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Cholesterol is a major and essential component of the
mammalian cell plasma membrane (PM), and the loss of
cholesterol homeostasis leads to various pathologies. Cellular
cholesterol uptake and synthesis are regulated by a cholesterol
sensor in the endoplasmic reticulum (ER). However, it remains
unclear how changes in the cholesterol level of the PM are
recognized. Here, we show that the sensing of cholesterol in the
PM depends on ABCA1 and the cholesterol transfer protein
Aster-A, which cooperatively maintain the asymmetric trans-
bilayer cholesterol distribution in the PM. We demonstrate
that ABCA1 translocates (flops) cholesterol from the inner
leaflet of the PM to the outer leaflet of the PM to maintain a
low inner leaflet cholesterol level. We also found that when
inner cholesterol levels were increased, Aster-A was recruited
to the PM–ER contact site to transfer cholesterol to the ER.
These results suggest that ABCA1 could promote an asym-
metric cholesterol distribution to suppress Aster-A recruitment
to the PM–ER contact site to maintain intracellular cholesterol
homeostasis.

The cholesterol transporters ABCA1 and ABCG1 are
essential for reverse cholesterol transport, a pathway
through which cholesterol in peripheral tissues is delivered
to the liver. ABCA1 transfers cholesterol and phosphatidyl-
choline to apoA-I, a lipid acceptor in blood, to generate
high-density lipoprotein (HDL) (1), and ABCG1 exports
cholesterol to HDL (2). ABCA1 is ubiquitously expressed in
the body, and HDL generation is the only pathway for
reverse cholesterol transport; thus, ABCA1 deficiency causes
severe hypercholesterolemia or Tangier disease (3–5).
Moreover, mutations in ABCA1 were found in patients with
chronic myelomonocytic leukemia, suggesting that ABCA1
exerts tumor suppressor functions (6). Regarding in vivo
studies, the knockout of ABCA1/G1 enhances macrophage
inflammatory responses (7–9), and the tissue-specific
knockout of ABCA1/G1 or ABCA1 has characteristic ef-
fects, including autoimmune activation in dendritic cells
(10), impaired diet-induced obesity in adipose tissue (11),
and less phagocytosis in astrocytes (12). It has been
considered that these phenotypes are caused by excessive
cholesterol accumulation because of defective cholesterol
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export. We recently reported that ABCA1 not only exports
cholesterol but also translocates (flops) it from the inner
leaflet of the PM (IPM) to the outer leaflet of the PM
(OPM) (13–15). IPM cholesterol is maintained at around
3 mol% in various cell lines, whereas OPM cholesterol is
30�50 mol% (16). This asymmetric cholesterol distribution
allows cholesterol to function as an intramembrane signaling
molecule (13, 17), but its physiological importance is not
fully understood.

Cholesterol is synthesized in the endoplasmic reticulum
(ER) and is also taken up as low-density lipoprotein (LDL)
via LDL receptor. Cholesterol synthesis and uptake are
regulated by sterol regulatory element–binding protein
(SREBP) and SREBP cleavage–activating protein (Scap) (18).
The SREBP–SCAP system is controlled by the ER choles-
terol level; 5 mol% is the threshold that activates or de-
activates the SREBP–SCAP system depending on the cellular
cholesterol level.

In addition, cholesterol is a major component of the PM,
which stores 60�90% of total cholesterol in the cell (19, 20).
It has been reported that Aster proteins (GRAMD1s)
localized at the ER are recruited to the PM–ER contact site
(PEcs) upon an increase in the PM cholesterol level to
transfer cholesterol from the PM to the ER (21, 22). Aster-B
is mainly expressed in steroidogenic tissues in wildtype
mice, and Aster-B knockout mice show low steroidogenesis
because of low adrenal cholesterol ester storage (21). Aster-
C is mainly expressed in the liver and testis, but its physi-
ological function is unknown (23). Wang et al. (24) showed
that liver-specific Aster-B/C silencing ameliorates fibrotic
nonalcoholic steatohepatitis by decreasing the cholesterol
accumulation in hepatocytes that causes the disease. These
studies suggest that Aster-B/C contributes to cholesterol
internalization in cholesterol-abundant tissues and to
cellular cholesterol accumulation. While it has been re-
ported that, like Aster-B/C, Aster-A is recruited to the PEcs
upon an increase in the PM cholesterol level and is ubiq-
uitously expressed, its physiological role remains unclear.
Given the aforementioned reports, we hypothesized that the
low IPM cholesterol level formed by ABCA1 allows Aster-A
to respond to a local and temporal increase in the PM
cholesterol level for cholesterol internalization, which en-
ables the SREBP–SCAP system to immediately and
constantly sense the PM cholesterol level.
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Asymmetric cholesterol distribution by ABCA1 and Aster-A
Results
Gramd1b gene, which codes Aster-B, is a direct transcrip-

tional target of sterol-responsive liver X receptors, and Aster-B
expression is induced in response to an increased cholesterol
level in the cell (21). We discovered, however, that Aster-A
expression was induced by neither serum depletion nor liver
X receptor agonists (Fig. 1), indicating that the expression level
of Aster-A is not changed by the cellular cholesterol level.
Considering its ubiquitous expression (21), Aster-A is ex-
pected to have a different role in systemic cells from Aster-B,
which incorporates cholesterol mainly in cholesterol-abundant
tissues.

To investigate the Aster-A function, we established HeLa
cells stably expressing GFP-Aster-A. Western blotting showed
a band that was shifted to a higher molecular weight than
expected (108 kDa), but the band of endogenous Aster-A was
also shifted higher (Fig. S2). The band of a C-terminal deletion
mutant was also shifted, but that of the Gram domain was not.
Thus, some structures or modifications in amino acids 256 to
546 including the Aster domain might affect the mobility in
electrophoresis. We therefore concluded that GFP-Aster-A
was correctly expressed. Next, the localization of Aster-A
was examined by confocal microscopy. As reported (21),
Aster-A was diffused throughout the ER and showed a pe-
ripheral dot-like distribution overlapping CellMask Deep Red
(Thermo Fisher Scientific), a PM marker, by cholesterol
loading using the methyl-β-cyclodextrin (MβCD)–cholesterol
complex (Fig. 2A). The mean values of the ratio of GFP Aster-
A on the PM to that in the total cell area with and without the
cholesterol loading were 0.49 ± 0.07 and 0.16 ± 0.04,
Figure 1. Aster-A was not a transcriptional target of LXRs.WI-38 cells, a norm
or 0.02% BSA with or without 10 μM T0901317 or 10 μM 25-hydroxycholesterol
control, were analyzed by Western blotting. The anti-Aster-A antibody correc
(0.02% BSA) are shown below each band. B, the mRNA expressions of gramd1a
**p < 0.001 versus 0.02% BSA. n = 3. BSA, bovine serum albumin; FBS, fetal bo
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respectively (Fig. 2B). Furthermore, the movement of GFP-
Aster-A on the ER network near the bottom of the cell was
observed by high-resolution microscopy (Fig. 2C and Video
S1). After the cholesterol loading, GFP-Aster-A molecules
immediately showed a dot-like distribution in the ER network,
where they hardly moved for a few minutes. The dot-like
distribution was localized near the PM in Figure 2A, indi-
cating that Aster-A was recruited to the PEcs by cholesterol
loading. However, when the concentration of the cholesterol
loading was low, the dot-like distribution of GFP-Aster-A was
dynamic, repeatedly appearing and disappearing (Fig. 2D and
Video S2). The cholesterol level of the PM does not signifi-
cantly increase under physiological conditions except for some
tissues or cells, such as the liver or macrophages. Thus, these
results suggest that Aster-A diffuses on the ER and monitors
the cholesterol level of the PM by changing the length of time
it localizes at the PEcs.

Previous reports show that Aster proteins sense the
cholesterol concentration of the PM using their Gram do-
mains, which bind to membranes containing cholesterol above
a certain concentration (21, 22). The Aster protein structure
shows long disordered regions between the Gram domain and
Aster domain, which allows the Gram domain to freely bind to
IPM cholesterol. We reported that ABCA1 flops cholesterol
(13, 14), suggesting ABCA1 suppresses Aster-A recruitment to
the PEcs. To show that ABCA1 flops cholesterol, we per-
formed flow cytometry (Fig. 3A) using the Alexa Fluor 647–
labeled D4 domain of perfringolysin O (PFO), which is the
cholesterol-binding domain of pore-forming cytolysin
(Fig. S3). GFP, ABCA1-GFP, or an ATP hydrolysis–deficient
al human lung fibroblast line, were cultured in medium containing 10% FBS
for 24 h. A, the protein expressions of Aster-A, ABCA1, and vinculin, a loading
tly recognized Aster-A (Fig. S1). The relative band intensities to the control
(Aster-A) and abca1 were analyzed by qPCR. Mean values are shown with SD.
vine serum; LXR, liver X receptor; ns, not significant; qPCR, quantitative PCR.



Figure 2. Aster-A was recruited to the PEcs by loading cholesterol. A, HeLa/GFP-Aster-A cells were treated with or without 0.4 mM MβCD–cholesterol
complex for 5 min, fixed with 4% paraformaldehyde, and observed by confocal microscopy. The PM was stained with CellMask Deep Red. The scale bars
represent 5 μm. B, the ratio of GFP Aster-A on the PM to that in the total cell area is shown. Mean values are shown with SD. p < 0.001 versus untreated. n =
12 cells. C, images of HeLa/GFP-Aster-A cells transfected with mCherry-KDEL (an ER marker) and taken using AiryScan (left). Images taken 2.5 min after a final
concentration of 0.4 mM MβCD–cholesterol complex was added (right). The scale bars represent 5 μm. D, representative images of GFP-Aster-A movement
after cholesterol loading at a low concentration (0.1 mM) at each time point in Video S2. The scale bar represents 5 μm. ER, endoplasmic reticulum; MβCD,
methyl-β-cyclodextrin; PEcs, PM–ER contact site; PM, plasma membrane.
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mutant, ABCA1(MM)-GFP, was expressed in HeLa cells.
Because ABCA1 exports cholesterol to apoA-I, which is a lipid
acceptor in blood and abundant in fetal bovine serum (FBS),
an ABCA1 inhibitor (PSC-833) (25) was added at the time of
the transfection. Before the observation, the cells were incu-
bated in serum-free medium for 2 h to make ABCA1 flop
cholesterol but not transfer the cholesterol onto apoA-I. In the
cells expressing ABCA1-GFP, Alexa647-PFO-D4 binding
increased with an increase in the expression level of ABCA1-
GFP (Fig. S4), and the median of the fluorescence intensity
of Alexa647-PFO-D4 binding to ABCA1-GFP–positive cells
without PSC-833 increased 3.5 times compared with the
condition with PSC-833 (Fig. 3A). In contrast, in the cells
expressing GFP or ABCA1(MM)-GFP, Alexa647-PFO-D4
binding had a negligible effect. These results showed that
ABCA1 increased the OPM cholesterol level in HeLa cells.
Furthermore, the IPM cholesterol level was examined by total
internal reflection fluorescence (TIRF) microscopy using PFO-
D4H, which has a higher affinity for cholesterol than wildtype
PFO-D4 (26). To observe a change in the IPM cholesterol
level, we established HeLa cells expressing a proper level of
GFP-D4H in the cytosol, because the expression level of the
cholesterol probe greatly affects its translocation to the PM
(16). When the cells were transiently transfected with ABCA1-
mCherry and cultured in the presence of PSC-833, GFP-D4H
gradually dissociated from the PM of the cells expressing
ABCA1-mCherry after removing PSC-833 to exert ABCA1
activity, but in other cells without ABCA1 expression, GFP-
D4H stayed at the PM (Fig. 3B). The relative fluorescence
intensity of GFP-D4H in cells expressing ABCA1 decreased to
0.26 ± 0.05 at 4 h, but that in cells expressing ABCA1(MM)-
mCherry remained constant (Fig. 3C). The same assay per-
formed with another HeLa/GFP-D4H clone showed a similar
result, suggesting that the observations are not clone specific
(Fig. S5).

When cholesterol interacts with sphingomyelin in the PM,
PFO cannot bind to cholesterol (27). We examined whether
ABCA1 increases the OPM cholesterol level even in
J. Biol. Chem. (2022) 298(12) 102702 3



Figure 3. ABCA1 flops cholesterol in the PM in HeLa cells. A, HeLa cells transfected with GFP, ABCA1-GFP, or ABCA1(MM)-GFP were cultured in medium
containing 10% FBS and 2.5 μM PSC-833. On the following day, the cells were incubated in serum-free medium with or without PSC-833 for 2 h, and
Alexa647-PFO-D4 binding to the cells was analyzed by flow cytometry. Fluorescence intensities of Alexa647-PFO-D4 in GFP-positive cells are shown. The
flow cytometry plots are shown in Fig. S4. B, HeLa/GFP-D4H cells were transfected with ABCA1-mCherry or ABCA1(MM)-mCherry in medium containing 10%
FBS and 5 μM PSC-833. After the medium was changed to serum-free medium, images were acquired every hour by TIRF microscopy. The white outlines
indicate the regions of the cell expressing ABCA1-mCherry or ABCA1(MM)-mCherry. The scale bars represent 10 μm. C, relative changes in the GFP
fluorescence intensity. Solid lines indicate mean values. Error bars indicate SD. **p < 0.001 versus ABCA1(MM)-expressing cells. n = 8 to 9 cells. FBS, fetal
bovine serum; PM, plasma membrane; TIRF, total internal reflection fluorescence.
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sphingomyelin-depleted cells. Sphingomyelinase (SMase) was
added at the same time PSC-833 was removed to exert ABCA1
activity. Although SMase treatment slightly increased
Alexa647-PFO-D4 binding to cells lacking ABCA1 expression
because cholesterol sequestered by sphingomyelin was
released, ABCA1 increased the binding regardless of SMase
treatment (Fig. 4, A and B). SMase rapidly depleted cell-surface
sphingomyelin (Fig. 4C). The increase in Alexa647-PFO-D4
binding to the cells by ABCA1 confirmed the increase in the
OPM cholesterol level. Therefore, these results suggest that
ABCA1 flops cholesterol and decreases the IPM cholesterol
level.

Next, we examined whether ABCA1 suppresses cholesterol-
dependent Aster-A recruitment. ABCA1 or ABCA1(MM) was
expressed in HeLa/GFP-Aster-A cells, which were fixed at
5 min after cholesterol loading, and the localization of GFP-
Aster-A was observed by confocal microscopy (Fig. 5A).
GFP-Aster-A in cells highly expressing ABCA1 was evenly
diffused in the ER, but in cells expressing ABCA1(MM), it was
recruited to the PEcs. The ratio of the fluorescence intensity in
the PM to that in the total cell area was plotted with the
ABCA1 expression level on the PM, which was measured us-
ing an antibody against the extracellular domain of ABCA1
4 J. Biol. Chem. (2022) 298(12) 102702
(15) without permeabilization (Fig. 5B). The correlation coef-
ficient between the ratio and the ABCA1 and ABCA1(MM)
expression levels was −0.79 and 0.10, respectively. While
ABCA1 is ubiquitously expressed in the body, the expression
levels differ greatly among tissues and are highly regulated by
intracellular cholesterol levels. Our data show that Aster-A
recruitment to the PEcs is dependent on the expression level
of ABCA1 over a concentration range of more than 100-fold,
suggesting that ABCA1 regulates Aster-A recruitment to the
PEcs in various tissues under different conditions. To visually
confirm that ABCA1 suppresses Aster-A-mediated cholesterol
internalization, we added TopFluor-cholesterol, which is
cholesterol conjugated with a fluorescent dye, to the PM and
observed the internalization in living cells. HeLa/Aster-A cells
transiently expressing ABCA1-mCherry were treated with
TopFluor-cholesterol mixed with the MβCD–cholesterol
complex, incubated for 5 min, and observed by confocal
microscopy (Fig. 5C). However, unexpectedly, the TopFluor-
cholesterol fluorescence on the PM of ABCA1-mCherry–
expressing cells was lower than in cells without ABCA1
expression, and the internalization of TopFluor-cholesterol
was apparently slower. Indeed, the fluorescence intensity of
TopFluor-cholesterol in cells expressing ABCA1 tended to be



Figure 4. ABCA1 increased the OPM cholesterol level even in sphingomyelin-depleted cells. A and B, HeLa cells transfected with ABCA1-GFP were
incubated with or without PSC-833 or SMase in serum-free medium for 2 h. Alexa647-PFO-D4 binding to the cells was analyzed by flow cytometry. A, the
plots were divided into GFP-negative and GFP-positive cells at a fluorescence intensity of 20,000, and the percentage of the plots and median values of the
fluorescence intensities of Alexa647-PFO-D4 are shown. B, the fluorescence intensities of Alexa647-PFO-D4 in GFP-positive cells are shown. C, the amount of
sphingomyelin in HeLa/GFP-Aster-A cells was measured after SMase treatment at the indicated conditions. Mean values are shown with SD. **p < 0.001
versus SMase 0 U/ml. n = 3. OPM, outer leaflet of the PM; PFO, perfringolysin O; SMase, sphingomyelinase.
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lower in a flow cytometry assay (Fig. 5D). This result was
replicated in human embryonic kidney 293 (HEK293) cells,
verifying that the phenomenon is not cell-type specific. The
high OPM cholesterol level generated by ABCA1 might
prevent cholesterol transfer from the MβCD–cholesterol
complex to the PM. Following these results, we decided to
apply another method to examine the effect of ABCA1
on cholesterol-dependent Aster-A recruitment to test our
hypothesis.

Sphingomyelin, which is mainly distributed at the OPM,
interacts with cholesterol, but its degradation by SMase in-
creases the IPM cholesterol level (13). Because previous re-
ports showed that SMase treatment recruits Aster proteins to
the PEcs (22, 28), we used SMase to analyze the effect of
ABCA1 on Aster-A recruitment. Since the effect of SMase
treatment on the Aster-A recruitment was much smaller than
the effect of cholesterol loading according to a confocal mi-
croscopy analysis (Fig. S6), we used TIRF microscopy to
observe changes in the Aster-A recruitment to the PEcs, as
reported previously (22). GFP-Aster-A formed dot-like struc-
tures near the bottom of the cells a couple of minutes after the
SMase treatment (Video S3). The mean relative fluorescence
intensity reached 1.56 ± 0.28 (Fig. 6A). HeLa/GFP-Aster-A
cells transiently expressing ABCA1 or ABCA1(MM)-
mCherry were treated with SMase, and GFP-Aster-A was
observed. GFP-Aster-A was not recruited to the PEcs in cells
expressing ABCA1-mCherry (Video S4), and the relative
fluorescence intensity at 10 min was 1.07 ± 0.10. However, in
cells expressing ABCA1(MM)-mCherry, the relative fluores-
cence intensity was 1.43 ± 0.30 (Fig. 6B). These results suggest
that ABCA1 suppresses Aster-A recruitment to the PEcs by
flopping cholesterol to the OPM.

ABCG1, which exports cholesterol to HDL (2), also flops
cholesterol and decreases the IPM cholesterol level (13, 14). To
examine whether ABCG1 suppresses Aster-A recruitment to
the PEcs by SMase treatment, we performed the Alexa647-
PFO-D4 binding assay and TIRF microscopy. ABCG1 ex-
ports cholesterol to HDL; therefore, in the assay, FBS was
removed from the medium before the transfected ABCG1 was
expressed. The binding of Alexa647-PFO-D4 to cells
expressing ABCG1-GFP was 6.1 times higher than in control
(GFP) cells (Fig. 6C). In contrast, in cells expressing
ABCG1(KM)-GFP, which is an ATP hydrolysis–deficient
mutant, no significant change in Alexa647-PFO-D4 binding
was observed. These findings suggest that ABCG1 flops
cholesterol and decreases the IPM cholesterol level like
ABCA1. The relative fluorescence intensity at 10 min in
ABCG1-mCherry–expressing cells and ABCG1(KM)-
mCherry–expressing cells was 1.04 ± 0.08 and 1.36 ± 0.25,
respectively, according to the TIRF microscopy analysis
(Fig. 6D). These results suggest that the IPM cholesterol level
is the determinant of Aster-A recruitment to the PEcs, and
ABCA1 and ABCG1 maintain high OPM and low IPM
cholesterol levels by flopping cholesterol and suppressing
Aster-A-mediated cholesterol transfer from the PM to the ER.
Discussion

In this study, we showed that Aster-A diffuses in the ER and
monitors the IPM cholesterol level by changing its length of
J. Biol. Chem. (2022) 298(12) 102702 5



Figure 5. The effect of ABCA1 on cholesterol-dependent Aster-A recruitment to the PEcs. A, HeLa/GFP-Aster-A cells transfected with ABCA1 or
ABCA1(MM) were treated with 0.3 mMMβCD–cholesterol complex for 5 min and fixed with 4% paraformaldehyde. ABCA1 was stained with an antibody (ab)
against the anti–extracellular domain of ABCA1 and observed by confocal microscopy. The PM was stained with CellMask Deep Red. The scale bars represent
5 μm. B, the ratio of GFP-Aster-A on the PM to that in the total cell area is plotted with the expression level of ABCA1 or ABCA1(MM) on the PM. Log-linear
regressions (solid lines) and correlation coefficients (r) are shown. n = 30 to 33 cells. C, HeLa/Aster-A cells transfected with ABCA1-mCherry were treated with
0.2 mM MβCD–cholesterol complex mixed with TopFluor-cholesterol for 5 min and observed by confocal microscopy. White arrows indicate ABCA1-
mCherry–expressing cells. The scale bars represent 10 μm. D, HeLa/Aster-A cells or HEK293 cells transfected with ABCA1 were treated with
0.2 mM MβCD–cholesterol complex mixed with TopFluor-cholesterol for 5 min and analyzed by flow cytometry. Cell-surface ABCA1 was measured with
ABCA1 antibody. HEK293, human embryonic kidney 293 cell line; MβCD, methyl-β-cyclodextrin; PEcs, plasma membrane–endoplasmic reticulum contact
site; PM, plasma membrane.
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time at the PEcs. Aster proteins have been reported to sense a
transient expansion of the accessible pool of PM cholesterol
via their GRAM domains and to facilitate the transport of this
cholesterol via their StART-like (ASTER) domains down the
concentration gradient to the ER to maintain equilibrium be-
tween accessible PM cholesterol and the ER pool (21, 22, 29).
However, what exactly is accessible PM cholesterol for Aster
proteins remains unclear.

The transbilayer distribution of cholesterol in the PM is still
controversial. Using orthogonal lipid sensors, Liu et al. (13)
reported that the IPM cholesterol level is 10-fold lower than
the OPM cholesterol level. Steck and Lange (30) raised ques-
tions about the involvement of ABCA1 and ABCG1 because
their transport activities seem insufficient to form the asym-
metric distribution, which appears to use an improbable en-
ergy drain on the cell. Courtney et al. (31) reported that the
PM cholesterol in human erythrocytes is 80% in the IPM.
Erythrocytes are, however, not an ideal model for studying the
cholesterol distribution in the PM because they do not have
the ER, where cholesterol is synthesized and the SCAP–SREBP
complex and Aster proteins function.

Very recently, Cho et al. (16) showed that the accessible
IPM cholesterol level is much lower than the OPM cholesterol
level by quantitative imaging analysis using two different types
of ratiometric cholesterol sensors that are not appreciably
affected by changes in the lipid environment. Some IPM
6 J. Biol. Chem. (2022) 298(12) 102702
cholesterol molecules are sequestered and made unavailable
for lipid sensors by membrane proteins such as caveolin-1. The
IPM cholesterol concentration that makes cholesterol available
to cytosolic proteins, whether they are lipid sensors or
signaling proteins, also applies to Aster-A. Thus, at least, the
accessible IPM cholesterol level for Aster-A is much lower
than the OPM cholesterol level. Moreover, in this study, we
demonstrated that ABCA1 decreased the accessible IPM
cholesterol level and increased the accessible OPM cholesterol
level within a couple of hours (Fig. 3), suggesting that ABCA1
has adequate cholesterol flopping ability to lower, at least, the
accessible IPM cholesterol level. Therefore, it is conceivable
that the accessible PM cholesterol for Aster proteins refers to
the accessible IPM cholesterol maintained by ABCA1.

In the ER, a cooperative response of the Scap–SREBP
complex with a Hill coefficient of approximately 4 maintains
ER cholesterol at 5 mol%, and the complex functions as a
central switch to control PM cholesterol content in mamma-
lian cells (18, 32). In contrast, it has been suggested that the
GRAM domains of Aster proteins weakly interact with
membrane cholesterol (22, 33). Because the GRAM domains
can get close enough with PM cholesterol when passing
through the PEcs, this weak interaction slows the diffusion rate
of Aster proteins, and the IPM cholesterol concentration de-
termines the length of time of Aster proteins staying at the
PEcs. In other words, the number (n) of Aster molecules at the



Figure 6. ABCA1 and ABCG1 suppressed Aster-A recruitment after SMase treatment. A, HeLa/GFP-Aster-A cells were observed by TIRF microscopy.
SMase was added 60 s after the imaging began. Left, the relative change of GFP fluorescence intensity in each cell; right, mean values with SD. Repre-
sentative images are shown below. The white outlines indicate the regions of the cell. The scale bars represent 10 μm. n = 29 cells. B, HeLa/GFP-Aster-A cells
transfected with ABCA1-mCherry or ABCA1(MM)-mCherry were observed by TIRF microscopy. SMase was added 60 s after the imaging began. Mean values
are shown with SD. p < 0.001 versus ABCA1(MM)-expressing cells. Representative images are shown below. The white outlines indicate the regions of the cell
expressing ABCA1-mCherry or ABCA1(MM)-mCherry. The scale bars represent 10 μm. The relative change in each cell is shown in Fig. S7. n = 24 to 30 cells.
C, Alexa647-PFO-D4 binding to HeLa cells transfected with GFP, ABCG1-GFP, or ABCG1(KM)-GFP was analyzed by flow cytometry. The fluorescence in-
tensities of Alexa647-PFO-D4 in GFP-positive cells are shown. The flow cytometry plots are shown in Fig. S8. D, HeLa/GFP-Aster-A cells transfected with
ABCG1-mCherry or ABCG1(KM)-mCherry were observed by TIRF microscopy. SMase was added 60 s after the imaging began. Mean values are shown with
SD. p < 0.001 versus ABCG1(KM)-expressing cells at 600 s. Representative images are shown below. The relative change in each cell is shown in Fig. S7. The
white outlines indicate the regions of the cell expressing ABCG1-mCherry or ABCG1(KM)-mCherry. The scale bars represent 10 μm. n = 31 to 33 cells. PFO,
perfringolysin O; SMase, sphingomyelinase; TIRF, total internal reflection fluorescence.
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PEcs is dependent on the accessible IPM cholesterol concen-
tration, as shown in Videos S1 and S2. Because the StART-like
(ASTER) domains of Aster proteins transport cholesterol
down the concentration gradient (21, 22, 29), the velocity (v) of
cholesterol transport to the ER by an Aster molecule is also
dependent on the accessible IPM cholesterol concentration
when it is higher than 5 mol%. Taken together, the cholesterol
transport velocity at a PEcs (v × n) will increase at an accel-
erating rate as accessible IPM cholesterol increases above
5 mol%. To monitor accessible IPM cholesterol constantly, it is
necessary that the expression of Aster is not affected by
cholesterol, which we confirmed (Fig. 1). Therefore, Aster-A
may play the main role in cholesterol homeostasis in non-
steroidogenic tissues, but other Aster members may be also
involved.

The SREBP–Scap system regulates cholesterol uptake, de
novo synthesis, and export to maintain cholesterol homeostasis
in cells (34, 35). When the ER cholesterol level falls below the
5 mol% threshold, SREBP-2 translocates from the ER to the
nucleus to induce enzymes involved in cholesterol synthesis.
SREBP-2 also induces the expression of LDL receptor. LDL
that enters the cell via LDL receptor is degraded in lysosomes,
and the bound cholesterol is delivered to the PM and then to
the ER (36). The knockout of Aster proteins results in
cholesterol accumulation in the PM (22), and the knockdown
of Aster-A specifically slows down the response of SREBP-2 to
cholesterol loading to the PM (21). Given the aforementioned,
Aster-A likely regulates cholesterol homeostasis in cells by
transferring LDL-derived cholesterol to the ER. In addition, it
was reported that Aster proteins participate in LDL cholesterol
delivery from the PM to ER (37). We, therefore, propose a
mechanism for how the ER senses the PM cholesterol level as
follows (Fig. 7). First, ABCA1 flops cholesterol in the PM to
maintain the low accessible IPM cholesterol level. When cells
receive LDL cholesterol and the accessible IPM cholesterol
level locally exceeds 5 mol%, Aster-A begins to transfer
J. Biol. Chem. (2022) 298(12) 102702 7



Figure 7. A model depicting the mechanism for how the endoplasmic
reticulum (ER) senses the plasma membrane (PM) cholesterol level.
Upper cartoon, ABCA1 flops LDL-derived cholesterol in the PM to maintain
the low cholesterol level of the inner leaflet of the PM (IPM). Lower cartoon,
when the accessible IPM cholesterol level increases, Aster-A stays at the
PM–ER contact site (PEcs) to transfer cholesterol to the ER. The SREBP–Scap
system senses the increase in the ER cholesterol level, which stops the
translocation of SREBP-2 to the nucleus and thus ceases cholesterol intake
and synthesis. The expression of ABCA1 also increases, which flops or ex-
ports excess cholesterol, because the suppression of ABCA1 expression by
microRNA via SREBP-2 also ceases. LDL, low-density lipoprotein; Scap, SREBP
cleavage–activating protein; SREBP, sterol regulatory element–binding
protein.
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cholesterol to the ER at the nearby PEcs. The SREBP–Scap
system senses the increase in the ER cholesterol level, which
stops the translocation of SREBP-2 to the nucleus and thus
ceases cholesterol intake and synthesis. When the trans-
location of SREBP-2 stops, the expression of ABCA1 increases,
because the suppression of ABCA1 expression by microRNA
also ceases (38–40). The expression level of ABCA1 is
immediately changed according to the ER cholesterol level
because the turnover of ABCA1 is fast: 30 min (41). Thus,
ABCA1 and Aster-A cooperatively maintain the low accessible
IPM cholesterol level, and their cooperative work allows the
SREBP–Scap system to monitor local and transient changes in
cholesterol concentration of the whole IPM.

Taken together, our findings suggest that cellular choles-
terol homeostasis depends on maintaining the accessible IPM
cholesterol to be lower than ER cholesterol (5 mol%). This
asymmetric cholesterol distribution also makes it possible for
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cholesterol to function as an intramembrane signaling mole-
cule (13, 17, 42). Defective ABCA1 function prevents the
asymmetric distribution of cholesterol. Consequently, signal
transductions become dysregulated, resulting in various phe-
notypes including cancer progression and autoimmune acti-
vation. It is believed that mutations or a low expression of
ABCA1 promote tumor development because of cholesterol
accumulation (6, 43), but the disruption of the asymmetric
cholesterol distribution may be also a cause. Because the
amino acid sequences of ABCA1, Aster-A, and SCAP are
highly conserved among mammals, birds, and fish, the
mechanism to sense the PM cholesterol level and the function
of cholesterol as an intramembrane signaling molecule by the
asymmetric cholesterol distribution could be common among
these animals. More studies are necessary to understand the
physiological impact of this pathway.

Experimental procedures

Cell culture

HeLa cells were grown in a humidified incubator (5% CO2)
at 37 �C in minimum essential medium (MEM) containing
10% heat-inactivated FBS. WI-38 cells and HEK293 cells were
grown in a humidified incubator (5% CO2) at 37 �C in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
heat-inactivated FBS.

Plasmids

DNA insertion and site-directed mutagenesis were per-
formed using an In-Fusion HD Cloning Kit (TaKaRa Bio) or
by restriction enzyme fragmentation. The expression vectors
for ABCA1-GFP, ABCA1(MM)-GFP, and ABCG1-GFP were
generated as previously described (14). ABCG1(KM)-GFP
was generated by site-directed mutagenesis with the
primers 50-GCCGGGATGTCCACGCTGATGAACATCC-30

and 50-CGTGGACATCCCGGCCCCGGAAGGACCC-30. The
expression vectors for mCherry-tagged ABC proteins were
generated from the expression vectors for GFP-tagged ABC
proteins and mCherry complementary DNA (cDNA) by an
In-Fusion reaction. The expression vector for GFP-PFO-D4was
kindly provided by Dr Toshihide Kobayashi (University
of Strasburg). PFO-D4 was generated as previously described
(14). D4H was generated by site-directed mutagenesis using
the primers 50-TGTTTTAGATTGATAATTTCCATCCC
ATGTTTT-30 and 50-CGGACTCAGATCTCGAAGGGAAA
AATAAACTTAGA-30 and inserted into pEGFP-C2 vector
(TaKaRa Bio) by the In-Fusion reaction. GFP-D4H was then
inserted into pIRESpro3 vector (TaKaRa Bio) using BamHI and
NheI. Aster-A cDNA (NM_020895.5) was amplified from
HEK293 cDNA by PCR using the primers 50-TGTAA
GCTTTTCGACACCACACCCCACTC-30 and 50-AGAGAAT
TCTCAGGAAAAGCTGTCATCGG-30 and was inserted into
pEGFP-C3 vector (TaKaRa Bio) using EcoRI and HindIII. GFP-
Aster-A was inserted into pIRESpuro3 vector using EcoRI and
NheI.ΔCmutant (1–546) andGramdomain (1–256) of Aster-A
were generated by the In-Fusion reaction. mCherry-KDEL was
generated by the insertion of KDEL into the mCherry C
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terminus and a signal peptide into the N terminus by the In-
Fusion reaction.

Transfection and stable cell lines

For transient expressions, cells were transfected with 1 μg/ml
of each expression vector using 2 μg/ml Polyethyleneimine
“MAX” (PolySciences) (44) in a culture medium containing
10% FBS. For stable expressions, cells were transfected with
1.25 μg/ml of each expression vector using Lipofectamine LTX
(Thermo Fisher Scientific) in a culture medium containing 10%
FBS and selected with 0.5 μg/ml puromycin for a couple of
weeks. HeLa/GFP-D4H were cloned after the selection.

Protein analysis

Cells were lysed with 0.1% Triton in PBS without CaCl2 or
MgCl2 supplemented with EDTA-free protein inhibitor cock-
tail (cOmplete; Roche) on ice. For ABCA1, proteins were
diluted in sampling buffer (5 mM Tris–HCl, 40 mM DTT, 2%
SDS, 1 mM EDTA, 1% sucrose, and 0.01 mg/ml pyroninY),
heated at 50 �C for 10 min, diluted again in sampling buffer
supplemented with 5 M urea, and electrophoresed on 5 to 20%
PAGEL (ATTO). All other proteins were diluted in Laemmli
buffer (45), heated at 98 �C for 5 min, and electrophoresed on
5 to 20% PAGEL (ATTO). The proteins were transferred to an
Immobilon-P Transfer Membrane (Merck), blocked with 10%
Blocking One (Nacalai Tesque, Inc), and blotted with the
indicated primary antibody. The anti–extracellular domain of
ABCA1 (MT-25) was generated as previously described (15).
Anti-Aster-A antibody (catalog no.: NBP2-32148; Novus Bi-
ologicals), antivinculin antibody (catalog no.: V9131-2Ml;
SIGMA), and anti-GFP antibody (catalog no.: sc-9996; Santa
Cruz) were purchased. Goat antimouse immunoglobulin G
(IgG) (H + L) or goat anti-rabbit IgG (H + L) (Bio-Rad) were
used as secondary antibodies. The immune signal was visual-
ized using immunoStar Zeta or LD (WAKO).

Quantitative PCR

The total RNA of cells was purified with an RNeasy kit
(QIAGEN) and reverse transcribed to cDNA with PrimeScript
RT Master Mix (TaKaRa). Quantitative PCR was performed
with the primers listed in Table S2 and THUNDERBIRD SYBR
qPCRMix (TOYOBO). hrps18 was used as the internal control.

Imaging

For the confocal microscopy imaging of GFP-Aster-A,
HeLa/GFP-Aster-A cells were plated in a glass-base dish
(IWAKI) coated with fibronectin in MEM containing 10% FBS
and incubated overnight. When transfected with ABCA1 or
ABCA1(MM) (Fig. 5A), the cells were plated in a 6-well plate,
transfected with the indicated vectors in MEM containing 10%
FBS and 2.5 μM PSC-833, and reseeded to a glass-base dish
coated with fibronectin on the following day. After the cells
were attached sufficiently, they were incubated in MEM sup-
plemented with 0.02% bovine serum albumin (BSA) for 2 h to
activate ABCA1 cholesterol–flopping activity. The cells were
then treated with MβCD–cholesterol complex at the indicated
concentrations or 0.2 U/ml SMase (catalog no.: s7651-50UN;
SIGMA) for 5 min and fixed with 4% paraformaldehyde. To
prepare 4 mM MβCD–cholesterol complex, 4 mM cholesterol
and 36 mM MβCD were mixed in PBS and incubated at 60 �C
overnight. Because ABCA1 localizes not only on the PM but
also on endosomes, the expression level of ABCA1 on the PM
was measured using the anti–extracellular domain of ABCA1
antibody (MT-25) with no permeabilization. The cells were
blocked with 10% goat serum (SIGMA) for 30 min and stained
with MT-25 and Alexa555-conjugated goat antimouse IgG
(H + L) (Thermo Fisher Scientific) for 1 h. The PM was stained
with CellMask Deep Red for 10 s before observation. Imaging
was performed with an LSM 700 confocal microscope equip-
ped with α Plan-Apochromat 63×/1.40 Oil DIC M27 objective
lens (Carl Zeiss).

To image the internalization of TopFluor-cholesterol, HeLa/
Aster-A cells were plated in a glass-base dish coated with
fibronectin, transfected with ABCA1-mCherry in MEM con-
taining 10% FBS and 5 μM PSC-833, and incubated overnight.
The cells were then incubated in FluoroBrite DMEM (Thermo
Fisher Scientific) supplemented with 0.02% BSA, sodium
pyruvate, and GlutaMAX (Thermo Fisher Scientific) for 1.5 h
and with anti–Na+/K+ ATPase β3 subunit antibody (ECM Bio-
sciences) and Alexa633-conjugated goat antimouse IgG (H + L)
for 30 min, and treated with 0.2 mM MβCD–cholesterol com-
plex mixed with TopFluor-cholesterol for 5 min. Imaging was
performed at 37 �C under 5% CO2 with the LSM 700 confocal
microscope equipped with the aforementioned lens.

For high-resolution imaging, HeLa/GFP-Aster-A cells were
plated in a glass-base dish coated with fibronectin, transfected
with mCherry-KDEL, and incubated in MEM containing 10%
FBS overnight. The cells were treated with MβCD–cholesterol
complex at the indicated concentrations in FluoroBrite
DMEM supplemented with 0.02% BSA, sodium pyruvate, and
GlutaMAX. Imaging was performed at 37 �C under 5% CO2

with an LSM 880 confocal microscope equipped with α Plan-
Apochromat 100×/1.46 Oil DIC M27 Elyra objective lens and
an Airyscan detector (Carl Zeiss). Images were Airyscan
processed automatically using Zeiss Zen2 software.

For TIRF imaging, HeLa/GFP-Aster-A cells were plated on
a glass-base dish coated with fibronectin, transfected with the
indicated vectors, and incubated for 6 h. The medium was then
exchanged to MEM supplemented with 0.02% BSA and
incubated overnight. Imaging was performed at 37 �C under
5% CO2 with an ECLIPSE Ti TIRF microscope equipped with
an Apo TIRF 60xC Oil objective lens. Sixty seconds after
beginning the video recording, the cells were treated with 0.2
U/ml SMase in MEM without phenol red (Thermo Fisher
Scientific) supplemented with 0.02% BSA and GlutaMAX. The
frame rate was set to one image per second.
Image processing and calculation

Images were processed using Fiji software (National In-
stitutes of Health) to calculate the ratio of the GFP-Aster-A
fluorescence intensity on the PM to that of the total cell
area. A region of the PM was detected from images positive for
J. Biol. Chem. (2022) 298(12) 102702 9
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CellMask Deep Red, and a region of the total cell was detected
from the images positive for GFP-Aster-A or CellMask Deep
Red. The GFP intensities on the PM and in the total cell were
measured. When ABCA1 was expressed, the mean ABCA1
intensity on the PM was measured, and the autofluorescence
of the HeLa parent cells was subtracted as background.

To calculate the relative change in the GFP-D4H fluores-
cence intensity, a region of the cell positive for ABCA1-
mCherry was detected from each image. Background was
removed by the subtract background command in Fiji
software, and the GFP intensity was measured.

To calculate the relative change in the GFP-Aster-A
fluorescence intensity, a region of the cell was manually
selected. Background was removed by the subtract background
command in the Fiji software, and the GFP intensity was
measured.

Flow cytometry analysis

PFO-D4 was purified and labeled with Alexa Fluor 647 as
previously described (14). For the PFO-D4 binding assay, HeLa
cells were plated in a 12-well plate, transfected with the indi-
cated vectors in MEM containing 10% FBS and 5 μM PSC-833,
and incubated overnight. The cells were then incubated in
MEM supplemented with 0.02% BSA for 2 h. The collected
cells were incubated with 0.125 μg/ml Alexa647-PFO-D4 in
Hanks’ balanced salt solution (HBSS) at 20 �C for 30 min and
analyzed with an Accuri C6 flow cytometer (BD). The data
were exported to Excel and divided into GFP negative and
positive cells at the indicated fluorescence intensities. The
percentages of the plots and the median fluorescence in-
tensities of Alexa647-PFO-D4 were calculated. Pseudocolor
plots were generated using Cytospec software (Purdue Uni-
versity Cytometry Laboratories) for each sample, and
30,000 cells were analyzed.

For the TopFluor-cholesterol assay, HeLa/Aster-A and
HEK293 cells were transfected with ABCA1 in medium con-
taining 10% FBS and 5 μM PSC-833. The cells were incubated
in serum-free medium for 2 h and treated with
0.2 mM MβCD–cholesterol complex mixed with TopFluor-
cholesterol for 5 min. The collected cells were incubated
with the anti–extracellular domain of ABCA1 antibody (MT-
25) and Alexa555-conjugated second antibody in HBSS at 20
�C for 30 min and analyzed with the Accuri C6 flow cytometer.
Pseudocolor plots were generated using Cytospec software.

Measurement of sphingomyelin

HeLa/GFP-Aster-A cells were plated in a 24-well plate. On
the following day, the cells were treated with SMase at the
indicated concentrations for the indicated times and trypsi-
nized. Lipids in the cells were extracted with chloroform and
methanol (2:1) and dissolved in HBSS supplemented with 0.1%
Triton X-100 and 5 mM cholic acid. About 50 μl of the lipid
solution was then added to a 96-well black plate and mixed
with an equal volume of enzyme mixture solution (0.4 U/ml
SMase, 60 U/ml calf intestinal alkaline phosphatase, 0.4 U/ml
choline oxidase, 40 mU/ml horseradish peoxidase, and 50 μM
10 J. Biol. Chem. (2022) 298(12) 102702
AmplexUltraRed (Thermo Fisher Scientific) in HBSS. After
incubation at 37 �C for 30 min, the fluorescence intensity of
AmplexUltraRed was measured with a microplate reader
(Cytation 5; BioTek).
Statistical analysis

The statistical significance of differences between mean
values was evaluated using the unpaired t test. Multiple
comparisons were evaluated using the Tukey test following
one-way ANOVA. The exact p values are listed in Table S1. All
experiments were performed at least twice.
Data availability

All data are contained within the article.

Supporting information—This article contains supporting
information.

Acknowledgments—We thank Drs Noriyuki Kioka and Yasuhisa
Kimura of Kyoto University for helpful discussion. Airyscan analysis
was performed at the iCeMS Analysis Center, Kyoto University. We
also thank Dr Fumiyoshi Ishidate for technical support.

Author contributions—F. O. and K. U. conceptualization; F. O.
investigation; F. O. and K. U. writing–original draft.

Funding and additional information—This work was supported by
the Japan Society for the Promotion of Science KAKENHI grant
(number: 18H05269; to K. U.), Ono Medical Research Foundation
(to K. U.), and Japan Society for the Promotion of Science
KAKENHI grant (number: 20K15449; to F. O.).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: BSA, bovine serum al-
bumin; cDNA, complementary DNA; DMEM, Dulbecco’s modified
Eagle’s medium; ER, endoplasmic reticulum; FBS, fetal bovine
serum; HBSS, Hanks’ balanced salt solution; HDL, high-density li-
poprotein; HEK293, human embryonic kidney 293 cell line; IgG,
immunoglobulin G; IPM, inner leaflet of the PM; LDL, low-density
lipoprotein; MβCD, methyl-β-cyclodextrin; MEM, minimum
essential medium; OPM, outer leaflet of the PM; PEcs, PM–ER
contact site; PFO, perfringolysin O; PM, plasma membrane; SCAP,
SREBP cleavage–activating protein; SMase, sphingomyelinase;
SREBP, sterol regulatory element–binding protein; TIRF, total in-
ternal reflection fluorescence.

References

1. Ishigami, M., Ogasawara, F., Nagao, K., Hashimoto, H., Kimura, Y.,
Kioka, N., et al. (2018) Temporary sequestration of cholesterol and
phosphatidylcholine within extracellular domains of ABCA1 during
nascent HDL generation. Sci. Rep. 8, 6170

2. Kobayashi, A., Takanezawa, Y., Hirata, T., Shimizu, Y., Misasa, K., Kioka,
N., et al. (2006) Efflux of sphingomyelin, cholesterol, and phosphatidyl-
choline by ABCG1. J. Lipid Res. 47, 1791–1802

3. Bodzioch, M., Orsó, E., Klucken, J., Langmann, T., Böttcher, A., Die-
derich, W., et al. (1999) The gene encoding ATP-binding cassette
transporter 1 is mutated in Tangier disease. Nat. Genet. 22, 347–351

http://refhub.elsevier.com/S0021-9258(22)01145-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref3
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref3
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref3


Asymmetric cholesterol distribution by ABCA1 and Aster-A
4. Brooks-Wilson, A., Marcil, M., Clee, S. M., Zhang, L. H., Roomp, K., van
Dam, M., et al. (1999) Mutations in ABC1 in Tangier disease and familial
high-density lipoprotein deficiency. Nat. Genet. 22, 336–345

5. Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette, J. C., et al.
(1999) Tangier disease is caused by mutations in the gene encoding ATP-
binding cassette transporter 1. Nat. Genet. 22, 352–355

6. Viaud, M., Abdel-Wahab, O., Gall, J., Ivanov, S., Guinamard, R., Sore, S.,
et al. (2020) ABCA1 exerts tumor-suppressor function in myeloprolif-
erative neoplasms. Cell Rep 30, 3397–3410.e5

7. Francone, O. L., Royer, L., Boucher, G., Haghpassand, M., Freeman, A.,
Brees, D., et al. (2005) Increased cholesterol deposition, expression of
scavenger receptors, and response to chemotactic factors in Abca1-
deficient macrophages. Arterioscler. Thromb. Vasc. Biol. 25, 1198–1205

8. Yvan-Charvet, L., Welch, C., Pagler, T. A., Ranalletta, M., Lamkanfi, M.,
Han, S., et al. (2008) Increased inflammatory gene expression in ABC
transporter-deficient macrophages: free cholesterol accumulation,
increased signaling via toll-like receptors, and neutrophil infiltration of
atherosclerotic lesions. Circulation 118, 1837–1847

9. Zhu, X., Lee, J. Y., Timmins, J. M., Brown, J. M., Boudyguina, E., Mulya,
A., et al. (2008) Increased cellular free cholesterol in macrophage-specific
Abca1 knock-out mice enhances pro-inflammatory response of macro-
phages. J. Biol. Chem. 283, 22930–22941

10. Westerterp, M., Gautier, E. L., Ganda, A., Molusky, M. M., Wang, W.,
Fotakis, P., et al. (2017) Cholesterol accumulation in dendritic cells links
the inflammasome to acquired immunity. Cell Metab. 25, 1294–1304.e6

11. Cuffe, H., Liu, M., Key, C.-C. C., Boudyguina, E., Sawyer, J. K., Weckerle,
A., et al. (2018) Targeted deletion of adipocyte Abca1 (ATP-binding
cassette transporter A1) impairs diet-induced obesity. Arterioscler.
Thromb. Vasc. Biol. 38, 733–743

12. Morizawa, Y. M., Hirayama, Y., Ohno, N., Shibata, S., Shigetomi, E., Sui,
Y., et al. (2017) Reactive astrocytes function as phagocytes after brain
ischemia via ABCA1-mediated pathway. Nat. Commun. 8, 1–14

13. Liu, S. L., Sheng, R., Jung, J. H., Wang, L., Stec, E., O’Connor, M. J., et al.
(2017) Orthogonal lipid sensors identify transbilayer asymmetry of
plasma membrane cholesterol. Nat. Chem. Biol. 13, 268–274

14. Ogasawara, F., Kano, F., Murata, M., Kimura, Y., Kioka, N., and Ueda, K.
(2019) Changes in the asymmetric distribution of cholesterol in the plasma
membrane influence streptolysin O pore formation. Sci. Rep. 9, 4548

15. Okamoto, Y., Tomioka, M., Ogasawara, F., Nagaiwa, K., Kimura, Y.,
Kioka, N., et al. (2020) C-terminal of ABCA1 separately regulates
cholesterol floppase activity and cholesterol efflux activity. Biosci. Bio-
technol. Biochem. 84, 764–773

16. Buwaneka, P., Ralko, A., Liu, S. L., and Cho, W. (2021) Evaluation of the
available cholesterol concentration in the inner leaflet of the plasma
membrane of mammalian cells. J. Lipid Res. 62, 100084

17. Ogasawara, F., Kodan, A., and Ueda, K. (2020) ABC proteins in evolution.
FEBS Lett. 594, 3876–3881

18. Radhakrishnan, A., Goldstein, J. L., McDonald, J. G., and Brown, M. S.
(2008) Switch-like control of SREBP-2 transport Triggered by small
changes in ER cholesterol: a delicate balance. Cell Metab. 8, 512–521

19. Lange, Y., Swaisgood, M. H., Ramos, B. V., and Steck, T. L. (1989) Plasma
membranes contain half the phospholipid and 90% of the cholesterol and
sphingomyelin in cultured human fibroblasts. J. Biol. Chem. 264,
3786–3793

20. Warnock, D. E., Roberts, C., Lutz, M. S., Blackburn, W. A., Young, W. W.,
and Baenziger, J. U. (1993) Determination of plasma membrane lipid mass
and composition in cultured Chinese hamster ovary cells using high
gradient magnetic affinity chromatography. J. Biol. Chem. 268,
10145–10153

21. Sandhu, J., Li, S., Fairall, L., Pfisterer, S. G., Gurnett, J. E., Xiao, X., et al.
(2018) Aster proteins facilitate Nonvesicular plasma membrane to ER
cholesterol transport in mammalian cells. Cell 175, 514–529.e20

22. Naito, T., Ercan, B., Krshnan, L., Triebl, A., Koh, D. H. Z., Wei, F.-Y., et al.
(2019) Movement of accessible plasma membrane cholesterol by
GRAMD1 lipid transfer protein complex. Elife 8, e51401

23. Kennelly, J. P., and Tontonoz, P. (2022) Cholesterol transport to the
endoplasmic reticulum. Cold Spring Harb. Perspect. Biol., a041263
24. Wang, X., Cai, B., Yang, X., Sonubi, O. O., Zheng, Z., Ramakrishnan, R.,
et al. (2020) Cholesterol Stabilizes TAZ in hepatocytes to promote
experimental non-alcoholic steatohepatitis. Cell Metab. 31, 969–986.e7

25. Nagao, K., Maeda, M., Mañucat, N. B., and Ueda, K. (2013) Cyclosporine
A and PSC833 inhibit ABCA1 function via direct binding. Biochim.
Biophys. Acta 1831, 398–406

26. Maekawa, M., and Fairn, G. D. (2015) Complementary probes reveal that
phosphatidylserine is required for the proper transbilayer distribution of
cholesterol. J. Cell Sci. 128, 1422–1433

27. Das, A., Brown, M. S., Anderson, D. D., Goldstein, J. L., and Radhak-
rishnan, A. (2014) Three pools of plasma membrane cholesterol and their
relation to cholesterol homeostasis. Elife 3, e02882

28. Ercan, B., Naito, T., Koh, D. H. Z., Dharmawan, D., and Saheki, Y. (2021)
Molecular basis of accessible plasma membrane cholesterol recognition
by the GRAM domain of GRAMD1b. EMBO J. 40, 1–26

29. Horenkamp, F. A., Valverde, D. P., Nunnari, J., and Reinisch, K. M. (2018)
Molecular basis for sterol transport by St ART -like lipid transfer do-
mains. EMBO J. 37, 1–15

30. Steck, T. L., and Lange, Y. (2018) Transverse distribution of plasma
membrane bilayer cholesterol: picking sides. Traffic 19, 750–760

31. Courtney, K. C., Pezeshkian, W., Raghupathy, R., Zhang, C., Darbyson, A.,
Ipsen, J. H., et al. (2018) C24 Sphingolipids Govern the transbilayer
asymmetry of cholesterol and lateral organization of model and live-cell
plasma membranes. Cell Rep. 24, 1037–1049

32. Brown, M. S., Radhakrishnan, A., and Goldstein, J. L. (2018) Retrospective
on cholesterol homeostasis: the central role of Scap. Annu. Rev. Biochem.
87, 783–807

33. Ferrari, A., He, C., Kennelly, J. P., Sandhu, J., Xiao, X., Chi, X., et al. (2020)
Aster proteins regulate the accessible cholesterol pool in the plasma
membrane. Mol. Cell. Biol. 40, e00255-20

34. Brown, M. S., and Goldstein, J. L. (1997) The SREBP pathway: regulation
of cholesterol metabolism by proteolysis of a membrane-bound tran-
scription factor. Cell 89, 331–340

35. Horton, J. D., Shah, N. A., Warrington, J. A., Anderson, N. N., Park, S. W.,
Brown, M. S., et al. (2003) Combined analysis of oligonucleotide micro-
array data from transgenic and knockout mice identifies direct SREBP
target genes. Proc. Natl. Acad. Sci. U. S. A. 100, 12027–12032

36. Infante, R. E., and Radhakrishnan, A. (2017) Continuous transport of a
small fraction of plasma membrane cholesterol to endoplasmic reticulum
regulates total cellular cholesterol. Elife 6, 1–23

37. Trinh, M. N., Brown, M. S., Seemann, J., Vale, G., McDonald, J. G.,
Goldstein, J. L., et al. (2022) Interplay between asters/GRAMD1s and
phosphatidylserine in intermembrane transport of LDL cholesterol. Proc.
Natl. Acad. Sci. U. S. A. 119, 1–6

38. Rayner, K. J., Suárez, Y., Dávalos, A., Parathath, S., Fitzgerald, M. L.,
Tamehiro, N., et al. (2010) MiR-33 contributes to the regulation of
cholesterol homeostasis. Science 328, 1570–1573

39. Najafi-Shoushtari, S. H., Kristo, F., Li, Y., Shioda, T., Cohen, D. E.,
Gerszten, R. E., et al. (2010) MicroRNA-33 and the SREBP host genes
cooperate to control cholesterol homeostasis. Science 328, 1566–1569

40. Horie, T., Ono, K., Horiguchi, M., Nishi, H., Nakamura, T., Nagao, K.,
et al. (2010) MicroRNA-33 encoded by an intron of sterol regulatory
element-binding protein 2 (Srebp2) regulates HDL in vivo. Proc. Natl.
Acad. Sci. U. S. A. 107, 17321–17326

41. Azuma, Y., Takada, M., Shin, H. W., Kioka, N., Nakayama, K., and Ueda,
K. (2009) Retroendocytosis pathway of ABCA1/apoA-I contributes to
HDL formation. Genes Cells 14, 191–204

42. Zhang, Y., Bulkley, D. P., Xin, Y., Roberts, K. J., Asarnow, D. E., Sharma,
A., et al. (2018) Structural basis for cholesterol transport-like activity of
the hedgehog receptor Patched. Cell 175, 1352–1364.e14

43. Wu, K., Zou, L., Lei, X., and Yang, X. (2022) Roles of ABCA1 in cancer
(review). Oncol. Lett. 24, 1–7

44. Hirayama, H., Kimura, Y., Kioka, N., Matsuo, M., and Ueda, K. (2013)
ATPase activity of human ABCG1 is stimulated by cholesterol and
sphingomyelin. J. Lipid Res. 54, 496–502

45. Laemmli, U. K. (1970) Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 227, 680–685
J. Biol. Chem. (2022) 298(12) 102702 11

http://refhub.elsevier.com/S0021-9258(22)01145-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref33
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref33
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref33
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref35
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref35
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref35
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref35
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref39
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref39
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref39
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref41
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref41
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref41
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01145-0/sref45

	ABCA1 and cholesterol transfer protein Aster-A promote an asymmetric cholesterol distribution in the plasma membrane
	Results
	Discussion
	Experimental procedures
	Cell culture
	Plasmids
	Transfection and stable cell lines
	Protein analysis
	Quantitative PCR
	Imaging
	Image processing and calculation
	Flow cytometry analysis
	Measurement of sphingomyelin
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


