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Membrane contact sites (MCSs), regions where the membranes of two organelles
are closely apposed, play critical roles in inter-organelle communication, such as lipid
trafficking, intracellular signaling, and organelle biogenesis and division. First identified
as “fraction X” in the early 90s, MCSs are now widely recognized to facilitate local lipid
synthesis and inter-organelle lipid transfer, which are important for maintaining cellular
lipid homeostasis. In this review, we discuss lipid metabolism and related cellular and
physiological functions in MCSs. We start with the characteristics of lipid synthesis and
breakdown at MCSs. Then we focus on proteins involved in lipid synthesis and turnover
at these sites. Lastly, we summarize the cellular function of lipid metabolism at MCSs
beyond mere lipid homeostasis, including the physiological meaning and relevance of
MCSs regarding systemic lipid metabolism. This article is part of an article collection
entitled: Coupling and Uncoupling: Dynamic Control of Membrane Contacts.

Keywords: lipid biosynthesis, lipid degradation, membrane contact site, lipid functions, lipid composition

INTRODUCTION

Compartmentalization is a basic organizational principle of cells. It can be achieved by intracellular
membranes, which act as physical barriers to optimize the efficiency of cellular processes that
occur within organelles (Aguzzi and Altmeyer, 2016). Lipids are fundamental components of
cellular membranes. The lipid composition varies in different organelle membranes and/or
subregions/domains within membranes. This heterogeneity of lipid distribution can be achieved
by local lipid metabolism or by intracellular lipid trafficking, which delivers lipids from where they
are synthesized (in most cases in the endoplasmic reticulum/ER) to their destination membranes
and/or membrane domains in both vesicular and non-vesicular pathways.

Membrane contact sites (MCSs) are areas of close apposition between two organelles that
mediate non-vesicular lipid trafficking, or between inner and outer membranes of the same
organelle, such as mitochondria and chloroplast. It has been known for decades (Scorrano
et al., 2019). However, the field of organelle interactions came into the spotlight only when the
functional meaning of MCSs was revealed. Vance (1990) described the presence of “fraction X”
in mitochondrial preparations, which harbored phospholipid synthetic activity and was later
identified as mitochondrial-associated membranes (MAMs) (Vance, 1990). This is the first paper
showing that a biochemical activity occurs specifically at contact sites. More recent studies have
unveiled the functional significance of MCSs in regulating various cellular processes, such as
Ca2+ transport, lipid exchange, apoptosis, and organelle biogenesis (Doghman-Bouguerra et al.,
2016; Kannan et al., 2017; Wu et al., 2019; Schutter et al., 2020). It is now more evident that
such close apposition between organelles facilitates inter-organelle communication and is essential
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for the structure and function of eukaryotic cells including
mammalian cells (Figure 1) and yeast (Figure 2).

Here, we will appraise the findings about the molecular
basis, cellular functions, and physiological and pathological
implications of lipid metabolism at MCSs. We will not focus
on the molecular mechanism of lipid exchange at membrane
contact sites, since many excellent reviews have touched on this
subject already (Lahiri et al., 2015; Phillips and Voeltz, 2016;
Muallem et al., 2017; Balla et al., 2019, 2020; Tamura et al., 2019;
Prinz et al., 2020). We will discuss: (1) the characteristics of lipid
synthesis and breakdown at MCSs, (2) proteins involved in lipid
metabolism at MCSs, and (3) lipid function at MCSs beyond
simple lipid homeostasis.

THE CHARACTERISTICS OF LIPID
SYNTHESIS AND BREAKDOWN AT
MCSs-PROTEINS AND LIPIDS

There is growing evidence that intimate physical contacts
between the ER membrane and membranes of other organelles
play major roles in lipid metabolism, including synthesis,
breakdown, and transport (Scorrano et al., 2019). Mass
spectrometry reveals that many proteins involved in lipid
metabolism are detected in the MCS fractions (Sala-Vila et al.,
2016; Ma et al., 2017; Wang et al., 2018). The MAM proteome
has been analyzed in various cell lines and mouse tissues (Sala-
Vila et al., 2016; Cho et al., 2017; Hung et al., 2017; Ma et al.,
2017; Wang et al., 2018; Kwak et al., 2020). For example,
using sequential centrifugation to isolate pure MAMs followed
by mass spectrometry, over 1000 MAM proteins have been
identified (Sala-Vila et al., 2016; Ma et al., 2017; Wang et al.,
2018). It has been shown that approximately 10% of the MAM
proteins from mouse liver are involved in lipid metabolism,
including biosynthesis of cholesterol, fatty acids, steroids and
phospholipids, and catabolism of fatty acids (Sala-Vila et al.,
2016). Specific proteins at MCSs discussed in this review are listed
in Table 1.

In recent years, the adoption of an alternative proteomic
approach known as proximity-based labeling has advanced the
mapping of MCS proteins (Cho et al., 2017; Hung et al., 2017;
Antonicka et al., 2020; Kwak et al., 2020). In this approach, a
bait protein is endowed with biotinylating activity via fusion
with peroxidase (APEX), horseradish peroxidase (HRP), or
promiscuous biotin ligase (pBirA); prey proteins near (<10 to
20 nm) the bait protein, or cellular regions enriched in the
bait protein, are biotinylated and can then be purified and
analyzed (Hung et al., 2017; Antonicka et al., 2020). Several
studies have used this method to identify the MAM proteome,
and they acquired a much smaller number of MAM proteins
compared to conventional fractionation-based methods. One
study demonstrated that proteins involved in triglyceride (TAG)
synthesis [acyl-coA synthetase long chain family member 1
(ACSL1) and putative glycerol kinase 3 (GK3P) and fatty
acid oxidation (carnitine palmitoyltransferase 1a (CPT1a)] are
enriched in the MAM fraction of cells (Hung et al., 2017).
However, this type of method also has a number of limitations,

such as inducing changes in protein localization (toward or away
from the membrane) in response to stimuli that are applied
by this method, and failing to detect well-known MCS-resident
proteins (Kwak et al., 2020).

Although certain lipid synthetic and catabolic enzymes have
been identified at the contact sites, the immediate consequence
of these enrichments, in particular on the lipid composition of
membrane contacts, has scarcely been explored. This is probably
due to the difficulty in separation and purification of intracellular
membrane without contamination from other membranes
(Schuiki et al., 2010; Horvath and Daum, 2013). Thus far, only
three studies have analyzed the phospholipid composition of
MCSs (Fischl and Carman, 1983; Vance, 1990; Pichler et al.,
2001). In rat liver, the molar ratio of phosphatidylcholine
(PC)/phosphatidylethanolamine (PE) of MAMs resembles that
of the ER rather than the mitochondria (Vance, 1990), which
suggests that the properties of MAMs are more similar to the ER
in terms of biosynthesis of phospholipids (Vance, 1990). In yeast,
analysis of the phospholipid composition of MAMs has revealed
that the MAMs have a significantly higher phosphatidylinositol
(PI) content and a lower phosphatidic acid (PA) content as
compared to mitochondrial and other microsomal membranes
(Gaigg et al., 1995). This is probably due to the fact that the
highest level of PI synthase (Pis1) activity is found in the MAM
fraction (Fischl and Carman, 1983; Gaigg et al., 1995). The lipid
composition of ER-plasma membrane (PM) contacts is also more
similar to the ER in yeast, with higher levels of PC, PE, and PI and
a lower amount of phosphatidylserine (PS) compared to the PM
(Pichler et al., 2001).

Similar to the PM, MAMs also contain microdomains, named
lipid rafts. Lipid rafts are cholesterol and sphingolipids-rich
microdomains in PM. The detergent-resistant lipid rafts in
the MAMs from mammalian cells are rich in lipids, such as
cholesterol, ceramides and glycosphingolipids, and proteins that
are components of MAM-localized Ca2+ signaling complexes,
such as sigma-1 receptor (Sigma 1R), IP3R, GRP75, and VDAC1
(Hayashi and Fujimoto, 2010; Poston et al., 2011). Of note, the
lipid-protein interactions at this specific region play crucial roles
in executing both cellular processes and organelle biogenesis. For
instance, ceramides from the detergent-resistant membranes of
MAMs are physically associated with Sigma 1R and anchor it to
the MAMs (Hayashi and Fujimoto, 2010). Sigma 1R stabilizes
IP3R3 at MAMs, therefore favoring Ca2+ transfer from the
ER to the mitochondria (Hayashi and Su, 2007; Figures 1A,B).
In mouse brain, GM1-ganglioside (GM1), one of the sialic
acid-containing glycosphingolipids (GSLs), physically interacts
with phosphorylated form of IP3R in glycosphingolipid-enriched
microdomain (GEM) fractions of MAMs and influences Ca2+-
mediated apoptotic signaling (Sano et al., 2009; Figure 1B).
Ganglioside (GD3) interacts with AMBRA1 and WIPI1, both of
which are core-initiator proteins responsible for autophagosome
formation (Garofalo et al., 2016).

The enrichment of a set of functionally linked lipid
biosynthetic enzymes at MCSs also extends our understanding
of the lipid composition at MCSs. For example, mammalian
MAMs contain the PS synthases PSS1/2, which convert PE and
PC to PS, PE methyltransferase (PEMT) which converts PE to
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FIGURE 1 | Lipid synthesis and breakdown at MCSs in mammalian cells. (A) Schematic illustration of mammalian MCSs. The contact sites discussed in the text are
boxed. (B) Lipid metabolism at the ER-mitochondrion contacts, highlighting the linked synthesis of PC, PE, and PS; the detergent-resistant membrane (DRM)

(Continued)
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FIGURE 1 | Continued
domain enriched in ceramide, cholesterol, and associated proteins; and the biosynthesis of GPI using ER-derived PI and mitochondrion-derived PE. (C) Lipid
metabolism at the ER-PM contacts, showing the Sac1-mediated conversion of phosphatidylinositol 4-phosphate (PI4P) to phosphatidylinositol (4,5)-bisphosphate
(PIP2) in trans and in cis, and TMEM24-mediated PI transport. (D) Pex5 and ATGL interaction at peroxisome-LD contacts, and TOMM20 and ACBD2/EI2 interaction
at mitochondrion-peroxisome contacts. (E) MIGA2-mediated LD-mitochondrion association to supply TAG from mitochondrially derived citrate. (F) The activation of
mTORC1 by cholesterol delivered from the ER to the lysosome surface by OSBP, and the transport of cholesterol out of the lysosome lumen by NPC1. CPT,
CDP-choline-1,2-diacylglycerol choline phosphotransferase (CPT); EPT, CDP-ethanolamine:1,2-diacylglycerol ethanolamine phosphotransferase; PSS1/2,
phosphatidylserine synthase; PEMT, phosphatidylethanolamine methyltransferase; GPAT1, glycerophosphate acyltransferases; SIG-1R, Sigma 1R; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; G3P, glycerol-3-phosphatase; LPA, lysophosphatidic acid; GM1, GM1-ganglioside;
GPI, glycosylphosphatidylinositol; TMEM24, transmembrane protein 24; PEX5, peroxisomal biogenesis factor 5; ATGL, triglyceride lipase; TOMM20, Translocase of
outer mitochondrial membrane 20; ACBD2/EI2, acyl-coenzyme A-binding domain; ACLY, ATP citrate lyase; FASN, fatty acid synthase; NPC1, Niemann-Pick
disease, type C1; OSBP, oxysterol-binding protein 1.

PC, and PS decarboxylase (PISD) which converts PS to PE.
The linked synthesis of PS, PE, and PC segregates the pools
of PS and PS-derived phospholipids from the bulk of the ER
phospholipids (Vance, 1990). The segregation of these specific
chemical reactions may increase the reaction efficiency and
restrict the dissemination of reaction products, or may serve
special functions. For instance, the cell uses the pool of PS-
derived phospholipids for lipoprotein assembly (Vance, 1990).

Each subcellular compartment of the cell has a specific
set of membrane lipids. PC and PE are the most abundant
phospholipids in the membranes of mammalian and yeast
cells (Horvath and Daum, 2013). PS is highly enriched in the
PM of these cells (Horvath and Daum, 2013). PI is more
enriched in the Golgi apparatus than in other subcellular
compartments (Horvath and Daum, 2013). Sphingolipids
are enriched in lysosomes (Horvath and Daum, 2013). To
maintain the distinct membrane features and lipid composition
of each subcellular compartment, coordinated regulation of
lipid synthesis, degradation, and transport is required. The
identification of lipid metabolic enzymes at MCSs and the lipid
composition of MCSs lays the foundation of our understanding
of lipid metabolism at MCSs. In the next part, we will discuss
in detail the individual enzymes involved in lipid synthesis and
breakdown at MCSs.

LIPID METABOLISM AT THE MEMBRANE
CONTACTS

Phospholipid Synthesis and Breakdown
at Membrane Contacts
Several lines of evidence suggest that non-vesicular lipid
transport intersects with lipid biosynthetic and regulatory
pathways at MCSs (Fernandez-Murray and McMaster, 2016;
Phillips and Voeltz, 2016; Balla et al., 2019; Figures 1A, 2A). In
this part, we review studies of phospholipid metabolism at MCSs,
with the emphasis on phospholipid biosynthesis and breakdown
in mammalian system and yeast.

PS

Phosphatidylserine is transported from the ER to mitochondria
and decarboxylated to synthesize PE, and PE is transferred
in the reverse direction from mitochondria to the ER. The

function of MAMs in PS import into mitochondria has been
extensively studied in mammalian cells and yeast (Vance, 1990;
Voelker, 1990; Gaigg et al., 1995; Shiao et al., 1995; Achleitner
et al., 1999; Nguyen et al., 2012; Lahiri et al., 2014; Hernandez-
Alvarez et al., 2019; Petrungaro and Kornmann, 2019). The
best-studied ER-mitochondria tether that is responsible for
PS transport is yeast ER-mitochondria encounter structure
(ERMES) complex (Kawano et al., 2018; Petrungaro and
Kornmann, 2019; Figure 2B). In addition to facilitating PS
transport, MAMs also contains phospholipid synthetic activity.
An excellent study performed by J. E. Vance demonstrated
that the activities of phospholipid biosynthetic enzymes such
as PS synthase (PSS), cholinephosphotransferase (CPT) and
ethanolaminephosphotransferase (EPT) are present in MAMs
(Vance, 1990) (Figure 1B). Later on, her group reported that
both full-length PSS1 and PSS2 are located almost exclusively
at MAMs and are largely excluded from the bulk of the
ER (Stone and Vance, 2000; Figure 1B). The presence of
phospholipid biosynthetic enzymes at the MAMs raises the
following question: is the unique subcellular localization of
these enzymes functionally significant in the regulation of
metabolic processes? In fact, the newly synthesized PS is more
readily transported from the ER to the mitochondria than the
preexisting PS (Vance, 1991; Achleitner et al., 1995). Similarly,
the newly synthesized PE is preferred for translocation from the
mitochondria to the ER (Vance, 1991; Achleitner et al., 1995).
Recently, Prinz et al. (2020) fused E. coli PS synthase with yeast
Mmm1, which is specifically located to the MAMs, or with yeast
Sec63, which is evenly distributed in all portions of the ER
(Kannan et al., 2017). Their results showed that enrichment of
PS synthase at the MAMs promotes more efficient PS transport
than when PS synthase is located evenly in the ER (Kannan
et al., 2017). This suggests that a MAM-localized phospholipid
synthetic enzyme can increase phospholipid transport.

In mammalian cells, ER-derived PS is rapidly converted to
PE by decarboxylation and this is thought to take place in
mitochondria only. However, yeast has two PS decarboxylases:
mitochondrial Psd1 and the trans-Golgi network/endosomal
Psd2 (Wang et al., 2020). Psd2 is proposed to engage with MCSs
for PS decarboxylation (Wang et al., 2020). Several proteins
are known to be required in conjunction with Psd2 for PS
transport to occur, such as the sec14-like phosphatidylinositol
transfer protein (PITP) Sfh4, the phosphatidylinositol 4-kinase
(PI4K) Stt4, the tether Scs2, and an uncharacterized protein Pbi1
(Wang et al., 2020; Figure 2C). A recent study demonstrated
that Sfh4 affects Psd2 activity through direct physical interaction
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FIGURE 2 | Lipid synthesis and breakdown at MCSs in yeast. (A) Schematic illustration of yeast MCSs. The contact sites discussed in the text are boxed. (B) The
mitochondrial and ER fractions of the PS decarboxylase Psd1, PI synthesis from CDP-DAG at MAMs, and PS transporter:ERMES complex. (C) The assembly of
ER-Golgi contacts composed of the PS decarboxylase Psd2, Sfh4, the PI4P kinase Stt4, the tether Scs2 that binds Stt4, and Pbi1. (D) PI4P turnover at the ER-PM
contact, and PC biosynthesis from PE. (E) LD-associated Pah1 at the nuclear vacuole junction. (F) Local phospholipid synthesis supports phagophore membrane
expansion from the ER. (G) Concentration of the positive regulator of Torc1 (Ego complex) into sterol-enriched domains at ER-vacuole contacts. PME,
phosphatidylmonomethylethanolamine; PDE, phosphatidyldimethylethanolamine.
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TABLE 1 | Proteins involved in lipid metabolism at MCSs.

Protein Related membrane contacts System References

Acyl-CoA synthetase long chain family member 1 (ACSL1) MAM mammalian cells Hung et al., 2017

Carnitine palmitoyltransferase la (CPTla) MAM mammalian cells Hung et al., 2017

Glycerol kinase (GK) MAM mammalian cells Hung et al., 2017

IP3R-GRP75-VDAC1 complex MAM mammalian cells Poston et al., 2011

Sigma-1 receptor (Sigma 1R) MAM mammalian cells Hayashi and Fujimoto, 2010

Sac1 PI phosphatase ER-PM mammalian cells Dickson et al., 2016

Transmembrane protein 24 (TMEM24) ER-PM mammalian cells Lees et al., 2017

Sorting nexin 14 (Snx14) ER-LD mammalian cells Datta et al., 2019

Oxysterol binding protein (OSBP) ER-lysosome mammalian cells Lim et al., 2019

Mitoguardin 2 (MIGA2) mitochondrion-LD mammalian cells Freyre et al., 2019

Adipose triglyceride lipase (ATGL) peroxisome-LD mammalian cells Kong et al., 2020

ACBD2/ECI2 isoform A peroxisome-mitochondrion mammalian cells Fan et al., 2016

Cholinephosphotransferase (CPT) MAM rat liver Vance, 1990

Ethanolaminephosphotransferase (EPT) MAM rat liver Vance, 1990

Glycerophosphate acyltransferase 1 (GPAT1) MAV rat liver Pellon-Malson et al., 2007

Mitofusion2 (MFN2) MAM mouse liver Sebastian et al., 2012;
Hernandez-Alvarez et al., 2019

PE methyltransferase (PEMT) MAM rat liver Cui et al., 1993

PS synthases PSS1/2 MAM rat liver Vance, 1990

PS decarboxylase1 (Psd1) MAM yeast Wang et al., 2020

PI synthase (Pis) MAM, PAM yeast Gaigg et al., 1995; Pichler
et al., 2001

Oxysterol-binding homology 3 (Osh3) ER-PM yeast Stefan et al., 2011

Opi3 ER-PM yeast Tavassoli et al., 2013

Ltcl ER-Vacuole yeast Murley et al., 2017

Faal ER-autophagosome yeast Schutter et al., 2020

PS decarboxylase2 (Psd2) ER-Golgi yeast Friedman et al., 2018

Pahl NVJ associated LD yeast Karanasios et al., 2013

Mdml NVJ associated LD yeast Hariri et al., 2018

with Psd2 and the functional effect of Sfh4 is independent
of its PI-binding/exchange activity (Wang et al., 2020). This
study challenges the general view of PITP as a PI transfer
protein. Although Psd1 is considered as an inner mitochondrial
membrane-anchored protein, a recent study showed that
Psd1 has dual ER and mitochondrial localization with its
transmembrane domain necessary and sufficient for its ER
localization (Friedman et al., 2018; Figure 2B). Furthermore,
the mitochondrial fraction of Psd1 is required for normal
mitochondrial function and the ER-localized fraction of Psd1 is
required for normal cellular PE homeostasis (Friedman et al.,
2018). This finding implies that the mitochondrial-derived PE
generated by mitochondrial Psd1 is not robust enough to provide
cells with a sufficient PE pool. Thus, the different organelle-
associated domains of a protein may play distinct but essential
roles in organelle function.

PI AND PI4P

Phosphatidylinositol is synthesized in the ER and phosphorylated
to PtdIns 4-phosphate (PI4P) at the PM and Golgi and PtdIns 4,5-
biphosphate (PIP2) at the PM (Agranoff et al., 1958; Gaigg et al.,
1995; Figure 1C). Mammalian phosphatidylinositol synthase

(PIS), which catalyzes PI formation using CDP-DAG, is found at
the ER. Interestingly, PIS has been detected in a highly mobile
membrane compartment, which originates from the ER and
provides PI to cellular membranes in mammalian cells (Kim et al.,
2011). In addition, the autophagy initiation complex is located to
the PIS-enriched ER subdomains of mammalian cells (Nishimura
et al., 2017). In yeast, the specific activity of phosphatidylinositol
synthase (Pis) is significantly higher in the MAM fraction than
in the ER fractions (Gaigg et al., 1995; Figure 2B). The PI
level in the MAMs is almost three times higher than that in
ER fractions (Gaigg et al., 1995). The biosynthesis of PI is also
enriched in the ER-associated plasma membrane (PAM) in yeast
(Pichler et al., 2001).

PI4P, derived from PI by PI kinase, is an essential
signaling molecule at the PM and Golgi with functions in
signal transduction, lipid metabolism, and membrane trafficking
(D’Angelo et al., 2008). Sac1 PI phosphatase is an important
regulator of PI4P turnover and is located to the ER and
Golgi (Nemoto et al., 2000; Foti et al., 2001; Faulhammer
et al., 2007). sac1 mutant yeast cells accumulate PI4P at the
PM (Baird et al., 2008). Since Sac1 is not known to traffic
to the PM, there must be factors that link Sac1 activity
to PI4P at the PM (Stefan et al., 2011). Oxysterol-binding
homology 3 (Osh3), a conserved pleckstrin-homology (PH)
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domain-containing protein, is identified as linking Sac1 activity
to PI4P homeostasis at the PM (Stefan et al., 2011). PI4P binds to
the Osh3 PH domain and activates Osh3 at the ER-PM contact
sites (Stefan et al., 2011). The association of PI4P with Osh3
facilitates the interaction between ORD, a lipid transfer domain in
Osh3, and the downstream target protein Sac1, thus stimulating
Sac1 PI phosphatase activity (Stefan et al., 2011; Figure 2D).
Therefore, Osh proteins can act as sensors of PI4P at the PM and
activators of Sac1 phosphatase at the ER. Although these findings
support the notion that Sac1 controls the PI4P level at the PM in
trans, some evidence suggests that it acts in cis (i.e., in the same
membrane) (Mesmin et al., 2013). In fact, Sac1 dephosphorylates
PI4P at the ER and creates a PI4P gradient. This process
is accompanied by counter transport of cholesterol or PS by
oxysterol-binding protein (OSBP) and Osh6, respectively, and
is conserved in yeast and mammalian systems (von Filseck
et al., 2015; Mesmin et al., 2017). In mammalian cells, Sac1 is
reported to be located at the ER-PM junctions (Dickson et al.,
2016). Depletion of PI(4,5)P2, the product from phosphorylation
of PI4P, at the PM reduces the amount of Sac1 in contact
with the PM, thus limiting PI4P dephosphorylation through a
feedback mechanism (Dickson et al., 2016; Figure 1C). The above
findings about the functions of lipid transfer proteins at the ER-
PM contacts shed light on their roles in maintaining contact
structures and the PM lipid composition. Indeed, elimination
of lipid transfer proteins causes dysregulation of phospholipid
biosynthesis and sterol transfer, which negatively impacts PM
organization (Quon et al., 2018).

PA

Phosphatidic acid can be derived from lipid precursor: glycerol
3-phosphate (G3P). In this process, G3P is acylated by
glycerophosphate acyltransferases (GPATs) to form lyso-PA
which is further converted to PA by 1-acylglycerol 3-phosphate
acyltransferases (AGPATs) (Gonzalez-Baro et al., 2007; Takeuchi
and Reue, 2009). Thus far, four mammalian GPAT proteins
have been identified. There are three N-ethylmaleimide (NEM)-
sensitive microsomal and mitochondrial GPATs (GPAT2-4) and
one NEM-resistant mitochondrial GPAT1 (Wang et al., 2007;
Nagle et al., 2008). Because the enzymes that catalyze the final
steps of TAG synthesis are localized to the ER, the mitochondrial
localization of GPAT1 is unexpected. A study has shown that
GPAT1 is highly enriched in the mitochondrial-associated vesicle
(MAV) fraction, which is obtained from sedimentation of the
upper band from Percoll density gradient centrifugation of crude
mitochondria (Pellon-Malson et al., 2007; Figure 1B). MAVs
share characteristics with both MAMs and crude mitochondrial
fraction, which contains mitochondrial and MAM fractions.
Many marker proteins present in above fractions are also
recovered in the MAV fraction. The MAV fraction contains large
vesicles, as viewed by electron microscopy (Pellon-Malson et al.,
2007). Although the protein level of GPAT1 is highly enriched
in this MAV fraction, GPAT1 activity is most enriched in pure
mitochondria (Pellon-Malson et al., 2007). This suggests that
GPAT1 is largely inactive in the MAV fraction. The discrepancy

between GPAT1 protein expression and activity in the subcellular
fraction suggests the possibility that GPAT1 in the MAV fraction
may have novel roles beyond its enzymatic activity, and, as
such, it has been postulated that GPAT1 from the MAV fraction
is important for transporting its product, lyso-PA, from the
mitochondria to the ER (Pellon-Malson et al., 2007).

PC

Phosphatidylcholine is the most abundant phospholipid in
mammalian cells. PC is synthesized via either the CDP-choline
pathway or the methylation of PE (Horvath and Daum, 2013).
Liver-specific PEMT, which converts PE to PC, is specifically
located at the MAMs (Cui et al., 1993; Figure 1B). Although
PEMT is highly enriched in the MAMs, the PE methyltransferase
activity in the MAMs is comparable with that in the ER, which
indicates that other ER-localized enzymes may also have PE
methyltransferase activity (Vance and Vance, 1988; Cui et al.,
1993; Rusinol et al., 1994). In yeast, methylation of PE is the
primary pathway for the biosynthesis of PC when cells are grown
in the absence of choline, whereas the CDP-choline pathway is an
auxiliary route since it requires exogenous choline (McDonough
et al., 1995). Unlike the mammalian PEMT, which catalyzes all
three transmethylation steps to form PC, yeast has two PEMT
enzymes, designated Cho2 and Opi3, which catalyze the first
and the last two consecutive transmethylation steps, respectively
(Cui et al., 1993; Figure 2D). Of interest, a study showed that
the ER-PM contacts are required for PC synthesis through the
methylation of PE (Tavassoli et al., 2013). SCS2 and ICE2, two ER-
localized proteins, play important roles in ER biogenesis and the
structure of ER-PM contacts (Tavassoli et al., 2013). 1scs21ice2
mutant yeast exhibited disrupted ER-PM contacts, growth defects
and reduced PC synthesis (Tavassoli et al., 2013). The reduced
PC synthesis is due to the loss of function of Opi3 (Tavassoli
et al., 2013). With disrupted ER-PM contacts, the access of
lipid substrates such as phosphatidylmonomethylethanolamine
(PME) and phosphatidyldimethylethanolamine (PDE) to Opi3
is compromised (Figure 2D). In addition, similar to the Sac1-
Osh3 regulatory relationship at the ER-PM contacts, Osh3
also regulates Opi3 and facilitates its PC synthetic activity
at these contacts (Stefan et al., 2011; Tavassoli et al., 2013;
Figure 2D). The precise regulation of PC biosynthesis at the
ER-PM contacts is crucial, because in yeast, Opi3 controls the
ratio of PE:PC at the PM and decreased Opi3 activity results in
an increased PE:PC ratio, therefore destabilizing the PM bilayer
(Schueller et al., 2007).

Compelling evidence suggests that many phospholipid
biosynthetic enzymes are enriched at MCSs. It is a paradox
that their enzymatic activities are not always enriched at MCSs,
which suggests that non-enzymatic roles/domains of these
proteins may be important for their function at MCSs. The
contact sites provide a confined environment for segregating
phospholipid biosynthetic enzymes. Therefore, the pool of lipids
generated by this segregation may serve special purposes, such
as transport to other organelles or involvement in lipoprotein
synthesis. Furthermore, the contact sites can spatially regulate
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the accessibility of lipid substrates to their catalytic enzymes.
Therefore, the fine regulation of chemical reactions can be
accomplished at MCSs.

Neutral Lipid Synthesis and Degradation
at Membrane Contacts
The ER synthesizes phospholipids for membrane growth and
cell proliferation, and TAG to store energy in lipid droplets
(LDs). LD biogenesis is generally considered to occur at the ER.
In some cell types, LDs appear inside the nucleus (Layerenza
et al., 2013; Uzbekov and Roingeard, 2013; Ohsaki et al., 2016).
Yeast phosphatidate phosphatase, Pah1, catalyzes the conversion
of PA to DAG, which channels PA toward TAG storage but
away from phospholipid synthesis for membrane biogenesis
and growth. Pah1 lacks transmembrane domains and requires
translocation onto membranes to become functional (Karanasios
et al., 2013). It has been shown that the acidic tail of Pah1
is required for both LD and nuclear membrane recruitment
(Karanasios et al., 2013). It is likely that membrane-bound
Pah1 and its regulation of lipid and membrane biogenesis
are key metabolic adaptations when the cell requires drastic
membrane remodeling (Karanasios et al., 2013). Indeed, during
glucose exhaustion in yeast, Pah1 is targeted transiently to the
nuclear membrane domain that contacts the vacuole, named
the nuclear vacuole junction (NVJ) (Barbosa et al., 2015;
Figure 2E). Subsequently, Pah1 is concentrated in two nuclear
membrane puncta flanking the NVJ that are in contact with
LDs (Barbosa et al., 2015; Figure 2E). The biological significance
of this concentration of Pah1 and the associated LDs at the
NVJ flanked by the nuclear envelope is not completely clear.
Given that in nutrient-rich conditions in yeast, phospholipid
synthesis is predominant, whereas during glucose exhaustion,
lipid precursors are redirected to TAG storage, it is possible
that Pah1 facilitates NVJ-mediated degradation of the nuclear
membrane and LD biogenesis, both of which are lipid recycling
processes during glucose exhaustion. Recent evidence suggests
that yeast Mdm1 and its human homolog: sorting nexin protein
(Snx14) are localized to NVJ-associated LD (ER-LD contact in
mammalian cells) and regulate NVJ-associated LD production
(Schuldiner and Bohnert, 2017; Eisenberg-Bord et al., 2018;
Hariri et al., 2018; Datta et al., 2019).

It is clear that LD-organelle contacts are regulated by
nutritional status. In mammalian system, the stored TAG
undergoes lipolysis in adipocytes to release fatty acids and
glycerol in response to starvation, and this process is mediated
by TAG hydrolases including adipose triglyceride lipase (ATGL)
and hormone-sensitive lipase (HSL). The released fatty acids
are further oxidized in mitochondria or peroxisomes. Lipolysis
coupled with fatty acid oxidation supplies energy during
starvation. An interesting study revealed that fasting promotes
the interaction between peroxisomes and LDs (Kong et al., 2020).
Upon fasting, peroxisomal biogenesis factor 5 (PEX5) mediates
the recruitment of ATGL at peroxisome-LD contact sites (Kong
et al., 2020). Lipolysis is compromised if peroxisome-LD contacts
are disrupted (Kong et al., 2020; Figure 1D). This study provides
a clear example of how cells respond to environmental stress

such as nutrient depletion by modulating organelle contacts
(Zaman et al., 2008). In fact, cells can initiate various adaptations
in response to cellular stress. For instance, during prolonged
starvation in yeast, ER-mitochondria contact sites are lost,
concomitant with sequestration of both cytosolic and ER lipid
biosynthetic enzymes into deposits (Suresh et al., 2015). These
two processes are considered as an adaptive response for yeast
cells to regulate lipid flux when the supply of nutrients is
limited (Suresh et al., 2015). The underlying mechanism is not
completely clear. It might be that sequestration of enzymes
permits regulation of lipid homeostasis without affecting the
enzymatic activities and enables cells to quickly alter their lipid
flux by simply relocalizing their enzymes when the nutritional
status is favorable (Suresh et al., 2015).

Besides the aforementioned peroxisome-LD associations
during starvation in cells, mitochondrion-LD associations have
also been found in white and brown adipocytes (Benador et al.,
2018). It is conceivable that there are factors that regulate
mitochondrion-LD contacts. Through proteomic analysis of
adipocyte LDs, a mitochondrial outer membrane protein,
Mitoguardin 2 (MIGA2), was found to be associated with LDs in
adipocytes or oleic acid-treated COS7 cells (Freyre et al., 2019;
Figure 1E). MIGA2 is not only found at mitochondrion-LD
contacts; it is also located to the ER, where de novo lipogenesis
mainly takes place (Freyre et al., 2019; Figure 1E). It has
been shown that MIGA2 promotes lipogenesis from non-lipid
precursors such as citrate in the mitochondria, possibly leading to
positive feedback to the adipogenic transcriptional program and
driving adipogenesis and LD formation forward (Freyre et al.,
2019). These results coincide with the finding that LD-associated
mitochondria support LD expansion by increasing TAG synthesis
(Benador et al., 2018).

Synthesis and Breakdown of Other
Lipids at Contact Sites
In mammalian system, glycosylphosphatidylinositol (GPI)
biosynthetic reactions are largely confined to MAMs (Figure 1B).
GPIs are important for anchoring proteins to the cell membranes
(Vidugiriene et al., 1999). It is likely that the localization of GPI
biosynthetic activity at MAMs may allow the biosynthetic enzyme
more accessibility to its substrate PE, which is mainly derived
from decarboxylation of PS in mitochondria (Vidugiriene et al.,
1999). Peroxisomes and mitochondria share some similarities in
terms of their synergistic functioning in the metabolism of fatty
acids, reactive oxygen species, and steroid biosynthesis (Fan et al.,
2016). It has been demonstrated that peroxisomes are physically
associated with mitochondria and that Pex34, a peroxisomal
membrane protein, and Fzo1, the yeast mitofusion, serve as
tethers of peroxisome-mitochondria contact (Fan et al., 2016;
Shai et al., 2018). A family of acyl-CoA-binding domain (ACBD)-
containing proteins regulates steroid biosynthesis in both
peroxisomes and mitochondria (Figure 1D). Recent findings
suggest that peroxisomal ACBD2/ECI2 isoform A, generated
by alternative splicing, is also located to the mitochondria
and mediates peroxisome-mitochondrion contact and steroid
biosynthesis (Fan et al., 2016).
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The autophagosome mediates the degradation of cytoplasmic
materials by macroautophagy and is formed in close proximity
to the ER (Zhao and Zhang, 2019). Autophagosome formation
involves the nucleation of a single-membrane phagophore and
its further expansion and closure of its membrane (Mari et al.,
2010; Shima et al., 2019). This raises a question: what membranes
or processes sustain autophagic membrane formation? It is
considered that many organelles, such as ER, Golgi, endosomes,
mitochondria, and plasma membrane, contribute to the
formation of autophagosomes (Axe et al., 2008; Geng et al.,
2010; Hailey et al., 2010; Puri et al., 2013; Nishimura et al.,
2017). However, a study demonstrated that de novo phospholipid
synthesis contributes to autophagosome membrane formation in
yeast, which suggests a unique mechanism (Schutter et al., 2020).
It has been shown that the long-chain acyl-CoA synthetase
(Faa1), which catalyzes the formation of fatty acyl-CoA, is
localized to nucleated phagophores. Faa1 channels activated FAs
locally into de novo phospholipid synthesis at the ER, which
forms stable contacts with nascent autophagosomes (Schutter
et al., 2020; Figure 2F). Furthermore, the newly synthesized
phospholipids at the ER promote the assembly and expansion of
the phagophore membrane into an autophagosome (Figure 2F).
The concentrated Faa1 activity specifically on nucleated
phagophores allows spatiotemporal compartmentalization of de
novo phospholipid synthesis, which readily facilitates autophagic
membrane expansion under starvation conditions. This notion
is conceptually similar to the idea discussed above, that the newly
synthesized lipids at the contact sites support the local lipid
flux between ER and tethered organelles (Kannan et al., 2017).
Therefore, the fine spatial segregation of molecular components
permits efficient organelle communication and is critical for
cellular homeostasis.

In sum, based on the presence of many lipid biosynthetic
enzymes at MCSs and their physiological significances in cellular
processes, we may reconsider MCSs as being involved in
both organizing lipid synthesis and facilitating intermembrane
lipid transport. Newly synthesized lipids at MCSs may have
distinct functions beyond simple lipid homeostasis, which will be
discussed in the next part.

LIPID FUNCTIONS AT CONTACT SITES
BEYOND SIMPLE LIPID HOMEOSTASIS

Distinct Functions of Lipids at MCSs
Lipids at contact sites are critical in maintaining lipid homeostasis
and membrane organization. Furthermore, some lipids at
membrane contact sites are capable of regulating enzyme activity
or signal transduction. Here, we will review the findings about
lipid function at contact sites beyond simple lipid metabolism.

As mentioned at the start of this review, compartmentalization
is a key determinant of cellular function and biology. One type of
compartmentalization is the specialized membrane domains that
exist within membrane lipid bilayers (Rai et al., 2016). Membrane
contact sites persist during harsh mechanical and chemical
separation methods (Vance, 1990). It is possible that specific
lipids and proteins are assembled and organized into membrane

domains and tether contact sites which are of biophysical and
physiological importance in living cells (King et al., 2020).
Certain lipid species such as sterols and sphingolipids have
greater propensity for membrane domain biogenesis (Harder
and Simons, 1997; Simons and Ikonen, 1997). In addition,
MCS-resident proteins can also facilitate membrane domain
compartment formation. For instance, Osh proteins at ER-
PM contact sites create a nanoscale membrane environment
that facilitates the synergistic transport of unsaturated PS and
sterol and stimulates phosphatidylinositol-4-phosphate 5-kinase
(PIP5K) activity, thus affecting PIP2 generation and its related
cellular events at the PM (Nishimura et al., 2019). Another
example of how small-scale lipid organization controls an enzyme
activity or signaling events is provided by the yeast sterol
transport protein, Ltc1. It is found at ER-vacuole contact sites
and facilitates the partitioning and concentration of the EGO
complex, a positive regulator of TORC1, into sterol-enriched
domains, thus inhibiting TORC1 activity during stress conditions
in yeast (Murley et al., 2015, 2017; Figure 2G). These findings
suggest that lipids together with membrane-associated proteins
can be concentrated into membrane domains at MCSs and enable
localized signal transduction.

In addition to being regulated by sterol-enriched membrane
domains, mTORC1 activity can be activated by cholesterol on
the surface of lysosomes in mammalian cells (Castellano et al.,
2017). A study showed that oxysterol binding protein (OSBP),
which is located to the ER-lysosome contacts, ensures ER-to-
lysosome cholesterol transfer and mTORC1 activation (Lim
et al., 2019; Figure 1F). Cholesterol from the ER-lysosome
contact sites directly interacts with mTORC1 scaffolding
proteins, leading to mTORC1 activation on the lysosomal
surface (Lim et al., 2019; Figure 1F). NPC1 handles LDL-
derived cholesterol and transfers cholesterol from the lysosomal
lumen to other acceptor membranes (Gong et al., 2016;
Figure 1F). NPC1-deficient cells have increased accumulation of
cholesterol in lysosomes and hyperactive mTORC1. Inhibition
of OSBP attenuates hyperactivity of mTORC1 signaling in
NPC1-deficient cells by inhibiting the transfer of cholesterol
from the ER to the lysosomal surface (Lim et al., 2019).
This work uncovered the effect of cholesterol transfer at
ER-lysosome contacts on the regulation of mTORC1 activity
and shed light on the molecular mechanism underlying
the pathogenesis of neurodegenerative diseases caused by
inactivation of NPC1.

PIP2 at the PM controls insulin release from pancreatic beta
cells (Xie et al., 2016). Transmembrane protein 24 (TMEM24)
serves as a tether at ER-PM contact sites and has an SMP domain,
which is capable of transporting PI, the precursor of PIP2, from
its site of synthesis in the ER to the PM during glucose-induced
insulin secretion (Lees et al., 2017; Figure 1C). TMEM24 also
plays a critical role in calcium pulsatility, likely by replenishing
PIP2 pools at the PM, which positively regulate IP3 receptors and
the PM ion channels that control calcium influx by generating IP3
(Lees et al., 2017). This finding illuminates the elegant mechanism
underlying the regulatory effect of an organelle contact-resident
lipid-transfer protein on PI pools, Ca2+ oscillation and insulin
secretion in beta cells (Lees et al., 2017). Together, these findings

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 December 2020 | Volume 8 | Article 615856

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-615856 December 18, 2020 Time: 18:36 # 10

Xu and Huang Lipid Metabolism at Membrane Contacts

reveal the function of lipids at MCSs in regulating MCS integrity
and localized signal transduction.

Physiological Relevance of MCSs
Growing evidence suggests that MCS function is linked to
neurodegenerative diseases, Alzheimer disease and metabolic
diseases. Here, we will review the physiological function of MCSs
in the development of metabolic diseases (Table 2).

Mitochondrial-associated membranes play crucial roles
in regulating a variety of metabolic stresses, including virus
infection, ER stress, hypoxia, nutrient deprivation, and excess
glucose availability (Simmen and Herrera-Cruz, 2018). Since
recent evidence suggests that MAMs are fundamentally
important for hormonal and nutrient signaling, MAMs have
come into the spotlight of research on metabolic diseases. MAM
structure and function have been implicated in insulin sensing
and glucose homeostasis in various tissues, such as liver, adipose
tissue, and skeletal muscle. In the liver of diet-induced obese
and diabetic mice, ER-mitochondrion contacts are increased,
thus resulting in mitochondrial Ca2+ overload, oxidative
stress and dysfunction, and insulin resistance (Arruda et al.,
2014). This seems to be a paradox, because in hepatocytes,
palmitate treatment reduces ER-mitochondrion contacts and
insulin signaling, and induction of MAMs by overexpression of
mitofusin 2 (Mfn2) or GRP75 can rescue the palmitate-induced
aberrant insulin signaling (Tubbs et al., 2014; Shinjo et al.,
2017). Moreover, loss of Mfn2 reduces ER-mitochondrion
interactions and causes insulin resistance and altered glucose
homeostasis (Sebastian et al., 2012). Accordingly, Tubbs et al.
(2014) observed that MAM integrity is disrupted in the liver of
obese and diabetic mouse models. In addition, MAM function
has been linked to the pathogenesis of non-alcoholic fatty
liver disease (NAFLD). For instance, deficiency of some MAM
resident proteins involved in phospholipids biosynthesis, such
as PEMT and phosphate cytidylyltransferase 1, choline, alpha
(Pcyt1a), cause liver damage in mice (Fu et al., 2011; Jacobs et al.,
2017). Furthermore, Recent evidence shows that liver-specific

TABLE 2 | Physiological function of MAMs in metabolic diseases.

Disease Protein References

Diabetes Cyclophilin D (CypD) Tubbs et al., 2014

Diabetes MFN2 Sebastian et al., 2012;
Shinjo et al., 2017

Diabetes PDK4 Thoudam et al., 2019

Diabetes FATE1 Tubbs et al., 2018

Diabetes CISD2 Chen et al., 2009;
Wang et al., 2014

Diabetic heart disease FUNDC1 Wu et al., 2019

Obesity IP3R-GRP75-VDAC1
complex, PACS2

Arruda et al., 2014

NAFLD MFN2 Hernandez-Alvarez
et al., 2019

NAFLD PEMT Jacobs et al., 2017

NAFLD PCYTla Fu et al., 2011

Cardiac hypertrophy IGF1 Gutierrez et al., 2014

deletion of Mfn2 causes defected PS transport between the ER
and mitochondria and leads to non-alcoholic fatty liver disease
(Hernandez-Alvarez et al., 2019).

In skeletal muscle, it is found that obesity enhances MAM
formation (Thoudam et al., 2019). Inactivation of PDK4 reduces
MAM formation and improves insulin signaling in obese mice
by disrupting the interaction between PDK4 and the IP3R1-
GRP75-VDAC1 complex, which regulates Ca2+ transport and
controls MAM stability (Thoudam et al., 2019). However,
contradictory results showed that ER-mitochondrion contacts in
skeletal muscle are disrupted in different mouse models of obesity
and diabetes (Tubbs et al., 2018). Furthermore, experimental
increase of the ER-mitochondrion contacts in human myotubes
prevents palmitate-induced aberrant insulin sensitivity (Tubbs
et al., 2018). The reason for the discrepancy between these studies
is not clear, but is likely related to differences in the experimental
systems and/or experimental analysis methods.

In adipose tissue, CDGSH iron sulfur domain 2 (Cisd2)-
mediated loss of ER-mitochondrion contacts impairs
mitochondrial Ca2+ uptake, decreases insulin-stimulated
glucose transport and results in mitochondrial dysfunction
(Chen et al., 2009; Wang et al., 2014). Furthermore,
miscommunication between ER and mitochondria is an
essential step in the pathogenesis of cardiac hypertrophy.
Treatment of cardiomyocytes with norepinephrine increases
the distance between ER and mitochondria and decreases
insulin-induced mitochondrial Ca2+ uptake, thus resulting
in insulin desensitization (Gutierrez et al., 2014). Glucose is
identified as a novel regulator of MAMs and it reduces the
ER-mitochondrion contacts, induces mitochondrial fission, and
impairs mitochondrial respiration in hepatocytes (Theurey et al.,
2016). In line with this, disruption of MAM integrity mimics
the effects of glucose on mitochondrial dynamics and function
(Theurey et al., 2016). Recently, it is suggested that genetic
downregulation of FUN14 domain containing 1 (Fundc1)
improved mitochondrial function in HG-treated cardiomyocytes
(Wu et al., 2019). Based on recent studies, it is clear that MAMs
are involved in metabolic diseases. However, studies on this
topic are controversial. MAMs may be a target for treating
metabolic diseases, but more studies on their physiological role
and regulation are required.

CONCLUDING REMARKS

Membrane contact sites permit the speed and spatial confinement
that are required for the intricate control of cellular processes
and organelle biogenesis. It has been observed that MCSs are
resistant to harsh separation methods, probably because of the
biophysical properties of their resident membrane proteins and
lipids. There is a general view that lipids allow particular proteins
in membranes to aggregate, and others to disperse. In fact,
lipids and associated membrane proteins can form nanoscale
domains at MCSs. Furthermore, it is an emerging concept that
the formation of membrane contacts depends on the lateral
segregation of lipids into domains, where lipid and protein
binding domains recognize and integrate signals between the
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donor and/or acceptor membranes (van Meer et al., 2008).
Therefore, lipid composition is essential for the biophysical,
biochemical and physiological properties of MCSs. On the
other hand, lipids synthesized at MCSs may serve special
functions, such as ready transportation to an organelle,
or acting as sensing molecules to transmit signals in
transduction pathways, or stimulating local enzymatic
activity. Accordingly, understanding the lipid composition
of MCSs will be of great value to delineate their function.
Currently, a comprehensive lipidomic analysis of MCSs has
not been reported.

Another interesting phenomenon is that multiple
phospholipid synthetic enzymes are enriched at MCSs. The
segregation of these enzymes may allow generation of a local
pool of phospholipids to support organelle membrane biogenesis
or local signaling. Revealing the functions of distinct pools
of lipids in vivo will be a great challenge. In addition, the
discrepancy between the enriched enzymatic activities and
their protein levels at MCSs may suggest that non-enzymatic
functions of these proteins exist at contact sites. Furthermore,
the regulation of the activity at MCSs may depend on specific
actors or different local environment for activity such as lipid
microdomains. The presence of these enzymes at MCSs may
also permit more efficient access to their lipid substrates, or
may generate a gradient of lipids (such as PI4P) between
the donor and acceptor membranes to facilitate local lipid
transport, or may regulate the phospholipid composition of
adjacent organelles (such as PE levels in mitochondria and ER,
controlled by Psd1).

In the last decade, MCSs have been implicated in metabolic
diseases. However, the studies are sometimes controversial.
Although a repertoire of methods has been applied to study
MCSs, it still remains challenging to identify the contact sites,
due to their transient nature and various abundance in different
cell types. The current findings usually use knockout of an
MCS-resident protein to study the link between MCSs and
metabolic diseases. However, this approach may suffer from
bias; for instance, the results may be caused by functions of the
proteins other than their role at MCSs. Therefore, determining
how lipid metabolism specifically at MCSs directly contributes
to the pathogenesis of metabolic diseases will be an important
future endeavor.
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