria matrix-targeted BFP-mito (Fig. 9A). Next, mitochondrial 

calcium responses were measured in wild-type HeLa cells upon activation of TRPML1 lysosomal 

calcium release with the TRPML1 agonist ML-SA1 (Shen et al., 2012). Following treatment with 

ML-SA1, total mitochondrial calcium was significantly increased (Fig. 8C-D). Compared to 

control cells, cells treated with ML-SA1 showed a sustained elevation in mitochondrial calcium 

(Fig. 8D) and a significant increase in maximum mitochondrial calcium, mean mitochondrial 

calcium and mitochondrial calcium at multiple time points (Fig. 8E-G). These results were further 

validated by activation of TRPML1 with an additional small molecule agonist, MK6-83 (C. C. 

Chen et al., 2014) (Fig. 9B-F) as well as with its physiological activator, PI(3,5)P2 (Dong et al., 

2010) (Fig. 9G-J), both of which resulted in a sustained increase in mitochondrial calcium. Thus, 

lysosomal TRPML1 calcium efflux robustly modulates mitochondrial calcium dynamics by 

increasing calcium influx into the mitochondrial matrix. 
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Figure 8: TRPML1-mediated lysosomal calcium efflux leads to mitochondrial 
calcium influx. A, Model of activation of lysosomal calcium release by TRPML1 agonist, 
ML-SA1, resulting in mitochondrial calcium influx at mitochondria-lysosome contacts. B, 
Experimental design for the assessment of mitochondrial calcium responses (ΔF/F) to 
TRPML1 activation in live cells. C, D, Mitochondrial calcium response in live HeLa cells 
expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, in response to 
TRPML1 activation with ML-SA1 (31.25 µM) or control treatment at t = 0 s with 
representative time-lapse confocal images (C, n = 23 cells for ML-SA1, n =20 cells for 
control) and mitochondrial calcium traces (ΔF/F) (D, n = 23 cells for ML-SA1, n =20 cells 
for control). E-G, Quantification of maximum mitochondrial calcium response (E), mean 
mitochondrial calcium response (F) and mitochondrial calcium response at 30, 60, 90 and 
120 seconds (G) after TRPML1 activation with ML-SA1 (31.25 µM) or control treatment 
from confocal time-lapse images (from C) (n = 23 cells for ML-SA1, n =20 cells for 
control). Data are means ± s.e.m. (***P<0.001, ****P<0.0001, unpaired two-tailed t-test). 
Scale bars, 10 µm (C); 1 µm (C, zoom). 



 68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C D

Control

t = 60 s

t = 120 s

B

Zoom

+ MK6-83

Zoom

t = 0 s

Mitochondrial calcium
(mito-R-GECO1)

BFP-mito

mito-R-GECO1

Merged

A Zoom

E F

Control

G H I J



 69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Activation of lysosomal TRPML1 leads to mitochondrial calcium influx. A, 
Colocalization of mitochondrial calcium sensor, Mito-R-GECO1, with mitochondrial matrix 
marker, BFP-mito, in live HeLa cells. B, C, Mitochondrial calcium response in live HeLa 
cells expressing Mito-R-GECO1, in response to TRPML1 activation with MK6-83 (10 µM) 
(yellow arrow) or control treatment (white arrow) at t = 0 s with representative time-lapse 
confocal images (B, n = 20 cells for each condition) and mitochondrial calcium traces (ΔF/F) 
(C, n = 20 cells for each condition). D-F, Quantification of maximum mitochondrial calcium 
response (D), mean mitochondrial calcium response (E) and mitochondrial calcium response 
at 30, 60, 90 and 120 seconds (F) after TRPML1 activation with MK6-83 (10 µM) or control 
treatment (from B) (n = 20 cells for each condition). G, Mitochondrial calcium response 
(ΔF/F) in live HeLa cells expressing Mito-R-GECO1 in response to TRPML1 activation with 
PI(3,5)P2 (1 µM) or control treatment at t = 0 s (G, n = 24 cells for each condition). H-J, 
Quantification of maximum mitochondrial calcium response (H), mean mitochondrial 
calcium response (I) and mitochondrial calcium response at 30, 60, 90 and 120 seconds (J) 
after TRPML1 activation with PI(3,5)P2 (1 µM) or control treatment (n = 24 cells for each 
condition). Data are means ± s.e.m. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, 
not significant, unpaired two-tailed t-test). Scale bars, 10 µm (A, B); 1 µm (A, B, zoom). 
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TRPML1 activation preferentially increases mitochondrial calcium at mitochondria-

lysosome contacts 

Because activation of lysosomal calcium release via TRPML1 led to increased 

mitochondrial calcium, we next evaluated whether this increase in mitochondrial calcium 

preferentially occurred at mitochondria-lysosome contact sites. We found that stable 

mitochondria-lysosome contacts dynamically formed in wild-type HeLa cells, defined as 

lysosomes remaining tethered to mitochondria for over 10 seconds (Fig. 10A), as recently 

described (Wong, Kim, et al., 2019; Wong et al., 2018). To assess whether TRPML1 mediated the 

direct transfer of calcium at mitochondria-lysosome contacts, we analyzed the calcium dynamics 

of mitochondria that were either in contact or not in contact with lysosomes upon TRPML1 

activation (Fig. 10B). Mitochondria stably in contact with lysosomes (> 10 seconds) had a 

significantly higher increase in calcium after TRPML1 activation, compared to mitochondria not 

in contact with lysosomes (Fig. 10B-C). This preferential increase in mitochondrial calcium at 

mitochondria-lysosome contacts was observed in multiple cell types including fibroblasts and 

HCT116 cells, which similarly showed a mitochondria-lysosome contact-dependent increase in 

mitochondrial calcium upon activation of TRPML1 lysosomal calcium release (Fig. 11B-D).  

We then investigated whether directly modulating mitochondria-lysosome contact sites 

could increase the transfer of lysosomal calcium into mitochondria. We previously showed that 

mitochondria-lysosome contact site untethering is directly modulated by the activity of the 

mitochondrial-localized Rab7 GTPase-activating protein (TBC1D15) driving Rab7 GTP 

hydrolysis on lysosomes/late endosomes, and consequently, that TBC1D15 knockout significantly 

prolonged mitochondria-lysosome contact site tethering (Wong et al., 2018). To further investigate 

whether mitochondrial calcium dynamics could be regulated at mitochondria-lysosome contacts,  



 71 
we compared HCT116 wild-type with TALEN-generated HCT116 TBC1D15 knockout cells 

(Yamano et al., 2014), as TBC1D15 knockout cells have significantly increased mitochondria-

lysosome contact tethering duration (Wong et al., 2018). Upon TRPML1 activation with ML-SA1, 

TBC1D15 knockout cells showed a significantly greater increase in total mitochondrial calcium 

compared to wild-type cells (Fig. 10D-E) as well as significantly increased maximum 

mitochondrial calcium, mean mitochondrial calcium and mitochondrial calcium at multiple time 

points (Fig. 10F-H). Thus, directly modulating mitochondria-lysosome contact site tethering is 

sufficient to increase lysosomal calcium transfer into mitochondria.  

We further confirmed that mitochondrial uptake of lysosomal calcium was not dependent 

on the endoplasmic reticulum (ER) (Garrity et al., 2016; Kilpatrick et al., 2016), as blocking ER 

calcium release using an inositol 1,4,5-triphosphate receptor (IP3R) antagonist (Xestospongin-C, 

pre-treatment for 20 minutes) (Fig. 12A-D) or ryanodine receptor (RyR) antagonist (DHBP, pre-

treatment for 10 minutes) (Fig. 12E-G) did not prevent an increase in mitochondrial calcium 

(Mito-R-GECO1) upon TRPML1 activation. Similarly, neither blocking store-operated calcium 

entry (SOCE) with a Stim1 inhibitor (SKF-96365, pre-treatment for 10 minutes) (Fig. 12H-J) nor 

depleting ER calcium using a SERCA pump inhibitor (thapsigargin, pre-treatment for 10 minutes) 

(Fig. 12K-M) altered mitochondrial calcium increase (Mito-R-GECO1) upon TRPML1 

activation. TRPML1-mediated mitochondrial calcium influx was also unaltered upon chelation of 

cytosolic calcium (BAPTA-AM, pre-treatment for 20 minutes), further suggesting that calcium 

transfer primarily occurs at mitochondria-lysosome contacts (Fig. 13A-D). Altogether, these 

findings indicate that TRPML1-mediated calcium influx into mitochondria occurs preferentially 

at mitochondria-lysosome contacts and furthermore, can be directly regulated by modulating 

mitochondria-lysosome contact tethering machinery. 
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Figure 10: TRPML1 activation preferentially increases mitochondrial calcium at 
mitochondria-lysosome contacts. A, Representative time-lapse confocal images showing 
stable mitochondria-lysosome contact site tethering (white arrows) in live HeLa cells 
expressing lysosomal marker, lamp1-mGFP, and Mito-R-GECO1. B, Representative time-
lapse confocal images of mitochondrial calcium at t = 30 s following TRPML1 activation 
with ML-SA1 (31.25 µM) in mitochondria in contact with lysosomes (bottom, yellow arrow) 
versus those not in contact with lysosomes (top, white arrow) in live HeLa cells expressing 
Mito-R-GECO1 and lamp1-mGFP (n = 100 events from 20 cells for each condition). C, 
Quantification of mitochondrial calcium responses from mitochondria in contact and not in 
contact with lysosomes following TRPML1 activation with ML-SA1 (31.25 µM) from B (n 
= 100 events from 20 cells for each condition). D, E, Mitochondrial calcium response (ΔF/F) 
in live wild-type (WT) or TBC1D15 knockout (KO) HCT116 cells expressing Mito-R-
GECO1 following TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 s with 
representative time-lapse confocal images (D, n = 18 cells for each condition) and 
mitochondrial calcium traces (ΔF/F) (E, n = 18 cells for each condition). F-H, Quantification 
of maximum mitochondrial calcium response (F), mean mitochondrial calcium response (G) 
and mitochondrial calcium response at 30 and 60 seconds (H) after treatment with ML-SA1 
(31.25 µM) in live WT or TBC1D15 KO HCT116 cells from confocal time-lapse images 
(from D) (n = 18 cells for each condition). Data are means ± s.e.m. (*P<0.05, **P<0.01, 
****P<0.0001, unpaired two-tailed t-test). Scale bars, 1 µm (A, B); 5 µm (D) 
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Figure 11: TRPML1 mediates mitochondrial calcium transfer at mitochondria-
lysosome contacts in multiple cell types. A-C, Representative time-lapse confocal images 
of increase in mitochondrial calcium at t = 30 sec following TRPML1 activation with ML-
SA1 (31.25 µM) in mitochondria in contact with lysosomes (bottom, yellow arrows) versus 
those not in contact with lysosomes (top, white arrows) in live HeLa cells (A), fibroblasts (B) 
and HCT116 cells (C) expressing mitochondrial matrix calcium sensor, Mito-R-GECO1, and 
lysosomal marker, lamp1-mGFP (n = 100 events from 20 cells for A, B; 90 events from 18 
cells for C). D, Quantification of mitochondrial calcium responses from mitochondria in 
contact and not in contact with lysosomes following TRPML1 activation with ML-SA1 
(31.25 µM) in HCT116 cells from confocal time-lapse images (from C) (n = 90 events from 
18 cells for each condition). Data are means ± s.e.m. (****P<0.0001, unpaired two-tailed t-
test). Scale bars, 1 µm (A-C). 
 



 74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B C D 

Con
tro

l

Xes
tos

po
ng

in-
C

0.0

0.5

1.0

1.5

 

M
ax

im
um

 Δ
F/

F m
ito

(n
or

m
al

iz
ed

 to
 C

on
tro

l)

ns

Con
tro

l

Xes
tos

po
ng

in-
C

0.0

0.5

1.0

1.5

 

M
ea

n 
ΔF

/F
m

ito
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

ns

t = 0 s t = 30 s t = 60 s 

Xestospongin-C 

Control 

A + ML-SA1 

M
ito

ch
on

dr
ia

l c
al

ci
um

 
(m

ito
-R

-G
EC

O
1)
 

30
 se

c

60
 se

c

90
 se

c

12
0 s

ec
0.0

0.5

1.0

1.5

2.0

 

ΔF
/F

m
ito

(n
or

m
al

iz
ed

 to
 C

on
tro

l)

Control

Xestospongin-C

ns ns ns ns

E F G 

K L M 

H I J 
Con

tro
l

DHBP
0.0

0.5

1.0

1.5

2.0

 

M
ax

im
um

 Δ
F/

F m
ito

(n
or

m
al

iz
ed

 to
 C

on
tro

l) ns

Con
tro

l

DHBP
0.0

0.5

1.0

1.5

 

M
ea

n 
ΔF

/F
m

ito
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

ns

30
 se

c

60
 se

c

90
 se

c

12
0 s

ec
0.0

0.5

1.0

1.5

2.0

2.5

 

ΔF
/F

m
ito

  
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

Control

DHBP

ns ns
ns ns

Con
tro

l

SKF-9
63

65
0.0

0.5

1.0

1.5

 

M
ax

im
um

 Δ
F/

F m
ito

(n
or

m
al

iz
ed

 to
 C

on
tro

l) ns

Con
tro

l

SKF-9
63

65
0.0

0.5

1.0

1.5

 

M
ea

n 
ΔF

/F
m

ito
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

ns

30
 se

c

60
 se

c

90
 se

c

12
0 s

ec
0.0

0.5

1.0

1.5

2.0

2.5

 

ΔF
/F

m
ito

  
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

Control

SKF-96365

ns ns ns ns

Con
tro

l

Tha
ps

iga
rg

in
0.0

0.5

1.0

1.5

 

M
ax

im
um

 Δ
F/

F m
ito

(n
or

m
al

iz
ed

 to
 C

on
tro

l) ns

Con
tro

l

Tha
ps

iga
rg

in
0.0

0.5

1.0

1.5

 

M
ea

n 
ΔF

/F
m

ito
(n

or
m

al
iz

ed
 to

 C
on

tro
l)

ns

30
 se

c

60
 se

c

90
 se

c

12
0 s

ec
0.0

0.5

1.0

1.5

2.0

 

ΔF
/F

m
ito

  
(n

or
m

al
iz

ed
 to

 C
on

tro
l) Thapsigargin

Control

ns ns ns ns



 75 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: TRPML1-mediated lysosomal transfer of calcium to mitochondria does not 
depend on ER calcium release. A, Representative time-lapse confocal images of live HeLa 
cells expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, in response 
to TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 sec following 20-minute pre-
treatment with either vehicle control or ER calcium release blocker (IP3R antagonist), 
Xestospongin-C (10 µM) (n = 15 cells for each condition). B-D, Quantification of maximum 
mitochondrial calcium response (B), mean mitochondrial calcium response (C) and 
mitochondrial calcium response at 30, 60, 90 and 120 seconds (D) after TRPML1 activation 
with ML-SA1 (31.25 µM) in live HeLa cells pre-treated with vehicle control or Xestospongin-
C from confocal time-lapse images (from A) (n = 15 cells for each condition). E-G, 
Quantification of maximum mitochondrial calcium response (E), mean mitochondrial 
calcium response (F) and mitochondrial calcium response at 30, 60, 90 and 120 seconds (G) 
after TRPML1 activation with ML-SA1 (31.25 µM) in live HeLa cells pre-treated for 10 
minutes with vehicle control or ER calcium release blocker (RyR antagonist), DHBP (50 µM) 
(n = 18 cells for each condition). H-J, Quantification of maximum mitochondrial calcium 
response (H), mean mitochondrial calcium response (I) and mitochondrial calcium response 
at 30, 60, 90 and 120 seconds (J) after TRPML1 activation with ML-SA1 (31.25 µM) in live 
HeLa cells pre-treated for 10 minutes with vehicle control or SOCE blocker (STIM1 
inhibitor), SKF-96365 (20 µM) (n = 18 cells for each condition). K-M, Quantification of 
maximum mitochondrial calcium response (K), mean mitochondrial calcium response (L) 
and mitochondrial calcium response at 30, 60, 90 and 120 seconds (M) after TRPML1 
activation with ML-SA1 (31.25 µM) in live HeLa cells pre-treated for 10 minutes with vehicle 
control or SERCA pump inhibitor, thapsigargin (1 µM) (n = 19 cells for each condition). Data 
are means ± s.e.m. (ns, not significant, unpaired two-tailed t-test). Scale bars, 10 µm (A). 
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Figure 13: TRPML1-mediated lysosomal transfer of calcium to mitochondria is not 
altered by chelation of cytosolic calcium. A, Representative time-lapse confocal images of 
live HeLa cells expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, in 
response to TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 sec following 20 minute 
pre-treatment with either vehicle control or cytosolic calcium chelator, BAPTA-AM (5 µM) 
(n = 15 cells for each condition). B-D, Quantification of maximum mitochondrial calcium 
response (B), mean mitochondrial calcium response (C) and mitochondrial calcium response 
at 30, 60, 90 and 120 seconds (D) after TRPML1 activation with ML-SA1 (31.25 µM) in live 
HeLa cells pre-treated with vehicle control or BAPTA-AM from confocal time-lapse images 
(from A) (n = 15 cells for each condition). Data are means ± s.e.m. (ns, not significant, 
unpaired two-tailed t-test). Scale bars, 10 µm (A).  
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Lysosomal TRPML1 specifically modulates mitochondrial calcium and mitochondria-

lysosome contact dynamics 

To further demonstrate that lysosomal TRPML1 activity modulates mitochondrial calcium, 

we expressed either wild-type TRPML1 (TRPML1 WT-Halo) or the dominant-negative, non-

conducting TRPML1 pore mutant (TRPML1 D471K-Halo) in HeLa cells and examined 

mitochondrial calcium dynamics (Mito-R-GECO1) upon ML-SA1 treatment. We first confirmed 

that both wild-type TRPML1 and dominant-negative TRPML1 were localized to the 

lysosomal/late endosomal compartment as evidenced by colocalization with the lysosomal 

membrane marker, BFP-lysosomes (Fig. 14A-B) and that both wild-type and dominant-negative 

TRPML1 were expressed at similar levels (Fig. 14C). Upon ML-SA1 treatment, cells expressing 

dominant-negative TRPML1 showed a significant reduction in mitochondrial calcium influx 

compared to wild-type TRPML1-expressing cells (Fig. 15A-B). In addition, expression of the 

dominant-negative TRPML1 mutant significantly reduced the maximum mitochondrial calcium, 

mean mitochondrial calcium and mitochondrial calcium at multiple time points (Fig. 15C-E). 

These results thus suggest that TRPML1 activity is important for modulating mitochondrial 

calcium dynamics. 

In order to investigate the role of TRPML1 at contact sites, we analyzed whether TRPML1 

specifically modulated mitochondrial calcium at mitochondria-lysosome contact sites. HeLa cells 

expressing wild-type TRPML1 displayed a significantly higher increase in mitochondrial calcium 

after TRPML1 activation for mitochondria that were in contact with lysosomes, compared to 

mitochondria not in contact with lysosomes (Fig. 15F). In contrast, this difference in contact-

dependent calcium transfer was entirely abolished in cells expressing the dominant-negative 

TRPML1 mutant (Fig. 15F). To probe downstream effects of calcium transfer at mitochondria-
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lysosome contacts, we investigated whether TRPML1-mediated mitochondrial calcium influx 

promoted mitochondrial permeability transition pore (mPTP) opening, which can be assessed by 

the quenching of mitochondrial-localized calcein in the presence of CoCl2 (Fig. 16A). In contrast 

to ionomycin treatment which induced mPTP opening and rapid quenching of calcein, neither the 

TRPML1 agonist ML-SA1 or vehicle control reduced mitochondrial calcein fluorescence (Fig. 

16B-C), suggesting that TRPML1-mediated mitochondrial calcium influx does not induce 

sustained mPTP opening. We also investigated whether TRPML1-mediated mitochondrial 

calcium influx activated apoptotic pathways via endogenous cytochrome C staining (Fig. 16D). 

Relative to staurosporine which induced release of cytochrome C from the mitochondria into the 

cytosol, we did not observe significant changes in mitochondrial distribution of cytochrome C in 

cells treated with TRPML1 agonist ML-SA1 or vehicle control at multiple points (Fig. 16E-G). 

In addition to modulating contact-dependent calcium transfer, we found that TRPML1 

modulated mitochondria-lysosome contact-site dynamics. In cells expressing the dominant-

negative TRPML1 mutant, there was both a higher percentage of lysosomes in stable contact with 

mitochondria (Fig. 15G) and a significant increase in minimum duration of mitochondria-

lysosome contacts (Fig. 15H-I). We further verified whether TRPML1 localized preferentially to 

mitochondria-lysosome contacts in cells expressing HA-tagged TRPML1 and an HA-mCherry 

nanobody. TRPML1-HA puncta marked a subset of contact sites (Fig. 17A) and TRPML1-HA 

localization at the contact sites was significantly greater than expected by random chance (Fig. 

17B). These findings highlight a role for TRPML1 in regulating mitochondria-lysosome contact 

site dynamics and contact-dependent calcium transfer into mitochondria. 
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Figure 14: Wild-type and dominant-negative (D471K) TRPML1 preferentially localize 
to lysosomes/late endosomes. A, Colocalization of TRPML1 WT-Halo (incubated with PA 
Janelia Fluor 646, red) with lysosomal marker, BFP-lysosomes in live HeLa cells. B, 
Colocalization of TRPML1 D471K-Halo (incubated with PA Janelia Fluor 646, red) with 
lysosomal marker, BFP-lysosome in live HeLa cells. C, Expression level measured by mean 
fluorescence intensity of Halo-tagged wild-type or mutant (D471K) TRPML1 in live HeLa 
cells labeled with PA Janelia Fluor 646 ligand (n = 20 cells for each condition). Data are 
means ± s.e.m. (ns, not significant, unpaired two-tailed t-test). Scale bar, 1 µm (A-B). 
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Figure 15: TRPML1 specifically modulates mitochondrial calcium and mitochondria-
lysosome contact dynamics. A, B, Mitochondrial calcium response in live HeLa cells 
expressing Mito-R-GECO1 and either wild-type (WT) or dominant-negative (D471K) 
TRPML1 mutant, in response to TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 s with 
representative time-lapse confocal images (A, n = 20 cells for each condition) and 
mitochondrial calcium traces (ΔF/F) (B,  n = 20 cells for each condition). C-E, Quantification 
of maximum mitochondrial calcium response (C), mean mitochondrial calcium response (D) 
and mitochondrial calcium response at 30, 60, 90 and 120 seconds (E) after TRPML1 
activation with ML-SA1 (31.25 µM) in live HeLa cells expressing TRPML1 WT or TRPML1 
D471K mutant from A (n = 20 cells for each condition). F, Quantification of mitochondrial 
calcium responses of mitochondria in contact and not in contact with  lysosomes following 
TRPML1 activation with ML-SA1 (31.25 µM) in live HeLa cells expressing Mito-R-GECO1, 
lamp1-mGFP, and either TRPML1 WT-pHcRed or dominant-negative TRPML1 D471-
472K-pHcRed (n = 100 events from 20 cells foreach condition). G-I, Quantification of 
percentage of mitochondria-lysosome contacts (> 10 s; G, n = 10 cells for each condition) 
and duration of contacts (H, I, n = 70 events from 10 cells for each condition) in live HeLa 
cells expressing Tom20-mEmerald, BFP-lysosomes and either TRPML1 WT-pHcRed or 
TRPML1 D471-472K-pHcRed. Data are means ± s.e.m. (*P<0.05, **P<0.01, 
****P<0.0001,  ns, not significant, unpaired two-tailed t-test). Scale bars, 10 µm (A). 
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Figure 16: TRPML1-mediated mitochondrial calcium influx does not trigger sustained 
mPTP opening or cytochrome C release. A, Colocalization of calcein-AM with 
MitoTracker Red in live HeLa cells in the presence of CoCl2. B, Calcein fluorescence 
response as % of initial fluorescence in live HeLa cells pre-incubated for 15 minutes with 
calcein-AM (1 µM), CoCl2 (8 mM) and MitoTracker Red (200 nM) then treated with vehicle 
control, ML-SA1 (31.25 µM) or ionomycin (2 µM) (n = 20 cells for each condition). C, 
Quantification of overall calcein fluorescence in live HeLa treated with vehicle control, ML-
SA1 (31.25 µM) or ionomycin (2 µM, positive control) (from B) (n = 20 cells for each 
condition). D, Colocalization of endogenous cytochrome C with MitoTracker in fixed, 
untreated HeLa cells (Pearson’s correlation coefficient = 0.70 ± 0.01) (n = 25 cells). E, F, 
Quantification of Pearson’s correlation coefficients between endogenous cytochrome C and 
MitoTracker Red in fixed HeLa cells treated for 2 h (E) or 4 h (F) with vehicle control, ML-
SA1 (31.25 µM) or staurosporine (1 µM, positive control) (n = 30 cells for each condition). 
G, Representative confocal images of fixed HeLa cells labeled with MitoTracker Red treated 
for 2 h or 4 h with vehicle control, ML-SA1 (31.25 µM) or staurosporine (1 µM, positive 
control) and stained for endogenous cytochrome C (from E, F) (from n = 30 cells for each 
condition). Data are means ± s.e.m. (****P<0.0001, ns, not significant, one-way ANOVA 
with Tukey’s post-hoc test). Scale bar, 5 µm (A, D, G). 
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VDAC1 and MCU mediate mitochondrial uptake of lysosomal calcium at mitochondria-

lysosome contact sites 

Having shown that TRPML1-mediated lysosomal calcium release increased mitochondrial 

calcium at mitochondria-lysosome contacts, we next sought to identify the mitochondrial 

components promoting uptake of lysosomal calcium. Voltage-dependent anion channels (VDACs) 

on the outer mitochondrial membrane have been implicated in mitochondrial calcium uptake 

(Bathori, Csordas, Garcia-Perez, Davies, & Hajnoczky, 2006; Gincel, Zaid, & Shoshan-Barmatz, 

2001; Min et al., 2012; Naghdi & Hajnóczky, 2016; Rapizzi et al., 2002; Subedi et al., 2011) and 

specifically, VDAC1 was previously identified as a potential interactor of lysosomal TRPML1 

(Spooner et al., 2013). To first confirm the interaction of TRPML1 with VDAC1, we conducted 

co-immunoprecipitation experiments in cells expressing TRPML1-GFP and found that TRPML1 

interacted with endogenous VDAC1 (Fig. 17C), but not endogenous VDAC2 or VDAC3 (Fig. 

17C). We next investigated whether VDAC1 is important for the mitochondrial uptake of 

lysosomal calcium by assessing mitochondrial calcium dynamics upon TRPML1 activation in cells 

expressing either wild-type human VDAC1 or a VDAC1 mutant (E73Q) with a single amino acid 

substitution in a putative calcium-binding site (Israelson, Abu-Hamad, Zaid, Nahon, & Shoshan-

Barmatz, 2007; Israelson, Zaid, Abu-Hamad, Nahon, & Shoshan-Barmatz, 2008). In response to 

TRPML1 activation with ML-SA1, cells expressing the VDAC1 mutant showed significantly 

lower increase in mitochondrial calcium (Mito-R-GECO1) (Fig. 18A; Fig. 17D) as well as 

significantly decreased maximum mitochondrial calcium, mean mitochondrial calcium and 

mitochondrial calcium at multiple time points compared to wild-type cells following activation of 

TRPML1 (Fig. 18B-D). After verifying that wild-type and mutant VDAC1 were expressed at 

similar levels (Fig. 17F), we next assessed whether VDAC1 regulated calcium transfer 
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preferentially at mitochondria-lysosome contact sites. While mitochondria in contact with 

lysosomes had significantly elevated calcium influx after TRPML1 activation compared to 

mitochondria not in contact with lysosomes in cells expressing wild-type VDAC1, there was no 

difference in mitochondrial calcium response between mitochondria in and not in contact with 

lysosomes in VDAC1 mutant-expressing cells (Fig. 18E). These findings thus suggest that 

VDAC1 on the outer mitochondrial membrane serves as a mediator of mitochondrial uptake of 

lysosomal calcium at mitochondria-lysosome contacts. 

The mitochondrial calcium uniporter (MCU) is the major transporter of calcium across the 

inner mitochondrial membrane into the mitochondrial matrix (Baughman et al., 2011; De Stefani, 

Raffaello, Teardo, Szabo, & Rizzuto, 2011). To evaluate the role of the MCU in uptake of 

lysosomal calcium across the inner mitochondrial membrane, we expressed either wild-type MCU 

or MCU mutant (E264A) which disrupts calcium uptake (De Stefani et al., 2011; C. B. Phillips, 

Tsai, & Tsai, 2019). As the expression of MCU mutant was not significantly different from that of 

wild-type MCU (Fig. 17G), we then examined mitochondrial calcium dynamics (Mito-R-GECO1) 

in these cells in response to TRPML1 activation. Compared to cells expressing wild-type MCU, 

cells expressing mutant MCU had reduced total mitochondrial calcium increase upon TPRML1 

activation (Fig. 18F; Fig. 17E), as well as significantly lower maximum mitochondrial calcium, 

mean mitochondrial calcium and mitochondrial calcium at multiple time points after ML-SA1 

treatment (Fig. 18G-I). Importantly, the MCU was also important for mitochondria-lysosome 

contact-dependent calcium transfer. Wild-type MCU-expressing cells showed significant 

differences in calcium influx for mitochondria in contact with lysosomes compared to 

mitochondria not in contact, while expression of the MCU mutant (E264A) completely abolished 
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this difference (Fig. 18J). These results indicate that MCU on the inner mitochondrial membrane 

modulates mitochondrial calcium dynamics at mitochondria-lysosome contact sites. 
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Figure 17: TRPML1, VDAC1 and MCU modulate mitochondrial calcium influx at 
mitochondria-lysosome contact sites. A, Representative time-lapse confocal images 
showing TRPML1 marking mitochondria-lysosome contact sites (white arrow) in live HeLa 
cells expressing lysosomal marker, BFP-lysosomes and mitochondrial outer membrane 
marker, mEmerald-Tom20 along with HA-tagged TRPML1 and HA-tag nanobody, HA-
mCherry. B, Observed localization of TRPML1-HA marking mitochondria-lysosome 
contacts compared to TRPML1-HA localization by random chance (expected) in live HeLa 
cells expressing lysosomal marker, BFP-lysosomes and mitochondrial outer membrane 
marker, mEmerald-Tom20 along with HA-tagged TRPML1 and HA-tag nanobody, HA-
mCherry (n = 40 cells). C, Immunoprecipitation of TRPML1-GFP or GFP (control) with anti-
GFP beads (i) with indicated bands for TRPML1 monomer and oligomers (black arrows) or 
GFP (green arrow), and co-immunoprecipitation of TRPML1-GFP with endogenous VDAC1 
(red arrow) but not VDAC2 or VDAC3 (ii) (n = 3 biological replicates). D, Mitochondrial 
calcium response in live HeLa cells expressing mitochondrial-matrix targeted calcium sensor, 
Mito-R-GECO1, and either wild-type (WT) or mutant (E73Q) VDAC1, in response to 
TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 s with representative time-lapse 
confocal images (n = 22 cells for each condition). E, Mitochondrial calcium response in live 
HeLa cells expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, and 
either wild-type (WT) or mutant (E264A) MCU, in response to TRPML1 activation with ML-
SA1 (31.25 µM) at t = 0 s with representative time-lapse confocal images (n = 20 cells for 
each condition). F, Expression level measured by mean fluorescence intensity of SNAP-
tagged wild-type or mutant (E73Q) VDAC1 in live HeLa cells labeled with SNAP-Cell 647 
ligand (n = 22 cells for each condition). G, Expression level measured by mean fluorescence 
intensity of SNAP-tagged wild-type or mutant (E264A) MCU in live HeLa cells labeled with 
SNAP-Cell 647 ligand (n = 20 cells for each condition). Data are means ± s.e.m. 
(****P<0.0001, ns, not significant, Fisher’s exact test (B) unpaired two-tailed t-test (F-G)). 
Scale bar, 1 µm (A); 10 µm (D-E). 
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Figure 18: VDAC1 and the MCU modulate mitochondrial uptake of lysosomal calcium 
at mitochondria-lysosome contact sites. A, Mitochondrial calcium response (ΔF/F) in live 
HeLa cells expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, and 
either wild-type (WT) or mutant (E73Q) VDAC1 in response to TRPML1 activation with 
ML-SA1 (31.25 µM) at t = 0 s (n = 22 cells for each condition). B-D, Quantification of 
maximum mitochondrial calcium response (B), mean mitochondrial calcium response (C) 
and mitochondrial calcium response at 30, 60, 90 and 120 seconds (D) after TRPML1 
activation with ML-SA1 (31.25 µM) in live HeLa cells expressing VDAC1 WT or VDAC1 
E73Q mutant from confocal time-lapse images  (from A) (n = 22 cells for each condition). E, 
Quantification of mitochondrial calcium responses of mitochondria in contact and not in 
contact with  lysosomes following TRPML1 activation with ML-SA1 (31.25 µM) in live 
HeLa cells expressing mitochondrial matrix calcium sensor, Mito-R-GECO1, lysosomal 
marker, lamp1-mGFP, and either wild-type (WT) or mutant (E73Q) VDAC1 (n = 100 events 
from 20 cells for each condition). F, Mitochondrial calcium response (ΔF/F) in live HeLa 
cells expressing mitochondrial-matrix targeted calcium sensor, Mito-R-GECO1, and either 
wild-type (WT) or mutant (E264A) MCU in response to TRPML1 activation with ML-SA1 
(31.25 µM) at t = 0 s (n = 20 cells for each condition). G-I, Quantification of maximum 
mitochondrial calcium response (G), mean mitochondrial calcium response (H) and 
mitochondrial calcium response at 30, 60, 90 and 120 seconds (I) after TRPML1 activation 
with ML-SA1 (31.25 µM) in live HeLa cells expressing MCU WT or MCU E264A mutant 
from confocal time-lapse images  (from F) (n = 20 cells for each condition). E, Quantification 
of mitochondrial calcium responses of mitochondria in contact and not in contact with 
lysosomes following TRPML1 activation with ML-SA1 (31.25 µM) in live HeLa cells 
expressing mitochondrial matrix calcium sensor, Mito-R-GECO1, lysosomal marker, lamp1-
mGFP, and either wild-type (WT) or mutant (E264A) MCU (n = 100 events from 20 cells for 
each condition). Data are means ± s.e.m. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 
ns, not significant, unpaired two-tailed t-test).  
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Loss of TRPML1 function in MLIV patient fibroblasts disrupts mitochondria-lysosome 

contact and calcium dynamics 

Loss of function mutations in TRPML1 cause the autosomal recessive lysosomal storage 

disorder, MLIV (Bassi et al., 2000; M. Sun et al., 2000), which has been associated with both 

lysosomal (LaPlante et al., 2006; S. Park et al., 2016; Shen et al., 2012; Soyombo et al., 2006; 

Vergarajauregui et al., 2008) and mitochondrial aberrations (Eichelsdoerfer et al., 2010; Jennings 

et al., 2006). Given that we found TRPML1 to be important for the regulation of mitochondrial 

calcium dynamics via direct transfer of calcium at mitochondria-lysosome contact sites, we 

evaluated whether MLIV patient fibroblasts had defective mitochondrial calcium dynamics as a 

result of loss of TRPML1 function. We treated fibroblasts from MLIV patients and age-matched 

healthy controls with ML-SA1 to activate TRPML1 and examined mitochondrial calcium 

dynamics (Mito-R-GECO1). While control fibroblasts showed a significant increase in total 

mitochondrial calcium upon TRPML1 activation, this was reduced in MLIV patient fibroblasts 

(Fig. 19A). Consistent with these findings, maximum mitochondrial calcium, mean mitochondrial 

calcium and mitochondrial calcium at 30 seconds was also significantly decreased in MLIV patient 

lines (Fig. 19B-D). Moreover, MLIV patient fibroblasts showed defects in contact-dependent 

calcium transfer. In control fibroblasts, mitochondria in contact with lysosomes showed a 

significantly higher increase in calcium influx following TRPML1 activation compared to those 

not in contact with lysosomes. In contrast, there was no difference in calcium influx between 

mitochondria in and not in contact with lysosomes in MLIV fibroblasts (Fig. 19E).  

In addition to changes in contact-dependent mitochondrial calcium responses, MLIV 

fibroblasts also displayed abnormal mitochondria-lysosome contact dynamics. Interestingly, 

MLIV fibroblasts had a significantly increased percentage of lysosomes in stable contact (> 10 
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seconds) with mitochondria compared to control fibroblasts (Fig. 19F) and the duration of 

mitochondria-lysosome contact tethering was also significantly prolonged (Fig. 19G). Together, 

these data suggest that loss of TRPML1 function in MLIV may contribute to disease pathogenesis 

by dysregulating mitochondrial calcium dynamics at contact sites and additionally disrupt 

mitochondria-lysosome contact tethering dynamics. We thus propose a model in which TRPML1-

mediated lysosomal calcium efflux results in mitochondrial calcium influx preferentially at 

mitochondria-lysosome contacts through the mitochondrial channels VDAC1 and the MCU, and 

that calcium transfer at mitochondria-lysosome contact sites is consequently disrupted in the 

lysosomal storage disorder MLIV due to loss of function TRPML1 mutations.  
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Figure 19: Loss of TRPML1 function in MLIV patient fibroblasts disrupts 
mitochondria-lysosome contact and calcium dynamics. A, Mitochondrial calcium 
response (ΔF/F) in fibroblasts from MLIV patients (MLIV #1, MLIV #2, MLIV #3) or age-
matched controls (Con #1, Con #2, Con #3) expressing Mito-R-GECO1 in response to 
TRPML1 activation with ML-SA1 (31.25 µM) at t = 0 s (n = 20 cells for each condition). B-
D, Quantification of maximum mitochondrial calcium response (B), mean mitochondrial 
calcium response (C) and mitochondrial calcium response at 30 seconds (D) after TRPML1 
activation with ML-SA1 (31.25 µM) from fibroblasts from A (n = 20 cells for each condition). 
E, Quantification of mitochondrial calcium responses of mitochondria in contact and not in 
contact with lysosomes following TRPML1 activation with ML-SA1 (31.25 µM) in MLIV 
and control fibroblasts expressing Mito-R-GECO1 and lamp1-mGFP (n = 100 events from 
20 cells for each condition). F, G, Quantification of percentage of mitochondria-lysosome 
contacts (> 10 s; F, n  = 10 cells for each condition) and duration of contacts (G, n = 70 events 
from 10 cells for each condition) in MLIV and control fibroblasts expressing Tom20-mApple, 
and lamp1-mGFP. Data are means ± s.e.m. (*P<0.05, ***P<0.001, ****P<0.0001, ns, not 
significant, one-way ANOVA with Tukey’s post-hoc test (B-E, G), unpaired two-tailed t-test 
(F)). 
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Conclusions 

 In summary, we identified a role of mitochondria-lysosome contact sites in modulating 

intracellular calcium dynamics, whereby TRPML1-mediated lysosomal calcium efflux leads to 

mitochondrial calcium influx preferentially at mitochondria-lysosome contact sites. TRPML1-

mediated increase in mitochondrial calcium is further modulated by VDAC1 and the MCU on the 

outer and inner mitochondrial membranes, respectively. Importantly, we show that mitochondrial 

calcium dynamics are disrupted in the lysosomal storage disorder MLIV which results from loss 

of TRPML1 function and that altered mitochondrial calcium dynamics in MLIV are dependent on 

mitochondria-lysosome contacts, providing further evidence for the convergence of lysosomal and 

mitochondrial dysfunction in disease.  
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CHAPTER 4. 

DISCUSSION 

 

Mitochondria-lysosome contacts as regulators of mitochondrial dynamics  

 Mitochondria-lysosome contacts were previously reported to functionally mark sites of 

mitochondrial fission (Wong et al., 2018) but whether mitochondria-lysosome contact sites could 

modulate other forms of mitochondrial dynamics was unknown. Our findings indicate that 

mitochondria-lysosome contacts also promote inter-mitochondrial contact untethering, which in 

itself is an important regulator of mitochondrial motility (Wong, Peng, et al., 2019) (Fig. 20).  

Interestingly, we observed that inter-mitochondrial contact dynamics were further coupled 

to other inter-organelle contact sites. ER tubules marked inter-mitochondrial contact untethering 

events, in addition to their previously reported localization at both mitochondrial fission and fusion 

events (Friedman et al., 2011; Guo et al., 2018) suggesting their ubiquitous localization at multiple 

mitochondrial events. In addition, while studies labeling mitochondria with matrix markers 

previously described mitochondrial constriction events prior to fission as marked by both ER 

tubules and Drp1 oligomers (Chakrabarti et al., 2018; Cho et al., 2017; Friedman et al., 2011), 

some of these events may have been two distinct mitochondria tethered at inter-mitochondrial 

contact sites prior to an untethering event which appear similar when visualized with mitochondrial 

matrix markers, and are also marked by ER tubules and Drp1 oligomers. In contrast, lysosomes 

preferentially marked inter-mitochondrial untethering events over mitochondrial fusion events, 

and were also reported to actively promote inter-mitochondrial contact untethering via lysosomal 

RAB7 GTP hydrolysis at mitochondria-lysosome contact sites (Wong, Peng, et al., 2019; Wong 

et al., 2018) mediated by the mitochondrial Rab7-GAP (TBC1D15) recruited to mitochondria by 
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Fis1 (Onoue et al., 2013; Peralta et al., 2010; Wong, Peng, et al., 2019; Yamano et al., 2014; X. 

M. Zhang et al., 2005). Inter-mitochondrial contact formation and subsequent untethering were 

further regulated by Mfn1/2 and Drp1 GTP hydrolysis, consistent with early studies showing their 

effects on mitochondrial clustering and aggregation (Santel & Fuller, 2001; Smirnova et al., 2001; 

Smirnova, Shurland, Ryazantsev, & Van Der Bliek, 1998). Thus, multiple lysosomal and 

mitochondrial GTPases together converge to regulate inter-mitochondrial contact dynamics. 

 Importantly, as multiple human diseases are linked to defective mitochondrial dynamics 

(Alexander et al., 2000; Burte et al., 2015; Delettre et al., 2000; Zuchner et al., 2004), further 

elucidating the dynamic inter-organelle interactions shaping mitochondrial networks is critical for 

understanding disease pathogenesis. Surprisingly, we found that multiple forms of disease-linked 

Charcot-Marie-Tooth Type 2 including Mfn2 (CMT2A), RAB7 (CMT2B) and TRPV4 (CMT2C) 

converged on inefficient inter-mitochondrial contact untethering dynamics and defective 

mitochondrial motility. Of note, mitochondrial motility was also previously shown to be impaired 

by CMT2-disease linked mutations in Mfn2 (Baloh, Pestronk, & Milbrandt, 2007; A. Misko et al., 

2010; A. L. Misko, Sasaki, Tuck, Milbrandt, & Baloh, 2012; Rocha et al., 2018) and recently by 

mutant Rab7 (Cioni et al., 2019). Our study thus points to a potentially important role for this 

pathway in CMT Type 2, consistent with a growing list of CMT genes implicated in regulating 

mitochondrial dynamics (Korobova et al., 2013; J. E. Lee et al., 2016; Wong et al., 2018; Zuchner 

et al., 2004) Ultimately, understanding the pathways involved in regulating mitochondrial 

networks will provide insight into both cellular metabolism and pathogenic mitochondrial 

dysfunction in disease. 
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Figure 20: Mitochondria-lysosome contact sites as regulators of mitochondrial 
dynamics. Model depicting the contribution of inter-mitochondrial contacts to mitochondrial 
dynamics alongside mitochondrial fusion and fission. Inter-mitochondrial contact tethering is 
regulated by the GTPases Mfn1/2, whereas inter-mitochondrial contact untethering is 
mediated by the GTPase Drp1. Inter-mitochondrial contact untethering is further regulated by 
mitochondria-lysosome contacts wherein lysosomal Rab7 GTP hydrolysis mediated by 
TBC1D15 recruitment onto mitochondria via Fis1 promotes lysosomal untethering from 
mitochondria and subsequent untethering of inter-mitochondrial contact sites. Importantly, 
inter-mitochondrial contacts are perturbed in various forms of Charcot-Marie-Tooth type 2 
disease resulting in decreased mitochondrial motility. 
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Mitochondria-lysosome contacts as regulators of mitochondrial calcium dynamics  

 Previously, inter-organelle contact sites were shown to be able to act as platforms for 

metabolite and ion transfer (Bartok et al., 2019; Hayashi & Su, 2007; Hirabayashi et al., 2017; Lim 

et al., 2019; Rizzuto et al., 1998; Szabadkai et al., 2006). However, whether recently identified 

mitochondria-lysosome contact sites could similarly serve to promote direct inter-organelle 

transfer of metabolites and ions, such as calcium, remained unelucidated. Our results indicate that 

mitochondria-lysosome contacts are able to facilitate the direct transfer of calcium from lysosomes 

to mitochondria, a process which is mediated by the lysosomal calcium efflux channel TRPML1 

and the mitochondrial outer and inner membrane proteins VDAC1 and MCU, respectively (Peng, 

Wong, & Krainc, 2020) (Fig. 21). 

Our work further establishes the growing importance of inter-organelle contact sites in the 

regulation of cellular homeostasis. Defects in inter-organelle contact sites have been implicated in 

multiple human diseases including lysosomal storage disorders (Lim et al., 2019), peroxisomal 

diseases (Chu et al., 2015) and neurodegenerative disorders (Allison et al., 2017; K. S. Lee et al., 

2018; Liao et al., 2019; Valadas et al., 2018). Recently, mitochondria-lysosome contact sites have 

been shown to be an important regulator of mitochondrial and lysosomal crosstalk independent of 

lysosomal degradation of mitochondria (Wong, Kim, et al., 2019; Wong et al., 2018), and to be 

involved in regulating mitochondrial fission and inter-mitochondrial contact untethering (Wong, 

Peng, et al., 2019; Wong et al., 2018), as well as the transfer of metabolites such as cholesterol 

(Hoglinger et al., 2019). Here, we find that mitochondria-lysosome contact sites further play a key 

role in regulating calcium transfer between these two organelles which is disrupted in a lysosomal 

storage disorder. Uncovering the diverse functions of mitochondria-lysosome contact sites shall 
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inform our understanding of how contact sites contribute to both physiological and 

pathophysiological states. 

Our findings also expand upon the previously described physiological roles of TRPML1. 

TRPML1 is a non-selective cation channel that mediates lysosomal calcium efflux (Q. Chen et al., 

2017; Dong et al., 2008; Fine et al., 2018; Hirschi et al., 2017; M. Li et al., 2017; Schmiege et al., 

2017) and regulates various lysosomal functions including lysosomal exocytosis, membrane 

trafficking  and lysosomal biogenesis (C. C. Chen et al., 2014; Di Paola, Scotto-Rosato, & Medina, 

2018; Medina et al., 2015; Samie et al., 2013; Scotto Rosato et al., 2019; W. Wang et al., 2015; X. 

Zhang et al., 2016). Our data suggest that in addition to regulating lysosomal dynamics and 

function, TRPML1 directly impacts mitochondrial homeostasis by modulating mitochondrial 

calcium dynamics via mitochondria-lysosome contact sites. Mitochondria-lysosome contacts may 

act as platforms to provide localized pockets of high calcium concentration required for influx into 

mitochondria and moreover, contact-dependent transfer of calcium from lysosomes to 

mitochondria may serve as a mechanism to spatially regulate calcium transfer to a subset of 

mitochondria to facilitate downstream, calcium-dependent mitochondrial functions including 

oxidative phosphorylation, motility and ROS signaling (Bertero & Maack, 2018; Chang, Niescier, 

& Min, 2011; Giorgi, Marchi, & Pinton, 2018; Tarasov, Griffiths, & Rutter, 2012; Yi, Weaver, & 

Hajnóczky, 2004). Indeed, mitochondrial function has also been shown to reciprocally regulate 

TRPML1 as increased mitochondrial ROS potentiates TRPML1 activity (X. Zhang et al., 2016). 

Further studies investigating how TRPML1-mediated mitochondrial calcium influx modulates 

mitochondrial structure, dynamics and function will provide additional insights into the direct 

communication between lysosomes and mitochondria.  
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In our study, we also identified VDAC1 on the outer mitochondrial membrane and the 

MCU on the inner mitochondrial membrane as mediators of mitochondrial calcium influx at 

mitochondria-lysosome contact sites. Although our finding of TRPML1 interactions with VDAC1 

and not other VDAC isoforms is consistent with previous studies (Spooner et al., 2013), it is 

possible that the other VDAC isoforms, which have also been implicated in mitochondrial calcium 

uptake (Min et al., 2012; Naghdi & Hajnóczky, 2016; Subedi et al., 2011), may play a role in 

contact-dependent calcium transfer in other cell types. In addition, while we observed that mutant 

MCU impaired mitochondrial calcium uptake following TRPML1-mediated lysosomal calcium 

release, it did not completely abolish mitochondrial uptake at contact sites. Thus, our findings 

suggest there may be alternative, MCU-independent mechanisms of calcium influx into the 

mitochondrial matrix at mitochondria-lysosome contacts (Giorgi et al., 2018). Indeed, prior studies 

have proposed additional transporters mediating mitochondrial matrix calcium influx (Feng et al., 

2013; Jiang, Zhao, & Clapham, 2009; Ryu, Beutner, Dirksen, Kinnally, & Sheu, 2010; Trenker, 

Malli, Fertschai, Levak-Frank, & Graier, 2007), which may also play a role in the uptake of 

lysosomal calcium.  

Of clinical relevance, loss-of-function mutations in TRPML1 cause the autosomal 

recessive lysosomal storage disorder MLIV, which is characterized by psychomotor retardation, 

retinal degeneration and neurodevelopmental delay (Bassi et al., 2000; Dong et al., 2008; Marques 

& Saftig, 2019; M. Sun et al., 2000). Although the pathophysiology of MLIV remains unclear, 

various cellular phenotypes including defective lysosomal biogenesis, altered lysosomal pH, 

impaired autophagy and mitochondrial fragmentation have been described (Eichelsdoerfer et al., 

2010; Jennings et al., 2006; Medina et al., 2015; Raychowdhury et al., 2004; Scotto Rosato et al., 

2019; Soyombo et al., 2006; Venugopal et al., 2009; X. Zhang et al., 2016). Notably, our results 
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demonstrate that MLIV is also associated with defective mitochondria-lysosome contact dynamics 

and contact-dependent calcium transfer. It would be important in future studies to elucidate 

whether these altered organelle contacts in MLIV contribute to previously observed mitochondrial 

phenotypes and whether MLIV mutations in TRPML1 alter additional mitochondrial functions 

such as ATP production and mitochondrial fission/fusion dynamics in a contact-dependent 

manner. Given that many critical mitochondrial functions are regulated by calcium (Giorgi et al., 

2018), it is possible that dysregulation of mitochondrial calcium, in conjunction with decreased 

lysosomal function, potentiates defects in mitochondrial metabolism and dynamics which may 

consequently contribute to downstream phenotypes such as mitochondrial fragmentation in MLIV 

disease pathogenesis. 

In addition to its role in MLIV, TRPML1 has also been implicated in various neurological 

and lysosomal storage diseases (Bae et al., 2014; Cheng et al., 2014; J. H. Lee et al., 2015; Santoni 

et al., 2020; Tsunemi et al., 2019). Several disease models have shown downregulation of 

TRPML1 which impairs lysosomal function and promotes accumulation of toxic proteins 

(Tedeschi et al., 2019; L. Zhang et al., 2017). Other studies have reported misregulation of 

TRPML1 activity due to alterations in lipids or lysosomal pH (Giorgi et al., 2018; Raychowdhury 

et al., 2004). TRPML1 activity is highly regulated by specific lipids including its endogenous 

activator PI(3,5)P2 (Dong et al., 2010) which has been suggested to be misregulated in Charcot-

Marie Tooth disease and ALS (Chow et al., 2009; Nicholson et al., 2011; X. Zhang et al., 2008), 

and sphingomyelins and cholesterol which when accumulated in Niemann-Pick Type C, impair 

TRPML1-mediated lysosomal calcium release (Shen et al., 2012). Moreover, TRPML1 activity is 

likely regulated upstream by lysosomal pH as it has been shown that TRPML1-mediated calcium 

dyshomeostasis and autophagic defects are rescued by restoration of lysosomal pH but not calcium 
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in an Alzheimer’s model (J. H. Lee et al., 2015). While these previous studies predominantly 

describe the role of TRPML1 in regulating lysosomal function in disease (Medina et al., 2015; 

Scotto Rosato et al., 2019; Shen et al., 2012; Tsunemi et al., 2019), our findings suggest that 

TRPML1 may also contribute to disease pathogenesis by modulating mitochondrial calcium 

dynamics. Altered TRPML1-mediated calcium transfer at mitochondria-lysosome contact sites 

and subsequent dysregulation of mitochondrial calcium dynamics may be an additional 

contributory mechanism to pathophysiology. Indeed, many of these diseases share cellular 

hallmarks including mitochondrial and lysosomal dysfunction and calcium dyshomeostasis (15-

18). Importantly, TRPML1 has recently emerged as a potential therapeutic target for the treatment 

of neurodegenerative and lysosomal storage disorders. Studies suggest that TRPML1 agonists may 

act multimodally by activating various lysosomal pathways including autophagy and lysosomal 

exocytosis (Scotto Rosato et al., 2019; Shen et al., 2012; Tsunemi et al., 2019). Our results further 

highlight a potential role for therapeutically targeting TRPML1 in modulating mitochondrial 

calcium dynamics in disease. 

In summary, this work demonstrates that lysosomes can directly transfer calcium to 

mitochondria at mitochondria-lysosome contacts, thereby further supporting the emerging role for 

both organelles as critical players in modulating calcium dynamics (Lawrence & Zoncu, 2019; Lie 

& Nixon, 2019; Misgeld & Schwarz, 2017) and elucidating a novel pathway by which intracellular 

calcium can be regulated. A broader understanding of the mechanisms underlying intracellular 

calcium regulation will ultimately inform our understanding of the role of mitochondria and 

lysosome crosstalk in both cellular homeostasis and disease.  
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Figure 21: Mitochondria-lysosome contact sites as regulators of mitochondrial calcium 
dynamics. Model depicting the transfer of calcium from lysosomes to mitochondria at 
mitochondria-lysosome contacts. Calcium transfer is mediated by the lysosomal calcium 
efflux channel TRPML1 and the outer and inner mitochondrial membrane proteins VDAC1 
and the MCU, respectively. Loss-of-function mutations in TRPML1, which lead to the 
lysosomal storage disorder Mucolipidosis type IV (MLIV), result in decreased calcium 
transfer from lysosomes to mitochondria at mitochondria-lysosome contacts. 
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Additional possible functions of mitochondria-lysosome contact sites 

As other inter-organelle contact sites have been shown to be key platforms for regulating 

metabolite flux between organelles (Gatta & Levine, 2017), mitochondria–lysosome contact sites 

may similarly mediate additional functions such as transfer of lipids or iron between mitochondria 

and lysosomes. In addition, mitochondria–lysosome contacts also form under hypoxic conditions, 

which have been proposed to mediate voltage-dependent anion channel 1 (VDAC1) cleavage by 

endolysosomal enzymes through mitochondrial–endolysosomal microfusion (Brahimi-Horn et al., 

2015). 

In yeast, contact sites between mitochondria and the vacuole known as the vacuole and 

mitochondria patch (vCLAMP) (Elbaz-Alon et al., 2014; Honscher et al., 2014) can regulate 

phospholipid transport between mitochondria and vacuoles as deletions of both ER-mitochondria 

encounter structure (ERMES) and vCLAMP, but not ERMES alone, result in severe alterations in 

phospholipid composition, including accumulation of phosphatidylserine and decreased 

phosphatidylcholine (Honscher et al., 2014). Interestingly, yeast vCLAMP can be tethered by 

either: (i) mitochondrial Tom40 binding to VPS39, a protein involved in vacuolar sorting and 

fusion which interacts with the vacuole membrane via the vacuolar Rab GTPase Ypt7 (Elbaz-Alon 

et al., 2014; González Montoro et al., 2018); or (ii) mitochondrial MCP1 binding to Vps13, which 

is localized to the vacuole membrane via its Vps13 adaptor binding (VAB) domain binding a PxP 

motif on vacuolar Ypt35 (Bean et al., 2018; John Peter et al., 2017). Thus, at mitochondria–

lysosome contact sites, there may be different protein complexes mediating distinct tethers or 

different functions, as has been suggested for VPS39 (physical tether) and VPS13/MCP1 (effectors 

of lipid transport) in vCLAMP. Of note, in addition to its localization at vCLAMP, yeast Vps13 

has also been localized to vacuole–nucleus contact sites in yeast (Lang, John Peter, Walter, & 
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Kornmann, 2015), and its four human homologs (Vps13A–D) have all been linked to different 

human diseases. Vps13A, whose mutations are linked to Chorea-acanthocytosis (Rampoldi et al., 

2001; Ueno et al., 2001), has been proposed to tether ER to mitochondria and lipid droplets (Kumar 

et al., 2018) and also localize to and regulate contacts between mitochondria and 

endolysosomes (Muñoz-Braceras, Tornero-Écija, Vincent, & Escalante, 2019). Vps13B mutations 

lead to Cohen syndrome (Kolehmainen et al., 2003) but has not been associated with inter-

organelle contact sites, while Vps13C, whose mutations are linked to Parkinson’s disease 

(PD) (Lesage et al., 2016), has been proposed to tether ER to late endosome/lysosomes and lipid 

droplets (Kumar et al., 2018).  Recently, Vps13D was linked to childhood onset movement 

disorder and ataxia (Gauthier et al., 2018; Seong et al., 2018) and found to regulate mitochondrial 

dynamics (Anding et al., 2018), but its role in inter-organelle contact sites has not been directly 

studied. Cholesterol has also previously been shown to transport from endolysosomes to 

mitochondria via the steroidogenic acute regulatory protein-related lipid transfer (START) 

domain-containing protein, MLN64 (Charman, Kennedy, Osborne, & Karten, 2010; M. Zhang et 

al., 2002). More recently, it was shown that the lysosomal cholesterol transporter NPC1 was a 

regulator of ER-endolysosomal and mitochondria-lysosome contacts. Because the absence of 

NPC1 resulted in decreased ER-endolysosomal contacts with a concurrent increase in 

mitochondria-lysosome contacts, it was suggested that mitochondria-lysosome contacts may also 

serve as platforms for lysosomal cholesterol transfer (Hoglinger et al., 2019). 

Iron is another metabolite which can be stored by both mitochondrial and endolysosomal 

compartments. Entry of iron into mitochondria occurs via mitoferrin-1 and -2 solute carriers on 

the inner mitochondrial membrane (Richardson et al., 2010), where it is subsequently incorporated 

into iron–sulfur clusters in the matrix, which act as cofactors for various enzymes in the citric acid 
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cycle and electron transport chain (Rouault, 2012). While delivery of iron to mitochondria remains 

poorly understood, one proposed mechanism involves direct endosomal delivery through a ‘kiss 

and run’ interaction (Das, Nag, Mason, & Barroso, 2016; Sheftel, Zhang, Brown, Shirihai, & 

Ponka, 2007). In this model, iron bound to Tf (transferrin) is internalized by the cell and is 

subsequently released within the endosome upon acidification. Docking of Tf-endosomes onto 

mitochondria, either through VDAC1 or the divalent metal transporter-1 (DMT1) on the outer 

mitochondrial membrane (Wolff et al., 2018; Wolff et al., 2014), provides the physical tether to 

allow for iron transfer. As lysosomes also serve as iron storage compartments, mitochondria–

lysosome contact sites may also regulate the labile iron pool, similar to mitochondria–endosome 

contact sites. Interestingly, transferrin receptor-2 (TfR2) mediates lysosomal transferrin delivery, 

and deficiency in TfR2 results in reduced mitochondrial size and heme content in erythroid 

progenitors (Khalil et al., 2017). Furthermore, iron overload in fibroblasts from patients with 

neurodegeneration with brain iron accumulation (NBIA) results in mitochondrial depolarization, 

reduced ATP production, and decreased lysosomal proteolytic activity (Seibler et al., 2018), 

suggesting that mitochondria–lysosome contact site dysfunction and iron flux may be intricately 

connected. 

Additionally, mitochondria–lysosome contact sites may also dynamically interact with 

other organelles, such as the ER. Indeed, mitochondria and lysosomes in contact with one another 

can also simultaneously contact the ER (Wong et al., 2018), and mitochondrial fission sites marked 

by lysosomes are also positive for ER tubules (Wong et al., 2018), which were previously found 

to mark sites of mitochondrial division (Friedman et al., 2011). Moreover, as ER–mitochondria 

and ER–late endosome/lysosomal contacts form frequently (Valm et al., 2017) and further regulate 

both mitochondrial and lysosomal homeostasis (H. Wu et al., 2018), modulation of proteins at ER 
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contacts such as those involved in regulating late endosomal dynamics (Hoyer et al., 2018; 

Rowland et al., 2014) may further modulate mitochondria–lysosome contact function and 

tethering. Conversely, as ER–endosome contacts can be modulated via the Rab7 effector 

protrudin (Elbaz-Alon et al., 2020; Raiborg et al., 2015), mitochondria–lysosome contacts may 

also modulate ER function via regulation of Rab7 GTP hydrolysis and the ability of Rab7 to recruit 

its effector proteins. Finally, as multiple other organelles also form contacts with both 

mitochondria and lysosome/late endosomes (Gatta & Levine, 2017), it is likely that similar to the 

regulation of lipid transport in yeast, the maintenance of organelle homeostasis involves multiple 

different types of inter-organelle contact sites that may regulate and compensate for one another. 

 

Contributions of mitochondria-lysosome contacts to neurological disease 

In addition to our data showing dysregulation of mitochondria-lysosome contact sites in 

Charcot-Marie-Tooth type 2 and mucolipidosis type IV, the role of mitochondrial and lysosomal 

dysfunction in a broad range of neurological disorders suggests that mitochondria-lysosome 

contact dyshomeostasis may also be a contributory pathophysiological mechanism.  

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, with 

motor symptoms caused by dopaminergic neurodegeneration in the substantia nigra (Kalia & 

Lang, 2015; Wong & Krainc, 2017). Like CMT2, PD has been both genetically and functionally 

linked to mitochondrial and lysosomal dysfunction, with the identification of familial mutations in 

mitochondrial-associated genes (Parkin, PINK1, and DJ-1) and endolysosomal-associated genes 

(VPS35, PARK9, and GBA1) (Plotegher & Duchen, 2017a). Moreover, both mitochondrial and 

lysosomal dysfunction have been observed in human dopaminergic neurons from idiopathic PD 

patients (Burbulla et al., 2017), suggesting that these two organelles play a critical role in disease 
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progression. As mentioned above, mutations in VPS13C, a human homologue of the yeast Vps13 

that mediates vCLAMP tethering (John Peter et al., 2017; Lang et al., 2015; J. S. Park et al., 2016), 

also lead to autosomal recessive PD (Lesage et al., 2016). Several familial PD mutations, such as 

in VPS35 and Parkin, also decrease Rab7 GTP-binding (Jia et al., 2016; Song, Trajkovic, Tsunemi, 

& Krainc, 2016), further highlighting a potential role for defective mitochondria–lysosome contact 

regulation in PD pathogenesis.  

Lysosomal storage disorders (LSDs) encompass a group of more than 70 diseases 

involving lysosomal dysfunction (Mc Donald & Krainc, 2017; Platt, d'Azzo, Davidson, Neufeld, 

& Tifft, 2018). The most common LSD is caused by autosomal recessive mutations in 

glucocerebrosidase 1 (GBA1), which leads to Gaucher’s disease and is also a risk factor for PD. 

Interestingly, mitochondrial dysfunction, such as decreased mitochondrial membrane potential, 

increased ROS and impaired respiration, and morphological abnormalities have been observed in 

multiple Gaucher’s models, including patient fibroblasts, flies, and mouse primary neurons 

(Cleeter et al., 2013; de la Mata et al., 2015; H. Li et al., 2019; Osellame et al., 2013; Schöndorf 

et al., 2018; Xu et al., 2014). Additionally, mitochondrial dysfunction and increased oxidative 

stress have been found in multiple other LSDs, including Niemann-Pick disease type C and 

neuronal ceroid lipofuscinosis (Plotegher & Duchen, 2017b), suggesting that mitochondrial 

defects may be a common theme across LSDs and may be partially mediated by defective 

mitochondria–lysosome contact site function secondary to lysosomal dysfunction. Of note, 

mitochondrial dysfunction may further exacerbate lysosomal storage defects, as mitochondrial 

respiration deficiency via TFAM mutation is sufficient to cause lysosomal sphingomyelin 

accumulation and elicit a proinflammatory response (Baixauli et al., 2015). Likewise, 

mitochondrial oxidant stress can lead to the oxidation of specific cysteine residues in the catalytic 
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region of GBA1, further contributing to decreased GBA1 enzymatic activity (Burbulla et al., 

2017). Interestingly, it was recently observed that mitochondria-lysosome contact site dynamics 

were disrupted in a GBA1 human iPSC-derived dopaminergic neuronal model of Parkinson’s 

disease, further suggesting the contribution of mitochondria-lysosome contact sites to neurological 

disease phenotypes (Kim, Wong, Gao, & Krainc, 2021). 

 

Future studies on mitochondria-lysosome contact sites 

 Looking forward, multiple techniques and approaches will be crucial for shedding further 

light on the organization and function of mitochondria–lysosome contact sites. These include new 

advanced imaging techniques, such as grazing incidence structured illumination microscopy (GI-

SIM) for nanoscale resolution over millisecond timescales (Guo et al., 2018)combined with 

internal tagging of endogenous proteins (Kumar et al., 2018) and single molecule tracking to 

visualize protein dynamics at contact sites. In addition, techniques such as the use of protein-

fragment complementation libraries, which enable systematic analysis of membrane protein 

topology (Weill et al., 2018), or proximity biotinylation with APEX2 (Hung et al., 2017) will help 

to identify new regulators of membrane contact sites. Ultimately, future studies on the function 

and regulation of these contacts will be critical for advancing our understanding of the roles 

mitochondria and lysosomes play in health and disease. 
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