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Abstract 1 

 2 

Eukaryotic cells are partitioned into functionally distinct organelles. Long considered as 3 

independent units in the cytosol, organelles are actually in constant and direct interaction with each 4 

other, mostly through the establishment of physical connections named membrane contact sites. 5 

Membrane contact sites constitute specific active regions involved in organelle dynamics, inter-6 

organelle exchanges and communications. The endoplasmic reticulum (ER), which spreads throughout 7 

the cytosol, forms an extensive network that has many connections with the other organelles of the 8 

cell. Ample connections between the ER and endocytic organelles are observed in many cell types, 9 

highlighting their prominent physiological roles. Even though morphologically similar - a contact is a 10 

contact -, the identity of ER-Endosome contacts is defined by their specific molecular composition, 11 

which in turn determines the function of the contact. Here, we review the molecular mechanisms of 12 

ER-Endosome contact site formation and their associated cellular functions. 13 
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Introduction 1 

The cell interior is in constant exchange with the extracellular space. Endocytosis allows the 2 

displacement of material from the plasma membrane (PM) and the exterior of the cell to the inside of 3 

the cell. Endocytosis uses a complex machinery made of cytosolic proteins and a pleiomorphic 4 

membrane system composed of tubes and vesicles [1,2]. After the inward budding of a membrane 5 

vesicle from the PM, endosomes gradually mature into intermediate compartments named early 6 

endosomes (EE) and late endosomes (LE), and ultimately generate the degradative compartment 7 

named lysosome (LY) (Fig. 1). This one-way route was challenged by observations uncovering a number 8 

of alternative paths along endocytosis [3]. As such, endosomes are also sorting machines that allow 9 

either the recycling of a subset of membrane receptors towards the cell surface, or the targeting of 10 

others towards lysosomes for degradation (Fig. 1). Furthermore, endosomes mediate the retrograde 11 

transport of proteins to the Golgi, or the release of inner luminal vesicles (ILVs) after fusion with the 12 

PM, the so-called exosomes [4–6]. In the last decade, new insights have explained how the variety of 13 

events occurring within the endocytic compartment can be integrated with the rest of the cell. Indeed, 14 

it was shown that endosomes physically contact other cellular organelles and that these contacts in 15 

turn regulate the endocytic machinery [7–9]. As endosomes contact more predominantly the 16 

endoplasmic reticulum (ER), in this review, we will discuss the mode of formation and the different 17 

functions that were described for ER-Endosome contacts (Fig. 1). 18 

 19 

 20 

The ER and endosomes come close 21 

The endolysosomal network is made of membrane-bound organelles functionally inter-connected. 22 

The physical barrier created by membranes around organelles is crucial to create favorable 23 

environments allowing specific metabolic activities, and to give each compartment its identity 24 

[1,2,10,11]. In accordance with this idea, organelles were for a long time considered as independent 25 

entities, being more or less permeable to cytosolic compounds, and/or being linked to the rest of the 26 

cell through vesicular trafficking. Interestingly, early observations in yeast showed that two organelles, 27 

the nuclear envelope which is composed of ER sheets, and the vacuole, the organelle equivalent to the 28 

lysosome, were physically associated [12]. This structure called the nucleus–vacuole junction was later 29 

functionally characterized and shown to be generated, at least in part, by the interaction between two 30 

proteins from the ER (Nvj1p) and the vacuole (Vac8) [13,14]. In mammalian cells, the identification of 31 

contacts between endosomes and the ER is more recent. The first clues that physical contacts occurred 32 

between an endocytic compartment and the ER came from time-lapse observations of live cells 33 

expressing the Niemann Pick C1 (NPC1) protein fused to a fluorescent protein. These data showed that 34 

NPC1-positive LE move in association with ER tubes [15]. Later, electron microscopy observations of a 35 

specific form of endocytosis named phagocytosis, during which a specialized cell of the immune system 36 

engulfs a large foreign particle such as a pathogen, led to the description of a physical association 37 

between this endocytic compartment and the ER [16]. The role of these phagosome-ER contacts was 38 

thoroughly discussed in a recent review [17]. 39 

Besides these observations, a general definition of inter-organelle contacts was later given. Inter-40 

organelle contacts, or membrane contact sites, are defined as subcellular regions where the 41 

membranes of distinct organelles come into close apposition, with the two heterologous membranes 42 

being separated by less than 30 nm [18,19]. At the molecular level, the building of contacts requires 43 

protein-protein and/or protein-membrane interactions. Electron and fluorescent microscopy studies 44 

showed that endosomes and the ER form extended contacts [20–23] along the endocytic pathway (Fig. 45 

2A). Intriguingly, during their maturation from early to LEs/LYs, the association with the ER becomes 46 

more and more pronounced, ranging from around 60-80% of EE being associated to the ER, to around 47 

90% of LEs/LYs in contact with the ER in Cos-7 cells [22,24]. Of note, in resting cells, around 3-5 % of 48 
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the surface of the endocytic machinery is in direct contact with the ER [20,22,25]. As a matter of 1 

comparison, the surface of mitochondria in contact with the ER is slightly higher, ranging from 5 to 2 

15% [25–29]. At the region of contact, the ER and endosome membranes can be separated by less than 3 

10 nm [25], and ribosomes are excluded from the ER membrane touching the endosome membrane, 4 

while the other side of the ER can be either covered with ribosomes or naked [22,25]. This suggests 5 

that ribosomes are excluded from the contact area because of the tight association of the membranes 6 

of the two organelles created by protein complexes functioning in these contacts. 7 

Thus, ER-Endosome contacts appear to be general structures of the cell. However, the extent of the 8 

organelle surface involved in contacts, and the very nature of these contacts (i.e. the proteins/lipids 9 

present in the contact) most likely vary according to the cell type, and their physiological state. 10 

 11 

 12 

Components of ER-Endosome contact sites 13 

The establishment and the support of contacts between the membranes of two organelles require 14 

the presence of scaffold proteins defined as tethers [30]. A tether can be a protein or a complex made 15 

of two or more proteins (tethering complex) bridging two membranes, and enabling contact 16 

maintenance. Three major receptors present on the surface of the ER act as molecular hooks by 17 

interacting promiscuously with proteins at the surface of other organelles. These proteins named 18 

vesicle-associated membrane protein-associated proteins (VAP) A and B, and motile sperm domain-19 

containing protein 2 (MOSPD2), belong to the major sperm protein (MSP) domain-containing family 20 

(Table I) [26,31,32]. VAP-A, VAP-B and MOSPD2 are anchored in the ER membrane by a carboxyl-21 

terminal transmembrane domain, and their cytoplasmic MSP domain is able to interact with proteins 22 

that possess a small linear motif named two phenylalanines (FF) in an acidic tract (AT) (FFAT) (Table I) 23 

[31,33,34]. Through these interactions, VAP-A/B/MOSPD2 and their organelle-bound FFAT-containing 24 

partners assemble into tethering complexes allowing the building of contact sites. Actually, a number 25 

of distinct proteins having a FFAT motif are at the surface of endosomes and allow the formation of 26 

contact sites with the ER (Table I). 27 

Most of the different tethering complexes present in ER-Endosome contacts involve VAP-A, VAP-B 28 

and MOSPD2 (Table I and II). The other tethering complexes consist of an ER-associated protein 29 

interacting with an endosomal protein or lipid. For instance, the ER-associated S100-A11 protein 30 

interacts with its endosomal protein partner Annexin A1 in a calcium-dependent manner (Table II) [35]. 31 

Furthermore, lipids and lipid-binding proteins can be part of organelle tethering complexes. For 32 

example, Protrudin, an ER-anchored protein, binds to phosphatidylinositol 3-phosphate [PI(3)P] at the 33 

surface of endosomes to form an ER-Endosome contact (Table II) [36]. 34 

Even if all ER-Endosome contacts look quite similar, each tethering complex has its own mode of 35 

formation and function (Table I and II). The current knowledge on the roles and makeup of the different 36 

tethering complexes involved in ER-Endosome contacts will be described throughout this review. 37 

 38 

 39 

ER-Endosome contacts regulate endosome dynamics 40 

Endo/lysosomes are highly motile organelles which traffic between the cell center and periphery. 41 

These long range movements are mediated by molecular motors attached to the organelle by specific 42 

adaptor proteins, and sliding along microtubules (Fig. 1). Microtubules are polarized polymers of 43 

tubulin, and most motors from the kinesin family drive organelle transport towards the microtubule 44 

plus-end, while motors from the dynein family drive transport in the opposite direction [37,38]. Thus, 45 

one aspect of the dynamics of endolysosomal structures lies in their regulated movements within the 46 

cytosol. Another aspect comes from the mosaic morphology of endolysosomal organelles, ranging 47 

from large round vesicles to thin elongated tubules. Intriguingly, endosome positioning and tubulation 48 



5 | 27 

 

are both controlled by the ER, and involve ER-Endosome contacts. In this section, we will describe the 1 

involvement of the ER in endosome positioning, and then in endosome tubulation and fission. 2 

 3 

 ER-Endosome contacts in endosome positioning 4 

Endosomes come in multiple shapes from large vesicles to thin extended tubules which both move 5 

dynamically inside the cytosol. These movements are regulated by the recruitment of adaptor proteins 6 

which link endosomes and microtubule motors. Interestingly, adaptor proteins recruitment onto 7 

endosomes was shown to be controlled in part by ER-Endosome contacts. 8 

Cholesterol is the major non-polar lipid of mammalian biological membranes [39]. Cholesterol 9 

content and transport in the endosomal system is linked to LEs/LYs trafficking, as illustrated by the 10 

NPC disease [40]. NPC is an autosomal recessive neurodegenerative disorder associated with 11 

mutations in NPC1 and NPC2 genes. NPC1 and NPC2 mutations result in cholesterol accumulation in 12 

LEs/LYs which is linked to the blockage of these organelles at the microtubule minus-end, in the 13 

perinuclear region [15,41,42]. One mechanism regulating the recruitment of motor proteins on 14 

endosomes relies on the sensing of cholesterol levels at their limiting membrane by the oxysterol 15 

binding protein (OSBP)-related protein 1L (ORP1L). This protein belongs to the OSBP family, a family 16 

composed of twelve lipid transport protein (LTP) genes in mammals [43]. LTPs are involved in the 17 

monomeric transport of lipid molecules between membranes. ORP1L is one of the two major isoforms 18 

produced from the OSBPL1A gene, together with ORP1S [44]. ORP1L possesses three amino-terminal 19 

ankyrin repeats (AR), a pleckstrin homology (PH) domain, an FFAT motif, and a carboxyl-terminal OSBP-20 

related ligand-binding domain (ORD) (Tables I and II) [45]. This protein organization explains the ability 21 

of ORP1L to connect two distinct organelles. Indeed, ORP1L can associate with the ER thanks to its 22 

FFAT motif which interacts with VAPs and MOSPD2, and with LEs/LYs by interacting with the active 23 

form of the guanosine triphosphate (GTP)ase Rab7, thanks to its AR [23,26,46]. Comparatively, ORP1S 24 

is a cytosolic protein lacking the AR and PH domains, as well as the FFAT motif. Thus, unlike ORP1L, 25 

ORP1S is not involved in ER-Endosome tethering. In 2005, Olkkonen and collaborators showed that the 26 

overexpression of ORP1L induces the perinuclear clustering of LEs/LYs [46]. A model based on 27 

cholesterol-dependent protein conformational changes was later proposed to explain the molecular 28 

mechanism of endosome positioning controlled by ORP1L. ORP1L possesses two alternative 29 

conformations [23]: i) under high endosomal cholesterol levels, ORP1L harbors a closed conformation 30 

compatible with the recruitment of the molecular motor dynein onto endosomes, thereby favoring 31 

minus end microtubule transport; this recruitment involves a complex composed of the small GTPase 32 

Rab7, the Rab-interacting lysosomal protein (RILP), and dynactin; ii) alternatively, under low 33 

endosomal cholesterol levels, ORP1L is in an open conformation freeing its FFAT motif, and thus 34 

allowing its interaction with VAP-A. ORP1L-VAP-A interaction promotes ER-Endosome contact 35 

formation, and impedes minus end transport [23]. Along the same line, ORP1L has been shown to 36 

localize to late autophagosomes, controlling their transport and fusion with the endocytic pathway 37 

[47]. Accordingly, in ORP1L-depleted cells, a lower fraction of structures positive for the autophagic 38 

marker microtubule associated protein 1 light chain 3 (LC3) is found at the cell periphery. Moreover, 39 

the expression of an ORD-depleted form of ORP1L increases the percentage of scattered 40 

autophagosomes. This phenotype is linked to the increased association of this ORP1L mutant with VAP-41 

A, which induces ER-autophagosome contact formation. In this context, ORP1L in contact with the ER 42 

prevents both the fusion of autophagosomes with LEs, and their minus end transport [47]. 43 

The transport of LEs/LYs towards the periphery of the cells is also controlled by ER-Endosome 44 

contacts. Protrudin is a transmembrane protein localized in the ER membrane. Structurally, this 45 

protein is composed of several regions including a FFAT motif, a low complexity region (LCR) and a 46 

FYVE [named after Fab 1, YOTB, Vac1, and EEA1] domain. The LCR and FYVE domains are able to bind 47 

the endosomal protein Rab7 and the endosomal lipid PI(3)P, respectively (Table II) [36,48]. As a result, 48 
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since Protrudin is at the same time anchored to the ER membrane and able to interact with 1 

endosomes, this protein allows the building of ER-Endosome contacts [36]. Surprisingly, Protrudin 2 

expression also causes LE accumulation at the periphery of the cell in a FYVE and coiled-coil domain 3 

containing 1 (FYCO1)-dependent manner. FYCO1 is another Rab7/PI(3)P-interacting protein found in 4 

the same complex as Protrudin. Furthermore, FYCO1 and Protrudin are both kinesin interacting 5 

proteins. Hence, it has been proposed that, at the site of Protrudin-mediated ER-Endosome contacts, 6 

Protrudin promotes the loading of the motor protein kinesin on FYCO1, which in turn mediates LE plus 7 

end transport. At the end of their journey, LEs fuse with the PM in a synaptotagmin-7 (SYT7)-8 

dependent manner and promote outgrowth of protrusions and neurites [36]. Intriguingly, Protrudin 9 

also contains an FFAT motif that allows its interaction with VAP-A inside the membrane of the ER 10 

[34,49]. Functionally, this interaction is required to promote Protrudin-mediated neurite extension 11 

[49]. However, the role played by Protrudin/VAP-A association in LE translocation towards the PM 12 

remains elusive. Furthermore, in a more general context, the meaning of the interaction of VAP 13 

proteins with other ER proteins via an FFAT motif remains to be characterized. It is tempting to 14 

speculate that such interactions could be involved in ER-ER contacts, and therefore in ER dynamics.  15 

The positioning of LEs/LYs is influenced by nutrient availability. Starvation induces the relocation of 16 

LEs/LYs in the perinuclear region, while nutrient abundance causes LEs/LYs dispersion [50]. This 17 

regulated positioning of LEs/LYs coordinates the cellular nutrient response, and in particular the 18 

activation of the major metabolism regulator mechanistic Target Of Rapamycin Complex 1 (mTORC1). 19 

In response to serum and amino acid starvation, mTORC1 signaling is turned off and the retrograde 20 

transport of LEs/LYs mediated by the dynein-dynactin motor and microtubules is activated, which leads 21 

to the perinuclear accumulation of LEs/LYs [51]. Conversely, when nutrients and growth factors are 22 

present, anterograde transport of LEs/LYs is promoted and mTORC1 activated. In this later condition, 23 

ER-Endosome contacts involving Protrudin favor the plus end transport of mTORC1 bearing endosomal 24 

vesicles towards the cell periphery [52]. Amino acids activate PI(3)P production on LEs/LYs, which is 25 

mediated by the class III phosphatidylinositol 3-kinase VPS34/PIK3C3, and thus allow the recruitment 26 

of Protrudin and the formation of contact sites with the ER. Similarly to the mechanism described 27 

above, Protrudin then promotes the loading of Kinesin on FYCO1, which in turn mediates LE plus end 28 

transport [52]. This transport of mTORC1-positive LEs/LYs to the cell periphery is crucial for mTORC1 29 

activation. Indeed, in cells silenced for Protrudin or FYCO1, mTORC1 activation is reduced, which 30 

suggests that mTORC1 needs to be brought in the vicinity of the PM to be properly activated by the 31 

growth factor signaling cascades. Conversely, in starved condition, the inactivation of mTORC1 32 

signaling is accompanied by the induction of autophagy, which fuels the cellular metabolism [50]. 33 

LEs/LYs are both transported towards the center of the cell, and actively retained in this area of the 34 

cell. 35 

Endosome motility varies according to their position in the cell: perinuclear endosomes are mostly 36 

static, while peripheral endosomes are highly mobile [53–55]. A recent study has demonstrated that 37 

the ubiquitin ligase RING finger protein 26 (RNF26; Table II) controls the spatiotemporal organization 38 

of endosomes by trapping them onto the perinuclear ER [54]. Accordingly, in cells devoid of RNF26, 39 

both early endosomes and LEs/LYs become more peripherally localized. RNF26 is an ER-anchored 40 

protein localized predominantly in the perinuclear ER where it interacts and ubiquitinates its substrate 41 

the sequestosome 1 (SQSTM1) protein, also known as ubiquitin-binding protein p62 (Table II) [54]. In 42 

turn, ubiquitinated SQSTM1 recruits several ubiquitin-binding domain (UBD)-containing proteins 43 

associated with endocytic organelles, such as the EE protein epidermal growth factor receptor 44 

substrate 15 (EPS15; Table II), and the LE protein Toll interacting protein (TOLLIP; Table II). These 45 

molecular assemblies, by bridging the ER and endosomes, restrain endosomes in the perinuclear 46 

region. The release of endosomes from the ER, which favors their anterograde transport, is mediated 47 

by the de-ubiquitination of SQSTM1 by the ubiquitin carboxyl-terminal hydrolase 15 (USP15). 48 
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 1 

 ER-Endosome contacts in endosome tubulation and fission 2 

A startling function of ER-organelle contacts was discovered by Voeltz and collaborators in the 3 

mitochondria. They showed that ER tubules come in contact with mitochondria and mark the site 4 

where organelle fission occurs afterwards [56]. The same laboratory later showed that endosome 5 

fission also occurs at sites of ER contact [57]. 6 

During its journey, the endocytosed cargo is sorted along the endocytic compartment. Cargo 7 

segregation depends on its destination, the PM, the Golgi, or LYs which correspond to recycling, 8 

retrograde, and degradation routes, respectively. Besides, this mechanism is accompanied by the 9 

segregation of Rab GTPases into distinct domains in the endosomes [5,11,58]. The recycling and 10 

retrograde transport routes involve endosomal tubulation, a mechanism which requires the actin and 11 

microtubule cytoskeletons, and their regulatory components, i.e microtubule motor proteins, Wiskott-12 

Aldrich syndrome protein and scar homolog (WASH)-mediated branched actin network, retromer and 13 

sorting nexins (SNXs) [58,59] (Fig. 1 and 3).  14 

Intriguingly, the ER is directly involved in these endosomal membrane dynamics (Fig. 3). Indeed, ER 15 

tubules are recruited to tubulating early and late endosomes, and fission takes place at the site of 16 

contact marked by the retromer-associated protein FAM21 [57]. A direct physical link between the ER 17 

and the retromer complex ensues from the interaction between the ER resident VAP proteins and the 18 

retromer complex component SNX2 (Table I) [60]. Retromer is a multiprotein complex which controls 19 

cargo sorting and mediates endosome tubulation; this complex was primarily involved in endosome to 20 

Golgi transport of cargos such as the cation-independent mannose-6-phosphate receptor (CI-MPR), a 21 

protein which shuttles from the Golgi to endosomes to transport acid hydrolases [61].  22 

In order to better visualize the relationship between ER tubes and endosome fission, Rowland et 23 

al. generated elongated endosomes by inhibiting the fission machinery, either by treating the cells with 24 

the dynamin inhibitor dynasore, or by depleting Dynamin-2 (Dyn2). They observed that more than 80% 25 

and 100% of EE and LE fission sites were crossed by ER tubules, respectively. Thus, the authors 26 

proposed a model in which endosomal fission is regulated in time and space by ER contact sites [57]. 27 

More recently, proteins acting as tethers at ER-mediated endosome fission sites were identified [62]. 28 

By using a proximity-based labelling strategy, the authors uncovered the presence of the ER-resident 29 

protein Transmembrane and Coiled-Coil domains protein 1 (TMCC1) (Table II) at the level of FAM21-30 

positive endosome fission sites. TMCC1 specifically drives the ER to the budding region where the 31 

endosomal protein Coronin 1C (CORO1C) is present (Fig. 3; Table II). Depletion of CORO1C or TMCC1 32 

prevents the recruitment of the ER to the endosome bud, and consequently decreases bud fission. This 33 

loss of function strategy showed that TMCC1-CORO1C association mediates the formation of ER-34 

Endosome contacts involved in endosomes fission [62]. Interestingly, depletion of TMCC1 or CORO1C 35 

does not completely suppress endosome tube fission, suggesting that other unidentified complexes 36 

involved in this process exist. Furthermore, because budding/fission events are associated with 37 

membrane elongation and curvature, which need lipids to build up the membrane, it is tempting to 38 

speculate that LTPs could be recruited at ER-Endosome tube contacts, to provide membrane lipids to 39 

the endosome in order to favor membrane expansion in the growing tube. 40 

At the point of contact with the ER, endosome tubules are constricted, and then they undergo 41 

fission [57,62]. In mitochondria, ER-associated constriction sites are marked by mitochondrial fission 42 

factors mediating the recruitment of the fission machinery, namely the dynamin-related protein 1 43 

GTPase (Drp-1), and later in the process Dyn2 [56,63,64]. At the level of endosomes, the fission 44 

machinery is not completely identified. One promising complex candidate, localized at ER-Endosome 45 

contacts, is composed of Spastin (a microtubule-severing ATPase), and IST1 (an endosomal sorting 46 

complex required for transport (ESCRT)-III -associated protein) (Table II) [65]. At the subcellular level, 47 

Spastin associates with the ER by interacting with several ER-shaping proteins from the receptor 48 
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expression-enhancing protein (REEP), reticulon, and atlastin families [66]. In cells lacking Spastin, the 1 

life-time of endosome tubules is increased concomitantly with the number of ER-Endosome contacts, 2 

showing that Spastin is needed to promote endosome tube fission, but not for the formation of ER-3 

Endosome contacts [65,67]. The same phenotype is observed in mouse embryonic fibroblasts 4 

expressing an ATPase-defective Spastin, supporting the idea that Spastin-mediated endosomal fission 5 

requires a functional ATPase activity. Furthermore, depletion of the Spastin-binding partner IST1 is also 6 

associated with an increased tubulation life-time, from less than 10 seconds (s) in control cells to 7 

around 15 s in IST1-depleted cells. Moreover, the re-expression in IST1-depleted cells of a mutant IST1 8 

protein unable to interact with Spastin failed to rescue the normal life-time of endosome tubules, 9 

indicating that Spastin-IST1 interaction is necessary for efficient endosomal fission at ER contacts [65]. 10 

Whether the Spastin-IST1 complex works in synergy with the TMCC1-CORO1C tethering complex at 11 

ER-Endosome contacts remains an open question.  12 

Interestingly, Spastin (also known as spastic gait 4 - SPG4) is mutated in hereditary spastic 13 

paraplegia (HSP) disease, a condition characterized by axon degeneration [68]. Fibroblasts from 14 

Spastin-HSP patients display lysosomal abnormalities, namely an increased proportion of enlarged 15 

lysosomes with altered morphology. These phenotypes are also observed in cells lacking other HSP-16 

associated proteins, strumpellin and REEP1 [65]. These data directly link defects of ER-dependent 17 

endosomal fission and axonopathy [65]. 18 

 19 

 20 

Lipid transfer across ER-Endosome contacts 21 

In eukaryotic cells, lipids are unevenly distributed between organelles [39]. For instance, cholesterol 22 

is highly present in the PM, intermediately in endosomes, and is only scarce in the ER. This 23 

characteristic distribution of lipids is caused by selective and directional lipid movements. Since lipids 24 

are highly insoluble in water, their transport in between organelles occurs by vesicular or non-vesicular 25 

pathways. Non-vesicular transport usually involves LTPs [69–71]. Structural and biochemical analyses 26 

have shown that most LTPs contain a hydrophobic lipid-binding tunnel which accommodates one lipid 27 

molecule. The mode of action of LTPs requires the protein to take one lipid molecule from the outer 28 

leaflet of a donor membrane, to travel across the hydrophilic environment in between the two 29 

membranes (for instance the cytosol), and to deliver its cargo to the outer leaflet of an acceptor 30 

membrane [18,71]. Thus, LTPs can be considered as devices equilibrating lipid concentration between 31 

membranes. Several associated mechanisms explain how such a simple function ensures a selective 32 

and directional transport of lipids. For instance, each LTP usually binds one, or a restricted number of 33 

lipid species, which accounts for specificity [69]. Directional transport is mostly achieved through lipid 34 

trapping, and heterotypic lipid exchange [70]. For instance, lipid trapping in the acceptor compartment 35 

can be mediated by the enzymatic conversion of this lipid into another lipid species, preventing its 36 

transport in the opposite direction, and thus allowing a unidirectional transport. This mechanism can 37 

be exemplified with ceramide transfer from the ER to the trans-Golgi, which is carried out by the LTP 38 

StAR related lipid transfer domain-11 (STARD11); indeed, once in the trans-Golgi, ceramide is 39 

converted into sphingomyelin [72]. The heterotypic exchange of lipids consists in the transfer of two 40 

different lipid species (lipid A and B) by an LTP; the trapping of lipid A fuels the counterflow transport 41 

of lipid B [73]. For instance, the OSBP-related protein Osh4p counter-transports sterol and PI(4)P 42 

between the ER and the Golgi; PI(4)P consumption in the ER by the phosphatase Sac1 allows the 43 

anterograde transport of sterol against its concentration gradient [73,74]. 44 

The main parameters affecting the efficiency of LTP-mediated lipid transport are the energy barrier 45 

of lipid desorption from the membrane, and the distance between membranes [18,75]. Hence, some 46 

LTPs act specifically in contact sites between organelles [71,76,77]. Contact sites formation spatially 47 
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restricts the action of LTPs, and facilitates its regulation [75]. To date, cholesterol transport is the most 1 

documented lipid transport in ER-Endosome contacts. 2 

Cells can acquire cholesterol by two means, biosynthesis which occurs in the ER, and endocytosis 3 

of lipoproteins [78]. Thus, ER-Endosome contacts are at the crossroad of cholesterol homeostasis. Two 4 

LTPs, STARD3 belonging to the Steroidogenic Acute Regulatory protein related lipid transfer (START) 5 

family, and ORP1L belonging to the OSBP family, were shown to mediate cholesterol transport in ER-6 

Endosome contacts (Fig. 4A; Table I). 7 

STARD3 (START domain-3) is a transmembrane protein localized in LEs (Fig. 2) [79]. This protein is 8 

composed by two distinct domains, an amino-terminal MENTAL transmembrane domain which 9 

anchors the protein in the membrane of LEs, and a cytosolic carboxyl-terminal START domain (Table I) 10 

[80]. STARD3 is one of the 15 human START proteins, and it belongs to the START protein sub-family 11 

involved in cholesterol transport [81,82]. At the boundary between the MENTAL and the START domain 12 

of STARD3 lies an FFAT-like motif allowing its interaction with VAPs and MOSPD2 [25,26]. 13 

Ultrastructural observations of STARD3 expressing cells showed that LEs positive for STARD3 are 14 

wrapped by ER membranes [25]. Indeed, the interaction between STARD3, anchored onto the 15 

endosome, and VAP-A, VAP-B or MOSPD2, anchored onto the ER, induces the formation of ER-16 

Endosome contacts (Fig. 2 B-D). 17 

The presence of STARD3 at the interface between endosomes and the ER suggested that it could 18 

exchange cholesterol between these two organelles. Cholesterol labeling using fluorescent probes 19 

indeed showed that STARD3 expression mediates cholesterol transport towards endosomes 20 

[77,79,83]. Moreover, structure-function studies demonstrated that both a functional START domain 21 

binding cholesterol, and the ability of the protein to mediate ER-Endosome contact formation were 22 

required for cholesterol transport [77] (Fig. 4A). In agreement with these data, in vitro reconstitution 23 

of ER-Endosome contact sites using liposomes harboring STARD3 (Endosome-like liposome) and VAP-24 

A (ER-like liposome) showed that the STARD3-VAP-A tethering complex is a highly efficient machine to 25 

build a contact and transfer cholesterol between membranes [77]. The importance of STARD3 in 26 

cholesterol transport is supported by a genome-wide association study which linked the STARD3 gene 27 

and high density lipoprotein (HDL) cholesterol concentration [84]. However, STARD3-deficient mice 28 

showed only modest cholesterol alterations, suggesting that intracellular cholesterol transport 29 

pathways are highly redundant [85]. 30 

Intriguingly, another human protein possesses a MENTAL domain. This protein, named STARD3NL 31 

(STARD3 N-terminal like) is not a LTP, as it does not possess a lipid-binding domain, but similarly to 32 

STARD3, it is anchored in LE membranes, and it harbors an FFAT-like motif (Table I) [25,86]. Indeed, 33 

STARD3NL interacts with VAPs and MOSPD2 to mediate the formation of ER-endosome contacts 34 

[25,26]. However, the function of this protein within ER-Endosome contacts remains elusive. It was 35 

shown that STARD3NL interacts with STARD3 as well as cholesterol, and therefore we can hypothesize 36 

that STARD3NL regulates the function of STARD3 [80,87]. 37 

As described above, ORP1L is involved in ER-Endosome contact formation under low cholesterol 38 
conditions [23]. The ability of ORP1L to tether two organelles, and to transport cholesterol with its 39 
ORD domain, suggested that this protein could mediate cholesterol transport within ER-Endosome 40 
contacts [23,88,89] (Fig. 4A). Besides, the involvement of ORP1L in cholesterol transport is further 41 
supported by the identification of an ORP1L heterozygous truncating mutation associated with low 42 
circulating HDL levels in human [90]. 43 

In Caenorhabditis elegans, inactivation of ORP genes induced defects in the formation and function 44 
of multivesicular endosomes, associated with a reduced cholesterol content in LEs/LYs [91]. Moreover, 45 
this function is conserved in human since ORP1L knockdown resulted in a similar phenotype with the 46 
formation of enlarged endosomes containing less ILVs. Besides, this role of ORP1L was recently linked 47 
with the ability of the protein to fuel cholesterol from the ER into endosomes, in low cholesterol 48 
conditions, to favor membrane, and specifically ILV formation [35]. Accordingly, depletion of ORP1L or 49 
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VAPs reduces both ILV formation and cholesterol content in Epidermal Growth Factor Receptor (EGFR)-1 
endosomes. Interestingly, the LTP STARD3 is possibly regulating ILV formation by transporting 2 
cholesterol within ER-Endosome contacts [77]. Indeed, cells expressing STARD3 exhibited endosomes 3 
with more internal membranes. Structure/function studies revealed that this phenotype required the 4 
ability of STARD3 to scaffold ER–endosome contacts, and the START domain of STARD3 [77]. Thus 5 
ORP1L and STARD3 are involved in the transport of ER-derived cholesterol to provide building blocks 6 
for membrane formation in endosomes. However, VAP/ORP1L and VAP/STARD3 do not operate in the 7 
same endosome population, VAP/ORP1L and VAP-STARD3 being associated with EGFR and non-EGFR 8 
endosomes, respectively [35,77]. 9 

Interestingly, ORP1L-mediated cholesterol transport is not unidirectional as ORP1L-deficient cells 10 
display endosome-to-ER cholesterol transfer defects [92]. Actually, ORP1L-knock-out cells display the 11 
features of defective endosome–to–ER LDL cholesterol export. When cultivated in LDL containing 12 
medium, these cells exhibited Acyl-CoA: cholesterol acyltransferase (ACAT)-mediated esterification 13 
defects, this enzyme being an ER-resident enzyme which esterifies the excess of cholesterol when it 14 
reaches the ER. In a similar way, sterol-regulated genes were increased, which was accompanied with 15 
an increase in sterol synthesis, and finally cholesterol accumulated in endosomes. Structure/function 16 
studies showed that the ability of ORP1L to interact with VAPs, and to bind cholesterol and PIPs in its 17 
ORD domain were both required for endosome cholesterol egress, further supporting the ability of the 18 
protein to promote cholesterol transport in ER-Endosome contacts [92]. 19 

Recent in vitro analysis showed that PIPs, and more specifically PI(4,5)P2 and PI(3,4)P2, enhance 20 

cholesterol transport by an allosteric mechanism facilitating ORP1 membrane targeting and 21 

cholesterol extraction [93]. This role of phosphoinositides is different from what was shown for other 22 

OSBP-related proteins for which PIPs, and in particular PI(4)P, is counter-transported by the protein. 23 

Indeed, Drin and collaborators have shown that the transport of lipids, such as cholesterol or 24 

phosphatidylserine, from the ER to their target compartment (Golgi, PM) is coupled to the backward 25 

transport of PI(4)P [73,94]. PI(4)P synthesis in the target organelle, and its degradation by the 26 

phosphatase Sac1 in the ER, fuels energy in the lipid transport cycle, and permits the creation of a lipid 27 

gradient [74,95].  28 

OSBP is the founding member of the OSBP protein family (Table I). This protein counter-exchanges 29 

cholesterol and PI(4)P in ER-Golgi contacts [76]. In addition to being present at the level of ER-Golgi 30 

contacts, OSBP is also found in ER-Endosome contacts built by the interaction between VAP proteins 31 

and SNX2 [60]. Indeed, OSBP is implicated in endosome-to-Golgi traffic by regulating actin nucleation 32 

and retromer function through PI(4)P transport in ER-Endosome contacts mediated by VAP/SNX2 33 

interaction. In the absence of OSBP, PI(4)P accumulates on endosomes and induces WASH recruitment, 34 

and actin nucleation. Given that OSBP counter-exchanges cholesterol and PI(4)P between the ER and 35 

Golgi, it most probably regulates PI(4)P levels in the endosome by counter-transporting cholesterol 36 

from the ER. The role of this presumed cholesterol flux during endosome-to-Golgi traffic remains to be 37 

determined (Fig. 4B). 38 

Cholesterol transport at ER-endosome contacts is not a unique one-way process. Several protein 39 

complexes are involved, and cholesterol transport can be bi-directional. This supports the idea that 40 

different pools of endosomal cholesterol exist and that its transport must be adapted to the biological 41 

context thanks to specialized endosome populations and the presence of discrete functional domains. 42 

 43 

 44 

Membrane contact sites along membrane receptor endocytic route 45 

Endosomes play a crucial role in the spatio-temporal regulation of receptor tyrosine kinase (RTK) 46 

activity [96,97]. EGFR represents the archetype of endocytosed RTK destined for degradation (Table II) 47 

[97]. Upon ligand binding, EGFR dimerizes and dimers cross-phosphorylate their cytoplasmic tail; the 48 

phosphorylated tyrosines act as docking sites for the recruitment and activation of downstream 49 
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signaling targets. After its activation, EGFR is rapidly endocytosed, which is the first step of signal 1 

termination. Although signaling from EGFR takes place predominantly at the PM, the receptor is still 2 

active within the endosomal system where it is able to recruit and activate its cytoplasmic substrates 3 

[98]. Finally, the receptor is dephosphorylated by specific phosphatases, and is subjected to 4 

internalization into ILVs, which suppress EGFR signaling. In the end, EGFR reaches the lysosome where 5 

it is degraded [99]. Thus, activation and inactivation of EGFR occur at different subcellular areas. 6 

Contacts between EGFR-endosomes and the ER were shown to be involved in signal termination. 7 

Indeed, EGFR interacts with the ER-anchored protein tyrosine phosphatase PTP1B within ER-Endosome 8 

contacts, which allows its dephosphorylation [20,100] (Fig. 5A; Table II). Moreover, ER-Endosome 9 

contacts are involved in the formation of ILVs and the sequestration of EGFR in these structures 10 

[20,35,101]. 11 

To identify the tethering complex involved in the formation of ER-Endosome contacts allowing EGFR 12 

dephosphorylation by PTP1B, Eden and collaborators analyzed ER-Endosome contacts in cells treated 13 

with EGF in the absence of selected candidate genes [35]. Despite the notion that most ER-Endosome 14 

contacts involve VAP proteins, the number of contacts between EGFR-containing endosomes and the 15 

ER is not perturbed in VAP-depleted cells stimulated with EGF. Rather, depletion of Annexin A1 (Table 16 

II), an endosome-localized EGFR substrate, specifically decreases ER/EGFR-Endosome contacts which 17 

is accompanied by a prolonged EGFR phosphorylation [35,102]. Furthermore, electron microscopy 18 

observations revealed that Annexin A1, EGFR and PTP1B co-localize in ER-Endosome contacts, 19 

reinforcing the idea that PTP1B-mediated EGFR dephosphorylation occurs in contacts built by Annexin 20 

A1. The quest for a tethering partner revealed that to build contacts, Annexin A1 needs to interact with 21 

the ER-localized Protein S100-A11 in a calcium-dependent manner (Fig. 5B; Table II) [35,103]. Thus, 22 

Annexin A1 and S100-A11 build ER-Endosome contacts that are specifically populated by EGFR and 23 

PTP1B in the endosome and ER membrane, respectively, and constitute a dephosphorylation 24 

compartment for EGFR en route for degradation in the lysosome (Fig. 5B). 25 

Importantly, Annexin A1/S100-A11-regulated ER-Endosome contacts are not only involved in EGFR 26 

dephosphorylation, but also in the formation of ILVs. Indeed, the absence of either Annexin A1 or S100-27 

A11 disrupts ILV formation, in addition to decreasing contacts [35]. The formation of ILVs is mediated 28 

by the ESCRT machinery, which is made up of cytosolic protein complexes named ESCRT-0, ESCRT-I, 29 

ESCRT-II and ESCRT-III [104]. Hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and 30 

signal-transducing adaptor molecule (STAM) are ESCRT-0 components which are phosphorylated in 31 

response to growth factor stimulation, such as EGF. Interestingly, besides acting on EGFR, PTP1B also 32 

dephosphorylates HRS and STAM, likely at ER-Endosome contacts made by Annexin A1/S100-A11 33 

[20,35,105]. Although the role of HRS and STAM phosphorylation in regulating ESCRT-0 activity is 34 

unclear, PTP1B-mediated dephosphorylation of HRS and STAM seems to be required for ILV formation 35 

[20,105]. Accordingly, the disruption of ILV formation associated with the loss of Annexin A1 or S100-36 

A11 is likely due, at least in part, to the absence of dephosphorylation by PTP1B of the ESCRT-0 37 

components HRS and STAM. Interestingly, although EGFR sorting onto ILVs actively depends on the 38 

ESCRT machinery, ILV assembly is also supported by cholesterol transport by the LTP ORP1L and VAP 39 

from the ER towards the endosome, when low density lipoprotein (LDL)-derived cholesterol is low (Fig. 40 

5B) [35,106]. 41 

Thus, along the endocytic route, ER-Endosome contacts control EGFR signal termination. These 42 

specialized ER-Endosome contacts are built by the Annexin A1 / S100-A11 complex, and recruit several 43 

proteins, allowing a division of labor: PTP1B is involved in the dephosphorylation of EGFR, and 44 

ORP1L/VAP in the transport of cholesterol towards the endosome to build ILVs. Besides EGFR, other 45 

RTKs such as the platelet-derived growth factor receptor–β (PDGFR) and the granulocyte colony-46 

stimulating factor receptor (G-CSFR) are also subjected to PTP1B-dependent dephosphorylation in ER-47 
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endosome contacts, thus providing an example of specialized contacts implicated in RTK signal 1 

attenuation along the endocytic route [100,107]. 2 

 3 

 4 

Calcium signaling at ER-Endosome contact sites 5 

Besides lipids, calcium is also exchanged at the interface between the ER and endosomes. Calcium 6 

ion (Ca2+) is an ubiquitous second messenger involved in a large variety of physiological events such as 7 

apoptosis, neurotransmitter release, muscle contraction, fertilization… [108]. Therefore, intracellular 8 

Ca2+ concentration is tightly regulated. When it is required, localized increase in Ca2+ concentration is 9 

mediated by Ca2+ influx from the extracellular space through Ca2+ channels present at the PM, but also 10 

by Ca2+ efflux from storage organelles such as the ER [108]. The release of Ca2+ from ER stores is 11 

triggered by the second messenger inositol 1,4,5-trisphosphate (IP3) synthetized by phospholipase C 12 

(PLC) at the PM. On the ER surface, IP3 binds to calcium channels named IP3 receptors (IP3Rs; Table 13 

II), and Ca2+ is released in the cytosol [109]. Although the ER represents the main Ca2+ storage organelle, 14 

endo/lysosomes also sequester Ca2+, with a similar concentration of around 500µM [110]. 15 

Furthermore, endo/lysosomes express several channels allowing Ca2+ release, including two-pore 16 

channels (TPC1 and TPC2), which can be stimulated by nicotinic acid adenine dinucleotide phosphate 17 

(NAADP), a powerful activator of Ca2+ release [111–117]. Thus, besides the ER, endo/lysosomes are 18 

key Ca2+ storage organelles which can be mobilized for localized Ca2+ delivery. 19 

Consistent with the idea that ER-endosomes contacts are regulated by Ca2+, the TPC1 channel was 20 

localized in ER-Endosome contact sites(Table II) [118]. Upon TPC1 depletion, the frequency of ER-21 

endosome contact is decreased. A similar phenotype is observed by a pharmacological inhibition of 22 

the TPC channels through an NAADP antagonist. These results indicate that some ER-Endosome 23 

contacts might be regulated by local Ca2+ ions derived from endosomes. Because TPC1 does not 24 

interact directly with the ER, it is tempting to speculate that TPC1-dependent ER-Endosome contacts 25 

are linked to the tethering complex Annexin A1/S100-A11, which depends on Ca2+ for interaction [103]. 26 

Furthermore, in line with the notion that ER-endosomes contacts functions in signal attenuation, 27 

inhibition of TPC1 in EGF-stimulated cells enhances and prolongs EGFR tyrosine phosphorylation which 28 

in turn, perturbs downstream signaling by Mitogen-activated protein (MAP) kinase and phospholipase 29 

C [118]. Thus, some ER-Endosome contacts appear to be Ca2+ dependent signaling platform. 30 

More recently, another study reported that ER and endo/lysosome Ca2+ stores are functionally 31 

linked. Indeed, lysosomes are able to selectively sequester Ca2+ released from the ER [119,120]. This 32 

Ca2+ exchange was shown to occur at sites of contact between the ER and lysosomes, marked by the 33 

presence of IP3Rs [121]. Thus, lysosomes selectively sequester Ca2+ released by IP3Rs in ER/Lys 34 

contacts [121]. Furthermore, the close association of the ER and LYs is partially disrupted in cells 35 

treated with pharmacological components inhibiting the vacuolar H+-ATPase (V-ATPase), a pump 36 

responsible for the acidification of lysosomes. These data suggest that a low lysosome pH is required 37 

to maintain ER-IP3R/Lysosome connection [121]. Importantly, IP3Rs are not required for ER-LE/LY 38 

contact formation, since the association between these organelles was unchanged in cells devoid of 39 

IP3Rs. The tethering machinery implicated in IP3R-mediated Ca2+ delivering from the ER to LEs/LYs 40 

remains to be identified. 41 

 42 

 43 

Nucleoplasmic reticulum-Endosome contacts 44 

The ER, which is the largest organelle in eukaryotic cells, extends throughout the cytosol and 45 

forms a continuum with the nuclear envelope (NE). The nuclear envelope makes invaginations going 46 

deep inside the nucleoplasm, which are named nucleoplasmic reticulum (NR). NRs are divided into two 47 

classes: type I NR, involving inner nuclear membrane invaginations into the nucleoplasm (INM), and 48 
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type II NR, corresponding to the invagination of both the INM and the outer nuclear membrane (ONM) 1 

[122]. Consequently, type II NR, which enclose a portion of cytoplasm, can contain cytoplasmic 2 

organelles. Electron and light microscopy revealed the presence of Rab7-positive LE into NE 3 

invaginations [123,124]. The ER protein VAP-A is present in type II NRs. Interestingly, less endosomes 4 

are present in NE invaginations in VAP-A-depleted cells (but not in VAP-B-depleted cells), which 5 

revealed a requirement for VAP-A in the recruitment of endosomes into these structures. Moreover, 6 

ORP3, a protein belonging to the OSBP family (Table II), and a VAP-A partner, was also present in 7 

endosomes enclosed into the NR [124,125]. Indeed, VAP-A, ORP3 and Rab7 were present in a tripartite 8 

complex specifically in NE invaginations, but not in the cytoplasm [124]. These data indicate that the 9 

entry and/or the maintenance of LE in NE invaginations is mediated by the formation of a VAP-10 

A/ORP3/Rab7 complex, which is likely present in contacts between these LE and the nuclear envelope. 11 

How this Rab7/ORP3 endosomal subpopulation is targeted to the NE remains poorly understood. An 12 

intact microtubule network seems to be required (Table II) [124], but the mechanism regulating the 13 

association with microtubules, and the identity of the motor proteins involved is still unknown. Also, 14 

the biological function of endosomes present in NE invaginations is elusive. One tempting hypothesis 15 

is that these structures could be involved in the transport of endocytosed exosomes en route to the 16 

nucleus to deliver their content, i.e. proteins and nucleic acids [124]. 17 

 18 

 19 

Endosomes also contact other organelles 20 

Membrane contacts exist between virtually every pair of organelles in eukaryotic cells [126–128]. 21 

Hence, besides the ER, endocytic vesicles were shown to physically associate with peroxisomes, 22 

mitochondria, lipid droplets, the Golgi, and the PM [24,129]. Up to now, the function of these contacts 23 

remains ill-defined.  24 

LY–Peroxisome contacts were shown to be involved in cholesterol egress from the endocytic 25 

pathway [130]. Indeed, peroxisomes transiently and dynamically contact lysosomes. Most of these 26 

contacts are tethered by Synaptotagmin-7, which is on lysosomes, and interacts with PI(4,5)P2 on the 27 

peroxisome surface with its two C2 domains. In accordance with this result, the reduction of PI(4,5)P2 28 

levels at the surface of peroxisomes, induced by the silencing of phosphatidylinositol 5-phosphate 4-29 

kinase type-2 α (PIP4K2A) which generates this lipid from PI(5)P, reduces LY-Peroxisome contacts 30 

[131]. This in turn induces an accumulation of cholesterol in lysosomes. Most importantly, the 31 

pathological relevance of cholesterol transport in lysosome–peroxisome contacts was shown in 32 

fibroblasts of patients with a peroxisomal disorder. Indeed, fibroblasts of adrenoleukodystrophy, 33 

Infantile Refsum disease and Zellweger syndrome patients were shown to accumulate cholesterol, 34 

further supporting a role for peroxisomes, and in particular LY–peroxisome contacts, in intracellular 35 

cholesterol transport [130]. 36 

Besides contacting peroxisomes, lysosomes also connect mitochondria to regulate mitochondrial 37 

fission, a crucial process to maintain a proper cellular distribution of mitochondria [132–134]. By using 38 

live imaging, authors showed that contact formation and duration are increased in cells expressing a 39 

constitutively active form of the RAB7 protein. This suggests that formation and stabilization of 40 

Lysosome-Mitochondria contacts are promoted by GTP-bound RAB7. In fact, mitochondrial fission 41 

events are observed at sites of contact with lysosomes. Remarkably, the expression of the RAB7 active 42 

form severely decreases the rate of mitochondrial fission. On the mitochondrial side, the fission factor 43 

FIS1 is able to recruit the Rab7/ GTPase-activating protein (GAP) TBC1 domain family member 15 44 

(TBC1D15) [135]. As a result, the expression of the TBC1D15 GAP mutant - unable to hydrolyze RAB7 - 45 

markedly increases mitochondria-lysosome contact duration concomitantly to a decrease of 46 

mitochondrial fission events. Together, these results indicate that mitochondrial fission can be 47 

regulated at the level of contacts with lysosomes, through TBC1D15-mediated RAB7 hydrolysis [133]. 48 
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As discussed above, nutrient availability influences the positioning of LEs/LYs. Interestingly, this 1 

process does not only involve ER-dependent contacts. Indeed, in response to serum and amino acid 2 

starvation, the formation of LY-Golgi contacts is promoted [136]. These contacts actively retain LYs in 3 

the center of the cell. The machinery involved is composed of the renal tumor suppressor folliculin 4 

(FLCN) and Rab34. FLCN is recruited onto LYs and promotes the association of Rab-34 with its effector, 5 

the dynactin protein complex-interacting protein RILP [136,137]. The association of FLNC on LYs, and 6 

Rab34 primarily associated with Golgi membranes, drives the formation of contact sites which restrain 7 

LYs in the perinuclear area [136]. 8 

A specialized endocytic network, composed of membrane-bound structures named lysosome-9 

related organelles (LROs), is present in specific cell types, such as melanosomes in pigment cells 10 

[138,139]. Electron microscopy analyses revealed the presence of Melanosome-Mitochondria contacts 11 

in melanocyte cell lines and human melanoma cells [140]. The dynamin-like GTPase mitofusin 2 (Mfn2) 12 

is localized to, and required for Melanosome-Mitochondria contacts, since Mfn2 depletion reduces 13 

connections between these organelles. Functionally, Mfn2-mediated contacts seem to be involved in 14 

melanosome biogenesis [140].  15 

Interestingly, endosomes are also able to contact other endosomes. For instance, we recently 16 

showed that the depletion of the ER-tether protein MOSPD2 significantly increases Endosome-17 

Endosome contacts, suggesting that MOSPD2 plays a role in the regulation of the endosomal system 18 

dynamics [26]. Endosome-endosome contact formation seems to be linked to the clustering of these 19 

organelles in the perinuclear region, and most likely involves specific tether complexes [141,142]. 20 

 21 

 22 

Conclusion 23 

To conclude, endosomes and the ER have a parallel life with many direct encounters - mediated 24 

through the establishment of physical contacts - that regulate endosome compartment dynamics and 25 

function. These physical contacts are mediated by the building of tethering complexes at the 26 

organelles’ interface. A number of ER-Endosome tethering complexes have been identified and, most 27 

probably, many more will be discovered in the near future. While all these complexes build 28 

morphologically similar ER-Endosome contact sites – a contact is a contact –, they are associated with 29 

a variety of distinct functions such as lipid or Ca2+ transport, signaling, molecular motor recruitment… 30 

VAP-A, VAP-B and MOSPD2 proteins play a central role in the formation of contacts between the ER 31 

and other organelles, and more particularly endosomes. How the cell orchestrates the formation and 32 

function of these tethering complexes remains an open question. Noteworthy, recent observations 33 

showed that the fission of ER tubules can occur at sites of contact with LE [143]. Although the molecular 34 

identity of these contacts is not known, these data highlight the possibility of a bidirectional functional 35 

regulation between the ER and endosomes.  36 

 37 

 38 

  39 



15 | 27 

 

References: 1 

[1] C.C. Scott, F. Vacca, J. Gruenberg, Endosome maturation, transport and functions, Semin. Cell 2 
Dev. Biol. 31 (2014) 2–10. doi:10.1016/j.semcdb.2014.03.034. 3 

[2] F. Vacca, C. Scott, J. Gruenberg, The Late Endosome, in: R.A. Bradshaw, P.D. Stahl (Eds.), 4 
Encycl. Cell Biol., Academic Press, Waltham, 2016: pp. 201–210. 5 
http://www.sciencedirect.com/science/article/pii/B9780123944474200175. 6 

[3] A. Benmerah, C. Lamaze, Clathrin-Coated Pits: Vive La Différence?, Traffic. 8 (2007) 970–982. 7 
doi:10.1111/j.1600-0854.2007.00585.x. 8 

[4] P.J. Cullen, F. Steinberg, To degrade or not to degrade: mechanisms and significance of 9 
endocytic recycling, Nat. Rev. Mol. Cell Biol. 19 (2018) 679. doi:10.1038/s41580-018-0053-7. 10 

[5] F.R. Maxfield, T.E. McGraw, Endocytic recycling, Nat. Rev. Mol. Cell Biol. 5 (2004) 121–132. 11 
doi:10.1038/nrm1315. 12 

[6] G. Raposo, W. Stoorvogel, Extracellular vesicles: Exosomes, microvesicles, and friends, J Cell 13 
Biol. 200 (2013) 373–383. doi:10.1083/jcb.201211138. 14 

[7] E.R. Eden, The formation and function of ER-endosome membrane contact sites, Biochim. 15 
Biophys. Acta BBA - Mol. Cell Biol. Lipids. 1861 (2016) 874–879. 16 
doi:10.1016/j.bbalip.2016.01.020. 17 

[8] C. Raiborg, E.M. Wenzel, H. Stenmark, ER–endosome contact sites: molecular compositions 18 
and functions, EMBO J. 34 (2015) 1848–1858. doi:10.15252/embj.201591481. 19 

[9] H. Wu, P. Carvalho, G.K. Voeltz, Here, there, and everywhere: The importance of ER 20 
membrane contact sites, CELL Biol. (2018) 11. 21 

[10] J. Gruenberg, The endocytic pathway: a mosaic of domains, Nat. Rev. Mol. Cell Biol. 2 (2001) 22 
721–730. doi:10.1038/35096054. 23 

[11] J. Huotari, A. Helenius, Endosome maturation, EMBO J. 30 (2011) 3481–3500. 24 
doi:10.1038/emboj.2011.286. 25 

[12] N.J. Severs, E.G. Jordan, D.H. Williamson, Nuclear pore absence from areas of close 26 
association between nucleus and vacuole in synchronous yeast cultures, J. Ultrastruct. Res. 54 27 
(1976) 374–387. doi:10.1016/S0022-5320(76)80023-8. 28 

[13] P.C. Malia, C. Ungermann, Vacuole membrane contact sites and domains: emerging hubs to 29 
coordinate organelle function with cellular metabolism, Biochem. Soc. Trans. 44 (2016) 528–30 
533. doi:10.1042/BST20150277. 31 

[14] X. Pan, P. Roberts, Y. Chen, E. Kvam, N. Shulga, K. Huang, S. Lemmon, D.S. Goldfarb, Nucleus–32 
Vacuole Junctions in Saccharomyces cerevisiae Are Formed Through the Direct Interaction of 33 
Vac8p with Nvj1p, Mol. Biol. Cell. 11 (2000) 2445–2457. doi:10.1091/mbc.11.7.2445. 34 

[15] D.C. Ko, M.D. Gordon, J.Y. Jin, M.P. Scott, Dynamic Movements of Organelles Containing 35 
Niemann-Pick C1 Protein: NPC1 Involvement in Late Endocytic Events, Mol. Biol. Cell. 12 36 
(2001) 601–614. 37 

[16] E. Gagnon, S. Duclos, C. Rondeau, E. Chevet, P.H. Cameron, O. Steele-Mortimer, J. Paiement, 38 
J.J.M. Bergeron, M. Desjardins, Endoplasmic Reticulum-Mediated Phagocytosis Is a 39 
Mechanism of Entry into Macrophages, Cell. 110 (2002) 119–131. doi:10.1016/S0092-40 
8674(02)00797-3. 41 

[17] P. Nunes-Hasler, N. Demaurex, The ER phagosome connection in the era of membrane contact 42 
sites, Biochim. Biophys. Acta BBA - Mol. Cell Res. 1864 (2017) 1513–1524. 43 
doi:10.1016/j.bbamcr.2017.04.007. 44 

[18] J.C.M. Holthuis, T.P. Levine, Lipid traffic: floppy drives and a superhighway, Nat. Rev. Mol. Cell 45 
Biol. 6 (2005) 209–220. doi:10.1038/nrm1591. 46 

[19] T. Levine, C. Loewen, Inter-organelle membrane contact sites: through a glass, darkly, Curr 47 
Opin Cell Biol. 18 (2006) 371–8. 48 

[20] E.R. Eden, I.J. White, A. Tsapara, C.E. Futter, Membrane contacts between endosomes and ER 49 
provide sites for PTP1B–epidermal growth factor receptor interaction, Nat. Cell Biol. 12 (2010) 50 
267–272. 51 



16 | 27 

 

[21] J.R. Friedman, B.M. Webster, D.N. Mastronarde, K.J. Verhey, G.K. Voeltz, ER sliding dynamics 1 
and ER–mitochondrial contacts occur on acetylated microtubules, J. Cell Biol. 190 (2010) 363–2 
375. 3 

[22] J.R. Friedman, J.R. DiBenedetto, M. West, A.A. Rowland, G.K. Voeltz, Endoplasmic reticulum–4 
endosome contact increases as endosomes traffic and mature, Mol. Biol. Cell. 24 (2013) 1030–5 
1040. doi:10.1091/mbc.E12-10-0733. 6 

[23] N. Rocha, C. Kuijl, R. van der Kant, L. Janssen, D. Houben, H. Janssen, W. Zwart, J. Neefjes, 7 
Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7-RILP-p150 Glued and 8 
late endosome positioning, J Cell Biol. 185 (2009) 1209–25. 9 

[24] A.M. Valm, S. Cohen, W.R. Legant, J. Melunis, U. Hershberg, E. Wait, A.R. Cohen, M.W. 10 
Davidson, E. Betzig, J. Lippincott-Schwartz, Applying systems-level spectral imaging and 11 
analysis to reveal the organelle interactome, Nature. 546 (2017) 162–167. 12 
doi:10.1038/nature22369. 13 

[25] F. Alpy, A. Rousseau, Y. Schwab, F. Legueux, I. Stoll, C. Wendling, C. Spiegelhalter, P. Kessler, C. 14 
Mathelin, M.-C. Rio, T.P. Levine, C. Tomasetto, STARD3 or STARD3NL and VAP form a novel 15 
molecular tether between late endosomes and the ER, J. Cell Sci. 126 (2013) 5500–5512. 16 
doi:10.1242/jcs.139295. 17 

[26] T. Di Mattia, L.P. Wilhelm, S. Ikhlef, C. Wendling, D. Spehner, Y. Nominé, F. Giordano, C. 18 
Mathelin, G. Drin, C. Tomasetto, F. Alpy, Identification of MOSPD2, a novel scaffold for 19 
endoplasmic reticulum membrane contact sites, EMBO Rep. 19 (2018) e45453. 20 
doi:10.15252/embr.201745453. 21 

[27] R. Rizzuto, P. Pinton, W. Carrington, F.S. Fay, K.E. Fogarty, L.M. Lifshitz, R.A. Tuft, T. Pozzan, 22 
Close Contacts with the Endoplasmic Reticulum as Determinants of Mitochondrial Ca2+ 23 
Responses, Science. 280 (1998) 1763–1766. doi:10.1126/science.280.5370.1763. 24 

[28] A. Sood, D.V. Jeyaraju, J. Prudent, A. Caron, P. Lemieux, H.M. McBride, M. Laplante, K. Tóth, L. 25 
Pellegrini, A Mitofusin-2–dependent inactivating cleavage of Opa1 links changes in 26 
mitochondria cristae and ER contacts in the postprandial liver, Proc. Natl. Acad. Sci. 111 (2014) 27 
16017–16022. doi:10.1073/pnas.1408061111. 28 

[29] R. Stoica, K.J.D. Vos, S. Paillusson, S. Mueller, R.M. Sancho, K.-F. Lau, G. Vizcay-Barrena, W.-L. 29 
Lin, Y.-F. Xu, J. Lewis, D.W. Dickson, L. Petrucelli, J.C. Mitchell, C.E. Shaw, C.C.J. Miller, ER–30 
mitochondria associations are regulated by the VAPB–PTPIP51 interaction and are disrupted 31 
by ALS/FTD-associated TDP-43, Nat. Commun. 5 (2014) ncomms4996. 32 
doi:10.1038/ncomms4996. 33 

[30] M. Eisenberg-Bord, N. Shai, M. Schuldiner, M. Bohnert, A Tether Is a Tether Is a Tether: 34 
Tethering at Membrane Contact Sites, Dev. Cell. 39 (2016) 395–409. 35 
doi:10.1016/j.devcel.2016.10.022. 36 

[31] C.J. Loewen, A. Roy, T.P. Levine, A conserved ER targeting motif in three families of lipid 37 
binding proteins and in Opi1p binds VAP, EMBO J. 22 (2003) 2025–2035. 38 

[32] S.E. Murphy, T.P. Levine, VAP, a Versatile Access Point for the Endoplasmic Reticulum: Review 39 
and analysis of FFAT-like motifs in the VAPome, Biochim. Biophys. Acta BBA - Mol. Cell Biol. 40 
Lipids. 1861 (2016) 952–961. doi:10.1016/j.bbalip.2016.02.009. 41 

[33] C.J.R. Loewen, T.P. Levine, A Highly Conserved Binding Site in Vesicle-associated Membrane 42 
Protein-associated Protein (VAP) for the FFAT Motif of Lipid-binding Proteins, J. Biol. Chem. 43 
280 (2005) 14097–14104. doi:10.1074/jbc.M500147200. 44 

[34] V. Mikitova, T.P. Levine, Analysis of the Key Elements of FFAT-Like Motifs Identifies New 45 
Proteins That Potentially Bind VAP on the ER, Including Two AKAPs and FAPP2, PLoS ONE. 7 46 
(2012) e30455. doi:10.1371/journal.pone.0030455. 47 

[35] E.R. Eden, E. Sanchez-Heras, A. Tsapara, A. Sobota, T.P. Levine, C.E. Futter, Annexin A1 Tethers 48 
Membrane Contact Sites that Mediate ER to Endosome Cholesterol Transport, Dev. Cell. 37 49 
(2016) 473–483. doi:10.1016/j.devcel.2016.05.005. 50 

[36] C. Raiborg, E.M. Wenzel, N.M. Pedersen, H. Olsvik, K.O. Schink, S.W. Schultz, M. Vietri, V. Nisi, 51 
C. Bucci, A. Brech, T. Johansen, H. Stenmark, Repeated ER–endosome contacts promote 52 



17 | 27 

 

endosome translocation and neurite outgrowth, Nature. 520 (2015) 234–238. 1 
doi:10.1038/nature14359. 2 

[37] E. Granger, G. McNee, V. Allan, P. Woodman, The role of the cytoskeleton and molecular 3 
motors in endosomal dynamics, Semin. Cell Dev. Biol. 31 (2014) 20–29. 4 
doi:10.1016/j.semcdb.2014.04.011. 5 

[38] S. Loubéry, C. Wilhelm, I. Hurbain, S. Neveu, D. Louvard, E. Coudrier, Different Microtubule 6 
Motors Move Early and Late Endocytic Compartments, Traffic. 9 (2008) 492–509. 7 
doi:10.1111/j.1600-0854.2008.00704.x. 8 

[39] G. van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are and how they 9 
behave, Nat Rev Mol Cell Biol. 9 (2008) 112–24. 10 

[40] M.T. Vanier, Complex lipid trafficking in Niemann-Pick disease type C, J. Inherit. Metab. Dis. 38 11 
(2015) 187–199. doi:10.1007/s10545-014-9794-4. 12 

[41] C. Lebrand, M. Corti, H. Goodson, P. Cosson, V. Cavalli, N. Mayran, J. Fauré, J. Gruenberg, Late 13 
endosome motility depends on lipids via the small GTPase Rab7, EMBO J. 21 (2002) 1289–14 
1300. doi:10.1093/emboj/21.6.1289. 15 

[42] M. Zhang, N.K. Dwyer, D.C. Love, A. Cooney, M. Comly, E. Neufeld, P.G. Pentchev, E.J. 16 
Blanchette-Mackie, J.A. Hanover, Cessation of rapid late endosomal tubulovesicular trafficking 17 
in Niemann–Pick type C1 disease, Proc. Natl. Acad. Sci. 98 (2001) 4466–4471. 18 
doi:10.1073/pnas.081070898. 19 

[43] V.M. Olkkonen, OSBP-Related Protein Family in Lipid Transport Over Membrane Contact Sites, 20 
Lipid Insights. 8 (2015) 1–9. doi:10.4137/LPI.S31726. 21 

[44] M. Johansson, V. Bocher, M. Lehto, G. Chinetti, E. Kuismanen, C. Ehnholm, B. Staels, V.M. 22 
Olkkonen, The Two Variants of Oxysterol Binding Protein-related Protein-1 Display Different 23 
Tissue Expression Patterns, Have Different Intracellular Localization, and Are Functionally 24 
Distinct, Mol. Biol. Cell. 14 (2002) 903–915. doi:10.1091/mbc.e02-08-0459. 25 

[45] H. Kentala, M. Weber-Boyvat, V.M. Olkkonen, Chapter Seven - OSBP-Related Protein Family: 26 
Mediators of Lipid Transport and Signaling at Membrane Contact Sites, in: K.W. Jeon (Ed.), Int. 27 
Rev. Cell Mol. Biol., Academic Press, 2016: pp. 299–340. doi:10.1016/bs.ircmb.2015.09.006. 28 

[46] M. Johansson, M. Lehto, K. Tanhuanpää, T.L. Cover, V.M. Olkkonen, The Oxysterol-binding 29 
Protein Homologue ORP1L Interacts with Rab7 and Alters Functional Properties of Late 30 
Endocytic Compartments, Mol. Biol. Cell. 16 (2005) 5480–5492. doi:10.1091/mbc.E05-03-31 
0189. 32 

[47] R.H. Wijdeven, H. Janssen, L. Nahidiazar, L. Janssen, K. Jalink, I. Berlin, J. Neefjes, Cholesterol 33 
and ORP1L-mediated ER contact sites control autophagosome transport and fusion with the 34 
endocytic pathway, Nat. Commun. 7 (2016) 11808. doi:10.1038/ncomms11808. 35 

[48] D.J. Gillooly, A. Simonsen, H. Stenmark, Cellular functions of phosphatidylinositol 3-phosphate 36 
and FYVE domain proteins, (2001) 10. 37 

[49] S. Saita, M. Shirane, T. Natume, S. Iemura, K.I. Nakayama, Promotion of Neurite Extension by 38 
Protrudin Requires Its Interaction with Vesicle-associated Membrane Protein-associated 39 
Protein, J. Biol. Chem. 284 (2009) 13766–13777. doi:10.1074/jbc.M807938200. 40 

[50] V.I. Korolchuk, S. Saiki, M. Lichtenberg, F.H. Siddiqi, E.A. Roberts, S. Imarisio, L. Jahreiss, S. 41 
Sarkar, M. Futter, F.M. Menzies, C.J. O’Kane, V. Deretic, D.C. Rubinsztein, Lysosomal 42 
positioning coordinates cellular nutrient responses, Nat. Cell Biol. 13 (2011) 453–460. 43 
doi:10.1038/ncb2204. 44 

[51] C. Raiborg, How Nutrients Orchestrate Lysosome Positioning, Contact. 1 (2018) 45 
2515256418756111. doi:10.1177/2515256418756111. 46 

[52] Z. Hong, N.M. Pedersen, L. Wang, M.L. Torgersen, H. Stenmark, C. Raiborg, PtdIns3P controls 47 
mTORC1 signaling through lysosomal positioning, J Cell Biol. 216 (2017) 4217–4233. 48 
doi:10.1083/jcb.201611073. 49 

[53] J.S. Bonifacino, J. Neefjes, Moving and positioning the endolysosomal system, Curr. Opin. Cell 50 
Biol. 47 (2017) 1–8. doi:10.1016/j.ceb.2017.01.008. 51 



18 | 27 

 

[54] M.L.M. Jongsma, I. Berlin, R.H.M. Wijdeven, L. Janssen, G.M.C. Janssen, M.A. Garstka, H. 1 
Janssen, M. Mensink, P.A. van Veelen, R.M. Spaapen, J. Neefjes, An ER-Associated Pathway 2 
Defines Endosomal Architecture for Controlled Cargo Transport, Cell. 166 (2016) 152–166. 3 
doi:10.1016/j.cell.2016.05.078. 4 

[55] J. Neefjes, M.M.L. Jongsma, I. Berlin, Stop or Go? Endosome Positioning in the Establishment 5 
of Compartment Architecture, Dynamics, and Function, Trends Cell Biol. 27 (2017) 580–594. 6 
doi:10.1016/j.tcb.2017.03.002. 7 

[56] J.R. Friedman, L.L. Lackner, M. West, J.R. DiBenedetto, J. Nunnari, G.K. Voeltz, ER Tubules 8 
Mark Sites of Mitochondrial Division, Science. 334 (2011) 358–362. 9 
doi:10.1126/science.1207385. 10 

[57] A.A. Rowland, P.J. Chitwood, M.J. Phillips, G.K. Voeltz, ER Contact Sites Define the Position and 11 
Timing of Endosome Fission, Cell. 159 (2014) 1027–1041. doi:10.1016/j.cell.2014.10.023. 12 

[58] A. Gautreau, K. Oguievetskaia, C. Ungermann, Function and Regulation of the Endosomal 13 
Fusion and Fission Machineries, Cold Spring Harb. Perspect. Biol. 6 (2014) a016832–a016832. 14 
doi:10.1101/cshperspect.a016832. 15 

[59] C. Delevoye, S. Miserey-Lenkei, G. Montagnac, F. Gilles-Marsens, P. Paul-Gilloteaux, F. 16 
Giordano, F. Waharte, M.S. Marks, B. Goud, G. Raposo, Recycling Endosome Tubule 17 
Morphogenesis from Sorting Endosomes Requires the Kinesin Motor KIF13A, Cell Rep. 6 18 
(2014) 445–454. doi:10.1016/j.celrep.2014.01.002. 19 

[60] R. Dong, Y. Saheki, S. Swarup, L. Lucast, J.W. Harper, P. De Camilli, Endosome-ER Contacts 20 
Control Actin Nucleation and Retromer Function through VAP-Dependent Regulation of PI4P, 21 
Cell. 166 (2016) 408–423. doi:10.1016/j.cell.2016.06.037. 22 

[61] M.N.J. Seaman, The retromer complex – endosomal protein recycling and beyond, J Cell Sci. 23 
125 (2012) 4693–4702. doi:10.1242/jcs.103440. 24 

[62] M.J. Hoyer, P.J. Chitwood, C.C. Ebmeier, J.F. Striepen, R.Z. Qi, W.M. Old, G.K. Voeltz, A Novel 25 
Class of ER Membrane Proteins Regulates ER-Associated Endosome Fission, Cell. 175 (2018) 26 
254-265.e14. doi:10.1016/j.cell.2018.08.030. 27 

[63] O.C. Losón, Z. Song, H. Chen, D.C. Chan, Fis1, Mff, MiD49, and MiD51 mediate Drp1 28 
recruitment in mitochondrial fission, Mol. Biol. Cell. 24 (2013) 659–667. doi:10.1091/mbc.e12-29 
10-0721. 30 

[64] J.A. Mears, L.L. Lackner, S. Fang, E. Ingerman, J. Nunnari, J.E. Hinshaw, Conformational 31 
changes in Dnm1 support a contractile mechanism for mitochondrial fission, Nat. Struct. Mol. 32 
Biol. 18 (2011) 20–26. doi:10.1038/nsmb.1949. 33 

[65] R. Allison, J.R. Edgar, G. Pearson, T. Rizo, T. Newton, S. Günther, F. Berner, J. Hague, J.W. 34 
Connell, J. Winkler, J. Lippincott-Schwartz, C. Beetz, B. Winner, E. Reid, Defects in ER–35 
endosome contacts impact lysosome function in hereditary spastic paraplegia, J. Cell Biol. 216 36 
(2017) 1337–1355. doi:10.1083/jcb.201609033. 37 

[66] J.H. Lumb, J.W. Connell, R. Allison, E. Reid, The AAA ATPase spastin links microtubule severing 38 
to membrane modelling, Biochim. Biophys. Acta BBA - Mol. Cell Res. 1823 (2012) 192–197. 39 
doi:10.1016/j.bbamcr.2011.08.010. 40 

[67] R. Allison, J.H. Lumb, C. Fassier, J.W. Connell, D.T. Martin, M.N.J. Seaman, J. Hazan, E. Reid, An 41 
ESCRT–spastin interaction promotes fission of recycling tubules from the endosome, J Cell 42 
Biol. 202 (2013) 527–543. doi:10.1083/jcb.201211045. 43 

[68] J. Hazan, N. Fonknechten, D. Mavel, C. Paternotte, D. Samson, F. Artiguenave, C.-S. Davoine, C. 44 
Cruaud, A. Dürr, P. Wincker, P. Brottier, L. Cattolico, V. Barbe, J.-M. Burgunder, J.-F. 45 
Prud’homme, A. Brice, B. Fontaine, R. Heilig, J. Weissenbach, Spastin, a new AAA protein, is 46 
altered in the most frequent form of autosomal dominant spastic paraplegia, Nat. Genet. 23 47 
(1999) 296–303. doi:10.1038/15472. 48 

[69] A. Chiapparino, K. Maeda, D. Turei, J. Saez-Rodriguez, A.-C. Gavin, The orchestra of lipid-49 
transfer proteins at the crossroads between metabolism and signaling, Prog. Lipid Res. 61 50 
(2016) 30–39. doi:10.1016/j.plipres.2015.10.004. 51 



19 | 27 

 

[70] J.C.M. Holthuis, A.K. Menon, Lipid landscapes and pipelines in membrane homeostasis, 1 
Nature. 510 (2014) 48–57. doi:10.1038/nature13474. 2 

[71] S. Lev, Nonvesicular Lipid Transfer from the Endoplasmic Reticulum, Cold Spring Harb. 3 
Perspect. Biol. 4 (2012) a013300. doi:10.1101/cshperspect.a013300. 4 

[72] K. Hanada, K. Kumagai, S. Yasuda, Y. Miura, M. Kawano, M. Fukasawa, M. Nishijima, Molecular 5 
machinery for non-vesicular trafficking of ceramide, Nature. 426 (2003) 803–9. 6 

[73] M. de Saint-Jean, V. Delfosse, D. Douguet, G. Chicanne, B. Payrastre, W. Bourguet, B. Antonny, 7 
G. Drin, Osh4p exchanges sterols for phosphatidylinositol 4-phosphate between lipid bilayers, 8 
J Cell Biol. 195 (2011) 965–978. doi:10.1083/jcb.201104062. 9 

[74] J. Moser von Filseck, S. Vanni, B. Mesmin, B. Antonny, G. Drin, A phosphatidylinositol-4-10 
phosphate powered exchange mechanism to create a lipid gradient between membranes, 11 
Nat. Commun. 6 (2015) 6671. doi:10.1038/ncomms7671. 12 

[75] J.S. Dittman, A.K. Menon, Speed Limits for Nonvesicular Intracellular Sterol Transport, Trends 13 
Biochem. Sci. 42 (2017) 90–97. doi:10.1016/j.tibs.2016.11.004. 14 

[76] B. Mesmin, J. Bigay, J. Moser von Filseck, S. Lacas-Gervais, G. Drin, B. Antonny, A four-step 15 
cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi tether OSBP, 16 
Cell. 155 (2013) 830–843. doi:10.1016/j.cell.2013.09.056. 17 

[77] L.P. Wilhelm, C. Wendling, B. Védie, T. Kobayashi, M.-P. Chenard, C. Tomasetto, G. Drin, F. 18 
Alpy, STARD3 mediates endoplasmic reticulum-to-endosome cholesterol transport at 19 
membrane contact sites, EMBO J. 36 (2017) 1412–1433. doi:10.15252/embj.201695917. 20 

[78] E. Ikonen, Cellular cholesterol trafficking and compartmentalization, Nat Rev Mol Cell Biol. 9 21 
(2008) 125–38. 22 

[79] F. Alpy, M.E. Stoeckel, A. Dierich, J.M. Escola, C. Wendling, M.P. Chenard, M.T. Vanier, J. 23 
Gruenberg, C. Tomasetto, M.C. Rio, The steroidogenic acute regulatory protein homolog 24 
MLN64, a late endosomal cholesterol-binding protein, J. Biol. Chem. 276 (2001) 4261–4269. 25 
doi:10.1074/jbc.M006279200. 26 

[80] F. Alpy, V.K. Latchumanan, V. Kedinger, A. Janoshazi, C. Thiele, C. Wendling, M.-C. Rio, C. 27 
Tomasetto, Functional characterization of the MENTAL domain, J. Biol. Chem. 280 (2005) 28 
17945–17952. doi:10.1074/jbc.M500723200. 29 

[81] F. Alpy, C. Tomasetto, Give lipids a START: the StAR-related lipid transfer (START) domain in 30 
mammals, J. Cell Sci. 118 (2005) 2791–2801. doi:10.1242/jcs.02485. 31 

[82] F. Alpy, C. Tomasetto, START ships lipids across interorganelle space, Biochimie. 96 (2014) 85–32 
95. doi:10.1016/j.biochi.2013.09.015. 33 

[83] M. Holtta-Vuori, F. Alpy, K. Tanhuanpaa, E. Jokitalo, A.L. Mutka, E. Ikonen, MLN64 is involved 34 
in actin-mediated dynamics of late endocytic organelles, Mol Biol Cell. 16 (2005) 3873–86. 35 

[84] T.M. Teslovich, K. Musunuru, A.V. Smith, A.C. Edmondson, I.M. Stylianou, M. Koseki, J.P. 36 
Pirruccello, S. Ripatti, D.I. Chasman, C.J. Willer, C.T. Johansen, S.W. Fouchier, A. Isaacs, G.M. 37 
Peloso, M. Barbalic, S.L. Ricketts, J.C. Bis, Y.S. Aulchenko, G. Thorleifsson, M.F. Feitosa, J. 38 
Chambers, M. Orho-Melander, O. Melander, T. Johnson, X. Li, X. Guo, M. Li, Y. Shin Cho, M. Jin 39 
Go, Y. Jin Kim, J.-Y. Lee, T. Park, K. Kim, X. Sim, R. Twee-Hee Ong, D.C. Croteau-Chonka, L.A. 40 
Lange, J.D. Smith, K. Song, J. Hua Zhao, X. Yuan, J. Luan, C. Lamina, A. Ziegler, W. Zhang, R.Y.L. 41 
Zee, A.F. Wright, J.C.M. Witteman, J.F. Wilson, G. Willemsen, H.-E. Wichmann, J.B. Whitfield, 42 
D.M. Waterworth, N.J. Wareham, G. Waeber, P. Vollenweider, B.F. Voight, V. Vitart, A.G. 43 
Uitterlinden, M. Uda, J. Tuomilehto, J.R. Thompson, T. Tanaka, I. Surakka, H.M. Stringham, 44 
T.D. Spector, N. Soranzo, J.H. Smit, J. Sinisalo, K. Silander, E.J.G. Sijbrands, A. Scuteri, J. Scott, 45 
D. Schlessinger, S. Sanna, V. Salomaa, J. Saharinen, C. Sabatti, A. Ruokonen, I. Rudan, L.M. 46 
Rose, R. Roberts, M. Rieder, B.M. Psaty, P.P. Pramstaller, I. Pichler, M. Perola, B.W.J.H. 47 
Penninx, N.L. Pedersen, C. Pattaro, A.N. Parker, G. Pare, B.A. Oostra, C.J. O’Donnell, M.S. 48 
Nieminen, D.A. Nickerson, G.W. Montgomery, T. Meitinger, R. McPherson, M.I. McCarthy, W. 49 
McArdle, D. Masson, N.G. Martin, F. Marroni, M. Mangino, P.K.E. Magnusson, G. Lucas, R. 50 
Luben, R.J.F. Loos, M.-L. Lokki, G. Lettre, C. Langenberg, L.J. Launer, E.G. Lakatta, R. Laaksonen, 51 
K.O. Kyvik, F. Kronenberg, I.R. König, K.-T. Khaw, J. Kaprio, L.M. Kaplan, Å. Johansson, M.-R. 52 



20 | 27 

 

Jarvelin, A. Cecile J. W. Janssens, E. Ingelsson, W. Igl, G. Kees Hovingh, J.-J. Hottenga, A. 1 
Hofman, A.A. Hicks, C. Hengstenberg, I.M. Heid, C. Hayward, A.S. Havulinna, N.D. Hastie, T.B. 2 
Harris, T. Haritunians, A.S. Hall, U. Gyllensten, C. Guiducci, L.C. Groop, E. Gonzalez, C. Gieger, 3 
N.B. Freimer, L. Ferrucci, J. Erdmann, P. Elliott, K.G. Ejebe, A. Döring, A.F. Dominiczak, S. 4 
Demissie, P. Deloukas, E.J.C. de Geus, U. de Faire, G. Crawford, F.S. Collins, Y.I. Chen, M.J. 5 
Caulfield, H. Campbell, N.P. Burtt, L.L. Bonnycastle, D.I. Boomsma, S.M. Boekholdt, R.N. 6 
Bergman, I. Barroso, S. Bandinelli, C.M. Ballantyne, T.L. Assimes, T. Quertermous, D. Altshuler, 7 
M. Seielstad, T.Y. Wong, E.-S. Tai, A.B. Feranil, C.W. Kuzawa, L.S. Adair, H.A. Taylor Jr, I.B. 8 
Borecki, S.B. Gabriel, J.G. Wilson, H. Holm, U. Thorsteinsdottir, V. Gudnason, R.M. Krauss, K.L. 9 
Mohlke, J.M. Ordovas, P.B. Munroe, J.S. Kooner, A.R. Tall, R.A. Hegele, J.J.P. Kastelein, E.E. 10 
Schadt, J.I. Rotter, E. Boerwinkle, D.P. Strachan, V. Mooser, K. Stefansson, M.P. Reilly, N.J. 11 
Samani, H. Schunkert, L.A. Cupples, M.S. Sandhu, P.M. Ridker, D.J. Rader, C.M. van Duijn, L. 12 
Peltonen, G.R. Abecasis, M. Boehnke, S. Kathiresan, Biological, clinical and population 13 
relevance of 95 loci for blood lipids, Nature. 466 (2010) 707–713. doi:10.1038/nature09270. 14 

[85] T. Kishida, I. Kostetskii, Z. Zhang, F. Martinez, P. Liu, S.U. Walkley, N.K. Dwyer, E.J. Blanchette-15 
Mackie, G.L. Radice, J.F. Strauss, Targeted Mutation of the MLN64 START Domain Causes Only 16 
Modest Alterations in Cellular Sterol Metabolism, J. Biol. Chem. 279 (2004) 19276–19285. 17 
doi:10.1074/jbc.M400717200. 18 

[86] F. Alpy, C. Wendling, M.-C. Rio, C. Tomasetto, MENTHO, a MLN64 homologue devoid of the 19 
START domain, J. Biol. Chem. 277 (2002) 50780–50787. doi:10.1074/jbc.M208290200. 20 

[87] J.J. Hulce, A.B. Cognetta, M.J. Niphakis, S.E. Tully, B.F. Cravatt, Proteome-wide mapping of 21 
cholesterol-interacting proteins in mammalian cells, Nat. Methods. 10 (2013) 259–264. 22 
doi:10.1038/nmeth.2368. 23 

[88] M. Suchanek, R. Hynynen, G. Wohlfahrt, M. Lehto, M. Johansson, H. Saarinen, A. Radzikowska, 24 
C. Thiele, V.M. Olkkonen, The mammalian oxysterol-binding protein-related proteins (ORPs) 25 
bind 25-hydroxycholesterol in an evolutionarily conserved pocket, Biochem. J. 405 (2007) 26 
473–480. doi:10.1042/BJ20070176. 27 

[89] T. Vihervaara, R.-L. Uronen, G. Wohlfahrt, I. Björkhem, E. Ikonen, V.M. Olkkonen, Sterol 28 
binding by OSBP-related protein 1L regulates late endosome motility and function, Cell. Mol. 29 
Life Sci. 68 (2011) 537–551. doi:10.1007/s00018-010-0470-z. 30 

[90] M.M. Motazacker, J. Pirhonen, J.C. van Capelleveen, M. Weber-Boyvat, J.A. Kuivenhoven, S. 31 
Shah, G.K. Hovingh, J. Metso, S. Li, E. Ikonen, M. Jauhiainen, G.M. Dallinga-Thie, V.M. 32 
Olkkonen, A loss-of-function variant in OSBPL1A predisposes to low plasma HDL cholesterol 33 
levels and impaired cholesterol efflux capacity, Atherosclerosis. 249 (2016) 140–147. 34 
doi:10.1016/j.atherosclerosis.2016.04.005. 35 

[91] H. Kobuna, T. Inoue, M. Shibata, K. Gengyo-Ando, A. Yamamoto, S. Mitani, H. Arai, 36 
Multivesicular Body Formation Requires OSBP–Related Proteins and Cholesterol, PLOS Genet. 37 
6 (2010) e1001055. doi:10.1371/journal.pgen.1001055. 38 

[92] K. Zhao, N.D. Ridgway, Oxysterol-Binding Protein-Related Protein 1L Regulates Cholesterol 39 
Egress from the Endo-Lysosomal System, Cell Rep. 19 (2017) 1807–1818. 40 
doi:10.1016/j.celrep.2017.05.028. 41 

[93] J. Dong, X. Du, H. Wang, J. Wang, C. Lu, X. Chen, Z. Zhu, Z. Luo, L. Yu, A.J. Brown, H. Yang, J.-W. 42 
Wu, Allosteric enhancement of ORP1-mediated cholesterol transport by PI(4,5)P 2 /PI(3,4)P 2, 43 
Nat. Commun. 10 (2019) 829. doi:10.1038/s41467-019-08791-0. 44 

[94] G. Drin, J.M. von Filseck, A. Čopič, New molecular mechanisms of inter-organelle lipid 45 
transport, Biochem. Soc. Trans. 44 (2016) 486–492. doi:10.1042/BST20150265. 46 

[95] J. Moser von Filseck, A. Čopič, V. Delfosse, S. Vanni, C.L. Jackson, W. Bourguet, G. Drin, 47 
Phosphatidylserine transport by ORP/Osh proteins is driven by phosphatidylinositol 4-48 
phosphate, Science. 349 (2015) 432–436. doi:10.1126/science.aab1346. 49 

[96] A. Citri, Y. Yarden, EGF–ERBB signalling: towards the systems level, Nat. Rev. Mol. Cell Biol. 7 50 
(2006) 505–516. doi:10.1038/nrm1962. 51 



21 | 27 

 

[97] M.D. Marmor, Y. Yarden, Role of protein ubiquitylation in regulating endocytosis of receptor 1 
tyrosine kinases, Oncogene. 23 (2004) 2057–2070. doi:10.1038/sj.onc.1207390. 2 

[98] L.P. Sousa, I. Lax, H. Shen, S.M. Ferguson, P.D. Camilli, J. Schlessinger, Suppression of EGFR 3 
endocytosis by dynamin depletion reveals that EGFR signaling occurs primarily at the plasma 4 
membrane, Proc. Natl. Acad. Sci. 109 (2012) 4419–4424. doi:10.1073/pnas.1200164109. 5 

[99] C.E. Futter, A. Pearse, L.J. Hewlett, C.R. Hopkins, Multivesicular endosomes containing 6 
internalized EGF-EGF receptor complexes mature and then fuse directly with lysosomes., J. 7 
Cell Biol. 132 (1996) 1011–1023. doi:10.1083/jcb.132.6.1011. 8 

[100] F.G. Haj, Imaging Sites of Receptor Dephosphorylation by PTP1B on the Surface of the 9 
Endoplasmic Reticulum, Science. 295 (2002) 1708–1711. doi:10.1126/science.1067566. 10 

[101] L.H. Wong, E.R. Eden, C.E. Futter, Roles for ER:endosome membrane contact sites in ligand-11 
stimulated intraluminal vesicle formation, Biochem. Soc. Trans. 46 (2018) 1055–1062. 12 
doi:10.1042/BST20170432. 13 

[102] C.E. Futter, Annexin I is phosphorylated in the multivesicular body during the processing of the 14 
epidermal growth factor receptor, J. Cell Biol. 120 (1993) 77–83. doi:10.1083/jcb.120.1.77. 15 

[103] S. Réty, D. Osterloh, J.-P. Arié, S. Tabaries, J. Seeman, F. Russo-Marie, V. Gerke, A. Lewit-16 
Bentley, Structural basis of the Ca2+-dependent association between S100C (S100A11) and its 17 
target, the N-terminal part of annexin I, Structure. 8 (2000) 175–184. doi:10.1016/S0969-18 
2126(00)00093-9. 19 

[104] A.T. Gatta, J.G. Carlton, The ESCRT-machinery: closing holes and expanding roles, Curr. Opin. 20 
Cell Biol. 59 (2019) 121–132. doi:10.1016/j.ceb.2019.04.005. 21 

[105] M. Stuible, J.V. Abella, M. Feldhammer, M. Nossov, V. Sangwan, B. Blagoev, M. Park, M.L. 22 
Tremblay, PTP1B Targets the Endosomal Sorting Machinery DEPHOSPHORYLATION OF 23 
REGULATORY SITES ON THE ENDOSOMAL SORTING COMPLEX REQUIRED FOR TRANSPORT 24 
COMPONENT STAM2, J. Biol. Chem. 285 (2010) 23899–23907. doi:10.1074/jbc.M110.115295. 25 

[106] M. Razi, C.E. Futter, Distinct Roles for Tsg101 and Hrs in Multivesicular Body Formation and 26 
Inward Vesiculation, Mol. Biol. Cell. 17 (2006) 3469–3483. doi:10.1091/mbc.e05-11-1054. 27 

[107] K. Palande, O. Roovers, J. Gits, C. Verwijmeren, Y. Iuchi, J. Fujii, B.G. Neel, R. Karisch, J. 28 
Tavernier, I.P. Touw, Peroxiredoxin-controlled G-CSF signalling at the endoplasmic reticulum–29 
early endosome interface, J Cell Sci. 124 (2011) 3695–3705. doi:10.1242/jcs.089656. 30 

[108] M.J. Berridge, M.D. Bootman, H.L. Roderick, Calcium signalling: dynamics, homeostasis and 31 
remodelling, Nat. Rev. Mol. Cell Biol. 4 (2003) 517–529. doi:10.1038/nrm1155. 32 

[109] J.K. Foskett, C. White, K.-H. Cheung, D.-O.D. Mak, Inositol Trisphosphate Receptor Ca 2+ 33 
Release Channels, Physiol. Rev. 87 (2007) 593–658. doi:10.1152/physrev.00035.2006. 34 

[110] E. Lloyd-Evans, A.J. Morgan, X. He, D.A. Smith, E. Elliot-Smith, D.J. Sillence, G.C. Churchill, E.H. 35 
Schuchman, A. Galione, F.M. Platt, Niemann-Pick disease type C1 is a sphingosine storage 36 
disease that causes deregulation of lysosomal calcium, Nat. Med. 14 (2008) 1247–1255. 37 
doi:10.1038/nm.1876. 38 

[111] A. Galione, A primer of NAADP-mediated Ca2+ signalling: From sea urchin eggs to mammalian 39 
cells, Cell Calcium. 58 (2015) 27–47. doi:10.1016/j.ceca.2014.09.010. 40 

[112] A. Galione, S. Patel, G.C. Churchill, NAADP-induced calcium release in sea urchin eggs, Biol. 41 
Cell. 92 (2000) 197–204. doi:10.1016/S0248-4900(00)01070-4. 42 

[113] A.J. Morgan, F.M. Platt, E. Lloyd-Evans, A. Galione, Molecular mechanisms of endolysosomal 43 
Ca 2+ signalling in health and disease, Biochem. J. 439 (2011) 349–378. 44 
doi:10.1042/BJ20110949. 45 

[114] S. Patel, S. Muallem, Acidic Ca2+ stores come to the fore, Cell Calcium. 50 (2011) 109–112. 46 
doi:10.1016/j.ceca.2011.03.009. 47 

[115] P.J. Calcraft, M. Ruas, Z. Pan, X. Cheng, A. Arredouani, X. Hao, J. Tang, K. Rietdorf, L. Teboul, K.-48 
T. Chuang, P. Lin, R. Xiao, C. Wang, Y. Zhu, Y. Lin, C.N. Wyatt, J. Parrington, J. Ma, A.M. Evans, 49 
A. Galione, M.X. Zhu, NAADP mobilizes calcium from acidic organelles through two-pore 50 
channels, Nature. 459 (2009) 596–600. doi:10.1038/nature08030. 51 



22 | 27 

 

[116] E. Brailoiu, D. Churamani, X. Cai, M.G. Schrlau, G.C. Brailoiu, X. Gao, R. Hooper, M.J. Boulware, 1 
N.J. Dun, J.S. Marchant, S. Patel, Essential requirement for two-pore channel 1 in NAADP-2 
mediated calcium signaling, J. Cell Biol. 186 (2009) 201–209. doi:10.1083/jcb.200904073. 3 

[117] S. Patel, Function and dysfunction of two-pore channels, Sci. Signal. 8 (2015) re7–re7. 4 
doi:10.1126/scisignal.aab3314. 5 

[118] B.S. Kilpatrick, E.R. Eden, L.N. Hockey, E. Yates, C.E. Futter, S. Patel, An Endosomal NAADP-6 
Sensitive Two-Pore Ca2+ Channel Regulates ER-Endosome Membrane Contact Sites to Control 7 
Growth Factor Signaling, Cell Rep. 18 (2017) 1636–1645. doi:10.1016/j.celrep.2017.01.052. 8 

[119] C.I. López Sanjurjo, S.C. Tovey, C.W. Taylor, Rapid Recycling of Ca2+ between IP3-Sensitive 9 
Stores and Lysosomes, PLoS ONE. 9 (2014) e111275. doi:10.1371/journal.pone.0111275. 10 

[120] C.I. López-Sanjurjo, S.C. Tovey, D.L. Prole, C.W. Taylor, Lysosomes shape Ins(1,4,5) P 3 -evoked 11 
Ca 2+ signals by selectively sequestering Ca 2+ released from the endoplasmic reticulum, J. Cell 12 
Sci. 126 (2013) 289–300. doi:10.1242/jcs.116103. 13 

[121] P. Atakpa, N.B. Thillaiappan, S. Mataragka, D.L. Prole, C.W. Taylor, IP3 Receptors Preferentially 14 
Associate with ER-Lysosome Contact Sites and Selectively Deliver Ca2+ to Lysosomes, Cell Rep. 15 
25 (2018) 3180-3193.e7. doi:10.1016/j.celrep.2018.11.064. 16 

[122] A. Malhas, C. Goulbourne, D.J. Vaux, The nucleoplasmic reticulum: form and function, Trends 17 
Cell Biol. 21 (2011) 362–373. doi:10.1016/j.tcb.2011.03.008. 18 

[123] G. Rappa, M.F. Santos, T.M. Green, J. Karbanová, J. Hassler, Y. Bai, S.H. Barsky, D. Corbeil, A. 19 
Lorico, Nuclear transport of cancer extracellular vesicle-derived biomaterials through nuclear 20 
envelope invagination-associated late endosomes, Oncotarget. 8 (2017). 21 
doi:10.18632/oncotarget.14804. 22 

[124] M.F. Santos, G. Rappa, J. Karbanova, T. Kurth, D. Corbeil, A. Lorico, VAMP-associated protein-A 23 
and oxysterol-binding protein–related protein 3 promote the entry of late endosomes into the 24 
nucleoplasmic reticulum, J. Biol. Chem. (2018) jbc.RA118.003725. 25 
doi:10.1074/jbc.RA118.003725. 26 

[125] M. Lehto, R. Hynynen, K. Karjalainen, E. Kuismanen, K. Hyvärinen, V.M. Olkkonen, Targeting of 27 
OSBP-related protein 3 (ORP3) to endoplasmic reticulum and plasma membrane is controlled 28 
by multiple determinants, Exp. Cell Res. 310 (2005) 445–462. doi:10.1016/j.yexcr.2005.08.003. 29 

[126] A.T. Gatta, T.P. Levine, Piecing Together the Patchwork of Contact Sites, Trends Cell Biol. 27 30 
(2017) 214–229. doi:10.1016/j.tcb.2016.08.010. 31 

[127] Y. Kakimoto, S. Tashiro, R. Kojima, Y. Morozumi, T. Endo, Y. Tamura, Visualizing multiple inter-32 
organelle contact sites using the organelle-targeted split-GFP system, Sci. Rep. 8 (2018). 33 
doi:10.1038/s41598-018-24466-0. 34 

[128] N. Shai, E. Yifrach, C.W.T. van Roermund, N. Cohen, C. Bibi, L. IJlst, L. Cavellini, J. Meurisse, R. 35 
Schuster, L. Zada, M.C. Mari, F.M. Reggiori, A.L. Hughes, M. Escobar-Henriques, M.M. Cohen, 36 
H.R. Waterham, R.J.A. Wanders, M. Schuldiner, E. Zalckvar, Systematic mapping of contact 37 
sites reveals tethers and a function for the peroxisome-mitochondria contact, Nat. Commun. 9 38 
(2018). doi:10.1038/s41467-018-03957-8. 39 

[129] J.M. Goodman, The Gregarious Lipid Droplet, J. Biol. Chem. 283 (2008) 28005–28009. 40 
doi:10.1074/jbc.R800042200. 41 

[130] B.-B. Chu, Y.-C. Liao, W. Qi, C. Xie, X. Du, J. Wang, H. Yang, H.-H. Miao, B.-L. Li, B.-L. Song, 42 
Cholesterol Transport through Lysosome-Peroxisome Membrane Contacts, Cell. 161 (2015) 43 
291–306. doi:10.1016/j.cell.2015.02.019. 44 

[131] A. Hu, X.-T. Zhao, H. Tu, T. Xiao, T. Fu, Y. Wang, Y. Liu, X.-J. Shi, J. Luo, B.-L. Song, PIP4K2A 45 
regulates intracellular cholesterol transport through modulating PI(4,5)P2 homeostasis, J. 46 
Lipid Res. 59 (2018) 507–514. doi:10.1194/jlr.M082149. 47 

[132] L.L. Lackner, J.M. Nunnari, The molecular mechanism and cellular functions of mitochondrial 48 
division, Biochim. Biophys. Acta BBA - Mol. Basis Dis. 1792 (2009) 1138–1144. 49 
doi:10.1016/j.bbadis.2008.11.011. 50 

[133] Y.C. Wong, D. Ysselstein, D. Krainc, Mitochondria–lysosome contacts regulate mitochondrial 51 
fission via RAB7 GTP hydrolysis, Nature. 554 (2018) 382–386. doi:10.1038/nature25486. 52 



23 | 27 

 

[134] Y. Han, M. Li, F. Qiu, M. Zhang, Y.-H. Zhang, Cell-permeable organic fluorescent probes for live-1 
cell long-term super-resolution imaging reveal lysosome-mitochondrion interactions, Nat. 2 
Commun. 8 (2017) 1307. doi:10.1038/s41467-017-01503-6. 3 

[135] K. Onoue, A. Jofuku, R. Ban-Ishihara, T. Ishihara, M. Maeda, T. Koshiba, T. Itoh, M. Fukuda, H. 4 
Otera, T. Oka, H. Takano, N. Mizushima, K. Mihara, N. Ishihara, Fis1 acts as a mitochondrial 5 
recruitment factor for TBC1D15 that is involved in regulation of mitochondrial morphology, J. 6 
Cell Sci. 126 (2013) 176–185. doi:10.1242/jcs.111211. 7 

[136] G.P. Starling, Y.Y. Yip, A. Sanger, P.E. Morton, E.R. Eden, M.P. Dodding, Folliculin directs the 8 
formation of a Rab34–RILP complex to control the nutrient-dependent dynamic distribution of 9 
lysosomes, EMBO Rep. 17 (2016) 823–841. doi:10.15252/embr.201541382. 10 

[137] M. Johansson, N. Rocha, W. Zwart, I. Jordens, L. Janssen, C. Kuijl, V.M. Olkkonen, J. Neefjes, 11 
Activation of endosomal dynein motors by stepwise assembly of Rab7–RILP–p150 Glued , 12 
ORP1L, and the receptor βlll spectrin, J. Cell Biol. 176 (2007) 459–471. 13 
doi:10.1083/jcb.200606077. 14 

[138] T. Daniele, M.V. Schiaffino, Lipid transfer and metabolism across the endolysosomal–15 
mitochondrial boundary, Biochim. Biophys. Acta BBA - Mol. Cell Biol. Lipids. 1861 (2016) 880–16 
894. doi:10.1016/j.bbalip.2016.02.001. 17 

[139] G. Raposo, D. Tenza, D.M. Murphy, J.F. Berson, M.S. Marks, Distinct Protein Sorting and 18 
Localization to Premelanosomes, Melanosomes, and Lysosomes in Pigmented Melanocytic 19 

Cells ✪, J. Cell Biol. 152 (2001) 809–824. doi:10.1083/jcb.152.4.809. 20 
[140] T. Daniele, I. Hurbain, R. Vago, G. Casari, G. Raposo, C. Tacchetti, M.V. Schiaffino, 21 

Mitochondria and Melanosomes Establish Physical Contacts Modulated by Mfn2 and Involved 22 
in Organelle Biogenesis, Curr. Biol. 24 (2014) 393–403. doi:10.1016/j.cub.2014.01.007. 23 

[141] S. Caplan, L.M. Hartnell, R.C. Aguilar, N. Naslavsky, J.S. Bonifacino, Human Vam6p promotes 24 
lysosome clustering and fusion in vivo, J. Cell Biol. 154 (2001) 109–122. 25 
doi:10.1083/jcb.200102142. 26 

[142] V. Poupon, A. Stewart, S.R. Gray, R.C. Piper, J.P. Luzio, The Role of mVps18p in Clustering, 27 
Fusion, and Intracellular Localization of Late Endocytic Organelles, Mol. Biol. Cell. 14 (2003) 28 
4015–4027. doi:10.1091/mbc.e03-01-0040. 29 

[143] Y. Guo, D. Li, S. Zhang, Y. Yang, J.-J. Liu, X. Wang, C. Liu, D.E. Milkie, R.P. Moore, U.S. Tulu, D.P. 30 
Kiehart, J. Hu, J. Lippincott-Schwartz, E. Betzig, D. Li, Visualizing Intracellular Organelle and 31 
Cytoskeletal Interactions at Nanoscale Resolution on Millisecond Timescales, Cell. 175 (2018) 32 
1430-1442.e17. doi:10.1016/j.cell.2018.09.057. 33 

[144] K. Saito, L. Tautz, T. Mustelin, The lipid-binding SEC14 domain, Biochim. Biophys. Acta BBA - 34 
Mol. Cell Biol. Lipids. 1771 (2007) 719–726. doi:10.1016/j.bbalip.2007.02.010. 35 

[145] UniProt: a worldwide hub of protein knowledge, Nucleic Acids Res. 47 (2019) D506–D515. 36 
doi:10.1093/nar/gky1049. 37 

[146] N. Kumar, M. Leonzino, W. Hancock-Cerutti, F.A. Horenkamp, P. Li, J.A. Lees, H. Wheeler, K.M. 38 
Reinisch, P. De Camilli, VPS13A and VPS13C are lipid transport proteins differentially localized 39 
at ER contact sites, J. Cell Biol. 217 (2018) 3625–3639. doi:10.1083/jcb.201807019. 40 

[147] C. Dimaano, C.B. Jones, A. Hanono, M. Curtiss, M. Babst, Ist1 Regulates Vps4 Localization and 41 
Assembly, Mol. Biol. Cell. 19 (2008) 465–474. doi:10.1091/mbc.e07-08-0747. 42 

 43 

  44 



24 | 27 

 

Figure legends 1 

 2 

Figure 1: The endocytic organelles are physically connected to the ER network 3 

Schematic representation of the different step of clathrin-mediated endocytosis, from the uptake of 4 

exogenous biological material to lysosomal degradation. Clathrin coated pits are formed by inward 5 

budding of the plasma membrane. The newly formed clathrin vesicles containing endocytosed cargoes 6 

gradually mature into early endosomes, late endosomes and lysosomes. Endocytosed cargoes can be 7 

recycled by recycling endosomes. Endosomal positioning and tubulation need an active microtubule 8 

network. All along their life, endocytic organelles contact ER tubules (highlighted by purple circles). 9 

These ER-endosome membrane contacts regulate the dynamics of the endocytic compartment. 10 

 11 

Figure 2: ER-Endosome contacts observed by light and electron microscopy  12 

A. Example of an extended ER-endosome contact visualized by electron microscopy (EM). Detailed 13 

view of STARD3-expressing HeLa cells showing a contact between an ER sheet and an endosome. False 14 

colors were assigned to the ER (green), endosome (magenta), mitochondria (yellow), and nucleus 15 

(blue). An interpretation scheme of the EM image is shown on the right. 16 

B-D. VAP-A (B), VAP-B (C) and MOSPD2 (D) labelled in green have a typical ER localization when they 17 

are expressed alone (left panels). Note the reticulated localization extending throughout the cytoplasm 18 

with a perinuclear enrichment. When co-expressed with STARD3 (right panels), VAP-A, VAP-B and 19 

MOSPD2 are enriched in ER subregions around STARD3 positive endosomes corresponding to 20 

membrane contacts. The subpanels on the right display higher magnification images (3.5X) of regions 21 

boxed in white. The Overlay panel shows merged green and magenta images. The Coloc. panel shows 22 

a colocalization mask highlighting pixels which overlap between the green and magenta channels in 23 

white. Scale bar: 10 µm. 24 

 25 

Figure 3: Model of ER-mediated endosome fission 26 

A. Schematic representation of an ER-Endosome contact not involved in endosome fission. 27 

B-C. ER mediated endosome fission. B. Rab7-positive endosomes contain EGFR. At the budding region 28 

of the endosome, several proteins accumulate such as FAM21 and CORO1C, while the neighboring ER 29 

tube becomes enriched in TMCC1. 30 

C. The ER-resident TMCC1 protein drives the ER to the endosome bud, through its interaction with 31 

CORO1C. This ER-Endosome contact is built before fission occurs. 32 

D. Rapidly after the contact (<10 s), the endosome tubule is severed from the vesicle; the contact is 33 

maintained between the ER and the endosome tubule. 34 

 35 

Figure 4: Lipid transport at ER-Endosome contacts 36 

A. STARD3 and ORP1L are two endosome tethers. STARD3 is an integral protein, whereas ORP1L is 37 

associated to LEs by binding with PI(4)P (via its pleckstrin homology (PH) domain) and Rab7 (via its 38 

ankyrin repeat (AR) domain). These 2 proteins have an FFAT motif enabling the interaction with the 39 

MSP domain of the ER protein VAP. At the contact, the START domain of STARD3 transports cholesterol 40 

from the ER to the LE. ORP1L transports cholesterol between the ER and LEs in both directions. 41 

B. SNX2 and OSBP are found in early endosomes (EE). Their association with EE is mediated by 42 

phosphoinositides; SNX2 interacts with PI(3)P through its PX domain, and OSBP interacts with PI(4)P 43 

with its PH domain. SNX2 and OSBP both bind VAPs. At the interface of the ER-EE contact, the ORD 44 

domain of OSBP transports PI(4)P from the EE to the ER, making PI(4)P accessible to the phosphatase 45 

Sac1. This mechanism regulates the PI(4)P cycle on endosomes. 46 

 47 

Figure 5: Regulation of EGFR sorting at Annexin A1-mediated ER-Endosome contacts 48 
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This model illustrates EGFR endocytosis after EGF-binding, and in the absence of low density 1 

lipoprotein (LDL)-derived cholesterol. 2 

A. EGFR binds its ligand, which results in dimerization, autophosphorylation, and receptor activation. 3 

The activated receptor is then endocytosed. In multi-vesicular bodies (MVB), EGFR mediates Annexin 4 

A1 phosphorylation. EGFR-MVB/ER contact is formed by Annexin A1-S100-A11 interaction. This allows 5 

the phosphatase PTP1B sitting on the ER to interact with EGFR, and the formation of a protein complex 6 

composed of VAP and ORP1L. At the interface of the contact, EGFR is dephosphorylated by PTP1B, and 7 

internalized in intra luminal vesicles (ILVs) formed by the endosomal sorting complexes required for 8 

transport (ESCRT) machinery. Within the contact, cholesterol is transferred to the endosome by ORP1L. 9 

B. Close-up of the EGFR-MVB/ER contact. Through its amino-terminal part, Annexin A1 interacts with 10 

S100-A11 in a calcium-dependent manner. PTP1B interacts with EGFR and the ESCRT-0 component 11 

HRS, and mediates their dephosphorylation. The ubiquitinated EGFR is recognized by HRS via its 12 

ubiquitin-interacting motif. The VAP-ORP1L complex is formed by the interaction of the MSP domain 13 

of VAP with the FFAT motif of ORP1L. 14 

 15 

Table I: Molecular architecture and associated functions of ER-Endosome contacts involving proteins 16 

from the MSP-domain family 17 

The proteins in rows are partners. On the left are shown the ER-receptors VAP-A, VAP-B and MOSPD2 18 

belonging to the MSP family, and on the middle their endosomal partners, all having a FFAT motif. On 19 

the right, functions associated with each tethering complex are indicated. 20 

Abbreviations: Proteins: STARD3: StAR related lipid transfer protein 3; STARD3NL: STARD3 N-terminal 21 

like; ORPs: oxysterol binding protein (OSBP)-related proteins; SNX2: sorting nexin 2. Protein regions: 22 

TM: transmembrane domain; CC: coiled-coil domain; MSP: major sperm protein domain; CRAL-TRIO: 23 

cellular retinaldehyde-binding protein and triple functional domain protein domain [144]; MENTAL: 24 

Metastatic Lymph Node 64 (MLN64/STARD3) N-terminal domain; START: steroidogenic Acute 25 

Regulatory protein related lipid transfer domain; AR: ankyrin repeat; PH: pleckstrin homology domain; 26 

ORD: oxysterol binding protein (OSBP)-related ligand-binding domain; PX: phox domain; BAR: bin-27 

Amphiphysin-Rvs domain. Main source: Uniprot [145].  28 

 29 

Table II: Molecular architecture of ER-Endosome contacts excluding the MSP-containing family, and 30 

associated functions  31 

The proteins in rows are partners. The ER tether is on the right, the endosome partner on the middle 32 

and the associated function on the right. Note that Vacuolar protein sorting-associated protein 13-C 33 

(VPS13-C) protein builds ER-Endosome contacts; the molecular mechanism of formation of this contact 34 

is not known [146]. Inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) acts at ER-Endosome contacts 35 

built by another yet unidentified machinery. Protein regions mediating the interaction within the 36 

complex are labeled with an asterisk. 37 

Abbreviations: Proteins: TMCC1: transmembrane and coiled-coil domains protein 1; RNF26: Ring finger 38 

protein 26; PTP1B: protein tyrosine phosphatase 1B; CORO1C: coronin 1C; SQSTM1: sequestosome 1; 39 

TOLLIP: toll-interacting protein; EPS15: Epidermal growth factor receptor substrate 15; HRS: 40 

hepatocyte growth factor-regulated tyrosine kinase substrate; TPC1: two-pore channel 1; EGFR: 41 

epidermal growth factor (EGF) receptor. Protein regions: TM: transmembrane domain; CC: coiled-coil 42 

domain; HD: hydrophobic domain; MIT: microtubule interacting and trafficking domain; Microtubule-43 

BD : Microtubule-binding domain [65]; Rab11-BD : Rab11-binding domain ; LCR : low complexity 44 

region ; KIF5-BD: kinesin family member 5B-binding domain; FYVE: domain named after Fab 1, YOTB, 45 

Vac1, and EEA1 [36,49]; TPP : tyrosine protein phosphatase domain; WD40: WD40 repeats; DH-like: 46 

Dbl homology-like domain; PH; pleckstrin homology domain; IP3-BD: inositol 1,4,5-trisphosphate-47 

binding region; MIR : motif named after Mannosyltransferase, IP3R and Ryanodine receptor (RyR); 48 
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ELYC domain [147]; PI(3)P: phosphatidylinositol 3-phosphate; RING: really interesting new gene 1 

domain; PB1: Phox and Bem1 domain; ZZ: zinc finger ZZ-type domain; LIR: LC3-interacting region; UBA: 2 

ubiquitin-associated domain; TBD: Tbk1/Ikki binding domain; CUE: coupling of ubiquitin conjugation 3 

to endoplasmic reticulum (ER) degradation domain; EH: Eps15 homology domain; UIM: ubiquitin-4 

interacting motif;  S100-A11-BR: S100-A11-binding region [103]; PK: protein kinase domain; Ligand-5 

BD: ligand-binding region; VHS: domain derived from its occurrence in VPS-27, Hrs and STAM. Main 6 

source: Uniprot [145]. 7 
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mediated by the START domain of STARD3 (see Fig. 4A). 

- Regulation of endosome positioning.
- Cholesterol transport between late endosomes and the 
ER, mediated by the ORD domain of ORP1L (see Fig. 4A). 

Control of endosomal vesicle-to-tubule transitions.

PI4P transport from endosomes to the ER mediated by the 
ORD domain of OSBP (see Fig. 4B). This VAP-dependent 
regulation of PI4P level affects actin nucleation and 
retromer function. 

Mediates late endosomes and nucleoplasmic reticulum 
contact formation.

Mediates ER-Endosome tethering. 

Endosomal protein
(with an FFAT motif) Associated function

Alpy et al., 2013; Wilhelm et al., 2017

Alpy et al., 2013

Santos et al., 2018

Dong et al., 2016

Di Mattia et al., 2018

Di Mattia et al., 2018

Di Mattia et al., 2018

Rocha et al., 2009; Eden et al., 2016; Zhao and Ridgway 2017

FFAT
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STARD3NL
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START

FFATSTARD3

PH ORD

AR FFAT

ORP1L

MOSPD2
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TM
CRAL-TRIO Mediates ER-Endosome tethering. 

Mediates ER-Endosome tethering. 
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TMs

S100A11
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Protrudin
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TMs

LCR* KIF5-BD
FYVE*

FFAT

WD repeats

CC

CORO1C

IST1

MIT-interacting motif*
ELYC

Rab7*

Lipidation site

GTPase

Annexin repeat

S100A11-BR*

Annexin A1

PKTM

Ligand-BD

EGFR

VHS

FYVE

UIM
CC

HRS

PP
R
R

PI(3)P*

RNF26

TMs

RING*

TBD

C2
CUE

TOLLIP

PB1
ZZ UBA+

Ubiquitin*

LIR
SQSTM1

EH
UIM

UIMEPS15

ER-protein
Protein complexes

Endosomal protein/lipid Associated function

TMCC1 drives the ER to the endosomal CORO1C 
positive domains which regulates endosomal fission (see 
Fig. 3).

Dephosphorylation of endocytosed EGFR by the 
phosphatase PTP1B in Annexin A1-dependent contact 
sites. PTP1B also dephosphorylates the ESCRT0 
components HRS and STAM (nor represented here). 
Furthermore, in the contact, ORP1L transports choleste-
rol from the ER to the EGFR/MVB; this transport of 
cholesterol supports the formation of intra luminal 
vesicles (see Fig. 5).

Regulation of endosome translocation and neurite 
outgrowth.

Regulation of endosomal fission, depending on a 
functional ATPase activity. 

Calcium delivery from the ER to lysosomes.

Rowland et al., 2014; Hoyer et al., 2018

Allison et al., 2017

Raiborg et al., 2015

Atakpa et al., 2018

Haj et al., 2002; Stuible et al., 2010; Eden et al., 2016

Regulation of the dynamics and positioning of endosomal 
vesicles. 

Jongsma et al., 2016

FFAT

WD40 PH

DH-like

VPS13-C Kumar et al., 2018

IP3R

TMs MIR

IP3-BR

Glycerolipid transport between ER-Endosome 
membranes mediated by the amino-terminal part of the 
VPS13 protein.  

U

TPC1

EF-Hand

TMs TMs

Kilpatrick et al., 2017

Regulation of EGFR signaling. 
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