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The ER cholesterol sensor SCAP promotes CARTS
biogenesis at ER-Golgi membrane contact sites

Yuichi Wakana'@®, Kaito Hayashi', Takumi Nemoto', Chiaki Watanabe?, Masato Taoka?, Jessica Angulo-Capel>@®, Maria F. Garcia-Parajo®,
Hidetoshi Kumata'@®, Tomonari Umemura?, Hiroki Inoue'@®, Kohei Arasaki!@®, Felix Campelo®®, and Mitsuo Tagaya'®

In response to cholesterol deprivation, SCAP escorts SREBP transcription factors from the endoplasmic reticulum to the Golgi
complex for their proteolytic activation, leading to gene expression for cholesterol synthesis and uptake. Here, we show that in
cholesterol-fed cells, ER-localized SCAP interacts through Sacl phosphatidylinositol 4-phosphate (PI4P) phosphatase with a
VAP-0SBP complex, which mediates counter-transport of ER cholesterol and Golgi PI4P at ER-Golgi membrane contact sites
(MCSs). SCAP knockdown inhibited the turnover of PI4P, perhaps due to a cholesterol transport defect, and altered the
subcellular distribution of the VAP-OSBP complex. As in the case of perturbation of lipid transfer complexes at ER-Golgi
MCSs, SCAP knockdown inhibited the biogenesis of the trans-Golgi network-derived transport carriers CARTS, which was
reversed by expression of wild-type SCAP or a Golgi transport-defective mutant, but not of cholesterol sensing-defective
mutants. Altogether, our findings reveal a new role for SCAP under cholesterol-fed conditions in the facilitation of CARTS
biogenesis via ER-Golgi MCSs, depending on the ER cholesterol.

Introduction
Cholesterol and sphingolipids can form liquid-ordered mem-
brane nanodomains that are segregated from other lipids and
thus are proposed to serve as platforms for specific proteins that
regulate signal transduction and endocytosis at the plasma
membrane (PM) and apical transport from the TGN (Keller and
Simons, 1998; Klemm et al., 2009; Simons and Sampaio, 2011;
Jacobson et al., 2019). Increasing evidence—including recent
experiments in which sphingomyelin (SM) metabolism at the
trans-Golgi membranes was perturbed—strongly suggests that
such lipid nanodomains are required for the functional organi-
zation of enzymatic domains, cargo sorting, and transport car-
rier biogenesis at the TGN (Duran et al., 2012; van Galen et al.,
2014; Deng et al., 2016; Campelo et al., 2017; Capasso et al., 2017;
Deng et al., 2018) and thereby are crucial to maintain homeo-
static control of the Golgi function.

De novo biosynthesis of cholesterol occurs at the ER, where
a key regulatory protein in cholesterol metabolism called
sterol regulatory element-binding protein (SREBP) cleavage-
activating protein (SCAP) localizes. SCAP is a polytopic mem-
brane protein that functions as an ER cholesterol sensor to
control the cellular cholesterol content (Hua et al., 1996; Brown
et al., 2018). When the ER cholesterol level is low, SCAP escorts

the membrane-bound transcription factors SREBPs into COPII
vesicles for their export from the ER to the Golgi complex.
There, SREBPs are cleaved by proteases, allowing their tran-
scriptionally active domain to enter the nucleus and promote
expression of genes involved in cholesterol synthesis and up-
take. Conversely, when cholesterol in the ER membrane is
abundant, cholesterol binds to SCAP and triggers conforma-
tional changes that allow SCAP to interact with the integral ER
membrane protein Insig, which retains SCAP in the ER along
with unprocessed SREBPs. Other than sequestering SREBPs at
the ER, however, it remains unclear whether SCAP has func-
tions under cholesterol-fed conditions.

Although the ER produces cholesterol and also receives it
from the PM and other sources, ER cholesterol content is low
(Tkonen, 2018). This is accomplished through the export of
cholesterol from the ER against the concentration gradient in
both vesicular and nonvesicular manners, the latter of which
occurs at membrane contact sites (MCSs). In particular, at ER-
Golgi MCSs, Golgi-associated oxysterol-binding protein (OSBP)
interacts with an integral ER membrane protein named vesicle-
associated membrane protein-associated protein (VAP) to
transfer cholesterol from the ER to the trans-Golgi membranes,
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accompanied by reciprocal transfer of phosphatidylinositol
4-phosphate (PI4P; Mesmin et al., 2013). PI4P transported to
the ER is hydrolyzed by the ER-localized lipid phosphatase Sacl,
which thus seems to provide a driving force for cholesterol
transport (Antonny et al., 2018; Zewe et al., 2018).

ER-Golgi MCSs also control the transport of ceramide from
the ER to the trans-Golgi membranes. This nonvesicular trans-
port is mediated by a complex of VAP and ceramide transfer
protein (CERT) and leads to the biosynthesis of SM and DAG by
SM synthase at the trans-Golgi membranes (Hanada et al., 2003;
Kawano et al, 2006). Importantly, PI4P in the trans-Golgi
membranes is crucial for both OSBP and CERT to associate
with the Golgi complex (De Matteis et al., 2005), and, hence, the
biosynthesis and metabolism of cholesterol, SM, PI4P, and DAG
are either directly or indirectly interconnected (Kumagai and
Hanada, 2019). Of note, DAG recruits to the TGN a serine/
threonine kinase, PKD, which phosphorylates CERT and OSBP to
release these proteins from the Golgi complex (Baron and
Malhotra, 2002; Fugmann et al., 2007; Nhek et al., 2010). PKD
kinase activity also contributes to the membrane fission reaction
required for transport carrier biogenesis at the TGN (Liljedahl
et al., 2001; Malhotra and Campelo, 2011; Pagliuso et al., 2016).

On the basis of these reports and our previous data, we
proposed a model in which lipid transfer at ER-Golgi MCSs
promotes the biogenesis of carriers of the TGN to the cell surface
(CARTS; Wakana et al., 2015), which transport selective cargoes
from the TGN to the PM (Wakana et al., 2012, 2013). In this
context, lipid transfer at these MCSs needs to be strictly con-
trolled on demand for TGN-to-PM transport, but the molecular
mechanisms underlying this regulation remain largely elusive.
In this study, we identified SCAP as a novel Sacl-interacting
protein at ER-Golgi MCSs. Our data show a new function of
SCAP under cholesterol-fed conditions, in which SCAP interacts
with the cholesterol/PI4P exchange machinery at ER-Golgi
MCSs and facilitates the biogenesis of CARTS in an ER cholesterol-
dependent manner.

Results

Identification of SCAP as a novel component of Sacl-positive
ER-Golgi MCSs

We previously reported that the perinuclear Sacl localization
represents its presence at specialized ER subdomains that are
closely apposed to the TGN membranes, most likely corre-
sponding to ER-Golgi MCSs, rather than at the Golgi complex
(Wakana et al., 2015). To identify novel components of ER-Golgi
MCSs, we explored Sacl-interacting proteins using a Sacl K2A
mutant (Blagoveshchenskaya et al., 2008; Dippold et al., 2009),
which is more highly enriched in the juxtanuclear region than
the WT protein, as revealed by its reduced peripheral staining
(Fig. 1 A). This mutant has replacement of two lysines in the
C-terminal COPI-interacting motif with alanines. While the di-
lysine COPI-interacting motif is used for retrograde transport
from the cis-Golgi to the ER (Gomez-Navarro and Miller, 2016),
some ER integral membrane proteins also use this signal for
their movement along the ER from the cell center to the pe-
riphery (Wakana et al., 2008; Lavieu et al., 2010).
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The deconvolved, enhanced-contrast, and increased-resolution
images of cells treated with 25-hydroxycholesterol (25-HC), a rea-
gent that binds to OSBP and promotes the targeting of the VAP-
OSBP complex to ER-Golgi MCSs (Ridgway et al., 1992; Suchanek
et al., 2007; Mesmin et al., 2013), showed good overlap between the
GFP-Sacl K2A signal and that of the integral ER membrane
protein VAP-A and also the close apposition, but not full
overlap, of GFP-Sacl K2A to the TGN marker TGN46, similarly
to WT (Fig. 1 B). To more clearly distinguish between ER-Golgi
MCSs and the Golgi membranes, we further treated cells with
the microtubule-depolymerizing agent nocodazole, which
induces the formation of dispersed Golgi ministacks in the
cytoplasm (Cole et al., 1996). Consequently, colocalization of
GFP-Sacl-positive small punctate elements with VAP-A (Fig.
S1 A, arrowheads) was observed, but not with the control ER
marker Bap3l (Fig. S1 B) and only partially with TGN46 (Fig.
S1 C). Although previous work reported that GFP-Sacl local-
izes to the cis-Golgi membranes (Liu et al., 2008; Cheong
et al.,, 2010), the colocalization with the cis-Golgi marker
GM130 was limited both in the presence and in the absence of
nocodazole (Fig. S1). Consistently, the continuity of GFP-Sacl
K2A-positive juxtanuclear membrane compartments with the
peripheral ER membrane was demonstrated by inverse FRAP
(iFRAP; Fig. 1 C): photobleaching of the peripheral area imme-
diately decreased the perinuclear signals of GFP-Sacl WT and
K2A, but not of the Golgi resident protein N-acetylglucosaminyl
transferase I-GFP (NA-GFP). These results suggest that the Sacl
K2A mutant is prominently localized to ER-Golgi MCSs and
validate the use of this mutant as a bait to identify interacting
proteins at the MCSs.

Immunoprecipitation of FLAG-tagged Sacl K2A followed by
mass spectrometry (MS) analysis revealed multiple interactors
of FLAG-Sacl K2A (Fig. 1 D, lane 2) with decreased binding
of COPI coat proteins, which are major interactors for FLAG-
Sacl WT (Fig. 1 D, lane 1, asterisks). The identified Sacl K2A-
interacting proteins include known components of ER-Golgi
MCSs such as VAP-A, VAP-B, and OSBP, together with proteins
with unknown functions at the MCSs, including SCAP (Fig. 1 E).
As shown in Fig. 1 F, immunoprecipitation with an anti-Sacl
antibody revealed a specific interaction of SCAP with endoge-
nous Sacl. Here, we focus on SCAP because, although it had been
previously shown to interact with VAP-A and VAP-B, the
physiological role of this interaction remains unexplored (Yang
et al., 2002).

ER-localized SCAP interacts through Sacl with the VAP-
A-OSBP complex at ER-Golgi MCSs

To confirm that SCAP is a bona fide component of ER-Golgi MCSs,
the interactions of FLAG-tagged hamster SCAP with VAP-A,
OSBP, and Sacl were examined by immunoprecipitation (Fig. 2
A). Endogenous Sacl and VAP-A were clearly coprecipitated with
FLAG-SCAP, but not with the FLAG vector control (Fig. 2 A, lanes 7
and 9). When Myc-OSBP was coexpressed, this protein was co-
precipitated with FLAG-SCAP, and the interaction of FLAG-SCAP
with VAP-A, but not with Sacl, was enhanced (Fig. 2 A, lanes 9
and 10). For negative controls, we showed that an integral ER
membrane protein, reticulon-4B (RTN-4B), and another lipid
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Figure 1. Identification of SCAP as a novel component of Sacl-positive ER-Golgi MCSs. (A) Juxtanuclear localization of the GFP-Sac1 WT and K2A mutant
in HeLa cells. (B) Colocalization of GFP-Sacl WT or K2A with VAP-A and their proximity to TGN46. HeLa cells expressing GFP-Sacl WT or K2A were treated
with 2 pug/ml 25-HC for 1 h. Images were subjected to deconvolution processing as described in Materials and methods. The graphs on the right show the
fluorescence intensity of GFP-Sacl WT or K2A (green), and VAP-A or TGN46 (magenta) along the respective white lines shown in the merged images. N,
nucleus. (C) iFRAP in Hela cells expressing GFP-Sacl WT, K2A, or NA-GFP. The areas delimited by a red line were bleached as described in Materials and
methods. The graph shows quantification of the fluorescence intensity of the indicated proteins in the nonbleached, juxtanuclear region. Data are means + SEM
(n = 4 cells per condition; ****, P < 0.0001; one-way ANOVA multiple comparison test). (D) Silver staining of immunoprecipitated proteins with FLAG-Sacl WT,
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FLAG-Sacl K2A, or FLAG in HEK 293T cells. The arrow indicates FLAG-Sacl. Asterisks denote protein bands containing COPI components. SCAP was identified
in the protein band boxed with a red line. (E) Peptides of VAP-A, VAP-B, OSBP, and SCAP, which were identified by MS analysis of FLAG-Sacl K2A im-
munoprecipitates (lane 2 in D). (F) Interaction of endogenous Sacl with SCAP, but not with calnexin or RTN-4B. HEK 293T cell lysate was incubated with
Dynabeads Protein G coupled with control (Cont) IgG or an anti-Sacl antibody, and the cell lysate (Input) and immunoprecipitates (IPs) were immunoblotted
(1B) with the indicated antibodies. Asterisk denotes nonspecific bands. Scale bars, 10 um. AU, arbitrary units.

transfer protein, CERT, were not coprecipitated with FLAG-SCAP
(Fig. 2 B).

Next, we asked whether SCAP interacts with the VAP-A-
OSBP complex via Sacl. Our previous work showed that Sacl
interacts with VAP-A via OSBP (Wakana et al., 2015). We used
two OSBP mutants, FF/AA (Wyles et al., 2002; Loewen et al.,
2003) and PH-FFAT (Mesmin et al., 2013), that are defective in
binding to VAP and Sacl, respectively (Fig. 2 A, bottom; and
Fig. 2 C). In cells expressing Myc-OSBP FF/AA, this protein, but
not VAP-A, was found to interact with FLAG-SCAP (Fig. 2 A, lane
11), suggesting that VAP-A is not needed for the interaction of
SCAP with OSBP. By contrast, Myc-OSBP PH-FFAT did not co-
precipitate with FLAG-SCAP (Fig. 2 A, lane 12). Although pre-
vious work revealed that Myc-OSBP PH-FFAT fixes and expands
ER-Golgi MCSs through its stable interaction with VAP-A
(Mesmin et al., 2013), it inhibited the interaction of FLAG-Sacl
with VAP-A (Fig. 2 C, lane 12). Myc-OSBP PH-FFAT defective in
Sacl binding also greatly reduced the interaction of FLAG-SCAP
with VAP-A (Fig. 2 A, lane 12), emphasizing the requirement of
Sacl for the interaction of SCAP with the VAP-A-OSBP complex.
Similar results were obtained for a FLAG-tagged C-terminal
cytoplasmic fragment (C-term) of SCAP that includes WD
(tryptophan-aspartate) repeats (Fig. 2 D). The specific interac-
tion between FLAG-SCAP and Sacl was also detected in HeLa
cells stably expressing FLAG-SCAP at a level of about four times
the level of endogenous SCAP (Fig. 2, E and F). These results
exclude the possibility of membrane aggregation or cosedi-
mentation with FLAG-SCAP. The specific but relatively weak
interactions of SCAP with the cholesterol/PI4P exchange ma-
chinery most likely reflect transient interactions among these
components, consistent with the underlying association-dissociation
dynamics of ER-Golgi contacts that are crucial for their function
(Mesmin et al., 2013; Wakana et al., 2015).

To corroborate that ER-localized SCAP, but not Golgi-
localized SCAP, can form a complex with VAP-A, OSBP, and
Sacl at ER-Golgi MCSs, we used a SCAP mutant with replace-
ment of aspartic acid 451 and leucine 452 with alanines at the
MELADL motif in loop 6 (D451A/L452A), which is defective in
COPII binding and therefore cannot exit the ER in COPII-coated
vesicles (Sun et al., 2005). FLAG-SCAP D451A/L452A showed
interactions with VAP-A, OSBP, and Sacl, analogous to FLAG-
SCAP WT (Fig. 2 G).

We next visualized the interactions of SCAP with these
proteins in intact cells by using bimolecular fluorescence com-
plementation (BiFC). As shown previously (Kentala et al., 2015;
Weber-Boyvat et al., 2015), a BiFC signal derived from the in-
teraction between Vn (N-terminal fragment of Venus)-fused
OSBP and Vc (C-terminal fragment of Venus)-fused VAP-A was
detected at the perinuclear region representing ER-Golgi MCSs
(Fig. S2 C, top row), whereas no signal was detected when only
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Vn- or Vc-fused constructs were individually expressed (Fig. S2,
A and B). This signal was enhanced by 25-HC treatment (Fig. S2
C, middle row). Similar results were obtained with the combi-
nation of Vn-OSBP-Vc-Sacl (Fig. S2 D). The Vn-SCAP-Vc-Sacl
and Vn-SCAP-Vc-VAP-A interactions were also observed upon
coexpression of Myc-OSBP, and these interactions were en-
hanced by 25-HC treatment (Fig. 3, A-D). These BiFC signals
were in close apposition to the TGN46 signal, confirming that
the SCAP-Sacl and SCAP-VAP-A interactions occur at ER-Golgi
MCSs (Fig. 3, E and F).

To further substantiate that the perinuclear Vn-SCAP-Vc-
Sacl and Vn-SCAP-Vc-VAP-A BiFC signals represent the inter-
action of SCAP in the ER but not in the Golgi complex, we ex-
amined the effect of cholesterol depletion. As reported
previously (Nohturfft et al., 2000), cholesterol depletion using
lipoprotein-deficient serum and 2-hydroxypropyl-B-cyclodex-
trin caused redistribution of a part of the SCAP pool from the
ER to the cis/medial-Golgi membranes (Fig. S3, A and B) ac-
companied by SREBP2 cleavage (Fig. S3 C). In contrast to 25-HC
treatment, cholesterol depletion did not enhance either the Vn-
SCAP-Vc-Sacl or Vn-SCAP-Vc-VAP-A interaction (Fig. 3, A and
B, bottom rows; and Fig. 3, C and D). Altogether, these results
suggest that ER-localized SCAP preferentially interacts with
VAP-A, OSBP, and Sacl at ER-Golgi MCSs.

SCAP is important for PI4P turnover and VAP-A-OSBP
complex distribution at ER-Golgi MCSs
The finding that SCAP forms a complex with VAP-A, OSBP, and
Sacl at ER-Golgi MCSs prompted us to examine whether SCAP is
involved in the counter-transport of ER cholesterol and Golgi
PI4P at ER-Golgi MCSs. To address this issue, we performed
knockdown of SCAP in HeLa cells. By using siRNA, the expres-
sion of SCAP was decreased to ~16% of the control level (Fig. 4
A). In response to cholesterol deprivation, the SCAP-SREBP
pathway stimulates transcription of genes responsible for cho-
lesterol synthesis and uptake, such as 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR) and low-density lipoprotein receptor
(LDLR; Brown and Goldstein, 1997; Horton et al., 2003). How-
ever, under cholesterol-fed conditions (that is, culturing of cells
in normal medium supplemented with FCS as a source of ster-
ols), SCAP knockdown did not reduce the transcription of either
HMGR or LDLR genes, but rather slightly increased LDLR mRNA
levels (Fig. 4 B). Consistently, no significant change in total
cholesterol level was observed upon SCAP knockdown (Fig. 4 C).
Similar results were obtained for HeLa cells stably expressing
shRNA targeting SCAP (shSCAP cells) with reduced expression
of SCAP (~8% of that in parental HeLa cells), but not of HMGR
and LDLR (Fig. 4, D-F).

Staining of parental HeLa and shSCAP cells with the fluor-
escent cholesterol probe filipin showed no significant difference
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Figure 2. ER-localized SCAP interacts through Sacl with the VAP-A-OSBP complex. (A) Interactions of FLAG-SCAP with Myc-OSBP, Sacl, and VAP-A in
HEK 293T cells. Bottom panel shows a schematic representation of the SCAP interactions with VAP, OSBP, and Sacl. (B) Interactions of FLAG-SCAP with Myc-
OSBP, Sacl, and VAP-A, but not with HA-CERT or RTN-4B. (C) Interactions of FLAG-Sacl with VAP-A and Myc-OSBP WT, but not with the PH-FFAT mutant.
(D) Interactions of FLAG-SCAP C-term with Myc-OSBP, Sacl, and VAP-A. (E) Establishment of a Hela stable cell line expressing FLAG-SCAP. Ham, hamster;
Hum, human. (F) Interaction of stably expressed FLAG-SCAP with Sacl, but not with RTN-4B or Bap31. VAP-A was detected as a very faint band in the
immunoprecipitate (IP) of the stable cell line (lane 4). (G) Interactions of the FLAG-SCAP D451A/L452A mutant with Myc-OSBP, Sacl, and VAP-A. Single and
double asterisks denote degraded Myc-OSBP fragments and the Ig heavy chain, respectively. 1B, immunoblotted.

in the intracellular distribution of cholesterol between these cell 97 (Fig. 5, B and C). Similar phenotypes were observed in VAP-A/B
lines (Fig. 5 A). Although a part of the perinuclear signal of fil- or CERT/OSBP double-knockdown cells, as well as in Sacl
ipin overlapped with that of a TGN marker, Golgin-97, most of knockdown cells (Fig. S4 A). Taken together, our data suggest
the signal was thought to be derived from other membranous that SCAP regulates the TGN PI4P levels by controlling the
structures, as shown previously (Ikonen, 2018), and filipin does  turnover of PI4P at ER-Golgi MCSs.
not seem to have sufficient sensitivity to detect low levels of Next, we evaluated the effect of SCAP knockdown on the
cholesterol in the ER and Golgi membranes. formation of the VAP-A-OSBP complex by using the BiFC ap-
Because of the lack of cholesterol probes with enough sensi- proach. A stable cell line coexpressing Vn-OSBP and Vc-VAP-A
tivity for our purposes, we focused on monitoring the PI4Plevelin  showed a BiFC signal in the juxtanuclear region, which was
SCAP knockdown cells. When PI4P was visualized with a specific ~ enhanced by 25-HC treatment (Fig. S4 B). When SCAP was
antibody, the fluorescence signal in shSCAP cells was significantly =~ knocked down by siRNA, ~34% of cells showed a bright BiFC
increased compared with that in the parental HeLa cells, especially ~ signal in the peripheral region in addition to the signal at the
in the juxtanuclear region that partially overlapped with mem- juxtanuclear Golgi region, and the number of cells with this
branes positive for the TGN markers sialyltransferase and Golgin-  phenotype increased to ~61% upon 25-HC treatment (Fig. 5 D).
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Figure 3. BiFC visualization of SCAP, VAP-A, and Sacl interactions at ER-Golgi MCSs. (A-F) BiFC visualization of the SCAP-Sacl or SCAP-VAP-A in-
teraction at ER-Golgi MCSs in Hela cells coexpressing Myc-OSBP and Vn-fused SCAP in combination with Vc-fused Sacl (A, C, and E) or VAP-A (B, D, and F).
The cells were incubated without (Control [Cont]) or with 2 ug/ml 25-HC for 2.5 h or were cholesterol depleted (Chol Depl) for 3 h. The expression of Vn-SCAP
together with Vc-Sacl (A) or Vc-VAP-A (B) was visualized with an anti-GFP antibody. (C and D) Quantification of perinuclear BiFC signal. Boxes delimit the first
and third quartiles and the central line is the median, whereas the cross represents the mean value. The whiskers represent the minimum and maximum values

after outlier removal (n = 70-101 cells per condition; *, P < 0.05; **** P < 0.0001; Kruskal-Wallis multiple sample nonparametric test). N, nucleus. Scale bars,
10 pm.
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Hela cells. The graph shows determination of the expression levels of SCAP at 72 h after siRNA transfection. Data are means + SEM (n = 3 independent
experiments; ***, P < 0.001; unpaired two-tailed Student’s t test). (B) Determination of mRNA levels of the indicated genes in control (Cont) and SCAP
knockdown cells by quantitative real-time PCR. Data are means + SEM (n = 4 independent experiments; **, P < 0.01; ***, P < 0.005; unpaired two-tailed
Student’s t test). (C) Total cholesterol (Chol) levels in control and SCAP knockdown cells. Data are means + SEM (n = 6 independent experiments; unpaired
two-tailed Student’s t test). (D and E) shRNA-mediated knockdown of SCAP in Hela cells. (E) Expression levels of SCAP, HMGR, and LDLR in parental Hela
(control) and shSCAP Hela cells. Data are means + SEM (n = 4 independent experiments; *, P < 0.05; ****, P < 0.001; unpaired two-tailed Student’s t test).
(F) Total cholesterol levels in parental Hela and shSCAP Hela cells. Data are means + SEM (n = 3 independent experiments; unpaired two-tailed Student’s

t test). Asterisks on the Western blots denote nonspecific bands. IB, immunoblotted.

As the VAP-OSBP complex has been reported to exist not
only at ER-Golgi MCSs but also at ER-endosome MCSs (Dong
et al., 2016), we compared the localization of the peripheral BiFC
signal with that of the late endosomal marker CD63. The close
apposition of CD63 but not of TGN46 to the peripheral BiFC
signal was observed in SCAP knockdown cells (Fig. 5 E), indi-
cating that SCAP is required to prevent the redistribution of the
VAP-A-OSBP complex to ER-endosome MCSs and to maintain it
at ER-Golgi MCSs.

SCAP is required for the biogenesis of CARTS at the TGN

We previously reported that perturbation of lipid transfer com-
plexes at ER-Golgi MCSs inhibits the biogenesis of CARTS at the
TGN (Wakana et al., 2015). Here, we visualized CARTS in Vn-
OSBP-Vc-VAP-A stably expressing cells treated with 25-HC by
staining a CARTS-specific cargo, pancreatic adenocarcinoma up-
regulated factor (PAUF; Wakana et al., 2012). Putative nascent
CARTS imaged by super-resolution stimulated emission depletion
(STED) microscopy were located in the close vicinity of the BiFC-
positive perinuclear structures (Fig. 6 A, arrowheads), suggesting

Wakana et al.
A role for SCAP in CARTS biogenesis

that CARTS form at sites immediately adjacent to the VAP-A-
OSBP complex-containing ER-Golgi MCSs. Next, we investigated
whether SCAP is required for CARTS-mediated protein secretion.
In SCAP knockdown cells, the secretion of PAUF-MycHis was
reduced to ~49% of that in control cells (Fig. 6 B). Moreover,
PAUF-MycHis secreted by SCAP knockdown cells was detected as
a smeared band, suggesting a defect in PAUF processing, as pre-
viously observed in cells depleted of other ER-Golgi contact site
components (Wakana et al., 2015).

The effect of SCAP knockdown on the biogenesis of CARTS
was assessed with an inducible CARTS formation assay, where
synchronized transport of PAUF from the ER was performed by
using a reverse dimerization system involving D/D solubilizer-
induced disassembly of FM4 domains (Rivera et al., 2000). The
chimera protein mKate2-FM4-PAUF initially retained in the ER
lumen was first exported from this organelle and accumulated in
the Golgi membranes by D/D solubilizer treatment at 20°C for
45 min, after which the temperature was shifted to 37°C to in-
duce the formation of mKate2-FM4-PAUF-containing CARTS at
the TGN. Live-cell imaging showed that a large number of
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Figure 5. SCAP is important for PI4P turnover and VAP-A-OSBP complex distribution at ER-Golgi MCSs. (A) Filipin staining in parental Hela and
shSCAP Hela cells. High magnifications of the boxed areas are shown in the right panels. (B and C) PI4P staining in parental Hela and shSCAP Hela cells with
(top two rows in C) or without (B and bottom two rows in C) sialyltransferase (ST)-mRFP expression. The graph shows determination of the Golgi PI4P levels
in parental HeLa (control) and shSCAP Hela cells. Data are means + SEM (n = 139 cells per condition; ****, P < 0.0001; unpaired two-tailed Student’s t test).
N, nucleus. (D) BiFC visualization of the OSBP-VAP-A interaction in control (Cont) and SCAP knockdown cells. HeLa cells stably coexpressing Vn-OSBP and Vc-
VAP-A were transfected with siRNA. After 72 h, the cells were treated with or without 2 pg/ml 25-HC for 2.5 h. High magnifications of the boxed areas are
shown in the insets where brightness/contrast enhancement was applied. The graph shows the percentage of cells with the peripheral BiFC signal of Vn-
OSBP-Vc-VAP-A. Data are means + SEM (n = 3 independent experiments; 100-131 cells per condition; ***, P < 0.005; unpaired two-tailed Student’s t test).
(E) Close apposition of CD63- but not of TGN46-positive membranes to the peripheral BiFC signal of Vn-OSBP-Vc-VAP-A in SCAP knockdown cells treated
with 2 pg/ml 25-HC for 2.5 h. High magnifications of the boxed areas are shown in the insets. Scale bars, 10 um (large panels), 5 um (insets).
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Figure 6. SCAP is required for the biogenesis of CARTS at the TGN. (A) Close proximity of CARTS formation sites (PAUF-MycHis channel, imaged by STED)
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the BiFC signal of Vn-OSBP-Vc-VAP-A. Scale bars, 5 um (left panels), 1 um (right panels). (B) PAUF-MycHis secretion in control (Cont) and SCAP knockdown
cells. The graph shows quantification of secreted PAUF-MycHis relative to the total cellular level and normalized as the values in control cells. Data are means +
SEM (n = 3 independent experiments; **, P < 0.01; unpaired two-tailed Student’s t test). IB, immunoblotted. (C) Biogenesis of mKate2-FM4-PAUF-containing
CARTS in control and SCAP knockdown cells. The graph shows the number of mKate2-FM4-PAUF-containing CARTS in control and SCAP knockdown cells at
15 min after the temperature shift to 37°C. Data are means + SEM (n = 20-29 cells per condition; ****, P < 0.0001; unpaired two-tailed Student’s t test). Scale

bar, 10 um. See also Video 1.

CARTS were formed at the TGN membranes and dispersed
throughout the cytoplasm (Video 1). Next, mKate2-FM4-PAUF
was expressed in control and SCAP knockdown cells. At 15 min
after the temperature shift to 37°C, the average number of
CARTS in SCAP knockdown cells was ~20% of that in control
cells (Fig. 6 C).

In our model, lipid transfer at ER-Golgi MCSs is thought to
promote CARTS biogenesis through organization of cholesterol-
and SM-enriched nanodomains at the TGN (Wakana et al., 2015).
We therefore examined the effect of SCAP knockdown on
transport of glycosylphosphatidyl inositol (GPI)-anchored pro-
tein, which has been reported to associate with cholesterol- and
sphingolipid-enriched detergent-insoluble membranes (Brown
and Rose, 1992; Simons and Ikonen, 1997; Mayor and Riezman,
2004; Deng et al., 2016). Synchronized transport of mKate2-
FM4-GPI from the ER to the PM was initiated by the addition of
D/D solubilizer, as previously reported (Deng et al., 2016). As
shown in Fig. 7 A, SCAP knockdown did not affect transport of
mKate2-FM4-GPI from the ER (0 min) to the Golgi complex (30
min). Nevertheless, at 60 min after transport initiation, the
amount of mKate2-FM4-GPI that had reached the cell surface
was significantly decreased in SCAP knockdown cells. At
90 min, most of the protein had been transported to the PM in
control cells, but in ~41% of SCAP knockdown cells, the protein

Wakana et al.
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was still localized to the TGN (Fig. 7, A and B). Similar results
were obtained with knockdown of VAP-A/B, CERT/OSBP, or, to
a lesser extent, OSBP (Fig. 7 A and Fig. S5 A). In addition to
these results, overexpression of OSBP PH-FFAT, which im-
mobilizes ER-Golgi MCSs and inhibits CARTS biogenesis
(Wakana et al., 2015), strongly inhibited mKate2-FM4-GPI ex-
port from the TGN (Fig. S5 B). We also tested transport of ve-
sicular stomatitis virus G protein (VSV-G), which is exported
from the TGN in carriers distinct from CARTS (Wakana et al.,
2012, 2013). SCAP knockdown did not significantly delay TGN-
to-PM transport of VSV-G-GFP (Fig. S5 C) compared with that
of mKate2-FM4-GPI (Fig. 7 A).

Next, we tested if CARTS are the carriers that transport
mKate2-FM4-GPI from the TGN to the cell surface. When
mKate2-FM4-GPI and PAUF-MycHis were coexpressed in cells,
we observed that mKate2-FM4-GPI was included in PAUF-
MycHis-positive CARTS, although its fluorescence signal was
relatively low (Fig. 7 C). Consistent with our previous finding
that CARTS biogenesis requires PKD-mediated membrane
fission at the TGN (Wakana et al., 2012), export of mKate2-FM4-
GPI from the TGN was inhibited by expression of a dominant-
negative kinase-dead (KD) mutant of PKD2. Even at 90 min after
transport initiation, the protein was included in TGN-derived tu-
bules, most likely corresponding to fission-defective precursors of
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Figure 7. SCAP is required for GPl-anchored protein transport from the TGN to the PM. (A) mKate2-FM4-GPI transport from the ER to the PM via the
Golgi complex in control (Cont), SCAP, and VAP-A/B knockdown cells. The graph shows the percentages of cells with mKate2-FM4-GPI at the ER, ER/Golgj,
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MycHis and mKate2-FM4-GPI in CARTS at 30 min after the transport induction. (D) Colocalization of GST-PKD2-KD and mKate2-FM4-GP!I in tubules attached
to the TGN at 90 min after the transport induction. (C and D) High magnifications of the boxed areas are shown in the right column where brightness/contrast
enhancement was applied to the mKate2-FM4-GPI channel. Arrowheads in D indicate a GST-PKD2-KD-induced tubule containing mKate2-FM4-GPI.
(E) Colocalization of EQ-SM and PAUF-MycHis. High magnifications of the boxed areas are shown in the insets. The box-and-whisker plots show quantification
of EQ-SM-positive puncta containing PAUF-MycHis (green) and PAUF-MycHis—positive puncta containing EQ-SM (magenta). Boxes delimit the first and third
quartiles, and the central line is the median. The whiskers represent the minimum and maximum values after outlier removal (EQ-SM positive: n = 4,487

puncta; PAUF positive: n = 1,650 puncta in 12 cells; ****, P < 0.0001; paired two-tailed Student’s t test). Scale bars, 10 um.

transport carriers, such as CARTS (Fig. 7 D, arrowheads). Previous
work revealed that a nontoxic SM reporter protein, EQ-SM, is
enriched in transport carries containing mKate2-FM4-GPI (Deng
et al., 2016). When EQ-SM and PAUF-MycHis were coexpressed in
cells, ~80% of PAUF-MycHis-positive CARTS contained EQ-SM
(Fig. 7 E). This result fits well with the former report that 86 +5% of
mKate2-FM4-GPI-positive exocytic vesicles contain EQ-SM (Deng
et al., 2016).

Taken together, these results strongly suggest that SCAP
specifically promotes the biogenesis of CARTS, which are en-
riched in cholesterol and SM.

Wakana et al.
A role for SCAP in CARTS biogenesis

SCAP regulates CARTS biogenesis in a cholesterol-dependent
manner

SCAP directly binds cholesterol and plays a pivotal role in cho-
lesterol homeostasis as a cholesterol sensor in the ER membrane
(Radhakrishnan et al., 2004; Motamed et al., 2011; Brown et al.,
2018). Does SCAP regulate CARTS biogenesis by sensing the ER
cholesterol level? Previous mutagenesis analysis of SCAP in CHO
cells revealed that several amino acid residues are critical for the
conformational change induced by cholesterol binding (Brown
et al., 2018). Specifically, replacement of tyrosine 234 in the
cholesterol-binding loop 1 region of SCAP (Fig. 8 A) with alanine
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(Y234A) abolishes binding of loop 1 to loop 7, and thus, this
mutant binds to Insig even in the absence of cholesterol
(Motamed et al., 2011). By contrast, mutants with replacement of
tyrosine 298, leucine 315, and aspartic acid 443 in the sterol-
sensing domain (SSD; Fig. 8 A, highlighted in light blue) with
cysteine (Y298C), phenylalanine (L315F), and asparagine (D443N),
respectively, are resistant to the cholesterol-induced conforma-
tional change and show no Insig binding, even in the presence of
sterols (Nohturfft et al., 1998; Brown et al., 2002; Yabe et al.,,
2002a, b; Yang et al., 2002; Adams et al., 2003).

We established different shSCAP cells, each of which stably
expressed hamster SCAP WT, Y2344, Y298C, L315F, D443N,
or D451A/L452A (Golgi transport-defective mutant). Western
blotting of cell lysates with an antibody specific to hamster SCAP
and one recognizing both hamster and human SCAP showed
higher expression levels of exogenous proteins, except for
D443N, than those of endogenous SCAP in parental HeLa cells
(Fig. 8 B). Immunofluorescent staining with an anti-hamster
SCAP antibody showed reticular distributions of WT, Y234A,
Y298C, and D451A/L452A in the ER and additional Golgi-
localized pools of L315F and D443N under cholesterol-fed con-
ditions (Fig. S3 D, first and third rows). A previous work
reported that SCAP Y298C is redistributed to the Golgi complex
even in the presence of sterols, based on data obtained with
digestion of N-linked carbohydrates of SCAP by endoglycosidase
H (Nohturfft et al., 1998). However, at the level of immunoflu-
orescence microscopy, the signal of Y298C in the Golgi complex
was not obvious, because most of the protein was present in the
juxtanuclear ER (Fig. S3 D, upper right panel). Perhaps, a minor
fraction of the Y298C pool is transported to the Golgi complex
and acquires endoglycosidase H resistance. When cholesterol
was depleted from cells, fractions of the WT and Y298C pools
were redistributed from the ER to the Golgi complex, whereas
Y234A and D451A/L452A remained in the ER (Fig. S3 D, second
and fourth rows), in agreement with previous reports (Nohturfft
etal., 1998; Yabe et al., 2002a; Motamed et al., 2011). Since only a
small number of cells expressed D443N, this cell line was not
used in subsequent experiments.

We examined the effect that the expression of the respective
hamster SCAP proteins has on the turnover of PI4P and CARTS
biogenesis. Our results showed that expression of WT, but not
Y234A, Y298C, or L315F, reversed the accumulation of PI4P at
the TGN (Fig. 8 C). Consistently, expression of SCAP WT caused
the recovery of the number of CARTS from SCAP knockdown,
but neither Y234A, Y298C, nor L315F showed such an effect
(Fig. 8 D). It is of note that expression of the Golgi transport-
defective mutant D451A/L452A recovered both functions, simi-
larly to WT (Fig. 8, C and D). These results suggest that the
cholesterol-sensing ability of SCAP in the ER membrane is re-
quired for CARTS biogenesis and is tightly linked to the capacity
of SCAP to regulate PI4P turnover at ER-Golgi MCSs.

The SCAP-SREBP complex functions in CARTS biogenesis

SCAP and SREBPs are known to form a stable complex. Con-
sistent with previous reports (Rawson et al., 1999; Matsuda et al.,
2001; Moon et al., 2012), expression levels of SREBPI and
SREBP2 were also significantly decreased in shSCAP cells (Fig. 9
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A, lane 2). Importantly, while expression of not only SCAP WT
or D451A/L452A but also Y234A, Y298C, or L315F recovered
expression of SREBPs (Fig. 9 A, lanes 3-7), these cholesterol-
sensing defective mutants were not able to rescue the defects
in PI4P turnover and CARTS biogenesis (Fig. 8, C and D). These
results suggest that the cholesterol-sensing ability of SCAP, and
not the presence of SREBPs, is the dominant factor by which
SCAP controls these functions. Immunoprecipitation of FLAG-
SREBPla and FLAG-SREBP2 showed their interactions with
Myc-OSBP and endogenous Sacl and VAP-A (Fig. 9 B). Our ob-
servation that FLAG-SREBPs show a higher affinity for GFP-
SCAP than for components of the cholesterol/PI4P exchange
machinery (Fig. 9 C) suggests that SCAP and SREBPs form a
stable complex that only transiently interacts with the lipid
exchange machinery at ER-Golgi MCSs.

Finally, we tested whether knockdown of SREBPs affects
CARTS biogenesis. The expression levels of SREBP1 and SREBP2
were significantly decreased by using siRNA targeting a com-
mon sequence of two alternative splicing isoforms of SREBPI (la
and 1c) and SREBP2, respectively, without affecting expression
of SCAP (Fig. 9 D, lanes 1-3). Since a mixture of these two siRNAs
did not reduce SREBP1 and SREBP2 at the same time (Fig. 9 D,
lane 4), the effect on CARTS formation of either SREBPI or
SREBP2 knockdown was examined. Our results showed that the
average number of CARTS was decreased to ~74% and 39% of the
control levels in SREBP1 and SREBP2 knockdown cells, respec-
tively (Fig. 9 E).

Discussion

SCAP was discovered in 1996 as an ER protein whose mutation
conferred on CHO cells resistance to 25-HC, an oxygenated
cholesterol derivative that suppresses SREBP processing and
thereby blocks cholesterol synthesis but cannot replace choles-
terol for cell viability (Hua et al., 1996). Subsequent studies
demonstrated that SCAP senses the ER cholesterol content and,
in response to cholesterol deficiency, escorts SREBPs from the
ER to the Golgi complex for their cleavage-mediated activation
(Brown et al., 2018).

In the present study, we demonstrate a new function of SCAP
under cholesterol-fed conditions. Based on our data, we propose
a model whereby SCAP interacts with VAP-OSBP at ER-Golgi
MCSs via Sacl and regulates counter-transport of cholesterol
and PI4P in an ER cholesterol-dependent manner (Fig. 10). This
is supported by our finding that SCAP knockdown causes ac-
cumulation of PI4P at the TGN (Fig. 5, B and C), a hallmark of the
impairment of cholesterol/PI4P exchange between the ER and
the trans-Golgi membranes. SCAP appears to contribute to the
efficient establishment of ER-Golgi MCSs because its knock-
down caused partial redistribution of the VAP-OSBP complex
to ER-endosome MCSs (Fig. 5, D and E). At the trans-Golgi
membranes, cholesterol and SM organize lipid nanodomains,
which can function as a platform for molecular machineries
responsible for processing and sorting of cargoes, including GPI-
anchored proteins (Fig. 10, right panel). In parallel, DAG, which
is synthesized together with SM from ceramide and phospha-
tidylcholine, recruits PKD for membrane fission, leading to
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