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Abstract

Inter-organelle membrane contact sites (MCSs) serve as unique microenvironments for the sensing
and exchange of cellular metabolites and lipids. Though poorly defined, ER-endolysosomal
contact sites are quickly becoming recognized as centers for inter-organelle lipid exchange and
metabolic decision-making. Here, we review the discovery and current state of knowledge of ER-
endolysosomal MCSs with particular focus on the molecular players that establish and/or utilize
these contact sites in metabolism. We also discuss associations of ER-endolysosomal MCS-
associated proteins in human disease, as well as the therapeutic promise these contact sites hold in
modulating cellular physiology.
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10.1. Introduction: ER-Endolysosomal Membrane Contact Sites in Lipid
Metabolism and Disease

No organelle is an island, and to maintain cellular homeostasis, organelles must constantly
communicate their needs and exchange lipids and other metabolites. The mechanisms that
govern this inter-organelle metabolic exchange have, until recently, been poorly defined.
Early studies attributed most organelle-organelle lipid exchange through vesicular pathways.
Indeed, many lipids produced by the endoplasmic reticulum (ER), the major anabolic
organelle of lipid metabolism, can be trafficked along with proteins to other places within
the cell such as the plasma membrane (PM) through the formation of coated vesicles
(Novick et al. 1980). However, it has been established that even in the absence of ER-
derived vesicle trafficking, the transfer of sterol between the ER and PM persists (Baumann
et al. 2005).

How, then, does non-vesicular inter-organelle lipid exchange occur? Recent studies suggest
that at least one pathway relies on lipid exchange at sites of close contact between different
membrane-bound organelles, sites now established as specific membrane contact sites
(MCSs) (reviewed in (Levine and Loewen 2006; Elbaz and Schuldiner 2011; Prinz 2014;
Henne et al. 2015a; Phillips and Voeltz 2016)). Often observed but generally ignored, these
organelle-organelle contact sites are quickly becoming recognized as hotspots for lipid
metabolism and metabolic decision-making. Elegant studies in both budding yeast and
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mammalian cells have identified key proteins that act as molecular “tethers” connecting
different organelles (Manford et al. 2012; Zhang et al. 2012; Giordano et al. 2013; Tavassoli
et al. 2013). Perhaps the most characterized of these are contact sites formed between the ER
and the PM. Numerous studies demonstrate that ER-PM contact sites serve as major
regulators for the exchange of the PM-manufactured phospholipid PtdIns4P with ER-derived
phosphatidylserine (PtdSer) (Stefan et al. 2011; Moser von Filseck et al. 2015). Other
functions for ER-PM contact sites continue to be revealed, including roles in the regulation
of cell signaling and Ca?* signaling (Liou et al. 2007; Omnus et al. 2016).

The PM is constantly internalized via endocytosis, thus initiating the endolysosomal
pathway—the network of endosomes and lysosomes that constitutes the principle
intracellular trafficking pathway for cell surface proteins and environmentally derived
metabolites like cholesterol. In the human body, most cells rely on retrieving extracellular
cholesterol through the internalization of LDL particles via their co-internalization with the
LDL receptor in so-called receptor-mediated endocytosis (Goldstein 2007) (Fig. 10.1).
Following their internalization, LDL particles are trafficked through endosomes to the
lysosome, where hydrolases breakdown LDL cholesterol-esters (CE) and triacylglycerides
(TAGs) into free cholesterol and fatty acids. Where these lipid metabolites go from here is
much less clear. Approximately 80% of LD-derived cholesterol must, eventually, traffic back
to the cell surface, and this process requires lysosomal proteins Npcl and Npc2 (so-called
Niemann-Pick proteins) that scavenge cholesterol from the lysosome lumen (Infante et al.
2008).

Following its removal from the lysosome, much of this free cholesterol must also enter the
ER, where it is sensed by the sterol regulatory element-binding protein (SREBP) system that
serves as the principle nutrient-sensing pathway for cellular sterols (Brown and Goldstein
1997). The SREBP pathway is principally composed of two integral membrane proteins,
SREBP-1a and SREBP-2, which function both as sterol sensors and transcriptional
regulators of cellular sterol metabolism. When ER-resident cholesterol drops below ~5 mole
%, SREBP-2 is efficiently trafficked to the Golgi via COPII vesicles, where it is
proteolytically cleaved into a soluble “mature” form by Golgi-resident proteases (Fig. 10.1).
This liberates SREBP-2 from membranes, allowing it to translocate into the nucleus where it
can initiate a transcriptional response aimed at upregulating sterol biogenesis (Brown and
Goldstein 1997).

Despite our understanding of LDL particle internalization and endolysosomal trafficking,
how cholesterol exits the lysosome and enters the ER remains largely unclear. However,
recent studies implicate ER-lysosome MCSs in the non-vesicular transfer of cholesterol and
other lipids between these two organelles, although the proteins and mechanisms that govern
this remain poorly defined (Murley et al. 2015; Eden et al. 2016; Hariri et al. 2016).
Addressing how cholesterol moves between the ER and endolysosomal system is of major
biomedical importance, as numerous genetic and acquired diseases are associated with the
pathological accumulation of cholesterol within the lysosome. Most notable is Niemann-
Pick type C, a homozygous recessive pediatric neurological disease (one of more than 50 so-
called lysosomal storage diseases) associated with loss-of-function alleles in genes NPC1
and NVPCZ2. Both encode lysosomal proteins Npcl and Npc2 that are essential in the initial
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steps of cholesterol efflux from the lysosomal lumen (Ko et al. 2003; Infante et al. 2008).
Loss of either causes the pathological accumulation of free cholesterol and sphingolipids
within lysosomes, eventually blocking endolysosomal trafficking and autophagy and leading
to progressive neuronal cell death. Numerous acquired diseases may also be associated with
poor endolysosomal cholesterol homeostasis. Diabetes and general metabolic syndrome are
closely tied to cholesterol levels and insulin signaling, which in turn is affected by the
cholesterol trafficking burden along the endolysosomal pathway. As such, defects in the
retrograde trafficking of cholesterol and other lipids out of lysosomes can contribute to
several metabolic syndromes and hypercholesterolemia (high blood cholesterol) that in turn
may contribute to pathologies including atherosclerosis and coronary heart disease (for
further details, see reference (Reiner et al. 2014)).

The purpose of this chapter is to briefly discuss the current knowledge of ER-endolysosomal
MCSs and to outline the importance of understanding this MCS in human health and
disease. Many of the discoveries in this field come from elegant studies using both yeast and
mammalian model systems, and these will be discussed with respect to their impacts in the
basic and biomedical understanding. Finally, we will conclude by providing an assessment
of the current trajectory of biomedical research on ER-endolysosomal MCSs, and how
current and future studies will pave the way for potentially ground-breaking therapeutic
strategies for metabolic diseases.

10.2. Discovery and Imaging of ER-Endolysosomal MCSs

Modern cell biology began in the 1950s with the introduction of transmission electron
microscopy (TEM) as a high-resolution visualization tool for biologists. Using this
approach, the pioneering work of George Palade and Keith Porter revealed the subcellular
architecture of individual cells. Their studies highlighted how crowded cells were, and how
organelles often maintained close contact with one another. They also unexpectedly
observed the first inter-organelle MCSs including those formed between the ER and PM, as
well as the ER and mitochondria (Porter and Palade 1957; Porter and Machado 1960). The
ER-PM contact sites of muscle cells were closely noted (so called PM-sarcoplasmic
reticulum contact sites that are important for CaZ* regulated muscle contractions).

ER-endosome, ER-late endosome (LE), and ER-lysosome MCSs were not noted during
these initial TEM studies, but more recent microscopy work shows them to be highly
dynamic and common within mammalian cells. Elegant TEM work from Clare Futter’s
group showed that the ER makes close contact with LEs and multi-vesicular bodies (MVBs)
in mammalian cells (Eden et al. 2010). These studies showed that PTP1B, an ER-localized
protein phosphatase, utilized the close inter-organelle contacts provided by ER-LE MCSs to
regulate the trafficking and signaling of the EGF receptor, an important oncogene often
targeted in anti-cancer therapeutics. Phospho-regulation of EGF receptor trafficking via
PTP1B triggered its recognition by the endosomal sorting complex required for transport
(ESCRT) pathway and thus its downregulation via delivery to the lysosome for degradation
(Eden et al. 2010). Thus the first function for an ER-endolysosomal MCS—receptor
regulation—was proposed.
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Subsequent work using live-cell imaging further demonstrated that ER-endosome and ER-
LE MCSs are highly dynamic and change as an endosome matures. Studies from Gia
Voeltz’s group showed that the ER makes contact with endosomes shortly after they are
formed (Friedman et al. 2013). Intriguingly, the degree of ER-endosome contact increases as
early endosomes mature into LEs (monitored by exchanging the early endosome marker
Rab5 for Rab7). This suggests that the ER may sense and actively participate in endosomal
maturation. This idea was further supported by the observation that ER-LE MCSs appeared
to define sites of vesicle scission at the LE from which small tubules sprouted and vesicles
budded. This again suggested an active role for the ER in endosomal dynamics and
potentially that the ER may contribute mechanical force to the vesicle scission reaction.
How this is achieved is currently unclear, but is consistent with the previously proposed role
of ER tubules in defining sites of mitochondrial division at ER-mitochondrial MCSs
(Friedman et al. 2011). An intriguing possibility is that ER-mitochondrial and ER-LE MCSs
create unique lipid microenvironments that promote spontaneous vesicle fission.

10.3. Molecular Identification of ER-Endolysosomal Tethering Proteins

10.3.1. Nvjl and the NVJ

Early work on mammalian ER-endolysosomal MCSs is built upon pioneering work using
the budding yeast Saccharomyces cervisiae to study ER-endolysosomal contact sites. These
studies conducted in David Goldfarb’s group identified the first proteins that functioned as
molecular tethers to establish MCSs between the ER and yeast lysosome, also known as the
vacuole (Pan et al. 2000). Notably, the yeast vacuole serves as both a “late endosome” and
“lysosome” for the cell, in that it is a Rab7-positive organelle that also contains lumenal
hydrolases dedicated to catabolic metabolism. ER-vacuole MCSs may then, by extension,
serve as model systems for the study of ER-endosome and ER-lysosome MCSs.

Yeast usually exhibit a single ER-vacuole MCS that forms as a circular “patch” juxtaposed
between the vacuole and outer nuclear envelope, a region of ER continuous with the rest of
the ER network often referred to as the nuclear ER (nER). Yeast nER-vacuole contacts are
thus denoted 7ER-vacuole junctions (NVJs) (Fig. 10.2). Due to their size, and the close
physical proximity of the nucleus and vacuole within yeast, NVJs are observed to be stable
structures that exist for most of the cell’s lifetime. This is in contrast to the dynamic, short-
lived ER-endosome MCSs seen in mammalian cells.

Pioneering work by David Goldfarb’s group revealed the molecular machinery that
establishes the NVJ. NVJs form through the direct interaction of ER-resident protein Nvjl
with the vacuole surface protein Vac8, which had previously been identified in vacuolar
inheritance screens (Pan et al. 2000). This Nvj1:Vac8 hetero-dimerization thus defines the
first molecular “tethers” that establish ER-endolysosomal MCSs.

10.3.2. Other NVJ Proteins

Subsequent studies on the NVJ demonstrated it as a site of lipid metabolism and membrane
remodeling. During nitrogen starvation, the NVJ was shown to dramatically invaginate into
the vacuole interior where it was eventually engulfed to form intra-lumenal vesicles within
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the vacuole lumen. Although the reason for this process is still unclear, it appears to
represent a specific form of micro-autophagy and was thus termed piecemeal
microautophagy of the nucleus (PMN) (Roberts et al. 2003). Other functions for the NVJ,
including a site for the production of ceramide via fatty acid processing enzymes like Tsc13,
have been proposed for the NVJ (Kvam et al. 2005). Consistent with this, other lipid
metabolism proteins such as Nvj2, Osh1, and have also been identified as resident NVJ
proteins, suggesting that NVJs function in many different lipid metabolic processes (Fig.
10.3) (Toulmay and Prinz 2012).

Recently, a study by the Will Prinz lab identified a protein domain found to reside
specifically at inter-organelle MCSs: the synaptotagmin-like mitochondrial lipid-binding
protein (SMP) domain (Toulmay and Prinz 2012). Nvj2 contains a bone vide SMP domain.
Since a crystal structure of the SMP domain suggests it may physically bind to lipids with a
hydrophaobic cavity within the domain, it is postulated that SMP domain-containing proteins
function in the non-vesicular transfer of lipids between different organelles (AhYoung et al.
2015; Reinisch and De Camilli 2016; Schauder et al. 2014).

10.3.3. Protrudin

Although they are essential for the formation of a proper NVJ, surprisingly, Nvj1 and Vac8
are not conserved in metazoans. How then are the ER and endosomes/lysosomes “tethered”
in mammalian cells? Several recent studies have identified potential tethering proteins.
Harold Stenmark’s group identified Protrudin, an integral ER protein with a PtdIns3P-
binfing FYVE domain, as a potential tether connecting the ER and Rab7-positive LES
(Raiborg et al. 2015). Protrudin is enriched at ER-endosome MCSs, and its overexpression
induced the formation of ER-endosome MCS in mammalian cells. These Protrudin-positive
MCSs promoted the migration of LEs to the cell periphery in a microtubule-dependent
manner. ER-LE MCSs are thus linked to a novel function: endosomal positioning and
migration. This fucntion is supported by previous studies from the Neefjes group, which
showed that ORP1L senses endosomal sterol levels and regulates the positioning endosomes
within the cytoplasm (Johansson et al. 2007). When endosomal sterol levels are low, ORP1L
binding to endosomes is reduced, promoting the formation of ER-LE MCSs in a VAP-
dependent manner (Rocha et al. 2009). When endosomal cholesterol levels increase, such as
in Niemann-Pick type C, ORPL1L associates tightly to endosomes and promotes their
trafficking to the perinuclear cell interior. Collectively, Protrudin and ORP1L represent two
critical regulators of ER-LE MCSs that govern both endosome positioning and sterol
metabolism in mammalian cells.

10.3.4. Mdm1 Family Proteins

Recent work on the yeast NVJ has revealed new, highly conserved proteins that regulate ER-
endolysosomal MCSs. Yeast protein Mdm1 and its paralog Nvj3 were recently shown to
localize to the NVJ (Henne et al. 2015b). Unlike Nvj1 and Vac8, MdmL1 is highly conserved
in metazoans as a member of the Sorting Nexin (SNX) protein family. The SNX family is
defined by the presence of a Ptdins3P-binding Phox homology (PX) domain (Yu and
Lemmon 2001). Humans encode four Mdm1 homologs: Snx13, 14, 19, and 25 with near-
identical domain architecture to Mdm1. All feature an N-terminal transmembrane region and
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signal sequence that appears to anchor them in the ER. On their C-terminal half, they
contain the PX that directly binds the phospholipid Ptdins3P on the vacuole/lysosome
surface, thus establishing ER-vacuole/lysosome tethering (Henne et al. 2015b). Though it
requires Mdma1 for its NVJ localization, Nvj3 is soluble and contains a PX-Associated
(PXA) that is unique to this protein family. The structure and function of the PXA domain is
currently unclear, but implicated in lipid metabolism as its overexpression causes cells to
become hypersensitized to drugs that perturb sphingolipid metabolism. In mammalian cells,
Mdm1 homolog Snx14 is associated with a form of pediatric cerebellar ataxia and appears
phenomenologically similar to lysosomal storage diseases (Thomas et al. 2014; Akizu et al.
2015). Indeed, SNX14-deficient cells manifest defects in lysosome homeostasis, suggesting
that Snx14 plays some role in lysosome function. A role for Mdm1 family proteins in lipid
metabolism is further supported by studies on Snazarus (Snz), the Drosgphila melanogaster
ortholog of Mdm1. These studies link Snz to aging and fat metabolism by showing that fruit
flies deficient for Snz displayed extended lifespan (Suh et al. 2008). Intriguingly, Snz was
found to be highly expressed in the fly fat body, a metabolic center of insect lipid
metabolism akin to both the mammalian liver and adipocyte. Further studies on Snz and its
homologs will no doubt continue to reveal roles for this protein family in lipid metabolism
and inter-organelle cross talk.

10.3.5. Vps13

In addition to Mdm1 and Nvj3, other yeast proteins with clear metazoan homologs have
been implicated in ER-endolysosomal MCSs. Vps13, first identified in the vacuolar protein
sorting (vps) screen conducted in Scott Emr’s group in the 1980s, is 3,144 amino acids in
length and one of the largest proteins encoded in the yeast genome (Bankaitis et al. 1986).
Several metazoan homologs exist but are poorly characterized. Using elegant yeast genetics,
Benoit Kornmann’s group recently discovered that gain-of-function VVps13 mutants were
capable of rescuing the viability of yeast with a defective ERMES complex, an ER-
mitochondrial tethering factor required for growth on non-fermentable carbon media (Lang
et al. 2015). They then used complementation assays to discover that VVps13 can localize to a
previously identified mitochondria-vacuole MCS (also called vacuole and mitochondria
patch, vCLAMP) when grown in fermentable (dextrose) conditions (Elbaz-Alon et al. 2014;
Honscher et al. 2014). Strikingly, Vps13 re-localized to the NVJ when grown in non-
fermentable (glycerol) conditions (Lang et al. 2015). Indeed, Vps13 appears highly dynamic
and has been observed to localize at VCLAMPs, ER-endosome, and NVJ MCSs in yeast
depending upon growth conditions (Park et al. 2016). This suggests that Vps13 can localize
to multiple MCSs, and also that the cell can actively remodel the composition of MCSs in
response to changes in nutrient status and demand.

10.3.6. Lam/Ltc Family Proteins

The idea that different MCSs can dynamically change in response to changes in the cell’s
metabolic status is supported by recent yeast work linking members of the “lipid transfer
protein anchored at membrane contact sites” (Lam) protein family to ER-endolysosomal
MCSs. Lam6/Ltc1, the most studied member within this protein family, has been observed
to localize to ER-mitochondria (ERMES), NVJ, and vVCLAMP MCSs within the same cell,
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suggesting it may function in multiple metabolic processes (Murley et al. 2015; Elbaz-Alon
et al. 2015; Gatta et al. 2015).

What, then, are the functions of Lam proteins at MCSs? At least two functions have been
proposed. Overexpression of GFP-Lam6 was found to expand both the NVJ and ERMES
MCSs, suggesting Lam proteins may regulate and possibly help extend inter-organelle
contact sites in response to changes in cellular nutrient status (Elbaz-Alon et al. 2015).
Another potential function is the direct movement of sterols between organelles. This could
be achieved via direct binding and shuttling of a sterol molecule within the Lam protein
tertiary fold. Lam family members contain a VASt/StART domain that binds sterols and may
facilitate this inter-organelle sterol exchange (Murley et al. 2015; Elbaz-Alon et al. 2015).
How this occurs, and how these proteins regulate lipid exchange and MCS size remains to be
understood.

10.3.7. Annexin Al

Recently, other mammalian ER-endosome “tethers” have been identified that play roles in
lipid and sterol metabolism. Using TEM and biochemistry, Emily Eden found that Annexin
Al mediates a specific subtype of ER-LE MCS formed between the ER and MVBs that
downregulate the EGF receptor (Eden et al. 2016). Depletion of Annexin Al reduced ER-
MVB MCSs and perturbed EGR receptor signaling. Surprisingly, they find that ER-derived
cholesterol is necessary for EGF receptor downregulation at the MVB and suggest that these
ER-MVB MCSs function to transfer this cholesterol to the MVB limiting membrane, where
cholesterol is required for the formation of intra-lumenal vesicles. How this cholesterol
transfer is achieved is still unclear, but appears regulated by ORP1L.

10.4. ER-Endolysosomal MCSs in Human Health and Disease

Numerous ER-endolysosomal MCS proteins are linked to inherited or acquired diseases,
indicating important roles in cellular metabolism and development. These connections
underlie the important role for ER-endolysosomal cross talk in cellular homoeostasis in
metazoans. Refer to Table 10.1 for further details.

10.4.1. Neurological Disease

The VAP proteins VAP-A and VAP-B (Scs2 and Scs22 in yeast) have been linked to ER-PM
MCSs, but have recently been implicated in controlling ER-endosome contact and
endosomal migration via ORP1L (Rocha et al. 2009). A mutant form of VAP-A (containing
the P56S mutation) is linked to familial amyotropic lateral sclerosis (ALS) in humans
(Teuling et al. 2007). This mutation likely causes the protein to aggregate, resulting in
general ER stress and cytotoxicity. Since a number of proteins also interact with VAP
proteins via FFAT motifs, this general aggregation likely leads to general protein dysfunction
and progressive cell toxicity (Prosser et al. 2008).

Vps13 and Mdml1, both residents of the yeast NVJ, have homologs linked to inherited
neurological diseases in humans. VVps13 has at least two human orthologs with clear links to
human disease: VPS13A, which is associated with chorea-acanthocytosis (CHAC), and
VPS13B, linked to Cohen syndrome (COH) (Ueno et al. 2001; Kondo et al. 2005). Both are
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progressive neurological conditions associated with muscle dystonia and developmental
delay. CHAC is highly variable in phenotype and can include abnormal red blood cell shape,
as well as epilepsy. Mdm1 exhibits four human orthologs, two of which have clear
mammalian disease links. SN XZ4-deficiency is associated with pediatric cerebellar ataxia
and intellectual disability (Thomas et al. 2014; Akizu et al. 2015). A SN.X13-deficient (also
called RGS-PX1) mouse was found to exhibit severe developmental defects, delayed neural
tube closure, and embryonic lethality (Zheng et al. 2006). Tsc13, the enoyl-CoA reductase
found at the yeast NVJ, is also highly conserved in mammals as TECR, which is linked to an
autosomal recessive non-syndromic intellectual disability (Nolan et al. 2008).

The Protrudin-encoding gene ZFYVEZ27is mutated in individuals with hereditary spastic
paraplegia (HSP), an inherited disease associated with muscle weakness in the lower half of
the body (Hashimoto et al. 2014). This disease is generally associated with ER stress,
suggesting that loss-of-function alleles may affect protein stability and trigger general ER
stress response.

10.4.2. Cancer

ER-LE MCSs were observed in mammalian cells while studying PTP1B, an ER-localized
protein phosphatase that regulates EGF receptor signaling, an oncogene product commonly
targeted in anti-cancer therapies (Eden et al. 2010). As ER-LE MCSs may regulate the
duration of EGF receptor signaling and other receptor signaling events, this may tie them
closely to cancer progression. This is consistent with the proposed roles for Protrudin in cell
migration, as cancer cells often display aggressive cell migration during tissue invasion and
metastasis (Raiborg et al. 2015). Consistent with this, Annexin A1, which has been proposed
as an ER-LE tether, is directly linked to pancreatic cancer progression (Belvedere et al.
2016).

10.4.3. Aging and Metabolism

The Drosophila ortholog of yeast Mdm1, Snz, is associated with lifespan extension in
insects as well as obesity in mammals, as the expression of SNX13 and SNX14 was shown
to increase in ob/o0b mouse models (Suh et al. 2008). The connection between this aging
phenotype and lipid metabolism is currently not clear, but Snz is highly expressed in the fly
fat body, the central organ of insect fat metabolism analogous to the liver and adipocytes of
mammals. This suggests that Snz may play a role in regulating fat storage and/or
mobilization. Numerous connections exist between lipid storage mobilization and lifespan
and generally show that caloric restriction may extend lifespan through the inhibition of
TORC signaling and subsequent activation of autophagy (McCormick et al. 2011).

Whether Snz plays a role in autophagy and/or lipid mobilization in insects remains to be
determined. However, ChlP-seq data from mammalian studies suggested that Snx13, the
rodent homolog of Snz, is upregulated in response to cholesterol starvation in an SREBP-2-
dependent manner (Seo et al. 2011). Among other genes upregulated were autophagy genes,
suggesting Snx13 may be utilized during lipid mobilization in response to cholesterol
starvation. In a separate example, human Mdm1 homolog Snx19 has been linked to insulin
secretion pancreatic p-cells (Harashima et al. 2012).
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10.4.4. Cholesterol Metabolism

The oxysterol-binding protein Osh1 localizes to the NVJ in yeast and is highly conserved in
mammals as the oxysterol-binding proteins (OSBPs). OSBP upregulation is correlated with
high blood pressure and hypertension, which are risk factors associated with coronary heart
disease (Ngo and Ridgway 2009). OSBPL11 is also upregulated in patients exhibiting
morbid obesity (Bouchard et al. 2009).

Although the movement of cholesterol between LEs/lysosomes and the ER is not well
defined, it must require the Niemann-Pick proteins Npcl and Npc2. Nps2 resides within the
lysosome lumen and binds to the free cholesterol produced from the breakdown of CE
within LDL particles. Upon binding, Npc2 transfers this free cholesterol to Npcl, a
transmembrane protein that bridging the inner and outlet monolayers of the lysosome
membrane (Infante et al. 2008). Through a poorly defined mechanism, Npc1 then transfers
free cholesterol from the lysosome interior to the cytoplasmic leaflet of the lysosome. How
this free cholesterol leaves the lysosome to travel to other organelles remains a major
question in the lipid biology field. However, loss of either Npcl or Npc2 is associated with
Niemann-Pick type C, an autosomal recessive neurological disease characterized by
progressive neuronal cell death.

10.5. Closing: The Therapeutic Promise of ER-Endolysosomal MCS Biology

Cholesterol metabolism has arguably been at the center of some of the greatest
biopharmaceutical endeavors of the twentieth century. Existing at the crossroads between
genetic and acquired disease, modulating human blood cholesterol levels can simultaneously
mitigate symptoms associated with obesity, heart disease, diabetes, and an array of inherited
genetic diseases afflicting cellular metabolism. Pioneering work by Mike Brown and Joe
Goldstein elucidated not only how LDL-derived cholesterol enters cells, but also how the
cell senses and responds to cholesterol burden (Brown and Goldstein 1997). These studies
revealed the SREBP system: en elaborate sterol-sensing pathway that can modulate cellular
cholesterol levels though an elegant feedback mechanism. In times of cholesterol
deprivation, when ER-localized cholesterol reaches <5 mole % of the total ER lipid content,
the ER protein SREBP-2 is efficiently trafficked to the Golgi, where it is proteolytically
cleaved into a soluble transcription factor. It can then traffic into the nucleus and initiate a
transcriptional response to this cholesterol need, increasing expression of sterol biosynthesis
proteins including HMG-CoA Reductase.

Capitalizing on this metabolic feedback loop, several groups developed statins, which
pharmacologically inhibit HMG-CoA reductase, allowing for the acute modulation of
cellular cholesterol production, and by extension blood cholesterol levels, thus reducing the
risk of heart disease for millions of patients in the Western world. This major biomedical
achievement is the product of meticulous basic research coupled with ambitious biomedical
application.

One emerging theme of MCS research is that sites of ER-endolysosomal contact may serve
as “metabolic platforms” for regulating inter-organelle lipid trafficking. As such, the proteins
that function at MCSs may represent a new class of therapeutic targets. MCS-enriched
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proteins currently fall under at least two general classes: organelle “tethers” (which help
establish and maintain MCSs) and lipid “exchangers” (which utilize MCSs for inter-
organelle lipid exchange). By pharmacologically targeting either of these two protein
classes, it may be possible to modulate rates of lipid exchange and/or production of specific
lipid classes within cells. This, by extension, may tune metabolic pathways or the formation
of pathological debris that form the basis for pathophysiology in numerous metabolic
diseases. Thus, continued focus on the molecular mechanisms that govern MCS formation
and regulation are at the center of a new round of impactful biomedical discoveries.

In closing, the field of inter-organelle cross talk is at an exciting time. New proteins and
protein complexes that establish organelle-organelle junctions continue to be discovered,
providing new and exciting details regarding how MCSs are formed and function in cellular
metabolism. Among all MCSs discovered, those formed between the ER and endolysosomal
system appear to be highly utilized by cells to control their lipid metabolism. This is not
surprising, as ER-endolysosomal MCSs serve as the very interface—both physically and
conceptually—that connect catabolic and anabolic metabolism. The ER serves as a major
anabolic lipid producer, and endosomes/lysosomes serve as major lipid “sinks” driving the
catabolic breakdown of nutrient lipids and proteins received via endocytosis. Mechanisms of
cross talk between these two organelle systems will undoubtedly continue to be discovered
as we probe the nature of ER-endolysosomal MCSs.
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Fig. 10.1.

Trafficking pathways in human and yeast ER-endolysosomal systems. (a) Receptor-
mediated endocytosis of LDL particles (containing sterol-esters) and their trafficking
through the endosomal pathway to late endosomes/lysosomes, where cholesterol-esters
within LDL particles are degraded into free cholesterol. Free cholesterol must then leave the
lysosome lumen in an NPC1-dependent manner and traffic to the plasma membrane (PM)
and/or the endoplasmic reticulum (ER). At the ER, the SREBP system senses local
cholesterol levels. Low ER cholesterol induces the translocation and proteolytic cleavage of
SREBP-2 at the Golgi, producing a soluble transcription factor which enters the nucleus. (b)
The ER-endolysosomal system of budding yeast Saccharomyces cerevisiae. The ER is
partitioned into distal cortical ER (cER) and nuclear ER (nER), which makes direct contact
with the vacuole/lysosome via the nER vacuole junction (NVJ)
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Guide to yeast inter-organelle contact sites and their resident proteins
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Fig. 10.3.
The nER vacuole junction (NVJ) resident proteins and their architectures. The fluorescence

micrograph depicts a living yeast with the ER network labeled in red (DsRed-HDEL
protein), the vacuole/lysosome in blue (CMAC dye), and endogenous Nvj1 tagged with GFP
(Nvj1-GFP)
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ER-endolysosomal proteins and associated diseases
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ER-Endolysosomal contact site proteinsin disease

Protein L ocalization(s) Disease(s) associated References
Yeast Human
VPS13A: chorea-acanthocytosis
vpsi3 | vpsizap ER-endosome, ER-vacuole (NVJ), ERMES? | (CHAC); VPS13B: Cohen Eggg:g:‘gl(z(ggé)s?“d
Syndrome (COH) '
Scs2/22 | Vap-A,B (AlsB) ER-PM, ER-vacuole(?) ALS disease Teuling et al. (2007)
Autosomal recessive non-
Tscl3 TECR ER-vacuole (NVJ) syndromic intellectual disability Nolan et al. (2008)
Snx14: autosomal recessive
cerebellar ataxia with Thomas et al. (2014),
Mdmil Snx13, 14, 19, 25 | ER-vacuole (NVJ) ; PSR . Akizu et al. (2015) and
intellectual disability; Snx19: Harashima et al. (2012)
insulin secretion regulation )
. Ngo and Ridgway
Linked to cholesterol-related
Oshl OSBPSORPs ER-vacuole (NVJ) metabolic disregulation go&?og;d Bouchard et
n/a Protrudin ER-endosome (H:gg)ltary spastic paraplegia Hashimoto et al. (2014)
n/a Annexin Al ER-late endosome/Multi-vescicular endosome I;glg(rsetsos{c))?]ncreatlc cancer Belvedere et al. (2016)
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