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The fat-specific protein 27 (Fsp27), a protein localized to lipid
droplets (LDs), plays an important role in controlling lipid stor-
age and mitochondrial activity in adipocytes. Fsp27-null mice
display increased energy expenditure and are resistant to high
fat diet-induced obesity and diabetes. However, little is known
about how the Fsp27 protein is regulated. Here, we show that
Fsp27 stability is controlled by the ubiquitin-dependent protea-
somal degradation pathway in adipocytes. The ubiquitination of
Fsp27 is regulated by three lysine residues located in the C-ter-
minal region. Substitution of these lysine residues with alanines
greatly increased Fsp27 stability and enhanced lipid storage in
adipocytes. Furthermore, Fsp27was stabilized and rapidly accu-
mulated following treatment with �-agonists that induce lipol-
ysis and fatty acid re-esterification in adipocytes. More impor-
tantly, Fsp27 stabilization was dependent on triacylglycerol
synthesis and LD formation, because knockdown of diacylglyc-
erol acyltransferase in adipocytes significantly reduced Fsp27
accumulation in adipocytes. Finally, we observed that increased
Fsp27during�-agonist treatment preferentially associatedwith
LDs. Taken together, our data revealed that Fsp27 can be stabi-
lized by free fatty acid availability, triacylglycerol synthesis, and
LD formation. The stabilization of Fsp27 when free fatty acids
are abundant further enhances lipid storage, providing positive
feedback to regulate lipid storage in adipocytes.

Cell death-inducing DNA fragmentation factor-45-like
effector (Cide) proteins, including Cidea, Cideb, and fat-spe-
cific protein 27 (Fsp27,3 also known as Cidec in humans), are a

family of proteins shown to play critical roles in controlling
metabolism homeostasis (1). Our previous work demonstrated
that mice with a deficiency in Cidea or Cideb have higher
energy expenditure and enhanced insulin sensitivity and are
resistant to high fat diet-induced obesity and diabetes (2, 3).
Fsp27 is enriched in adipocytes, in both white adipose tissue
andbrown adipose tissue (2, 4). The Fsp27 protein is detected in
the lipid droplet (LD)-enriched fraction (5), and its overexpres-
sion can promote triacylglycerol (TAG) storage (6, 7). Interest-
ingly, Fsp27 and Cidea mRNAs have also been detected in fatty
livers, where an excess amount of lipids accumulate and large
LDs form (8–10).More recently, Fsp27was demonstrated to be
a directmediator of peroxisome proliferator-activated receptor
�-dependent hepatic steatosis (10). In accordance with a role
for Fsp27 in LD formation, Fsp27 deficiency results in dramat-
ically reduced white adipose tissue deposits and the acquisition
of a brown fat-like morphology in these white adipose tissues,
which is characterized by the appearance of smaller LDs and
increased mitochondrial size and activity (11, 12). Further-
more, both Fsp27-deficient and Fsp27/leptin double-deficient
mice display improved insulin sensitivity and lean phenotype
(12). Except for one study showing that Cidea is degraded
through the ubiquitin-mediated proteasomal pathway in adi-
pocytes (13), little is knownabout the regulationof theCide family
proteins on the post-translational level, particularly about the
physiological conditions that may play roles in modulating their
stability.
Here, we show that endogenous Fsp27 is a highly unstable

protein in adipocytes and heterologous cells when ectopically
expressed. Its stability is controlled by the ubiquitin-dependent
proteasomal pathway. Detailed analyses revealed that three
lysine residues in the C-terminal region serve as the ubiquitin
acceptor sites. Importantly, we observed that the stability of
Fsp27 can be controlled by the �-agonist isoproterenol (Iso),
which stimulates lipolysis, and is directly influenced by TAG
synthesis and nascent LD formation in adipocytes.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Antibodies, and Chemicals—Full-
length mouse Fsp27 was amplified from mouse white adipose
tissue cDNAusing PCR and inserted into theNdeI/XbaI sites of
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the pCMV5-HA or pCMV5-FLAG vector. Truncated Fsp27
protein and Fsp27 containing amino acid substitutionwere cre-
ated using PCR with primers corresponding to the relevant
sequences and subcloned into the same restriction sites. The
integrity of all plasmid DNA was verified by DNA sequencing.
Antibodies against HA, GFP, tubulin, and ubiquitin were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against FLAG, calnexin, and �-actin were pur-
chased from Sigma. The antibody against COXIV was pur-
chased from Molecular Probes, the antibody against peroxi-
some proliferator-activated receptor � was from Abcam (UK),
and the antibodies against perilipin A and ADRP (adipose dif-
ferentiation-related protein) were fromFitzgerald Industries. A
rabbit polyclonal antibody against mouse Fsp27 was raised
against Fsp27 aa 1–190 (12). Cycloheximide (CHX), MG132,
epoxomicin, phenylmethylsulfonyl fluoride, leupeptin, �-glyc-
erol phosphate, isoproterenol, 2-bromo-octanoic acid (2-BrO),
sodium orthovanadate, and sodium pyrophosphate were all
purchased from Sigma.
Cell Culture and Transfection—HEK293T and 3T3-L1 cells

were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) containing 10% fetal bovine serum (Invitrogen).
The differentiation of the 3T3-L1 cellswas initiated 2 days post-
confluence by the addition of 5 �g/ml insulin, 1 �M dexameth-
asone, and 0.5mM isobutylmethylxanthine (Sigma) and allowed
to proceed for 2 days. The differentiation medium was subse-
quently replaced with Dulbecco’s modified Eagle’s medium/
fetal bovine serum supplemented with only 5 �g/ml insulin for
2 more days before replacing it with normal culture medium.
Oleic acids (OAs) weremixedwith fatty acid-free bovine serum
albumin inwater at a 6:1molar ratio and added directly into the
culture medium.
293T cells were transfected using the previously described

calcium phosphate co-precipitation technique (14) or Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instruction. 3T3-L1 adipocytes were transfected with plasmid
DNA by electroporation. Briefly, on day 7 after differentiation
induction, adipocytes were detached from culture dishes with
0.25% trypsin and 1mg/ml EDTA in phosphate-buffered saline,
washed twice, and resuspended in buffer L (Amaxa, Germany).
Approximately 2 � 106 cells were then mixed with 1 �g of

plasmid DNA encoding GFP-CB5, which was delivered to the
cells by a pulse of electroporation with an Amaxa Nucleofector
(Amaxa). After electroporation, cells were immediately mixed
with freshmedium and reseeded onto coverslips for the immu-
nofluorescence staining.
Fsp27 Stability Assay—Fsp27 stability in 293T cells or

3T3-L1 adipocytes was measured using a CHX-based protein-
chase experiment. For 293T cells, an expression plasmid encod-
ing HA-tagged Fsp27, its truncation, or its mutant was trans-
fected using the calcium phosphate method. Twenty-four
hours post-transfection, the medium was replaced with fresh
Dulbecco’s modified Eagle’s medium plus 10% fetal bovine
serum, followed by the addition ofCHX (100�g/ml). Cells were
harvested at different time points after the addition of CHX. To
determine the stability of endogenous Fsp27 in 3T3-L1 adipo-
cytes, on day 8 after induction cells were treated with CHX and
harvested in the same manner as the 293T cells. For quantita-

tive analysis, the Western blot bands were further quantified
with Quantity One software (Bio-Rad).
Ubiquitin Conjugation Assay—293T cells were transfected

with FLAG-Fsp27 or FLAG-Fsp3K-A using the calcium phos-
phate co-precipitation technique. Twenty-four hours post-
transfection, the cells were treatedwith 10�MMG132 for 2 h or
left untreated. The cells were then harvested, sonicated in lysis
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Trion X-100, 2.5 mM sodium pyrophosphate, 1
mM �-glycerol phosphate, 1 mM sodium orthovanadate, 2
�g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride)
with the addition of 1% SDS, and heated at 90 °C for 5 min. The
heated lysates were then cooled and centrifuged at 13,000 � g
for 30min. The supernatant was removed and dilutedwith lysis
buffer until the concentration of SDS reached 0.1%. The diluted
samples were used for immunoprecipitation with M2 beads
conjugated with a FLAG-specific antibody (Sigma). Immuno-
precipitates or total cell lysates were subjected to SDS-PAGE
and Western blot analysis. In experiments based on 3T3-L1
adipocytes, endogenous Fsp27 was immunoprecipitated using
an antibody against Fsp27.
Virus Preparation and Generation of Stable Cell Lines—A

DNA fragment encoding an siRNA specific for Fsp27 (5�-CTGT-
CTAGACAAAAAGGTCCAGGACATCTTGAAATCTCTT-
GAATTTCAAGATGTCCTGGACCGGGGATCTGTGGTC-
TCATACA-3�) was inserted into the FG12 expression vector
(gift from Dr. Zilong Wen, Hong Kong University of Science
and Technology) and packaged into a lentivirus as described
previously (15). Culture medium containing virus particles was
filtered through a 0.22-�m filter and centrifuged at 50,000� g for
20 min to concentrate the virus particles. The virus pellet was
resuspended in HBSS (Invitrogen), layered on top of a sucrose
cushion (20% sucrose in HBSS), and centrifuged at 50,000� g for
20min. Finally, the virus pellet was resuspended inHBSS and fro-
zen in �80 °C until further use. 3T3-L1 preadipocytes were
infected for 12 h with the lentivirus expressing the Fsp27-specific
siRNA. After several passages, infected preadipocytes that stably
expressed the siRNA were used as an Fsp27 knockdown cell line,
and differentiation was induced. Because all lentiviruses contain a
GFP expression unit, GFP was used as a control for viral infection
efficiency. A lentivirus generated from the empty vector, which
expressed only GFP, was used as a negative control. Recombinant
adenoviruses encoding the CMV promoter-driven, HA-tagged
Fsp27, HA-tagged Fsp3K-A, or GFP were constructed using the
AdEasy-1 system (Stratagene).
RNA Interference, RNA Extraction, and Quantitative Real-

time PCR Analysis—siRNAs against DGAT1 and DGAT2 were
chemically synthesized (Invitrogen) and transfected into
3T3-L1 adipocytes using Lipofectamine 2000 on day 5 after
induction of differentiation. The sequences of the sense siRNAs
were DGAT1, 5�-GAUUCUUUGUUCAGCUCAGACTT-3�
and DGAT2, 5�-GACAUCUUCUCUGUCACCUGGTT-3�
(16). Forty-eight hours after siRNA transfection, total RNAwas
isolated using the TRIzol reagent (Invitrogen). First-strand
cDNAs were synthesized from 5 �g of total RNA using oligo-
(dT)20 primers and the Superscript III RT kit (Invitrogen)
according to the manufacturer’s instructions. Real-time PCR
was performed using theABI SYBRGreen PCRMasterMix in a
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MX3000P real-time PCR system (Stratagene) according to the
manufacturer’s instruction. The result was normalized to the
�-actin level in each sample. The primer sequences for real-
time PCR analysis were: ActinF, 5�-ACACTGTGCCCATCTA-
CGAG-3�; ActinR, 5�-CAGCACTGTGTTGGCATAGAG-3�;
Fsp27F, 5�-TCGTGTTAGCACCGCAGAT-3�; Fsp27R, 5�-
GCTCTCTTCTTGCGCTGTT-3�; DGAT1F, 5�-TCCGTCC-
AGGGTGGTAGTG-3�; DGAT1R, 5�-TGAACAAAGAATC-
TTGCAGACGA-3�; DGAT2F, 5�-CTGGCTGATAGCTGCT-
CTCTACTTC-3�; and DGAT2R, 5�-TGTGATCTC-
CTGCCACCTTTC-3�.
Subcellular Fractionation—Todetermine the precise subcel-

lular localization of endogenous Fsp27 in adipocytes, differen-
tiated 3T3-L1 cells were harvested in buffer (0.5 M sucrose, 5
mM MgCl2, and 37.5 mM Tris maleate, pH 6.4) and homoge-
nized using a Polytron homogenizer (Kinematica); the resulting
homogenatewas centrifuged at 300� g for 1min. The upper fat
cake was removed, and the transparent fluid between the fat
and the pellet was centrifuged again at 5,000� g for 15min. The
pellet was resuspended in buffer (0.25 M sucrose, 5 mM MgCl2,
and 10mMTris-HCl, pH7.4), afterwhich itwas filtered through
two layers of gauze and layered on top of a 2.2M sucrose cushion
and centrifuged at 80,000 � g for 80 min. The resulting pellet
was resuspended in Laemmli buffer as the nuclear fraction. The
supernatant remaining after the 5,000 � g centrifugation step
was centrifuged again at 8,500 � g for 30 min. The resulting
supernatant was layered on top of a discontinuous sucrose gra-
dient consisting of 2.0 M, 1.5 M, and 1.3 M sucrose and centri-
fuged at 100,000 � g for 120 min. The interphase between the
1.3 M and 1.5 M layers and the 1.5 M and the 2.0 M layers was
collected as the microsome fraction. The remaining superna-
tant was centrifuged again and collected as the cytosolic frac-
tion. The pellet from the 8,500 � g centrifugation step was
resuspended in buffer (25 mM mannitol, 5 mM HEPES, pH 7.4,
0.5 mM EGTA, and 0.1% bovine serum albumin), layered on a
30% Percoll gradient, and centrifuged at 95,000 � g for 30 min.
Mitochondria were recovered from a band formed one-third
distance from the bottom and washed with buffer (250 mM

mannitol, 5 mM HEPES, and 0.5 mM EGTA).
The subcellular fractionation for comparing the Fsp27 pro-

tein level in the LD and ER fractions from untreated cells or
cells treated with Iso was essentially the same as described pre-
viously (17) with minor modifications. 3T3-L1 adipocytes were
resuspended in TES buffer (20mMTris-HCl, 1mM EDTA, 8.7%
sucrose, pH 7.4) and disrupted using a loose-fitting Dounce
homogenizer (30 strokes); they were then directly subjected to
centrifugation at 8,000 � g for 15 min. To isolate the LD frac-
tion, the upper fat cake was removed from the centrifuge tube
and diluted to a final volume of 8.5 ml with TES buffer. 2 ml of
hypotonic buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM

phenylmethylsulfonyl fluoride) was loaded on top of it. After
centrifugation at 50,000 � g for 30 min, the upper fat cake was
harvested andwashed several times with hypotonic buffer. Half
of the sample was used forWestern blot as the LD fraction, and
the other half was used for lipid extraction.
Immunofluorescence Staining—A primary antibody against

Fsp27 was added at a 1:300 dilution and incubated with the
samples for 2 h at room temperature. An Alexa Fluor 568-con-

jugated goat anti-rabbit IgG antibody (Molecular Probes) was
used as the secondary antibody. For visualization of neutral
lipids, BODIPY 493/503 (Molecular Probes) was used. Sections
were observed using a Zeiss 200M inverted microscope, and
images were captured with an AxioCam MRm camera and
AxioVision software 4.5 (Zeiss).
Measurement of TAG Content—The method for measuring

TAG content of 3T3-L1 adipocytes was essentially the same as
describedpreviously (12). Forquantitative analysis, theTAGspots
of the samples andTAG standard on theTLCplates (Sigma)were
scanned and quantified using Quantity One software (Bio-Rad).
Then numerical values of TAG standard spots given by Quantity
One were used to make a standard curve according to the linear
regression equation. The TAG contents of samples were calcu-
lated by the standard curve. For relative TAG levels, the value of
control group was denoted as 1.
Statistical Analysis—Significant difference between the sta-

bility curves was evaluated using two-wayANOVA (Prism 4.00,
GraphPad). To statistically analyze the significant difference
between two parameters, a two-tailed Student’s t test (unpaired)
was used. The results are presented as the mean � S.D.

RESULTS

Fsp27 Is Unstable and Ubiquitinated in Adipocytes—To
determine whether protein stability plays a role in regulating
the steady-state level of the Fsp27 protein in differentiated
3T3-L1 adipocytes, we measured the level of Fsp27 protein in
the presence of CHX, which blocks protein synthesis. Fsp27
was very unstable (Fig. 1A), with a half-life of�15min (Fig. 1B).
To further evaluate which pathway regulates Fsp27 stability, we
measured the rate of Fsp27 degradation in differentiated
3T3-L1 adipocytes in the presence of various protease inhibi-
tors. As shown in Fig. 1C, in the presence of the general protease
inhibitor leupeptin or the lysosomal inhibitor ammonium chlo-
ride (NH4Cl), a smaller amount of Fsp27 accumulated in cells
treated with CHX. By contrast, when cells were treated with
CHX in the presence of the proteasome-specific inhibitors
MG132 or epoxomicin, a larger amount of Fsp27 accumulated,
indicating that degradation of Fsp27 is controlled by the
proteasome-dependent degradation pathway.
Next, an in vivo ubiquitination assay was performed to assess

whether Fsp27 is ubiquitinated prior to degradation. Differen-
tiated 3T3-L1 adipocytes were treated with MG132 and incu-
bated for an additional 2 h. Fsp27 was then immunoprecipi-
tated with an anti-Fsp27 antibody. As shown in Fig. 1D, when
blottedwith an anti-ubiquitin antibody, a typical protein ladder
of higher molecular weight species was observed, suggesting
that Fsp27was polyubiquitinated. By contrast, no ubiquitin sig-
nal was detected in the immunoprecipitated products from adi-
pocytes in the absence ofMG132or from3T3-L1preadipocytes
that do not express Fsp27. Our data indicate that the Fsp27
protein level can be controlled via the ubiquitin-dependent
proteasomal degradation pathway.
The C-terminal Region of Fsp27 Is Important for Controlling

Its Stability—To identify the region of Fsp27 that mediates its
degradation, we generated HA-tagged wild-type and truncated
Fsp27, overexpressed them in 293T cells, and measured their
rate of degradation. Consistent with the data in differentiated
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adipocytes, Fsp27 was unstable, with a half-life of�30min. Inter-
estingly, truncated Fsp27 containing the N-terminal region (aa
1–191) was much more stable, with a half-life of �2 h compared
with the 30min for wild-type Fsp27. By contrast, truncated Fsp27
containing the C-terminal (aa 172–239) domain had a half-life

similar to that of wild-type Fsp27,
indicating that the C-terminal region
contains the signals that render Fsp27
unstable (Fig. 2, A and B). Further-
more, the degradation rate of wild-
type Fsp27 was reduced in the pres-
ence of MG132, and more Fsp27
protein accumulated. Additionally,
the rapid degradation of truncated
Fsp27 (aa 172–239) was also medi-
ated by the ubiquitin-dependent pro-
teasomal degradation pathway, be-
cause its degradation could be
blocked byMG132 (Fig. 2C).
Fsp27 Stability Is Regulated by

Three Lysine Residues in the C-ter-
minal Region—Crucial lysine resi-
dues of proteins degraded through
the ubiquitin-dependent proteaso-
mal degradation pathway serve as
predominant acceptor sites for
covalent ubiquitin attachment. To
identify the lysine(s) that regulate(s)
Fsp27 stability, we first aligned the
Fsp27 C-terminal sequences (aa
191–239) of different species and
identified three conserved lysine
residueswithin this region (Lys-224,
Lys-226, and Lys-236 (Fig. 2D)). We
then carried out site-directed mu-
tagenesis to substitute these lysine
residues with alanine individually or
in combination. HA-tagged Fsp27
mutants in which lysines 224 and 226
were substitutedwith alanines (K224/
226–2A) or in which lysine 236 was
substitutedwith alanine (K236A) had
a degradation rate similar to that of
the wild-type protein. However, HA-
tagged Fsp27 with mutations in all
three lysine residues (Fsp3K-A) had a
dramatically increased stability, with
a half-life of�2 h comparedwith that
of 30 min for the wild-type protein
(Fig. 2, E and F). Consistent with its
increased stability, FLAG-tagged
Fsp3K-Awas less ubiquitinated com-
paredwithwild-type protein (Fig. 2G,
lane 3 and 4). These data suggest that
the three lysines in the C-terminal
region play a central role in Fsp27 sta-
bility, probably by functioning as
acceptor sites for ubiquitin ligation.

Overexpression of Mutant Fsp27 Defective in Ubiquitination
Enhances Endogenous Fsp27 Stability and Increases Lipid Storage
in Adipocytes—To assess the physiological relevance of Fsp27 sta-
bility indifferentiated adipocytes,wegeneratedanadenovirus that
expresses HA-tagged Fsp3K-A and used it to infect differentiated

FIGURE 1. Fsp27 is a short lived protein, and its degradation is dependent on proteasome activity in adipo-
cytes. A, Fsp27 is a short lived protein in adipocytes. Fsp27 stability was evaluated in a cycloheximide (CHX, 100
�g/ml) chasing experiment. CHX was added to the culture medium of 3T3-L1 adipocytes that had been differenti-
ated for 8 days. Cells were harvested 0, 15, 30, or 60 min after the addition of CHX. The Fsp27 protein level was
evaluated using Western blot with an antibody against Fsp27. IB, immunoblot. The asterisk designates a nonspecific
band recognized by the Fsp27 antibody. �-Actin was used as a loading control. B, quantitative analysis of the Fsp27
level in A using Quantity One software. The Fsp27 level before CHX treatment was designated as 100%. Experiments
were repeated three times. C, Fsp27 degradation is dependent on proteasome activity. Differentiated 3T3-L1 adi-
pocytes were pretreated with DMSO, 5�g/ml leupeptin (an inhibitor of trypsin and cysteine proteases), 10�M NH4Cl
(a general lysosomal protease inhibitor), or 10 �M MG132 or 1 �M epoxomicin (both proteasome-specific inhibitors)
for 30 min. CHX was then added to the culture medium for 45 min, and the Fsp27 protein level was evaluated using
Western blotting. D, Fsp27 is polyubiquitinated. Fsp27 from differentiated 3T3-L1 adipocytes treated with or with-
out MG132 (10 �M) for 2 h was immunoprecipitated with an antibody against Fsp27. The level of Fsp27 ubiquitina-
tion was detected using an antibody against ubiquitin. Untreated 3T3-L1 preadipocytes or preadipocytes treated
with MG132 were used as negative controls for Fsp27 expression and ubiquitination. IP, immunoprecipitation.
(Ub)n-Fsp27 denotes polyubiquitinated Fsp27.
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3T3-L1 adipocytes. As expected, the
stability of Fsp3K-Awas higher than
that of endogenous Fsp27 (Fig. 3A).
Interestingly, we also observed sig-
nificantly increased stability for
endogenous Fsp27 when Fsp3K-A
was overexpressed (Fig. 3, A and B).
The increased stability of wild-type
Fsp27 was also observed when co-
expressed with Fsp3K-A in 293T
cells (data not shown).
To further determine the func-

tional correlation of the increased
stability of Fsp3K-A and eliminate
the effect of endogenous Fsp27, we
generated Fsp27 knockdown cells
by infecting 3T3-L1 preadipocytes
with a lentivirus encoding a siRNA
specific for Fsp27. After a few gen-
erations of selection, we obtained
3T3-L1 adipocytes in which Fsp27
expression was dramatically re-
duced after differentiation (90%
lower than in cells that were
infected with a lentivirus express-
ing only GFP) (Fig. 3C). We then
infected the Fsp27-depleted adipo-
cytes with the adenovirus encoding
HA-tagged Fsp27 or Fsp3K-A and
observed a higher level of Fsp3K-A
compared with that of wild-type
Fsp27 (Fig. 3C). Furthermore, the
stability of Fsp3K-A was increased
compared with that of wild-type
Fsp27 (Fig. 3D).
Next, we evaluated the functional

consequence of ectopically expressed
Fsp3K-A on the TAG content of adi-
pocytes. The cellular TAG content of
Fsp27-deficient adipocytes was sig-
nificantly decreased compared with
wild-type adipocytes (Fig. 3E). The
overexpression of Fsp27 mediated by
adenovirus infection restored the
cytosolic lipid content to a level
similar to that of differentiated
wild-type 3T3-L1 cells. More rele-
vant was the observation that
the overexpression of Fsp3K-A
increased lipid storage to a much
higher level than the overexpres-
sion of wild-type Fsp27 (�30%
higher, p � 0.05, Fig. 3E). These
data suggest that mutant Fsp27
with its improved stability could
enhance endogenous Fsp27 stabil-
ity and increase lipid storage in
differentiated 3T3-L1 adipocytes.

FIGURE 2. Three lysine residues in the C-terminal region of Fsp27 are essential for its ubiquitination and
degradation. A, the C-terminal region (aa 172–239) of Fsp27 has a short half-life. 293T cells were transfected with 0.5
�g of HA-tagged wild-type Fsp27 or various truncations (aa 1–191 and 172–239) for 24 h. Cells were harvested 0, 30,
60, or 120 min after the addition of CHX, and the protein level was analyzed using Western blotting. A GFP-express-
ing plasmid was co-transfected with the Fsp27 expression plasmid, and GFP was used as a transfection and loading
control. B, quantitative analysis of the relative level of Fsp27 and its truncations based on the results in A. Experi-
ments were repeated three times. **, significant difference from wild-type Fsp27 degradation curve using a two-way
ANOVA, p � 0.01. C, the degradation of HA-tagged wild-type or truncated Fsp27 (aa 172–239) in 293T cells is
dependent on proteasome activity. The MG132 treatment is similar to that described in Fig. 1C. D, amino acid
sequence alignment of the C-terminal region of Fsp27 from various species. Consensus amino acids were deter-
mined using the ClustalV method, and the three boxes indicate conserved lysine residues at positions 224, 226, and
236. E, increased stability of Fsp27 with mutations in all three lysine residues (Fsp3K-A) in 293T cells. 0.5 �g of
HA-tagged Fsp236K-A (lysine residue at 236 was substituted with alanine), Fsp224/226K-2A (lysine residues at 224
and 226 were replaced with alanines), or Fsp3K-A (lysine residues at 224, 226, and 236 were substituted with ala-
nines) was transfected into 293T cells, and their degradation was assayed using the CHX chasing experiment.
F, quantitative analysis of the relative level of Fsp27 mutants from E, which shows a longer half-life of Fsp3K-A.
Experiments were repeated three times. **, significant difference from wild-type Fsp27 degradation curve using a
two-way ANOVA, p �0.01. G, decreased polyubiquitination level of Fsp3K-A. 293T cells were transfected with 0.5 �g
of FLAG-tagged wild-type Fsp27 or Fsp3K-A. MG132 was added for 2 h to enhance the accumulation of polyubiq-
uitinated proteins. In the presence of MG132, the polyubiquitinated protein level of Fsp3K-A was lower than that of
wild-type Fsp27 (lanes 3 and 4). The pCMV5-FLAG empty vector was used as a negative control (lane 5). (Ub)n-Fsp27
denotes polyubiquitinated Fsp27 or Fsp3K-A.
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Fsp27 Is Stabilized by �-Agonist Isoproterenol Treatment—Be-
cause Fsp27 is an important metabolic regulator in adipocytes,
we examinedwhether factors that influence lipidmetabolism in

adipocytes, including fatty acids,
insulin, and �-agonists, could regu-
late its protein level. The addition of
bovine serum albumin-complexed
OAs to the culture medium of dif-
ferentiated 3T3-L1 cells led to a
gradual increase in the Fsp27 level
(Fig. 4A). This increase was not due
to increased Fsp27 transcription as
the mRNA level remained consis-
tent during the course of OA treat-
ment (supplemental Fig. S1). The
short term treatment of differenti-
ated adipocytes with insulin (2 h)
did not alter the Fsp27 protein level
or its stability (data not shown). Sur-
prisingly, isoproterenol, a �-agonist
that activates the �-adrenergic
pathway and stimulates lipolysis in
3T3-L1 adipocytes, significantly
increased the Fsp27 protein level
within half an hour of treatment.
The Fsp27 protein level was three
times higher after 3 h of Iso treat-
ment (Fig. 4B and supplemen-
tal Fig. S2). An increased Fsp27 level
was also observed in 3T3-L1 adipo-
cytes that were treated with forsko-
lin, an activator of adenylyl cyclase
that leads to the activation of pro-
tein kinase A and downstream lipol-
ysis (data not shown). However, the
level of perilipin A, another LD-as-
sociated protein in adipocytes, was
similar in the presence or absence of
Iso, while phosphorylation of perili-
pin A was observed when cells were
treated with Iso (Fig. 4B). The
increase in the Fsp27 protein level in
the presence of Iso was not due to
increased Fsp27 transcription, be-
cause the Fsp27 mRNA level was
similar throughout the course of Iso
treatment (supplemental Fig. S3).
We next examined whether the

Iso-induced rapid increase in the
Fsp27 level is due to enhanced pro-
tein stability. Indeed, we observed
markedly increased Fsp27 stability
in Iso-treated cells, with a half-life of
�1 h compared with that of 15 min
in untreated cells (Fig. 4, C and D).
Consistent with the enhanced sta-
bility, the level of Fsp27 ubiquitina-
tion was reduced in the presence of

Iso (Fig. 4E). Kinetic analysis of the Fsp27 protein level after Iso
withdrawal demonstrated that the level of Fsp27 remained high
for�4 h and then gradually declined to a normal level 12 h after

FIGURE 3. Fsp3K-A enhances endogenous Fsp27 stability and promotes lipid storage in adipocytes.
A, the expression of Fsp3K-A in differentiated 3T3-L1 adipocytes enhances the stability of endogenous Fsp27.
Differentiated 3T3-L1 cells (day 6 after induction) were infected with an adenovirus encoding HA-tagged
Fsp3K-A or GFP as a negative control. Two days after infection, cells were harvested 0, 15, 30, or 60 min after the
addition of CHX. B, the quantitative analysis of the level of endogenous Fsp27 from A. Experiments were
repeated three times. **, significant difference from control curve using a two-way ANOVA, p � 0.01. C, knock-
down of Fsp27 in 3T3-L1 adipocytes using lentivirus-delivered siRNA against Fsp27 and overexpression of
HA-Fsp27, HA-Fsp3K-A, or GFP in Fsp27-deficient 3T3-L1 adipocytes mediated by adenovirus infection. A
lentivirus generated from the empty vector, which encoding only GFP, was used as a negative control.
D, increased Fsp3K-A stability in Fsp27-deficient 3T3-L1 adipocytes. Differentiated Fsp27-deficient 3T3-L1 adi-
pocytes were infected with an adenovirus encoding HA-tagged wild-type Fsp27 or Fsp3K-A. Two days after
infection, cells were harvested at the indicated time points after the addition of CHX for stability analysis.
E, Fsp3K-A promotes lipid storage in adipocytes. Fsp27-deficient 3T3-L1 adipocytes were infected with an
adenovirus encoding HA-Fsp27, HA-Fsp3K-A, or GFP for 2 days, and the total cellular lipids were extracted. The
cellular TAG content was evaluated using TLC. A Student’s two-tailed t test (unpaired) was used for statistical
analysis (*, p � 0.05; ***, p � 0.001, n � 3).
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FIGURE 4. A �-agonist stimulates Fsp27 accumulation and increases Fsp27 stability. A, oleic acids (OA) promote Fsp27 accumulation. Differentiated 3T3-L1
adipocytes (8 days after induction) were treated with OA (400 �M) for 0, 2, 6, 12, or 24 h, and the Fsp27 protein level was analyzed. �-Actin was used as a loading control.
B, Iso stimulates Fsp27 accumulation. Differentiated 3T3-L1 adipocytes were treated with Iso (10 �M) for the indicated amount of time (0, 0.5, 1.5, or 3 h), and the Fsp27
level was evaluated. Perilipin A was used as a control for the LD-associated protein. Tubulin was used as a loading control. C, Iso enhances Fsp27 stability. Differentiated
3T3-L1 adipocytes were treated with CHX in the presence or absence of Iso. Cells were harvested 0, 30, 60, or 90 min after the addition of Iso and CHX. D, the quantitative
analysis of the Western blot in C demonstrated that Fsp27 had an increased half-life in the presence of Iso. Experiments were repeated three times. ***, significant
difference from control curve using a two-way ANOVA, p � 0.001. E, reduced Fsp27 ubiquitination in 3T3-L1 adipocytes treated with Iso. Differentiated 3T3-L1
adipocytes were treated with MG132 alone or together with Iso for 2 h. Fsp27 was immunoprecipitated, and the ubiquitination level was determined using a
ubiquitin-specific antibody. F, kinetic analysis of the Fsp27 level after Iso withdrawal in 3T3-L1 adipocytes. Cells were harvested at various time points after Iso
treatment and withdrawal. Iso was washed away from the culture medium 2 h after its addition. G, OA enhanced Iso-induced Fsp27 accumulation. Differentiated
3T3-L1 adipocytes were treated with Iso alone or together with OA for 1 h, and the Fsp27 protein level was analyzed using Western blot. H, quantitative analysis of the
Fsp27 level in G. A Student’s two-tailed t test (unpaired) was used for statistical analysis (***, p � 0.001; **, p � 0.01, n � 3).
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Iso withdrawal (Fig. 4F and supplemental Fig. S4). To further
confirm the observation that Iso could induce Fsp27 accumu-
lation, we added Iso to the culture medium alone or in combi-
nation withOA. Although the addition of OA alone for the first
2 h did not result in an increased Fsp27 level as shown above
(Fig. 4A), incubationwithOAand Iso led to a further increase in
Fsp27 level (2.2-fold) compared with the treatment of Iso alone
(1.6-fold) (p � 0.001, Fig. 4, G and H). However, the Iso- or
forskolin-induced Fsp27 accumulation was not observed when
Fsp27 was ectopically expressed in NIH-3T3 cells (data not
shown). These data suggest that Fsp27was stabilized andmain-
tained at a higher level in 3T3-L1 adipocytes in the presence of
�-agonists. Although the direct effect of treatment with a �-ag-
onist most likely occurred through the activation of the protein
kinase A pathway, the increased Fsp27 stability was not due to
its phosphorylation, as we observed no phosphorylation of
Fsp27 in the presence of Iso in 3T3-L1 adipocytes (data not
shown).
Accumulation of Fsp27 in Adipocytes Is Dependent on TAG

Synthesis—One of the major effects of �-agonist treatment in
adipocytes is dramatically enhanced lipolysis due to the phos-
phorylation of perilipin A by protein kinase A and the translo-
cation of hormone-sensitive lipase to LDs (4, 18, 19). The large
amount of free fatty acids released during lipolysis can be re-es-
terified to generate TAGs that are incorporated into nascent
LDs. Because Fsp27 is stabilized in a process initiated by a�-ag-
onist, we tested the effect of TAG synthesis on Fsp27 accumu-
lation by the addition of 2-BrO, which has been shown to
inhibit the activity of DGAT and block the last step of TAG
synthesis (20, 21). Although the Fsp27 level was increased in the
presence of Iso, the level was decreased in the presence of
2-BrO (50% reduction, p � 0.01). Intriguingly, Iso treatment in
the presence of 2-BrO exacerbated the decrease in the Fsp27
level (80% reduction, p � 0.001, Fig. 5, A and B). To further
confirm that Fsp27 protein stability was dependent on TAG
synthesis and fatty acid esterification, we depleted DGAT1 and
DGAT2 individually or in combination in 3T3-L1 adipocytes by
transfecting specific siRNAs against DGAT1 and DGAT2. The
individual siRNA knockdown efficiency was evaluated by
quantitative real-time PCR analysis and was shown to be
�50% for each isozyme (Fig. 5, C and D). The efficiency of
knocking down DGAT1 and DGAT2 in combination was
�35% for DGAT1 and 30% for DGAT2 (Fig. 5E). As
expected, the TAG level was reduced �40–50% following
the silencing of DGAT1 and DGAT2 individually or in com-
bination (Fig. 5F). More importantly, the Fsp27 protein level
was decreased significantly when the DGAT expression was
reduced (Fig. 5, G and H). The decreased Fsp27 level in
DGAT knockdown cells is likely due to reduced Fsp27 sta-
bility as the Fsp27 mRNA level in DGAT knockdown cells
was similar to that of control cells transfected with a scram-
bled siRNA (data not shown). These data strongly suggest
that the Fsp27 protein level was regulated by DGAT activity,
TAG synthesis, and LD formation. Therefore, Fsp27 is sta-
bilized in a TAG synthesis-dependent cellular process,
which could be enhanced by providing extra fatty acids as the
substrate for TAG synthesis.

Increased Lipid Droplet Association of Fsp27 after Isoproter-
enol Treatment—Although Fsp27 was found to be a LD-associ-
ated protein, its precise subcellular localization in adipocytes
has not been determined. Using a biochemical fractionation
approach, we isolated various subcellular organelles from
3T3-L1 adipocytes and examined the Fsp27 level. By loading
the same percentage of each fraction onto a SDS-polyacrylam-
ide gel, we observed that the majority of Fsp27 was localized to
the ER-enriched microsomal fraction, and that Fsp27 was
absent from the mitochondrial fraction. A small amount of
Fsp27 was detected in the cytosolic and nuclear fractions. The
purity of each fraction was evaluated using organelle-specific
markers. Tubulin, a cytosolic protein, was only detected in the
cytosolic fraction. COXIV, a mitochondrial-specific protein,
was detected at a high level in the mitochondria. Calnexin and
peroxisome proliferator-activated receptor � were used as spe-
cific markers for the ER and nucleus, respectively (22) (Fig. 6A).
These data suggest that, in addition to being localized to LDs as
previously demonstrated, Fsp27 is also localized to the ER,
where Cidea and Cideb are localized (7, 12, 23, 24). To further
confirm the ER localization of Fsp27, immunofluorescence was
performed on 3T3-L1 adipocytes. Endogenous Fsp27 protein was
stained with a rabbit anti-Fsp27 antibody, whereas the ectopically
expressed ER marker GFP-CB5 was used to visualize the ER net-
work. In addition to localizing to LDs, a large amount of Fsp27
co-localizedwith theER-specific proteinCB5 (Fig. 6B). Thesedata
strongly suggest that Fsp27 is also localized to the ER.
Next, we tested whether the increase in the Fsp27 level was

coupled to the increased localization to the ER and LDs during
�-agonist stimulation. We isolated the ER and LD fractions from
untreated 3T3-L1 adipocytes or those treated with Iso for 2 h.
Tubulin and calnexin were used as specific markers for the cyto-
solic and ER fractions, respectively. ADRPwas detected in the LD
fraction (Fig. 6C). The amount of Fsp27 associated with LDs fol-
lowing Iso treatment significantly increased when a similar per-
centage of each fraction was loaded (more than 3-fold higher, Fig.
6C, lanes 8 and 4). When sample loading was normalized to the
TAG level in the LD fractions, the Fsp27 level on the LDswas also
greatly increased after Iso treatment (more than 4-fold higher, Fig.
6D and supplemental Fig. S5A). An increased amount ofADRPon
the LDs was also observed in cells treated with Iso (Fig. 6D). We
then normalized the sample loading to the amount of the LD-
associated proteinADRPand also observed a higher level of Fsp27
in the LD fraction following Iso treatment (Fig. 6E). Additionally,
theamountofFsp27ontheERwasslightly increased in Iso-treated
cells (�50% higher, Fig. 6F and supplemental Fig. S5B); however,
this increase was much lower than the increase observed on the
LDs. Morphologically, after treatment with Iso for 2 h, 3T3-L1
adipocytes had more small and dispersed LDs. Moreover, there
was a notable increase in the staining signal of Fsp27 on the LDs,
which further confirms theFsp27accumulationonLDsduring Iso
treatment (Fig. 6G). These data suggest that increased Fsp27 dur-
ing Iso treatment preferentially associated with LDs.

DISCUSSION

We have demonstrated here that Fsp27, a protein local-
ized to the ER and LDs, has a short half-life and undergoes
ubiquitin-dependent proteasomal degradation that is dy-
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FIGURE 5. Fsp27 accumulation is dependent on DGAT activity. A, Iso-induced Fsp27 accumulation is dependent on DGAT activity. Differentiated 3T3-L1
adipocytes were treated with Iso alone (lane 2), 2-BrO (1.2 mM) alone (lane 4), or both (lane 3) for 1 h and then harvested to determine the Fsp27 level. B, quantitative
analysis of the Fsp27 level in A. A Student’s two-tailed t test (unpaired) was used for statistical analysis (***, p � 0.001; **, p � 0.01, n � 3). C and D, knockdown of DGAT1
or DGAT2 in adipocytes. Differentiated 3T3-L1 adipocytes (5 days after induction) were transfected with 200 nM siRNA specific for DGAT1 or DGAT2 using Lipo-
fectamine 2000. Two days after transfection, total RNA was extracted, and the mRNA level of DGAT1 or DGAT2 was evaluated using quantitative real-time PCR analysis.
A Student’s two-tailed t test (unpaired) was used for statistical analysis (**, p � 0.01; ***, p � 0.001, n � 3). E, knockdown of both DGAT1 and DGAT2 in adipocytes. The
DGAT1- and DGAT2-specific siRNAs were mixed together and transfected into differentiated 3T3-L1 adipocytes (5 days after induction). Two days after transfection,
the mRNA level of DGAT1 and DGAT2 was evaluated as described in C and D. A Student’s two-tailed t test (unpaired) was used for statistical analysis (*, p � 0.05; **, p �
0.01, n � 3). F, reduced total TAG content in differentiated 3T3-L1 cells following the depletion of DGAT1 and DGAT2 alone or DGAT1 and DGAT2 in combination. Two
days after siRNA transfection, total cellular lipids were extracted, and the amount of TAG was evaluated using TLC. A Student’s two-tailed t test (unpaired) was used for
statistical analysis (***, p � 0.001, n � 3). G, Fsp27 accumulation is reduced in DGAT1 and DGAT2 knockdown 3T3-L1 adipocytes. H, quantitative analysis of the Fsp27
level from G. A Student’s two-tailed t test (unpaired) was used for statistical analysis (***, p � 0.001, n � 3).
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namically regulated by lipolysis and
fatty acid esterification. We have
characterized the critical residues
for the control of Fsp27 stability,
demonstrating that three lysine res-
idues in the C-terminal region of
Fsp27 serve as acceptor sites for its
ubiquitination and degradation.
Substitution of these lysine residues
with alanines led to significantly
reduced Fsp27 ubiquitination and
increased stability. It has been
shown that several other LD-associ-
ated proteins, such as ADRP, perili-
pin, and Cidea, have varying half-
lives and are all subjected to the
ubiquitin-dependent degradation
pathway (13, 25–27). Thus, our cur-
rent work suggests a general role for
ubiquitination-mediated protein
degradation in the regulation of LD-
associated proteins.
It has been noted that lipid load-

ing by supplementing fatty acids in
the culture medium could en-
hance the accumulation of other
LD-associated proteins, including
ADRP, perilipin, and caveolin-1
(25, 26, 28, 29). Here, a gradual
increase in Fsp27 accumulation in
the presence of exogenous fatty
acids was also observed in 3T3-L1
adipocytes. Importantly, we ob-
served that Fsp27 stability can be
modulated by factors and events
that alter the dynamics of lipid
synthesis and LD formation.
Treatment with a �-agonist that
stimulates lipolysis and fatty acid
re-esterification in adipocytes
resulted in an increased Fsp27
half-life and its rapid accumula-
tion. In addition, the use of
medium supplemented with exog-
enous fatty acids that stimulate
TAG synthesis further enhanced
�-agonist-induced Fsp27 accumu-
lation. Furthermore, the addition
of 2-BrO, which could inhibit
DGAT activity and block TAG
synthesis, dramatically reduced
Fsp27 accumulation and abro-
gated the effect of the �-agonist on
the induction of Fsp27 accumula-
tion. Finally, reduced DGAT1 and
DGAT2 expression through
siRNA-mediated silencing signifi-
cantly impaired Fsp27 accumula-

FIGURE 6. Fsp27 is also localized to the ER, and increased Fsp27 following �-agonist treatment mainly
associates with LDs. A, Fsp27 is present in the ER-enriched fraction in differentiated 3T3-L1 adipocytes. A
biochemical fractionation experiment was performed using differentiated 3T3-L1 adipocytes (8 days after
induction). The same percentage of each sample was loaded onto a SDS-polyacrylamide gel. 3T3-L1 preadi-
pocytes were used as a negative control for Fsp27 expression. B, Fsp27 is co-localized with the ER-specific
protein CB5 in 3T3-L1 adipocytes. 3T3-L1 adipocytes (7 days after induction) were electroporated with an
expression plasmid encoding GFP-CB5. Endogenous Fsp27 was stained using a rabbit anti-Fsp27 antibody
(red). GFP-CB5 (green) was used as an ER marker to visualize the ER network. Scale bar, 5 �m. C, increased Fsp27
protein level in the LD fraction of Iso (2 h)-treated 3T3-L1 adipocytes. HDM, high density microsome; LDM, low
density microsome; Cyt, cytosol. A similar percentage of each fraction was loaded. D and E, increased Fsp27
protein level in the LD fraction after Iso treatment. The amount of TAG or ADRP was used to normalize sample
loading. F, Fsp27 accumulation slightly increases in the ER fraction of 3T3-L1 adipocytes after Iso treatment.
Calnexin (CNX) was used as a specific marker and loading control for the ER fraction. G, lipid droplet morphol-
ogy and enhanced Fsp27 staining signal on the LDs of 3T3-L1 adipocytes in the presence of Iso (2 h). LDs were
stained with BODIPY (green), and Fsp27 was stained with a rabbit anti-Fsp27 antibody (red). Scale bar, 5 �m.
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tion. On the other hand, we observed that the stabilization of
Fsp27 (e.g. the Fsp3K-A mutant or the addition of a protea-
some inhibitor) promotes lipid storage and LD formation.
Therefore, the availability of free fatty acids in adipocytes
appears to be an essential determinant for the stabilization of
Fsp27 through promoting TAG synthesis and nascent LD
formation. The stabilization of Fsp27 by TAG synthesis and
LD formation further enhances lipid storage, providing pos-
itive feedback to the regulation of lipid storage in adipocytes.
It is likely that, in a metabolic state in adipocytes that lack
sufficient fatty acid supply, TAG synthesis and nascent LD
formation are reduced, and the majority of Fsp27 translated
from the ER may undergo ubiquitin-dependent proteasomal
degradation.
Moreover, we observed that Fsp27 with amino acid substitu-

tion in the key lysine residues (Fsp3K-A) was able to enhance
the stability of endogenous Fsp27 in a dominant fashion and
increase lipid storage in differentiated 3T3-L1 adipocytes. The
underlying mechanism of such protection is not clear. It is pos-
sible that the amount of ubiquitin-conjugating enzyme (E2) or
E3 ligase for Fsp27 ubiquitination is limited and that a stable
Fsp27, as is the case for Fsp3K-A, was able to compete in the
binding of these factors, resulting in less efficient ubiquitination
anddegradation of endogenous Fsp27.Alternatively, in support
of a positive feedback mechanism for the control of Fsp27 sta-
bility, the stabilization of endogenous Fsp27 by the Fsp3K-A
mutant might be a consequence of enhanced lipid storage,
which changes the cell to a state that favors LD formation.
Therefore, the regulation of Fsp27 stability in adipocytes pro-
vides an interesting mechanism to sense hormonal and meta-
bolic changes, in particular TAG synthesis and dynamic LD
formation in adipocytes.
It is unclear how a �-agonist can induce Fsp27 accumula-

tion much faster than supplementation with exogenous fatty
acids in the culture medium, because we observed Fsp27
accumulation within half an hour of �-agonist treatment.
Yet, increased Fsp27 level was only observed 6 h after OA
treatment. One possibility is that �-agonist treatment of adi-
pocytes releases a large amount of free fatty acids that can be
rapidly transported to the ER and stimulate TAG synthesis.
The increased TAG synthesis in turn stimulates the release
of nascent LDs from the ER to the cytosol, resulting in Fsp27
stabilization. Indeed, adipocyte fatty acid-binding protein
has been shown to be associated with hormone-sensitive
lipase and was co-translocated to LDs after stimulation of
lipolysis (30). Furthermore, a previous study has shown that
LDs are in close contact with the ER (31). The localization of
adipocyte fatty acid-binding protein to LDs and the close
contact between the ER and the LDs may facilitate the trans-
port of free fatty acids released during lipolysis to the ER for
re-esterification. The mechanism by which TAG synthesis
and nascent LD formation in adipocytes stimulate Fsp27
accumulation and enhance its stability is not clear. Because
Fsp27 is localized to both the ER and cytosolic LDs and the
portion of Fsp27 associated with LDs significantly increased
after �-agonist treatment, it is likely that Fsp27 is seques-
tered from binding to E3 ligase and subsequent ubiquitina-
tion is prevented when it is associated with LDs in the

cytosol, leading to Fsp27 accumulation on the LDs. In con-
clusion, we have demonstrated that Fsp27 is a highly regu-
lated protein in adipocytes, because its stability can be con-
trolled by metabolic processes, such as �-agonist stimulation,
fatty acid re-esterification, TAG synthesis, and the lipid storage
status.
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