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Abstract Lipid droplets (LDs) are ubiquitous organelles
that contain neutral lipids and are surrounded by a phospho-
lipid monolayer. How proteins specifically localize to the
phospholipid monolayer of the LD surface has been a mat-
ter of extensive investigations. In the present study, we show
that syntaxin 17 (Stx17), a soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) protein whose
expression in the liver is regulated by diet, participates in LD
biogenesis by regulating the distribution of acyl-CoA synthe-
tase (ACSL)3, a key enzyme for LD biogenesis that redistrib-
utes from the endoplasmic reticulum (ER) to LDs during LD
formation. Stx17 interacts with ACSL3, but not with LD
formation-unrelated ACSL1 or ACSL4, through its SNARE
domain. The interaction occurs at the ER-mitochondria
interface and depends on the active site occupancy of ACSL3.
Depletion of Stx17 impairs ACSL3 redistribution to nascent
LDs. The defect in LD maturation due to Stx17 knockdown
can be compensated for by ACSL3 overexpression, suggesting
that Stx17 increases the efficiency of ACSL3 redistribution
to LDs.Hll Moreover, we show that the interaction between
Stx17 and ACSL3 during LD maturation may be regulated
by synaptosomal-associated protein of 23 kDa.—Kimura,
H., K. Arasaki, Y. Ohsaki, T. Fujimoto, T. Ohtomo, J. Yamada,
and M. Tagaya. Syntaxin 17 promotes lipid droplet forma-
tion by regulating the distribution of acyl-CoA synthetase 3.
J- Lipid Res. 2018. 59: 805-819.
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Lipid droplets (LDs) are ubiquitous organelles that store
neutral lipids such as triacylglycerol (TAG) and sterol
esters, and play central roles in energy and lipid metabolism
(1). LDs are dynamic and diverse organelles, their size and
number depending on cellular energy and the metabolic
state, and their protein and lipid compositions varying with
the cell type and the degree of LD maturation in individual
cell types (2—4). Moreover, LDs are in contact with many
organelles, including the endoplasmic reticulum (ER), mi-
tochondria, and peroxisomes (5, 6). Recent studies revealed
that LDs have additional functions, such as in ER stress
responses, protein storage, protein degradation, and viral
replication (7, 8).

LDs are unique among cellular organelles in that they
are surrounded by a phospholipid monolayer. LD forma-
tion starts in the ER at predefined or random sites (9, 10)
with the formation of lipid lenses of around 50 nm in the
intermembrane space of the ER lipid bilayer (11). The for-
mation of lenses and their enlargement as a consequence
of lateral fusion and/or accumulation of more lipids gen-
erate curvature of the ER membrane. At this stage acyl-CoA
synthetase (ACSL)3, an enzyme that provides acyl-CoA for
LD formation, moves within the ER and becomes concen-
trated at emerging LD sites through its amphipathic o heli-
ces (9, 12). This enzyme is critical for LD expansion and
maturation. Loss or overexpression of other ACSL family
members does not affect LD biogenesis (9), highlighting
the importance of ACSL3-mediated local synthesis of
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acyl-CoA for LD expansion. ACSL3 belongs to the class I
LD proteins (13) that are characterized by their pres-
ence in the ER without LDs and translocation to the LD
surface during LD formation or after reconnection of LDs
to the ER via membrane bridges (14). Most class I proteins
have hydrophobic regions with hairpin-like structures (13).
Emerging LDs expand and then are recognized by proteins
such as perilipins. Perilipins are class II proteins containing
amphipathic a helices or other hydrophobic domains that
move from the cytosol to the LD surface (13).

Syntaxin 17 (Stx17) was originally characterized as a
tsoluble Nethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) located in the smooth ER (15). Recent
studies by us and other groups demonstrated that Stx17
localizes to the mitochondria-ER interface, including the
mitochondria-associated ER membrane (MAM) (16), and
plays roles in mitochondrial division (17), the fusion of stress-
induced mitochondrial-derived vesicles with lysosomes (18),
and autophagy in starved cells (19-22). In mitochondrial di-
vision and autophagosome formation, Stx17 functions not as
a SNARE, but as a scaffold at the MAM (17, 20). For these
functions and the MAM localization, the C-terminal hairpin-
like hydrophobic domain (CHD) and the subsequent cyto-
plasmic tail of Stx17, but not its SNARE domain, are important
(17). The MAM has versatile functions (16), including the
synthesis of neutral lipids as well as phospholipids (23, 24).

In the present study, we demonstrated that Stx17 is
required for LD biogenesis. We found that Stx17 interacts
with ACSL3 and facilitates its translocation from the ER to
the surface of LDs.

MATERIALS AND METHODS

Chemicals and antibodies

Triacsin C and digitonin were obtained from Enzo Life Sciences
and Wako Chemicals, respectively. Oleic acid (OA), TAG, 1-oleoyl-
2-acetyl-sn-glycerol (OAG), diacylglycerol acyltransferase (DGAT)1
inhibitor (PF-04620110), and DGAT2 inhibitor (PF-06424439)
were obtained from Sigma-Aldrich. OA, TAG, and OAG were dis-
solved in DMSO, mixed with BSA, and used. Lipid Tox and BODIPY
FL-C16 were obtained from Thermo Fisher Scientific. The follow-
ing antibodies were purchased from Sigma-Aldrich: monoclonal
FLAG (F3165) and polyclonal FLAG (F7425). The following anti-
bodies were obtained from BD Bioscience Pharmingen: calnexin
(CNX) (610523), Tom20 (612278), and Tim23 (611223). The fol-
lowing antibodies were purchased from Proteintech: Tip47 (10694~
1-AP), synaptosomal-associated protein of 23 kDa (SNAP23) SNAP23
(10825-1-AP), and SNAP29 (12704-1-AP). The following antibod-
ies were purchased from Abcam: polyclonal ACSL1 (ab76702)
and o-tubulin (ab15246). Polyclonal and monoclonal antibodies
against ACSL3 were obtained from GeneTeX (GTX112431) and
Abnova (H00002181-B01P), respectively. The following antibodies
were from the indicated sources: ACSL4 (Santa Cruz Biotechnology;
H-53, s¢-134507), HA (Sigma-Aldrich; H6908), and Alexa Fluor®
488 and 594 goat anti-mouse and -rabbit antibodies (Thermo
Fisher Scientific; A-11001, A-11005, A-11008, and A-11012). Rabbit
antibodies against Sec22b (25) and Stx5 (26) were produced in this
laboratory and affinity purified. An antibody against Stx17 was
prepared, as described previously (17), and used for immuno-
fluorescence analysis. For immunoblotting, an ant-Stx17 antibody
(Sigma-Aldrich; HPA001204) was used.
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Cell culture

The 293T, HepG2, Huh7, and 3T3-L1 cells were grown in
DMEM supplemented with 50 IU/ml penicillin, 50 pwg/ml strep-
tomycin, and 10% FCS. HeLa cells (RIKEN; RCB0007) were cul-
tured in «-MEM supplemented with the same materials plus 2
mM 1-glutamine. Stable transfectants were prepared as described
previously (17). For the induction of LDs in HeLa cells, OA was
added at a final concentration of 150 puM. Mouse primary hepa-
tocytes were prepared using a collagenase liver perfusion tech-
nique, as described previously (27), with a minor modification.
Female ddy mice (5 weeks) that had been fed or fasted for 24 h
were used.

Plasmids and transfection

Plasmids encoding human Stx17 full-length and its derivatives
were described previously (17). The plasmids for GFP-ACSL3
and GFP-HPos (9) were gifts from Dr. Albert Pol (IDIBAPS). The
plasmid for FLAG-ACSL3 was constructed by inserting the cDNA
for GFP-ACSL3 into the EcoRl/Smal site of pFLAG-CMV-6a vec-
tor. The plasmids for FLAG-DGAT1/2, 3x-HA-lysophosphati-
dylcholine acyltransferase (LPCAT) 1/2, glycerol-3-phosphate
O-acyltransferase (GPAT)4-GFP, and SU9-GFP were gifts from
Dr. Robert V. Farese (Harvard University), Dr. Christoph Thiele
(University of Bonn), Dr. Katsuko Tani (Tokyo University of
Pharmacy and Life Sciences), and Dr. Naotada Ishihara (Kurume
University), respectively. Deletion mutants of ACSL3 were con-
structed by inverse PCR. Transfection was carried out using
LipofectAMINE Plus, LipofectAMINE2000 (Thermo Fisher Sci-
entific), or polyethylenimine.

RNA interference

The following siRNAs were used: Stx17 (440), 5-GGUAGUU-
CUCAGAGUUUGAUU-%; Stx17 (194), 5-CGAUCCAAUAUCC-
GAGAAAUU-%; Stx17 (NC), 5-GGAAAUUAAUGAUGUAAGA-3";
Stx17 (421), 5-CACACUGGGGAGGCUGAAGCU-3’; Sec22b,
5-CAGCATTGGATTCAAAGGCTA-3"; SNAP29, 5-UAUCAUC-
CAGCUUUCUAAGGUUUGG-3;ACSL1, 5-AAGGAUGCUUUGC-
UUAUUCGA-3"; ACSL3, 5-CCGAAGUGUGGGACUACAAUA-3";
and ACSL4, 5-~AUGCAUCAUAGCAAUUUGAUA-%'.

siRNAs were purchased from Japan Bio Services. Hel.a, HepG2,
Huh?7, and 3T3-L1 cells were grown on 35 mm dishes, and siRNAs
were transfected at a final concentration of 200 nM using Oligo-
fectamine, LipofectAMINE2000, or LipofectAMINE2000 RNAi
Max (Thermo Fisher Scientific) according to the manufacturer’s
protocol.

Immunoprecipitation

HeLa cells expressing FLAG-tagged proteins were lysed in lysis
buffer (20 mM HEPES-KOH (pH 7.2), 150 mM KCI, 2 mM EDTA,
1 mM dithiothreitol, 1 pg/mlleupeptin, 1 uM pepstatin A, 2 pg/ml
aprotinin, and 1 mM phenylmethylsulfonyl fluoride) containing
1% Triton X-100 or 10 mg/ml digitonin. After centrifugation, the
supernatants were collected and immunoprecipitated with anti-
FLAG M2 affinity beads (Sigma-Aldrich). The precipitated pro-
teins were eluted with SDS sample buffer, and then analyzed by
immunoblotting. Experiments were repeated two or three times
with similar results.

TAG measurement

TAG measurement was performed using a triglyceride quantifi-
cation colorimetric kit (BioVison; k662) according to the manu-
facturer’s protocol. The OD 570 nm was measured and the TAG
amount was calculated using a standard curve.



Immunofluorescence microscopy and image analysis

For immunofluorescence microscopy, cells were fixed with
4% paraformaldehyde for 20 min at room temperature followed
by permeabilization in 0.2% Triton X-100 in PBS for 10 min at
room temperature or with ice-cold methanol for 1 min at room
temperature, and blocked with 2% BSA in PBS for 10 min. The
cells were incubated with a primary antibody [ACSL3 (1:50),
Tip47 (1:50), Stx17 (1:50), FLAG (1:300), Tom20 (1:300), ACSL1
(1:50), or ACSL4 (1:20)] for 1 h at 37°C, followed by three washes
in PBS and incubation with Alexa Fluor 488- or Alexa Fluor
594-conjugated anti-mouse or anti-rabbit IgG antibody (1:200) for
1 hat 37°C. When stained with LipidTox, the cells were incubated
with LipidTox (dissolved in DMSO) for 30 min in PBS at room
temperature. After washing in PBS, they were mounted with
mounting medium (Dako) and observed using a 100x oil immer-
sion objective lens (UPlan FI: NA = 1.3) under a laser scanning
confocal microscope (OLYMPUS Fluoview FV300) with a pinhole
of 3 AU. All images were single confocal sections.

Image] software (National Institutes of Health) was used to
determine the size of LDs and the fluorescence intensity ratio
between LipidTox and LD proteins. In each LD, the intensities of
circular LipidTox fluorescence and surrounding FITC fluores-
cence were measured. This analysis was performed for randomly
chosen 30 LDs in each cell, and 30 cells were analyzed in each
experiment. Experiments were repeated three times.

Electron microscopy

Cells were fixed with a mixture of 2% formaldehyde and 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h,
and then prepared for conventional observation as described pre-
viously (28). ER-LD contact sites were discerned when the dis-
tance between the ER membrane and the LD surface was 20 nm
or less. The images of cytoplasmic LDs were randomly captured
from five independent RNAi experiments (total number of ana-
lyzed LDs; siRNA control = 242, siRNA stx17 (440) = 252), and the
frequency of ER-LD contact site formation was determined as the
rational length of circular arch of an LD surface covered by con-
tacted ER to the total perimeter of the LD. ER-LD contact length
and the whole circumference of each LD were measured with
Image] software.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) experi-
ments were performed with an Olympus Fluoview 1000 laser scan-
ning microscope equipped with a stage-top incubator (37°C, 5%
COy). To monitor LDs during FRAP experiments, cells expressing
GFP constructs or labeled with BODIPY FL-C16 were incubated
with LipidTox in Opti-MEM supplemented with 10% FCS before
photobleaching. An arbitrary region containing several LLDs and
adjacent ER membranes (denoted as “LLD”) or an ER region alone
(denoted as “ER”) was photobleached using a 488 nm laser at
100% laser power for 2 s. After photobleaching, images of the
individual LDs or the ER region were obtained at 0.5 s intervals.
In each experiment, 30 cells were used, and more than three LDs
in each cell were analyzed. Experiments were repeated three
times. The recovered fluorescence intensity normalized to that
before photobleaching was plotted.

Differentiation of 3T3-L1 cells and measurement of
intensity of Oil Red O staining

Differentiation was induced using an Adipolnducer reagent
(for animal cells) kit (Takara Bio, MK429) according to the man-
ufacturer’s protocol. Briefly, 3T3-L1 cells were mock-transfected
or transfected with siRNA Stx17 (421). At 72 h after transfection,
cells were incubated with DMEM supplemented with 50 IU/ml

penicillin, 50 pg/ml streptomycin, and 10% FCS, plus 10 pg/ml
insulin solution, 2.5 WM dexamethasone, and 0.5 mM 3-isobutyl-
l-methylxanthine, for 48 h. The medium was replaced with
DMEM containing 10 pg/ml insulin, and then incubated for ~9
days. For Oil Red O staining, cells were fixed, washed with 60%
isopropanol for 1 min, and then incubated with a 60% Oil Red
O solution (99% isopropanol/0.3% Oil Red O) for 15 min at
37°C. After washing with 60% isopropanol and drying, Oil Red O
was dissolved in 100% isopropanol and the OD at 500 nm was
measured.

Proximity ligation assay

A proximity ligation assay (PLA) was conducted using a PLA kit
(Sigma-Aldrich) according to the manufacturer’s protocol. Thirty
cells were analyzed in each assay. PLA dots were identified using
the “analyze particle” program in the Image] software. Randomly,
30 cells were selected and the number of PLA dots was measured
in each sample. The experiments were repeated three times.

Subcellular fractionation

Subcellular fractionation to isolate the MAM was performed as
described previously (17). LD fractionation was performed as de-
scribed previously (29). Cell were homogenized in buffer contain-
ing 225 mM mannitol and 75 mM sucrose and centrifuged at
8,000 g for 10 min to obtain mitochondrial pellets. The superna-
tant was overlaid with homogenization buffer omitting sucrose
and centrifuged at 166,000 g for 5 h. The top of the supernatant
was recovered as the LD fraction, and the rest of the supernatant
and the pellet were recovered as the cytosolic and microsomal
fractions, respectively. Experiments were repeated two or three
times with similar results.

Statistical analyses

The results were averaged, expressed as the mean + SD or SEM,
and analyzed using a Student’s test. The Pvalues are indicated by
asterisks in the figures with the following notations: *P < 0.05;
#P < (.01; ***P<0.001.

RESULTS

Stx17 is required for LD biogenesis

Although Stx17 is ubiquitously expressed, it is abun-
dantly expressed in steroidogenic and hepatic cells (15),
both of which have large numbers of LDs. This and the
MAM localization of Stx17 prompted us to examine the
role of Stx17 in LD biogenesis. To this end, we used HeLa
cells that have only a few LDs under normal conditions. LD
biogenesis can be induced by OA. At the level of immuno-
fluorescence microscopy, Stx17 exhibited nearly perfect
colocalization with mitochondria in OA-untreated cells,
whereas OA treatment appeared to cause Stx17 to redis-
tribute to a more diffuse pattern (Fig. 1A). We examined
whether Stx17 is required for LD biogenesis by silencing
the protein. We used two siRNAs (siRNA 440 and 194) (17)
that were able to effectively knockdown Stx17 without af-
fecting the expression levels of two important neutral lipid
synthesizing enzymes, ACSL3 and DGAT?2 (Fig. 1B). Stx17
silencing blocked OA-induced LD formation (Fig. 1C). In
accordance with this, TAG synthesis was blocked in Stx17-
silenced cells (Fig. 1D). The specific involvement of Stx17
in LD formation was demonstrated by the finding that

Regulation of ACSL3 localization by syntaxin 17 807



A B C _ OA+

=
Q
s
' - =
< g 3
o T =
~ ~
x X
o » .
o
=
ACSL3 *
=
x
< I
53
-
~
X
w
D E

1 37 151172 224 229 254 272 302

WT Habc SNARE | puu PTIT3] | [STIT3}
9 hsn;?; wa0) Py K254C Habc S a=—{CHD][ CHD]
5

. Stx17
[ stx17 (194) E CHD+C
4/ Mock + Triacsin C a-tubulin E ASNARE
16

Ak

()]
Mock
Stx17 (NC)

Relative TAG content
w

L]
) a o 1.5 -
N— 20 (]
4 E 2.0 " - *
ok - *
2 4 214 )
0 £ %
(]
0 1 6 £ 1.0 v 05
OA treatment time (h) 5. ﬁ
g Ll g oI
x & 5 X == 0O O W
T 82§%gdg §52=533¢
= 2 Q I = = 3 g =
- O o = X066
d < d <
C  FLAG-SI17 S FLAG-SX17

Fig. 1. LD formation and TAG synthesis are impaired in Stx17-silenced cells. A: HeLa cells were incubated with or without 150 pM OA for
16 h, fixed, and then double immunostained for Stx17 and a mitochondrial marker, Tom20. Bars, 5 pm. B: HeLa cells were mock-transfected
or transfected with siRNA Stx17 (440) or (194). After 72 h, the amounts of the indicated proteins were determined by immunoblotting. C:
Hela cells were mock-transfected or transfected with siRNA Stx17 (440) or (194). At 56 h after transfection, OA was added at a final concen-
tration of 150 WM. After 16 h, the cells were fixed and stained with an anti-Stx17 antibody and LipidTox. Bars, 5 wm. D: HeLa cells were
mock-transfected or transfected with siRNA Stx17 (440) or (194), treated with OA for the indicated times, and lysed, and then the amount
of TAG was determined. As a negative control, mock-treated HeLa cells were incubated with OA in the presence of 10 uM triacsin C for 16 h,
and then the amount of TAG was determined. The bar graph shows the means + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. E: HeLa
cells were mock-transfected or transfected with siRNA Stx17 (NC) targeting the 3’ noncoding region of Stx17, and the protein amounts of
Stx17 and a-tubulin were determined by immunoblotting (upper left). Alternatively, HeLa cells or HeLa cells expressing the indicated
FLAG-tagged constructs were transfected with siRNA Stx17 (NC), treated with OA for 16 h, fixed, and then stained with an anti-FLAG anti-
body and LipidTox. The bar graphs show the average number (lower left) and size (lower right) of LDs under each condition. Values are the
mean + SD (n = 3). *P<0.05; **P < 0.01. “Non” denotes Stx17-silenced HeLa cells in which a vector was not transfected. Expression of an
unrelated protein (GFP) had no effect on LD formation.

depletion of SNAP29, a Stx17 partner in autophagy (19), Stx17 are responsible for LD biogenesis. To address
or Sec22b, a partner in membrane trafficking (15), did not this, we performed rescue experiments using siRNA [Stx17
affect LD formation (supplemental Fig. S1A). Endogenous (NC)] that targets the 3’ noncoding region of Stx17
LDs were also diminished upon incubation of hepatic cells (Fig. 1E). In Stx17-silenced cells, FLAG-tagged Stx17
(HepG2 and Huh?7 cells) with the siRNAs (supplemental  wild-type showed restored size and number of LDs, ex-
Fig. SI1B). cluding the possibility of an off-target effect of the siRNAs

To gain insight into the mechanism by which Stx17 par-  used (Fig. 1E, bar graphs). We examined the ability of
ticipates in LD biogenesis, we examined which domains of  several Stx17 mutants to compensate for Stx17 depletion.
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Although the expression levels of the mutants were similar is required for the MAM localization (17), are involved in
to that of wild-type Stx17 (data not shown), no rescue LD biogenesis.

was observed for Stx17 K254C in which Lys254 in the mid- To verify the physiological importance of Stx17 in LD
dle of the CHD was replaced by Cys, the CHD+C mutant, biogenesis, we examined the effect of Stx17 silencing on
or the ASNARE mutant (Fig. 1E, bar graphs), suggest- the differentiation of 3T3-L1 preadipocytes into adipocytes.
ing that both the SNARE domain and the CHD with As differentiation progressed, the expression level of Stx17
the C-terminal cytoplasmic region, the latter of which markedly increased (Fig. 2A). Silencing of Stx17 inhibited
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sion levels were determined by immunoblotting using the indicated antibodies. The bar graph on the right shows the relative level of the
Stx17 protein normalized to that of a-tubulin. D.I. (-) denotes no differentiation induction. The bar graph shows the means + SD (n = 3).
*¥P<0.01. B: Oil Red O fluorescence was observed. Bars, 5 um. The bar graph on the right shows the quantitation of Oil Red O staining.
Values are the means + SD (n = 3). *P<0.05; **P<0.01; NS, not significant. C: Mouse primary hepatocytes were stained with LipidTox (upper
panels) or analyzed by immunoblotting (lower panels). The bar graph shows the relative level of the Stx17 protein normalized to that of
Tim23. Values are the means + SD (n = 3). Bars, 5 pm. **P<0.01; NS, not significant. D: Mouse primary hepatocytes were double immunos-
tained with antibodies against Stx17 and a mitochondrial marker, Tim 23. Bars, 5 pm.
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LD formation, as demonstrated by a reduced increase in
Oil Red O staining (Fig. 2B).

We next examined the localization and expression of
Stx17 in primary hepatocytes. When primary hepatocytes
were prepared from fed and 24 h-fasted juvenile mice, the
expression level of Stx17 in fed hepatocytes that had abun-
dant LDs was found to be substantially higher than that in
fasted hepatocytes with only a few LDs (Fig. 2C). Immuno-
fluorescence microscopy showed that Stx17 displayed less
colocalization with mitochondria in fed hepatocytes than
in fasted hepatocytes (Fig. 2D), which is reminiscent of
Stx17 localization in OA-treated HeLa cells (Fig. 1A). Consis-
tent with a previous study (30), we observed that primary
hepatocytes prepared from 14 h-fasted adult mice con-
tained more LDs than fed mice (data not shown). The dif-
ference in the accumulation of LDs in primary hepatocytes
between juvenile and adult mice in response to starvation
may reflect a difference in the level of accumulated fat in
the adipose tissue, which is degraded during starvation to
provide free fatty acids in blood that are subsequently
taken up by the liver and transiently stored as TAG in LDs.

A ACSL3 Lipid Tox Enlarged

Merge

Depletion of Stx17 causes aberrant distribution of ACSL3
on the LD surface

ACSL3, an abundant ACSL family member on LDs in
certain cells (31), redistributes from a microdomain of the
ER to the LD surface during LD formation, and the enzy-
matic activity of ACSL3 plays a crucial role in LD expansion
(9, 32). Because TAG synthesis was markedly compromised
in Stx17=silenced cells, we reasoned that Stx17 depletion
might have caused ACSL3 dysfunction. Therefore, we
examined the localization of ACSL3 in Stx17-silenced cells.
As reported previously (9), ACSL3 was detected on the sur-
face of LDs exhibiting a circular distribution in mock-
treated cells (Fig. 3A, B; left upper row and top row,
respectively). In Stx17-silenced cells, on the other hand,
ACSL3 exhibited a crescent-like distribution on the surface
of LDs (Fig. 3A, B; left lower row and second row, respec-
tively). Importantly, there was no difference in the circular
distribution of Tip47/PLIN3, a LD-localized protein that
redistributes from the cytosol, between mock- and Stx17-
silenced cells (Fig. 3A, B; right two rows and third and bot-
tom rows, respectively). Quantification revealed that the
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and in enlarged images, 1 wm. Arrows indicate LDs with aberrant ACSL3 localization. B: Enlarged images of A. Bars, 200 nm. C: Quantitation
of data in B. The fluorescence intensities of CNX, ACSL3, and Tip47 surrounding LDs relative to that of LipidTox were plotted. The bar graph
shows the means + SEM (n = 3). #*P< 0.05; NS, not significant. D: HeLa cells were mock-transfected or transfected with siRNA Stx17 (440). After
48 h, cells were transfected with one of the indicated 3x-HA-, FLAG-, or GFP-tagged constructs, and incubated for 8 h, and then OA was added.
After 16 h, cells were fixed and stained with LipidTox and an antibody against HA or FLAG. The staining intensity of HA, FLAG, or GFP relative
to that of LipidTox was plotted. Values are the means + SEM (n = 3). ¥¥¥P<0.001; NS, not significant.
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recruitment of ACSL3 to the surface of LDs was specifically
suppressed by Stx17 silencing (Fig. 3C).

As ACSL1 and ACSI 4 also localize to LDs in certain cells
(3), we examined the effect of silencing of these ACSLs.
ACSL1 was not colocalized with LDs, whereas ACSL4
showed some colocalization in Hela cells (supplemental
Fig. S2A). Silencing of either protein did not significantly
affect LD formation, whereas ACSL3 depletion blocked LD
formation (supplemental Fig. S2B).

Next, we examined whether Stx17 regulates the localiza-
tion of other class I LD proteins. LPCAT1 and -2 are lipid
synthesis enzymes that are related to the Lands cycle and
relocate from the ER to LDs during LD maturation to regu-
late the size of LDs (33, 34). GPAT4, which catalyzes the
first step of TAG synthesis, has also been reported to re-
distribute from the ER to LDs during LD formation (14).
DGATI and -2 catalyze the last step of TAG synthesis,
and DGAT?2 is known to localize to LDs as well as MAMs (14,
24, 35). Among these enzymes, the localization of only
LPCAT1 was significantly affected upon Stx17 depletion
(Fig. 3D). It should be noted that no significant transloca-
tion defect was observed for LPCAT2, the closest homolog
of LPCAT1 among the LPCAT family proteins (36).

Stx17 regulates the redistribution of ACSL3 to LDs

When LD position was compared with that of the ER by
immunofluorescence microscopy, many large LDs in
mock-treated cells appeared not to be fully in contact with
the ER, whereas small LDs in Stx17-silenced cells might be
adjacent to the ER (Fig. 4A). Because the resolution of mi-
croscopy is limited, we performed electron microscopy to
determine the position of LDs relative to the ER. The data
showed that the area of LDs that is in contact with the ER
in Stx17-silenced cells was significantly larger than that in
control cells (Fig. 4B). This may suggest that LDs may re-
main immature and connected to or close to the ER due to
loss of Stx17. To test this, we performed FRAP experiments.
In mock-treated cells, the signals of LD-localized BODIPY
FL-C16, a membrane-permeable fatty acid that is efficiently
incorporated into the TAG pool (37, 38), as well as those of
GFP-HPos, which redistributes from the ER to LDs during
LD formation (9), were not recovered after photobleach-
ing (Fig. 4C, left; supplemental Fig. S3A), consistent with
the view that mature LDs become detached from and/or
not fully associated with the ER. On the other hand, signifi-
cant recovery of the signals derived from these probes
was observed after photobleaching of Stx17-silenced cells
(Fig. 4C, right; supplemental Fig. S3B), implying that at
least some LDs remained associated with the ER. Neverthe-
less, little recovery was observed for LD-localized GFP-
ACSL3 in Stx17-silenced cells. In contrast to LD-localized
GFP-ACSL3, an ER-localized GFP-ACSL3 fraction was rap-
idly recovered regardless of whether Stx17 was present or
not (Fig. 4C). Subcellular fractionation analysis showed
that, in the case of mock-treated cells, both GFP-ACSL3
and Tip47 were recovered in the LD fraction (Fig. 4D, left),
consistent with the view that at least some LDs had pinched
off from and/or not fully associated with the ER. In the
case of Stx17-silenced cells, on the other hand, Tip47 was

also recovered in the LD fraction, but the amount of GFP-
ACSL3 recovered in the LD fraction was substantially re-
duced, along with its appearance in the microsomal and
crude mitochondrial fractions (Fig. 4D, right), the latter of
which contained the MAM (16). Obviously, Tip47 in the
LD fraction was not due to contamination of ER mem-
branes because the ER/MAM marker, CNX, and the ER/
Golgi marker, Sec22b, were not recovered in this fraction
(Fig. 4D, right). We do not exclude the possibility that
some LDs recovered in the LD fraction had been loosely
attached to the ER, and dissociated as a consequence of
mechanical disruption of cells.

Next, we performed FRAP experiments at an early stage
of LD formation. At this stage, nascent LDs are expected to
be fully associated with the ER. To this end, HeLa cells
were incubated in the absence of FCS for 24 h to allow the
consumption of preformed LDs, and then incubated with
OA for 1 h to induce the formation of new LDs. The posi-
tion relative to the ER, size, and number of LDs in Stx17-
depleted cells were indistinguishable from those in
mock-treated cells (Fig. 5A, B), suggesting that Stx17 is not
required for the early stage of LD formation. It should be
noted that similar results were obtained in cells depleted of
ACSL3 (Fig. 5B), consistent with the notion that ACSL3 is
required for LD maturation and expansion (9, 32). At this
time point, Tip47 fully decorated LDs, whereas ACSL3 ex-
hibited a disrupted distribution around the surface of LDs
in Stx17silenced cells (Fig. 5C, D), as observed in cells in-
cubated with OA for 16 h (Fig. 3B, C). FRAP analysis
showed that the signals for GFP-ACSL3, as well as those of
GFP-HPos, were recovered after photobleaching in mock-
treated cells (Fig. 5E, left). Similarly, the signals of GFP-
HPos were recovered in Stx17-silenced cells (Fig. 5E, right).
However, little recovery of the signal was observed for GFP-
ACSL3, verifying that GFP-ACSL3 redistribution to LDs is
impaired in Stx17-depleted cells.

We performed similar knockdown experiments using
Huh?7 cells that abundantly contain LDs without OA treat-
ment. As observed in Hela cells, Stx17 depletion impaired
the translocation of ACSL3 to LDs (not shown). Subcellu-
lar fractionation demonstrated the prominent presence of
ACSL3 in LDs in mock-treated Huh7 cells (supplemental
Fig. S4A, left), whereas Stx17 depletion caused ACSL3 re-
distribution to the microsomal and crude mitochondria
membrane fractions (supplemental Fig. S4A, right), as
seen in the case of GFP-ACSL3 in HeLa cells (Fig. 4D). The
results of FRAP experiments were essentially the same as
those obtained using Hela cells. In mock-treated cells, lit-
tle FRAP was observed for both GFP-HPos and GFP-ACSL3
(supplemental Fig. S4B, upper panel), whereas GFP-HPos
fluorescence, but not GFP-ACSL3 fluorescence, was con-
siderably recovered in Stx17-depleted cells (supplemental
Fig. S4B, lower panel). We then examined the early stage
of LD formation. To this end, Huh7 cells were fasted for
24 h followed by incubation with FCS for 1 h. The position
of LDs relative to the ER was similar between mock-treated
and Stx17-silenced cells, but ACSL3 redistribution to LDs
was impaired in Stx17-silenced cells (not shown). Subcellular
fractionation demonstrated that Stx17 depletion inhibits
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Fig. 4. Stx17 regulates the redistribution of ACSL3 to LDs. A: HeLa cells transiently expressing GFP-KDEL were mock-transfected or trans-
fected with siRNA Stx17 (440), treated with OA for 16 h, fixed, and then stained with LipidTox. Bar, 5 wm. The degree of colocalization
between LipidTox and GFP-KDEL was measured with Manders’ coefficients. The bar graphs show the means + SD (n = 3). ***P < (0.001. B:
Electron micrographs of mock-treated (upper row) and Stx17=silenced cells (lower row) after 16 h OA treatment. Bars, 200 nm. The graph
on the right shows the quantitation of EM data. The ratio of the area of ER-LD contact sites relative to the circumference of the LD surface
was plotted. Values are the means + SD (n =5). *¥P< 0.01. More than 30 LDs were analyzed in each experiment. C: HeLa cells were treated
as depicted in the figure, and then FRAP experiments were performed. The graphs show the relative signal intensity after photobleaching.
Values are the means + SD (n = 3). D: Mock-treated and Stx17-silenced HeLa cells transiently expressing GFP-ACSL3 were incubated with
OA for 16 h, and then subjected to LD fractionation analysis. PNS, postnuclear supernatant; MS, microsomes; CM, crude mitochondria.

the redistribution of ACSL3 from the microsomal and crude
mitochondrial fractions to LDs (supplemental Fig. S4C,
right). As in the case of Hel.a cells (Fig. 4C), the signals of
GFP-HPos and GFP-ACSL3 were similarly recovered in
mock-treated cells (supplemental Fig. S4D, upper panel),
whereas the recovery of GFP-ACSL3 fluorescence was
much lower than that of GFP-HPos in Stx17-silenced cells
(supplemental Fig. S4D, lower panel), consistent with the
subcellular fractionation data (supplemental Fig. S4C).
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Binding between Stx17 and ACSL3

Because the redistribution of ACSL3 to LDs was sup-
pressed in Stx17-silenced cells, Stx17 might regulate the
localization of ACSL3 through protein-protein interaction.
To test this possibility, we performed immunoprecipitation
and PLA. Significant amounts of endogenous ACSL3 were
coprecipitated with FLAG-Stx17 wild-type and the K254C
mutant, but not with the ASNARE mutant (Fig. 6A). Simi-
lar results were obtained for PLA (Fig. 6B), suggesting that
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Stx17 interacts with ACSL3 via its SNARE domain. PLA
combined with the ER-LD and mitochondrial markers
(GFP-HPos and Su9-GFP) revealed that the interaction be-
tween Stx17 and ACSL3 mainly occurs close to mitochon-
dria, rather than to HPos-positive ER membranes, regardless
of whether OA is present or not (Fig. 6C).

Taking advantage of the in situ nature of PLA, we exam-
ined whether inhibitor/substrate binding to ACSL3 affects
the interaction between ACSL3 and Stx17. The proximity
between Stx17 and ACSL3 was suppressed by triacsin C
(Fig. 6D), a competitive inhibitor for ACSL (39). To allow
accumulation of OA and/or acyl-CoA in cells, we blocked
OA-induced TAG synthesis by DGAT inhibitors. We rea-
soned that inhibition of DGAT 1 and -2 in the presence of
OA would allow the accumulation of OA and/or acyl-CoA
within cells, although we could not exclude the possibility
that some OA and acyl-CoA are consumed by oxidation in
mitochondria or secreted into medium (87). DGAT1/2 in-
hibitors enhanced the proximity between Stx17 and ACSL3
(Fig. 6D). These results suggest that the interaction of
ACSLS3 with Stx17 is dependent on the inhibitor/substrate
in the active site of ACSL3.

We next examined which domains of ACSL3 are re-
quired for the interaction with Stx17. ACSL3 has a trans-
membrane domain (TMD) and a GATE domain (Fig. 6E),
the latter of which is implicated in the control of access of
the fatty acid substrate to the catalytic site of each of the
two subunits (40, 41). Binding experiments revealed that
both the TMD and GATE domains of ACSL3 are required
for the interaction with Stx17 (Fig. 6E), although the AGATE
mutant as well as the wild-type protein may be close to Stx17
in the absence of OA (Fig. 6F). These findings combined
with the fact that the SNARE domain of Stx17 is required
for LD formation (Fig. 1E) suggest that the interaction of
ACSL3 with Stx17 is important for the redistribution of
ACSLS3 to LDs.

It should be noted that ACSL1 or ACSL4, neither of
which is responsible for LD formation (supplemental Fig.
S2B), did not show proximity to FLAG-Stx17 (supplemental
Fig. S2C). Moreover, LPCAT1, whose LD translocation was
reduced upon Stx17 depletion (Fig. 3D), was found to
bind to FLAG-Stx17, whereas none of the other class I LD
proteins (LPCAT2, DGATI1, DGATZ2, and GPAT4), whose
redistribution to LDs was not affected upon Stx17 deple-
tion (Fig. 3D), bound to FLAG/GFP-Stx17 (Fig. 6G-I),
manifesting a correlation between the translocation defect
and the binding to Stx17.

Transient overexpression of ACSL3 can compensate for
Stx17 depletion

Why is Stx17 required for ACSL3 to redistribute to na-
scent LDs? A clue came from the observation that, upon
OA treatment, endogenous old ACSL3 protein was less ef-
ficiently redistributed to LDs than newly transiently synthe-
sized GFP-ACSL3 (compare Fig. 7A with Fig. 4D). We
reasoned that Stx17 might prevent the interaction of
ACSL3 with ER proteins that prohibit redistribution of
ACSL3 to LDs. If so, transient overexpression of ACSL3
may allow this protein to reach LDs even in the absence of

Stx17. When transiently overexpressed, FLAG-tagged ACSL3
was found to translocate LDs and restore LD formation in
Stx17=ilenced cells (Fig. 7B), implying that Stx17 is dispens-
able for LD biogenesis if ACSL3 is abundantly expressed. It
should be noted that the expression level of GFP-ACSL3
was comparable to that of endogenous ACSL3 (Fig. 7B,
lane 1), thus explaining at least partly why GFP-ACSL3
failed to translocate to LDs in the absence of Stx17.

The ACSL3 overexpression experiments also suggest
that the Stx17 depletion-induced defect in LD formation is
not due to secondary effects, such as the shortage of diacyl-
glycerol, substrate for DGAT, or ER structure disruption.
To exclude the possibility that diacylglycerol is not ade-
quately supplied in Stx17-silenced cells due to metabolic
disturbance, we used membrane-permeable OAG. In mock-
treated cells, addition of OAG stimulated OA-induced LD
formation, and this LD formation was blocked by DGAT1/2
inhibitors, implying that OAGs incorporated into cells
were converted to TAG to produce LDs (Fig. 7C, left). In
contrast, LD formation was not stimulated upon the addi-
tion of OAG in Stx17-depleted cells (Fig. 7C, right). These
results exclude the possibility that impaired LD forma-
tion in Stx17-silenced cells is attributed to the lack of diac-
ylglycerol and are consistent with the view that the supply
of acyl-CoA on site of LD biogenesis is blocked in Stx17-
silenced cells.

Finally, we examined the ability of Stx17-silenced cells to
form and/or retain LDs when TAG is fully present within
cells. To this end, we incubated Stx17-silenced cells with
TAG complexed with BSA. A previous study showed that
TAG and other lipids and fatty acids, when complexed with
BSA or low density lipoprotein, are taken up by a variety of
cells (42). When Hel .a cells were incubated with TAG, LDs
were formed (Fig. 7D, right). This LD formation was not
inhibited by triacsin C or DGAT1/2 inhibitors, suggest-
ing that TAG incorporated into cells directly, not through
degradation and resynthesis, induced LD formation. The
number and size of LDs formed were indistinguishable
between mock-treated and Stx17-silenced cells. These re-
sults suggest that Stx17=silenced cells retain the capacity to
form LDs.

SNAP23 can outcompete the ACSL3 -Stx17 interaction

Given that Stx17 regulates the redistribution of ACSL3
from the ER to LDs likely through protein-protein interac-
tion, we reasoned that other protein(s) might modulate
this interaction. We focused on SNAP23 because previous
studies revealed the involvement of this protein in LD for-
mation and localization (43, 44), and our interactome
analysis identified SNAP23 as one of the Stx17-interacting
proteins (not shown).

We determined the region of Stx17 responsible for the
interaction with SNAP23 by immunoprecipitation. As ex-
pected, the interaction of Stx17 with SNAP23 was abolished
on deletion of the SNARE domain of Stx17 (Fig. 8A, lane 8).
Interestingly, the interaction was drastically reduced on
mutation at Lys254 located in the middle of the CHD, even
though the resultant mutant retained the SNARE domain
(Fig. 8A, lane 7). Because both ACSL3 and SNAP23 interact
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with the SNARE domain of Stx17, we sought to determine
whether they bind to Stx17 in a synergic or competitive
manner. When SNAP23 was knocked down, the number of
PLA dots representing the proximity between Stx17 and
ACSLS3 at the endogenous level was significantly increased
(Fig. 8B), whereas ectopic expression of SNAP23 reduced
the number of the PLA dots (Fig. 8C). These findings sug-
gest that SNAP23 and ACSL3 compete for Stx17 binding.

Given that SNAP23 and ACSL3 compete for Stx17 bind-
ing, we were interested in whether the interactions of Stx17
with ACSL3 and SNAP23 change during LD biogenesis.
Immunoprecipitation (Fig. 8D) and PLA (Fig. 8E) revealed
that the binding of ACSL3 to Stx17 was augmented ata 1 h
incubation with OA and then decreased, whereas the bind-
ing of Stx17 to SNAP23 increased up to 6 h.

DISCUSSION

The protein and lipid compositions of LDs vary not
only with the cell type but also in the degrees of LD matura-
tion and consumption in individual cell types (2-4). The

importance of the recruitment of proteins to LDs in LD
biogenesis is highlighted by the finding that depletion
of LD-localized ACSL3 impaired LD formation, whereas
depletion of non-LD-localized members of the ACSL fam-
ily, ACSL1 and ACSL4, had no impact on LD biogenesis (Ref.
9 and this study), suggesting that on-site supply of acyl-CoA is
necessary for the growth of LDs. Therefore, how proteins se-
lectively bind to the LD surface, which is surrounded by a
phospholipid monolayer, in a maturation stage-dependent
manner is one of the most key questions to be addressed in
LD biogenesis. In this study, we demonstrated that Stx17, a
SNARE protein localized in the MAM, regulates the translo-
cation of ACSL3 and perhaps LPCATI from the ER to na-
scent LDs. On the other hand, the distribution of some other
class I LD proteins, such as DGAT2 and GPAT4, and class II
LD proteins, such as Tip47/PLIN3, which translocate from
the ER and cytosol to LDs, respectively, was found to be inde-
pendent of Stx17. These findings suggest that Stx17 selec-
tively interacts with and regulates the localization of a subset
of proteins for LD biogenesis.

The SNARE domain of Stx17 was found to be responsible
for the interaction with ACSL3 (Fig. 6A, B) and SNAP23
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(Fig. 8A). For binding to SNAP23, not only the SNARE
domain of Stx17, but also Lys254, which is a critical residue
for MAM localization (17), is required. The requirement of
both the SNARE domain and Lys254 of Stx17 for SNAP23
binding matches the requirement of Stx17 domains for
LD biogenesis (Fig. 1E). Moreover, the Stx17-ACSL3
interaction is dependent on the level of SNAP23 in cells
(Fig. 8B, C). As LDs mature, the binding partner of Stx17
is changed from ACSL3 to SNAP23 (Fig. 8D, E). Given
these observations, it is tempting to speculate that SNAP23
is a factor that regulates the interaction of Stx17 and ACSL3
and facilitates ACSL3 redistribution to nascent LDs. Based
on the present observation, we envisage that the interac-
tion of Stx17 and ACSL3 begins at the MAM, a site distant
from LD biogenesis sites, under conditions in which acyl-
CoA is produced by ACSL3, possibly as a consequence of
the supply of fatty acids (Fig. 9). Subsequently, ACSL3 is
released from Stx17 due to the binding of SNAP23 to
Stx17. ACSL3 may translocate to LD biogenesis sites and
finally enters the phospholipid monolayer surrounding LDs.
Of course, we do not exclude the possibility that Stx17 facili-
tates ACSL3 redistribution to LDs by different mechanisms.
Overexpression of ACSL3 in Stx17-silenced cells allows
AGCSLS3 redistribution to LDs (Fig. 7B). This suggests that
Stx17 is not essential for LD biogenesis, but increases the
efficiency of ACSL3 redistribution to assist LD maturation.
The dispensability of Stx17 is consistent with the finding
that Stx17 is not present in many organisms, including
yeast, that retain LDs, although Stx17 is one of the last eu-
karyotic common ancestors (17). Perhaps, during expan-
sion in number of ER proteins and ER complexity in
evolution, many proteins might have been produced that
prohibit the redistribution of ACSL3 from the ER to LDs.
At the onset of LD formation, Stx17 may interact with
ACSL3 to compete out proteins that function as an obsta-
cle for ACSL3 redistribution to LDs. This role of Stx17 may
be compatible with the observation that transiently ex-
pressed ACSL3 can reach the LD surface without Stx17.
Newly synthesized ACSL3s may be abundant enough to
reach the LD surface, some are even trapped by obstacle
proteins en route to LDs. Moreover, this role of Stx17 pre-
dicts that the expression level of Stx17 relative to those of
ACSL3 and ACSL3-binding proteins is important for LD
biogenesis. Indeed, Stx17 is abundantly expressed in steroido-
genic and hepatic cells (15), both of which have large num-
bers of LDs, and Stx17 expression in the liver is dependent
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Fig. 9. Working model of the function of Stx17 in
LD maturation. For details, see the Discussion. K de-

iae notes Lys254.

on diet (Fig. 2C). Furthermore, Stx17 expression is in-
duced during differentiation of preadipocytes (Fig. 2A).

In conclusion, our present results disclose that Stx17 fa-
cilitates the redistribution of ACSL3 to LDs. A recent study
revealed that seipin/BSCL2 supports ACSL3 delivery to LDs
by regulating the ER-LD contact (45). This role is different
from that of Stx17 in that Stx17 is localized distant from the
ER-LD contact and regulates ACSL3 redistribution. Future
studies should reveal the detailed mechanism of how Stx17
confers redistribution competency on ACSL3 for LD bio-
genesis and of how this novel function of Stx17 relates to
its previously assigned function in cholesterol and steroid
hormone metabolism (15, 46) .08
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