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STARD4 abundance regulates sterol transport 
and sensing
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ABSTRACT Nonvesicular transport of cholesterol plays an essential role in the distribution 
and regulation of cholesterol within cells, but it has been difficult to identify the key intracel-
lular cholesterol transporters. The steroidogenic acute regulatory-related lipid-transfer 
(START) family of proteins is involved in several pathways of nonvesicular trafficking of ste-
rols. Among them, STARD4 has been shown to increase intracellular cholesteryl ester forma-
tion and is controlled at the transcriptional level by sterol levels in cells. We found that 
STARD4 is very efficient in transporting sterol between membranes in vitro. Cholesterol lev-
els are increased in STARD4-silenced cells, while sterol transport to the endocytic recycling 
compartment (ERC) and to the endoplasmic reticulum (ER) are enhanced upon STARD4 over-
expression. STARD4 silencing attenuates cholesterol-mediated regulation of SREBP-2 activa-
tion, while its overexpression amplifies sterol sensing by SCAP/SREBP-2. To analyze STARD4’s 
mode of action, we compared sterol transport mediated by STARD4 with that of a simple 
sterol carrier, methyl-β-cyclodextrin (MCD), when STARD4 and MCD were overexpressed or 
injected into cells. Interestingly, STARD4 and cytosolic MCD act similarly by increasing the 
rate of transfer of sterol to the ERC and to the ER. Our results suggest that cholesterol trans-
port mediated by STARD4 is an important component of the cholesterol homeostasis regula-
tory machinery.

INTRODUCTION
Significant differences in lipid distribution are maintained among 
intracellular organelles. For example, cholesterol comprises ∼30% 
of the lipid molecules in the plasma membrane (PM; Ikonen, 2008), 

and it is also highly enriched in the endocytic recycling compart-
ment (ERC; Hao et al., 2002). The endoplasmic reticulum (ER) is the 
site of cholesterol synthesis, and it is also the major cellular organ-
elle for regulating cholesterol levels. Cholesterol comprises only 
∼5% of the lipid molecules in the ER (Radhakrishnan et al., 2008). 
This difference in membrane cholesterol content can be explained 
in part by differences in the stabilization of cholesterol by other lipid 
components in various organelles (Mesmin and Maxfield, 2009).

There are two major pathways by which levels of unesterified 
cholesterol are regulated in the ER. The more rapid response to el-
evated cholesterol is esterification of cholesterol by the enzyme 
acyl-CoA: cholesterol acyl-transferase (ACAT), an ER enzyme. A ma-
jor determinant of flux through ACAT is delivery of cholesterol to the 
ER (Tabas et al., 1988; Lange et al., 1999). The second major regula-
tory mechanism is mediated by the sterol regulatory element-bind-
ing protein (SREBP) transcription factors (Brown and Goldstein, 
2009). When the cholesterol content of ER membranes drops below 
5 mol%, a membrane protein, SREBP-2, is escorted from the ER to 
the Golgi by the cholesterol-sensing protein, SREBP cleavage-acti-
vating protein (SCAP). SREBP-2 is then proteolytically processed to 
generate a cytoplasmic form that translocates into the nucleus and 
activates the expression of genes implicated in sterol biosynthesis, 
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uptake, and metabolism (Horton et al., 2003). Above the 5 mol% 
threshold, cholesterol-bound SCAP and SREBP-2 are retained in the 
ER, preventing SREBP-2 processing (Radhakrishnan et al., 2008).

Maintaining appropriate cholesterol levels in various cell mem-
branes is important for many cellular functions, including signal 
transduction and membrane trafficking (van Meer and Sprong, 
2004; Maxfield and Menon, 2006; Simons and Gerl, 2010). For the 
cholesterol level sensed in the ER to reflect the cholesterol abun-
dance in organelles such as the PM and endosomes, there must be 
a mechanism for rapid exchange of cholesterol among these organ-
elles. While there is some vesicular transport of lipids from the PM 
and endosomes to the ER, this is not a major pathway of lipid trans-
port (van Meer et al., 2008), so cholesterol sensing that relies upon 
vesicular transport to the ER would be very slow.

There is abundant evidence that sterols can be transported 
among organelles by nonvesicular pathways. Newly synthesized 
sterol can move from the ER to the PM when secretory membrane 
traffic is inhibited by genetic or pharmacological manipulations 
(Urbani and Simoni, 1990; Heino et al., 2000; Baumann et al., 
2005). Following photobleaching, the fluorescent sterol dehydro-
ergosterol (DHE) in the ERC recovered with a t1/2 of ∼2.5 min (Hao 
et al., 2002). The rate of replenishment of sterol in the ERC was not 
diminished greatly in ATP-depleted cells, indicating that the trans-
port to the ERC was nonvesicular. Such a rapid rate of sterol trans-
port suggests the ERC and the PM, which are the major pools of 
cellular cholesterol, are maintained with sterol levels close to equi-
librium with each other. It is not known if other membranes (e.g., 
the ER) also maintain sterol concentrations nearly equilibrated with 
the PM and the ERC.

Since cholesterol is nearly insoluble in water, rapid nonvesicular 
transport requires carrier proteins. Several candidate proteins have 
been proposed to be nonvesicular transporters, but it has proven 
difficult to provide convincing evidence that they play a major role 
as cholesterol transporters (Alpy and Tomasetto, 2005; Maxfield and 
van Meer, 2010; Raychaudhuri and Prinz, 2010).

Characterizing the molecular basis for nonvesicular sterol trans-
port is very important for understanding sterol homeostasis. For ex-
ample, if the abundance of transport carriers was low, this could limit 
the cell’s ability to respond to changes in the sterol content of the 
PM. This would cause some organelles to be far from the equilib-
rium distribution of sterol. Since the ER can remove cholesterol from 
its membrane by esterification, this organelle, in particular, might be 
held below the equilibrium cholesterol concentration if sterol trans-
port were limiting. In this situation, changes in the abundance of the 
sterol carrier would alter the cell’s sensing of cholesterol in the ER 
and thus alter steady-state levels of cholesterol.

Demonstration that a protein plays a significant role as a sterol 
transport carrier would require showing the protein is an efficient 
sterol transporter and relatively abundant. It should also be possible 
to show that rates of interorganelle transport in cells depend signifi-
cantly on the abundance of the transporter. A difficulty is that sterol-
binding proteins could regulate sterol transport without being major 
carriers themselves.

One family of candidate transporters is related to the oxysterol-
binding protein (OSBP), which binds 25-hydroxycholesterol (Lehto 
and Olkkonen, 2003). In yeast, a family of OSBP homology (Osh) 
proteins has been identified, and several of these proteins have 
been shown to transport sterol between liposomes (Raychaudhuri 
et al., 2006). While evidence has been presented indicating that the 
Osh proteins could be sterol transporters in yeast (Sullivan et al., 
2006; Schulz et al., 2009), it is unclear at present whether their abun-
dance and transport kinetics would be sufficient to account for a 

large fraction of sterol transport in cells (Fairn and McMaster, 2008). 
A role for OSBP-related proteins in sterol transport in mammalian 
cells has also been proposed (Jansen et al., 2011).

The family of steroidogenic acute regulatory-related lipid-transfer 
(START) domain-containing proteins is involved in several aspects of 
intracellular trafficking of lipids (Soccio and Breslow, 2003; Alpy and 
Tomasetto, 2005). The START domains bind cholesterol (or other 
lipids) in a hydrophobic pocket that is covered by a lid, which appar-
ently opens to allow exchange with membranes. The founding 
member of the family, StAR, is responsible for cholesterol delivery to 
mitochondria for steroid hormone synthesis (Miller, 2007). Several 
members of the START family have domains that determine their 
cellular localization. For example, STARD3/MLN64 is anchored in 
the membranes of late endosomes by four N-terminal transmem-
brane domains (Alpy et al., 2001).

Some sterol-binding START proteins contain only the START do-
main, a protein module of 210 residues; this subgroup includes 
STARD4, -D5, and -D6. Among these, the widely expressed STARD4 
has been shown to increase cholesteryl ester (CE) formation upon 
overexpression (Rodriguez-Agudo et al., 2008). Interestingly, 
STARD4 transcription is controlled by SREBP-2 (Soccio et al., 2005). 
STARD5 gene expression is not regulated by SREBP-2 but by ER 
stress, and STARD6 gene expression is limited in its tissue distribu-
tion (Soccio et al., 2005).

We examined whether STARD4 can serve as a major cholesterol 
transporter in mammalian cells. An in vitro transport assay showed 
that STARD4 transfers sterol rapidly between liposomes, and it is 
more than 1000-fold more potent than methyl-β-cyclodextrin (MCD) 
in this activity. STARD4 overexpression improves sterol delivery to 
the ERC and leads to an ACAT-dependent accumulation of sterol 
esters in lipid droplets, while its silencing dramatically increases free 
cholesterol levels in the cell. Moreover, in STARD4-silenced cells, 
SREBP-2 processing in response to changes in cellular cholesterol 
levels is strongly attenuated. We compared the cellular transport 
activity of STARD4 with the simple carrier MCD, which was injected 
into the cytoplasm. Strikingly, MCD mimics STARD4-mediated sterol 
transport, and reverses the free cholesterol accumulation observed 
in cells silenced for STARD4, indicating this protein provides a 
mechanism for cholesterol equilibration among many organelles. 
We hypothesize that STARD4 expression levels regulate the sensitiv-
ity of the cholesterol homeostatic mechanisms by altering the rate 
of sterol equilibration among organelles.

RESULTS
Injected MCD and STARD4 overexpression increase the rate 
of sterol delivery to the ERC
Sterol transfer between the PM and the ERC depends on a rapid, 
nonvesicular mechanism (Hao et al., 2002). To test whether a larger 
number of cytosolic sterol carriers would increase the rate of sterol 
delivery to the ERC, we microinjected cells with different amounts of 
MCD and assessed the kinetics of DHE transport to the ERC using 
fluorescence recovery after photobleaching (FRAP; Figure 1). Con-
trol U2OS cells, or cells that have been microinjected with MCD, 
were incubated with extracellular DHE loaded onto MCD for 1 min 
at 37°C to deliver DHE to the PM. This was followed by a 15-min 
incubation at 37°C in medium containing Alexa Fluor 633–transferrin 
(Tf), to achieve a steady-state distribution of DHE and sufficient Tf 
internalization to label the ERC. After the ERC was photobleach, 
DHE returned to this organelle with a recovery t1/2 of 3.2 ± 0.3 min 
in control cells. In MCD-injected cells, the rate of DHE recovery in-
creased in a dose-dependent manner (Figure 1B). When 8 × 109 
molecules of MCD were introduced into the cytosol, the recovery 
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t1/2 decreased to 0.9 min. This shows that regulation of the number 
of sterol carriers in the cytosol can be a rate-determining factor for 
sterol movement between organelles.

ERC sterol levels mirror the cholesterol content in the PM 
(Maxfield and Mondal, 2006); however, the cellular proteins used for 
transport have not been identified. To determine whether STARD4 
could play a role in sterol transport between the PM and the ERC, 
we performed FRAP experiments on green fluorescent protein 
(GFP)-STARD4–transfected cells, which were labeled with DHE and 
Tf, as described in the preceding paragraph. After photobleaching, 
the DHE fluorescence recovered in the ERC with a t1/2 of 2.4 ± 
0.5 min (Figure 1C). The rate and extent of sterol recovery in the 
ERC in these STARD4-overexpressing cells was significantly greater 
than in control cells. Interestingly, FRAP experiments performed on 
cells depleted of STARD4 by small interfering RNA (siRNA) knock-
down showed little reduction in the rate of DHE delivery to the ERC. 
This lack of effect may be due, in part, to an increase in cellular cho-
lesterol following STARD4 silencing (see Figure 4 later in the paper). 
Nevertheless, this suggests that STARD4-independent mechanisms 
also play a role in sterol exchange to and from the ERC.

STARD4 increases ACAT-dependent sterol esterification
It has been reported that STARD4 overexpression in mouse hepato-
cytes increases CE formation, whereas no increase was observed 
with the overexpression of other START domain–only proteins, such 
as StAR or STARD5 (Rodriguez-Agudo et al., 2008). It is well estab-
lished that excess free sterol in the ER is converted to sterol ester by 
ACAT and stored in lipid droplets (Guo et al., 2009). Therefore one 
hypothesis is that STARD4 could bring sterol molecules to the ER, 
where the ACAT enzyme resides. To address this possibility, we ex-
amined the esterification of cholesterol by ACAT in cells with varying 

levels of STARD4 expression. We used an esterification assay in 
which cells were incubated for 6 h with [14C]oleate before lipid ex-
traction. In good agreement with a previous report (Rodriguez-
Agudo et al., 2008), a twofold increase in CE level was observed 
when the STARD4 gene was overexpressed, as compared with con-
trol cells (Figure 2A). The STARD4-mediated cholesterol esterifica-
tion was inhibited significantly by the ACAT inhibitor, 58035.

There is good evidence that sterol moves from the PM to the ER 
mostly by nonvesicular processes; however, the identity of lipid-
transfer proteins responsible for this transport is still unknown 
(Mesmin and Maxfield, 2009). To test whether STARD4 serves as a 
sterol carrier between these two compartments, we used U2OS 
cells in which the expression of STARD4 was silenced by siRNA 
(Figure 2A). Following siRNA treatment, the cells were incubated for 
48 h to allow efficient STARD4 depletion. Unexpectedly, there was 
no significant effect of STARD4 depletion on cholesterol esterifica-
tion under these conditions. To see whether levels of STARD4 ex-
pression might have greater impact under conditions of cholesterol 
loading, we incubated the cells with cholesterol-loaded MCD for 
2 h before lipid extraction. As expected, cholesterol loading led to 
a large increase in CE formation by ACAT. In the cholesterol-loaded 
cells, a significant reduction in cholesterol esterification was ob-
served in STARD4-depleted cells as compared with control cells or 
cells rescued for STARD4 expression after silencing.

We then analyzed the effect of STARD4 overexpression on the 
subcellular distribution of DHE. For this, U2OS cells expressing 
FLAG-tagged STARD4 were incubated with DHE loaded onto MCD 
for 1 min at 37°C to deliver DHE to the PM. This was followed by a 
20-min incubation of the cells at 37°C to allow intracellular DHE 
transport. The cells were then fixed, permeabilized, and stained 
with an anti-FLAG antibody. As shown in Figure 2B, the expression 

FIGURE 1: Microinjected MCD and STARD4 overexpression enhance sterol transport to ERC. (A) DHE transport kinetics 
to the ERC measured by FRAP. U2OS cells were labeled with DHE and incubated with 10 μg/ml Alexa Fluor 633–Tf for 
15 min at 37°C in Medium A/glucose to identify the ERC. Where indicated, MCD and rhodamine-dextran were 
coinjected immediately before labeling cells with DHE. STARD4-overexpressing cells were transfected with GFP-
STARD4 for 48 h before the experiment. An image was taken before photobleaching. DHE in the ERC was 
photobleached (red circles), and images were taken every 30 s. Cells were maintained at 37°C. Scale bar: 20 μm. (B and 
C) The fluorescence intensity ratio of the photobleached area (ERC) to the entire cell was calculated for each time point 
and normalized using “prebleach” (100%) and “t = 0” (0%) images. (B) Measurements for single cells. The number of 
MCD molecules injected was estimated by quantifying the rhodamine fluorescence (see Materials and Methods). MCD 
(8 × 109): t1/2 = 0.9 min; injected MCD (8 × 108): t1/2 = 2.6 min; control: t1/2 = 3.2 min. (C) FRAP recovery curves for cells 
transfected with GFP-STARD4 or depleted for STARD4 by shRNA transfection. Each data point is derived from an 
average of five experiments (± SE). The lines are single exponential fits.
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of STARD4 had a major effect on the intracellular DHE distribution; 
DHE becomes strongly enriched in organelles that label with a neu-
tral lipid dye, LipidTOX, which is a lipid-droplet marker (Grandl and 
Schmitz, 2010). This contrasted with the mainly diffuse DHE distribu-
tion found in neighboring untransfected cells. Importantly, DHE co-
localization with LipidTOX in cells expressing STARD4 was pre-
vented when the cells were treated with ACAT inhibitor 58035, 
indicating ACAT activity is required for the DHE incorporation into 
lipid droplets (Figure 2B, bottom panels). When cells overexpress-
ing STARD4 were incubated for 4 h after DHE labeling, a large frac-
tion of the cellular DHE became concentrated into lipid droplets at 
the expense of others organelles (Supplemental Figure S1).

We examined whether similar effects on sterol distribution could 
be observed in cells overexpressing STARD5, a closely STARD4-re-
lated protein (Figure S2). In contrast with the effect of STARD4 over-
expression, no enrichment of DHE fluorescence was observed in 
lipid droplets of cells overexpressing FLAG-tagged STARD5. Actu-
ally, the expression of STARD5 had no visible effect on intracellular 

sterol distribution, suggesting that STARD4 and STARD5 have 
distinct functions in cellular sterol distribution.

The results presented in Figure 2 demonstrate that STARD4 fa-
cilitates the transport of sterol to the ER, which is the site of ACAT. 
The DHE distribution is almost unchanged from untransfected cells 
when the cells are treated with the inhibitor 58035; this suggests 
that free sterol reaching the ER may reequilibrate with other organ-
elles when ACAT is not functional.

STARD4 exchanges sterol between membranes
The mechanism of sterol binding to STARD4 is unclear, although 
modeling based on homologous structures suggests that the hy-
droxyl is oriented toward the core of the protein (Tsujishita and 
Hurley, 2000), and molecular dynamics simulations performed on 
START domains of StAR and STARD3 suggest that a nonpolar loop 
(Ω1) functions as a hinged lid that transiently opens for sterol uptake 
and release (Murcia et al., 2006). In the crystal structure of STARD4, 
there are several positively charged residues exposed near the loop 
Ω1 of the protein, which form a basic patch (Figure 3A; Romanowski 
et al., 2002). Given the proximity of the basic patch and Ω1 in 
STARD4, we suspected this protein might interact with negatively 
charged lipids, which would facilitate its membrane docking. There-
fore we examined the sterol-transfer activity of STARD4 using lipo-
somes of various lipid compositions.

To quantify the sterol-exchange activity of STARD4, we used a 
transport assay in which liposomes containing DHE (donors) and 
others with dansyl-labeled phosphatidylethanolamine (PE; accep-
tors) were mixed with purified protein (John et al., 2002). Sterol 
transfer was measured by the appearance of fluorescence reso-
nance energy transfer (FRET) sensitized emission when these two 
fluorescent lipids came into proximity (Figure 3B). We used lipo-
somes with compositions similar to the inner leaflet of the PM as 
donors and ones similar to ER membranes as acceptors (Leventis 
and Grinstein, 2010). The anionic lipid components in donors and 
acceptors were phosphatidylserine (PS; 23 mol%) and phosphati-
dylinositol (PI)/PS (15/5 mol%), respectively. Where indicated, these 
anionic lipids were replaced by the neutral lipid phosphatidylcholine 
(PC). We found that the STARD4-catalyzed DHE transfer between 
negatively charged liposomes was 10-fold faster than between neu-
tral liposomes (Figure 3B). Interestingly, the absence of anionic lip-
ids in either donor liposomes or acceptor liposomes, also resulted in 
much slower transport. This indicates that both sterol extraction 
from donors and delivery to acceptors by STARD4 are promoted by 
negative membrane charges.

To determine the contribution of the basic patch of STARD4 in 
the sterol-transfer activity, we constructed a double mutant in which 
two lysines exposed at the surface of the protein, K49 and K52, were 
both replaced by alanine. Figure 3C shows that this change de-
creased the rate of sterol transfer approximately eightfold. A K219A 
mutation within the basic patch of STARD4 also caused a strong 
decrease in the sterol-transfer rate.

We further assessed the specificity of STARD4 for lipids by re-
placing C16:0-C18:1-phosphaditylcholine (POPC) with C18:1-
C18:1-phosphatidylcholine (DOPC) in liposomes. Figure S3 shows 
that the sterol-transfer rate increased by up to threefold when ac-
ceptor liposomes were enriched in unsaturated lipids. However, 
when unsaturated lipids were added to donor liposomes, no im-
provement in the transfer rate was observed.

As shown in Figure S4, the FRET intensity measured in acceptor 
liposomes was linearly proportional to the DHE concentration, and 
this allowed us to measure the rate of sterol-transfer per molecule of 
STARD4 in our in vitro system (Figure S4, B and C). We found that 

FIGURE 2: STARD4 facilitates ACAT-mediated sterol esterification. 
(A) Cholesterol esterification by ACAT. Control cells, cells expressing 
FLAG-STARD4, cells depleted for STARD4 by siRNA, and cells rescued 
for STARD4 expression after depletion by siRNA were incubated with 
1 μCi/ml [14C]oleate for 6 h. Where indicated, the ACAT inhibitor 
58035 was added during the incubation. The cholesteryl-[14C]oleate 
(CE) formed per mg cell protein was measured and normalized to the 
average control value. Data represent averages (± SE) of three 
independent experiments. ***, p < 0.001, *, p < 0.05. (B) 
Epifluorescence images of U2OS cells transfected with FLAG-STARD4 
for 18 h. Cells were incubated with DHE-loaded MCD for 1 min at 
37°C, rinsed, and incubated 20 min at 37°C. Where indicated, inhibitor 
58035 was added to the cells 6 h prior to DHE labeling. Cells were 
fixed, permeabilized, and stained with Cy3-labeled mouse anti-FLAG 
M2 antibody and with the lipid-droplet marker LipidTOX Green. 
Insets: magnifications of lipid-droplet regions. In the overlay images, 
DHE is red and LipidTOX is green. Yellow dots, indicating 
colocalization of DHE with LipidTOX, occur only in cells transfected 
with FLAG-STARD4, not in those treated with 58035. Scale bar: 10 μm.
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approximately seven molecules of DHE are transferred to acceptor 
membranes per minute per molecule of STARD4. Moreover, we 
found that STARD4 was more than 1000-fold more potent in its 
sterol-transfer activity than MCD (Figure 3D). These results highlight 
the robustness of STARD4’s activity.

Taken together, these results demonstrate that STARD4 is a ste-
rol transporter that operates preferentially between negatively 
charged membranes. Because STARD4 exhibits faster exchange 
rates when acceptor liposomes are enriched in unsaturated lipids, it 
is well adapted to deliver sterol to membranes, such as the ER, that 
have a large fraction of unsaturated acyl chains.

Cellular free cholesterol level increases upon 
STARD4 silencing
To measure the contribution of STARD4 to intracellular sterol sens-
ing, we used U2OS cells in which the expression of STARD4 was si-
lenced by siRNA. Following siRNA treatment, the cells were incu-
bated in growth medium for 48 h to allow efficient STARD4 depletion 
(Figure 4A). We then fixed and stained the cells with the cholesterol-
binding dye, filipin, in order to estimate their free cholesterol con-
tent. Strikingly, a large increase in filipin intensity was observed in 
STARD4-deficient cells compared with control cells or cells trans-
fected with scrambled siRNA, reflecting an increase in the free cho-
lesterol content (Figure 4B). Qualitatively, the filipin labeling pattern 
in STARD4 knockdown cells resembled untreated cells with a pro-
nounced staining of the PM and the ERC, but the labeling was much 
brighter in silenced cells.

To exclude possible off-target activity of the siRNA that might 
contribute to the increase of cellular free cholesterol, we performed 

a rescue experiment in which siRNA-treated 
cells were transfected with a FLAG-STARD4 
RNA interference (RNAi)-resistant construct 
24 h before fixation and staining with filipin. 
As shown in Figure 4A, while endogenous 
STARD4 was silenced, FLAG-STARD4 was 
expressed to a comparable level in these 
conditions. The right panel in Figure 4B 
shows that the increase of free cholesterol 
was reversed in cells expressing 
FLAG-STARD4. We also used gas chroma-
tography/mass spectrometry (GC/MS) to de-
termine the free cholesterol content in 
siRNA-transfected cells, and this confirmed 
that cholesterol content was increased signif-
icantly in STARD4-deficient cells (Figure 4C). 
This increase could also be reversed by ex-
pressing the STARD4 construct.

The SREBP-2 response to changes in 
cholesterol levels is attenuated in 
STARD4-depleted cells
The increase in cholesterol levels when 
STARD4 was silenced suggests that levels of 
STARD4 might influence sterol sensing in 
the ER. To examine this, we compared 
SREBP-2 processing in cells silenced for 
STARD4 with control cells exposed to di-
verse cholesterol conditions (Figure 5). To 
reduce cellular free cholesterol, U2OS cells 
were transferred to lipoprotein-deficient 
medium supplemented with 1 mM MCD for 
2 h. As expected, we observed a large in-

crease in production of the cleaved form of SREBP-2 as compared 
with control cells (Figure 5A). When we raised cellular free choles-
terol by adding cholesterol in complex with MCD (500 μM) to the 
cell medium for 2 h, there was a buildup of the precursor form of 
SREBP-2 and a decrease in the cleaved form (Figure 5B).

In STARD4-silenced cells, in spite of their higher free cholesterol 
levels, the cleaved fraction of SREBP-2 was comparable to what we 
found in control, nontreated cells. We did observe a limited increase 
of the SREBP-2 cleaved fraction when cholesterol was depleted 
from cells silenced for STARD4 (Figure 5B). When we loaded these 
cells with cholesterol for 2 h using MCD-cholesterol complexes, 
there was no decrease in SREBP-2 cleavage, pointing toward a re-
duced sensitivity to change in cellular cholesterol levels.

The overexpression of STARD4 on SREBP-2 processing was also 
tested. As expected, cholesterol depletion caused a large increase 
in SREBP-2 processing in cells overexpressing STARD4. Both the 
control cells and the cholesterol-overloaded cells showed some-
what reduced SREBP-2 processing compared with their mock-trans-
fected counterparts.

Taken together, these results suggest that STARD4 has an impor-
tant role in relaying information about the cellular sterol status to the 
ER-based sterol sensors.

MCD injected into the cytosol enhances sterol transport 
to the ER
Our results indicate that STARD4 rapidly transfers sterol to the ER, 
presumably because its structure is well adapted for targeting the 
surface of this organelle. It may be that STARD4 is targeted to trans-
fer cholesterol among only a few membranes (e.g., PM, ERC, and 

FIGURE 3: STARD4 transports sterol between negatively charged membranes. (A) Top, ribbon 
representation of the STARD4 structure (Romanowski et al., 2002), featuring the Ω1 loop (green) 
and positively charged residues (blue). Bottom, surface representation of STARD4 colored 
according to electrostatic potential. Structures were created in PyMOL (DeLano Scientific, Palo 
Alto, CA). (B) DHE transfer assay. The appearance of FRET was used to measure DHE transfer 
from donor to acceptor liposomes. Donor and acceptor liposomes (100 μM each) were 
incubated alone (a) or with 1 μM STARD4 (b–e) at 37°C. The donor liposomes contained PC/PE/
PS/DHE, and acceptor liposomes contained PC/PE/PI/PS/dansyl-PE. The acidic lipids were 
replaced with neutral lipids, as indicated in the right panel. Control experiments were performed 
in the absence of STARD4. (C) Effect of the point mutations K49A/K52A and K219A on the 
sterol transfer catalyzed by STARD4. (D) Comparison of the sterol-exchange activity of STARD4 
(1 μM) with MCD used in a range from 100 to 1000 μM.
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ER). Alternatively, STARD4 may function as a relatively nonselective 
sterol exchanger. Enhanced delivery to the ER might then be de-
tected, as the ER can act as a cholesterol sink by esterifying choles-
terol via ACAT.

To test the hypothesis that nonselective transport could enhance 
sterol delivery to the ER, we introduced MCD into the cytosol by 
microinjection and compared its effects with STARD4. We microin-
jected DHE-labeled CHO-derived TRVb1 cells with MCD together 
with rhodamine-dextran, and then incubated them for 90 min at 
37°C to allow intracellular DHE transport. Strikingly, DHE became 
enriched in lipid droplets stained with LipidTOX in injected cells, 

while noninjected cells showed a typical DHE distribution at the cell 
periphery and the ERC (Figure 6A). As shown in the bottom panels 
of Figure 6A, the DHE colocalization with LipidTOX was inhibited in 
cells treated with ACAT inhibitor 58035, demonstrating the require-
ment for ACAT in this process. The rate of DHE incorporation into 
lipid droplets of noninjected cells was much slower, with a t1/2 of 
7–8 h (Figure S5).

To probe the effectiveness of intracellular MCD, we measured 
the DHE fluorescence associated with lipid droplets in cells in which 
the amount of injected MCD was determined by coinjection of a 
fluorescent tracer. As shown in Figure 6B, DHE is incorporated into 
lipid droplets of MCD-injected cells in a dose-dependent manner. 
We observed that MCD-mediated sterol trafficking to lipid droplets 
was reduced significantly when the cells were subjected to sterol 
depletion, indicating that sterol trafficking relies to a large extent on 
the chemical activity of cholesterol.

An increase in cytosolic carriers improves sterol sensing 
by SCAP
To further demonstrate the ability of STARD4 and MCD to trans-
port cholesterol to the ER, STARD4 was overexpressed or MCD 

FIGURE 5: STARD4 silencing attenuates cholesterol-mediated 
regulation of SREBP-2 processing. (A) Cells were transfected with or 
without siSTARD4 and plated in 10-cm dishes for 48 h in growth 
medium. Alternatively, cells were transfected with FLAG-STARD4 
cDNA for 24 h. The cells were then washed and incubated for 2 h in 
McCoy’s medium supplemented with: 1%FBS (NA); 1%LPDS, 1 mM 
MCD, 10 μM mevinolin (MCD); 1%LPDS, 500 μM cholesterol 
complexed to MCD, 10 μM mevinolin (Chol/MCD). ALLN (10 μM) was 
present in all conditions. The cells were then lysed, separated by 16% 
SDS–PAGE, and immunoblotted with anti-SREPB-2, anti-STARD4, and 
anti-α-tubulin antibodies. P = precursor form of SREBP-2; C = cleaved 
form of SREBP-2. (B) Quantification (± SE) of three independent 
experiments in which cleaved SREBP-2 is expressed as a fraction of 
the total. ***, p < 0.001, **, p < 0.01.

FIGURE 4: STARD4 silencing causes an increase in free cholesterol 
level. (A) U2OS cells were transfected with scrambled siRNA or with 
siSTARD4 and incubated in growth medium for 48 h. Where indicated, 
24 h after siRNA transfection, the cells were subjected to another 
transfection with pCMV-Tag2B-STARD4 having a silent mutation in the 
siRNA-targeting sequence for 24 h, in order to rescue STARD4 
silencing. As a control, the transfection reagent HiPerFect was added 
alone to the cells (Mock). The immunoblot shows the efficiency of 
STARD4 silencing. In the rescue experiment (fourth lane), note the 
appearance of the FLAG-tagged STARD4 band, while endogenous 
STARD4 is silenced. (B) Epifluorescence microscopy images of cells 
treated as in (A), which were fixed and stained with filipin. Scale bar: 
50 μm. The right panel shows quantification (± SE) of the average 
cellular filipin fluorescence power in different conditions. Filipin 
fluorescence was normalized to the control experiment. Intensity 
measurements were performed on background-subtracted images 
from an average of 50 fields of cells in each condition. (C) GC/MS 
measurement of free cholesterol levels in cells transfected or not with 
the indicated siRNA. The cells were transfected and plated in six-well 
plates for 48 h. Cellular lipids were extracted and analyzed by GC/MS. 
Data represent averages (± SE) of three independent experiments 
normalized to control value. ***, p < 0.001, *, p < 0.02.
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was injected into cells expressing the sterol sensor SCAP fused 
with GFP at the N-terminus. While GFP-SCAP colocalized with the 
Golgi marker Giantin in cholesterol-depleted cells, it exhibited 
more diffuse localization, characteristic of the ER, in cholesterol-
rich conditions (Figure S6) in agreement with an earlier study 
(Nohturfft et al., 2000). We first induced cholesterol depletion by 
incubating the cells with extracellular MCD to induce GFP-SCAP 
transport to the Golgi. We then monitored GFP-SCAP distribution 
after adding back cholesterol with extracellular MCD-cholesterol 
complexes (Figure 7). As shown in Figure 7A, GFP-SCAP in the 
Golgi was reduced more rapidly in cells injected with MCD than 
noninjected cells when cholesterol was supplied to the cells by 
exchange into the PM. Figure 7B shows that the overexpression of 
STARD4 had an even more dramatic effect, as the ratio of GFP-
SCAP in the Golgi area dropped much faster. These results are 
quantified in Figure 7C.

The experiments presented in Figures 6 and 7 show that an un-
targeted sterol exchanger, such as MCD, enhances sterol delivery to 
the ER. In addition, changes in the abundance of sterol carriers alter 
cholesterol sensing by the homeostatic regulatory machinery.

FIGURE 6: MCD microinjection increases ACAT-dependent sterol 
incorporation into lipid droplets. (A) Wide-field fluorescence 
microscopy images of living CHO cells. Cells were incubated with 
DHE-loaded MCD for 1 min at 37°C, rinsed, and injected or not with 
MCD together with rhodamine-dextran. This was followed by an 
incubation of 90 min at 37°C in Medium A/glucose. Where indicated, 
ACAT inhibitor 58035 was added to the cells 6 h before the 
experiment. Before imaging, the cells were stained for 15 min with 
the lipid-droplet marker LipidTOX. Magnifications of lipid-droplet 
regions are shown in insets. Panels on far right show pseudocolored 
overlay images, in which DHE is red and LipidTOX is green. Scale bar: 
20 μm. (B) Per-cell quantification of the DHE fluorescence expressed 
as the percentage of DHE present in lipid droplets relative to the total 
DHE fluorescence, as a function of the estimated number of MCD 
molecules injected (see Materials and Methods). The right panel 
shows the same experiment performed with cells incubated for 2 h in 
Ham/F12 medium supplemented with 5% LPDS, 1 mM MCD, and 10 
μM mevinolin before the steps described in (A). The fluorescence ratio 
of DHE in lipid droplet to the whole-cell DHE was measured in 
MetaMorph, as described previously (Majumdar et al., 2007), using a 
binary mask generated after thresholding the LipidTOX-stained area, 
and another by thresholding the rhodamine-dextran area, which 
represents the whole cell area.

FIGURE 7: GFP-SCAP distribution in relation to sterol content in 
control, MCD-injected cells, and cells overexpressing STARD4. 
(A) Wide-field microscopy images of CHO cells stably transfected with 
GFP-SCAP. Cells grown on coverslips were washed in Hank’s balanced 
salt solution and incubated in growth medium (1% LPDS) 
supplemented with 2 mM MCD and 10 μM mevinolin for 2 h at 37°C. 
Cells were injected with MCD along with rhodamine-dextran and 
then switched for the indicated time to growth medium supplemented 
with 500 μM cholesterol complexed with MCD and 10 μM mevinolin in 
order to reload cells with cholesterol. Cells were then fixed, 
permeabilized, and stained with rabbit anti-Giantin antibody followed 
by a fluorescently conjugated secondary antibody (anti–rabbit Alexa 
Fluor 633). Scale bar: 20 μm. (B) Experiment performed as in (A), except 
that the cells were transfected with FLAG-STARD4 for 48 h prior to the 
experiment instead of being microinjected. (C) Quantification of the 
percentage of GFP-SCAP in the Golgi as a function of the cholesterol-
loading time. Each point in the graph represents the average (± SE) of 
measurements obtained from 15–40 cells. GFP-SCAP in the Golgi at 0 h 
in control cells was normalized to 100%. The zero line represents the 
relative amount of GFP-SCAP localized to the Golgi in cells treated with 
100 μM chol/MCD for 1 h (see Figure S6).
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MCD injection in cells silenced for STARD4 reverses 
free cholesterol accumulation and transport defects
Finally, we microinjected MCD into cells silenced for STARD4 to de-
termine if this could reverse the increase in free cholesterol observed 
in these cells (Figure 8A). We performed a control experiment in 
which STARD4-silenced cells were injected with the tracer only. After 
injection, the cells were fixed and stained with filipin to allow assess-
ment of their free cholesterol content. As expected, the filipin fluo-

rescence intensity declined in cells injected 
with MCD, while buffer-injected cells con-
served their elevated intensity (Figure 8A, 
left panel). The average filipin intensity mea-
sured for 30 cells injected with MCD was 
comparable to the filipin level measured in 
cells not transfected with STARD4 siRNA 
(Figure 8A, right panel).

To examine whether MCD could rescue 
sterol transport to the ER in cells silenced for 
STARD4, we analyzed the subcellular distri-
bution of DHE in cholesterol-loaded 
STARD4-silenced cells injected with MCD. 
In Figure 8B, the comparison between in-
jected versus noninjected cells indicates 
that MCD rescues the STARD4 function of 
transferring DHE to the ER, where it can be 
esterified and incorporated into lipid drop-
lets. Moreover, in these conditions, a signifi-
cant reduction of DHE fluorescence in lipid 
droplets is observed in STARD4-silenced 
cells, as compared with control cells, sup-
porting biochemical results presented in 
Figure 2A. We conclude that cholesterol 
transport to the ER can be achieved by 
MCD, an untargeted sterol carrier, and this 
compensates for the lack of STARD4.

DISCUSSION
It has been very difficult to develop convinc-
ing evidence that any lipid-transfer protein 
plays a major role in cholesterol transport 
through the cytoplasm (Maxfield and van 
Meer, 2010). One of the challenges is that 
many proteins may transport sterols through 
the cytoplasm, and they may have overlap-
ping functions. For example, there are seven 
members of the Osh family of proteins in 
budding yeast that may be sterol carriers 
(Raychaudhuri and Prinz, 2010). Deletion 
strains for any of these show only partial re-
ductions in nonvesicular transport of sterol 
between the PM and the ER, and even a 
strain with deletions of six Osh proteins and 
a conditional allele for the seventh shows 
significant sterol transport under nonper-
missive conditions (Maxfield and Menon, 
2006; Sullivan et al., 2006). If a protein is an 
important sterol carrier, changes in expres-
sion level of the transporter should have 
measurable effects on sterol transport in 
cells, as we have shown here for STARD4.

We became interested in STARD4, as 
STARD4 is the only gene encoding a sterol carrier among all the 
genes for which transcription is increased by activation of SREBP-2 
(Horton et al., 2003; Soccio et al., 2005). Additionally, overexpres-
sion of STARD4 leads to an increase in esterification of cholesterol 
that might be attributed to increased transport to the ER, the site of 
the esterifying enzyme, ACAT (Rodriguez-Agudo et al., 2008). 
STARD4 belongs to the START domain superfamily of proteins, 
which has been implicated in several cholesterol-trafficking path-
ways in cells (Strauss et al., 2003; Prinz, 2007).

FIGURE 8: Cytosolic injection of MCD relieves the increase in free cholesterol observed in cells 
silenced for STARD4, and rescues sterol transport defects. (A) Left panel, wide-field fluorescence 
microscopy images of U2OS cells transfected with siSTARD4 for 48 h, then subjected to 
microinjection of MCD along with rhodamine-dextran, or with the tracer rhodamine-dextran 
alone as a control (buffer injection). Following injections, the cells were incubated for 2 h at 
37°C. Cells were then fixed, stained with filipin, and imaged. The right panel shows 
quantification of filipin fluorescence power per microinjected cell. Fluorescence power was 
normalized to a control experiment in which the transfection reagent alone was added to the 
cells. Measurements were performed on 30 injected cells for each condition. Scale bar: 20 μm. 
(B) Control or STARD4-depleted cells were labeled with DHE and microinjected (or not) with 
MCD/rhodamine-dextran. Cells were placed in growth medium (1% LPDS) supplemented with 
500 μM cholesterol complexed with MCD and 10 μM mevinolin for 2 h at 37°C. Before imaging, 
cells were labeled with the lipid-droplet marker LipidTOX Green. Right panel represents 
quantification (± SE) of three independent experiments. Measurements were performed on a 
total of 70 injected cells for each condition.
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As shown in Figure 3, STARD4 has the ability to transport ste-
rol between membranes, with a rate of transfer per molecule 
more than 1000-fold greater than the rate exhibited by MCD. Un-
der the conditions of our assays, we observed transfer rates up to 
seven molecules per minute per molecule of STARD4. For com-
parison, the yeast Osh4p transfers ∼0.5 molecule of sterol per 
minute in a similar assay (Raychaudhuri et al., 2006). It is possible 
that faster rates could be obtained with higher liposome concen-
trations. In U2OS cells, there are ∼105 STARD4 molecules per cell 
(Figure S7). The in vitro transfer rates measured in our assay would 
not be sufficient to account for a large fraction of the nonvesicular 
transport in cells, but conditions in the cytoplasm, such as the 
very high concentration of membranes, may accelerate transport 
rates significantly.

Changes in STARD4 expression have significant effects on sterol 
transport in cells. Overexpression of STARD4 increases the rate of 
sterol delivery to the ERC (Figure 1). Similarly, overexpression of 
STARD4 increases the rate of cholesterol transport to the ER, as as-
sayed by increased cholesterol esterification by ACAT, and this ef-
fect was especially pronounced in cholesterol-loaded cells (Figure 
2). The increased sterol esterification upon STARD4 overexpression 
is also shown by greater incorporation of DHE into lipid droplets 
(Figure 2). Overexpression also increases the sensitivity of SCAP to 
changes in cholesterol concentration (Figure 7), presumably as a 
consequence of increased sterol in the ER. It is noteworthy that sta-
tin treatment increases expression of STARD4 approximately three-
fold in cell culture (Soccio et al., 2005) and in mice (Riegelhaupt 
et al., 2010). Increased STARD4 expression would increase choles-
terol delivery to the ER, which would reduce the SREBP-induced 
expression of low-density lipoprotein receptors. This would attenu-
ate the serum cholesterol–lowering effects of statins. This hypothe-
sis will need to be tested further in animal studies.

The effects of silencing STARD4 expression are more complex. 
Reduction of STARD4 expression leads to an increase in cellular free 
cholesterol (Figure 3). This may be related to the reduction in the 
SREBP-2 response in cells silenced for STARD4 when they are chal-
lenged with either low or high levels of cholesterol (Figure 5). That 
is, there is a desensitization of the cholesterol homeostatic machin-
ery when STARD4 levels are reduced. Similarly, ACAT-dependent 
esterification of cholesterol as a response to cholesterol loading was 
less effective in cells depleted for STARD4 (Figures 2 and 8B). How-
ever, depletion of STARD4 does not measurably reduce the rate of 
DHE delivery to the ERC, and it does not greatly affect sterol esteri-
fication (Figure 2) or SREBP-2 processing (Figure 5) in normal cell 
growth conditions. One hypothesis is that the cellular cholesterol 
increases in normal growth conditions when STARD4 levels are re-
duced, until the steady-state rate of delivery of cholesterol to the ER 
is the same as in untreated cells. That is, there are fewer transport-
ers, but this is counterbalanced by more cholesterol in the PM and 
the ERC at steady state. These complex effects of reduction in 
STARD4 levels also may reflect the fact that there are other sterol 
transporters. The increased free cholesterol in cells depleted for 
STARD4 may also compensate for slower rate constants for trans-
port. The effects of reduced STARD4 seem to be most pronounced 
when there is an excess of cholesterol, which might be expected to 
stress the capacity of sterol transport systems.

STARD4 does not have any obvious organelle-targeting mo-
tifs, although it does have a basic patch near the sterol-exchange 
site that confers a preference for interactions with membranes 
containing lipids with acidic head groups (Figure 3). The cytosolic 
leaflets of the PM and endosomes are enriched in anionic lipids. 
PS, in particular, represents ∼30 mol% of the phospholipids in the 

PM inner leaflet (Leventis and Grinstein, 2010). Anionic lipids are 
also abundant in the ER (van Meer et al., 2008). ER membranes 
contain more unsaturated lipids than other organelles, and this 
could enhance STARD4-mediated delivery of sterol to the ER 
(Figure S3).

The lack of a highly specific organelle-targeting motif raises 
the possibility that STARD4 could act as a relatively nonselective 
sterol transporter. Such a general sterol carrier would effectively 
serve to equilibrate sterol chemical activity among many organ-
elles. As discussed in detail elsewhere (Lange and Steck, 2008; 
Mesmin and Maxfield, 2009), sterol chemical activity may be 
nearly equilibrated among organelles, even if the concentration 
of sterols is quite different. We compared the effects of overex-
pressing STARD4 with microinjection of MCD, a sterol exchanger 
that should be quite nonselective in its interactions with mem-
branes. Like STARD4 overexpression, injection of MCD into the 
cytoplasm increased the rate of transport of sterol to the ERC 
(Figure 1), and it increased the esterification of sterols by ACAT—
indicating an increased rate of sterol delivery to the ER (Lange et 
al., 1999). Strikingly, injection of MCD into cells can restore normal 
cholesterol levels in cells with reduced expression of STARD4 (Fig-
ure 8), and it restored the esterification of DHE in cholesterol-
loaded cells that were STARD4-silenced. These results show that 
MCD can substitute for STARD4 in important aspects of choles-
terol homeostasis.

It is interesting to note that the relative distribution of sterol 
between the PM and the ERC does not change noticeably when 
STARD4 levels are elevated or when MCD is injected into cells. 
This is consistent with the idea that these organelles are nearly 
equilibrated in their cholesterol content. In contrast, the amount 
of ACAT-dependent esterification increases when the abundance 
of sterol transporters increases. This suggests that the ER may be 
held below its equilibrated cholesterol concentration by the ac-
tivity of ACAT, which removes free cholesterol from the system by 
converting it into cholesteryl esters, which are stored in lipid 
droplets.

While our results suggest that STARD4 is an important sterol 
transporter, it is clear that there must be other transporters that 
may have distinct or overlapping transport roles. These trans-
porters might include other START-domain proteins, as well as 
the oxysterol-binding protein–related protein family (Raychaud-
huri and Prinz, 2010; Jansen et al., 2011). Recently, STARD4−/− 
mice were created (Riegelhaupt et al., 2010), and these mice 
were smaller than wild-type mice. However, the survival of the 
mice indicates that STARD4 is not essential. Intriguingly, of the 
six START domain–containing proteins that have been knocked 
out in mice, only StAR has given a pronounced lipid phenotype 
(Caron et al., 1998). This suggests that there is functional redun-
dancy among the START-domain proteins and possibly overlap-
ping functions with other families of sterol transporters.

We propose that STARD4 helps to equilibrate cholesterol 
among organelles, including the ER, which contains the main ho-
meostatic regulators of cholesterol levels. Because the expres-
sion of STARD4 is governed by SREBP-2, there is a negative 
feedback loop in which cholesterol transported by STARD4 to 
the ER contributes to its own down-regulation (Figure S8). Cho-
lesterol levels in cells depend on a delicate balance among sterol 
uptake, synthesis, esterification, and deesterification. STARD4 
abundance can have effects on sterol sensing by SCAP and also 
on esterification by ACAT. As a result, controlling the sterol-car-
rier abundance is a crucial component of the sterol homeostatic 
machinery.



Volume 22 November 1, 2011 Sterol transport by STARD4 | 4013 

MATERIALS AND METHODS
Reagents and antibodies
All tissue culture media were from Life Technologies (Carlsbad, CA). 
MCD, mevinolin, filipin, and the ACAT inhibitor, 58035, were pur-
chased from Sigma-Aldrich (St. Louis, MO). The neutral lipid stain, 
LipidTOX Green, and Dextran (10,000 MW) conjugated with tetram-
ethyl-rhodamine were from Invitrogen (Carlsbad, CA). Alexa Fluor 
633 was conjugated to iron-loaded Tf (Sigma) following the manu-
facturer’s instruction. Mouse anti–α-tubulin and anti–FLAG M2-Cy3 
monoclonal antibodies were from Sigma. Goat anti-STARD4 (T-17) 
polyclonal antibody and mouse anti–SREBP-2 (1C6) monoclonal an-
tibody were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). Rabbit anti-Giantin polyclonal antibody (Covance, Princeton, 
NJ) was used as a marker for the Golgi. [14C]oleate was from Perkin 
Elmer-Cetus (Waltham, MA).

Cell culture and transfection
Cells were grown as a monolayer in a humidified incubator at 37°C 
in a 5% CO2 atmosphere. The cell culture media were supplemented 
with 100 U/ml penicillin and 100 μg/ml streptomycin. The human 
osteosarcoma cell line U2OS was grown in McCoy’s medium sup-
plemented with 10% fetal bovine serum (FBS). The CHO-derived 
TRVb1 cells (McGraw et al., 1987) were grown in bicarbonate-buff-
ered Ham’s F12 medium containing 200 μg/ml G418 and 5% FBS. 
CHO cells stably expressing GFP-SCAP were grown in DMEM/
Ham’s F12 (1:1) with 400 μg/ml G418 and 1% lipoprotein-deficient 
serum (LPDS). Cells for wide-field microscopy were plated on 35-
mm plastic dishes, the bottoms of which were replaced with poly-d-
lysine-coated coverslips. For STARD4 expression, U2OS cells were 
transiently transfected with pCMV-Tag2B plasmid (Stratagene, Santa 
Clara, CA) containing FLAG-tagged hSTARD4, or with pEGFP-C1-
hSTARD4 by electroporation using the Gene Pulser II system (Bio-
Rad, Hercules, CA), or, alternatively, with HiPerFect transfection re-
agent (Qiagen, Valencia, CA). The same vectors containing STARD5 
cDNA were used to obtain FLAG-tagged hSTARD5 and GFP-
STARD5 expression. Empty vector served as a negative control. 
Studies were performed 1 or 2 d after transfection.

Fluorescence microscopy
Wide-field fluorescence microscopy and digital image acquisition 
were carried out using a Leica DMIRB microscope equipped with an 
Andor iXonEM Blue EMCCD camera driven by MetaMorph Imaging 
System software (Universal Imaging/Molecular Devices, Sunnyvale, 
CA). All images were acquired using oil-immersion objectives (40×, 
1.25 NA, or 63×, 1.36 NA) with 2 × 2 pixel binning. Cells being im-
aged were in PBS when fixed, or Medium A (150 mM NaCl, 20 mM 
HEPES, pH 7.55, 1 mM CaCl2, 5 mM KCl, 1 mM MgCl2) when alive. 
When indicated, Medium A was supplemented with 2 mg/ml glu-
cose (Medium A/glucose). DHE was imaged using a filter cube ob-
tained from Chroma Technology (Bellows Falls, VT; 335-nm [20-nm 
band pass] excitation filter, 365-nm-long pass dichromatic filter, and 
405-nm [40-nm band pass] emission filter]. Standard TRITC, FITC, 
and Cy5 cubes were obtained from Chroma. To detect expression of 
FLAG-tagged protein constructs, cells were fixed and permeabi-
lized with 0.05% saponin, and then subjected to immunofluores-
cence using either mouse anti–FLAG M2-Cy3 or rabbit anti-FLAG 
(Sigma). Filipin staining was performed as previously described 
(Pipalia et al., 2006), and was imaged using an A4 filter cube (Leica, 
Wetzlar, Germany). Fluorescence cross-over from one channel to 
another was measured using single-labeled samples of each probe 
and found to be insignificant. Images were background-corrected 
as previously described (Hao et al., 2002).

RNAi 
For STARD4 RNAi, siRNA with target sequence 5′-TGGTCAGCTTT-
GGAATATAA-3′ was mixed with HiPerFect transfection reagent 
(Qiagen) according to the manufacturer’s instructions, and added to 
cells in suspension before plating. To generate a STARD4 RNAi–re-
sistant construct, a synonymous substitution in the siRNA-targeting 
sequence, in which CTTTGG (corresponding to amino acids LW) 
is replaced by CTATGG (also LW), was produced by QuickChange 
Site-Directed Mutagenesis (Stratagene). For STARD4 RNAi in de-
fined cells, pGFP-V-RS vectors (OriGene, Rockville, MD) having a 
short-hairpin RNA (shRNA) expression cassette with the target 
gene–specific sequence mentioned above, were transfected in 
U2OS cells according to manufacturer’s instructions for 48 h.

ACAT assay
U2OS cells were plated in 24-well plates after transfection and culti-
vated in growth medium for 24 h for STARD4 overexpression or for 
48 h for STARD4 silencing. Cells were then incubated with fresh 
medium containing [14C]oleate (1 μCi/ml) bound to bovine serum 
albumin, prepared as previously described (Goldstein et al., 1983), 
with or without ACAT inhibitor 58035 (30 μg/ml) for 6 h. When indi-
cated (Figure 2A), 500 μM MCD/cholesterol was added to the cul-
ture medium during the final 2 h of the incubation. Lipids were then 
extracted twice with hexane/2-propanol (3:2) and resolved on nor-
mal-phase thin-layer chromatography plates using the solvent sys-
tem: hexane /diethyl ether/glacial acetic acid (80:20:1). The plates 
were exposed to phosphor-imaging screens (GE Healthcare, Piscat-
away, NJ), and scanned using a Typhoon Trio imager (GE Health-
care). The spots corresponding to cholesteryl [14C]oleate were back-
ground-corrected and quantified using MetaMorph. Protein 
concentration after solubilization with 0.5 M NaOH was determined 
by the Bio-Rad DC protein assay.

STARD4 expression and purification
STARD4 and STARD4 mutants (K49A/K52A and K219A) were puri-
fied essentially as previously described (Romanowski et al., 2002), 
with some modifications. Briefly, mouse STARD4 cloned in 
pGEX-6P-1 vector was expressed in Escherichia coli BL21(DE3) cells. 
After expression, bacteria were lysed by sonication in 10 mM Tris 
(pH 8), 140 mM NaCl, 5 mM dithiothreitol (DTT), 1 mM EDTA, sup-
plemented with 1 mM phenylmethylsulfonyl fluoride, a cocktail of 
anti-proteases (Roche), 0.1% Triton X-100, and 0.25 mg/ml lysozyme. 
After a short incubation, the disrupted bacteria were further homog-
enized using a Dounce homogenizer. The supernatant was loaded 
on a glutathione Sepharose 4B column, and STARD4 in fusion with 
glutathione S-transferase (GST) was eluted in 50 mM Tris (pH 8), 
140 mM NaCl, and 5 mM DTT, supplemented with 10 mM reduced 
glutathione. The N-terminal GST tag was removed by digestion with 
PreScission protease (GE Healthcare), which was followed by an-
other passage through a glutathione Sepharose 4B column. 
STARD4-containing fractions were further purified by gel filtration 
on a Superose 6 column (GE Healthcare).

Liposomes
Lipids in chloroform were purchased from Avanti Polar Lipids 
(Alabaster, AL), except DHE (powder, Sigma). A dried film was pre-
pared by evaporation of a mixture of the indicated lipids in chloro-
form and resuspended in 50 mM HEPES (pH 7.2) and 120 mM po-
tassium acetate. After five cycles of thawing and freezing in liquid 
nitrogen, the liposome suspension was extruded sequentially 
through 0.4- and 0.1-μm (pore size) polycarbonate filters using a 
hand extruder (Avanti) at a final lipid concentration of 1 mM. 
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