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Abstract

The endoplasmic reticulum (ER) is a continuous endomembrane system comprising the nuclear 

envelope, ribosome-studded sheets, dense peripheral matrices, and an extensive polygonal network 

of interconnected tubules. In addition to performing numerous critical cellular functions, the ER 

makes extensive contacts with other organelles, including endosomes and lysosomes. The 

molecular and functional characterization of these contacts has advanced significantly over the 

past several years. These contacts participate in key functions such as cholesterol transfer, 

endosome tubule fission, and Ca2+ exchange. Disruption of key proteins at the contact sites can 

result in often severe diseases, particularly those affecting the nervous system.
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1. Introduction

The endoplasmic reticulum (ER) is the largest continuous membrane organelle in the 

eukaryotic cell. It functions as a biosynthetic factory in cells [1, 2], responsible for lipid and 

protein synthesis and modification [3–5] as well as for protein quality control [6–8] and 

Ca2+ storage and signaling [9–11]. The ER is a highly-interconnected and dynamic 

organelle, comprising the double membrane of the nuclear envelope, stacked ribosome-

studded sheets, and interconnected tubules extending to the cell periphery. The ER 

undergoes rapid structural changes, with constant growth, retraction, fusion, and 

rearrangement of its membrane network [12–16].

Structural and morphological changes of the ER have important functional implications, 

since the ER membrane dynamically contacts essentially every other cellular organelle – for 

instance endosomes, mitochondria, plasma membrane, and Golgi apparatus -- at specific 
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membrane contact sites (MCSs) [17–20]. MCSs enable inter-organelle communication in a 

non-vesicular manner to facilitate the exchange of lipids and small molecules between 

organelles, which is crucial for maintaining cell homeostasis. MCSs are regions of close 

membrane apposition (10–30 nm) in which organelles are tethered by molecular bridges to 

one another, often reversibly, but not fused. These inter-organelle tethers are formed by a 

variety of molecular complexes composed of both integral membrane-associated and 

peripherally-associated proteins as well as specific lipids [21, 22]. MCSs between the ER 

and endocytic organelles are particularly abundant, and crosstalk between the ER and 

components of the endolysosomal pathway is important for coordinating the molecular 

activities among the different compartments -- including cholesterol transfer [23–28], 

endosome fission [29–31], endosome positioning [25, 32, 33], dephosphorylation of 

endosome membrane receptors [34–36], and Ca2+ exchange [37]. The coordinate regulation 

of lipid metabolism occurs between ER, which is the primary site for lipid synthesis; lipid 

droplets, an ER-derived organelle responsible for lipid storage and transport; endosomes, 

which are responsible for regulating cholesterol homeostasis; and lysosomes, which are 

responsible for lipid hydrolysis and recycling.

MCSs between the ER and endo-lysosomal organelles serve as functionally important 

microdomains that mediate distinct biological activities depending on the composition of 

tether/non-tether proteins and lipids present in the contacts. Defects in interactions among 

ER and endo-lysosomal compartments are associated with a variety of diseases including 

neurodegenerative Niemann-Pick diseases and hereditary spastic paraplegias (HSPs) [38, 

39]. Here, we review the current understanding of how ER regulates endo-lysosomal 

pathways, the molecular composition and cellular function of ER-endo/lysosomal MCSs, 

and how changes in ER structure can compromise this interaction and contribute to disease 

states.

2. Structure and Functions of the Endoplasmic Reticulum

Each eukaryotic cell contains a continuous ER membrane network of interconnected sheets 

and tubules that extends throughout the cell and occupies a large fraction of the total cellular 

volume [14, 40, 41]. The continuity of the ER lumen has been experimentally demonstrated 

through fluorescence microscopy studies that injected lipophilic fluorescent dyes into live 

cells co-stained with ER markers [40, 42] and using GFP (green fluorescent protein) targeted 

to the ER and analyzed using FLIP (fluorescence loss in photobleaching) [43, 44]. 

Fragmentation of ER membranes, which has been reported during the cell cycle and 

fertilization, is rapidly counteracted by homotypic fusion [45, 46].

The structural complexity of the ER is only beginning to be full appreciated with the advent 

of super-resolution imaging techniques. These emerging approaches have revealed that the 

ER is comprised of heterogenous but interconnected membrane compartments, with highly 

complex architectures [16, 18, 47] that form distinct functional domains [1, 2]. These 

domains permit the ER to separate structurally and functionally its myriad biological 

activities, including protein and lipid synthesis, Ca2+ storage and signaling, vesicular 

transport, mitochondrial and endosomal fission, protein modification, protein quality 

control, lipid droplet/peroxisome/autophagosome biogenesis, and communication and 
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regulation of other cellular organelles at MCSs – all while remaining continuous. The 

extensive ER membrane network comprises the nuclear envelope [48], helicoidal stacks of 

sheets in the perinuclear region [49], and a more peripheral network of numerous densely 

packed tubular structures (ER matrices), occasional cisternal structures, and an extensive 

polygonal network of interconnected tubules [16, 50–52] ranging from about 25–100 nm in 

diameter that extends to the cell boundary.

The ER in neurons is organized similarly to ER in non-neuronal cells and forms a 

continuous network of tubules and cisternae that extends promiscuously throughout all 

neuronal compartments, including into narrow regions such as the neck of dendritic spines 

and thin axonal terminals [51, 53–55]. The ER in dendrites is mostly tubular, with 

occasional small cisternae, while a single, continuous smooth ER tubule is observed in thin 

axonal segments [18, 51]. Functionally, stacked ER sheets as revealed by early electron 

micrographs were often studded with ribosomes and termed “rough ER,” while “smooth” 

tubules were shown to contain very few ribosomes [56, 57]. Later studies have largely 

confirmed that these juxtanuclear ER sheets are primary sites of protein translation, 

modification, and quality control, while ER tubules are principal sites for the synthesis and 

distribution of sterols and lipids, biogenesis of lipid droplets, and formation of MCSs with 

other organelles.

Shaping and maintaining these diverse ER morphologies requires numerous proteins and 

interactions with the cytoskeleton network. Wedge-shaped proteins containing 

intramembrane hydrophobic hairpin domains comprising members of the reticulon and 

REEP/DP1/Yop1p protein families are responsible for maintaining the high membrane 

curvatures found in ER tubules and at the edges of ER sheets and nuclear pores [58–60]. 

Atlastin/RHD3/Sey1p are membrane-bound GTPases that mediate membrane fusion to form 

three-way junctions between tubules, giving rise to the polygonal network so characteristic 

of the peripheral ER [61, 62]. Additionally, other tubular ER proteins containing 

hydrophobic transmembrane hairpin domains such the M1 isoform of the AAA ATPase 

spastin and REEPs interact with and remodel the microtubule cytoskeleton, which also helps 

to sculpt the tubular ER network [63]. A different set of integral membrane proteins 

including Climp63, p180, and kinectin regulate the shape of ER sheet-like structures through 

luminal spacing, cisternal stacking, and cytoskeletal interactions [14]. Overexpression or 

depletion of these proteins affects ER morphology by influencing the ratio of ER tubules to 

sheet-like structures [61] as well as their cellular distributions, and many of these proteins 

when mutated are associated with disease states, particularly affecting the nervous system 

[38].

In animal cells, the ER is intimately associated with the microtubule cytoskeleton [64–67], 

and this association is important for supporting the architecture of the ER network; as 

described above, several of the ER-shaping proteins harbor microtubule-binding domains. 

Although the microtubule cytoskeleton is not required for ER network formation in vitro, it 

is required to generate the characteristic shapes and dynamic movement seen in cells [58]. 

Depolymerization of microtubules using nocodazole results in retraction of the ER network 

and coalescing of ER membranes into sheet-like structures [67]. Nocodazole treatment also 

decreases the overall number of MCSs between ER and various other organelles, indicating 
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that microtubules also play a vital role in establishing and maintaining inter-organelle 

contacts [20, 65, 68]. ER tubules can also be formed by sliding along microtubules via the 

action of motor proteins or else by attaching to polymerizing microtubules [64, 69]. Finally, 

ER tubules bound to other organelles such as mitochondria or endosomes can “hitch” a ride 

as these organelles are being transported along microtubules [65, 70].

3. Endo-lysosomal Pathway

Endo-lysosomal organelles are components of the endocytic pathway, which is responsible 

for vesicular trafficking of cell surface cargoes (molecules, ligands, receptors) that are 

internalized from the plasma membrane [71–74]. Endocytic vesicles that form at the plasma 

membrane fuse with early endosomes and subsequently undergo a series of maturation steps 

as they traffic towards the cell center along microtubules, deciding the fate of the 

internalized cargoes. The early endosome maturation process involves acidification of the 

endosomal lumen, differential recruitment and activation of Rab family GTPases, and 

conversion of key phosphatidylinositol phospholipids via lipid kinases and phosphatases to 

generate sorting, recycling, and late endosomes as well as lysosomes [72, 75–78]. Cargo 

sorting initially occurs on Rab5-positive early endosomes; from there, cargoes are either 

sorted to the recycling pathways by trafficking back to the plasma membrane via Rab4-

positive vesicles or Rab11-positive late recycling endosomes, sent to the trans-Golgi 

network (TGN) via the retrograde pathways, or else directed to lysosomes for degradation 

[79]. Cargoes destined for the lysosomal degradation pathway are retained in sorting 

endosomes that eventually mature into Rab7-positive late endosomes -- also known as multi-

vesicular bodies (MVBs) -- that sequester the cargo into intraluminal vesicles (ILVs). Fusion 

of MVBs with lysosomes containing acidic hydrolases results in degradation of internalized 

cargoes.

Lysosomes are an important catabolic organelle of eukaryotic cells, containing a diverse 

repertoire of acidic hydrolases (luminal pH of 4.5–5.0) that can digest macromolecules such 

as lipids and proteins and even entire organelles. In mammals, there is a single lysosomal 

acid lipase (LAL) [80] that functions at acidic pH and mediates the breakdown of lipids and 

lipoproteins. This and other lysosomal enzymes are synthesized in the rough ER and 

imported from the Golgi apparatus via small vesicles that fuse with acidic (pH 5.5) late 

endosomes. Enzymes destined for lysosomes are specifically tagged with mannose 6-

phosphate. Prior to the fusion of late endosomes with lysosomes, receptors for lysosomal 

hydrolases are sent back to the TGN via retrograde transport of tubular endosomal 

protrusions that bud off through endosomal fission. Tubular protrusions are generated on 

both early and late endosomes; certain cargoes destined for recycling, such as transferrin 

receptors (TfnRs) or mannose 6-phosphate receptors (M6PRs) for transport back to the 

TGN, accumulate in the narrow tubules, while those targeted for lysosomal degradation 

remain in the larger vacuolar portion [74, 81].

Cargo sorting to the recycling pathways and away from the lysosomal degradation pathway 

is primarily mediated by the evolutionarily-conserved retromer complex. Endosomal tubule 

formation is mediated by proteins that contain banana-shaped BAR (Bin-Amphiphysin-Rvs) 

domains -- such as sorting nexins (SNXs) -- that sense and induce membrane curvature [82, 
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83]. Cargo sorting into the endosomal protrusions involve the cargo-sorting retromer 

complex and the WASH (Wiskott-Aldrich syndrome protein and SCAR homologue) 

complex, which activates Arp2/3 to induces actin nucleation [84–86]. Recently, the 

retromer-independent cargo sorting machinery retriever has also been identified [87]. The 

pulling and pushing forces generated by the actin and microtubule cytoskeletons are also 

necessary to pull out the budding membranes [88]. Mutations in genes that disrupt lysosomal 

enzyme trafficking result in the accumulation of specific cargo substrates that cannot be 

degraded by lysosomes and give rise to several human genetic disorders, collectively termed 

lysosomal storage diseases (LDS) [89, 90]. For instance, LAL deficiency causes Wolman 

disease, a severe LSD characterized by the buildup of lipids in various organs, including the 

brain. Mutations in several genes of the endosomal sorting pathway are linked to inherited 

neurological disorders [38, 91]; VPS35, a subunit of the retromer complex causes autosomal 

dominant, late on-set Parkinson’s disease [92, 93], while mutations in the WASH complex 

component strumpellin/WASHC5 is associated with a type of HSP, SPG8 [94, 95].

Although these intracellular transport and sorting pathways are already complex, they are 

also highly regulated. Key components that mediate the sorting and maturation of endocytic 

organelles have been identified over the last several decades. These include endosomal 

sorting complexes required for transport (ESCRT) proteins (composed of four different 

protein complexes, ESCRTs −0, -I, -II and -III) that mediate cargo sorting into MVBs for 

lysosomal degradation [96], Rab GTPases involved in endosome fusion [76, 77, 97], motor 

proteins that regulate the transport of endosomes along microtubules [98–100], and specific 

MCSs between endosomes and the ER [101, 102].

4. Regulation of ER MCSs with Endo-lysosomal Organelles

The ER directly contacts endo-lysosomal organelles and regulates certain processes 

occurring on endo-lysosomal membranes [23, 101]. These highly-abundant MCSs generate 

microdomains between endosomes and the ER that exclude ribosomes and are typically 

associated with microtubules [23, 103]. Endosomal contacts with the ER also increase as the 

endosome matures; an estimated 50% of early endosomes, but >99% of late endosomes, are 

in contact with the ER [103]. Electron microscopy tomography studies reveal that the ER 

contacts ~5% of the endosome surface area through the formation of multiple contact sites 

on a single endosome. Furthermore, as endosomes are trafficked along microtubules via 

molecular motors, they pull ER tubules with them so that the two organelles remained 

attached, indicating that the organelles are tightly associated. MCSs are mediated by a 

variety of tethering complexes comprising protein-protein and/or protein-lipid interactions. 

Several interacting proteins have been identified that mediate the tethering between ER and 

endosomes, and many of these have a role in cholesterol exchange and endosome 

positioning (Table 1).

By electron microscopy, electron-dense structures are often visible between the narrow gaps 

of opposing membranes of the ER and other organelles [104], and recently some of the 

responsible organelle-specific tethering proteins have been identified. Integral membrane ER 

proteins known as vesicle-associated membrane protein (VAMP)-Associated Proteins 

(VAPs; VAPA and VAPB in animals) are implicated in tethering ER with different types of 
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organelles. ER-mitochondria MCSs are mediated by VAPB and PTP1P51, and this 

interaction has been demonstrated to regulate Ca2+ uptake by mitochondria from the ER 

[105, 106]. Importantly, missense mutation in VAPB (P56S) causes the fatal 

neurodegenerative disease amyotrophic lateral sclerosis type 8 (ALS8) [107]. Although 

transport of proteins between organelles requires vesicle trafficking, lipids can be transferred 

at MCSs [108, 109]. VAPs can also regulate lipid trafficking at several of these MCSs; the 

N-terminal major sperm protein (MSP) domain of VAPs interacts with the FFAT [two 

phenylalanines (FF) in an acidic tract] motif of several lipid-binding proteins found on the 

apposing membranes of other organelles, including those of the TGN: ceramide transferase 

1 (CERT) [108], Nir2 [109], and oxysterol-binding protein (OSBP) [110]; and endosomes: 

ORP1L (OSBP-related protein 1L) [25, 111, 112], STARD3 (steroidogenic acute regulatory 

protein-related lipid transfer domain protein 3), and STARD3NL (STARD3 N-terminal like 

protein) [23, 24].

ORP1L is a cholesterol-binding protein that interacts with Rab7 and localizes to late 

endosomes containing the cholesterol transporter, Niemann-Pick Type C protein NPC1 

(Figure 1). The ORP1L-VAPA interaction is dependent on low cholesterol conditions, 

resulting in ORP1L undergoing a conformational change that allows ORP1L’s FFAT domain 

to interact with VAPA [25]. Overexpression of an ORP1L mutant in which the cholesterol-

binding domain is removed to mimic cholesterol-depleted conditions results in increased 

VAPA interactions and a consequent increase in both the number and size of ER-endosome 

MCSs. Two other endosomal proteins -- STARD3 and STARD3NL -- also contain FFAT 

domains that can interact with VAPA and similar results are seen upon overexpression of 

STARD3 or STARD3NL [23]. However, depletion of VAPA, ORP1L, or STARD3 does not 

significantly decrease the number of basal ER-endosome MCSs, suggesting that other 

protein-tethering complexes may be involved, or else that several tethering complexes work 

together to mediate these interactions.

VAPA also interacts with the FFAT motif of protrudin, another integral membrane ER 

protein. Protrudin contains a FYVE domain and forms contact sites with late endosomes by 

interacting with Rab7 and phosphatidylinositol 3-phosphate (PI3P) phospholipids [113–

116]. Expression of GFP-tagged protrudin showed extensive colocalization with LAMP1-

positive late endosomes/lysosomes, while deletion of the FYVE domain prevented protrudin 

localization to late endosomes/lysosomes. By electron microscopy, extensive MCSs could be 

seen between the ER and late endosomes when protrudin and a GTPase-defective 

Rab7(Q67L) mutant were co-expressed [33]. VAPB interacts with VPS13C, a protein 

associated with early onset autosomal-recessive Parkinson’s disease [117], and localizes to 

contact sites between the ER and late endosomes/lysosomes and to lipid droplets [118]. 

VPS13C contains an N-terminal FFAT motif and a C-terminal domain that binds to late 

endosome/lysosomes, although the binding partner is not yet known. Based on structural 

studies, VSP13C contains a hydrophobic cavity to accommodate several lipid molecules, 

and in vitro assays have confirmed the ability of VSP13C to transfer fluorescently-labeled 

phospholipids between membranes [118], suggesting that VSP13C is a lipid transport 

protein between ER and endosomes.
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VAPA and VAPB have also been shown to interact with the endosomal retromer protein 

SNX2 [119]. Immunofluorescence studies showed that SNX2 overexpression caused the 

normally diffusely-distributed VAPA and VAPB proteins to accumulate at ER focal points 

adjacent to SNX2 positive endosomes. Double-knockout of VAPA and VAPB had a major 

effect on phosphatidylinositol 4-phosphate (PI4P) accumulation on endosomes, suggesting 

that loss of VAP proteins disrupts the contact sites that mediate PI4P degradation via the ER-

localized PI4P-phosphatase Sac1. Additionally, VAPA/B double-knockout cells showed 

accumulation of TGN proteins on endosomes, suggesting that sorting and fission 

mechanisms are also disrupted, possibly due to loss of ER-endosome MCSs that normally 

regulate these processes [119].

Recently, the VAP-related protein MOSPD2 (motile sperm domain-containing protein 2) 

was shown to function as an ER-tethering protein and to bind various proteins on other 

organelles containing a FFAT motif [120]. MOSPD2 is an ER-anchored-protein that 

interacts with endosomal proteins STARD3, STARD3NL, and ORP1L to form contact sites. 

Depletion of MOSPD2 resulted in significant loss of ER-endosome contacts, while depletion 

of VAPA and VAPB did not [120], suggesting that MOSPD2 may represent a more bona fide 
tethering protein for linking ER with endosomal compartments. However, MOSPD2 

depletion also resulted in a significant increase in endosome-endosome contacts. This, it 

remains possible that changes to overall endosome organization contributed to the observed 

decrease in ER-endosome MCSs rather than just loss of tethering activity.

Other ER proteins have also been shown to interact with endosomal proteins, including 

ORP5 (oxysterol-binding protein-related protein 5), an ER transmembrane protein related to 

ORP1L; it binds the cholesterol transporter NPC1 on late endosomes [28]. Also, the ER 

protein PTP1B (protein tyrosine phosphatase 1B) interacts with endocytosed epidermal 

growth factor receptors (EGFRs) and other receptor tyrosine kinases [34, 36, 121, 122], 

granulocyte colony-stimulating factor receptors (G-CSFRs) [35], and the ESCRT-0 

components HRS and STAM2 [34, 123]. Depletion of PTP1B or lack of stimulation by EGF 

did not decrease the number of basal contact sites formed, but expression of a substrate-

trapping mutant of PTP1B (D181A) did cause formation of extended contacts between the 

ER and EGFR-containing endosomes [34, 36]. The interactions among PTP1B and various 

endosomal proteins are likely short-lived and transient and therefore are poorly suited as 

membrane tethers. However, it has been shown that PTP1B-EGFR interactions first requires 

the tethering activity of annexin A1, an endosomal protein that forms a Ca2+-dependent 

heterotetramer with ER-localized S100A11 [124]. Depletion of annexin A1 or S100A11 

disrupts MCSs between ER and EGFR-containing endocytic compartments, but other 

endocytic compartments were not affected [26].

The membrane-bound ER-shaping protein M1 spastin (there is also a shorter, soluble form 

known as M87), a microtubule-severing AAA ATPase, interacts with the endosomal ESCRT-

III component IST1 (increased sodium tolerance 1), and this interaction is required for 

efficient endosomal tubule fission [30, 39] (Figure 2). However, depleting spastin increases 

ER-endosomal membrane contacts. Although several interactions between endosome 

proteins and ER proteins have been identified and proposed to mediate ER-endosome 
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membrane contacts, no single tethering complex has been identified that is necessary and 

sufficient for this process.

It remains unclear which of these tethering interactions are important in initiating MCS 

formation, and which are formed after the initial contacts are made to further stabilize 

tethering between ER and endosomal organelles. For example, depletion of spastin results in 

increased ER-endosome contacts, supporting the notion that M1 spastin-IST1 interactions do 

not create MCSs. It is also possible that the tethering complexes described above could 

mediate different types of ER-endosome MCSs for different functional exchanges. 

Alternatively, these complexes may form in order to mediate certain ER-endosome 

exchanges after tethering by yet to be identified proteins. For instance, despite the extensive 

role of VAPs in tethering ER to various organelles, cells depleted of VAPs remain viable, 

and MCSs between ER and endosomal compartments continue to persist [119]. One study 

also found that depletion of VAPA and VAPB using siRNAs resulted in no change to the 

number of ER contacts with MVBs containing EGFR, while MCSs with non-EGFR 

containing MVBs and lysosomes were reduced by 50% [26], supporting the notion that 

different tethering complexes are involved in different types of endosome-ER MCSs. 

Moreover, although VAP proteins have been identified as prominent tethers of the ER with 

various other organelles, they have many different binding partners and over a hundred 

proteins contain FFAT motifs [125]. Thus, it remains unclear what regulates the spatial and 

temporal formation of specific VAP contacts.

The recent finding that MOSPD2 is also a tethering protein of the ER, contains a FFAT 

motif-binding MSP domain, and interacts with many of the same binding partners as VAPs 

suggests that the formation of contact sites relies on redundant and conserved mechanisms. 

Furthermore, it is interesting to note that Rab7 is involved in both protrudin and ORP1L ER-

endosome MCSs and that PTP1B-EGFR interactions occur on both early (Rab5-positive) 

and well as late (Rab7-positive) endosomes, suggesting that Rabs may be involved in the 

regulation of contact site formation. Although the molecular composition of ER contacts 

with the endocytic pathways remains poorly understood, it is likely that different tethering 

complexes are involved in different types of endosome-ER MCSs.

5. Cholesterol Transfer between Late Endosomes and ER

Cellular membranes in mammals are composed of phospholipids and sterols, and the ER is 

the main compartment for membrane lipid biogenesis. Further lipid modifications occur in 

the Golgi, mitochondria, and peroxisomes. Although the ER is the major site of lipid 

synthesis, the endocytic pathway plays a key role in cholesterol trafficking and many of the 

ER-endosome interacting proteins contain cholesterol-binding domains. In concert with de 
novo cholesterol synthesis, cells also acquire cholesterol though receptor mediated 

endocytosis of LDLs (low-density lipoproteins) synthesized by the liver. After 

internalization, LDLs dissociate from their receptors and are hydrolyzed by lipases in the 

lumen of late endosomes to release free cholesterol. Cholesterol is then transferred to the 

luminal endosomal protein NPC2 and incorporated into the membranes of late endosomes 

by the membrane-bound NPC1 protein (Figure 1).
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It is estimated that ~30% of LDLs from endocytic compartments reach the ER via MCSs 

[126, 127]. ER-localized ORP5 contains a cytosolic cholesterol-binding domain, interacts 

with NPC1, and regulates cholesterol transfer from late endosome membranes to the ER [28, 

128]. The depletion of ORP5 causes accumulation of LDLs on the limiting membranes of 

late endocytic compartments, while NPC1-depletion or depletion of both ORP5 and NPC1 

results in luminal accumulation of cholesterol, indicating that NPC1 functions upstream of 

ORP5 to traffic cholesterol from late endosomes to the ER [28]. When cholesterol is low in 

endosomal membranes, ORP1L undergoes a conformational change to interact with VAPA 

and MOSPD2. Deletion of the late endosome cholesterol-binding protein ORP1L also 

results in accumulation of cholesterol in endo-lysosomal compartments, indicating a defect 

in endosomal cholesterol export, and disruption of cholesterol homeostasis in the ER [27, 

129]. ORP1L has a N-terminal pleckstrin homology domain that binds phosphatidylinositol 

polyphosphates [130] and is both a cholesterol sensor and a cholesterol transporter; the 

sterol, PI4P, and the VAP-binding domains of ORP1L are required for cholesterol transfer 

activity from late endosome to ER to occur [27, 129]. ORP1L has also been shown to be a 

bidirectional transporter of cholesterol and can transport cholesterol from ER to endosomes. 

The ORP1L-VAPA dependent transport of ER-derived cholesterol to late endosomes/MVBs 

is necessary to support the EGF-stimulated formation of ILVs when endosomal cholesterol 

levels are low, in a population of ER-endosomes that are mediated by annexin A1 MCSs 

[26].

STARD3 is an endosome protein that contain a transmembrane MENTAL domain and a 

cholesterol-binding START (steroidogenic acute regulatory-related lipid transfer) domain. 

The START domain of STARD3 can bind cholesterol and transfer it between membranes. 

Mechanistically, the START domain contains a hydrophobic cavity that can harbor one lipid 

molecule and transport it across organelle membranes. The function for STARD3NL is not 

as well defined, since it contains a MENTAL domain but not a lipid-binding START 

domain. On the other hand, STARD3NL interacts with STARD3 and cholesterol and forms 

MCSs with the ER [23, 131]. In cells overexpressing STARD3, late endosomes accumulate a 

high level of fluorescently-labeled probes for cholesterol, and the ability to transfer 

cholesterol to late endosomes depends on both formation of ER-endosome contacts (via the 

FFAT motif) and cholesterol-transferring START domain [24]. When cells were grown in 

lipoprotein-deficient serum-containing media, the cholesterol accumulation phenotype 

persisted in cells overexpressing STARD3, suggesting that the source of cholesterol was 

from the ER. Therefore, STARD3 has the ability to transfer ER cholesterol towards 

endosomes. Cholesterol transfer by STARD3 to late endosomes also affects the formation of 

ILVs, with overexpression of STARD3 triggering more ILVs; depletion of STARD3 or VAPs 

results in fewer ILVs [24]. Many of these FFAT-containing proteins can bind VAPA and 

interact with membrane lipids in trans, thus mediating organelle tethering and lipid transfer 

between organelles (Figure 1). For instance, knockout of VAP proteins results in 

accumulation of PI4P phospholipids on endosomes due to impaired lipid transport between 

endosomes and the ER [119].

The ER converts excess cholesterol to sterol esters through conjugation with fatty acyl-CoA 

in a reaction catalyzed by acyl-CoA:cholesterol acyltransferase. Esterified cholesterol and 

other neutral lipids are stored in lipid droplets, which are lipid storage organelles that bud 
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from the outer leaflet of the tubular ER bilayer [132]. Lipid droplets interact with other 

organelles including endosomes for lipid exchange and lysosomes via lipophagy for 

catabolic breakdown of cholesterol esters and other lipids to free fatty acids [133].

6. Other Types of Functional Crosstalk Among ER and Endo-Lysosomal 

Organelles

Additional functions of ER MCSs with endosomes include endosome fission, endosome 

positioning, dephosphorylation of endosome membrane receptors by a phosphatase residing 

on the ER membrane, and Ca2+ exchange. Formation of tubular protrusion on early or late 

endosomes partition certain cargo such as TfnRs or M6PRs away from the lysosomal 

degradation pathway. The positioning and timing of endosomal tubule fission is mediated by 

ER-endosome contacts. Although the exact molecular composition of these MCSs is not 

known, ER tubules have been well-documented to cross perpendicular to a site on tubular 

endosomes immediately prior to endosome fission [29, 39], analogous to the mitochondrial 

fission process [134]. Furthermore, the ER was shown to colocalize with FAM21/WASHC2, 

a component of the actin-regulatory WASH complex, after endosomal tubular protrusions 

have formed, indicating that the ER induces fusion after cargo sorting. Cells depleted of 

strumpellin, another WASH complex component, results in impaired endosomal tubule 

fission.

The ER-shaping protein M1 spastin has also been implicated in endosomal tubule fission 

[30, 39]. Loss of spastin results in impaired endosomal tubule fission, defects in M6PR 

sorting, and consequently defects in lysosomal enzyme trafficking and abnormal lysosomal 

morphology. Both M1 spastin and its smaller isoform M87 spastin interact with the 

endosomal ESCRT-III protein IST1; M1 spastin-IST1 interaction may function in mediating 

ER-endosome contacts important for ER-induced endosomal tubule fission. Cells lacking 

IST1 produced a similar effect in inhibiting endosome tubule fission. Spastin mutants that 

cannot bind IST1, cannot bind microtubules, or cannot hydrolyze ATP to sever microtubules 

were not able to function in endosome tubule fission, suggesting that microtubule severing 

mediated by spastin is important for this process.

More recently, a screen using BioID proximity-based labeling system found that the ER 

membrane protein TMCC1 was enriched at ER-endosome MCSs, and that depletion of 

TMCC1 impaired both endosomal tubule fission and cargo sorting to the TGN [31]. 

Moreover, the recruitment of TMCC1-labeled ER tubules was dependent on the endosome-

associated actin regulator coronin 1C, further supporting a model positing that endosomal 

cargo sorting components could recruit the ER to endosomes thus temporally regulating the 

timing of endosomal tubule fission after sorting domains have been properly established. 

Disruption of ER morphology by overexpression of the tubular ER-shaping protein reticulon 

4a (Rtn4a) [29] inhibited endosome tubule fission, and knockout of the ER-shaping protein 

REEP1 produced lysosomal abnormalities similar to those seen in spastin-depleted cells, 

suggesting that ER dynamics and shape affect the formation of MCSs and have functional 

consequences for endolysosomal organelles.
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MCSs also facilitate the trafficking and maturation of endosomes; MCSs between 

endosomes and the ER increases as endosomes mature. ORP1L, in response to cholesterol 

levels, can affect endosome positioning by coordinating the association of late endosomes 

with motor proteins [25]. ORP1L contains an N-terminal ankyrin repeat region that targets it 

to late endosomes through binding with Rab7 [135]. When cholesterol levels are high, 

ORP1L interacts with a complex containing Rab7, RILP (Rab7-interacting lysosomal 

protein), the HOPS (homotypic fusion and vacuole protein sorting) complex, and the 

p150GLUED subunit of the dynactin complex, resulting in late endosome retrograde 

trafficking to the cell center where they can fuse with lysosomes. However, when cholesterol 

levels are low, ORP1L undergoes a conformational change resulting in interaction with 

VAPA, and disassociation from the Rab7-RILP-p150GLUED dynein motor interacting 

complex, disrupting retrograde trafficking and resulting in accumulation of late endosomes 

at the cell periphery.

STARD3 and STARD3NL may have a similar function in cholesterol sensing and late 

endosome trafficking. STARD3/STARD3NL can also bind cholesterol and interact with 

VAPA and varying their expression levels have been shown to affect endosome positioning 

[23]. Overexpression of STARD3 results in accumulation of late endosomes at the 

perinuclear region, while depletion results in accumulation at the cell periphery. The ER-

endosome MCS protein protrudin also influences endosome positioning. Protrudin binds the 

kinesin-1 motor protein KIF5 and passes KIF5 to the late endosome protein FYOC1 (FYVE 

and coiled-coil domain-containing protein) for transport of late endosomes to the cell 

periphery, where they can undergo synaptotagmin VII-mediated fusion with the plasma 

membrane to form neurites [33, 136]. FYCO1, like protrudin, also binds to Rab7 and PI3P 

[137], possibly so that FYOC1 and protrudin localize to the same endosomal membranes for 

KIF5 exchange. Protrudin depletion results in both perinuclear accumulation of late 

endosomes and aberrant ER morphology of expanded sheets [113].

The endocytic pathway is important for the degradation of cell surface receptors. Lysosome-

bound receptors, such as EGFR, can continue signaling from the limiting membrane of 

endosomes, even after the receptors have been endocytosed [138]. ER-endosome MCSs are 

implicated in the downregulation and sorting of cell surface receptors, including EGFRs [34] 

and G-CSFRs [35]. The peripherally-associated ER tyrosine phosphatase PTP1B 

dephosphorylates several receptors on ER membranes, preventing their aberrant signaling 

and facilitating their incorporation into ILVs of MVBs for lysosomal degradation. PTP1B-

mediated dephosphorylation of EGFR is required for EGFR internalization into MVBs for 

degradation by lysosomes [34].

The ER is the main storehouse of Ca2+ within the cell, and Ca2+ signaling plays a key role in 

a wide-range of physiological processes [139]. Endocytic vesicles forming from the plasma 

membrane take up Ca2+ from the extracellular space but then it is quickly released, as Ca2+ 

levels have been reported to be very low (~0.5 μM in early endosomes) [140]. However, 

Rab7-positive late endosomes have a luminal Ca2+ concentration of about 2.5 μM [141, 

142], similar to the luminal Ca2+ concentration of the ER, suggesting that MCSs between 

the ER and endolysosomal organelles results in Ca2+ uptake from the ER.
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Ca2+ uptake and storage via endocytic compartments may be required for endosomal fusion 

and maturation [143]. Endocytic organelles can release Ca2+ stores through two-pore 

channels (TPCs), transient receptor channels, and mucolipin transient receptor potential 

(TRPML) channels [144–146]. Additionally, bidirectional communication between the ER 

and late endosomes/lysosomes has been reported; Ca2+ released by IP3Rs (inositol 1,4,5-

trisphosphate receptors) and/or RyRs (ryanodine receptors) on the ER can trigger TRPML/

TPCs on lysosomes. Signaling by NAADP (nicotinic acid adenine dinucleotide phosphate) 

Ca2+ messengers to TPCs can trigger IP3Rs/RyRs mediated Ca2+ release [147, 148]. 

Additionally, IP3Rs are found clustered at ER-lysosome contact sites and have been shown 

to deliver Ca2+ to lysosomes [37, 148]; however, IP3Rs are not required for MCS formation 

as the contact sites persist in cells without IP3Rs [37]. Furthermore, TPC1 was found 

localized to ER-endosome MCSs and depletion of TPC1 or inhibiting NAADP significantly 

decreased ER contact site formation with late endosomes and resulted in prolonged EGFR 

signaling, suggesting that local Ca2+ signals from endosomes may play a role in the 

formation of some MCSs with ER, possibly those regulated by the Ca2+ dependent annexin 

A1-S100A11 tethering activity [149]. Interestingly, depletion of TPC2 specifically reduces 

the number of MCSs between the ER and lysosomes [149], although the molecular 

composition of those contact sites are unknown.

7. Defects in ER-Endosome Contacts are Implicated in Disease States

ER-endosome contact sites are involved in many essential physiological functions. 

Abnormalities in ER membrane contacts are associated with various neurological disorders, 

and mutations in ER-shaping proteins themselves have been linked to human diseases. 

Mutations in the spastin (SPG4), REEP1 (SPG31), or strumpellin (SPG8) proteins 

implicated in ER-mediated endosomal tubule fission cause HSP, a large group of inherited 

diseases (SPG1–80, plus others) characterized by degeneration of the longest axons in the 

corticospinal tracts. Protrudin (SPG33) and KIF5A (SPG10) implicated in ER-endosome 

MCSs and endosomal positioning are also associated with HSPs, though the validity of the 

SPG33 assignment is in question. At least three other endo-lysosomal proteins, spatacsin 

(SPG11), spastizin (SPG15), and an AP5 complex subunit (SPG48) are implicated in HSP 

pathogenesis [150]. It is striking that many of the HSP mutations result in altered ER 

morphology, suggesting that changes to ER shape can disrupt MCS formation and function 

with endo-lysosomal and other organelles, given that the ER makes extensive contacts with 

virtually all cellular organelles. Disruption of M1 spastin-IST1 interactions that mediate 

endosome tubule fission impair sorting of mannose 6-phosphate receptors, leading to 

disrupted lysosomal enzyme trafficking and abnormal lysosomal morphology in neurons 

[39]. Furthermore, altering ER structure in it of itself can reduce endosome fission [29]. The 

importance of ER-mediated endosomal fission in lysosomal function is further supported by 

the findings that strumpellin SPG8 missense mutants show similar lysosomal abnormalities. 

The highly polarized organization of neurons requires the particularly delicate thin tubular 

ER of axons, which may be particularly vulnerable to ER-shaping defects and lead 

specifically to neurodegenerative disease.

The neurodegenerative Niemann-Pick type C disease is due to mutations in NPC1 and 

NPC2, resulting in a failure of cholesterol traffic to the ER and retention in late endosomes. 
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NPC1 interacts with the ER protein ORP5 [28], and although NPC1 mutations have not been 

shown to alter ER-endosome contact site formation, NPC1 plays a key role in cholesterol 

transport between the two organelles. Furthermore, dysregulation of cholesterol homeostasis 

is associated with neurodegenerative disorders [151–153] and the importance of NPC1 in 

transfer of cholesterol to the ER via ORP5 is emphasized by the fatal nature of the 

neurodegenerative disease Neimann-Pick type C1 [154, 155].

Several other proteins highlighted in this article localized to ER-endo/lysosomal membrane 

contacts are linked to human diseases: VAPB in ALS [107]; VPS35 and VPS13C in 

Parkinson disease [92, 93, 117, 118]; and annexin A1 in cancer [156] (Table 2). Although it 

is known that MCSs are critical to normal cell physiology, whether defects in MCS 

formation and function directly cause these diseases remains to be investigated.

8. Perspectives and Conclusions

The ER is the lipid and protein factory of the cell as well as the main conduit for organelle 

communication. Interactions between ER and endosomal compartments are functionally 

important to cellular homeostasis, and defects in proteins that mediate this interaction as 

associated with numerous, and often severe, disease states. As the character and composition 

of these contacts become more clear, new therapeutic approaches to these disorders will 

likely be identified.
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Figure 1. ER tubule-endosome contact site.
Key proteins involved in functional ER-endosome contact sites are depicted schematically.
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Figure 2. ER-endosome contacts mediated by M1 spastin.
The M1 spastin AAA ATPase localizes to ER and interacts with microtubules via its 

microtubule-binding domain and with endosome via interaction of its MIT domain with 

IST1 and CHMP1B on endosomes. See also Ref. 30.
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Table 1:

ER-endosome interacting proteins

ER Protein Endo-lysosomal proteins Function Reference

VAPA ORP1L (late endosome) Cholesterol sensing, endosome positioning [25, 27]

VAPA/B STARD3 / STARD3NL (late endosome) Cholesterol sensing, endosome positioning [23, 24]

VAPA/B SNX2 (early and late endosome) Budding dynamics and lipid modifications [119]

Protrudin & VAPA Rab7 & PtdIns(3)P (late endosome) Endosome positioning [33]

VPS13C ? ER-endosome tethering and lipid transport [118]

S100A11 Annexin A1 (early and late endosomes) Receptor dephosphorylation and ILV 
formation

[26]

ORP5 NPC1 (late endosome) Cholesterol transfer [28]

PTP1B EGFR and other RTKs, G-CSFR and ESCRT-0 
proteins HRS and STAM2 (early and late endosome/
MVB)

Receptor dephosphorylation [26, 34–36, 123]

M1 Spastin IST1 (early and late endosome/MVB) Endosome fission [30, 39]

TMCC1 Coronin 1C (early and late endosomes) Endosome fission [31]

M0SPD2 STARD3 (late endosome) ER-endosome tethering [120]

M0SPD2 STARD3NL (late endosome) ER-endosome tethering [120]

M0SPD2 ORP1L (late endosome) ER-endosome tethering [120]
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Table 2:

ER-Endo/Lysosomal MCS Localized Proteins Linked to Human Diseases

MCS Protein Localization Associated Disease Reference

M1 Spastin ER HSP [38, 150]

Protrudin ER HSP [38, 150]

Strumpellin ER HSP [38, 94, 95, 150]

VAPB ER ALS [107]

NPC1 Late endosomes Niemann-Pick disease, type C1 (lysosome 
storage disease)

[28, 155]

Annexin A1 Early and late endosomes Cancer [156]

VPS35 Early and late endosomes Parkinson’s Disease [92][93]

VPS13C MCSs of ER-late endosomes/lysosomes and lipid 
droplets

Parkinson’s Disease [117, 118]
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