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PI4P/PS countertransport by ORP10 at
ER–endosome membrane contact sites regulates
endosome fission
Asami Kawasaki1, Akiko Sakai1, Hiroki Nakanishi2, Junya Hasegawa3, Tomohiko Taguchi4, Junko Sasaki3, Hiroyuki Arai4, Takehiko Sasaki2,3,
Michihiro Igarashi1, and Fubito Nakatsu1

Membrane contact sites (MCSs) serve as a zone for nonvesicular lipid transport by oxysterol-binding protein (OSBP)-related
proteins (ORPs). ORPs mediate lipid countertransport, in which two distinct lipids are transported counterdirectionally. How such
lipid countertransport controls specific biological functions, however, remains elusive. We report that lipid countertransport by
ORP10 at ER–endosome MCSs regulates retrograde membrane trafficking. ORP10, together with ORP9 and VAP, formed
ER–endosome MCSs in a phosphatidylinositol 4-phosphate (PI4P)-dependent manner. ORP10 exhibited a lipid exchange activity
toward its ligands, PI4P and phosphatidylserine (PS), between liposomes in vitro, and between the ER and endosomes in situ. Cell
biological analysis demonstrated that ORP10 supplies a pool of PS from the ER, in exchange for PI4P, to endosomes where the PS-
binding protein EHD1 is recruited to facilitate endosome fission. Our study highlights a novel lipid exchange at ER–endosomeMCSs as
a nonenzymatic PI4P-to-PS conversion mechanism that organizes membrane remodeling during retrograde membrane trafficking.

Introduction
Membrane contact sites (MCSs) are sites of direct communica-
tion for organelles and the plasma membrane (PM), where two
cellular membranes are closely apposed (Scorrano et al., 2019).
Accumulating evidence demonstrates that the ER forms MCSs
with most of the organelles or the PM in eukaryotes (Bohnert,
2020; Wu et al., 2018). MCSs have been shown to be involved in
several functions, including but not limited to Ca2+ regulation,
lipidmetabolism, and signaling (Prinz et al., 2020). In particular,
MCSs serve as a zone for nonvesicular lipid transport mediated
by so-called lipid transfer proteins (LTPs; Wong et al., 2019).
LTPs generally possess a hydrophobic pocket that harbors lipid
molecules, and they act as regulators for intracellular lipid dis-
tribution by transferring lipids between cellular membranes
(Holthuis and Menon, 2014).

Oxysterol-binding protein (OSBP)–related proteins (ORPs)
are a class of LTPs that consist of 12 different members in
mammals (Raychaudhuri and Prinz, 2010). ORPs have the well-
conserved OSBP-related domain (ORD), a ligand-binding pocket
that accommodates a lipid ligand (Tong et al., 2016). Studies now
show that the repertoire of their ligands has expanded to include

not only oxysterol but also other lipids such as cholesterol,
phosphoinositides, phosphatidylserine (PS), or phosphatidyl-
choline (PC; Balla et al., 2019). Additionally, most ORPs contain a
PH domain and an ER localization domain/motif such as a
transmembrane domain or the two phenylalanines in acidic
tract (FFAT) motif that is recognized by the ER protein vesicle-
associated membrane protein (VAMP)–associated protein A
(VAPA)/VAPB (Alli-Balogun and Levine, 2019). Via those dual
membrane association determinants, ORPs localize at MCSs
by simultaneously interacting with the ER and other cellular
membranes, and they act as a sensor or transporter of their lipid
ligands (Kentala et al., 2016; Pietrangelo and Ridgway, 2018).

A characteristic functional property of ORPs is their lipid
countertransport activity. Recent studies suggest that several
ORPs harbor two different lipids as their ligands, phosphati-
dylinositol 4-phosphate (PI4P) as a common ligand or other
lipids as another ligand, and mediate counterdirectional trans-
port of those two different lipids (Chung et al., 2015; Mesmin
et al., 2013; Sohn et al., 2018; D’Souza et al., 2020). We have
shown that ORP5 and ORP8 mediate countertransport of PI4P
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and PS at the ER–PM MCSs (Chung et al., 2015). This lipid
countertransport was driven by a PI4P concentration gradient
between the ER and the PM. PI4P is continuously synthesized at
the PM, while it is metabolically degraded at the ER. The PI4P
concentration gradient determines the direction of its transport
to the ER, which in turn facilitates the counterdirectional
transport of PS from the ER. Therefore, this mechanism—PI4P-
driven lipid countertransport—helps deliver lipids from the ER
to other membranes in exchange for PI4P via MCSs (Antonny
et al., 2018; Balla et al., 2019; Mesmin and Antonny, 2016).

Despite the fact that the general mechanism of PI4P-driven
lipid countertransport has been characterized, cellular function
regulated by this mechanism is still largely unknown. In PI4P-
driven lipid countertransport, PI4P is passively replaced by
ORPs with other lipids that are transported from the ER. This
would be a lipid “conversion” that changes a property of a mem-
brane and thus potentially impacts numerous cellular functions.
However, which cellular processes directly couple to this lipid
conversion event and how cellular processes harness such lipid
conversion remain elusive. More specifically, how such exchanged
lipid exerts its specific biological function is poorly understood.
Answering those questions will reveal the biological significance of
PI4P-driven lipid countertransport at MCSs.

In this study, we identified ORP10 as a bona fide lipid ex-
changer at ER–endosome MCSs. ORP10 localized at the MCSs
between the ER and the PI4KIIα-positive endosomes that are
tethered by ORP9 and VAP. Both in vitro and in situ, ORP10
mediates exchange of two different lipids, PS and PI4P, the latter
of which was identified in this study as a ligand of ORP10. In the
cellular context, ORP10 supplied PS in exchange for PI4P to
endosomes where the PS-binding protein EHD1 is recruited,
thereby promoting the fission process of tubulovesicular carrier
from endosomes in the retrograde trafficking pathway. Thus,
ORP10 is a new lipid exchanger at ER–endosome MCSs, and
ORP10-mediated lipid conversion from PI4P to PS on endosomes
controls retrograde membrane trafficking.

Results
ORP10 localizes at a subset of PI4KIIα-positive endosomes
Previous studies demonstrated that PI4P-driven lipid counter-
transport is supported by continuous PI4P synthesis at the PM
or Golgi by PI4KIIIα or PI4KIIIβ, respectively (Chung et al., 2015;
Mesmin et al., 2013, 2017; Sohn et al., 2018). However, such lipid
countertransport has not been reported at endosomes, which
also contain PI4P synthesized by PI4KIIα/β (Balla and Balla,
2006). To identify ORPs that function at the ER–endosome
MCSs, we tested ORP family proteins for their ability to localize
at endosomes containing Rab5 as well as PI4KIIα, the PI4K that
synthesizes PI4P at endosomes (Balla et al., 2002). When ex-
pressed at low levels, GFP-tagged ORP10 was found to colocalize
with Rab5 or PI4KIIα at endosomes, which are also closely as-
sociated with the ER (Fig. 1, A and B; and Fig. S1, A and B). To
confirm endogenous localization of ORP10, we generated a HeLa
cell line by CRISPR/CRISPR-associated protein 9 (Cas9) in which
the endogenous ORP10 is expressed as a 3xHA-tagged form.
Western blot analysis showed a single band at the expected size

detected by anti-HA antibody, and this corresponding signal was
almost undetectable upon knocking down with the siRNA
against ORP10 (Fig. 1 C). Immunofluorescence staining of the
ORP10-3xHA knock-in (KI) HeLa cells with anti-HA antibody
showed the punctate structures of endogenous ORP10 that co-
localized well with PI4KIIα as well as with VAPA, an ER protein
(Fig. 1, D and E), consistent with the localization of GFP-ORP10
(Fig. 1, A and B; and Fig. S1, A and B). Intriguingly, however,
endogenous ORP10 also colocalized with Rab7 even more than
with Rab5 (Fig. 1 E and Fig. S1 C). This is consistent with pre-
vious reports showing that PI4KIIα and its metabolic product
PI4P localize and function at later endosomal compartments
(Baba et al., 2019; Hammond et al., 2014). On the other hand,
ORP10 colocalized less with Sac2/INPP5FD460A, an endosomal
PI4P phosphatase (Hsu et al., 2015; Nakatsu et al., 2015; we used
a phosphatase-dead D460A mutant, which shows less cytosolic
localization; Fig. S1 C). These results demonstrate that ORP10
localizes at endosomes and more so at the later compartments.

PI4P-dependent localization of ORP10 at endosomes via its
PH domain
To investigate how ORP10 localizes at endosomes, we tested
ORP10 mutants (Fig. 1 F) for their localization. Pleckstrin ho-
mology (PH) domains mediate membrane targeting of various
proteins, including ORPs (Lemmon, 2008). In fact, the PH do-
main of ORP10 (PH) sufficiently localized at the PI4KIIα-positive
endosomes similar to full-length WT (Full; Fig. 1 G). In contrast,
neither a deletion mutant lacking a PH domain (ΔPH) nor a
construct harboring the N-terminal region before the PH do-
main (N-term) showed such endosomal localization (Fig. 1 G).
These results indicate that the PH domain of ORP10 determines
its endosomal localization. We next examined whether the lo-
calization of the ORP10 PH domain requires phosphoinositides,
as is the case for other ORPs. We took advantage of the
rapamycin-mediated FK506-binding protein (FKBP)/FKBP12-
rapamycin-binding (FRB) domain dimerization system to
acutely deplete phosphatidylinositol 3-phosphate (PI3P) or PI4P,
the major phosphoinositides at endosomes, and then tested its
effect on the localization of the ORP10 PH domain (2xPHORP10).
To dephosphorylate PI3P or PI4P, we used FKBP fusion with the
PI3P phosphatase MTM1 (FKBP-MTM1; Blondeau et al., 2000) or
the Sac1 domain from Sac2/INPP5F (FKBP-Sac1dSac2/INPP5F), re-
spectively. As previously reported, these constructs successfully
depleted PI3P or PI4P monitored by a 2xFyve domain from HRS
(2xFyveHRS; Gillooly et al., 2000) or a PH domain from OSBP
(PHOSBP; Levine and Munro, 2002), respectively (Fig. S1, D–G;
Nguyen et al., 2019; Hammond et al., 2014). 2xPHORP10 was
quickly delocalized from endosomes by acute depletion of PI4P,
but not PI3P, to a similar extent as PHOSBP (Fig. 1, H–J; and Fig.
S1, D and E), indicating a strong dependency of its endosomal
localization on PI4P. This is consistent with a previous finding
showing that the recombinant ORP10 PH protein recognizes
PI4P on a membrane strip (Nissilä et al., 2012). Consistently, full-
length ORP10 was also quickly delocalized from Rab7-positive
endosomes upon PI4P depletion (Fig. S1, H and I). These re-
sults demonstrate that the endosomal localization of ORP10 via
its PH domain depends on PI4P.
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Figure 1. PI4P-dependent localization of ORP10 at endosome via its PH domain. (A) Confocal images of Cos7 cell expressing GFP-ORP10, RFP-Sec61β,
and iRFP-Rab5. Scale bars, 2.5 µm (full size) and 1 µm (inset). (B) Quantification of A showing the percentage of ORP10 colocalized with Rab5 and Sec61β
(n = 11 cells). (C) Western blotting of ORP10-3xHA KI HeLa cells transfected with siRNA for control (Cont) or ORP10. (D) Immunofluorescence staining of
endogenous ORP10-3xHA with anti-HA antibody in ORP10-3xHA KI cells showing endosome-like punctate structures. Scale bars, 10 µm (full size) and 2 µm
(inset). (E) Colocalization of endogenous ORP10 (ORP10-3xHA) with VAPA (AcGFP-VAPA), PI4KIIα (antibody), or Rab7 (GFP-Rab7A) and its quantification
(percentage colocalization; n ≥ 10 cells). Scale bar, 1 µm. (F) Schematic of ORP10 constructs (Full [1–766], ΔPH [182–766], PH [77–173], or N-term [1–76]) used
in G. Blue or brown box indicates the PH domain or ORD, respectively. (G) Confocal images of Cos7 cells expressing GFP-tagged ORP10 constructs and
mScarlet-PI4KIIα. Scale bars, 5 µm (full size) and 1 µm (inset). (H–J) Representative images showing endosomal localization of ORP10 PH domain (2xPHORP10)
before (0 min) or after (5 min) recruitment of FKBP fused with Sac1 domain from Sac2/INPP5F (H) or MTM1 (I) by Rab7-FRB and its kinetics (J; mean ± SEM;
n = 11 cells for Sac2/INPP5F and MTM1). Scale bars, 5 µm (full size) and 1 µm (inset). Rapa., rapamycin.
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ORP10 localizes at ER–endosome MCSs tethered by VAPA and
ORP9
Most ORPs anchor to the ER by a transmembrane domain or an
FFATmotif recognized by an ER protein VAPA or VAPB (Loewen
et al., 2003). However, ORP10 seemed to have neither of these
upon inspection of its amino acid sequence. Nevertheless, ORP10
was well associated with the ER (Fig. 1, A and E), strongly sug-
gesting that ORP10may localize at theMCSs between the ER and
the PI4KIIα-positive endosomes. To find a clue for how ORP10
localizes at the ER–endosome MCSs, we took a proteomic ap-
proach to identify a binding partner of ORP10. Parental or
ORP10-3xHA KI HeLa cells were subjected to immunoprecipi-
tation with anti-HA antibody followed by mass spectrometry
(MS). Analysis of the proteins specifically detected in the im-
munoprecipitates from the ORP10-3xHA KI cells revealed another
member of the ORP family, ORP9, as a top hit (Fig. 2 A). Western
blot analysis of HA immunoprecipitates using ORP9-specific an-
tibody confirmed the interaction of ORP10 with ORP9 (Fig. 2 B),
consistent with a previous study (Nissilä et al., 2012). To map
which region of ORP10 binds ORP9, coimmunoprecipitation was
performed using ORP10mutants (Fig. 2 C). HA-ORP9 pulled down
full-length (Full), ΔORD, or ΔPH, but not the PH domain of ORP10
(PH), indicating that ORP10 associated with ORP9 in its linker
region between the PH domain and ORD (Fig. 2, C–E).

Given the presence of a functional FFAT motif in ORP9
(Fig. 2 D; Wyles and Ridgway, 2004), ORP10, ORP9, and VAP
may form an ER–endosome MCS. As expected, ORP10 substan-
tially colocalized with ORP9 at endosomes that were also posi-
tive for VAPA (Fig. 2, F and G), indicating that ORP10 localized at
the MCSs tethered by ORP9 and VAP. We then tested whether
the localization of ORP10 at the MCSs depends on ORP9 as well
as VAPs. We generated ORP9 KO HeLa cells by CRISPR/Cas9
(Fig. 2 H) and examined the localization of ORP10. Association of
ORP10 with the ER was almost lost in ORP9 KO cells, with a few
punctate signals seen occasionally at peripheral regions at the
steady state (Fig. 2, I and J), suggesting that ORP9 is required for
the localization of ORP10 at the ER–endosome MCSs. This also
supports the absence of the FFAT motif in ORP10 because it was
not able to localize at the MCSs in the absence of ORP9. Con-
sistent with previous reports showing the interaction of ORP9
with VAP via its FFATmotif (Wyles and Ridgway, 2004), VAPA/
VAPB knockdown (KD) also affected ORP10 localization at the
MCSs (Fig. S1, J–L). These results demonstrate that the locali-
zation of ORP10 at the ER–endosome MCSs depends on ORP9 as
well as VAPs.

Most notably, several lines of evidence revealed an exclusive
localization of ORP10 at the ER–endosomeMCSs (Fig. 1, A and E;
Fig. S1 B; Fig. 2, F–J; and Fig. S1, J–L). Thus, delocalization of full-
length ORP10 by PI4P depletion (Fig. S1, H and I) also indicates
a PI4P dependency for its localization at the MCSs. Taking
all these data into consideration, we conclude that both
PI4P and ORP9 are required for the localization of ORP10 at
ER–endosome MCSs.

Identification of PI4P as a novel ligand of ORP10
We next sought to investigate whether ORP10 mediates
countertransport of lipids. A previous study demonstrated that

ORDORP10 binds PS in vitro (Maeda et al., 2013). Considering
that ORPs are suggested to have potentially two different
ligands—PI4P as a common driver ligand and other lipids as
a second cargo ligand (Antonny et al., 2018; Tong et al., 2016,
2013)—ORP10 could accommodate PI4P in addition to PS.
Therefore, we tried to identify the phosphoinositide seques-
tered in the ORDORP10 using a strategy with which we have
successfully identified the ligands of ORP8 (Chung et al.,
2015). MS analysis of 3xFlag-tagged ORDORP10 purified from
Expi293F suspension cells identified a candidate ligand PI4P
as the most concentrated phosphoinositide (Fig. 3, A and B;
and Fig. S2 A).

ORP10 mediates countertransport of PI4P and PS
between liposomes
These findings prompted us to investigate the transport activity
of ORP10 toward its ligands, PI4P and PS. To this end, we per-
formed an in vitro lipid transport assay using liposomes as
model membranes (Moser von Filseck et al., 2015). To assess the
transport of lipids, donor liposomes containing either PS or PI4P
as well as rhodamine-phosphatidylethanolamine (Rhod-PE) and
acceptor liposomes were mixed with an NBD-conjugated lipid
sensor. The fluorescence from NBD was continuously measured
upon addition of ORD by a microplate reader to monitor lipid
transport. When a lipid sensor binds to donor liposomes, NBD
fluorescence is quenched due to fluorescence resonance energy
transfer with Rhod-PE. If lipids are transported to acceptor
liposomes by ORD, a lipid sensor changes its position from donor
to acceptor liposomes, where NBD fluorescence increases due to
dequenching. Therefore, an increase in NBD fluorescence re-
flects the transport of lipids from donor to acceptor liposomes
(Fig. 3, C and D).

As a control experiment, we first tested the ORD of ORP8
(ORDORP8; Fig. S2 B), which has been demonstrated to mediate
countertransport of PI4P and PS (Chung et al., 2015). Addition of
ORDORP8 induced a slight increase in the transport of PS to ac-
ceptor liposomes containing only PC (Fig. S2 C). However, such
transport was enhanced when PI4P was present in the ac-
ceptor liposomes (Fig. 3 E and Fig. S2 C). Similarly, the
transport of PI4P was significantly enhanced when acceptor
liposomes contained PS (Fig. 3 F and Fig. S2 D). These results
are consistent with previous reports and also suggest a
“countertransport” activity of ORP8, in which the transport of
one lipid is promoted by counterdirectional transport of an-
other lipid (Chung et al., 2015; Ghai et al., 2017). In the case of
ORP10, the transport of PS by ORDORP10 to a donor liposome
containing only PC was minimal, while that to donor lip-
osomes containing PI4P was significantly enhanced (Fig. 3 E;
and Fig. S2, E and F). Likewise, the transport of PI4P was
enhanced when acceptor liposomes contained the other lig-
and, PS (Fig. 3 F and Fig. S2 G). These results clearly dem-
onstrate that ORP10 is able to transport PI4P and PS between
liposomes. Furthermore, the enhancement of the transport of
a lipid by the presence of another lipid in acceptor liposomes,
which is indicative of countertransport activity by ORDORP10,
as was the case for ORDORP8 (Fig. 3, E and F), suggests a pos-
sible role of ORP10 as a lipid exchanger.
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Figure 2. ORP10 associates and colocalizes with ORP9 at ER–endosome MCSs. (A) ORP9 as an ORP10-binding protein revealed by MS of ORP10-3xHA
immunoprecipitates. The number of ORP9 peptides detected from parental control (Cont) or ORP10-3xHA KI cells is shown. ND, not detected. (B) Parental or
ORP10-3×HA KI HeLa cells were lysed and subjected to immunoprecipitation (IP) using anti-HA antibody followed by Western blotting with HA, ORP9, or actin
antibody. (C and D) Schematic of ORP10 (C) and ORP9 (D) constructs used in E. Blue, brown, or pink box indicates the PH domain, ORD, or FFAT motif,
respectively. (E) GFP, GFP-ORP10 (FL), GFP-ORP10ΔORD (ΔORD), GFP-ORP10ΔPH (ΔPH), or GFP-PHORP10 (PH) was coexpressed with HA-ORP9 in HEK293T cells,
lysed, and subjected to immunoprecipitation using anti-GFP antibody, followed by Western blotting (IB) with antibodies as indicated. (F and G) Cos7 cells
expressing GFP-ORP10, mCherry-ORP9, and BFP-VAPA (F) and its quantification for colocalization with ORP10 (G; n = 11 cells). Scale bars, 5 µm (full size) and
1 µm (inset). (H) Western blotting of control or ORP9 KO cells using antibodies indicated. (I and J) Representative images showing endosomal localization of
GFP-ORP10 and its association with the ER (mRFP-Sec61β) in control (Cont) or ORP9 KO cells (I) and its quantification (number of ORP10-positive endosomes
associated with the ER per cell; J; n ≥ 11 cells). Scale bars, 5 µm (full size) and 1 µm (inset). ****, P < 0.0001.
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PI4P/PS countertransport at ER–endosome MCSs by ORP10
underlies a PI4P-to-PS conversion on endosomes
We then examined whether ORP10, like ORP5/ORP8, mediates
countertransport of those lipids in the cellular context. As a
gain-of-function approach, we set up a lipid countertransport
monitoring assay where ORDORP10 is acutely recruited to the
ER–endosome MCSs (Fig. 4 A). ORDORP10 fused to FKBP (FKBP-
ORDORP10) was expressed along with VAPA and ORP9-ΔORD-
FRB. Upon addition of rapamycin, FKBP-ORDORP10 was acutely
recruited from the cytosol to the ER–endosome MCSs tethered
by VAPA and ORP9-ΔORD-FRB (Fig. S3, A and B). When we
monitored the levels of PI4P and PS at endosomes by their

specific markers (PHOSBP [Levine and Munro, 2002] or C2Lact

[Yeung et al., 2008]), the PI4P levels gradually decreased, while
the PS levels increased (Fig. 4, B and C). These results suggest
that PI4P and PS were exchanged by ORDORP10 between the ER
and endosomes in situ.

A similar lipid countertransport activity between ORP10 and
ORP8 seen in the in vitro lipid transport assay (Fig. 3, E and F)
indicates that ORP10-mediated lipid exchange could be count-
ertransport driven by PI4P. Therefore, we next tested whether
PI4P drives PS transport by ORP10 through lipid exchange.
Tandem histidines in the lipid-binding motif “EQVSHHPP”
in ORD are conserved in all ORP/Osh family proteins

Figure 3. ORDORP10 mediates countertransport of P4P and PS between liposomes. (A) Coomassie Brilliant Blue–stained SDS-PAGE gel of 3xFlag-
ORDORP10 proteins purified from Expi293F cells. (B) Phosphoinositide (PI) species detected by MS of 3xFlag-ORDORP10 proteins purified from Expi293F
cells. N.D., not detected. (C and D) Schematic representation for in vitro lipid transport assay for PS (C) or PI4P (D). A PH domain from FAPP1 (NBD-PHFAPP;
Balla et al., 2005) or a C2 domain from lactadherin (NBD-C2Lact; Yeung et al., 2008) was used as a sensor for PI4P or PS, respectively. (E) The amount of PS
(µM) transported to acceptor liposomes containing only PC (gray) or PC + PI4P (red) by ORDORP8 (left) or ORDORP10 (right; mean ± SD; n = 3 independent
experiments). (F) The amount of PI4P (µM) transported to acceptor liposomes containing only PC (gray) or PC + PS (blue) by ORDORP8 (left) or ORDORP10 (right;
mean ± SD; n = 3 independent experiments). ****, P < 0.0001.
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(Raychaudhuri and Prinz, 2010). These histidine residues have
been shown to be responsible for PI4P binding (de Saint-Jean
et al., 2011; Tong et al., 2013). Therefore, we used the
ORP10 ORD-bearing mutations in the corresponding histidines
(ORDORP10-HH/AA) to perform the exchange assay. Acute re-
cruitment of FKBP-ORDORP10-HH/AA did not decrease, but rather
increased, PI4P levels at endosomes (Fig. S3, C and D), sug-
gesting that the ORP10 HH/AA mutant was unable to transfer
PI4P from endosomes to the ER as expected. (Note that this in-
crease in endosomal PI4P upon recruitment of ORDORP10-HH/AA

indicates that the PI4P transport via ER–endosome MCSs
lessens the accumulation of this lipid at endosomes, as has
been demonstrated in OSBP/VAP null cells; Dong et al., 2016.)
In this situation, the endosomal PS levels did not increase (Fig.
S3, C and D), indicating that PS was not countertransported to
endosomes. This is in sharp contrast to the increase of PS,
which indicates the occurrence of PS countertransport, upon
recruitment of WT ORD (Fig. 4, B and C). These data indicate
that PI4P transport by ORP10-ORD does drive the counter-
directional transport of PS from the ER to endosomes. These
results also suggest that this lipid exchange by ORP10 func-
tioned as a PI4P-to-PS conversion on endosomes where a pool
of PI4P is replaced with PS.

To examine the role of ORP10-mediated lipid countertrans-
port in cell physiology, we established ORP10 knockout (KO)
cells by CRISPR/Cas9. Western blotting confirmed that ORP10
was undetectable while ORP9 was unchanged in KO cells (Fig. 5
A). Then we investigated the levels of PS and PI4P at endosomes.

This loss-of-function approach demonstrated that the amount of
endosomal PS in ORP10 KO cells was less than that in control
cells, further indicating that ORP10 mediates countertransport
of PS from the ER to endosomes (Fig. 5 B, upper). Contrary to our
prediction, however, endosomal PI4P levels did not increase in
KO cells (Fig. 5 B, lower). This is likely due to compensation by
ORP9, as it has been suggested that one of its ligands is PI4P (Liu
and Ridgway, 2014), although its lipid exchange function has not
been proved. Indeed, ORP9 depletion, which also leads to a loss
of lipid exchange function of ORP10 due to its mislocalization at
the MCSs (Fig. 2, I and J), caused an increase in PI4P at endo-
somes (Fig. 5 B), suggesting a compensatory PI4P transport by
ORP9 in the absence of ORP10. In contrast, endosomal PS levels
in ORP9 KO cells were lower than in control cells, and the re-
duction was only slightly further enhanced from, but almost
comparable to, that seen in ORP10 KO cells (Fig. 5 B). These
results suggest a role of ORP10 in supplying endosomes with PS
via its lipid exchange activity.

We examined the role of ORP10 further by rescue experiment
(Fig. 5 C). The endosomal PS levels in ORP10 KO cells were
reversed to control levels by WT ORP10, but not by ORP9,
suggesting that ORP10 is responsible for the PS defects. Fur-
thermore, neither ORP10ΔPH nor ORP10ΔORD mutant fully res-
cued such defects. These results suggest that PI4P-mediated
localization at the MCSs, as well as lipid exchange activity of
ORP10, is required to maintain proper levels of PS at endosomes.
Based on these results, we conclude that ORP10 supplies a pool of
PS to endosomes in exchange for PI4P.

Figure 4. ORDORP10 mediates countertransport of P4P and PS at ER–endosome MCSs. (A) Cartoon illustrating the principle of lipid exchange assay in
cultured cells. Addition of rapamycin acutely recruits FKBP-ORDORP10 to the ER–endosome MCSs tethered by ORP9-ΔORD-FRB. (B) Representative snapshot
images of confocal live microscopy showing PI4P levels (GFP-OSBP-PH) or PS levels (mRFP-LactC2) before (0 min) and after (5 min) acute recruitment of
ORDORP10 to ER–endosome MCSs. Note that the PI4P levels in the Golgi did not change after acute recruitment of ORDORP10. Scale bars, 5 µm (full size) and
1 µm (inset). (C) Quantification for (B; grand mean ±SEM; n = 11 cells). Note that rapamycin (Rapa.) was added at 1 min.
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Retrograde trafficking of mannose 6-phosphate receptor
(M6PR) is delayed in the absence of ORP10
How does this lipid exchange event at ER–endosome MCSs
physiologically contribute to cellular processes? A major func-
tion of endosomes is as a sorting hub for cargo transport
(Huotari and Helenius, 2011; Mellman, 1996). Retrograde
transport to the TGN is a trafficking pathway tightly controlled
by regulatory proteins and lipids in space and time (Bonifacino
and Rojas, 2006). Importantly, ER–endosome MCSs have been
shown to control this process (Allison et al., 2017; Hoyer et al.,
2018; Rowland et al., 2014), but the underlying mechanism is
incompletely understood. We therefore tested whether the ret-
rograde trafficking of cation-independent (CI) M6PR, a well-
known cargo for retrograde trafficking (Arighi et al., 2004), is
affected in ORP10 KO cells. Tac-M6PR, a chimera of IL-2 recep-
tor fused to the cytoplasmic tail ofM6PR, is transported from the
PM to the TGN via endosomes. This retrograde transport was
monitored by the uptake of anti-Tac antibody fed into the

culture media. Most of the anti-Tac antibody reached the TGN in
control cells during a 1-h incubation, whereas the amount of
antibody left behind at endosomes was higher in ORP10 KO cells
(Fig. 6). These results indicate that the retrograde trafficking
process was delayed in the KO cells.

Loss of ORP10-mediated lipid countertransport leads to
mislocalization of EHD1
A reduction of PS, albeit with normal PI4P levels, at endosomes
in ORP10 KO cells (Fig. 5 B) clearly points to a physiological
contribution of ORP10-mediated lipid countertransport in
providing PS to endosomes. In the retrograde trafficking
process, several regulators, including the retromer complex,
sorting nexin (SNX)–Bin/Amphiphysin/Rvs (BAR) proteins, the
Wiskott-Aldrich syndrome protein and SCAR homolog (WASH)
complex, actin, and fission machineries, are coordinated to
complete this process (Burd and Cullen, 2014; Cullen and
Steinberg, 2018; Derivery et al., 2009; Gautreau et al., 2014;

Figure 5. Reduction of endosome PS in the absence of ORP10. (A)Western blotting of whole-cell lysates from control (Cont) or ORP10 KO cells with the
antibodies indicated. Asterisks indicate nonspecific bands. (B) Confocal microscopic images and their quantification for PS levels (mRFP-LactC2; upper) and
PI4P levels (GFP-OSBP-PH; lower) of endosomes in control, ORP10 KO, or ORP9 KO cells (mean ± SEM, the number of endosomes for PS quantification; n = 136
from 11 cells for control, n = 131 from 17 cells for ORP10 KO, n = 112 from 13 cells for ORP9 KO, the number of endosomes for PI4P quantification; n = 168 from
20 cells for control, n = 157 from 21 cells for ORP10 KO, n = 149 from 17 cells for ORP9 KO). Scale bars, 10 µm (full size) and 1 µm (inset). (C) Confocal
microscopic images and their quantification of endosomal PS levels in ORP10 KO cells rescued by reexpression of GFP (−), GFP fused to full-length ORP10
(ORP10Full), ΔORD (ORP10ΔORD), ΔPH (ORP10ΔPH), or ORP9 (mean ± SEM, the number of endosomes for PS quantification; n = 78 from 35 cells for GFP, n = 145
from 17 cells for ORP10Full, n = 90 from 11 cells for ORP10ΔORD, n = 73 from 10 cells for ORP10ΔPH, n = 120 from 12 cells for ORP9). Scale bars, 10 µm (full size)
and 1 µm (inset). *, P < 0.05; ****, P < 0.0001.
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Gomez and Billadeau, 2009; Puthenveedu et al., 2010; Seaman,
2012). Because endosomal PS levels were reduced in ORP10 KO
cells, recruitment of such regulators by this lipid would be af-
fected. A candidate is EHD1, a member of the EHD family of
proteins that regulate membrane trafficking in the endocytic
pathway as ATPases (Grant and Caplan, 2008; Naslavsky and
Caplan, 2011). EHD1 has been shown to control membrane re-
modeling at endosomes (Cullen and Steinberg, 2018; Lee et al.,
2015; McKenzie et al., 2012; Seaman, 2012). In particular, EHD1,
as a dynamin-like ATPase, has been reported to facilitate the
fission process of tubulovesicular carriers from endosomes (Deo
et al., 2018; Kamerkar et al., 2019; Seaman, 2012). Importantly, a
previous study demonstrated that EHD1 is recruited to endo-
somes via its PS-binding property (Lee et al., 2015). Thus, we
asked whether EHD1 is properly recruited to endosomes in
ORP10 KO cells. The recruitment of EHD1 at the endosomes
containing SNX1, a component of SNX-BAR proteins, was less
than that seen in control cells (Fig. 7, A and B; and Fig. S4, A
and B). Notably, localization of SNX1 or other regulatory
proteins such as VPS35 (a subunit of the retromer complex)
and FAM21 (a subunit of the WASH complex), as well as actin
at endosomes, was not overtly changed in KO cells (Fig. S4,
C–F).

ORP10-mediated lipid countertransport controls endosome
fission
Given the functional property of EHD1 as a fission regulator at
endosomes (Cullen and Steinberg, 2018; Deo et al., 2018;
Kamerkar et al., 2019; Seaman, 2012), we hypothesized that
reduction of EHD1 recruitment caused a fission defect in ORP10
KO cells. To directly test this idea, we performed time-lapse
analysis of GFP-tagged SNX1, aiming to monitor the fission
process from endosomes. Consistent with the functional prop-
erty as a fission regulator, EHD1 KD delayed the fission of SNX1-
positive tubulovesicular structures from endosomes (Fig. S4, G
and H). Next, we examined the effect of the loss of function of
ORP10. Compared with the control cells showing a completed
fission process by ∼10 s, on average, that in ORP10 KO cells took
longer (Fig. 7, C and D; and Videos 1 and 2). This delay was
rescued by reexpression of WT ORP10, but not by ORP10ΔORD or
ORP9 (Fig. 7 D). These results indicate that PS transport by
ORP10-mediated lipid exchange is required for endosome fission
and thus reveal a malfunction of the fission process from en-
dosomes due, at least in part, to mislocalization of EHD1 in
ORP10 KO cells.

Accordingly, endogenous M6PR was accumulated at the
EEA1-positive endosomes in ORP10 KO cells compared with the
control cells (Fig. 8, A and B), consistent with the fission defect
in ORP10 KO cells. This M6PR accumulation was rescued by WT
ORP10, but not by ORP10ΔORD or ORP9 (Fig. 8, A and B), sug-
gesting that lipid exchange activity of ORP10 is responsible for
proper M6PR trafficking. These data demonstrate that ORP10
controls the retrograde trafficking of M6PR at the fission step
via its lipid countertransport function.

Discussion
ORP10 is a bona fide lipid exchanger at ER–endosome MCSs
Levels of PI4P are kept low at the ER by a PI4P phosphatase,
while other membranes, such as the PM, Golgi, or endosomes/
lysosomes, have higher levels due to continuous synthesis of
PI4P by PI4KIIIα, PI4KIIIβ, or PI4KIIα/β, respectively (Balla and
Balla, 2006; Burke, 2018; Del Bel and Brill, 2018). This spatial
regulation of PI4P metabolism generates a PI4P concentration
gradient between the ER and other membranes containing PI4P.
The PI4P concentration gradient drives lipid countertransport at
MCSs as a driving force, and some ORPs operate this lipid
countertransport (Antonny et al., 2018; Balla et al., 2019; Lipp
et al., 2020). For instance, ORP5/ORP8 or OSBP has been shown
tomediate countertransport of PI4P/PS at ER–PMMCSs or PI4P/
cholesterol at ER–Golgi MCSs, respectively (Chung et al., 2015;
Mesmin et al., 2013). In this lipid countertransport mechanism,
PI4P is transported by ORPs along its concentration gradient to
the ER, which in turn facilitates the counterdirectional transport
of other lipids from the ER. To operate such PI4P-driven lipid
countertransport, ORPs are expected to retain the following
functional properties. First, ORPs bind PI4P-positive mem-
branes, which secures a gradient of PI4P between two apposed
membranes. Second, ORPs associate with the ER so that they
bridge the ER and the PI4P-positive membranes. Third, ORPs
accommodate and exchange PI4P and other lipids. Given the
conservation of the determinants that enable those functions in
the ORP family, ORPs could be considered to be lipid exchangers
at MCSs. However, only some but not all ORPs have been shown
to be lipid exchangers (Lipp et al., 2020; Nakatsu and Kawasaki,
2021). In this study, we showed that ORP10 localizes at ER–
endosome MCSs, where it mediates PI4P/PS exchange. First,
ORP10 binds PI4P-positive endosomes via its PH domain. Sec-
ond, ORP10 associates with the ER by interacting with ORP9,
which has an FFATmotif that is recognized by ER proteins called

Figure 6. M6PR retrograde trafficking to TGN is de-
layed in ORP10 KO cells. Left: Control (Cont) or ORP10
KO cells expressing Tac-M6PR were incubated with anti-
Tac antibody for 60 min to monitor retrograde trafficking
to the TGN, followed by immunofluorescence staining
with golgin 97 antibody. Right: Graph shows quantification
of Tac-M6PR immunofluorescence ratio (vesicular/Golgi;
mean ± SEM, n ≥ 6). Scale bars, 10 µm (full size) and 2 µm
(inset). **, P < 0.01.
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VAPs. Third, ORP10 accommodates and exchanges PI4P and PS
at the ER–endosome MCSs. Therefore, we defined ORP10 as a
novel lipid exchanger at ER–endosome MCSs.

PI4P- and ORP9-dependent localization of ORP10 at
ER–endosome MCSs
We initially identified ORP10 as an endosomal ORP that colo-
calizedwith PI4KIIα as well as Rab5, an early endosomal protein.
Further investigation revealed that endogenous ORP10 localized
more at the later endosomal compartments in addition to Rab5-
positive early endosomes. Considering the functional property
of ORP10 as a PI4P/PS exchanger at ER–endosome MCSs, the
later endosomal localization of this protein is in line with the
greater number of ER–endosome MCSs at the later versus early
endosomal compartments (Friedman et al., 2013). ORP10 has
also been demonstrated to localize at the TGN (Venditti et al.,
2019). Because PI4KIIα has been implicated in the generation of
a pool of PI4P at the TGN in addition to endosomes (Wang et al.,
2003), the localization and function of ORP10 might be under
the control of PI4KIIα. In fact, the localization of ORP10 depends

on PI4P, and thus ORP10 would be primarily localized at the
PI4P-positive endosomal population. This property fits with the
data showing less colocalization with Sac2/INPP5F, an endo-
somal PI4P phosphatase (Hsu et al., 2015; Nakatsu et al., 2015).

ORP10 associated and colocalized with ORP9 at the ER–
endosomeMCSs. Such pairing of these proteins at ER–endosome
MCSs suggests an interesting possibility of functional coupling.
ORP9 has been demonstrated to be a cholesterol transporter
(Ngo and Ridgway, 2009). In addition, ORP9 extracts PI4P or
cholesterol from liposomes in vitro (Liu and Ridgway, 2014).
These studies suggest that ORP9 might have a role as a trans-
porter or exchanger of cholesterol and/or PI4P. Our data
showing an increase in endosomal PI4P in ORP9 KO cells (Fig. 5
B) also support this possibility. Given that ORP10 and ORP9 both
localize at the same MCSs, both PS and cholesterol would be
transported from the ER to endosomes in exchange for PI4P.
Because cholesterol has been shown to control the localization
and activation of PI4KIIα at endosomes (Minogue et al., 2010;
Waugh et al., 2006), ORP9-mediated cholesterol transport at the
MCSs would accelerate PI4P production through activation of

Figure 7. Endosome fission defect due to reduction of EHD1 recruitment to endosomes in ORP10 KO cells. (A) Confocal microscopic images of control
(Cont) or ORP10 KO cells showing localization of GFP-EHD1 and endogenous SNX1. Scale bars, 2.5 µm (full size) and 1 µm (inset). (B) Quantification of EHD1
fluorescence (Fluo.) at SNX1-positive endosomes (mean ± SEM; n ≥ 10 cells). (C) Gallery of representative confocal time-lapse images showing the fission
process visualized with GFP-SNX1 in control or ORP10 KO cells. Scale bar, 1 µm. (D) Quantification of times required for completion of tubule fission in control
(Cont), ORP10 KO cells, ORP10 KO cells rescued by GFP fused to ORP10 (ORP10Full), ΔORD (ORP10ΔORD), or ORP9 (mean ± SEM, the number of fission events
for quantification; n = 35 from 11 cells for control, n = 44 from 16 cells for ORP10 KO, n = 33 from 12 cells for ORP10Full, n = 21 from 10 cells for
ORP10ΔORD, n = 25 from 10 cells for ORP9). ****, P < 0.0001.
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this kinase, which may further promote the localization and
function of ORP10 at MCSs. Given that the localization of ORP10
depends on its association with ORP9 in addition to PI4P, one of
the major functions of ORP9 may be the control of ORP10 lo-
calization at MCSs. Alternatively, a slightly further reduction of
endosomal PS levels in ORP9 KO cells (Fig. 5 B) may suggest a
possible role of ORP9 as a regulator of endosomal PS itself (via PS
transport) or indirectly by regulating other proteins. The role of
ORP9 at ER–endosome MCSs will need further investigation.

PI4P/PS exchange by ORP10 as a lipid conversion mechanism
on endosomes
Previous studies demonstrated that OSBP and ORP1L localize at
the MCSs between the ER and endosomes or phagosomes and
control PI4P levels to prevent its accumulation via their trans-
port activity to the ER (Levin-Konigsberg et al., 2019; Dong et al.,
2016). These observations suggest a critical importance of the
negative regulation of PI4P via its “transport” at these MCSs,
although whether lipid countertransport occurred at the ER–
endosome MCSs was unknown. We have now demonstrated
direct evidence of PI4P/PS exchange by ORP10 at the MCSs

between the ER and endosomes by acute recruitment experi-
ments (Fig. 4, B and C). Furthermore, PS levels on endosomes
were reduced in ORP10 KO cells (Fig. 5 B). These gain- and loss-
of-function analyses revealed that ORP10 is responsible for
the PS supply to endosomes. Therefore, ORP10-mediatd lipid
countertransport functions as a nonenzymatic PI4P-to-PS con-
version mechanism that enables the reduction of PI4P and the
supply of PS at endosomes.

Function of PI4P-to-PS conversion at endosomes mediated by
ORP10
Our data suggest that ORP10-mediaed PI4P-to-PS conversion on
endosomal membranes promotes EHD1 recruitment and con-
trols the fission of tubulovesicular carriers from endosomes.
EHD1, a dynamin-like ATPase, showed an in vitro membrane
fission activity that is dependent on its ATPase activity (Deo
et al., 2018; Kamerkar et al., 2019). In addition, EHD1 has been
shown to be recruited to endosomes by PS and to control ret-
rograde trafficking of cargo proteins, including M6PR (Cullen
and Steinberg, 2018; Lee et al., 2015; McKenzie et al., 2012;
Seaman, 2012). Thus, ORP10-mediated PI4P/PS conversion may

Figure 8. Accumulation of M6PR in endosomes in ORP10 KO cells. (A) Immunofluorescence staining of endogenous CI-M6PR and EEA1 in control (Cont),
ORP10 KO cells, ORP10 KO cells rescued by GFP fused to ORP10 (ORP10Full), ΔORD (ORP10ΔORD), or ORP9. Scale bars, 1 µm (full size) and 1 µm (inset).
(B) Colocalization analysis of A (mean ± SEM; n ≥ 20 cells). ****, P < 0.0001.
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be directly coupled with the endosome fission process via
recruiting EHD1.

From a mechanistic standpoint, ORP10-mediated transport of
PS to endosomes via ER–endosome MCSs represents a novel
pathway for its delivery to these organelles. However, some PS
was still present at endosomes in ORP10 KO cells (Fig. 5 B),
suggesting multiple mechanisms for its supply. In fact, ATP8A1,
a flippase for phospholipids such as PS and PE (Best et al., 2019;
Lee et al., 2015), has been shown to facilitate translocation of PS
from the luminal side to the cytoplasmic leaflet of recycling
endosome membranes, thereby supporting the localization and
function of EHD1 at recycling endosomes in COS-1 cells (Lee
et al., 2015). Based on the data (Lee et al., 2015) as well as on
previous studies (Gagescu et al., 2000; Vance and Steenbergen,
2005), the amount of PS in the cytosolic leaflet of recycling
endosomes has been estimated to be 25–50% of total phospho-
lipids in recycling endosomes. Because the amount of PS in the
cytosolic leaflet of recycling endosomes was also not fully de-
pleted in ATP8A1 KD cells (Lee et al., 2015), cells might use two or
more independent pathways to provide and/or keep this amount
of PS on the cytosolic surface of endosomes for functions such as
EHD1 recruitment and cargo trafficking. In addition, ORP10-
mediated PS transport occurs upon the formation of MCSs
between the ER and endosomes, and thus the timing and/or
subendosomal zone for PS transport might be differentially con-
trolled between the two mechanisms in time and space. Another
possibility would be a difference in the acyl-chain properties of PS
transported by ORP10 or ATP8A1. Considering that ORP10 is able
to transport a pool of PS directly from the ER, the site of its syn-
thesis, the ORP10-mediated pathway might be more tunable in
terms of acyl-chain quality of PS in addition to its quantity.

It has been demonstrated that ER–endosome MCSs are in-
volved in the regulation of endosome fission (Allison et al., 2017;
Phillips and Voeltz, 2016; Raiborg et al., 2015; Rowland et al.,
2014). In particular, the importance of actin regulation at ER–
endosomeMCSs has been demonstrated. Coronin-1c, a regulator
of actin disassembly, regulates the formation of ER–endosome
MCSs and endosome fission (Hoyer et al., 2018). OSBP, along
with VAPs, has also been shown to control actin polymerization
at the ER–endosome MCSs, which is closely coupled to the en-
dosome fission process. Dong et al. (2016) reported that in cells
lacking OSBP or VAPs, PI4P accumulated at endosomes due to a
defect in PI4P transport via MCSs. This in turn caused robust
actin polymerization, thereby leading to dysregulation of
retromer-mediated membrane trafficking from endosomes.
Consistently, loss of ORP10 showed a similar defect in M6PR
trafficking observed in OSBP/VAP-null cells, supporting the
idea that lipid regulation at ER–endosome MCSs is closely
coupled to retrograde membrane trafficking. However, ORP10
KO cells did not show PI4P accumulation or robust actin po-
lymerization, suggesting a distinct regulatory role of PI4P and
PS. Given that down-regulation of endosomal PI4P at the ER–
endosome MCSs is critical for termination of actin assembly
(Dong et al., 2016), ORP10-mediated PI4P-to-PS conversion may
simultaneously control actin disassembly and endosome tubule
fission by reducing PI4P and supplying PS, respectively, and
coordinate those key events on the same membrane.

In sum, our study demonstrates ORP10 as a novel PI4P/PS
exchanger at ER–endosomeMCSs and the cellular role of ORP10-
mediated lipid exchange (Fig. S5). We propose that PI4P-driven
lipid countertransport occurs widely at MCSs in cells and serves
as a lipid conversion mechanism that may control a variety of
biological functions.

Materials and methods
Antibodies and reagents
Primary antibodies used in this study were: mouse antibodies
against HA tag, actin, ORP9, VPS35, SNX1, IL-2Rα, and M6PR;
rabbit antibodies against GFP, ORP10, EEA1, EHD1, PI4KIIα, and
golgin 97; and rat antibodies against HA tag. Alexa Fluor dye–
conjugated and HRP-conjugated secondary antibodies were also
used in this study (Table S1).

Lipids used in this study were: PC (1,2-dioleoyl-sn-glycero-3-
phosphocholine), PI4P (L-α-phosphatidylinositol-4-phosphate
[brain, porcine]), PS (L-α-PS [brain, porcine]), Rhod-PE [1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl)], 17:0/14:1 PI [1-heptadecanoyl-2-(9Z-
tetradecenoyl)-sn-glycero-3-phospho-(19-myo-inositol)], 8:0/8:0-PI
[(4,5)P2(1,2-dioctanoyl-sn-glycero-3-phospho-(19-myo-inositol-49,
59-bisphosphate)], 17:0/20:4-PI4P [1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-
eicosatetraenoyl)-sn-glycero-3-phospho-(19-myo-inositol-49-
phosphate)], 17:0/20:4-PI(4,5)P2 [(1-heptadecanoyl-2-(5Z,8Z,11Z,
14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(19-myo-inositol-49,59-
bisphosphate)], and 17:0/20:4-PI(3,4,5)P3 [(1-heptadecanoyl-2-(5Z,
8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(19-myo-inositol-39,
49,59-trisphosphate)] (Avanti Polar Lipids).

Rapamycin (Sigma-Aldrich) was dissolved in DMSO (Sigma-
Aldrich), and rhodamine phalloidin (Cytoskeleton, Inc.) was
dissolved in methanol (Fujifilm).

siRNAs
For siRNA, 27-mer siRNA duplexes were purchased from Inte-
grated DNA Technologies. The siRNA target sequences were as
follows: DS NC1: sense: 59-CGUUAAUCGCGUAUAAUACGCGUA
T-39; antisense: 59-AUACGCGUAUUAUACGCGAUUAACGAC-39;
ORP10 siRNA: sense: 59-AGAUAUUCUCACUUAGUCAACUCCT-
39; antisense: 59-AGGAGUUGACUAAGUGAGAAUAUCUUU-39.
VAPA siRNA: sense: 59-AACUAAUGGAAGAGUGUAAAAGA-39;
antisense: 59-AGUCUUUUACACUCUUCCAUUAGUUUC-39; VAPB
siRNA: sense: 59-UUAAGAAGGUUAUGGAAGAAUGUAA-39; an-
tisense: 59-UCUUACAUUCUUCCAUAACCUUCUUAA-39; EHD1
siRNA: sense: 59-GGAGAGAUCUACCAGAAGAUUGAGC-39; anti-
sense: 59-GCUCAAUCUUCUGGUAGAUCUCUCCGA-39.

Plasmids
The plasmids constructed in this study were: AcGFP-ORP10, ORP10-
ΔORD-GFP, AcGFP-ORP10-ΔPH, N-term-ORP10-AcGFP, ORP10-PH1-
AcGFP, ORP10-PHx2-AcGFP (2xPHORP10-AcGFP), mCherry-ORP9,
BFP-VAPA, mScarlet-rPI4KIIα, 3xFlag-ORDORP10, GST-ORDORP10,
GST-ORP10268-374, GFP-SNX1, GFP-EHD1, Tac-CI-M6PR-tail,
ORP9-ΔORD-G4Sx3-AcGFP, PM-FRB-iRFP713, mScarlet-FKBP-
ORDORP10, mScarlet-FKBP-ORDORP10-HH/AA, mScarlet-FKBP-
Sac1dSac2/INPP5F, mScarlet-FKBP-MTM1, BFP-FKBP-ORDORP10,
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GFP-INPP5F-D460A, HA-ORP9, ORP9-ΔORD-FRB-iRFP, pX330A-
1x2 ORP9, pX330A-1x2 ORP10 v1, all-in-one CRISPR-Cas9 vector-
ORP10, and CRIS-PITCh(V2)-ORP10. Details of the construction of
these plasmids are summarized in Table S2. The sources of the
other plasmids purchased or kindly provided were: pEBFP-C1
(Takara), pEGFP-C1 (Takara), pEGFP-N1 (Takara), pAcGFP-C1
(Takara), pAcGFP-N1 (Takara), pmCherry-C1 (Takara), pGEX6P-
1 (Cytiva), p3xFLAG-CMV-10 (Sigma-Aldrich), RFP-Sec61β (Tom
Rapoport, Harvard Medical School, Boston, MA), GFP-OSBP-PH
(Tim Levine, University College London, London, UK), mCherry-
2xFyve (Addgene, 140050), GFP-rPI4KIIα (Pietro De Camilli, Yale
University, New Haven, CT), iRFP-FRB-Rab5 (Addgene, 51612),
iRFP-FRB-Rab7 (Addgene, 51613), GFP-Rab5 (Marino Zerial, Max
Planck Institute, Dresden, Germany), GFP-Rab7A (Addgene,
28047), PM-FRB-CFP (Addgene, 67517), mRFP-FKBP12-5ptase do-
main (Addgene, 67516), mRFP-LactC2 (Addgene, 74061), GFP-
BioID-FAM21 (Addgene, 121046), pmScarlet-i-C1 (Addgene, 85044),
HA-VAPA (Mitsuo Tagaya, Tokyo University of Pharmacy and Life
Sciences, Tokyo, Japan), pX330S-2-PITCh (Addgene, 63670),
pX330A-1x2 (Addgene, 58766), pCRIS-PITChv2-FBL (Addgene,
63672), CI-M6PR (GFP fused to the full-length CI-M6PR [G-CIMPR-
Full]); Satoshi Waguri, Fukushima Medical University, Fukushima,
Japan), GST-LactC2 (Guillaume Drin, Centre national de la recher-
che scientifique, Valbonne, France), GST–four-phosphate-adaptor
protein (FAPP; Guillaume Drin), GST-ORDORP8 (Pietro De Camilli),
and Tac-LI (Hiroshi Ohno, RIKEN, Yokohama, Japan).

Protein expression and purification
Purification of GST-tagged ORP10 fragment corresponding to
residues 268–374 (GST-ORP10268-374) for antibody production
was performed using the following protocol. Protein expression
was induced in Escherichia coli BL21(DE3) transformed with
pGEX-GST-ORP10268-374 by addition of 0.2 mM IPTG followed by
incubation for 24 h at 18°C. Cells were harvested, lysed with
1 mg/ml lysozyme, sonicated in lysis buffer (50 mMTris-HCl pH
7.5, 300 mM NaCl, 1 mM EDTA, 0.3% Triton X-100, 1 mM DTT,
1 mM PMSF, 1× cOmplete ULTRA EDTA-free [Sigma-Aldrich],
and 50 U/ml Benzonase nuclease [Novagen]), and centrifuged at
15,000 rpm for 20 min using a refrigerated high-speed centrifuge
(R20A2. Eppendorf Himac). The clear lysate obtained was incubated
with glutathione Sepharose 4B resin (Cytiva) for 2 h at 4°C, and then
the resin was washed with buffer A (50 mM Tris-HCl, pH 7.5,
300 mM NaCl, 1 mM EDTA, 0.3% Triton X-100, 1 mM DTT, and
0.1 mMPMSF) followed by buffer B (50mMTris-HCl, pH 7.5, 1 mM
EDTA, 1 mM DTT, 0.3 M NaCl, and 0.1 mM PMSF). The resin
was incubated in buffer B containing 2 mM ATP and 5 mM
MgCl2 for 30 min at 25°C to reduce nonspecifically bound
proteins. The GST tag was cleaved with 50 U/ml PreScission
protease (Cytiva) in buffer B on a column for 20 h at 4°C, and
the protein was eluted from the resin using buffer B. Residual
GST was removed by incubating the eluate with glutathione
Sepharose 4B. Flowthrough was concentrated using an Amicon
Ultra-4 filter unit (EMD Millipore).

Purification of ORDORP10 or ORDORP8 protein for in vitro lipid
transport assay was performed using the following protocol.
E. coli BL21(DE3) was transformed with the plasmid encoding
GST-ORD1ORP10-368-766 for expression of ORDORP10 or GST-ORDORP8

for expression of ORDORP8. The methods used for protein expres-
sion, preparation of bacterial lysate, and GST affinity purification
were the same as that for GST-ORP10268-374 described above. Fol-
lowing cleavage of GST, the eluate was concentrated using an
Amicon Ultra-4 filter unit loaded on a 16/60 Superdex 75 Increase
10/300 GL column (Cytiva) attached to the ÄKTA pure purification
system (Cytiva), and the column was developed with buffer GF
(50mMTris, pH 7.5, 200mMNaCl, 1mMEDTA, 5% glycerol, 1mM
DTT, and 0.1 mM PMSF). Peak fractions obtained were pooled,
concentrated using the Amicon Ultra-4 filter unit, and frozen in
liquid nitrogen.

Purification of the PH domain from FAPP1 (PHFAPP) or the C2
domain from lactadherin (C2Lact) was performed as described
previously (Moser von Filseck et al., 2015). E. coli BL21(DE3) was
transformed with the plasmid encoding GST-PHFAPP or GST-
C2Lact (kindly provided by G. Drin). GST-PHFAPP and GST-C2Lact

were expressed at 37°C for 4 h upon 1 mM IPTG induction. Cells
were harvested, lysed with 1 mg/ml lysozyme, sonicated in lysis
buffer (50mMTris, pH 7.5, 150mMNaCl, 1mMEDTA, 1mMDTT,
0.1 mM PMSF, 50 U/ml Benzonase nuclease), and centrifuged at
15,000 rpm for 20 min. The obtained supernatant was incubated
with glutathione Sepharose 4B resin for 2 h at 4°C. After washing,
the resin was incubated with thrombin to cleave GST tag, and the
crude eluate was applied on a 16/60 Superdex 75 Increase 10/300
GL column (Cytiva) to obtain PHFAPP or C2Lact protein.

To label PHFAPP or C2Lact protein with NBD, the protein so-
lutionwas applied on a gel filtration column (NAP-25; GEHealthcare)
to remove DTT and then mixed with a 10-fold excess of N,N9-di-
methyl-N-(iodoacetyl)-N9-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethy-
lenediamine (IANBD-amide;Molecular Probes) for 16 h at 4°C. After
stopping the reaction by adding the excess L-cysteine, the free NBD
probe was removed by gel filtration. The labeled protein was ana-
lyzed by SDS-PAGE and UV spectroscopy. The labeling yield
(∼100%) was estimated from the ratio of the OD of tyrosine and
tryptophan at 280 nm (extinction coefficient ε = 29,450 M/cm
for PHFAPP, ε = 45,045 M/cm for C2Lact) and NBD at 495 nm (ε =
25,000 M/cm).

Purification of 3xFLAG-ORDORP10 protein for ligand deter-
mination was performed as described below. Expi293F cells
(Thermo Fisher Scientific) transfected with the plasmid encod-
ing 3xFlag-ORDORP10 were harvested and lysed in lysis buffer
(20 mM Tris-HCl, pH 8.0, containing 150 mM NaCl-halt inhib-
itor cocktail; Thermo Fisher Scientific) by applying three
freeze–thaw cycles. Soluble lysates thus obtained were affinity
purified with agarose conjugated with anti-DDDDK-tag anti-
bodies (MBL), and proteins were eluted using an excess amount
of FLAG peptide (MBL). The eluted proteins were concentrated
and further purified using gel filtration chromatography on a 16/
60 Superdex 75 Increase 10/300 GL column (Cytiva) attached to
the ÄKTA pure purification system (Cytiva) as described above.

Production of antibody against ORP10
Rabbit ORP10 antiserum was raised against ORP10 frag-
ment corresponding to residues 268–374 (ORP10268-374) by Eve
Bioscience Co. Ltd. Sera obtained from the final blood samples
were diluted, and Western blotting was used to detect human
ORP10.
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Cell culture and transfection
HeLa (kindly provided by Tomotake Kanki, Niigata University,
Niigata, Japan), Cos7 (kindly provided by Pietro De Camilli), or
HEK293T (kindly provided by Michiyuki Matsuda, Kyoto Uni-
versity, Kyoto, Japan) cells were maintained at 37°C with 5% CO2

in DMEM (Fujifilm) supplemented with 10% FBS (Gibco). Plas-
mids were transfected using either FuGENE HD Transfection
Reagent (Promega) or Polyethylenimine Max (Polyscience Inc.)
following the manufacturer’s instructions. For gene silencing,
siRNAs were transiently transfected using Lipofectamine
RNAiMAX transfection reagent (Invitrogen). The final concen-
tration of siRNA duplexes was 10 nM. For rapamycin-induced
dimerization, cells were incubated with 250 nM rapamycin at
37°C.

CRISPR/Cas9-mediated genome engineering
To establish the ORP10 KO cell line, HeLa cells were co-
transfected with a plasmid encoding gRNA for human ORP10
(pX330A-1x2 ORP10 v1) and a plasmid containing puromycin
resistance gene using FuGENE HD according to the manu-
facturer’s instructions, and the cells were subjected to puro-
mycin selection 24 h later. Selected cells were plated on 96-well
plates at a density of one cell per well. Clones were identified
using Sanger sequencing of genomic PCR products and Western
blotting using anti-ORP10 antibody.

To establish the ORP9 KO cell line, we used the same protocol
used above for ORP10 KO, except a plasmid encoding gRNA for
human ORP9 (pX330A-1x2 ORP9) for transfection and anti-
ORP9 antibody for Western blotting.

Regarding ORP10-3xHA KI, for endogenous tagging of ORP10
with 3xHA, the CRISPR/Cas9-based PITCh system (Sakuma
et al., 2016) was used in this study. HeLa cells were co-
transfected with the plasmid encoding Cas9 nuclease, PITCh-
gRNA, and ORP10-gRNA (all-in-one CRISPR-Cas9 vector
ORP10) and a plasmid for microhomology-mediated DNA repair
[CRIS-PITCh(V2)-ORP10]. After 72 h, these cells were subjected
to puromycin selection. Selected cells were plated on 96-well
plates at a density of one cell per well. Clones were identified
using Sanger sequencing of genomic PCR products andWestern
blotting using anti-HA antibody.

Immunofluorescence microscopy and live-cell imaging
Cells seeded on coverslips coated with polyethyleneimine were
fixed for 30 min using 4% PFA on ice, quenched with 50 mM
NH4Cl, permeabilized with blocking buffer (5% normal goat
serum, 0.1% saponin in PBS) for 60 min, and incubated with
primary antibodies diluted in blocking buffer overnight at 4°C.
After five washes with PBS, the cells were incubated with sec-
ondary antibodies or rhodamine phalloidin diluted in a blocking
buffer for 1 h, followed by fivewashes with PBS, andmounted on
glass slides with ProLong Diamond (Invitrogen). For the anti-Tac
antibody uptake assay, HeLa cells transfected with Tac-CI-
M6PR-tail were transferred to a well containing ice-cold DH
buffer (DMEM supplemented with 20 mM Hepes and 1% FCS)
for 15 min. Surface Tac-CI-M6PR-tail was incubated for 30 min
in cold DH buffer–containing anti-Tac (anti–IL-2Rα) antibody.
The coverslips werewashed twice with ice-cold PBS, transferred

to a prewarmed growth medium, and returned to the incubator
for 60 min to allow uptake of the antibody. At the endpoint of
the assay, the cells were washed, fixed, and immunostained with
anti–Golgin 97 antibody and then incubated with fluorescent
anti-mouse and anti-rabbit antibodies. For live imaging, trans-
fected cells were seeded on glass-bottomed dishes coated with
polyethyleneimine and imaged using Leibovitz’s L15 medium
(Gibco) supplemented with 10% FBS at 37°C. Fluorescence im-
ages were acquired using a confocal laser scanning microscope
(FV3000; Olympus) equipped with gallium arsenide phosphide
detectors (two-channel high-sensitivity spectral detector and
two-channel spectral detector), an incubation chamber (IX83HB;
TOKAI HIT), and a 100× oil objective lens (1.4 NA, UPlanSAPO;
Olympus).

Image analysis
Confocal images were analyzed using Fiji and CellSens (Olym-
pus). For colocalization studies, Pearson’s correlation (measur-
ing correlation in variations between two channels) was
measured using the method of Costes to set automatic thresh-
olds. For image deconvolution, CellSens Dimension software
version 2.1 (Olympus) was used. A constrained iterative 3D
deconvolution module with advanced maximum likelihood
estimation algorithm was employed. For quantification of GFP-
SNX1–positive endosomal tubule fission (Fig. 7), tubules (de-
fined as linear structures having a length >1 µm)weremeasured.
The number of fission events for quantification of times required
for completion of tubule fission was as follows: n = 35 from 11
cells for control, n = 44 from 16 cells for ORP10 KO, n = 33 from 12
cells for ORP10Full, n = 21 from 10 cells for ORP10ΔORD, n = 25 from
10 cells for ORP9. For quantification of the traffic of Tac-CI-
M6PR (Fig. 6), images were subjected to background correction,
and the internalized fluorescence intensity of Tac-CI-M6PR was
measured by manually selecting an area covering the whole cell.
Vesicular fluorescence intensity was obtained by subtracting
fluorescence intensity in the Golgi complex from total fluores-
cence intensity. Data are presented as vesicular/Golgi fluores-
cence ratio from each cell (n ≥ 6 cells). For quantification of
endosomal PI4P and PS probes (Fig. 4 B), cells were transfected
with GFP-OSBP-PH or mCherry-LactC2, and the vesicles con-
taining fluorescent signals, which were confirmed to colocalize
with PI4KIIα in a separate experiment, were manually selected
(region of interest [ROI]). Mean fluorescence pixel intensity in
the ROI was calculated and normalized by the mean fluorescence
pixel intensity of the background (cytoplasm) to adjust for dif-
ferences in expression levels (n = 11 cells). For quantification of
endosomal PI4P and PS levels (Fig. 5, B and C), control, ORP10
KO, or ORP9 KO cells were transfected with GFP-OSBP-PH or
mCherry-LactC2, and the vesicles containing fluorescent signals
were manually selected (ROI). Mean fluorescence pixel intensity
in the ROI was calculated and normalized by the mean fluores-
cence pixel intensity of the background (cytoplasm) to adjust for
differences in expression levels. The number of endosomes for
PS quantification in Fig. 5 B was as follows: n = 136 from 11 cells
for control, n = 131 from 17 cells for ORP10 KO, n = 112 from 13
cells for ORP9 KO. The number of endosomes for PI4P quanti-
fication in Fig. 5 B was as follows: n = 168 from 20 cells for
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control, n = 157 from 21 cells for ORP10 KO, n = 149 from 17 cells
for ORP9 KO. The number of endosomes for PS quantification in
Fig. 5 C was as follows: n = 78 from 35 cells for GFP, n = 145 from
17 cells for ORP10Full, n = 90 from 11 cells for ORP10ΔORD, n = 73
from 10 cells for ORP10ΔPH, n = 120 from 12 cells for ORP9. For
quantification of EHD1 on SNX1-positive endosomes (Fig. 7 A and
Fig. S4 A), cells were immunostained with antibodies against EHD1
and SNX1, or cells transfected with GFP-EHD1 were subjected to
immunofluorescence staining with anti-SNX1 antibody. SNX1-
positive endosomes were marked as the ROI, and the fluorescence
intensities of endogenous EHD1 or GFP-EHD1 were measured in
each ROI. Mean fluorescence pixel intensity in the ROI was
calculated and normalized using the mean fluorescence pixel
intensity of the background to adjust for differences in expres-
sion levels (n ≥ 10 cells). To quantify the colocalization of M6PR
and EEA1 (Fig. 8, A and B), Pearson’s correlation (measuring the
correlation between two channels) was measured (n ≥ 20 cells).

Acute phosphoinositide depletion by the rapamycin-based
FKBP/FRB dimerization system
Cells expressing GFP-2xFyve, GFP-OSBP-PH, 2xPHORP10-AcGFP
or AcGFP-ORP10, mScarlet-FKBP-MTM1 or mScarlet-FKBP-
Sac1dSac2/INPP5F, and iRFP-FRB-Rab5 or iRFP-FRB-Rab7 were
imaged before and after the addition of 250 nM rapamycin. For
quantification of PI3P, PI4P, PHORP10, and ORP10 probes on en-
dosomes, endosomes containing iRFP signals were marked as
the ROI, and the fluorescence intensities of GFP-2xFyve, GFP-
OSBP-PH, 2xPHORP10-AcGFP, or AcGFP-ORP10 were measured
in each ROI, respectively (Sac1dSac2/INPP5F recruitment for 2xPHORP10,
n = 11 cells; MTM1 recruitment for 2xPHORP10, n = 11 cells;
Sac1dSac2/INPP5F recruitment for OSBP-PH, n = 9 cells; MTM1
recruitment for 2xPHFyve, n = 11 cells; Sac1dSac2/INPP5F re-
cruitment for GFP-ORP10, n = 7 cells).

In situ lipid exchange assay
Cos7 cells expressing GFP-OSBP-PH or mCherry-LactC2, BFP-
FKBP-ORP10-ORD, ORP9-ΔORD-FRB-iRFP, and HA-VAPB were
imaged before and after the addition of 250 nM rapamycin. For
quantification of PI4P and PS probes on endosomes tethered to ER by
ORP9-ΔORD-FRB-iRFP/VAPA, endosomes containing iRFP signals
were marked as the ROI, and the fluorescence intensities of GFP-
OSBP-PHormCherry-LactC2weremeasured in eachROI (n= 11 cells).

Liposome preparations
Lipids weremixed in a glass vial and dried to form a film under a
stream of N2 gas. After further drying in a vacuum for 1 h, the
lipid film was rehydrated in 50 mM Hepes, pH 7.2, 120 mM
potassium acetate (HK buffer). The suspensionwas processed by
applying five freeze–thaw cycles and extruded through a poly-
carbonate filter (pore size 200 nm) using aminiextruder (Avanti
Polar Lipids). Liposomes were stored at 4°C and in the dark
when containing fluorescent lipids and used within 48 h.

In vitro lipid transport assay
An in vitro lipid transport assay was performed as previ-
ously described (Moser von Filseck et al., 2015) with slight
modifications.

For the PI4P transport assay, donor liposome LB (200 µM
total lipids) containing 2% Rhod-PE and 4% PI4P in HKM (HK +
1 mM MgCl2) buffer solution was mixed with NBD-PHFAPP at a
final concentration of 250 nM. The accessible PI4P concentra-
tion in the outer leaflet of liposomemembranes was 4 µM. Then,
1 min later, acceptor liposome LA (200 µM total lipids) composed
of only PC or PC + 5% PS was mixed to make a transport assay
mixture. An aliquot was immediately transferred to a well (100
µl/well, total of 3 wells for triplicate measurements) in a 96-well
plate, and the fluorescence measurements were started. After
3 min, purified ORD (either ORP8 or ORP10) was mixed with the
rest of the assay mixture at a final concentration of 200 nM, and
then an aliquot was immediately transferred to the other well
(100 µl/well, total of 3 wells for triplicate measurements) in the
same 96-well plate for fluorescence measurement. The NBD
fluorescence, which reflects the transport of PI4P to acceptor
liposome LA, was measured with a Tecan SPARK every 15 s with
the followingmeasurement parameters/conditions: excitation at
460 nm (5-nm bandwidth), emission at 530 nm (10-nm band-
width), vigorous shaking every 15 s, temperature 30°C. To de-
termine the amount of PI4P transported to liposome LA by ORD
protein, we normalized the NBD fluorescence as follows. We
measured the NBD fluorescence (Feq) that corresponds to a sit-
uation where PI4P is fully equilibrated between liposomes (by
maximum transport). NBD-PHFAPP (250 nM) was mixed with
liposome LA and LB (200 µM total lipid each) with a lipid com-
position similar to that of liposomes used for the transport assay,
except that each contains 2% PI4P. The fraction of PI4P in the
outer leaflet of liposome LB, PI4PB/PI4PTotal, was equal to the
fraction of PHFAPP on liposome LB and corresponded to FNorm =
0.5 × (F − F0/Feq − F0) with F0 corresponding to the NBD fluo-
rescence before the addition ORD protein. The amount of PI4P
(in µM) transported to liposome LA corresponds to 4 × FNorm.
Three independent experiments were performed in triplicate.

For the PS transport assay, donor liposome LA (200 µM total
lipids) containing 2% Rhod-PE and 5% PS inHKMbuffer solution
was mixed with NBD-C2Lact at a final concentration of 250 nM.
The accessible PS concentration in the outer leaflet of liposome
membranes was 5 µM. Then, 1 min later, we mixed acceptor
liposome LB (200 µM total lipids) composed of only PC or PC +
4% PI4P to make a transport assay mixture. An aliquot was
immediately transferred to a well (100 µl/well, total of three
wells for triplicate measurements) in a 96-well plate, and the
fluorescence measurements were started. After 3 min, purified
ORD (either ORP8 or ORP10) was mixed with the rest of the
assay mixture at a final concentration of 200 nM, and then an
aliquot was immediately transferred to the other well (100 µl/
well, total of three wells for triplicate measurements) in the
same 96-well plate for fluorescence measurement. The NBD
fluorescence, which reflects the transport of PS to liposome LB,
was measured with a Tecan SPARK as described above for
PI4P transport assay. To determine the amount of PS trans-
ported to liposome LB by ORD protein, we normalized the NBD
fluorescence with a similar method for that of PI4P described
above. Namely, we measured the NBD fluorescence (Feq) that
corresponds to a situation where PS is fully equilibrated be-
tween liposomes (by maximum transport). NBD-C2Lact (250 nM)
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was mixed with liposome LA and LB (200 µM total lipid each)
with a lipid composition similar to that of liposomes used for the
transport assay, except that each contained 2.5% PS. The fraction
of PS in the outer leaflet of LA liposome, PSA/PSTotal, was equal to
the fraction of C2Lact on liposome LA and corresponded to FNorm =
0.5 × (F − F0/Feq − F0), with F0 corresponding to the NBD fluo-
rescence before the addition ORD protein. The amount of PS (in
µM) transported to liposome LB corresponded to 5 × FNorm.
Three independent experiments were performed in triplicate.

Coimmunoprecipitation
HEK293T cells were transfected with plasmids using Poly-
ethylenimine Max. Cells were lysed in immunoprecipitation
buffer (50 mM Tris-HCl, 0.5% NP-40, 1 mM PMSF, 1× cOmplete
ULTRA EDTA-free [Sigma-Aldrich], and PhosSTOP [Sigma-
Aldrich]) 24 h after transfection. The lysates thus obtained were
centrifuged at 13,000 ×g for 15 min at 4°C, and the supernatants
were incubated with anti-GFP antibody and protein G Mag Se-
pharose (Cytiva) for 1 h at 4°C. Beads werewashed three times with
the immunoprecipitation buffer, and the bound proteins were
eluted in an SDS-PAGE sample buffer. The eluates were loaded onto
a 10% acrylamide gel for SDS-PAGE followed by immunoblotting.

Identification of ORP10-binding protein(s)
For immunoprecipitation, parental control cells or ORP10 3xHA
KI HeLa cells were lysed in immunoprecipitation buffer (20 mM
Hepes-KOH, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1× cOm-
plete ULTRA EDTA-free [Sigma-Aldrich], and phosphatase in-
hibitor [Fujifilm]) and subjected to immunoprecipitation using
anti-HA magnetic beads (Thermo Fisher Scientific). The beads
were washed twice with 10 mM Hepes-KOH, pH 7.5, containing
150 mM NaCl and 0.1% Triton X-100 and eluted with 100 mM
glycine, pH 2.0. The eluates were subjected to TCA precipitation.
Precipitated proteins were pelleted using centrifugation and
washed with acetone. The protein pellets were solubilized in
0.1 M ammonium bicarbonate, pH 8.8, containing 0.05% decyl
β-D-glucopyranoside, reduced using 5 mM tris(2-carboxyethyl)
phosphine (Thermo Fisher Scientific), and subsequently alky-
lated using 10 mM iodoacetamide. After alkylation, the samples
were digested using lysyl-endopeptidase (Fujifilm) for 3 h at
37°C, followed by N-p-Tosyl-L-phenylalanine chloromethyl ke-
tone (Sigma-Aldrich) for 12 h at 37°C.

For MS, digested samples were analyzed using a nanoscale
liquid chromatography–tandem MS (LC-MS/MS) system as
previously described (Natsume et al., 2002). The peptide mix-
ture was applied to a Mightysil-PR-18 (Kanto Chemical) fritless
column (45 × 0.150–mm inner diameter) and separated using a
0‒40% gradient of acetonitrile containing 0.1% formic acid for
80 min at a flow rate of 100 nl/min. Eluted peptides were
sprayed directly into a Triple TOF 5600+ system (SCIEX). MS
and MS/MS spectra were obtained using the information-
dependent acquisition mode. Up to 25 precursor ions above an
intensity threshold of 50 counts/s were selected for MS/MS
analyses from each survey scan. All the MS/MS spectra were
searched against protein sequences of the National Center for
Biotechnology Information nonredundant human protein
dataset (NCBInr RefSeq Release 71, containing 179,460 entries)

using the Protein Pilot software package (SCIEX). Protein
quantification was performed using the intensity-based ab-
solute quantification method (Schwanhäusser et al., 2011)
without conversion to absolute amounts using universal
proteomics standards (iBQ). The iBQ value was calculated by
dividing the sum of the ion intensities of all the identified
peptides of each protein by the number of theoretically
measurable peptides.

Ligand determination for ORP10
Sample preparation for LC-MS/MS for phosphatidylinositol
phosphates (PIPs)
Purified 3xFlag-ORDORP10 proteins were mixed with 700 µl of
methanol containing C8:0/C8:0 PI(4,5)P2 to prevent adsorption
of phosphoinositides on glassware. After addition of the surro-
gate internal standard mixture containing C17:0/C14:1-PI, C17:0/
C20:4-PI3P, C17:0/C20:4-PI4P, C17:0/C20:4-PI5P, C17:0/C20:4-
PI(3,4)P2, C17:0/C20:4-PI(3,5)P2, 17:0/20:4-PI(4,5)P2, and 17:0/
20:4-PI(3,4,5)P3 at 10 pmol each, the samples were subjected to
lipid extraction with methanol: 2 M HCl:chloroform (1:2:4). The
organic phase was loaded onto a diethylaminoethylcellulose
column (Santa Cruz Biotechnology), which was washed se-
quentially with 3 ml of chloroform:methanol (1:1) and 2 ml of
chloroform:methanol:saturated (28%) ammonia:glacial acetic
acid (200:100:3:0.9), followed by 1.5 ml chloroform:methanol:
12 M HCl:water (12:12:1:1) to elute acidic phospholipids. After a
methylation reaction according to the method proposed by Clark
et al. (2011), the derivatives were dried under a stream of N2 gas,
and the residues were dissolved in 36 µl of methanol/70% eth-
ylamine/water (100:0.065:33).

MS for PIPs
LC-MS/MS was performed with an LC system connected to
a triple-stage quadrupole mass spectrometer (QTRAP 6500;
SCIEX). We used a new HPLC-MS method (unpublished data) to
analyze C32:0; C32:1; C34:0; C34:1; C34:2; C36:0; C36:1; C36:2,
C36:3; C36:4; C38:3; C38:4; C38:5; C38:6; C40:4; C40;5; C40:6
species of phosphoinositides in the immunoprecipitates, and the
combined total of all species measured is presented in Figs. 3 A
and S2 A. Amounts of the species in each class were calculated
based on those of the class-matched C31:1 PI or C37:4 phos-
phoinositides added to the samples as surrogate internal stand-
ards before lipid extraction and methylation procedures.

Statistics and reproducibility
All data are presented as the mean ± SEM. GraphPad Prism 4
(GraphPad Software) was used for statistical analysis. The two-
tailed t test was used to evaluate statistical significance between
two groups of samples. For multiple comparison analyses, one-
way ANOVA followed by Tukey’s least significant difference
multiple comparison test was used. P < 0.05 was considered
statistically significant.

Online supplemental material
Fig. S1 shows the localization of ORP10 at endosomes and the
ER–endosome MCSs. Fig. S2 shows the ORDORP10 ligand and its
lipid countertransport activity. Fig. S3 shows acute recruitment
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of ORDORP10 to ER–endosome MCSs. Fig. S4 shows EHD1 and
other regulators for retrograde membrane trafficking at endo-
somes in ORP10 KO cells. Fig. S5 shows schematic summary for
ORP10-medated lipid countertransport and its role in retrograde
membrane trafficking. Table S1 shows the antibodies used in
this study. Table S2 shows the plasmids constructed in this
study. Video 1 shows endosome fission in a control HeLa cell.
Video 2 shows endosome fission in an ORP10 KO HeLa cell.
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Figure S1. Localization of ORP10 at endosomes and the ER–endosome MCSs. (A and B) Representative images of Cos7 cells expressing GFP-ORP10 and
mScarlet-PI4KIIα (A) or RFP-Sec61β (B). Scale bars, 5 µm (full size) and 1 µm (inset). (C) Colocalization of endogenous ORP10 (ORP10-3xHA) with Rab5 (GFP-
Rab5) or Sac2 (GFP-INPP5F-D460A) and its quantification (percentage colocalization; n ≥ 10 cells). Scale bar, 1 µm. (D and E) Representative images showing
endosomal localization of OSBP PH domain (OSBP-PH) before (0 min) or after (5 min) addition of rapamycin (Rapa.) to recruit FKBP fused with Sac1 domain
from Sac2/INPP5F by Rab7-FRB (D) and its kinetics (E; mean ± SEM; n = 9 cells). Scale bars, 5 µm (full size) and 1 µm (inset). (F and G) Representative images
showing endosomal localization of HRS Fyve domain (2xFYVE) before (0 min) or after (5 min) addition of rapamycin to recruit FKBP fused with MTM1 by Rab7-
FRB (F) and its kinetics (G; mean ± SEM; n = 11 cells). Scale bars, 5 µm (full size) and 1 µm (inset). (H and I) Representative images showing endosomal
localization of ORP10 before (0 min) or after (5 min) recruitment of FKBP fused with Sac1 domain from Sac2/INPP5F by FRB-Rab7 (H) and its kinetics (I; mean ±
SEM; n = 7 cells). Scale bars, 5 µm (full size) and 1 µm (inset). (J)Western blotting of cells transfected with siRNA for control (siCont), VAPA (siVAPA), or VAPB
(siVAPB) by antibodies indicated. (K and L) Localization of AcGFP-ORP10 in control (Cont) or VAPA/VAPB double-KD (DKD) cells (K) and its quantification (the
number of ORP10-positive endosomal structures associated with the ER). In L, n = 11 cells for control, n = 11 cells for VAPA/B DKD. Scale bars, 5 µm (full size)
and 1 µm (inset). ****, P < 0.0001.
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Figure S2. ORDORP10 ligand and its lipid countertransport activity. (A) Phosphoinositide species in Expi293F cells (107 cells) detected by MS (mean ± SEM;
n = 3 independent experiments). (B) Coomassie Brilliant Blue–stained SDS-PAGE gel of ORDORP8 proteins purified from E. coli. (C) Kinetic curves of transport of
PS (µM) to acceptor liposomes doped with only PC (gray) or PC + PI4P (red) by ORDORP8. (D) Kinetic curves of transport of PI4P (µM) to acceptor liposomes
doped with only PC (gray) or PC + PS (blue) by ORDORP8. (E) Coomassie Brilliant Blue–stained SDS-PAGE gel of ORDORP10 proteins purified from E. coli.
(F) Kinetic curves of transport of PS (µM) to acceptor liposomes doped with only PC (gray) or PC + PI4P (red) by ORDORP10. (G) Kinetic curves of transport of
PI4P (µM) to acceptor liposomes doped with only PC (gray) or PC + PS (blue) by ORDORP10 (mean ± SD; n = 3 independent experiments).
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Figure S3. Acute recruitment of ORDORP10 to ER–endosome MCSs. (A and B) Live-cell confocal microscopic images showing acute recruitment of
mScarlet-FKBP-ORDORP10 from cytosol (0 min) to the ER–endosome MCSs tethered by ORP9-ΔORD-FRB-iRFP (5 min) upon addition of 250 nM rapamycin
(Rapa.; A) and its kinetics (B; mean ± SEM; n = 11 cells). Scale bar, 5 µm. (C and D) Representative snapshot images of confocal live microscopy showing PI4P
levels (GFP-OSBP-PH; upper) or PS levels (mRFP-LactC2; lower) before (0 min) and after (5 min) acute recruitment of ORDORP10-HHAA to ER–endosome MCSs
(C) and its quantification (D; mean ± SEM; n = 11 cells). Scale bars, 5 µm (full size) and 1 µm (inset).
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Figure S4. EHD1 and other regulators for retrograde membrane trafficking at endosomes in ORP10 KO cells. (A) Confocal microscopic images of
control (Cont) or ORP10 KO cells showing localization of endogenous EHD1 and SNX1. Scale bars, 5 µm (full size) and 1 µm (inset). (B) Quantification of EHD1
fluorescence (Fluo.) at SNX1-positive endosomes shown in A (mean ± SEM; n = 40 cells). (C–F) Representative immunofluorescence images of endogenous
EEA1 and F-actin (C), VPS35 (D), or SNX1 (E), and endogenous SNX1 and transiently expressed GFP-FAM21 (F) in control (Cont) or ORP10 KO HeLa cells. Scale
bars, 5 µm (full size) and 1 µm (inset). (G)Western blotting of cells transfected with siRNA for control (siCont) or EHD1 (siEHD1-1) by antibodies as indicated.
(H) Quantification of times required for completion of tubule fission in cells transfected with siRNA for control (siCont) or EHD1 (siEHD1-1; mean ± SEM; n = 35
fission events from 11 cells for control, n = 26 fission events from 13 cells for EHD1 KD). ****, P < 0.0001.
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Table S1 and Table S2 are provided online as separateWord files. Table S1 shows the antibodies used in this study. Table S2 shows
the plasmids constructed in this study.

Figure S5. Schematic summary for ORP10-medated lipid countertransport and its role in retrograde membrane trafficking. PI4KIIα-mediated PI4P
production at endosomes leads to MCS formation by ORP10, ORP9, and VAP. ORP10 mediates countertransport of PI4P and PS at the ER–endosome MCSs,
which results in conversion of PI4P to PS at endosomes. A pool of PS then recruits EHD1, a dynamin-like ATPase, at endosomes, thereby promoting endosome
fission during retrograde trafficking. See text for details.
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