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Lipids must be correctly transported within the cell to the right place at the right time
in order to be fully functional. Non-vesicular lipid transport is mediated by so-called
lipid transfer proteins (LTPs), which contain a hydrophobic cavity that sequesters lipid
molecules. Oxysterol-binding protein (OSBP)-related proteins (ORPs) are a family of
LTPs known to harbor lipid ligands, such as cholesterol and phospholipids. ORPs
act as a sensor or transporter of those lipid ligands at membrane contact sites
(MCSs) where two different cellular membranes are closely apposed. In particular, a
characteristic functional property of ORPs is their role as a lipid exchanger. ORPs
mediate counter-directional transport of two different lipid ligands at MCSs. Several, but
not all, ORPs transport their lipid ligand from the endoplasmic reticulum (ER) in exchange
for phosphatidylinositol 4-phosphate (PI4P), the other ligand, on apposed membranes.
This ORP-mediated lipid “countertransport” is driven by the concentration gradient of
PI4P between membranes, which is generated by its kinases and phosphatases. In
this review, we will discuss how ORP function is tightly coupled to metabolism of
phosphoinositides such as Pl4P. Recent progress on the role of ORP-mediated lipid
transport/countertransport at multiple MCSs in cellular functions will be also discussed.

Keywords: ORPs, phosphoinositide, membrane contact site (MCS), lipid transfer protein (LTP), PI4P,
phosphatidylserine (PS), cholesterol, lipid countertransport

INTRODUCTION

Lipids have multiple essential roles, including serving as building blocks for cellular membranes,
storing energy, and regulating signaling and membrane dynamics/trafficking. In eukaryotes, most,
but not all, lipids are synthesized at the endoplasmic reticulum (ER) and then must be correctly
delivered to the places where they exert diverse functions (van Meer and de Kroon, 2011; Santos and
Preta, 2018). In addition, lipids often move and change their location even during their metabolic
or catabolic processes (van Meer et al., 2008). Thus, lipids rely on their transport systems for
accomplishing their diverse and complex tasks in biological systems.

Lipids are transported within cells via membrane carriers (vesicles) along secretory and
endocytic membrane trafficking pathways (van Meer et al., 2008; Vance, 2014; Stefan et al., 2017).
In addition to vesicular transport, lipids are also transported in a vesicle-independent manner
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(Holthuis and Levine, 2005; Lev, 2012; Reinisch and Prinz,
2021). Non-vesicular lipid transport is mediated by so-called lipid
transfer proteins (LTPs) (Holthuis and Menon, 2014; Wong et al.,
2019). LTPs contain a hydrophobic cavity that sequesters lipid
molecules from aqueous cytosolic environments, and in this way,
they mediate lipid transport between cellular membranes (Wong
etal., 2017). Although LTPs are technically able to transport lipids
to any accessible place by freely moving in the cytosol, they often
do so at membrane contact sites (MCSs). MCSs are places where
there is close apposition of cellular membranes (generally 10—
30 nm, but the distance differs depending on the type of MCSs)
(Helle et al., 2013; Eisenberg-Bord et al., 2016; Scorrano et al,,
2019). Accumulating evidence indicates that the ER, which is
widely distributed throughout the cell, forms MCSs with most of
the organelles or the plasma membrane (PM), and these MCSs
serve as zones for non-vesicular lipid transport (Phillips and
Voeltz, 2015; Wu et al,, 2018; Balla et al., 2019; Prinz et al., 2019;
Bohnert, 2020). A number of LTPs have been reported to localize
at MCSs and, thus, mediate the transport of a variety of lipid
ligands (Wong et al., 2017, 2019).

In this review, we provide an overview of recent progress
on understanding the role of oxysterol-binding protein (OSBP)-
related proteins (ORPs) (Raychaudhuri and Prinz, 2010;
Olkkonen, 2015; Pietrangelo and Ridgway, 2018), a large family of
LTPs. Particular focus is placed on their lipid transport function
at MCSs and their role in cellular processes in mammals. Given
that ORP functions are closely coupled to phosphatidylinositol
4-phosphate (PI4P) metabolism, we will begin with background
information as well as recent findings on PI4P, followed by ORP
family functions, with the overall goal of an in-depth discussion
on the physiological significance of lipid transport at MCSs
mediated by ORPs and phosphoinositides.

PHOSPHATIDYLINOSITOL
4-PHOSPHATE

Phosphatidylinositol 4-Phosphate

Metabolism in the Cell

Phosphoinositides are a minor group of phospholipids that
represent 10-15% of total phospholipids in the cell (Vance,
2014). The inositol ring in their headgroup is exposed to the
cytosol, and its 3, 4, or 5 position can be phosphorylated
or dephosphorylated to create seven distinct phosphoinositide
species (Balla, 2013). Those phosphoinositides are unevenly
distributed in the cell (Di Paolo and De Camilli, 2006). For
instance, PI(4,5)P, is concentrated at the PM, while PI4P, its
major precursor, is distributed more widely (see below for
details). PI(3,4,5)P3 is also localized at the PM, but its level
transiently increases locally under certain conditions. Such
spatial and temporal distribution of each phosphoinositide
species, which determines the identity of cellular membranes,
is tightly controlled, mostly based on the action of their
metabolic phosphoinositide kinases or phosphatases that localize
in distinct cellular compartments (Di Paolo and De Camilli, 2006;
Balla, 2013).

PI4P, which is mono-phosphorylated at the 4-position of the
inositol ring, is one of the most abundant phosphoinositides
in eukaryotes. Its de mnovo synthesis is mediated by
phosphatidylinositol 4-kinases (PI4Ks) that phosphorylate
phosphatidylinositol (PI), the substrate, at the 4 position of the
inositol ring (Balla, 2013). In mammals, there are four PI4Ks:
two type III PI4Ks (PI4K3a and PI4K3p) and two type II PI4Ks
(PT4K2a and PI4K2p) (Balla and Balla, 2006; Boura and Nencka,
2015). As a side note, type I PI4K turned out to be PI3K, and
thus, no type I PI4Ks exists at present. The cellular distribution of
PI4P is primarily determined by the localization as well as the site
of action of its responsible kinases. PI4P is mainly distributed at
the PM, the Golgi, and endosomes/lysosomes, and those pools of
PI4P are synthesized by PI4K3a, PI4K38, and PI4K2a or PI4K28,
respectively (Figure 1). A pool of PI4P at autophagosomes has
also been demonstrated (Figure 1) (Albanesi et al., 2015; Wang
et al., 2015; Judith et al., 2019; De Tito et al., 2020).

Phosphatidylinositol 4-Kinases

PI4K3a localizes at the PM with the help of other regulatory
proteins including EFR3A, EFR3B, TTC7A, TTC7B, FAM126A,
FAMI126B, and TMEM150A (Nakatsu et al., 2012; Baskin et al.,
2015; Bojjireddy et al., 2015; Chung et al., 2015a). Biochemical
as well as genetic evidences show that PI4K3a is required
for PI4P production at the PM, and other PI4Ks are unable
to compensate for this kinase, suggesting a distinct and non-
overlapping function of PI4Ks (Nakatsu et al., 2012). PI4K38
localizes at the Golgi where it produces PI4P (Wong et al,
1997; Antonietta De Matteis et al., 2005). Several proteins,
including Arfl (Godi et al., 1999), ACBD3 (Sasaki et al., 2011)
and PKD (Hausser et al., 2005), are reported to support its
Golgi localization and function. Both type II PI4Ks, PI4K2a and
PI4K2p, localize at endosomes or late endosomes/lysosomes and
produce a pool of PI4P at those membranes (Balla and Balla,
2006). PI4K2a and PI4K2p localize at the endosomal membranes
via palmitoylation (Balla et al., 2002; Barylko et al., 2009; Lu et al.,
2012). PI4K2a has been shown to localize and generate a pool
of PI4P at the trans-Golgi network (TGN) as well (Wang et al.,
2003). PI4K2a and PI4K3p have been shown to associate with the
autophagosomes, where they contribute to the generation of the
pool of PI4P (Albanesi et al., 2015; Wang et al., 2015; Judith et al.,
2019; De Tito et al., 2020).

PI4Ks were reported to localize in the nucleus and generate a
pool of PI4P (reviewed in Chen et al., 2020). Recent findings have
revealed the presence of PI, the precursor of PI4P, at the outer
membrane of the mitochondria (Pemberton et al., 2020b; Zewe
et al., 2020). In addition, functional involvement and localization
of the TGN-derived vesicles containing PI4P, which is synthesized
by PI4K3p, have been observed at the ER-mitochondria MCSs
(Nagashima et al., 2020). However, no direct evidence for the
existence of PI4P or PI4Ks at the mitochondria has been reported.

Phosphatidylinositol 4-Phosphate

Phosphatases
Metabolic degradation of PI4P (i.e., dephosphorylation) is
controlled by the suppressor of actin (Sac)-domain containing
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FIGURE 1 | Phosphatidylinositol 4-phosphate (PI4P) metabolism in the cell. (A) De novo PI4P synthesis is catalyzed by Pl 4-kinases that phosphorylate
phosphatidylinositol (Pl) at the D4 position of the inositol ring. Dephosphorylation of PI4P is mediated by 4-phosphatases. (B) Distribution of PI4P and its kinases and
phosphatases in the mammalian cell. PI4P is synthesized at the plasma membrane (PM), Golgi, and endosomes/lysosomes by Pl4K3a, PI4K3B, and PI4K2a/B,
respectively. Pl4K2a and possibly PI4K3B as well contribute to the generation of a pool of PI4P at autophagosomes. Metabolic degradation of PI4P is mediated by
Pl4P phosphatases such as Sac1 and Sac2/INPP5F. Pl, phosphatidylinositol; PI4P, phosphatidylinositol 4-phosphate; TGN, trans-Golgi network.
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phosphoinositide phosphatase family. The Sac phosphatase
domain family in mammals consists of five members
including Sacl, Sac2/INPP5F, Sac3/Fig4, Synaptojaninl,
and Synaptojanin2, which all contain the Sac domain, a
phosphoinositide phosphatase domain (Hsu and Mao, 2013).
Sacl is the major phosphatase that controls PI4P metabolism in
the cell (Del Bel and Brill, 2018), although it dephosphorylates
PI3P and PI(3,5)P; in addition to PI4P (Guo et al., 1999; Nemoto
et al, 2001). Sacl is a type II transmembrane protein that
localizes at the ER, but translocates to Golgi via COPII-mediated
transport at the nutrient-limiting condition (Blagoveshchenskaya
et al,, 2008). Several pieces of evidence suggest that Sacl
dephosphorylates PI4P on the ER membranes and that it is
transported from other membranes to the ER via MCSs (see
below). This “in cis” action of Sacl keeps the levels of PI4P low
at the ER and, thus, critically contributes to the ORP-mediated
lipid countertransport by creating a concentration gradient of
this lipid between the ER and other membranes, which will
be described later in detail. However, the “in trans” action of
Sacl, in which it dephosphorylates PI4P on the PM or the Golgi
membranes, was also reported (Stefan et al., 2011; Dickson et al.,
2016; Venditti et al., 2019a).

Sac2/INPP5F and synaptojanins contribute to the metabolism
of a pool of PI4P in the endocytic pathway. Synaptojanins
have a 5-phosphatase domain that dephosphorylates PI(4,5)P;
in addition to the Sacl domain (McPherson et al., 1996). The
well-known site of action of synaptojanins is at the clathrin-
coated pits. Synaptojanins are recruited to the clathrin-coated
pits where they sequentially dephosphorylate PI(4,5)P,-PI4P-PI
via 5-phosphatase and 4-phosphatase enzymatic activities (Mani
et al.,, 2007; Cao et al., 2017). Likewise, Sac2/INPP5F is also
recruited to the late phase of endocytic structures (Hsu et al.,
2015; Nakatsu et al., 2015; Levin et al., 2017). Sac2/INPP5F
interacts with OCRL, a 5-phosphatase that is also recruited to
clathrin-coated pits (Pirruccello and De Camilli, 2012). OCRL

has a 5-phosphatase domain but lacks a 4-phosphatase domain.
Thus, OCRL dephosphorylates PI(4,5)P, to PI4P, and then
Sac2/INPP5F dephosphorylates PI4P to PI during endocytosis.
Thus, OCRL and Sac2/INPP5F function as a split-synaptojanin
to cooperatively dephosphorylate PI(4,5)P; to PI (Nakatsu et al.,
2015). A recent finding suggests a role of Sac2/INPP5F in the
exocytic pathway (Nguyen et al.,, 2019).

ORP FAMILY PROTEINS

ORPs are a family of LTPs that are highly conserved in
eukaryotes (Olkkonen, 2015; Pietrangelo and Ridgway, 2018).
Seven members in yeast and 12 members in humans have
been identified, suggesting a requirement for multiple players
that cover diverse cellular functions (Lehto et al, 2001;
Raychaudhuri and Prinz, 2010). The 12 known ORPs in
mammals are subdivided into six groups according to their
sequence homology and domain organization: OSBP and ORP4
in group I, ORP1 and ORP2 in group II, ORP3, ORP6, and
ORP7 in group III, ORP5 and ORP8 in group IV, ORPY in
group V, and ORP10 and ORP11 in group VI (Figure 2).
Mounting evidence demonstrates that ORPs regulate a variety of
cellular functions including, but not limited to, lipid transport,
membrane/organelle trafficking, and signaling.

Functional Domains in ORPs
Oxysterol-Binding Protein-Related Domain

Several domains or motifs are conserved in this family.
One common feature of the ORP family members is the
lipid-harboring domain called oxysterol-binding protein-related
domain (ORD). Originally, OSBP, the first identified member
of the ORP family, was identified as a cytosolic OSBP (Taylor
et al, 1984). This study led to the discovery of the larger
ORP family that commonly has an ORD as a lipid-transfer
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FIGURE 2 | Domain structures of oxysterol-binding protein-related protein
(ORP) family proteins. Schematic cartoon representing the domain structures
of ORP family proteins in mammals. ORPs in mammals are subdivided into six
groups according to their sequence homology and domain organization. They
have a well-conserved lipid-binding domain called oxysterol-binding
protein-related domain (ORD), in which a consensus lipid-binding motif
EQVSHHPP is located. Most but not all of ORPs possess a PH domain that
binds phosphoinositides such as PI4P and/or Pl(4,5)P» in the target
membranes. Endoplasmic reticulum (ER) targeting determinants such as the
FFAT (two phenylalanines in acidic tract)-motif, which is recognized by
ER-resident membrane protein VAPA or VAPB, or membrane anchoring
domain facilitates the localization of ORPs at membrane contact sites (MCSs)
between the ER and other membranes. ORD, oxysterol-binding
protein-related domain; FFAT, two phenylalanines in acidic tract.

or lipid-sensing domain. Subsequent studies of OSBP as well
as other ORPs revealed that the ORD accommodates not only
oxysterols but also other lipids (Raychaudhuri and Prinz, 2010;
de Saint-Jean et al., 2011; Maeda et al., 2013; Olkkonen, 2015;
Pietrangelo and Ridgway, 2018). Structural analysis of the ORD
from Osh4, one of the well-characterized ORPs in yeast, revealed
a P-barrel-like structure, containing a hydrophobic pocket that
accommodates oxysterol or cholesterol, and a lid-like structure
that closes the pocket (Im et al., 2005). The 3-hydroxylgroup
of the sterol is positioned at the bottom of the pocket, and
the side chain is covered by the N-terminal lid. To date,
the lipid ligands for ORDs include oxysterols, cholesterol, and
phospholipids such as phosphoinositides, phosphatidylserine
(PS), and/or phosphatidylcholine (PC). ORDs from all ORPs
contain the well-conserved residues EQVSHHPP, a consensus
lipid-binding motiflocated near the entrance of the pocket. Given

that the tandem histidine residues are responsible for the binding
to the head group of PI4P, the ORP family might be structurally
adapted to harbor PI4P as a common ligand (de Saint-Jean et al.,
2011; Tong et al., 2013).

Membrane Targeting Domains/Motif

Most ORPs possess a Pleckstrin homology (PH) domain
(Lemmon, 2008) in their N-terminal portion that mediates
membrane association. Many of them have been characterized
to have a high affinity to phosphoinositides such as PI4P and/or
PI(4,5)P;. Since phosphoinositides are the critical determinants
of cellular membrane identity (Di Paolo and De Camilli, 2006),
recognition of such lipids by a PH domain is a key process
for localization and, hence, MCS formation by ORPs. They
also often have another determinant that associates with the
ER. The FFAT (two phenylalanines in acidic tract) motif is
recognized by ER-resident membrane protein vesicle-associated
membrane protein (VAMP)-associated protein A or B (VAPA
or VAPB) with their major sperm protein (MSP) domain
(Loewen et al, 2003). The FFAT motif is present in many
other LTPs that function at MCSs (Murphy and Levine, 2016).
Another ER-associating structure is the membrane spanning
domain in ORP5 and ORP8, which enables ER localization
on its own. These ER-anchoring determinants help bridge the
ER and target membranes at MCSs, where they mediate lipid
transfer functions.

Lipid Transfer Regulation by ORPs

A major function of ORPs is to transfer their lipid ligands
between cellular membranes (Raychaudhuri and Prinz, 2010).
Their lipid transfer activity has been extensively studied in vitro
(Wong et al., 2017). Purified ORD protein has been shown to
extract lipids from artificial liposomal membranes. When mixed
with two different liposomes, the ORD is able to transfer lipids
from one liposome to another (Pietrangelo and Ridgway, 2018).
In the cellular context, most, but not all, ORPs have been shown to
mediate lipid transfer between cellular membranes. The mode of
lipid transfer is either shuttling between two different membrane
compartments that have certain distance or direct transfer at
MCSs (Wong et al., 2019).

An interesting nature of ORPs is their lipid exchange
activity. OSBP or its yeast counterpart Osh4/Kesl was initially
demonstrated to be a sterol transfer protein (Raychaudhuri
et al,, 2006; Ngo and Ridgway, 2009). Indeed, they transfer
cholesterol (or ergosterol in yeast) between membranes both
in vitro and in live yeast. However, de Saint-Jean et al.
(2011) elegantly demonstrated that Osh4/Kesl transfers not
only sterol, but also PI4P via its ORD. Its crystal structure
showed that the ORD of Osh4/Kesl accommodates either
sterols (cholesterol, ergosterol, and oxysterols) or PI4P. An
interesting point was that Osh4/Kesl mediates exchange of
sterol and PI4P between two different liposomes containing
either lipid. Subsequently, the same group extended this idea
to demonstrate that OSBP mediates countertransport of PI4P
and cholesterol at MCSs between the ER and Golgi (Mesmin
et al, 2013). ORP5 and ORPS8 have also been demonstrated
to mediate countertransport of PI4P and PS at ER-PM MCSs
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MCSs (B). (A) PI4K3a complex including EFR3A/B, TTC7A/B, and FAM126A/B synthesizes and concentrates PI4P at the PM (step 1). ORP5/8, both of which are
anchored to the ER, form MCSs via interaction with PI4P and PI(4,5)P» by PH domain, and transport PI4P (driver-ligand) from the PM to the ER (step 2). Sac1
dephosphorylates PI4P to PI, which keeps the concentration of PI4P low at the ER (step 3). ORP5/8 transport PS (cargo-ligand) from the ER to the PM. (B) PI4K3B
generates PI4P upon recruitment to the Golgi by regulatory proteins including Arf1 (step 1). Oxysterol-binding protein (OSBP) is recruited to the ER-Golgi MCSs via
PH domain that interacts with PI4P and ACBDS and/or Arf1 on the Golgi membranes and FFAT-motif that binds vesicle-associated membrane protein
(VAMP)-associated protein A/B (VAPA/B). Then, OSBP mediates transport of PI4P (driver-ligand) from the Golgi to the ER (step 2). Sac1 hydrolyzes PI4P to Pl (step
3). OSBP transports cholesterol (cargo-ligand) to Golgi (step 4). Synthesis and hydrolysis of PI4P by Pl4Ks and Sac1 establishes a concentration gradient of this lipid
between the ER and the PM/Golgi, which determines the flow of driver-ligand PI4P to the ER and counterflow of cargo-ligands from the ER.
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by our group (Chung et al, 2015b) (Figure 3). In this lipid
countertransport, differing amounts of PI4P between the ER
and other membranes such as Golgi or PM is the driving
force. PI4P is continuously synthesized at the PM or Golgi
by PI4K3a or PI4K3f, respectively, while it is metabolically
degraded at the ER by Sacl. This enzymatic regulation establishes
a concentration gradient of PI4P between the ER and the PM
or Golgi. Given that the ORD accommodates only one lipid
molecule at a time (Im et al., 2005), the ORD picks up PI4P
at the PM or Golgi and transfers it down a concentration
gradient to the ER where Sacl hydrolyzes it to PI. This PI4P
flow empowers backward transfer of another lipid, PS for ORP5/8
or cholesterol for OSBP, from the ER to the PM or Golgi
(Figure 3). This PI4P-driven lipid countertransport is further
ensured by the mechanism by which these ORPs establish
MCSs. OSBP or ORP5/8 forms MCSs via PH domain-mediated
recognition of PI4P (with the help of other factors such as
Arfl or PI(4,5)P, (see below for details), which guarantees the
concentration gradient of this lipid at the MCSs. The PI4P
metabolic cycle generated by its kinases and phosphatase is tightly
coupled to the ORP function, and this functional partnership
supports PI4P-driven lipid countertransport at MCSs by ORPs
(Mesmin and Antonny, 2016).

LIPID TRANSPORT BY ORPs AT
MEMBRANE CONTACT SITES

The ER, the site of the synthesis of most of lipids, is now
known to make MCSs with most of the organelles or the PM
where ORPs mediate transport or countertransport of lipids.
Accumulating evidence demonstrates that ORP family proteins
are widely localized at distinct MCSs and operate their own
lipid transport/countertransport function (Figure 4 and Table 1).
Furthermore, the tight regulation of such ORP function by
phosphoinositides has also become evident. This section provides
an overview of the role of ORPs in lipid transport or exchange
at MCSs and their contributions to cellular biological processes.
How phosphoinositides, such as PI4P, regulate ORP function will
also be discussed.

Endoplasmic Reticulum-Plasma
Membrane Membrane Contact Sites

ORP5/8

ORP5 and ORP8, which belong to group IV of the ORP family,
have similar characteristics of domain structures (Figure 2). Both
proteins have a PH domain, a coiled-coil domain, a linker region,
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manner (e.g., acute inhibition or manipulation of ORP proteins). Dashed lines are used if the transport or countertransport of the indicated lipids has been suggested
by loss-of-function or gain-of-function analysis in a chronic manner [e.g., chronic inhibition (knock-down or knock-out) or overexpression of ORP proteins]. ER,
endoplasmic reticulum; E, endosomes; LE/Ly, late endosomes/lysosomes; Mito, mitochondria; N, nucleus; PM, plasma membrane; TGN, trans-Golgi network.

ORP2 ORP5 ORP5/8 ORP1

an ORD, and a membrane-spanning domain. Unlike other ORPs,
ORP5 and ORP8 anchor to the ER via a membrane-spanning
domain located at the C-terminus. The PH domain of ORP5
or ORP8 recognizes PI4P and/or PI(4,5)P, in the PM with
different preferences, thereby making an MCS between the
ER and the PM (Chung et al., 2015b; Ghai et al., 2017; Sohn
et al., 2018). It has been demonstrated that the ORD of ORP5/8
specifically harbors PI4P or PS and transfers them between
liposomes in vitro. Intriguingly, the transfer of PS from donor
to acceptor liposomes was strongly enhanced if another lipid
ligand PI4P was present in the acceptor side, and the opposite
combination also showed the same tendency, indicating an
exchange activity of the ORP8 ORD (Chung et al., 2015b). In
addition to PI4P and PS, the ORP5 ORD was shown to transport
dehydroergosterol (DHE) in vitro, and this DHE transport was
partially inhibited in the presence of PI4P in the donor liposomes
(Du et al, 2011) (see the section “Endoplasmic Reticulum-
Endosome/Lysosome/Autophagosome/Phagosome Membrane
Contact Cites” for more details). In the cellular context, ORP5/8
exchanges PS with PI4P between the ER and the PM. Functional
ablation of PI4K3a (the PI4P supplier at the PM) or Sacl (the
PI4P remover at the ER) disrupted the countertransport of those
lipids, confirming that ORP5/8-mediated lipid countertransport

is tightly coupled to the PI4P metabolic flow between the PM
and the ER (Chung et al, 2015b) (Figure 3). This ORP5/8-
mediated PI4P-driven lipid countertransport enables PS supply
from the ER to the PM against its concentration gradient.
Similarly, PI4P-driven PS transport at ER-PM MCSs has
also been demonstrated in yeast (Moser von Filseck et al,
2015).

Several studies showed the regulation of PM PI(4,5)P, by
ORP5 and ORPS8. Results from Sohn et al. (2018) support
the role of ORP5/8 in exchanging PS with PI4P at ER-PM
MCSs. In this study, BRET imaging quantitative assay was used
to show that ORP5/8 controls PI(4,5)P; levels by tuning the
amount of its precursor PI4P, and this is basically controlled by
their localization to the MCSs via the PH domain. The ORP5
PH domain requires both PI4P and PI(4,5)P;, for localization
at ER-PM MCSs. However, the ORP8 PH domain strongly
depends on PI(4,5)P, for its MCS localization, although PI4P
is still required even when PI(4,5)P, production is increased.
In the situation where PI(4,5)P, is highly produced at the
PM, PI4P levels become low due to ORPS8 localization at the
MCSs, thereby limiting PI4P availability for PI(4,5)P, conversion
by PIPKs. They proposed that this is a rheostat mechanism
for tightly controlling the PI(4,5)P, levels in a narrow range
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(Figure 5). ORP5 might be a housekeeper for PI4P and
PI(4,5)P, (and PS) homeostasis at the PM in the steady-state
condition, while ORP8 could be a regulator for more stimulatory
situations that might require tight regulation of PI(4,5)P,
(e.g., Ca’>*t regulation, cell migration, receptor activation, or
membrane ruffling).

In contrast, another study by the Yang group (Ghai et al,
2017) proposed a different model for the regulation of PI1(4,5)P,
by ORP5 and ORP8. They demonstrated that localization of
ORP5 and ORPS is dependent on PI(4,5)P,, but not on PI4P,
and this is due to the binding property of their PH domains
to PI(4,5)P,, but not to PI4P. Furthermore, the driver-ligand of
the ORP5/8 ORD was proposed to be PI(4,5)P;. In an in vitro
lipid transport assay, they showed that the ORP8 ORD efficiently
transports PI(4,5)P,, and its concentration gradient between
two liposomes enhanced the PS exchange. Consistent with this
idea, PM PI(4,5)P, levels increased by knockdown of ORP5/8.
These authors proposed that ORP5 and ORP8 are PI(4,5)P,/PS
exchangers in a PI(4,5)P,-driven mechanism. Their conclusion
regarding the role of ORP5 and ORP8 in controlling PI(4,5)P;
levels at the PM agreed with that of the Balla group, but the
underlying mechanism differed. Because of the efficient in vitro
PI(4,5)P, transfer activity in addition to a strong dependency
on PI(4,5)P, for PM localization, the localization and function
of ORP5/8 appear to be PI4P-independent. In the PI4P-driven
model (Figure 3), PI4P is transported from the PM to the ER
where it is hydrolyzed by the PI4P phosphatase Sacl, and this
PI4P metabolic cycle generates the PI4P concentration gradient

that drives lipid countertransport by ORP5 and ORP8 (Chung
et al., 2015b). However, in the case of the PI(4,5)P;-driven model,
how PI(4,5)P, is metabolically degraded at the ER to create the
concentration gradient of this lipid is still unknown. The authors
mentioned that INPP5E might be involved in this process, but
there is no evidence showing that INPP5E localizes at the ER
and hydrolyzes P1(4,5)P; there. Instead, INPP5K, an ER-localized
5-phosphatase reported to hydrolyze PI(4,5)P, and PI(3,4,5)P3,
is a candidate, although the site of action of INPP5K has been
proposed to be not only the ER, but also other membranes,
including the PM, nucleus, and autolysosomes (Gurung et al.,
2003; Tjuin and Takenawa, 2003; Hung et al., 2009; Dong et al.,
2018; Ramos et al., 2020; McGrath et al., 2021).
ORP5/8-mediated countertransport and its relationship with
the PI4P-PI(4,5)P,-PS metabolic axis was further reported.
A recent yeast study (Nishimura et al., 2019) showed that
an osh-mediated lipid exchange mechanism generates a local
domain containing unsaturated PS and sterol that promotes
the localization and activation of PIPK, leading to PI(4,5)P;
production. This study further points to the functional
relationship between PI4P/PS exchange and PI(4,5)P, regulation.
Additionally, a relationship between PS metabolism and MCS
formation was also reported (Sohn et al, 2016) in studies
of PSS1 (Kuge et al, 1991) and PSS2 (Kuge et al., 1997),
the two PS synthases whose genetic mutation leads to Lenz-
Majewski syndrome (Lenz and Majewski, 1974). The ER-localized
enzyme PSS1 or PSS2 catalyzes PS production using PC or
phosphatidylethanolamine (PE), respectively, as a substrate.

TABLE 1 | Oxysterol-binding protein-related proteins (ORPSs) that mediate transport or countertransport of lipids at membrane contact sites (MCSs).

ORPs Lipid transfer activity in vitro A Localization at ER MCS (lipids transferred References
or exchanged)B
OSBP Pl4P/DHE ER-Golgi (P14P/Sterol), ER-endosome (P14P), Mesmin et al. (2013, 2017), Dong et al. (2016), Goto
ER-LE/Ly (Pl4P/Cholesterol) et al. (2016), Lim et al. (2019)
ORP1 DHE ER-LE/Ly (Cholesterol), ER-phagosome (P14P) Eden et al. (2016), Zhao and Ridgway (2017), Dong
et al. (2019), Levin-Konigsberg et al. (2019)
ORP2 Pl(4,5)P./DHE ER-LD Weber-Boyvat et al. (2015b)
ORP3 ? ER-PM (P14P) Weber-Boyvat et al. (2015a), D’Souza et al. (2020),
Gulyas et al. (2020)
ORP4 Cholesterol ER-Golgi Wyles et al. (2007), Charman et al. (2014), Pietrangelo
and Ridgway (2018)
ORP5 PI4P/PS, PI(4,5)P»/PS, DHE ER-PM (PI4P/PS), ER-PM (PI(4, 5)P2/PS), Chung et al. (2015b), Galmes et al. (2016), Ghai et al.
ER-LD (PI4P/PS), ER-Mito (2017), Sohn et al. (2018)
ORP6 ? ER-PM (P14P) Mochizuki et al. (2018)
ORP7 ? ?
ORP8 PI4P/PS, PI(4,5)P2/PS ER-PM (PI4P/PS), ER-PM (PI(4,5)P2/PS), Chung et al. (2015b), Galmes et al. (2016), Ghai et al.
ER-Mito (2017), Sohn et al. (2018)
ORP9 Cholesterol ER-Golgi Ngo and Ridgway (2009), Venditti et al. (2019b)
ORP10 ? ER-Golgi (PS) Venditti et al. (2019b)
ORP11 ? ?

ALipids were transported or exchanged between liposomes in vitro. The exchanged lipids are separated by slash (/).
B[ ipids demonstrated to be transported or exchanged in intact cells are shown in parentheses. The exchanged lipids are separated by slash (/).
B[ ipids shown in bold font: transport or exchange of the indicated lipids has been demonstrated in loss-of-function or gain-of-function analysis in an acute manner (e.g.,

acute inhibition or manipulation of ORP proteins).

B[ ipids shown in regular font: transport or exchange of the indicated lipids has been suggested in loss-of-function or gain-of-function analysis in a chronic manner [e.g.,

chronic inhibition (knock-down or knock-out) or overexpression of ORP proteins].
?, Unknown.
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FIGURE 5 | Regulation of PI4P and PI(4,5)P» at the PM by oxysterol-binding protein-related proteins 5 and 8. (A) At steady state, ORP5 localizes at the ER-PM
MCSs via binding to PI4P and PI(4,5)P,. (B) When PI(4,5)Ps is high at the PM, ORP8 is strongly recruited to the PM via preferential binding to Pl(4,5)P2 and
mediates countertransport of PI4P and PS. This reduces PI4P levels at the PM and thus contributes indirectly to reducing PI(4,5)P» levels by limiting its precursor.
ORP8-mediated countertransport of PS to the PM may facilitate the activation of PIPKs (Nishimura et al., 2019).
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Their enzyme activity was shown to be inhibited by the end
product PS, and the mutation responsible for this feedback
inhibition, which caused Lenz-Majewski syndrome, leads to PS
accumulation in the ER (Sousa et al., 2014). Inhibition of PI4K3a
by the specific inhibitor Al decreases the PM PI4P levels, and
this results in the inhibition of PS synthesis by approximately
50%. This is likely a homeostatic regulation because PS synthesis
needs to be slowed down in a situation where PI4P-driven PS
transport is slow. In fact, expression of the PSS1 disease mutant,
which reflects a disease condition where PS accumulated at the
ER, led to a reduction of ORP8 membrane association as well
as a decrease in PM PI4P levels (Sohn et al., 2016). Collectively,
PI4P-driven lipid countertransport mediated by ORP5 and ORP8
is tightly coupled to homeostasis of lipids such as PI4P, P1(4,5)P,,
and PS at the PM and the ER (Balla et al., 2019, 2020; Pemberton
et al., 2020a; Santos et al., 2020) (Figure 5).

ORP3

ORP3 is categorized in group III, together with ORP6 and
ORP7 (Figure 2). ORP3 contains a typical cytosolic ORP
family domain architecture, such as a PH domain, FFAT-
motif, and ORD. ORP3 is basically cytosolic at steady state,

but translocates to the ER-PM MCSs upon PKC activation
and Ca’* influx (Weber-Boyvat et al., 2015a; Gulyas et al.,
2020). ORP3 associates with the ER via FFAT motif-mediated
binding to VAP, and it appears to be phosphorylation dependent
(Lehto et al., 2005; Weber-Boyvat et al, 2015a). The PM
association of ORP3 is mediated by its PH domain that
recognizes PI4P and PI(4,5)P, (Gulyas et al, 2020). Such
phosphorylation-dependent binding of ORP3 to VAP and
the PM might imply that phosphorylation may induce a
conformational change that unmasks the PH domain and
FFAT-motif. Colocalization of ORP3 with ORP6 or ORPS8 at
the ER-PM MCSs has been reported (Weber-Boyvat et al.,
2015a; Mochizuki et al., 2018). ORP3-mediated ER-PM MCS
formation has been linked to cellular processes such as
Ca’*t regulation, adhesion, and migration (Machaca, 2020).
A recent study (D’Souza et al., 2020) provided a mechanistic
insight into how ORP3 controls focal adhesion dynamics.
Those studies indicate the following scenario. Store-operated
Ca’*entry (SOCE) by STIM1-Orail axis activates PKC and
then induces the ORP3 translocation to the ER-PM MCSs
where STIM1 and Orail also localize. This ORP3 translocation
occurs around the focal adhesion where ORP3 recruits the
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guanin exchange factor IQSecl that activates Arf5, thereby
promoting the disassembly of focal adhesion at the rear front of
the cell. How ORP3-mediated lipid transport/countertransport
is involved in those processes, however, is still unclear. This
is because the ligand(s) of the ORD have not been firmly
identified. However, an imaging study showing a strong
reduction of PI4P, but not of PI(4,5)P;, PI(3,4,5)P3, or PS,
at the PM after acute recruitment of ORP3 to the ER-
PM MCS, suggests PI4P as a ligand of the ORP3 ORD
(Gulyas et al., 2020). Other cargo-ligand(s) could be PC or
cholesterol (D’Souza et al., 2020; Gulyas et al., 2020). However,
whether ORP3 is indeed an exchanger of those candidate
ligands has not been clearly demonstrated and, thus, needs
further investigation.

ORP6

ORP6 is another member in group III (Figure 2). Like
ORP3, ORP6 also shows a typical domain architecture such
as N-terminal PH domain, FFAT-motif, and ORD. Mochizuki
et al. (2018) demonstrated that ORP6 colocalized with ORP3 or
extended synaptotagmins (E-Syts), but not with ORP5, at the
ER-PM MCSs in neuronal cells such as Neuro2A or primary
cerebellar granule cells. The ORP6 PH domain binds PI4P,
PI(4,5)P,, and phosphatidic acid (PA) in a membrane lipid
strip assay. ORP6 knockdown led to an increase in PM PI4P
detected by the OSBP PH domain probe, suggesting that ORP6
contributes to the PI4P turnover at the PM. However, whether
ORP6 mediates transport or countertransport of lipids is still
unclear, as well as its contribution to cell physiology.

Endoplasmic Reticulum-Golgi

Membrane Contact Sites

OSBP

OSBP is the founding member of the ORP family (Raychaudhuri
and Prinz, 2010) (Figure 2). The domain architecture is PH
domain, FFAT-motif, and ORD, the typical ORP family domain
structure. OSBP represents both a cytosolic pool and membrane-
bound status. Initially, OSBP was shown to associate with the
Golgi including the TGN, but also with endosomes or lysosomes
in later studies. The membrane targeting of OSBP is mediated
by PH domain as is the case for other ORPs. According to
an in vitro liposome-binding assay, the OSBP PH binds PI4P
and PI(4,5)P, (Rameh et al., 1997; Levine and Munro, 1998).
However, a study using yeast as a model (Levine and Munro,
2002) showed the OSBP PH domain localizes in the Golgi,
and this Golgi localization was abolished upon deletion of the
PI4-kinase pikl (the yeast ortholog of mammalian PI4K3p that
synthesizes PI4P at the Golgi). The deletion of the PIP-kinase
mss4 [the yeast ortholog of mammalian PIPKs that generates
PI(4,5)P,], however, did not abolish the Golgi localization of
the OSBP PH domain, indicating that PI4P is the key to Golgi
localization in situ. Furthermore, the OSBP PH domain also
interacted with the GTP-bound form of Arfl, the small GTPase
that controls membrane association of Golgi proteins (Levine
and Munro, 2002). Arfl also controls recruitment to the Golgi of
PI4K3B, the PI4K responsible for the synthesis of a pool of PI4P
at this organelle (Godi et al., 1999). PI4K2a, another PI4K that

synthesizes PI4P at endosomes and the TGN (Wang et al., 2003),
is also shown to provide a pool of PI4P at the TGN for OSBP
recruitment (Mesmin et al., 2017). Thus, the OSBP PH domain
recognizes both PI4P and GTP-Arfl. This coincident detection
mechanism ensures the targeting of OSBP to the Golgi, and thus,
OSBP localizes at ER-Golgi MCSs with the FFAT motif captured
by VAP at the ER.

The OSBP ORD has been demonstrated to exchange PI4P
and cholesterol between the ER and Golgi (Mesmin et al., 2013).
This idea, basically, came from a study by de Saint-Jean et al.
(2011) using osh4 as a model. Extraction of fluorescent ergosterol
DHE by Osh4p, which was previously shown to bind sterol in
its ORD, was inhibited by PI4P, but not by many other lipids
tested. This was due to the surprising ability of the osh4 ORD
to solubilize PI4P by itself. In fact, crystal structural analysis
clearly revealed that osh4 specifically harbors PI4P or cholesterol
in its ORD. The acyl chain of PI4P is inserted deep inside
the pocket, and the head group of PI4P is positioned near
the entrance that contains the conserved sequence containing
tandem histidines. Additionally, a series of elegant in vitro lipid
transport experiments demonstrated that osh4 exchanges sterol
with PI4P between liposomes (de Saint-Jean et al., 2011).

The study above led to the discovery of OSBP function
at ER-Golgi MCSs. Mesmin et al. (2013) demonstrated that
OSBP exchanges cholesterol and PI4P at ER-Golgi MCSs.
Mechanistically, OSBP extracts PI4P from the Golgi membranes
and transfers it to the ER, and this PI4P flow along its gradient
ensures the back transfer of cholesterol against the gradient
by OSBP (Figure 3). Functionally, OSBP has been estimated
to mediate one-third to two-thirds of cholesterol transport
by consuming approximately half of the total cellular PI4P,
according to an acute pharmacological inhibition study (Mesmin
etal., 2017) using the chemical OSW-1 (Burgett et al., 2011). Such
inhibition of OSBP led to a roughly fourfold increase in PI4P
levels at the TGN and a roughly twofold increase in whole cells.
A recent study using a different inhibitor also reported a similar
effect (Péresse et al., 2020). These data suggest the physiological
contribution of OSBP in the regulation of PI4P and cholesterol at
the TGN. However, another study demonstrated no major impact
on PI4P levels at the TGN by OSBP knockdown or addition
of 25-hydroxycholesterol (Goto et al., 2016). Chronic inhibition
by knockdown (in contrast to acute inhibition) as well as a cell
type difference might be the reasons for the apparently different
results. Regarding the 25-hydroxycholesterol, no inhibitory (but
even a slight stimulatory) effect on the OSBP-mediated PI4P
transport between liposomes has been demonstrated (Mesmin
et al., 2017). This could be a possible explanation for the very
minor effect of this lipid on the PI4P levels in the TGN.
Collectively, OSBP regulates PI4P levels at the TGN.

ORP4

ORP4 belongs to group I, together with OSBP (Figure 2). ORP4
has a PH domain, FFAT motif, and ORD, and there is a short
isoform containing only an ORD. ORP4 has been detected
in the brain, kidneys, heart, skeletal muscles, and spleen by
Northern blot analysis of human tissues (Wang et al., 2002),
as well as in the brain and testis by Western blot analysis of
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mouse tissues (Udagawa et al., 2014). The PH domain bound to
PI4P in a membrane lipid strip assay, as well as in a liposome-
binding assay (Charman et al., 2014). In CHO cells, the PH
domain of ORP4 weakly associated with the Golgi. The purified
protein containing the ORP4 ORD binds 25-hydroxycholesterol
to extract and transfer cholesterol between liposomes (Charman
et al, 2014). ORP4 was shown to interact with OSBP and
localizes to the Golgi in an OSBP-dependent manner, suggesting
that ORP4 functions at the ER-Golgi MCSs with OSBP (Wyles
et al., 2007; Pietrangelo and Ridgway, 2018). However, whether
ORP4 mediates transport or countertransport of PI4P and/or
cholesterol is unknown. ORP4 has been implicated in several
cancers, including leukemia, as a signaling regulator; however,
its role as an LTP in MCSs is unclear (Fournier et al., 1999;
Silva et al, 2001; Henriques Silva et al., 2003; Zhong et al,
2016).

ORP9

ORP9Y is the sole member in group V (Figure 2). The domain
structure of the full-length long form is a typical one containing
a PH domain, FFAT motif, and ORD. The short isoform lacking
the PH domain has also been reported. The ORP9 PH domain
binds mono-phosphorylated phosphoinositides according to a
lipid membrane overlay assay and cosediments with liposomes
containing PI4P (Ngo and Ridgway, 2009). Purified full-
length ORPY proteins extract cholesterol and PI4P, but not
oxysterol or PS, from liposomes in vitro and transfer cholesterol
between liposomes (Ngo and Ridgway, 2009; Liu and Ridgway,
2014). This cholesterol transfer activity is enhanced if the
donor liposomes also contain PI4P, and this enhancement is
dependent on its PH domain, suggesting that such enhancement
is due to the efficient targeting of purified ORP9 proteins
to the donor liposomes by PH domain (Ngo and Ridgway,
2009). Whether ORP9 exchanges PI4P and cholesterol is still
unknown. ORP9 localizes partially at the TGN and does
not colocalize with PI4K3B. ORP9 knockdown in HeLa cells
did not alter the PI4P levels in the TGN, as assessed by
immunofluorescence staining with anti-PI4P antibody (Liu and
Ridgway, 2014). A recent study demonstrated a role of ORP9
in the integrity of ER-TGN MCSs as its depletion in addition
to simultaneous depletion of OSBP affects the formation of ER-
TGN MCSs assessed by FLIM (fluorescence lifetime imaging)
(Venditti et al., 2019b).

ORP10

ORP10 is a member of group VI, and it has a PH domain
and an ORD, but lacks a FFAT motif (Figure 2). ORP10
is reported to localize at the Golgi via its PH domain. The
ORD of ORP10 has been shown to extract PS from liposomes
(Maeda et al., 2013). Venditti et al. (2019b) demonstrated that
ORP10 localized at the MCSs between the ER and TGN. ORP10
depletion in HeLa cells affects the integrity of ER-TGN MCSs
and leads to reduced PS levels in the Golgi, suggesting its
role as a PS transporter. The residues involved in binding
to PI4P and PS in the ORP5/8 ORD are well conserved in
ORP10, and mutations in these residues were shown to abolish

the ability to rescue the integrity of the MCSs in ORPI0-
deficient cells. These results suggest that ORP10 might be a lipid
exchanger. However, a lipid exchange function of ORP10 has not
been demonstrated.

Endoplasmic Reticulum-
Endosome/Lysosome/Autophagosome/

Phagosome Membrane Contact Sites

OSBP

OSBP has been reported to localize at MCSs other than the
Golgi. Dong et al. (2016) demonstrated the function of OSBP at
ER-endosome MCSs. OSBP knockdown as well as VAPA/VAPB
deletion leads to endosomal PI4P accumulation and then actin
reorganization such as the loss of stress fibers and WASH-
dependent actin comet formation. OSBP-mediated transport of
PI4P from endosomes to the ER contributes to the negative
regulation of PI4P at endosomes. Sobajima et al. (2018) showed
the function of OSBP at the MCSs between endosomes and
the TGN, but not the ER. OSBP interacts with RELCH, a
novel Rab11-GTP effector, and tethers recycling endosomes to
the TGN by the OSBP-RELCH-Rab11 complex. This complex
meditates the transfer of cholesterol from recycling endosomes
to the TGN (Sobajima et al., 2018). Another study (Lim et al.,
2019) also indicates the role of OSBP-mediated cholesterol
transport at ER-lysosome MCSs. OSBP was found to supply
cholesterol to lysosomes via ER-lysosome MCSs. This pool of
cholesterol in the limiting membrane of lysosomes triggers the
activation of mT'ORC1, the master regulator of growth, via Rag
GTPases as well as the amino acid permease SLC38A9 (Castellano
et al., 2017). In fact, OSBP inhibition by the chemical inhibitor
OSW1 or shRNA-mediated knockdown reduced cholesterol
accumulation on the lysosomal-limiting membranes in cells
lacking Niemann Pick C type 1 (NPC1), thereby suppressing
the hyperactivation of mTORC1 (Lim et al., 2019). The studies
described above all indicate an important role of OSBP as a
transporter, but not as a bona fide exchanger, of lipid ligands
at several MCSs. Despite the fact that OSBP is an exchanger of
PI4P and cholesterol at the ER and Golgi, whether and how such
exchange activity of OSBP support those functions at the MCSs
other than Golgi is currently unclear.

ORP5

ORP5 has been suggested to functionally contribute to the
cholesterol transport from late endosomes/lysosomes to the ER
(Du et al.,, 2011). Purified ORP5 ORD mediates transfer of DHE
between liposomes, and this activity is partially inhibited by PI4P,
but not by PI3P, PI5P, or PI(4,5)P,, suggesting a possibility of
ORP5 as a cholesterol transporter. Transiently expressed full-
length ORP5 or its ORD was co-immunoprecipitated with either
exogenously expressed or endogenous NPC1. Their association
might be direct or indirect. Knockdown of ORP5, but not of
ORPS, resulted in accumulation of cholesterol in the limiting
membrane of late endosomes/lysosomes and impairment of
cholesterol transfer from those organelles to the ER (evaluated by
ACAT-mediated cholesterol esterification at the ER). The authors
suggest that ORP5 may function with NPCI as a cholesterol
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transporter via MCSs between the ER and lysosomes, although
such MCS formation has not been demonstrated to date.

ORP1

ORP1, which belongs to group II together with ORP2, exists
in long (L) and short (S) forms (Figure 2). ORP1L contains
ankyrin repeats in addition to other typical domains for ORPs
such as a PH domain, FFAT-motif, and ORD. ORP1S encodes
only an ORD but lacks other domains. Purified PH domain of
ORPI1L binds weakly PI(3,4)P,, PI(3,5)P,, and PI(3,4,5)P; in
liposome-binding assay (Johansson et al., 2005). ORP1L binds
Rab7 via ankyrin repeats (Johansson et al., 2005) as well as VAP
via FFAT motif and, hence, localizes at the MCSs between the ER
and late endosomes/lysosomes or autophagosomes. The ORP1
ORD binds oxysterol, cholesterol, and PI4P (Vihervaara et al,
2011; Zhao and Ridgway, 2017; Zhao et al,, 2020). Dong et al.
(2019) reported that the ORD binds all of the phosphoinositides
with a similar extent compared with DHE but does not bind
PS. Lipid transfer activity of the ORP1 ORD has also been
demonstrated (see below). However, its exchange activity has not
been reported to date.

Cholesterol Transport by ORP1

Dong et al. (2019) reported that the purified ORP1 ORD
protein transports cholesterol or DHE between liposomes
in vitro, and its transfer activity is enhanced in the presence
of PI(3,4)P, or PI(4,5)P, in the acceptor liposomes. However,
the backward transfer of those phosphoinositides was not
detected. Another study by Zhao and Ridgway (2017) reported
that extraction of cholesterol from liposomes by purified full-
length ORP1 protein was inhibited by the addition of PI4P,
but not other phosphoinositides including PI(4,5)P;, to the
liposomes. Consistent with this result, ORP1 protein extracts
isotope-labeled PI4P from liposomes. Thus, these in vitro studies
suggest that the ORP1 ORD is able to transport cholesterol,
but may not transport phosphoinositides. In the cellular extent,
ORPIL has been shown to mediate transport of cholesterol
or PI4P (see below) at late endosome-ER MCSs. In the
absence of exogenous low-density lipoprotein (LDL), which
can be a source of late endosomal cholesterol via endocytosis,
ORPI1L mediates cholesterol transport to late endosomes from
the ER, the site of its synthesis (Eden et al., 2016). This
cholesterol transport can be driven by countertransport of PI4P
in theory, but such countertransport has not yet been reported.
Other studies also support the cholesterol transport, but its
direction is opposite. Zhao and Ridgway (2017) demonstrated
that accumulation of cholesterol in late endosomes in ORP1L-
deficient HeLa cells was rescued by expression of wild-type,
but not of mutants lacking the ORD or FFAT motif, suggesting
that ORP1L mediates transfer of LDL-derived cholesterol from
late endosomes to the ER along its concentration gradient.
This ORP1L-mediated cholesterol transfer requires NPC1, which
delivers LDL-cholesterol to the limiting membranes of late
endosomes. Surprisingly, the mutant ORP1L, which is unable
to bind PI4P due to disruption of the conserved PI4P-binding
histidine residues in its ORD, did not rescue the cholesterol
accumulation phenotype. This implies possible involvement of

PI4P in the cholesterol transport, although it is difficult to
reconcile at this moment how PI4P contributes to this cholesterol
regulation. Dong et al. (2019) also supported the idea that
ORPI1L mediates cholesterol transport from late endosomes
to the ER. Consistent with their in vitro data showing that
the cholesterol transport activity of ORPIL is enhanced by
PI(3,4)P, or PI(4,5)P,, inhibition of PI(3,4)P, synthesis by
PI3KC2f on late endosomes (Marat et al., 2017) phenocopies
the cholesterol transport defect. Collectively, ORP1L functions
as a cholesterol transporter with or without the help of
phosphoinositides, but its transport might be bi-directional
between the ER and late endosomes/lysosomes depending on the
cholesterol concentration.

Phosphatidylinositol 4-Phosphate Transport by ORP1
PI4P transport by ORPIL has been demonstrated at the
MCSs between the ER and phagosomes. Phagosomes are
endocytic organelles that engulf extracellular materials including
microorganisms and apoptotic cells, and eventually fuse with
lysosomes that degrade them. It has recently been demonstrated
that ORPIL localizes at the MCSs between the ER and
phagolysosomes, the mature phagosomes, where it mediates
transport of PI4P from phagolysosomes to the ER (Levin-
Konigsberg et al, 2019). The disappearance of PI4P from
phagolysosomes, evaluated by live imaging, was delayed in
ORPIL KO RAW 264.7 cells, and this delay was rescued
by reexpression of wild-type ORPIL but not of the PI4P-
binding mutant or the FFAT motif mutant. This ORPI1L-
mediated PI4P transport contributes to the segregation and
concentration of this lipid into a domain that recruits the
SKIP-ARL8B-kinesin complex (via PI4P binding of SKIP
PH domain) leading to tubulation and fission of PI4P-
positive membranes of phagolysosomes. Given that membrane-
associated free cholesterol increases with phagosome maturation
(Rai et al, 2016), such ORP1L-mediated PI4P transport to
the ER might be coupled to back-transfer of cholesterol
to the phagolysosomes. This interesting possibility needs
further investigation.

Cholesterol Sensing by ORP1

ORPIL has been shown to control dynamics of late
endosomes/lysosomes as a cholesterol sensor. Rab7 is a
small GTPase that localizes at those organelles and controls
a variety of their functions including subcellular positioning
(Zerial and McBride, 2001; Cabukusta and Neefjes, 2018).
ORPI1L localizes at late endosomes/lysosomes via its PH domain
and binding to Rab7 as an effector. Rab7 also recruits another
effector RILP (Cantalupo et al., 2001; Jordens et al., 2001), which
is the adaptor protein connecting Rab7 to the dynein-dynactin
motor complex by binding to the light intermediate chain of
dynein (Schroeder et al., 2014) and p150%'" subunit of dynactin
(Johansson et al., 2007). Interaction of Rab7-ORP1L-RILP
to the dynein-dynactin motor complex, thus, determines the
positioning of late endosomes/lysosomes, but this interaction
is controlled by ORP1L-mediated cholesterol sensing. When
the cholesterol levels are high in the limiting membrane of
late endosomes, ORPIL accommodates cholesterol, leading
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to a conformation that does not allow it to bind VAP and,
thus, to form MCSs with the ER. This, in turn, allows RILP
to interact with the dynein-dynactin complex, and then late
endosomes/lysosomes are clustered at the perinuclear area due to
minus end-directed movement on microtubules. In a condition
where cholesterol levels are low in late endosomes/lysosomes,
ORPI1L does not bind cholesterol in its ORD, leading to a
conformational change in ORPIL so that it binds to VAP
through the FFAT motif and forms MCSs with the ER. Then
RILP no longer binds the dynein-dynactin complex, thereby
leading to more scattered peripheral localization of late
endosomes (Rocha et al., 2009). Thus, ORP1L controls late
endosome/lysosome positioning depending on cholesterol levels
via connecting or disconnecting those organelles to microtubules
via promoting or inhibiting the binding capacity of RILP to the
dynein-dynactin motor complex. Similar regulation was also
reported for autophagosomes (Wijdeven et al., 2016). How lipid
transport or countertransport activity of ORPIL contributes
to such positioning control of late endosomes/lysosomes
is still unclear.

ORP3

ORP3 has been reported to localize at the MCSs between
late endosomes and the nuclear envelope (NE), whose outer
membrane is continuous with the ER membrane. Extracellular
vesicles such as exosomes or microvesicles are taken up via
endocytosis by recipient cells, and their contents (e.g., nucleic
acids, proteins, or lipids) are then delivered into the cytosol or
other compartments (Raposo and Stoorvogel, 2013; van Niel
et al.,, 2018). However, the underlying mechanism of the delivery
of EV components is not completely understood (Mathieu et al.,
2019). Rappa et al. (2017) demonstrated that EV components are
transported along the endocytic pathway to a subset of Rab7-
positive late endosomes, which are located in the nucleoplasmic
reticulum in a deep nuclear envelope invagination. A subsequent
study by the same group showed that such late endosomes contact
the outer nuclear membranes in nuclear envelope invagination
through tethering by ORP3 and VAPA. Functional ablation of
ORP3 or VAPA (but not VAPB) leads to malformation of NE-
late endosome MCSs in the nucleoplasmic reticulum and inhibits
the transport of EV components such as CD9 or nucleic acids
into the nucleoplasm, suggesting that ORP3-mediated MCSs
contribute to delivering EV contents to the nucleus (Santos et al.,
2018). Given that the nucleoplasmic reticulum is involved in
CaZt regulation (Echevarria et al., 2003), the localization and
function of ORP3 at the NE-late endosome MCSs may also
be coupled to Ca®* regulation, as shown at the ER-PM MCSs
(Weber-Boyvat et al., 2015a; D’Souza et al., 2020; Gulyas et al,,
2020). However, the targeting mechanism and lipid transport
function of ORP3 in moving EV components into the nucleus
remains unknown.

Endoplasmic Reticulum-Lipid Droplet
Membrane Contact Sites

ORP2

ORP2 is a member of group II (Figure 2). It has an FFAT
motif and ORD, but lacks a PH domain. The ORP2 ORD

binds oxysterol, cholesterol, and phosphoinositides such as PI4P,
PI(4,5)P,, PI(3,5)P,, and PI(3,4,5)P5 in vitro (Xu et al., 2001;
Hynynen et al., 2005, 2009; Suchanek et al., 2007). ORP2 has
been suggested to function at the lipid droplets (LDs). ORP2
localizes to the surface of LDs or MCSs between the ER and
LDs. Loss of function studies suggest that ORP2 may control
triacylglycerol metabolism as well as lipolysis in LDs (Weber-
Boyvat et al,, 2015b). How ORP2 targets the LDs, however,
is unclear. A recent study showed the association of ORP2
with the COPI machinery, which has been demonstrated to
transport proteins to the LDs (Soni et al., 2009; Wilfling et al.,
2014). ORP2 might utilize COPI to target LDs. Whether and
how ORP2 exerts its function as a lipid transporter/exchanger
is also unknown.

ORP5

ORP5, but not ORPS, is shown to localize and function at
the ER-LD MCSs. ORP5 localizes LDs upon oleate loading,
and its localization is mediated by ORD. Mutations in the
lipid binding residues of ORP5 ORD abolished its localization,
suggesting that PI4P/PS transport activity is required for the
LD targeting. ORP5 knockdown increased the size of LDs,
although no morphological change was reported in the previous
study by the same group (Du et al, 2011). ORP5 knockdown
also leads to an increase in PI4P and a decrease in PS on
the LD surface. PI4K2a, but not other PI4Ks, was responsible
for the generation of a pool of PI4P on LDs in ORP5 KD
cells. ORP5 has been proposed to control the function of
LDs via PI4P/PS countertransport, which is similar to that
at the ER-PM MCSs but is supported by a different kinase,
PI4K2a. However, direct evidence of the PI4P/PS exchange
at the ER-LD MCSs in situ seems to be rather weak. It is
quite interesting to find that ORP5 has a pleiotropic function
as a PI4P/PS exchanger at multiple MCSs. However, many
questions remain elusive. What is the physiological significance
of PS transport to LDs? How does PI4K2a, which is a
palmitoylated endosomal protein (Balla et al, 2002; Balla
and Balla, 2006), contribute to the synthesis of the pool
of PI4P on LDs? How is the localization (and hence the
MCS formation) of ORP5, which does not require its PH
domain, precisely controlled? Answering those questions may
advance our understanding of ORP5 functions as well as novel
aspects of LD biology.

Endoplasmic Reticulum-Mitochondria

Membrane Contact Sites

ORP5/8

ORP5 as well as ORP8 seem to have pleiotropic functions
at multiple MCSs. ORP5 and ORP8 have been shown
to localize at the ER-mitochondria MCSs (Galmes et al,
2016). Immunofluorescence staining and immunogold electron
microscopy revealed the localization of both ORP5 and ORPS8
at the MCSs between the ER and mitochondria in HelLa
cells. Fractionation experiments showing the enrichment of
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ORP5 and ORPS8 in mitochondria—associated ER membranes
(MAMs) also support their localization at the ER-mitochondria
MCSs. Localization of ORP5/8 to the ER-mitochondria MCSs
does not require their PH domain but, instead, requires their
novel binding partner, protein tyrosine phosphatase-interacting
protein-51 (PTPIP51). PTPIP51 is the mitochondrial outer
membrane protein that localized at the ER-mitochondria MCSs
via interaction with VAPB and is involved in Ca?" regulation at
the mitochondria (Stoica et al., 2014). The ORD of ORP5 and
ORP8 interacts with PTPIP51, and this interaction is required for
their localization to the MCSs. Interestingly, though, the ORD
mutant that abolishes PS binding cannot localize at the MCSs
due to loss of binding to PTPIP51. Given that PS is transported
to mitochondria to be converted to PE, ORP5/8 may contribute
to PS transport to this organelle for PE synthesis. However,
whether ORP5 and ORP8 mediate countertransport of PI4P and
PS has not been confirmed. Nevertheless, the presence of PI, the
precursor of PI4P, in the mitochondrial membrane was reported
(Pemberton et al., 2020b; Zewe et al., 2020). Furthermore, the
presence of PI4P-containing vesicles at the ER-mitochondria
MCSs was also recently reported, although this pool of PI4P was
provided via vesicular transport from the TGN after synthesis
by PI4K3p (Nagashima et al., 2020). These observations suggest
an interesting possibility of a direct involvement of PI4P in
PS transport to mitochondria mediated by ORP5 and ORPS.
These important aspects of whether and how ORP5/8 and PI4P
contribute to such a process need further investigations.

DISCUSSION

In eukaryotes, more than 1,000 species of lipid molecules are
coordinated to support fundamental cellular activities. In order
to be fully functional, each lipid must be correctly positioned at
the right place at the right time. Non-vesicular lipid transport by
LTPs, including ORPs, controls such spatiotemporal positioning
of lipids in cells (Holthuis and Menon, 2014). LTPs transfer
their own set of lipid ligands between cellular membranes.
ORPs, originally identified as oxysterol-binding proteins, have
now been characterized as sensors or transporters of multiple
lipids at MCSs. Biochemical studies as well as structural analysis
have demonstrated that ORPs have a multiple-ligand repertoire
including not only cholesterol but also phospholipids such
as phosphoinositides, PS, and/or PC. Moreover, ORPs widely
localized at multiple MCSs in cells to mediate transport of their
own different lipid ligands, suggesting a functional diversity of
ORPs to handle numerous cellular processes.

A unique functional property of ORPs is the lipid
countertransport function at MCSs. Several, but not all, ORPs
have been shown to exchange two different lipids: PI4P as a
common driver-ligand and another lipid as a cargo-ligand.
In the case of ORP5/8, they form ER-PM MCSs where PI4P
and PI(4,5)P, are enriched, and transport PI4P along its
concentration gradient to the ER where PI4P is dephosphorylated
by the PI4P phosphatase Sacl (Chung et al, 2015b; Ghai

et al., 2017; Sohn et al.,, 2018). This PM-to-ER flow of PI4P
ensures the ER-to-PM counter-directional transport of the cargo-
ligand PS against its concentration gradient. PI4K3a and Sacl
generate a concentration gradient of PI4P, the driver of this
lipid countertransport, while ORP5/8 are the operators of lipid
exchange at MCSs.

Although a better understanding of the role of ORPs
as lipid transporters/exchangers at MCSs is emerging, many
questions arise and remain unanswered. First, we do not
know whether all ORPs act as lipid exchangers. As described
above, some ORPs function as lipid exchangers in a PI4P-
dependent manner. Considering that PI4P is distributed at
cellular membranes such as the PM, Golgi, endosomes, and
lysosomes (Hammond et al., 2014) (Figure 1), PI4P-driven
lipid countertransport would be widely operated by ORPs at
MCSs between those PI4P-containing membranes and the ER.
In fact, structural analysis has suggested that PI4P might be
the common ligand of ORPs (Tong et al, 2013; Antonny
et al, 2018). Nevertheless, some ORPs have shown no lipid
exchange activity and behave as transporters or sensors of
lipids, suggesting that all ORPs may not necessarily be an
exchanger. Second, the dynamic nature of ORPs at MCSs
need to be understood. From a metabolic standpoint, cellular
lipids must be under tight control in their quantity, quality,
and distribution in response to changes in cellular status.
How do ORPs dynamically change their localization at MCSs?
How is their lipid transport/countertransport activity regulated?
Such questions, especially in the context of cellular lipid
homeostasis, would be important issues. Third, technical and
methodological advancement will greatly help our understanding
of the role of ORPs. Detection or analysis of lipids at
organellar levels by imaging techniques will continue to provide
useful information. Manipulation of lipids as well as ORP
proteins in cells by chemical biology or some other genetic
techniques will also give us novel insights. Last but not the
least, the physiological significance of ORP-mediated lipid
transport/countertransport in the regulation of lipid metabolism
as well as some other processes must be further investigated.
In particular, how such lipid countertransport at MCSs directly
regulates specific cellular functions other than lipid metabolism
remains elusive. In addition, the physiological role of ORPs at
tissue or animal levels is largely unknown. The physiological
importance of the intracellular lipid transport/countertransport
by LTPs is underscored by human diseases caused by defects
in such regulation. As the connection between malfunctions of
intracellular lipid transport and various human diseases becomes
progressively evident, a comprehensive understanding of the role
of intracellular lipid transport is increasingly important.
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