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ABSTRACT White adipose tissue (WAT) serves as a reversible energy storage depot
in the form of lipids in response to nutritional status. Cavin-1, an essential compo-
nent in the biogenesis of caveolae, is a positive regulator of lipolysis in adipocytes.
However, molecular mechanisms of cavin-1 in the modulation of lipolysis remain
poorly understood. Here, we showed that cavin-1 was acetylated at lysines 291, 293,
and 298 (3K), which were under nutritional regulation in WAT. We further identified
GCN5 as the acetyltransferase and Sirt1 as the deacetylase of cavin-1. Acetylation-
mimetic 3Q mutants of cavin-1 augmented fat mobilization in 3T3-L1 adipocytes
and zebrafish. Mechanistically, acetylated cavin-1 preferentially interacted with
hormone-sensitive lipase and recruited it to the caveolae, thereby promoting lipoly-
sis. Our findings shed light on the essential role of cavin-1 in regulating lipolysis in
an acetylation-dependent manner in WAT.
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hite adipose tissue (WAT) plays a critical role in regulating energy homeostasis,

mostly by serving as a reversible energy storage depot in the body. Adipocytes
store excess energy in the form of triglycerides (TAG), which can be hydrolyzed during
nutrient shortage to release free fatty acids (FFA) and glycerol into circulation (1).
Obesity is now epidemic and is accompanied by two dramatic effects on adipocyte
function, a decrease in TAG synthesis and an increase in lipolysis (2). Abnormalities in
the storage and utilization of TAG in WAT lead to high circulating plasma FFA levels,
which promotes reesterification of lipids in other tissues (such as the liver) and
exacerbates insulin resistance. This underscores the role of lipid metabolism in the
pathogenesis of metabolic disorders, such as nonalcoholic fatty liver disease, type 2
diabetes, and atherosclerotic heart disease (3).

Caveolae are small, omega-shaped invaginations of the plasma membrane of many
cell types. Caveolae are especially abundant in adipocytes, and they play an important
role in lipid trafficking and metabolism (4). Cavin-1, a conserved caveola coat protein
required for caveola formation and function, also is involved in the regulation of lipid
metabolism (5, 6). Human cavin-1 mutations have been reported in patients with
congenital generalized lipodystrophy (7-13). Cavin-1=/~ mice have diminished adipose
depot mass and smaller fat cells in WAT than wild-type (WT) mice, and in vitro cavin-1
null adipocytes display reduced lipolysis and fatty acid uptake and incorporation into
lipids compared to WT adipocytes (14). Specific gain- and loss-of-function phenotypes
of cavin-1 reveal its role as a positive regulator of lipolysis in 3T3-L1 adipocytes (15).
However, molecular mechanisms by which cavin-1 promotes lipolysis in white adi-
pocytes remain poorly understood. Several phosphorylation sites in the cavin-1 protein
have been previously identified, and mutations of certain cavin-1 phosphorylation sites
(S42A, T304A, or S368A) suppress lipolysis in 3T3-L1 adipocytes, owing to an associated
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reduction in hormone-sensitive lipase (HSL) phosphorylation at serine 563 and serine
660 (15, 16). Cavin-1 deficiency has no effect on HSL phosphorylation but substantially
reduces perilipin phosphorylation (14). Thus, the functional significance of cavin-1 in
the modulation of lipolysis needs to be further characterized.

Reversible lysine acetylation has emerged as a key mechanism to alter protein
function for metabolic regulation in response to environmental changes (17). In this
study, we employed mass spectrometry (MS)-based proteomic analyses to characterize
the acetylated proteins in adipose tissue. We observed that cavin-1 protein was
acetylated at three lysine residues: K291, K293, and K298 (3K). Acetylated cavin-1
promoted lipolysis in 3T3-L1 adipocytes, and transgenic zebrafish overexpressing
acetylation-mimetic 3Q mutants showed more rapid fat mobilization than those over-
expressing WT cavin-1. Therefore, we have uncovered a mechanism whereby 3K
acetylation of cavin-1, modulated by nutritional status, promotes lipolysis. Our obser-
vations also provide insights into the pathological role of cavin-1 acetylation in obesity-
associated metabolic disorders.

RESULTS

Acetylation of cavin-1 at lysines 291, 293, and 298. To identify novel functions of
protein acetylation in adipose tissue, we employed MS-based proteomic analyses to
evaluate the acetylated proteins. Our approach was based on previously reported
protocols (18). Briefly, we separated the different cellular fractions from subcutaneous
adipose tissue (SAT), visceral adipose tissue (VAT), and brown adipose tissue (BAT). The
proteins in each fraction were digested into peptides with sequencing-grade trypsin.
We next used acetyl-lysine antibody affinity purification and MS to characterize several
acetylated proteins (see Table S1 in the supplemental material). Acetylated proteins
that are highly expressed in adipose tissue, including cavin-1 (also called PTRF, as
indicated in Table S1), were particularly interesting to us because of their special
functions in lipid metabolism. Tandem MS analysis identified three specific acetylation
sites of cavin-1, namely, K291, K293, and K298, which are evolutionarily conserved
among species (Fig. 1A). After immunoprecipitation (IP) of cavin-1, Western blotting
with an anti-acetyl-lysine antibody confirmed that cavin-1 was indeed acetylated (Fig.
1B), and its acetylation was increased by the treatment of cells with deacetylase
inhibitors nicotinamide (NAM) and trichostatin A (TSA) (Fig. 1C). We singly mutated
each lysine to an arginine (K291R/K293R/K298R) or generated triple R mutants of all
three lysines (3R) and found that all four mutations resulted in a significant reduction
in cavin-1 acetylation (Fig. 1D). These findings demonstrate that these three lysine
residues are acetylated or deacetylated at the same time and that they are the major
acetylation sites of cavin-1.

To further confirm and improve the detection of acetylation of the three lysine
residues, we generated an antibody specific for K291, K293, and K298 of cavin-1
(anti-3K-Ac). To characterize the specificity of this antibody, we performed Western
blotting to detect the 3K acetylation of ectopically expressed WT cavin-1 in HEK293T
cells. The anti-3K-Ac antibody readily recognized cavin-1 during preincubation with and
without the unmodified antigen peptides but not with the acetylated 3K-Ac peptides
(Fig. 1E). The antibody also detected WT cavin-1 but not 3R (lysine 291/293/298 to
arginine) or 3Q (lysine 291/293/298 to glutamine) mutants (Fig. 1F). Interestingly, 3K
acetylation of endogenous cavin-1 in 3T3-L1 adipocytes was significantly elevated after
treatment with NAM, which is an inhibitor of the sirtuin family of deacetylases, but not
by TSA, which is an inhibitor of histone deacetylase (HDAC) classes |, Il, and IV (Fig. 1G).
These characterizations demonstrate the specificity of our anti-3K-Ac antibody for
recognizing 3K-acetylated cavin-1.

NAM increases cavin-1 acetylation and sirt1 is the deacetylase of cavin-1.
Deacetylation is regulated by HDACs, which is a class of enzymes that remove acetyl
groups from an e-N-acetyl lysine amino acid on a target, including histone and
nonhistone proteins (19). Class Ill HDACs are NAD (NAD*)-dependent proteins known
as sirtuins (Sirt1-7), which are preferentially involved in the deacetylation of nonhistone
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FIG 1 Acetylation of cavin-1 at lysines 291, 293, and 298. (A) The identified acetylated K291, K293, and K298 (Ac-3K)
in cavin-1 are conserved. Multiple alignments of the protein sequences around 3K (lysines 291, 293, and
298)-acetylated sites of cavin-1 identified by mass spectrometry from different organisms. Hs, Homo sapiens
(human); Mm, Mus musculus (mouse); Rn, Rattus norvegicus (Norway rat); Xl, Xenopus laevis (African clawed frog);
Dr, Danio rerio (zebrafish). (B and C) Exogenous cavin-1 is acetylated. Myc-tagged cavin-1 was transfected into
HEK293T cells with or without nicotinamide (NAM) and trichostatin A (TSA) treatment and immunoprecipi-
tated for acetylation analysis by Western blotting with either an anti-pan-acetyl lysine or an anti-Myc antibody.
(D) Mutation of K291, K293, K298, or 3K decreases cavin-1 acetylation. HEK293T cells were transfected with the
indicated plasmids, and cavin-1 acetylation and protein levels were analyzed by Western blotting with
the indicated antibodies. (E and F) The anti-3K-Ac antibody is specific for K291, K293, and K298 of cavin-1. (E)
The indicated plasmids were transfected into HEK293T cells. The specificity of the anti-3K-Ac antibody was
determined by Western blotting; the antibody was preincubated with or without antigen peptides (acetyl-3K
peptide or unmodified peptide). (F) Acetylation of Myc-tagged cavin-1"T, cavin-13%, and cavin-13Q was measured
by Western blotting with an anti-3K-Ac antibody. (G) NAM, but not TSA, increases 3K acetylation of cavin-1. 3T3-L1
adipocytes were left untreated or were treated with sirtuin deacetylase inhibitor NAM and histone deacetylase
inhibitor TSA. Acetylation of endogenous cavin-1 was determined by Western blotting with an anti-3K-Ac antibody.
N/T, treated with NAM and TSA.

proteins and emerging as key metabolic sensors (20). To further confirm whether sirtuins
are the deacetylase of cavin-1, as shown in Fig. 1G, we ectopically expressed Myc-tagged
cavin-1 in HEK293T and treated the cells with NAM. NAM treatment increased cavin-1
acetylation levels in dose- and time-dependent manners (Fig. 2A and B). We next coex-
pressed cavin-1 with each member of the sirtuin family (Sirt1-7) and found that Sirt1,
but not other sirtuins, decreased cavin-1 acetylation (Fig. 2C). Western blotting with
anti-3K-Ac antibody barely detected the signal of acetylated cavin-1 by overexpression
of WT Sirt1. In contrast to WT Sirt1, catalytically inactive (HY) mutant Sirt1 failed to
decrease the acetylation level of cavin-1 (Fig. 2D). Furthermore, Sirt1 knockdown in
3T3-L1 adipocytes resulted in increased acetylation of endogenous cavin-1 (Fig. 2E). In
order to explore whether cavin-1 physically interacts with Sirt1, we performed coim-
munoprecipitation experiments and found that cavin-1 readily coprecipitated Sirt1 but
not Sirt2 (Fig. 2F and G). Taken together, these results indicate that Sirt1 is the
deacetylase of cavin-1.

GCN5 enhances cavin-1 acetylation. To identify the lysine acetyltransferase that
acetylates cavin-1 at 3K, we individually transfected HEK293T cells with one of four
classical acetyltransferases: CBP (CREB-binding protein), p300 (E1A-binding protein, 300
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FIG 2 Nicotinamide (NAM) increases cavin-1 acetylation and Sirt1 is the deacetylase of cavin-1. (A and B) NAM increases cavin-1 acetylation levels.
Myc-tagged cavin-1 was transfected into HEK293T cells treated with NAM for the indicated concentrations (A) and times (B); the cells were
immunoprecipitated using an antibody against Myc. Cavin-1 acetylation levels were assessed with an anti-pan-acetyl lysine antibody. (C)
Overexpression of Sirt1 decreases cavin-1 acetylation. Myc-tagged cavin-1 was cotransfected with HA-tagged members of the sirtuin family
(Sirt1-7) into HEK293T cells. Cavin-1 acetylation and protein expression were determined by Western blotting with the indicated antibodies. (D)
Catalytic activity of Sirt1 is responsible for the deacetylation of cavin-1 at 3K. Myc-tagged cavin-1 was cotransfected with HA-tagged wild-type
(WT) or catalytically inactive mutant (HY) Sirt1 into HEK 293T cells. Acetylation of cavin-1 was measured by Western blotting with an anti-3K-Ac
antibody. Relative acetylation/protein ratios were quantified. con, cotransfected with vector control; WT, cotransfected with wild-type Sirt1; HY,
cotransfected with catalytically inactive mutant Sirt1. Error bars represent £SD for experiments performed in triplicate. (E) Sirt1 knockdown
increases endogenous cavin-1 acetylation levels. 3T3-L1 adipocytes were infected with lentivirus-driven shSirt1 or control shRNA, and endogenous
cavin-1 acetylation at 3K was measured by Western blotting. (F and G) Sirt1 interacts with cavin-1. The indicated plasmids were transfected into
HEK293T cells. The interaction between Sirt1 and cavin-1 was detected by immunoprecipitation and Western blotting.

kDa), GCN5 (lysine acetyltransferase 2A, KAT2A), and PCAF (p300/CBP-associated factor,
also known as KAT2B). Western blotting with anti-3K-Ac antibody showed that only
GCN5 enhanced cavin-1 acetylation, whereas the other acetyltransferases had little
effect on acetylation (Fig. 3A). Furthermore, overexpression of WT GCN5 but not the
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FIG 3 GCN5 enhances cavin-1 acetylation. (A) Overexpression of GCN5 but not other acetyltransferases increases
cavin-1 acetylation at 3K. Myc-tagged cavin-1 was transfected into HEK293T cells with Flag-tagged CBP, P300,
GCN5, or PCAF. Cavin-1 acetylation was measured by Western blotting with an anti-3K-Ac antibody. (B) A
catalytically inactive GCN5 mutant does not acetylate cavin-1. HEK293T cells were transfected with the indicated
plasmids, and acetylation levels of cavin-1 were analyzed by Western blotting. Relative acetylation/protein ratios
were quantified. con, cotransfected with vector control; WT, cotransfected with wild-type GCN5; Mutant, cotrans-
fected with the catalytically inactive GCN5 mutant. Error bars represent £SD for experiments performed in
triplicate. (C) GCN5 binds with cavin-1. Myc-tagged cavin-1 was cotransfected with Flag-tagged GCN5 into HEK293T
cells and immunoprecipitated with an anti-Myc antibody. The presence of GCN5 in immunoprecipitates was
determined by Western blotting with an antibody against Flag. (D) Cavin-1 coimmunoprecipitates with GCN5 and
PCAF. The indicated plasmids were coexpressed into HEK293T cells, and the interactions of cavin-1 with GCN5 and
PCAF were analyzed by immunoprecipitation and Western blotting. (E) GCN5 knockdown decreases endogenous
cavin-1 acetylation at 3K. 3T3-L1 adipocytes were transduced with lentivirus-driven shGCN5 or control shRNA, and
acetylation of endogenous cavin-1 was measured by Western blotting using an anti-3K-Ac antibody.

dominant-negative mutant GCN5 significantly increased 3K acetylation of cavin-1 (Fig.
3B). Additionally, cavin-1 and GCN5 coimmunoprecipitated when both were coex-
pressed in 293T cells (Fig. 3C and D). Notably, PCAF also interacted directly with cavin-1,
indicating that PCAF may acetylate cavin-1 but not at 3K acetylation sites. GCN5
knockdown noticeably reduced 3K acetylation of endogenous cavin-1 in 3T3-L1 adi-
pocytes (Fig. 3E), which indicates that GCN5 is the acetyltransferase responsible for 3K
acetylation of cavin-1.

3K acetylation of cavin-1 recruits HSL to the plasma membrane by enhanced
interaction. A previous study reported that cavin-1 and HSL are both translocated from
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FIG 4 3K acetylation of cavin-1 recruits HSL to the plasma membrane. (A) Cavin-1 localizes in the plasma membrane of 3T3-L1 adipocytes.
The subcellular localization of endogenous cavin-1 in 3T3-L1 adipocytes was examined by immunofluorescence using anti-cavin-1
antibodies. The nuclei were stained with DAPI. DIC, differential interference contrast. (B) 3K acetylation of cavin-1 recruits HSL to the
plasma membrane. 3T3-L1 adipocytes were infected with recombinant adenovirus expressing Myc-tagged cavin-1WT, cavin-13R, and
cavin-132. The subcellular localization of Myc-cavin-1 (red) and endogenous HSL (green) was examined by immunofluorescence using

anti-Myc and anti-HSL antibodies.

the plasma membrane to the cytosol in adipocytes in response to insulin (21). There-
fore, we hypothesized that cavin-1 interacts with HSL in the plasma membrane in an
acetylation-dependent manner. To address this issue, we first investigated whether
cavin-1 acetylation would affect its subcellular localization. We expressed recombinant
Myc-tagged WT, 3R (deacetylation-mimetic mutant), and 3Q (acetylation-mimetic mu-
tant) cavin-1 in 3T3-L1 adipocytes using a recombinant adenovirus. Endogenous and
exogenous (Myc-tagged WT, 3R, and 3Q) cavin-1 mostly localized in the plasma
membrane in 3T3-L1 adipocytes (Fig. 4A and B) but not in the cytosol or nucleus in
other cell lines, as previously reported (22). Notably, the expected colocalization of
cavin-1 and HSL in the plasma membrane was evident, and acetylation-mimetic mutant
(3Q) cavin-1 colocalized with HSL more strikingly than WT and deacetylation-mimetic
mutant (3R) cavin-1 (Fig. 4B). Thus, cavin-1 may interact with HSL in the plasma
membrane, which depends strongly on its acetylation level.

We next performed a series of coimmunoprecipitation experiments to investigate
whether 3K acetylation contributes to the interaction between cavin-1 and HSL. Cavin-1
indeed coimmunoprecipitated with HSL in HEK293T cells (Fig. 5A), and HSL rather than
ATGL showed high-affinity binding to cavin-1 (Fig. 5B). More importantly, we observed
that the amount of HSL coimmunoprecipitated with cavin-1 significantly decreased in

August 2017 Volume 37 Issue 16 e00058-17

mcb.asm.org 6


http://mcb.asm.org

Regulation of Lipolysis by Acetylated Cavin-1

Molecular and Cellular Biology

A Myc-Cavin-1 WT WT B Input IP: Myc
HA-HSL - wT HA-HSL N " ; ; Py
< | mye JE— HA-ATGL - - + - -
x Myc-Cavin-1 + + + + +
o =
=1 HA - - e o —
HA v
S | e | — |
H =
HA —-— uye | |[— — -
. E
HA-Sirt1 - WT  HY Flag-GCN5 - WT mutant
HSL WT WT WT HSL WT WT  WT
Myc-Cavin-1 WT WT  WT Myc-Cavin1  WT WT  WT Lacz WT 3R  3Q
o | HSL | "e v e o HSL | wn amem s g | Hst
> > =
s s %
Slwe QU < v (o | e B S
o = 'S g
3 | HSL | e — — 2 | HSL | e— Myc — M
Myc |« s s Myc | cmem——
%k
KKK —
a 1.2 - sk a 1.2 a 1.2 1 *dk
8 1 A *kk 3 1 | 8 1 |
- -
é 0.8 - é 0.8 ‘é_ 0.8
> > >
g 0.6 1 8 0.6 8 0.6
£ 04 £ 04 £ 04 -
- - -
2 02 2 02 2 0.2
£ g SEEPS S
con WT HY con WT Mutant WT 3R 3Q

FIG 5 3K acetylation of cavin-1 enhances its interaction with HSL. (A) Cavin-1 coimmunoprecipitates with HSL. HEK293T cells were cotransfected
with HA-tagged HSL and Myc-tagged cavin-1. HA-HSL was immunoprecipitated using an anti-HA antibody, and the presence of cavin-1 in
precipitates was detected using an anti-Myc antibody. (B) HSL rather than ATGL binds with cavin-1. HA-tagged HSL and ATGL were individually
cotransfected into HEK293T cells with Myc-tagged cavin-1. The binding between cavin-1 and HSL/ATGL were examined by immunoprecipitation
and Western blot analysis. (C) Wild-type (WT) Sirt1, but not the catalytically inactive mutant HY, attenuates the interaction of cavin-1 and HSL.
The plasmids were cotransfected into HEK293T cells as indicated. Myc-cavin-1 was immunoprecipitated and subjected to Western blotting with
the indicated antibodies. (D) HSL preferentially interacts with 3K-acetylated cavin-1 acetylated by WT GCN5 but not the dominant-negative
mutant. HEK293T cells were cotransfected with the indicated vectors, and protein interactions were determined by immunoprecipitation and
Western blotting. (E) Acetyl mimetic 3Q mutation increases the binding between cavin-1 and endogenous HSL. 3T3-L1 adipocytes were infected
with recombinant adenovirus expressing LacZ or Myc-tagged cavin-1. The binding between cavin-1 and HSL was examined by immunoprecipi-
tation and Western blot analysis. The graphs at the bottom of panels C to E represent the amount of HSL coimmunoprecipitated with cavin-1

as a percentage of the total amount of HSL in inputs.

the cells expressing WT Sirt1 compared to cells expressing the vector or deacetylase-
inactive mutant of Sirt1 (HY) (Fig. 5C). In contrast, cells expressing WT GCN5 and
dominant-negative mutant GCN5 both promoted the binding of HSL and cavin-1
compared to control cells. However, cells expressing WT GCN5 enhanced the interac-
tion more obviously than cells expressing the dominant-negative mutant GCN5 (Fig.
5D). In addition, endogenous HSL was more strongly bound to the acetylation-mimetic
3Q mutant than to WT cavin-1 in 3T3-L1 adipocytes (Fig. 5E), which further confirmed
that acetylation of cavin-1 enhanced its interaction with HSL. Taken together, these
data indicate that 3K acetylation of cavin-1 preferentially recruits HSL to the plasma
membrane.

3Q mutant cavin-1 augments fat mobilization. Recently, cavin-1 has been re-
ported to promote lipolysis in 3T3-L1 adipocytes (14, 15). To test the role of 3K
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acetylation in lipolysis, 3T3-L1 adipocytes were infected with recombinant adenovirus
expressing Myc-tagged cavin-1 (WT, 3R, and 3Q) and were left untreated or were
treated with isoproterenol. Cavin-1 protein levels increased 2-fold compared with
adipocytes infected with the control adenovirus carrying the Escherichia coli beta-
galactosidase gene (lacZ), and it is noteworthy that isoproterenol could induce the
stabilization of cavin-1 (Fig. 6A), as previously reported (15). Eight hours after isopro-
terenol treatment, cells expressing WT cavin-1 showed significantly more glycerol
release than lacZ-infected cells. The 3Q mutant, but not the 3R mutant, further
enhanced glycerol release compared to WT cavin-1 (Fig. 6B). These results suggest that
cavin-1 increases lipolysis in an acetylation-dependent manner.

To determine whether 3K acetylation of cavin-1 affects lipid metabolism in vivo, we
examined fat mobilization during fasting in transgenic zebrafish after heat shock-
induced overexpression of WT or 3Q cavin-1. For this, we used the Tol2kit (23) to
facilitate zebrafish transgenesis by assembling pDestTol2CG-hsp70-[cavin-1(WT/3Q)-
EGFP]-polyA constructs in a Tol2 transposon backbone (Fig. 6C). Without heat shock,
the transgenic zebrafish displayed green fluorescence only in the heart (Fig. 6D).
However, heat-shocked transgenic zebrafish were globally green (Fig. 6D), and the
fluorescence was observed continuously for at least 7 days (data not shown), indicating
the ability of these constructs to successfully trigger conditional overexpression of WT
or 3Q cavin-1.

We next tested the whole-body glycerol content to reflect the rate of fat mobiliza-
tion in zebrafish in response to fasting. After 48 h of fasting, the total extracted glycerol
levels were higher in heat-shocked 3Q transgenic zebrafish than in heat-shocked WT
transgenic zebrafish (Fig. 6E). In contrast, whole-body glycerol levels were similar in WT
and 3Q transgenic zebrafish fasted 48 h without heat shock, and levels in both of these
groups were lower than those of heat-shocked transgenic zebrafish. To examine the
ability of WT and 3Q zebrafish to mobilize fat depots, we fasted individual 1-month-
postfertilization (mpf) zebrafish and monitored fat depots longitudinally using Nile red.
After 5 days of fasting, Nile red staining revealed that fat depots of VAT, SAT, and
miscellaneous adipose tissue (MAT) in heat-shocked WT and 3Q zebrafish were reduced
in size (Fig. 6F). The reduction ratio of the VAT area during the 5 days of fasting was
52.92% in heat-shocked 3Q zebrafish, which was significantly higher than that in
heat-shocked WT zebrafish (18.68%) (Fig. 6G). Similarly, according to microcomputed
tomography (micro-CT) analysis, the volume of fat depots were decreased more
obviously in heat-shocked 3Q zebrafish after 5 days of fasting (Fig. 6H and I). Histo-
logical analysis of VAT depots revealed that heat-shocked 3Q zebrafish contained
significantly smaller amounts of lipids during fasting than heat-shocked WT zebrafish
(Fig. 6J). Therefore, heat-shocked 3Q zebrafish have markedly different properties in
lipid metabolism than heat-shocked WT zebrafish, and heat-shocked 3Q zebrafish
undergo augmented fat mobilization during fasting.

3K acetylation of cavin-1 is under nutritional regulation. Protein acetylation is a
reversible process involved in cellular metabolic status and levels of intermediary
metabolites, such as NAD* and acetyl coenzyme A (CoA) (24). Therefore, we investi-
gated the effect of different nutritional statuses on 3K acetylation levels of cavin-1. We
treated 3T3-L1 adipocytes with low- or high-glucose medium for 3 h and found that
high glucose significantly increased 3K acetylation of cavin-1 (Fig. 7A). Similarly, oleic
acid treatment for 3 h resulted in a strong upregulation of cavin-1 acetylation, which
was consistent with changes in protein expression of GCN5 and Sirt1 (Fig. 7B). We next
detected the in vivo 3K acetylation levels of cavin-1 in WAT of C57BL/6 male mice under
different nutritional statuses. Mice fasted for 48 h displayed an elevated level of cavin-1
acetylation owing to high expression of cavin-1 protein, with a moderate reduction in
GCNS5 expression and increase in Sirt1 expression (Fig. 7C). Additionally, we fed mice a
high-fat diet (HFD) for 16 weeks and found that HFD treatment resulted in a robust
increase in 3K acetylation of cavin-1 and expression of GCN5 in WAT compared to
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FIG 6 3Q mutant cavin-1 augments fat mobilization. (A and B) Cavin-132 mutant promotes lipolysis. Myc-tagged cavin-1"T, cavin-13R, and
cavin-13Q were overexpressed in 3T3-L1 adipocytes by recombinant adenovirus with or without isoproterenol (ISO) treatment (10 uM) for the
indicated times. (A) Protein levels of cavin-1 were determined by Western blotting using either an anti-Myc or an anti-cavin-1 antibody. (B) Basal
and isoproterenol-stimulated glycerol release were measured and normalized to total cellular protein (n = 3 basal, n = 5 1SO). (C) Schematic
diagram of expression construct showing the configuration of the pDestTol2CG-hsp70-[cavin-1(WT/3Q)-EGFP]-polyA plasmid used to generate
wild-type (WT) and 3Q transgenic zebrafish. pDestTol2CG includes an extra cmlc2-EGFP-pA expression cassette, which drives expression of EGFP
specifically in the heart. Arrows indicate the direction of transcription. (D) Test of pDestTol2CG destination vector. Embryos of F1 progenies were
selected for green hearts at 30 h postfertilization (hpf). At 48 hpf, the transgenic embryos were left untreated or were treated with heat shock
(HS) at 39°C for 15 min and imaged using a fluorescence stereomicroscope 2 h later. Scale bar, 500 um. (E) Cavin-132 increases lipolysis in vivo
during fasting. Two months postfertilization (mpf), cavin-1"T and cavin-13? transgenic zebrafish were left untreated or were treated with HS at

(Continued on next page)
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FIG 7 3K acetylation of cavin-1 is under nutritional regulation. (A and B) Glucose and fatty acids increase cavin-1 acetylation in 3T3-L1
adipocytes. Cells were incubated for 3 h in either low-glucose (5 mM) or high-glucose (25 mM) medium (A) or with 500 uM oleic acid
(OA) (B) and subjected to Western blotting with the indicated antibodies. (C and D) 3K acetylation of cavin-1 in white adipose tissue
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in regulating lipolysis as a reversible posttranslational modification in adipocytes. Cavin-1 acetylation promotes lipolysis by docking
HSL at the surface of the caveolae in the plasma membrane.

normal chow diet (NCD) (Fig. 7D). From these results, we conclude that 3K acetylation
of cavin-1 is regulated by nutritional status.

DISCUSSION

Dysregulation of lipolysis under different nutritional statuses can lead to a variety of
metabolic disorders. Nutritional demand increases the release of FFAs into circulation
from WAT, which provides an energy source for fatty acid B-oxidation in the liver and
skeletal muscle. In the liver, however, rapid body fat mobilization induced by fasting
results in excessive TAG accumulation and hepatic steatosis (25-27). Numerous studies
have demonstrated that nutritional excess (such as HFD-induced obesity) is associated
with enhanced adipose lipolysis (2, 28, 29), which further aggravates hyperlipidemia
and the pathophysiology of obesity-associated metabolic disorders, including nonal-
coholic fatty liver disease, type 2 diabetes, and atherosclerotic heart disease. Thus,
regulation of lipolysis to maintain lipid homeostasis is critical in health and disease.

FIG 6 Legend (Continued)

39°C for 15 min and then fasted for 48 h. Whole-body glycerol content was measured and normalized to body weight (n = 3 fast, n = 6 fast +
HS). (F and G) Cavin-132 mutant promotes fat mobilization in vivo. One-month-postfertilization cavin-1"T and cavin-132 transgenic zebrafish were
treated with HS at 39°C for 15 min and then fasted for 5 days. Individual zebrafish were stained with Nile red and imaged before and after 5 days
of fasting to monitor neutral lipid deposits. (F) Fluorescent stereoscope images of Nile red-stained zebrafish were inverted and false colored
according to visceral adipose tissue (VAT; red), subcutaneous adipose tissue (SAT; yellow), or miscellaneous adipose tissue (MAT; blue). Scale bar,
1,000 wm. (G) Reduction ratios of VAT area in cavin-1"T and cavin-13Q zebrafish during 5 days of fasting (n = 3). (H to J) The cavin-132 transgenic
zebrafish show less fat volume during fasting. Two-month-postfertilization cavin-1WT and cavin-13Q transgenic zebrafish were treated with HS at
39°C for 15 min and then fasted for 5 days. (H) Images show reconstructed three-dimensional tomographies of the cavin-1"T and cavin-13@
transgenic zebrafish subjected to microcomputed tomography (CT) analysis. Bone is depicted in light gray, and fat depots are depicted in green.
Scale bar, 2,000 um. (I) Volumes of fat depots were determined by micro-CT for the entire body and normalized to body weight (n = 4). (J)
Hematoxylin and eosin staining of the boxed region shown in panel H of cavin-1WT and cavin-132 transgenic zebrafish. Arrows indicate VAT. Scale
bar, 250 um. *, P = 0.05; **, P = 0.01; ***, P = 0.001.
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Here, we report an essential role of cavin-1 acetylation in the regulation of lipid
metabolism in WAT.

Cavin-1 resides on the cytoplasmic face of caveolae and is the major caveola-
associated protein in primary human adipocytes (16). In the present study, we have
uncovered a mechanism whereby cavin-1 regulates lipolysis in an acetylation-
dependent manner (Fig. 7E). Acetylated cavin-1 preferentially interacted with HSL and
recruited it to the caveolae, thereby promoting lipolysis. Since caveolae are omega-
shaped invaginations of the plasma membrane in white adipocyte, which is almost
occupied by one large lipid droplet, we hypothesize that the lipid droplet is near or in
close contact with caveolae, which facilitates hydrolysis of TAG and release of FFA into
circulation. In fact, a significant amount of in vivo and in vitro data support the
hypothesis that caveolae play a protective role in modulating FFA trafficking in and out
of adipocytes (30). Therefore, similar to the phosphorylation of perilipin that promotes
translocation of HSL from the cytosol to the lipid droplets during catecholamine-
stimulated lipolysis (31), 3K acetylation of cavin-1 can also dock HSL at the surface of
the caveolae to increase lipid mobilization. Nonetheless, the precise mechanism by
which the interaction between cavin-1 and HSL regulates lipolysis remains to be
determined. A previous report showed that phosphorylation of cavin-1 is required for
efficient fat mobilization (15), suggesting that cross talk between phosphorylation and
acetylation exists. Stoeber et al. very recently reported that cavin-1 monomers form
trimers and then assemble into larger, interconnected oligomers to form a dodecahe-
dron around the caveolar membrane (32). In their speculative model, the C terminus of
cavin-1 (amino acids 285 to 392), which contains the 3K acetylation sites, is free and
external to the caveolar coat, indicating that 3K acetylation sites of cavin-1 are likely
involved in the interaction with HSL. It also would be of interest to determine whether
there are other important roles of HSL at the surface of the caveolae in the plasma
membrane.

Cavin-1 expression in WAT is regulated by nutritional status, and this nutritional
regulation is mediated directly by insulin and isoproterenol (15). Consistent with this,
we found that isoproterenol and fasting both led to significant increases in cavin-1
protein levels (Fig. 6A and 7C) and that HFD treatment downregulated the expression
of cavin-1 (Fig. 7D), possibly due to an increased plasma insulin level in mice fed an HFD
(33). Similarly, 3K acetylation of cavin-1 is under nutritional regulation, which might play
physiological and pathological roles in lipid metabolism under different nutritional
statuses.

Lysine acetylation plays a major role in metabolic regulation (34). Our findings show
that the 3K acetylation state of cavin-1 is modulated by the deacetylase Sirt1 and the
acetyltransferase GCN5. The activities of both Sirt1 and GCN5 are dictated by the
energy status of the cell due to their respective cosubstrates of NAD* and acetyl-CoA,
which are directly involved in metabolism and energy sensing (35). Therefore, Sirt1 and
GCN5 may enable cavin-1 acetylation to synchronize lipid homeostasis to the fluctu-
ating nutritional status. It is possible that multiple defects in these nutritional signaling
pathways cause abnormalities of lipid metabolism. Ultimately, a better understanding
of how cavin-1 acetylation regulates lipid metabolism may help to design new thera-
peutic strategies to reverse metabolic disorders under different nutritional statuses.

MATERIALS AND METHODS

Zebrafish and mouse experiments. The AB strain zebrafish were raised, fed, and housed as
described previously (36). To generate the transgenic zebrafish (WT/3Q), we used the Tol2kit system to
facilitate the rapid, modular assembly of pDestTol2CG-hsp70-[cavin-1(WT/3Q)-EGFP]-polyA constructs in
a Tol2 transposon backbone by site-specific recombination-based cloning (multisite gateway technol-
ogy) (23). We selected the F1 progenies of transgenic zebrafish that displayed enhanced green fluores-
cent protein (EGFP) in the heart (the F1 progenies were derived from outcrossing with AB strain
zebrafish). We then identified the selected zebrafish with globally green fluorescent signals after heat
shock at 39°C for 15 min and confirmed the identification with DNA sequencing results.

Male C57BL/6 mice were purchased from the Model Animal Research Center of Nanjing University.
All mice were either maintained in a temperature-controlled environment at 25°C under a 12-h light/12-h
dark cycle with an NCD or housed under the previously stated conditions for fasting or HFD treatment.
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All experiments were approved by the Animal Care and Use Committee of the Shanghai Medical College,
Fudan University.

Cell culture and differentiation. The HEK293T and HEK293A cells were propagated and maintained
in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). The 3T3-L1
preadipocytes were cultured in DMEM with 10% newborn calf serum. Two days after reaching conflu-
ence, 3T3-L1 preadipocytes were differentiated into adipocytes with DMEM containing 10% FBS, 1 uM
dexamethasone, 1 ug/mlinsulin, and 0.5 mM isobutylmethylxanthine for 2 days. After this, the cells were
cultured in medium containing 10% FBS and 1 pg/ml insulin for another 2 days. The 3T3-L1 adipocytes
were fed every other day in DMEM with 10% FBS until harvest. For NAM and TSA treatments, cells were
incubated with a final concentration of 20 mM NAM (Sigma) for 12 h and 0.5 uM TSA (Sigma) for 18 h.

Plasmids and antibodies. All plasmids were constructed using a standard PCR-based cloning
technique from cDNA templates with different primer sets containing Myc, Flag, or HA sequences. The
PCR products of target genes were cloned into the vector pcDNA3.1 and verified by DNA sequencing.
Cavin-1, Sirt1, and GCN5 mutant forms were generated by site-directed mutagenesis through a standard
PCR-based approach. Plasmid transfections were conducted with Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Antibodies against pan-acetyl lysine (ImmuneChem), Myc,
Flag, HA (Earthox), cavin-1 (proteintech), HSL (Cell Signaling Technology), HSP90, GCN5 (Santa Cruz),
Sirt1, and B-actin (Abcam) were purchased commercially. Antibodies specifically recognizing acetylation
at lysines 291, 293, and 298 (anti-3K-Ac) of cavin-1 were generated commercially (Shanghai Genomics,
Inc.) by immunizing rabbits.

Recombinant adenoviruses and lentivirus transduction. For overexpression of Myc-tagged
cavin-1 (WT/3R/3Q) in 3T3-L1 adipocytes, we generated recombinant adenoviruses using the ViraPower
adenoviral expression system (Invitrogen). For Sirt1 and GCN5 knockdown, we subcloned three anti-
SIRT1 and anti-GCN5 short-hairpin RNA (shRNA) sequences into lentiviral vector pLKO.1 (Addgene). We
used the following shRNA sequences: shSirt1, 5'-AAGTTGACCTCCTCATTGTTA-3’, 5'-AGTGAGACCAGTAG
CACTAAT-3’, and 5'-CTAGACCAAAGAATGGTATTT-3'; and shGCN5, 5'-CAAGAAGTTGATTGAGCGCAA-3’,
5'-GCTACCTACAAAGTCAATTAT-3', and 5’-GAAGCCTTCTACGGTCCATTT-3’. We added supernatants con-
taining viral particles to 3T3-L1 adipocytes 5 days after differentiation. We studied the cells at 5 days
postransduction.

Immunoprecipitation and immunoblotting. The cells and tissues were lysed on ice in radioimmu-
noprecipitation assay (RIPA) buffer (1% Triton X-100, 50 mM Tris [pH 7.4], 150 mM NaCl) containing 50
mM NAM and protease inhibitor mixture (Roche). For immunoprecipitation, cell lysates were incubated
with the indicated antibodies overnight at 4°C and with protein G-agarose beads (Roche) for 3 h. The
binding complexes were washed four times with RIPA buffer and then subjected to SDS-PAGE. For
immunoblotting, equal amounts of protein were separated on SDS-PAGE, blotted onto a polyvinylidene
difluoride membrane (Millipore), incubated with primary antibodies, and visualized with secondary
antibodies conjugated to horseradish peroxidase.

Lipolysis assays. For basal and stimulated lipolysis, 3T3-L1 adipocytes were cultured in serum-free
DMEM containing 2% bovine serum albumin (BSA) (Sigma) for 16 h and then treated with isoproterenol
(Sigma) for the indicated times. For in vivo lipolysis of zebrafish, individual zebrafish were anesthetized
by tricaine, snap-frozen, and homogenized in a 300-ul solution containing 5% NP-40 in water. Homog-
enates were slowly heated to 85°C in a water bath for 5 min and then centrifuged at 12,000 X g for 2
min to remove any insoluble material. We measured glycerol release using the free glycerol reagent kit
(Sigma). Glycerol levels were normalized to total cellular protein or body weights of zebrafish.

Immunofluorescence microscopy. 3T3-L1 adipocytes were grown on coverslips, fixed in 4% poly-
formaldehyde (in phosphate-buffered saline [PBS]) for 10 min, and permeabilized with 0.2% Triton X-100
in PBS for 10 min. Cells were blocked with PBS containing 1% BSA for 1 h at room temperature, incubated
with appropriate primary and secondary antibodies in 1% BSA, as indicated in the figure legends, and
then mounted with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma). Fluorescence images were scanned on
a Leica confocal microscope (Leica TCS SP5).

Nile red staining. Nile red staining was performed as described previously (36). Live unanesthetized
zebrafish were exposed to fish water containing 0.5 ng/ml Nile red in the dark at 28°C for 30 min and then
rinsed with fish water for 1 min to reduce staining background. After being anesthetized with tricaine, the
zebrafish were observed and imaged using a fluorescence stereomicroscope (Olympus SZX2-ILLB).

MS analysis. We conducted MS-based proteomic analyses to profile the acetylated proteins in
adipose tissue according to a previously reported approach (18). We used centrifugation to separate the
cellular fractions from SAT, VAT, and BAT into nuclear, mitochondrial, and cytosolic proteins. Proteins in
each fraction were digested into peptides by sequencing-grade trypsin (Promega), and then acetylated
peptides were enriched by incubation with agarose-conjugated acetyl lysine antibody (ImmuneChem) at
4°C. Enriched acetylated peptides were subjected to MS/MS analysis in an LTQ-Orbitrap mass spectrom-
eter (Thermo Electron).

Micro-CT imaging. Zebrafish were fixed in 8% paraformaldehyde at 4°C overnight and embedded
in 1.2% agarose gel, which was then placed on a radio-transparent bed. We imaged zebrafish using a
Quantum GX micro-CT imaging system (PerkinElmer), which included an X-ray tube operating at 70 kV
and 114 pA. Images were captured in the high-resolution mode with a 36-mm by 36-mm field of view
and a 72-um voxel size. Image reconstruction and fat determination were performed using advanced
micro-CT analysis software of the Quantum GX system (PerkinElmer).

Statistical analysis. Statistical analyses were completed using a two-tailed unpaired Student t test.
Results are presented as means * standard deviations (SD) for at least three independent experiments.
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Differences among more than two groups were assessed by analysis of variance, with post hoc analysis
for multiple comparisons. P values of less than 0.05 were considered statistically significant.
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