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A B S T R A C T   

Oxysterol-binding protein (OSBP)-related protein (ORP) 6, a member of subfamily III in the ORP family, localizes 
to membrane contact sites between the endoplasmic reticulum (ER) and other organelles and functions in non- 
vesicular exchange of lipids including phosphatidylinositol-4-phosphate (PI4P) in neurons. In this study, we 
searched for the lipid counter-transported in exchange for PI4P by using molecular cell biology techniques. 
Deconvolution microscopy revealed that knockdown of ORP6 partially shifted localization of a phosphati-
dylserine (PS) marker but not filipin in primary cultured cerebellar neurons. Overexpression of ORP6 constructs 
lacking the OSBP-related ligand binding domain (ORD) resulted in the same shift of the PS marker. A PI4KIIIα 
inhibitor specifically inhibiting the synthesis and plasma membrane (PM) localization of PI4P, suppressed the 
localization of ORP6 and the PS marker at the PM. Overexpression of mutant PS synthase 1 (PSS1) inhibited 
transport of the PS marker to the PM and relocated the PI4P marker to the PM in Neuro-2A cells. Introduction of 
ORP6 but not the dominant negative ORP6 constructs, shifted the localization of PS back to the PM. These data 
collectively suggest the involvement of ORP6 in the counter-transport of PI4P and PS.   

1. Introduction 

Non-vesicular lipid transport by lipid transfer proteins commonly 
occurs at membrane contact sites (MCSs) where different organelles 
come in close contact [1]. In mammalian cells, cholesterol and phos-
pholipids are critical components of cellular membranes, forming 
distinct compositions on each membranous organelle and contribute to 
cell signaling [2] and vesicular trafficking [3]. Cholesterol and phos-
pholipids, such as phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylserine (PS) and phosphatidylinositol (PI) are synthesized 
mainly in the ER or mitochondria and are transported to other organ-
elles through vesicular or non-vesicular transport [4,5]. 

Members of the Oxysterol-binding protein (OSBP)-related protein 
(ORP) family are known to localize at MCSs and are involved in the 
transport of specific lipids between organelles [1,6]. Constituents of the 
ORP family have a common structure； an OSBP-related ligand binding 
domain (ORD) in the C-terminal region, the pleckstrin homology (PH) 
domain in the N-terminal region and the two phenylalanines in an acidic 
tract (FFAT) motif between these two domains [1]. These domains 
function in cargo lipid interaction, non-ER membrane targeting, and ER 

membrane localization via vesicle-associated membrane 
protein-associated protein (VAP), respectively [7]. The ORP family 
consists of 12 proteins and is divided into six subfamilies [8]. OSBP is the 
first molecule to be identified in the ORP family. It forms a homodimer 
and localizes to the ER-Golgi MCS where it has a role in the 
counter-transport of PI4P and cholesterol from the Golgi apparatus to 
the ER and from the ER to the Golgi apparatus, respectively [1,9,10]. 

ORP6 is a member of subfamily III along with ORP3 and ORP7. Orp6 
mRNA is abundant in brain and skeletal muscle [11]. ORP6 has also 
been reported to be involved in the transport of cholesterol between the 
ER and endosomes in macrophages [12]. ORP6 has been identified in 
genome-wide, family-based association analysis of Alzheimer’s disease 
[13] and is implicated in autism [14]. We have previously reported that 
endogenous ORP6 is associated with the ER in neurons and exogenous 
ORP6 localized to the ER, and ER-plasma membrane (PM) contact sites 
in cultured cerebellar cells [15]. Overexpression of the ORP6 interme-
diate region between the PH and ORD domains (ORP6 int) blocks the 
localization of ORP6 at the PM and partially shifted localization of OSBP 
PH domain, a PI4P marker to the PM, suggesting the involvement of 
ORP6 in the turnover of PI4P at ER-PM contact sites. Further investi-
gation of the intracellular function of ORP6 in neuronal lipid transport is 
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imperative for elucidation of involvement in neuro-pathogenesis. 
In the present study, we searched for lipids transported in exchange 

for PI4P by ORP6. Knockdown of ORP6 with specific RNAi or over-
expression of dominant negative constructs of ORP6 lacking the lipid- 
binding ORD domain caused the accumulation of a PS marker in the 
cytoplasm. Blocking synthesis of PI4P at the PM by a PI4KIIIα inhibitor 
changed the distribution of ORP6 as well as PS. Furthermore, inhibition 
of PS synthesis at the ER affected the distribution of PI4P at the PM and 
reduced PS presence at the PM. Introduction of ORP6 but not the 
dominant negative ORP6 int, alleviated the influence of PS synthesis 
inhibition and returned PS localization back to the PM. Our data 
collectively suggest the involvement of ORP6 in the counter-transport of 
PI4P and PS at ER-PM contact sites. 

2. Materials and methods 

2.1. cDNA constructs 

Full length ORP6 and constructs were obtained as previously 
described [15]. Briefly, the full-length ORF of mouse Orp6 cDNA 
(NM_001290733.1) was obtained by PCR by using mouse brain cDNA as 
a template. The full-length ORF, the PH domain flanked by four amino 
acids (amino acids 83–187), intermediate region (amino acids 184–594; 
ORP6 int), truncated form lacking the ORD (ORP6 ΔORD) were cloned 
into the pEGFP-C1 (Clontech, Mountain View, CA) and pTagRFP-C 
(Evrogen, Moscow, Russia) vectors, positioning the inserted protein 
C-terminally and attaching fluorescent proteins or tags to the N-terminal 
[15]. The single or two tandem PH domains of Osbp (M86917, amino 
acids 87–189) and the C2 domain of Lactadherin (Lact C2 domain, 
AK171143) were cloned into the pTagRFP-C vector. Full-length mouse 
Pss1 (NM_008959.3) and mutant Pss1 enzyme (L265P) were cloned into 
pEGFP-C1 and Halo Tag (Promega, Madison, WI) vectors. Halo Tag 
fusion proteins were labeled using Coumarin Ligand. The dye was added 
to the media and rinsed once. Cell-right ER-RFP marker cDNA and 
LysoTracker Deep Red were purchased from Molecular probes (Eugene, 
OR). Cell-right ER-RFP is an expression vector encoding a fusion protein 
comprised of RFP with the calreticulin ER insertion sequence and the 
KDEL tetrapeptide retention sequence. Markers for the trans-Golgi 
membrane, early endosome, and PM were constructed using beta 1, 
4-galactosyltransferase (GalT, NM_022305), Rab4a (NM_009003), 
Snap25 (NM_001291056), respectively. GalT was cloned into 
pEGFP-N1. Rab4a and Snap25 were cloned into pEGFP-C1 [15]. 

2.2. Cell culture 

Neuro-2A cells were cultured in DMEM (Sigma-Aldrich, St. Louis, 
MO) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 
Scientific) at 37 ◦C under 5% CO₂. Cerebellar granule cells were 
extracted from 7-day-old ICR mice (Japan SLC, Inc., Shizuoka, Japan) in 
accordance with the Animal Care and Use Committee of Jichi Medical 
University and the ARRIVE guidelines, as described previously [15]. 
Briefly, mice were anesthetized with vaporized 30% isoflurane and then 
decapitated, and the cerebella were excised and treated with 
trypsin-EDTA (Thermo Fisher Scientific, Bothell, WA) for 7 min at room 
temperature. Dissociated cells were rinsed with HBSS (Wako Pure 
Chemical Industries, Osaka, Japan) three times and then plated into 
4-compartment glass-bottom culture dishes (Greiner Bio-one, Krems-
münster, Austria) at a concentration of 4 × 10⁴/ml cells per well. Cells 
were kept in 0.5 ml Neurobasal Medium (Thermo Fisher Scientific) 
supplemented with B27 supplement (Thermo Fisher Scientific). 

2.3. Transfection and image acquisition, analysis 

Neuro-2A cells and cerebellar granule cells at DIV 4 were transfected 
using Lipofectamine LTX Plus Reagent (Thermo Fisher Scientific) ac-
cording to the manufacturer’s directions. The cells were imaged by using 
DeltaVision Elite Microscopy System (GE Healthcare, Brier, WA). A pre- 
designed Stealth RNAi (MSS235331, Thermo Fisher Scientific) was used 
to knockdown ORP6. FITC labeled oligos or unconjugated RNA were 
used as negative control (Block-it Fluorescent Oligo or Stealth RNAi 
siRNAi Negative Control, Thermo Fisher Scientific). RNAi targeting 
ORP6 decreased the expression of ORP6 to 12.0 ± 4.8% and 9.9 ± 8.8%, 
24 and 48 h after transfection, respectively, compared to control oligos 
[15]. RNAi transfected cells were imaged 24 h after transfection. 

2.4. Filipin staining 

Cholesterol in cultured cells was analyzed by filipin (Sigma-Aldrich) 
staining in accordance with a previous report [16]. Cells were washed 
with phosphate-buffered saline (PBS, Sigma-Aldrich) three times and 
were fixed with 4% paraformaldehyde (PFA, Merck, Burlington, MA) in 
PBS for 1 h at room temperature. Cells were washed with PBS three 
times and then residual PFA was quenched with 1.5 mg/ml Glycine 
(Wako Pure Chemical Industries) in PBS for 10 min at room tempera-
ture. Cells were incubated with 50 μg/ml filipin in PBS containing 10% 
FBS for 2 h at room temperature and were washed with PBS three times. 

2.5. Treatment with PI4KIIIα inhibitor 

Neuro-2A cells in Leibovitz’s 15 medium (Thermo Fisher Scientific) 
were treated with 100 nM PI4KIIIα inhibitor (SML2453, Sigma-Aldrich) 
in dimethyl sulfoxide (DMSO, final concentration 0.1%). The cells were 
imaged before and after treatment with PI4KIIIα inhibitor by using the 
DeltaVision Elite Microscopy System. The total amount of PI4P and PS 
on the PM of cells was observed by acquiring images at 0.5 μm intervals 
in the z-axis direction for a total of 5 μm to ascertain reduction at the PM 
of the whole cell. 

2.6. Statistical analysis 

For knockdown experiments, cultured cerebellar neurons were 
transfected with the Lact C2 domain together with either control RNA or 
RNAi targeting ORP6 (control; n = 105, RNAi; n = 107) and were 
categorized into three groups based on the signal intensity of Lact C2 
domain at the PM and accumulation in the cytoplasm; cells with PM 
maximum fluorescence intensity of more than four hundred arbitrary 
units (a. u.) (PM > 400 a. u.), cells with PM maximum fluorescence of 
less than four hundred a. u. containing only small puncta in the cyto-
plasm (PM < 400 a. u.) and cells with PM maximum fluorescence of less 

Abbreviations 

DIV days in vitro 
ER endoplasmic reticulum 
FFAT two phenylalanines in an acidic tract 
GalT 1,4-galactosyltransferase 
Lact Lactadherin 
MCS membrane contact site 
ORD OSBP-related ligand binding domain 
ORP oxysterol binding protein-related protein 
OSBP oxysterol-binding protein 
PH pleckstrin homology 
PI4KIIIα phophtidylinositol 4-kinase type IIIα 
PI4P phophtidylinositol-4-phosphate 
PM plasma membrane 
PS phosphatidylserine 
PSS1 PS synthase 1 
RAB4A Ras Related Protein 4a 
SNAP25 synaptosome associated protein 25 
VAP vesicle-associated membrane protein-associated protein  
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than four hundred a. u. containing puncta with a diameter greater than 
1 μm (PM < 400 a. u. with accumulation). Data were collected from 
seven independent experiments and the percentage of each three groups 
are shown as the mean ± SE, respectively. The results were statistically 
analyzed using Welch’s t-test. A P value of less than 0.05 was considered 
statistically significant [15]. For dominant negative experiments, 
cultured cerebellar neurons were transfected with Lact C2 domain and 
full length ORP6 (n = 104), ORP6 int (n = 103) or ORP6 ΔORD (n =
104) and were categorized into three groups based on the maximum 
signal intensity of the Lact C2 domain at the PM as described above. 

To examine cholesterol localization, cultured cerebellar neurons 
were transfected with either control RNA or RNAi targeting ORP6 
(control; n = 104, RNAi; n = 104), then stained with filipin and cate-
gorized into two groups based on the maximum signal intensity of filipin 
at the PM with a threshold of eight hundred a. u. Data were collected 
from five independent experiments. Percentage of each two groups are 
shown as the mean ± SE, respectively. The results were statistically 
analyzed using Welch’s t-test. A P value less than 0.05 was considered 
statistically significant. 

To analyze the colocalization of PS with organelle markers when 
ORP6 was knocked down, Pearson’s correlation coefficient was calcu-
lated between GFP-Lact C2 and ER-RFP (control; n = 29, RNAi; n = 30) 
or LysoTracker Deep Red (control; n = 30, RNAi; n = 31) GFP-RAB4A 
and RFP-Lact C2 (control; n = 30, RNAi; n = 30) or GalT-GFP and 
RFP-Lact C2 (control; n = 30, RNAi; n = 29) in cells transfected with 
either control RNA or RNAi targeting ORP6. Data were collected from 
three independent experiments and the values for each group are shown 
as mean ± SE. Statistical analysis was performed using Welch’s t-test. A 
P value less than 0.05 was considered statistically significant. 

To analyze the colocalization of ORP6 deleted constructs with 
organelle markers, Pearson’s correlation coefficient was calculated be-
tween GFP-ORP6 int and ER-RFP (n = 32) or RFP-SNAP25 (n = 37), or 
between GFP-ORP6 ΔORD and ER-RFP (n = 33) or RFP-SNAP25 (n =
32). Data were collected from three independent experiments and the 
values for each group are shown as mean ± SE. Statistical analysis was 
performed using Welch’s t-test. A P value less than 0.05 was considered 
statistically significant. 

Pearson’s correlation coefficient was also calculated for the co- 
localization of GFP-SNAP25 and RFP-OSBP2 × PH before and after 
treatment with DMSO (n = 30) or PI4KIIIα inhibitor (n = 30). Data were 
collected from four independent experiments. 

Co-localization between GFP-SNAP25 and RFP-ORP6 or GFP- 
SNAP25 and RFP-Lact C2 before and after treatment with DMSO (n =
30, 31, respectively) or PI4KIIIα inhibitor (n = 31,30, respectively) was 
evaluated using Pearson’s correlation coefficient, respectively. Data 
were collected from six independent experiments. 

Neuro-2A cells expressing the PH domain of ORP6 were treated with 
DMSO (n = 102) or PI4KIIIα inhibitor (n = 105) and were categorized 
into two groups based on the maximum signal intensity of ORP6 PH 
domain at the PM with a threshold of eight hundred a. u. Data were 
collected from five independent experiments. The percentage of each of 
the two groups are shown as the mean ± SE, respectively. The results 
were statistically analyzed using Welch’s t-test. A P value less than 0.05 
was considered statistically significant. 

Pearson’s correlation coefficient was calculated for the co- 
localization with RFP-Lact C2 and GFP (n = 34), GFP-PSS1 (n = 35) 
or GFP-PSS1L265P (n = 36). Data were collected from three indepen-
dent experiments and the values for each group are shown as mean ±
SE. 

Pearson’s correlation coefficient was calculated for the co- 
localization with GFP-SNAP25 and RFP-OSBP PH together with Halo 
tag (n = 32), Halo-PSS1 (n = 30) or Halo-PSS1L265P (n = 31). Data 
were collected from three independent experiments and the values for 
each group are shown as mean ± SE. 

Pearson’s correlation coefficient was calculated for the co- 
localization between RFP-Lact C2, Halo-PSS1L265P and either GFP (n 

= 40), GFP-ORP6 (n = 47), GFP-ORP6 int (n = 45) or GFP-ORP6 ΔORD 
(n = 43). Data were collected from three independent experiments and 
the values for each group are shown as mean ± SE. All the results were 
statistically analyzed using Kruskal-Wallis test and Steel’s multiple 
comparison test. A P value less than 0.05 was considered statistically 
significant. 

3. Results 

3.1. ORP6 RNAi changed the localization of the PS marker 

Our previous report has shown that ORP6 is involved in the transport 
of PI4P in primary cultured cerebellar neurons. To look for the lipid that 
is counter-transported, we examined the distribution of two candidates, 
free cholesterol and PS in neurons subjected to ORP6 knockdown by 
using RNAi. Filipin, specifically binding to free cholesterol, distributed 
to the PM and cytoplasm [16,17] and did not change localization 
(Fig. 1D–F) while the fluorescently tagged C2 domain of Lactadherin 
(Lact C2 domain), which binds specifically to PS [18–20], diminished in 
most cells at the PM compared to control RNAi transfected cells 
(Fig. 1A–C). The percentage of cells with the maximum PM fluorescence 
intensity of more than four hundred arbitrary units (a. u.) (PM > 400 a. 
u.) significantly decreased from 54.8% ± 6.2–21.3% ± 4.9 when under 
the influence of ORP6 RNAi (Fig. 1C). While reduced at the PM, more 
Lact C2 domain accumulated from 6.3% ± 2.2–44.4% ± 6.2 in the 
cytoplasm. 

Pearson’s correlation coefficient between the two fluorescent 
markers revealed that cytoplasmic Lact C2 domain signals partially 
colocalized with ER marker (Fig. 2A–C, statistics in M, ORP6 RNAi 
versus control RNA: r = 0.61 ± 0.03 versus 0.51 ± 0.03), and the 
lysosome marker, LysoTracker Deep Red (arrows, Fig. 2D–F, statistics in 
M, ORP6 RNAi versus control RNA: r = 0.66 ± 0.02 versus 0.48 ± 0.02) 
and also with the early endosome marker, RAB4A (Fig. 2D–F, ORP6 
RNAi versus control RNA: 0.59 ± 0.03 versus 0.6 ± 0.03), but not with a 
Golgi marker, GalT (Fig. 2G–I, ORP6 RNAi versus control RNA: 0.36 ±
0.03 versus 0.31 ± 0.04). The distribution of Lact C2 domain in cells 
transfected with respective organelle markers and control RNA is shown 
in Fig. S1. PS is known to be synthesized at the ER then transported to 
other parts of the cell, especially to the PM [4,21], thus the decrease in 
localization of PS at the PM suggests that the knockdown of ORP6 pre-
vented PS transport to the PM from the ER. 

3.2. The intermediate region and other deletion mutants lacking the ORD 
of ORP6 changed localization of the PS marker 

Next, we constructed dominant negative forms of ORP6 which lack 
functional domains (Fig. 3A) and evaluated their inhibitory effects. 
Fig. 3 shows Neuro-2A cells transfected with two constructs, one with 
the ORD and PH domain deleted (ORP6 int, Fig. 3B–G) and one lacking 
only the ORD (ORP6 ΔORD, Fig. 3H-M). Both constructs lack ORD, a 
lipid binding domain located at the C-terminal and is the defining 
domain of OSBP-related proteins. Reflecting presence of the PH domain 
that functions to target ORP6 to the PM, the latter construct localized at 
the PM (r = 0.66 ± 0.03) but the former (r = 0.4 ± 0.03) did not 
(Fig. 3E–G, K-M, statistics shown in N). 

In cerebellar neurons expressing ORP6 int (Fig. 4D–F) or ORP6 
ΔORD (Fig. 4G–I), Lact C2 domain localized at the PM significantly 
decreased and accumulated in the cytoplasm (Fig. 4D–I, statistics shown 
in J) compared to cells expressing ORP6 (Fig. 4A–C). These results are 
identical to the effect of ORP6 RNAi. Overexpression of both constructs 
affected the localization of PS, suggesting the ORD domain functions to 
transport PS. 
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3.3. Treatment with a PI4KIIIα inhibitor suppressed the localization of the 
PI4P marker as well as ORP6 and the PS marker, at the PM 

We have previously reported that the overexpression of ORP6 int 
induced retention of PI4P at the PM [15]. Since the counter transport of 
lipids at MCSs is driven by the active gradient of PI4P by 
phosphorylation-dephosphorylation reactions [22], we treated 
Neuro-2A cells with an inhibitor of PI4KIIIα, which synthesizes PI4P at 

the PM by phosphorylating PI [23–25]. We first examined the effect of 
the PI4KIIIα inhibitor on the distribution of PI4P at the PM, by using 
fluorescently tagged two-tandem OSBP PH domains (OSBP2 × PH) as a 
PI4P marker. OSBP2 × PH predominantly localized to the PM with 
SNAP25 (Fig. 5A–F) as previously reported [26]. Treatment with the 
PI4KIIIα inhibitor decreased the localization of OSBP2 × PH at the PM 
after 60 min and 12 h (Fig. 5G-L, M), reflecting inhibition of PI4P syn-
thesis. Pearson’s correlation coefficient, quantifying co-localization 

Fig. 1. ORP6 RNAi partially shifted a PS marker 
from the PM to the cytoplasm in cerebellar neurons. 
Localization of RFP-Lact C2, a PS marker, in control 
RNA transfected cells (A), and ORP6 RNAi trans-
fected cells (B). Arrows indicate accumulation of 
RFP-Lact C2 domain in cytoplasm. Bars, 10 μm. (C) 
Percentage of cells sorted by localization of Lact C2 
domain; cells with a maximum PM fluorescence 
intensity of more than four hundred arbitrary units 
(a. u.) (PM > 400 a. u.), cells with a maximum PM 
fluorescence of less than four hundred a. u. (PM <
400 a. u.), and cells with a maximum PM fluores-
cence less than four hundred a. u. containing puncta 
with a diameter greater than 1 μm (PM < 400 a. u. 
with accumulation). Data were collected from seven 
independent experiments (control; n = 105, RNAi; 
n = 107) and the percentage of each three groups 
are shown as the mean ± SE. We used Welch’s t-test 
to evaluate statistical significance (*P < 0.05). Im-
ages of cerebellar cells transfected with control RNA 
(D) or RNAi targeting ORP6 (E) stained with filipin. 
(F). Percentage of cells that have a maximum fluo-
rescence intensity of filipin at PM of more than 
eight hundred a. u., (PM > 800 a. u.), or less than 
eight hundred a. u. (PM < 800 a. u.). Data were 
collected from five independent experiments (con-
trol; n = 104, RNAi; n = 104) and the percentage of 
two groups are shown as the mean ± SE, respec-
tively. Bar indicates 10 μm.   

Fig. 2. ORP6 RNAi caused PS accumulation at ly-
sosomes and ER but did not affect Golgi or early 
endosomes in cerebellar neurons. Cerebellar 
granule cells were co-transfected with ORP6 RNAi 
and the following constructs or staining; GFP-Lact 
C2 and ER-RFP (A–C), GFP-Lact C2 and stained 
with LysoTracker Deep Red (lysosome) (D–F), GFP- 
RAB4A (early endosome) and RFP-Lact C2 (G–I), 
GalT-GFP (Golgi) and RFP-Lact C2 (J–L). Arrows 
indicate co-localization of GFP-Lact C2 and Lyso-
Tracker Deep Red. (M) Pearson’s correlation coef-
ficient was calculated for co-localization between 
GFP-Lact C2 and ER-RFP (control; n = 29, RNAi; 
n = 30), or LysoTracker Deep Red (control; n = 30, 
RNAi; n = 31), RFP-Lact C2 and GFP-RAB4A (con-
trol; n = 30, RNAi; n = 30) or GalT-GFP (control; n 
= 30, RNAi; n = 29) in cells treated with either 
control RNA or ORP6 RNAi. Data were collected 
from three independent experiments. Bars, 10 μm. 
Corresponding control RNA experiments are shown 
in Fig. S1. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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between GFP-SNAP25 and RFP-OSBP2 × PH, significantly decreased 
after 60 min (r = 0.79 ± 0.03 versus r = 0.93 ± 0.01) and 12 h (r = 0.75 
± 0.02 versus r = 0.92 ± 0.01) compared to control cells treated with 
DMSO (Fig. 5D–F, J-L, M). 

We also observed the localization of ORP6 in Neuro-2A cells. ORP6 
shifted predominantly to the cytoplasm and localization at the PM 
significantly decreased 60 min and 12 h after treatment (Fig. 6G-L, M) 
compared to control (Fig. 6A–F, M); r = 0.52 ± 0.02 versus r = 0.65 ±
0.02 and 0.52 ± 0.03 versus 0.66 ± 0.02, at 60 min and 12 h, respec-
tively. The PH domain of ORP6, which we previously reported binds 
PI4P at the PM, also decreased at the PM and appeared diffusely 
throughout the cytoplasm after treatment with the PI4KIIIα inhibitor. 
The population of cells expressing the PH domain of ORP6 with a 
maximum fluorescence intensity of more than eight hundred a. u. at the 
PM significantly decreased 60 min after treatment with the PI4KIIIα 
inhibitor (Figs. S2C, D, E), compared to control treated with DMSO 

(Figs. S2A, B, E): 41.2% ± 6.7 versus 82.6% ± 4.9, which reflects the 
PI4P dependent localization of ORP6 at the PM. 

We further analyzed the dynamics of PS in Neuro-2A cells treated 
with the PI4KIIIα inhibitor. Localization of Lact C2 domains at the PM 
was suppressed 12 h after treatment with PI4KIIIα inhibitor. Pearson’s 
correlation coefficient index showed that localization of Lact C2 domain 
at the PM significantly decreased 12 h after treatment (Fig. 7G-L, M) 
compared to control (Fig. 7A–F, M); r = 0.68 ± 0.03 versus r = 0.9 ±
0.02, similar to as reported by Sohn [23]. 

Deceased PM PI4P affected localization of ORP6 and transport of PS 
to the PM: Together with results of reduced PM localization of PS by 
ORP6 RNAi and ORP6 dominant negative constructs, these data 
collectively implicate ORP6 in the transport of PS to the PM. 

Fig. 3. Localization of ORP6 deletion mutants in 
Neuro-2A cells. (A) Domain structure of constructs 
of ORP6. (B–D) Images of Neuro-2A cells co- 
transfected with GFP-ORP6 int and ER-RFP (ER). 
Arrows indicate co-localization. (E–G) Cells co- 
transfected with GFP-ORP6 int and RFP-SNAP25 
(PM). (H–J) Images of Neuro-2A cells co- 
transfected with GFP-ORP6 ΔORD and ER-RFP. 
Arrows indicate co-localization. (K–M) Cells co- 
transfected with GFP-ORP6 ΔORD and RFP- 
SNAP25. Arrows indicate co-localization (N) Pear-
son’s correlation coefficient was calculated for co- 
localization between GFP-ORP6 int and ER-RFP 
(n = 32) or RFP-SNAP25 (n = 37) and GFP-ORP6 
ΔORD and ER-RFP (n = 33) or RFP-SNAP25 (n =
32). Data were collected from three independent 
experiments and the values for each group are 
shown as mean ± SE. Statistical analysis was per-
formed using Welch’s t-test. A P value less than 0.05 
was considered statistically significant. Bars, 10 μm.   

Fig. 4. ORP6 int and ORP6 ΔORD partially shifted 
PS marker from PM to cytoplasm in cerebellar 
neurons. Cerebellar granule cells were transfected 
with RFP-Lact C2 and either GFP-ORP6 (A–C), GFP- 
ORP6 int (D–F) or GFP-ORP6 ΔORD (G–I). (J) Per-
centage of cells with maximum Lact C2 fluorescence 
at the PM of more than four hundred a. u. (PM >
400 a. u.) or less than four hundred a. u., (PM < 400 
a. u.), or less than four hundred a. u. and containing 
puncta with a diameter greater than 1 μm (PM <
400 a. u. with accumulation). Data were collected 
from six independent experiments (ORP6; n = 104, 
ORP6 int; n = 103 and ORP6 ΔORD; n = 104) Bars, 
10 μm.   
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3.4. Mutant PSS1 enzyme changed the localization of the PI4P marker 

PS is synthesized from phosphatidylcholine or phosphatidyletha-
nolamine in the ER by PS synthase 1/2 (PSS1/2) and is transported 
mainly to the PM [21,27,28]. Transfection of mutant PSS1 enzyme 
(PSS1L265P), insensitive to feedback inhibition, produces excessive PS 
in the ER [23]. We first examined the localization of the PS marker in 
Neuro-2A cells transfected with PSS1L265P. In cells expressing wild 
type PSS1 enzyme (Fig. 8D–F), Lact C2 domain mainly localized to the 
PM and cytoplasm. Cytoplasmic Lact C2 domain colocalized with PSS1 
at the ER after 24 h. But in cells expressing PSS1L265P, localization of 
Lact C2 domain at the PM decreased and increased in the cytoplasm 
(Fig. 8G–I statistics shown in J). Pearson’s correlation coefficient 
showed that localization of Lact C2 domain at the ER significantly 
increased in cells expressing PSS1L265P compared to wild type PSS1; r 
= 0.85 ± 0.02 versus 0.63 ± 0.02, respectively. 

To examine whether PI4P is counter-transported in exchange for PS, 
we observed the localization of fluorescently tagged PI4P marker in cells 
expressing PSS1L265P. We used fluorescently tagged single OSBP PH 

domain. We previously reported that this domain mainly localized to the 
Golgi apparatus but partially shifted to the PM in the presence of ORP6 
int [15]. Along with RFP-OSBP PH and GFP-SNAP25, we conducted 
triple transfections using either Halo Tag or Halo-PSS1 or 
Halo-PSS1L265P. In cells expressing Halo Tag (Fig. 9A–D) or wild type 
PSS1 enzyme (Fig. 9E–H), the single OSBP PH domain mainly localized 
to the Golgi apparatus. Pearson’s correlation coefficient showed that 
localization of single OSBP PH domain at the PM increased in cells 
expressing PSS1L265P (Fig. 9I-L) compared to Halo Tag only 
(Fig. 9A–D) or wild type PSS1 (Fig. 9E–H). The increase of PM PI4P is 
statistically significant (Fig. 9M: r = 0.66 ± 0.03 versus 0.34 ± 0.03 
versus 0.38 ± 0.04, respectively), implying retention of PS at the ER 
leading to a shift in PI4P at the PM similar to the results from ORP6 RNAi 
and dominant negative experiments shown above. 

Lastly, we overexpressed GFP, ORP6, ORP6 int or ORP6 ΔORD in 
cells along with mutant PSS1 and Lact C2 domain. In cells expressing 
GFP only, Lact C2 domain localized to cytoplasm and PM (Fig. 10A–D), 
the same as Fig. 8H. Lact C2 colocalized well with mutant PSS1 
(Fig. 10Q, r = 0.84 ± 0.02). In cells expressing ORP6 int or ORP6 ΔORD, 

Fig. 5. PI4KIIIα inhibitor treatment 
decreased PI4P marker at PM decreased in 
Neuro-2A cells. Cells were co-transfected 
with GFP-SNAP25 (PM) and RFP-OSBP2 ×
PH, a PI4P marker. Before (A–C) or 12 h 
after treatment with DMSO (D–F). Before 
(G–I) or 12 h after treatment with PI4KIIIα 
inhibitor (J–L). Arrows indicate PM local-
ized RFP-OSBP2 × PH. (M) Pearson’s cor-
relation coefficient was calculated for the co- 
localization of GFP-SNAP25 and RFP-OSBP2 
× PH before and after treatment with DMSO 
(n = 30) or PI4KIIIα inhibitor (n = 30). Data 
were collected from four independent ex-
periments and the values for each group are 
shown as mean ± SE. Statistical analysis was 
performed using Welch’s t-test. A P value 
less than 0.05 was considered statistically 
significant. Bars, 10 μm.   

Fig. 6. PI4KIIIα inhibitor treatment dis-
lodged ORP6 from the PM in Neuro-2A cells. 
Cells were co-transfected with GFP-SNAP25 
(PM) and RFP-ORP6. Before (A–C) or 12 h 
after treatment with DMSO (D–F). Before 
(G–I) or 12 h after treatment with PI4KIIIα 
inhibitor (J–L). Arrows indicate co- 
localization of GFP-SNAP25 and RFP-ORP6. 
(M) The co-localization between GFP- 
SNAP25 and RFP-ORP6 before and after 
treatment with DMSO (n = 30) or PI4KIIIα 
inhibitor (n = 31) was evaluated using 
Pearson’s correlation coefficient. Data were 
collected from six independent experiments 
and the values for each group are shown as 
mean ± SE. Bars, 10 μm.   
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Lact C2 domain remained cytoplasmic, co-localizing well with mutant 
PSS1 (Fig. 10I-P, Q, r = 0.85 ± 0.02 or 0.87 ± 0.01, respectively). In 
contrast, ORP6 increased PS at the PM and significantly decreased 
cytoplasmic PS (Fig. 10E–H, Q, r = 0.78 ± 0.02), suggesting that ORP6 
contributed in the transfer of overproduced PS from the ER to PM in cells 
expressing mutant PSS1 and that the ORD of ORP6 is involved in this 
process. 

Together with our previous work showing that ORP6 colocalized 
with the ER-PM contact site marker at the PM [15], the present data 
clearly demonstrate ORP6 localizing to ER-PM contact sites by binding 
to PM PI4P through the PH domain, recruiting PS from the ER through 
the ORD in exchange for PI4P thus contributing to the counter-transport 
of PS and PI4P between the ER and PM in neurons. 

4. Discussion 

Here, we report that knockdown or dominant negative inhibition of 
ORP6 suppressed transfer of PI4P and PS between the ER and PM in 
neurons. Perturbing the localization of either lipid affected the distri-
bution of the other and ORP6. Depletion of PI4P at the PM decreased PS 

and ORP6 at the PM. We previously reported that ORP6 localizes to ER- 
PM contact sites and that its PH domain bound to PI4P and is anchored 
to the PM [15], however our study did not extend to the C-terminal ORD 
domain which is predicted to bind lipids as demonstrated in other ORPs 
[1,10]. Indeed, deletion of ORD domain or expression of ORP6 int which 
lacks the PH and ORD domains affected the transport of PS in a manner 
identical to the knockdown of ORP6 (Fig. 4). Additionally, ORP6 but not 
ORP6 int or ORP6 ΔORD could return PS to the PM when PSS1L265P 
induced overproduction of PS at the ER (Fig. 10), suggesting that the 
ORD domain is essential for transport of PS. Taken collectively, these 
data suggest ORP6 has a possible role in the counter-transport of PI4P 
from the PM to ER and PS from the ER to PM by direct or indirect 
manner. 

Most PH domains of ORPs bind to PI4P [1], and we used two con-
structs to visualize PI4P on membranes; single or two tandem OSBP PH 
domains in the present report, which allowed us to visualize PI4P on the 
Golgi apparatus and PM, respectively. Although this method has been 
extensively used [24,26], the mechanism of how the tandem OSBP PH 
domains come to recognize PI4P on the PM rather than Golgi apparatus 
is unknown. OSBP PH domain recognized PI4P at the PM rather than at 

Fig. 7. Localization of PS marker at PM was 
suppressed by PI4KIIIα inhibitor treatment 
in Neuro-2A cells. Co-transfection of GFP- 
SNAP25 and RFP-Lact C2, a PS marker, 
before (A–C) or 12 h after treatment with 
DMSO (D–F), before (G–I) or 12 h after 
treatment with PI4KIIIα inhibitor (J–L). (M) 
Pearson’s correlation coefficient was calcu-
lated for the co-localization of GFP-SNAP25 
and RFP-Lact C2 before and after treatment 
with DMSO (n = 31) or PI4KIIIα inhibitor (n 
= 30). Data were collected from four inde-
pendent experiments and the results for each 
group are shown as mean ± SE. Statistical 
analysis was performed using Welch’s t-test. 
A P value less than 0.05 was considered 
statistically significant.   

Fig. 8. Overexpression of mutant PSS1 altered the 
localization of PS marker in Neuro-2A cells. Co- 
transfection of RFP-Lact C2, a PS marker with 
either GFP (A–C), GFP-phosphatidylserine synthase 
1 (PSS1, D-F) or GFP- PSS1L265P (G–I). (J) Pear-
son’s correlation coefficient was calculated for the 
co-localization with RFP-Lact C2 and GFP, GFP- 
PSS1 or GFP-PSS1L265P. Data were collected from 
three independent experiments (GFP n = 34, GFP- 
PSS1 n = 35 and GFP-PSS1L265P n = 36). Bars, 
10 μm.   
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the Golgi apparatus, which increased in Neuro-2A cells transfected with 
ORP6 int or with PSS1L265P. In contrast, Sohn et al. [23] reported a 
decrease of PI4P at the PM which was identified using an antibody in 
HEK-293 cells transfected with PSS1S269S. This discrepancy may be 
attributed to the difference in the method of PI4P detection, difference 
in the cells used or the different PSS1 mutant. Although OSBP PH is 
known to recognize PI4P [1], there may be other phosphatidylinositides 
that it binds. ORP6 did not localize to the PM in cells treated with 
PI4KIIIα inhibitor (Figs. 6K and 7K, Fig. S2), indicating ORP6 PH domain 
binds to PI4P and ORP6 PM localization is dependent on PI4P as we have 
previously reported [15]. RFP-OSBP2 × PH also drastically reduced PM 
localization after PI4KIIIα inhibitor treatment (Fig. 5K) as previously 
reported [26] suggesting it does indeed recognize PI4P and some ORP6 
was found at the PM even with PSS1L265P expression (Fig. 10M − P). 

The intermediate region of ORP6, the part encoded by our ORP6 int 
construct, contains a region functioning in dimerization in addition to 
the FFAT motif which binds to the ER via VAP [15]. Transfection of 
ORP6 int localized to the ER but not at ER-PM contact sites (Fig. 3B–G). 
ORP6 int most likely exerts a dominant negative effect by occupying 

VAP’s FFAT binding site on the ER, or through dimerization with 
endogenous ORP6 or ORP3. Indeed, we have previously shown that 
ORP6 int co-immunoprecipitated ORP6 and ORP3 [15]. Although we 
did not refer to the involvement of ORP3 in the present report, it is 
possible that ORP3 may dimerize with ORP6 and function in this 
transport system as a heterodimer. However, the phenotype of dominant 
negative ORP6 is same as that of ORP6 knockdown, suggesting that 
ORP3 alone is insufficient to compensate for the loss of function of 
ORP6. Additional experiments will be needed to reveal the interaction 
between ORP6 and ORP3. 

A past study has revealed that knockdown of ORP6 caused the 
accumulation of endocytosed cholesterol in macrophages [12]. How-
ever, we could not detect a change in filipin staining by RNA-mediated 
knockdown of ORP6 in Neuro-2A cells (Fig. 1D–F). The central nervous 
system is rich in cholesterol, which must be de novo synthesized because 
the blood brain barrier blocks the passage of plasma lipoproteins [29]. 
Thus, cholesterol transport may differ between neurons and other cell 
types, such as macrophages which undergo frequent phagocytosis and 
incorporate lipoprotein exogenously [30]. Another possibility is that we 

Fig. 9. GFP-PSS1L265P partially shifted the PI4P 
marker from the Golgi to the PM in Neuro-2A cells. 
(A–L) Neuro-2A cells triply co-transfected with GFP- 
SNAP25 (A, E, I), the PH domain of OSBP (OSBP 
PH, B, F, J) and Halo Tag only (C) or Halo-PSS1 (G) 
or Halo-PSS1L265P (K). (M) Pearson’s correlation 
coefficient was calculated for the co-localization 
with GFP-SNAP25 and RFP-OSBP PH together 
with Halo tag or Halo-PSS1 or Halo-PSS1L265P, 
respectively. Data were collected from three inde-
pendent experiments and the values for each group 
are shown as mean ± SE. The results were statisti-
cally analyzed using Kruskal-Wallis test and Steel’s 
multiple comparison test. A P value less than 0.05 
was considered statistically significant. Arrows 
indicate PI4P marker partially shifted from the 
Golgi to PM. Bars, 10 μm.   

Fig. 10. Overexpression of ORP6 but not ORP6 int 
or ORP6 ΔORD increased PS marker at the PM in 
cells expressing mutant PSS1. (A–P) Neuro-2A cells 
were triply co-transfected with RFP-Lact C2, Halo- 
PSS1L265P and either GFP only (A–D) or GFP- 
ORP6 (E–H) or GFP-ORP6 int (I–L) or GFP-ORP6 
ΔORD (M–P). (Q) Pearson’s correlation coefficient 
was calculated for the co-localization with RFP-Lact 
C2 and Halo- PSS1L265P together with GFP or GFP- 
ORP6 or GFP-ORP6 int or GFP-ORP6 ΔORD. Data 
were collected from three independent experiments 
and the values for each group are shown as mean ±
SE. The results were statistically analyzed using 
Kruskal-Wallis test and Steel’s multiple comparison 
test. A P value less than 0.05 was considered sta-
tistically significant. Bars, 10 μm.   
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may not have detected the minor population of transported cholesterol 
compared to the large amount that resides in the PM by filipin staining. 
Another approach will be needed to clarify the function of ORP6 in 
cholesterol metabolism. 

ORP5 and 8, a member of different subfamily of ORPs, is known to be 
involved in the counter-transport of PI4P and PS at ER-PM contact sites 
and resides at the ER through a C-terminal transmembrane domain 
instead of the FFAT motif [21]. In spite of their similar function in 
neurons, ORP5 did not colocalize with ORP6 nor did it coimmunopre-
cipitate [15], suggesting the two ORPs function independent of each 
other. In primary cultured cerebellar neurons, ORP5 is highly expressed 
on days 2 and 3 in vitro, and decreases after day 5 in vitro (unpublished 
data), whereas ORP6 is highly expressed in cultured cerebellar neurons 
after day 5 in vitro, indicating different expression timing during the 
development of neurons. ORP8 has been reported to suppress expression 
of a lipid transporter by interacting with a transcription factor thereby 
indirectly affecting cholesterol efflux [31]. Thus, the effects an ORP has 
on a lipid need not be via a physical interaction. The question of whether 
overexpression or downregulation of ORP6 affects the expression or 
localization of ORP5 and ORP8 is yet to be addressed as all three pro-
teins are reported to function in the transport of PI4P and PS. Further 
work is expected to reveal the interactions between ORP6 and ORP5 or 
ORP8 in lipid transport. 

Some ORPs are expressed in the nervous system and apparently 
involved in its development and maintenance [32,33]. Knockdown of 
OSBP induces neurite elongation in cerebral cortical neurons. ORP3 
modifies the phenotype of amyotrophic lateral sclerosis-linked VAPB. 
ORP6 is implicated in the pathogenesis of Alzheimer’s disease and 
autism. Further investigation of the intracellular dysfunction of sub-
family III members, such as ORP6 and ORP3 in neuronal lipid transport, 
is imperative for the elucidation of the neuro-pathogenesis of these 
diseases. 

5. Conclusions 

We have previously reported that ORP6 is involved in the turnover of 
PI4P at ER-PM contact sites in neurons. In the present study, we have 
identified that PS is counter-transported in exchange for PI4P by ORP6. 
Over-expression of the intermediate region or deletion mutant lacking 
ORD and RNA-mediated knockdown of ORP6 significantly reduced the 
PS marker Lact C2 and caused its accumulation in the cytoplasm. 
Reduction of PM PI4P by PI4K inhibitor treatment significantly sup-
pressed the localization of PS marker and ORP6 at the PM implying 
counter-transport obstruction. ORP6 but not ORP6 int or ORP6 ΔORD 
restored PS to the PM when expression of mutant PSS1 induced over-
production of PS at the ER. This indicates the ORD was required for PS 
transport by ORP6 and we have previously shown that PI4P transport by 
ORP6 requires the PH domain and the ORD. Taken collectively, these 
data suggest ORP6 regulates PI4P and PS transport, though whether this 
occurs by direct action or not would require further study. 
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