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We previously showed that Cidea�/� mice are resistant to

diet-induced obesity through the upregulation of energy

expenditure. The AMP-activated protein kinase (AMPK),

consisting of catalytic a subunit and regulatory subunits

b and c, has a pivotal function in energy homoeostasis. We

show here that AMPK protein levels and enzymatic activity

were significantly increased in the brown adipose tissue of

Cidea�/� mice. We also found that Cidea is colocalized with

AMPK in the endoplasmic reticulum and forms a complex

with AMPK in vivo through specific interaction with the

b subunit of AMPK, but not with the a or c subunit. When

co-expressed with Cidea, the stability of AMPK-b subunit

was dramatically reduced due to increased ubiquitination-

mediated degradation, which depends on a physical inter-

action between Cidea and AMPK. Furthermore, AMPK

stability and enzymatic activity were increased in Cidea�/�

adipocytes differentiated from mouse embryonic fibro-

blasts or preadipocytes. Our data strongly suggest that

AMPK can be regulated by Cidea-mediated ubiquitin-

dependent proteosome degradation, and provide a molecular

explanation for the increased energy expenditure and lean

phenotype in Cidea-null mice.
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Introduction

Impaired energy homoeostasis often results in obesity and

type II diabetes (Spiegelman and Flier, 2001). Brown adipose

tissue (BAT) has a unique function in energy expenditure by

converting excessive energy to heat and in maintaining body

temperature when animals are exposed to cold. Cidea,

belonging to the CIDE family that include Cideb and Cidec/

Fsp27, was originally identified by its sequence homology

with the N-terminal region of DNA fragmentation factor

(DFF) (Inohara et al, 1998). Previously, we found that

Cidea is expressed at very high levels in BAT (Zhou et al,

2003). Using Cidea-null mice as a model system, we demon-

strated that Cidea-null mice have increased energy expendi-

ture, reduced levels of plasma triacylglycerides and free fatty

acids, and are resistant to high fat diet-induced obesity and

diabetes (Zhou et al, 2003). These data suggest that Cidea has

an important function in regulating energy homoeostasis.

Recently, Cidea was implicated in human obesity by regulat-

ing human adipocyte lipolysis (Nordstrom et al, 2005) and a

V115F polymorphism in human Cidea was found to be closely

associated with obesity (Dahlman et al, 2005), underscoring

the importance of Cidea in obesity development among hu-

mans. The expression levels of Cidea in human adipocytes

were inversely correlated with the basal metabolic rate

(Gummesson et al, 2007). In addition, when mice were fed

with a high-calorie diet, Cidea mRNA is dramatically upre-

gulated in the liver (Baur et al, 2006). All these data suggest

that Cidea could negatively regulate energy expenditure in BAT.

The AMP-activated protein kinase (AMPK) is an evolutio-

narily conserved metabolic sensor and has a pivotal function

in maintaining energy homoeostasis. AMPK exists as a het-

erotrimeric complex consisting of catalytic a subunit and

regulatory subunits b and g (Kahn et al, 2005; Hardie et al,

2006). The b subunit exerts an effect as a scaffold protein

to provide docking sites for both a and g subunits at its

C terminus. AMPK activity can be influenced by their sub-

cellular localization (Salt et al, 1998; Warden et al, 2001). The

g subunit of AMPK contains four cystathionine beta-synthase

repeats that bind to AMP or ATP in a mutually exclusive

manner (Scott et al, 2004). Crystal structure of ATP- and

AMP-bound forms of a core a, b and g adenylate-binding

complex suggests that ATP and AMP bind competitively to a

single site in the g subunit (Townley and Shapiro, 2007; Xiao

et al, 2007). AMPK is activated by rising AMP concentrations

coupled with falling ATP concentrations. Activation of AMPK

is also dependent on the phosphorylation of a subunit at

residue Thr-172 by upstream kinases such as LKB1 (Hawley

et al, 2003; Woods et al, 2003) and CaMKK (Hawley et al,

2005; Hurley et al, 2005; Woods et al, 2005). AMPK has also

been shown to mediate metabolic regulation of several

hormonal pathways including the ones for leptin

(Minokoshi et al, 2002), adiponectin (Yamauchi et al,

2002), resistin (Banerjee et al, 2004) and a-adrenergic hor-

mones (Kishi et al, 2000; Minokoshi et al, 2002). Biguanides

such as metformin and thiazolidinediones that are commonly

used as antidiabetic drugs can also induce AMPK activity

(Daval et al, 2005; Huypens et al, 2005) in muscle

and adipocytes. Being able to respond to diverse hormonal
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signals, AMPK serves as a signal integrator in peripheral

tissues, as well as in the hypothalamus for the control of

whole-body energy homoeostasis (Long and Zierath, 2006;

Xue and Kahn, 2006).

Active AMPK achieves its regulatory effects by either rapid

phosphorylation of various metabolic enzymes or through

long-term regulation of target gene expression. It has a crucial

function in regulating energy homoeostasis in adipose tissue

by controlling fatty acid oxidation, glucose uptake and lipo-

lysis (Daval et al, 2006). One well-characterized AMPK target

in adipose tissue is acetyl CoA carboxylase-1/2 (ACC1/2).

Phosphorylation by AMPK leads to reduced ACC activity,

resulting in lower levels of malonyl-CoA production but

increased fatty acid oxidation (Steinberg et al, 2006).

Elevated AMPK activity is believed to account for the lean

and insulin-sensitive phenotype in SCD1-null mice (Dobrzyn

et al, 2004). Recently, several novel downstream effectors of

AMPK have been identified, suggesting that AMPK controls

an increasingly broad range of cellular processes including

cellular structure and cell volume (Lee et al, 2007). In

addition, several proteins including TSC2 (Inoki et al,

2003), FNIP1 (Baba et al, 2006) and CFTR (Hallows et al,

2000) have been reported to associate with AMPK. However,

little is known as to how the AMPK enzyme complex is

regulated. In particular, although relatively fast turnover of

AMPK-a was observed when overexpressed in COS-7 cells

(Crute et al, 1998), it remains unclear if endogenous AMPK

activity can be controlled at the level of protein stability. In

this study, we show that Cidea is an AMPK-interacting protein

and is an important regulator for AMPK stability. We have

thus unravelled a molecular mechanism for AMPK stability

that is mediated by Cidea and provided an explanation as to

why deficiency of Cidea results in lean phenotypes.

Results

AMPK protein levels and its enzymatic activity are

increased in BAT of Cidea�/� mice

In the course of searching for a molecular explanation for the

lean phenotype of Cidea-null mice, we analysed the expres-

sion levels of AMPK and observed that the protein levels of

AMPK-a, -b and -g subunits were all significantly increased in

BAT of Cidea-null mice (approximately 50% higher than

those in wild-type mice; Figure 1A), whereas no difference

in mRNA levels was detected (data not shown). The amount

of phosphorylated AMPK-a, detected by a phospho-specific
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Figure 1 Increased AMPK levels and enhanced AMPK activity in BAT of Cidea�/� mice. (A) Increased levels of AMPK-a, -b, -g and phospho-
AMPK-a in BAT of Cidea�/� mice. BAT was collected from 3-month-old wild-type and Cidea�/� male mice. b-Tubulin was served as a loading
control. Similar experiments were carried out five times and the intensity of individual band in each western blot was quantified by TOTAL-LAB
software (Nonlinear Dynamics, UK) and used for statistical analysis. The relative protein level in wild-type mice was designated as 1.0.
**Po0.01. Similar quantitative and statistical analyses were conducted for all western blots shown in following figures. (B) BATof high-fat diet
(HFD)-treated mice had increased Cidea level and deceased AMPK levels compared with that of normal diet (ND)-fed animals. Similar
experiments were conducted five times from five pairs of mice. The relative protein level of Cidea, Ucp1 and AMPK in mice fed with ND was
designated as 1.0. (C) BATof Cidea�/� mice showed enhanced AMPK activity. The upper panel was the time course of AMPK activity in BATof
wild-type and Cidea�/� mice. The lower panel was the quantitative analysis of the phospho-ACC western bolt bands from four independent
experiments. The relative intensity of phospho-GST-ACC in wild-type mice at 8 min was designated as 1.0. (D) BAT of Cidea�/� mice showed
increased endogenous ACC phosphorylation (left panel) and decreased ACC enzymatic activity (right panel). Four independent experiments
were conducted using four pairs of mice (*Po0.05, **Po0.01, ***Po0.001).
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antibody against phosphorylated T172, was also increased in

BAT of Cidea-null mice (Figure 1A). Levels of AMPK in other

tissues such as liver, white adipose tissue (WAT) or skeletal

muscle were unchanged (data not shown), indicating that the

increase in AMPK protein levels occurs specifically in the BAT

of Cidea-null mice. This prompted us to wonder whether

high-fat diet (HFD) could elevate Cidea protein levels in wild-

type mice, and if so, what would occur to the protein levels of

AMPK in these mice. When animals were fed with HFD for 8

weeks, their body weight was significantly increased com-

pared with that of mice fed with normal diet (ND;

Supplementary Figure 1). Levels of Cidea protein were ap-

proximately 50% higher (Po0.01) in BAT of HFD-fed mice

than that of ND-fed mice (Figure 1B). Levels of Ucp1 were

also increased in the BAT of HFD-fed mice. In contrast, levels

of AMPK-a, -b and -g subunits and phospho-AMPK-a were all

significantly decreased (Po0.01; Figure 1B). These data

demonstrate that levels of AMPK are inversely correlated

with the levels of Cidea in BAT.

To examine the consequence of increased AMPK protein

levels, we established a convenient and non-radioactive

AMPK assay (see Materials and methods). As judged by its

sensitivity to AMP and to AICAR treatment, our new assay is

as sensitive as the previously established SAMS peptide

phosphorylation assay (Supplementary Figure 2A and B).

Using this assay, we measured the endogenous AMPK activity

in the BATof Cidea�/� mice in vitro, and observed that AMPK

activity in Cidea�/� BAT was approximately 50% higher

compared with that of wild-type mice at various durations

of reaction (Figure 1C), displaying a good correlation be-

tween the increase in enzymatic activity and the increase in

AMPK protein levels. The increased AMPK activity is not due

to elevated AMP level or decreased ATP level as the AMP/

ATP ratio was similar in BATof wild-type and Cidea-null mice

(Supplementary Figure 2C). The Km for ACC and ATP as

assessed by kinetic analysis was similar between AMPK from

wild-type and Cidea�/� BAT (Supplementary Figure 2D and

E), confirming that the increased AMPK activity in Cidea�/�

mice was not due to enhanced intrinsic catalytic activity of

AMPK but is a direct consequence of increased AMPK protein

levels. The AMPK activities in liver, kidney and WAT

were similar between wild-type and Cidea�/� mice

(Supplementary Figure 2F), which is consistent with a lack

of Cidea expression in these tissues. To further confirm that

AMPK activity is increased in the BAT of Cidea-null mice, we

checked levels of phospho-ACC, an AMPK target, and ob-

served increased levels of phosphorylated ACC1 (40% high-

er) and ACC2 (100% higher) in the BAT of Cidea�/� mice

(Figure 1D, left panel). The increased levels of phospho-ACCs

were not due to an increase in the protein levels of ACC1 or

ACC2, as levels of both proteins were similar between wild-

type and Cidea�/� mice. ACC activity was approximately

50% lower in the BATof Cidea�/� mice (Po0.001), consistent

with increased ACC phosphorylation in Cidea�/�mice

(Figure 1D, right panel). These data strongly indicate that

levels of AMPK protein and its enzymatic activity are sig-

nificantly and specifically increased in the absence of Cidea.

Colocalization and interaction between Cidea and

AMPK-b
To investigate how Cidea might regulate AMPK protein levels,

we first checked the subcellular localization of Cidea and

AMPK in the BAT by biochemical fractionation of various

organelles. Interestingly, we observed that majority of Cidea

protein was detected in endoplasmic reticulum (ER) and

Golgi-enriched fractions but not in nuclei or mitochondrial-

enriched fractions (Figure 2A). Significant amount of AMPK-

b and -g was also detected in ER-enriched fraction

(Figure 2A), overlapping with Cidea. Lower amount of

AMPK-b and -g proteins was detected in the cytosolic fraction

but not in nuclei or mitochondrial-enriched fractions. The

purity of mitochondrial- and ER-enriched fractions was

checked by western blot analysis using antibodies against

COXIV (a mitochondria-specific protein) and PDI (an ER-

specific protein), respectively. Although ER and Golgi frac-

tions appeared to contain some mitochondria as COXIV was

detected in these fractions, Cidea and AMPK are ER specific

as no Cidea or AMPK was detected in the mitochondrial-

enriched fraction. The contamination of mitochondria in ER-

and Golgi-enriched fractions was probably due to the large

amount and high heterogeneity of mitochondria in BAT.

To further confirm the subcellular localization of Cidea and

AMPK, we co-expressed Cidea and AMPK-b individually with

ER-specific protein GFP-Cb5 in COS-7 cells and carried out

immunofluorescent staining (Figure 2B). When co-expressed

with GFP-Cb5, Cidea showed a granular staining pattern with

strong overlapping with GFP-Cb5-positive ER network.

Surprisingly, Cidea was not colocalized with the mitochon-

drial-specific marker Mitotracker. When overexpressed indi-

vidually, AMPK-b was evenly distributed in the cell

(including cytoplasma and nucleus), and did not show any

specific overlapping with endogenous Calnexin-positive ER

network, suggesting that AMPK-b is not localized to ER in the

absence of Cidea. When Cidea and AMPK-b were overex-

pressed, Cidea still showed granular pattern, but overlapped

with Calnexin ER network. However, when co-expressed with

Cidea, the subcellular distribution of AMPK-b was changed

from a diffused pattern to a punctate and granular structure,

overlapping with Cidea. These data suggest that AMPK-b and

Cidea are colocalized in the ER and the localization of AMPK-

b is dependent on Cidea (Figure 2B). In contrast, AMPK-a and

-g proteins were not colocalized with Cidea when they were

co-expressed in COS-7 cells (data not shown).

Next, we tested for a possible physical interaction between

Cidea and AMPK by co-immunoprecipitation assay. We

pulled down AMPK complex by using antibodies against

AMPK-a, -b and -g, respectively, followed by detection of

Cidea in the immunoprecipitates. As a positive control, we

first showed that the three subunits of AMPK form a tight

complex (Figure 2C). As shown in Figure 2C, Cidea was

readily detected in immunoprecipitates from antibodies

against a, b and g subunits of AMPK. The presence of

Cidea in the AMPK complex was not due to nonspecific

binding of Cidea as it can only be precipitated by Cidea

antibody but not by control serum (Figure 2C, right panel).

Importantly, when antibodies against Cidea were used for

immunoprecipitation, AMPK complex was detected in wild-

type mice but not in Cidea-null mice (Figure 2C). Formation

of Cidea–AMPK complex was further evaluated by biochem-

ical fractionation of protein extracts from mouse BAT tissue.

Cidea protein was detected in two major fractions: fractions

4–8 and 17–20 (Figure 2D). Judging from the molecular

weights (approximately 40–60 kDa) in fractions 17–20, it is

likely that the detected Cidea represents its dimeric form as
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we previously showed that CIDE family proteins can form

dimers (Chen et al, 2000). Importantly, AMPK-a, -b and -g
were all detected in fractions 4–8, overlapping with the

elution profile of Cidea (Figure 2D). Taken together, our

data obtained from co-immunoprecipitation and biochemical

fractionation analyses strongly indicate that Cidea and AMPK

form a complex in the BAT.

We then asked which specific subunit(s) of AMPK directly

interacts with Cidea by transfecting them in different combi-

nations into 293T cells. AMPK-b, but not a and g subunits,

was co-precipitated with Cidea (Figure 3A). Reciprocally,

when Cidea was immunoprecipitated with anti-Cidea anti-

body, AMPK-b but not AMPK-a or -g was co-precipitated

(Supplementary Figure 3). These data indicate that Cidea

interacts specifically with AMPK-b. To delineate the region of

Cidea responsible for interaction with AMPK-b, we generated

HA-tagged Cidea truncations containing the N-terminal

domain (Cidea-N) or the C-terminal domain (Cidea-C), and

co-expressed these mutants with FLAG-tagged AMPK-b.

AMPK-b was co-precipitated with Cidea-C but not with Cidea-N

(Figure 3B), indicating that the C-terminal region of Cidea

is responsible for mediating its interaction with AMPK-b. To

identify the region on AMPK-b responsible for interaction

with Cidea, we generated a series of FLAG-tagged AMPK-b
truncation constructs (listed in Figure 3C and D). Full-length

AMPK-b and truncated AMPK-b proteins D2 (aa 68–270) and

D4 (aa 187–270) containing C-terminal regions, co-precipi-

tated Cidea (Figure 3C), indicating that the C-terminal portion

of AMPK-b is necessary and sufficient to mediate the inter-

action with Cidea. Whereas AMPK-b(1–185) did not interact
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Figure 2 Cidea and AMPK are localized to ER and form a complex in vivo. (A) Cidea and AMPK are present in ER-enriched fraction. Protein
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with AMPK-a, AMPK-b(1–208) could specifically co-immu-

noprecipitate AMPK-a (Figure 3D), suggesting that aa 186–

208 are required to mediate the interaction with the a sub-

unit. As AMPK-b(1–248) but not AMPK-b(1–231) showed

strong interaction with Cidea, the 17 amino-acid residues

from aa 232 to 248 are important in mediating its interaction

with Cidea. AMPK-b(186–270) showed interactions with the

a, and g subunits, as well as Cidea. These results indicate that
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amino-acid residues at the extreme C-terminal of AMPK-

b(249–270) is responsible for the interaction between

AMPK-b and -g subunits, consistent with a previous report

(Iseli et al, 2005). When increasing amounts of AMPK-b
deletion constructs that all include aa 232–248 were co-

transfected with AMPK-b and Cidea, full-length AMPK-b
detected in Cidea immunoprecipitates was gradually de-

creased, further confirming that the fragment of aa 232–248

in AMPK mediates the interaction with Cidea (Figure 3E). Our

data have thus demonstrated that distinct and non-overlap-

ping regions in the C-terminal portion of AMPK-b take part in

interaction with AMPK-a, -g and Cidea.

Cidea promotes AMPK-b degradation

The direct interaction between Cidea and AMPK-b, as well as

the elevated AMPK protein levels in Cidea-null mice, all

pointed to the possibility that Cidea may somehow regulate

AMPK protein stability. We then examined the rate of AMPK-

b degradation in the presence of cycloheximide (CHX),

a protein synthesis inhibitor. In the presence of a non-inter-

acting control protein FADD (Fas-associated protein with

death domain), AMPK-b appears relatively stable, with

more than 70% of the cellular AMPK-b remaining after 2 h

of CHX treatment (Figure 4A). However, AMPK-b protein

levels decreased rapidly when it was co-expressed with

Cidea in the presence of CHX, with its half-life being less

than 1 h (Figure 4A). In the presence of increasing amounts of

Cidea, levels of AMPK-b protein were decreased in a dose-

dependent manner (Figure 4B). These data indicate that

Cidea can promote AMPK-b degradation when co-expressed.

Enhanced AMPK-b degradation was also observed when it

was co-expressed with the C-terminal but not the N-terminal

domain of Cidea (Supplementary Figure 4A and B), suggest-

ing that the C-terminal domain of Cidea, which mediates its

interaction with AMPK-b, is sufficient to promote AMPK

degradation. Cidea-mediated AMPK-b degradation appears

to be also dependent on the interaction interface (aa 232–

248) on AMPK-b, as the truncated form AMPK-b(1–231) that

lacks the region for Cidea–AMPK-b interaction, is stable

when co-expressed with Cidea (Figure 4C and

Supplementary Figure 4B). Consistently, AMPK-b(1–248),

including the segment of aa 232–248, undergoes rapid de-

gradation when co-expressed with Cidea (Figure 4C and

Supplementary Figure 4B). When co-expressed with AMPK-

b and Cidea, GFP-AMPKb(232–248) can attenuate AMPK-b
degradation by competitively binding to Cidea, further con-

firming that AMPK-b degradation is dependent on the its

interaction interface (aa 232–248) against Cidea (Figure 4D).

These data suggest that Cidea can accelerate AMPK degrada-

tion and that their physical interaction is needed for this

effect.

We then evaluated if the Cidea-enhanced degradation of

AMPK-b depends on the ubiquitination-mediated proteoso-

mal pathway. We found that MG132, a specific inhibitor of

proteosome-mediated protein degradation, was able to block

AMPK-b degradation, whereas NH4Cl, a general lysosomal

protease inhibitor, did not have such an effect (Figure 4E). We

co-expressed AMPK-b, Cidea and Myc-tagged ubiquitin, fol-

lowed by assays for ubiquitinated AMPK. In the presence of

MG132, AMPK-b was weakly ubiquitinated in the absence of

Cidea; Cidea alone was strongly ubiquitinated as previously

reported (Chan et al, 2007) (Figure 4F). However, AMPK-b

ubiquitination was significantly increased when co-expressed

with Cidea, in the presence of MG132. Increasing levels of

AMPK-b ubiquitination were seen when increasing amounts

of Cidea were expressed (Figure 4F). Furthermore, co-expres-

sion of increasing amounts of GFP–AMPK-b(232–248), which

only contains the Cidea-binding domain and is able to

compete against the interaction between full-length AMPK

and Cidea, gradually attenuated the ubiquitination of AMPK-

b (Figure 4F). Unlike AMPK-b, both AMPK-a and -g are

relatively unstable when expressed alone, but their rate of

degradation was not accelerated when co-expressed with

Cidea (Supplementary Figure 5), indicating that the role of

Cidea in mediating AMPK-b degradation appears to be spe-

cific.

As we observed that AMPK levels are higher in the Cidea-

null mice and that Cidea can enhance AMPK-b degradation,

we carried out additional experiments to further evaluate if

co-expression of the AMPK trimeric complex with Cidea

could lead to accelerated degradation of the complex and

decreased AMPK activity in 293Tcells. When co-expressed as

a trimeric complex in the absence of Cidea, all three subunits

of AMPK were more stable compared with singly expressed

ones as little protein degradation was observed for all three

subunits over 2 h of CHX treatment (Figure 5A). In the

presence of Cidea, protein levels of all three subunits were

decreased dramatically, with only 60% of protein remaining

after 2 h of CHX treatment (Figure 5A). The stability of AMPK

complex was also dependent on the amount of Cidea as

increased amount of Cidea accelerated their degradation

(Figure 5B). Consistent with the decreased AMPK protein

levels, AMPK activity was reduced when it was co-expressed

with Cidea (Supplementary Figure 6A and B). The stability of

AMPK complex was decreased when co-expressed with

Cidea-C (binding to AMPK-b), but not Cidea-N (defective in

binding to AMPK) (Figure 5C), confirming that the reduced

AMPK complex stability is a consequence of its interaction

with Cidea. Consistent with decreased AMPK protein levels,

AMPK activity was also reduced in the presence of Cidea-C

but not Cidea-N (Supplementary Figure 6C and D). These

data suggest that Cidea can control the stability of AMPK

complex through interacting with and targeting the b subunit

for ubiquitination-dependent proteosomal degradation.

Increased AMPK stability and activity in Cidea�/�

adipocytes

To further evaluate the physiological role of Cidea proteins in

the control of AMPK stability, we isolated mouse embryonic

fibroblasts (MEFs) from wild-type and Cidea�/� mice and

induced them to differentiate to adipocytes in vitro under a

specific condition as previously described (Ross et al, 1992)

with the presence of triiodothyronine (T3) in the differentia-

tion medium. Cidea proteins were detected on day 4 of

differentiation and its levels increased upon further differen-

tiation in wild-type but not in Cidea�/� adipocytes

(Supplementary Figure 7A). Ucp1 mRNA was also detected

on day 4 and progressively increased upon further differen-

tiation (Supplementary Figure 7B). These data indicate that

MEFs differentiated under this condition acquired certain

brown adipocyte characteristics and can be used as a

brown adipocyte cell model. The morphology of differen-

tiated MEFs from wild-type and Cidea�/� mice appeared to be

similar (Supplementary Figure 7C). In addition, expression
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levels of adipocyte-specific markers such as FABP and

Perilipin A were similar in wild-type and Cidea�/� adipo-

cytes, suggesting of no defect in adipocyte differentiation in

Cidea�/� mice (Supplementary Figure 7D). We then mea-

sured protein levels of AMPK-a, -b and -g in wild-type and

Cidea�/� adipocytes. Consistent with our observation in

Cidea�/� mice, protein levels of AMPK-a, -b and -g were

significantly increased in differentiated Cidea�/� adipocytes

(Figure 6A). AMPK activity assessed by ACC phosphorylation

was also increased in Cidea�/� adipocytes (Figure 6A),

whereas total ACC levels were similar between wild-type

and Cidea�/� adipocytes. At 2 h after CHX treatment, more

than 70% AMPK-b protein remained in Cidea�/� adipocytes,

whereas only 40% AMPK-b remained in wild-type adipocytes

(Figure 6B; Po0.01), suggesting of an increased AMPK-b
stability in Cidea�/� adipocytes. The stability of AMPK-g
was also increased in Cidea�/� adipocytes (Figure 6B;

Po0.05). Increased AMPK-b and -g stability was also ob-

served in mature brown adipocytes differentiated from pre-

adipocytes of BAT of Cidea�/� mice compared with that of

wild-type mice (Supplementary Figure 8A). We next checked

the level of AMPK phosphorylation and AMPK activity in

wild-type and Cidea�/� adipocytes in the presence of AICAR,

an AMP analogue that stimulates AMPK activity in vivo. Basal

and AICAR-induced AMPK-a phosphorylation and AMPK

activity (levels of p-ACC) were all significantly increased in

Cidea�/� adipocytes (Figure 6C; Po0.05), consistent with the

increase in AMPK protein levels. Basal and AICAR-induced

AMPK phosphorylation and activities were also increased in

mature brown adipocytes of Cidea�/� mice compared with

that of wild-type mice (Supplementary Figure 8B). These data

suggest that AMPK stability and activity are significantly

increased in Cidea�/� adipocytes differentiated either from

MEFs or preadipocytes, consistent with our results from the

overexpression system using other cell lines.

As AMPK promotes mitochondrial fatty acid oxidation in

adipocytes, we incubated differentiated MEFs with 3H-la-

belled palmitic acid and observed that the rate of fatty acid

oxidation in Cidea�/� adipocytes was significantly higher

than that of wild-type adipocytes at all time points tested

(Figure 6D, lower panel). Although, AMPK has been reported

to inhibit lipolysis in various cell types, no difference in
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Figure 6 Cidea�/� adipocytes showed increased AMPK protein levels, AMPK stability, activity and fatty acid oxidation rate. (A) Cidea�/�

adipocytes had increased levels of AMPK-a, -b -g and ACC phosphorylation. MEFs isolated from wild-type and Cidea�/� mouse embryos were
induced to differentiation into a brown adipocyte like cells (M&M). Cells were collected after 8 days of differentiation and used for western blot
analysis. Protein levels were normalized by b-tubulin. The right panel shows the quantitative analysis of the western blot bands. The relative
protein level of each AMPK subunit, total ACC and p-ACC in wild-type adipocytes was designated as 1.0. Statistical P-value was calculated from
three similar sets of experiments (*Po0.05, **Po0.01). (B) Increased AMPK stability in Cidea�/� adipocytes. MEFs 8 days after differentiation
were treated with CHX (500mg/ml) for 1 or 2 h. The relative protein level before CHX treatment (0 hour) was designated as 1.0. *Po0.05.
(C) Increased basal and AICAR-induced AMPK phosphorylation and activity in Cidea�/� adipocytes. AICAR (2 mM) was added into
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degradation. Ubi(n): polyubiquitination.
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lipolysis was observed between wild-type and Cidea�/�

adipocytes (Supplementary Figure 9A). The rate of glucose

uptake in differentiated MEFs was similar between wild-type

and Cidea�/� mice (Supplementary Figure 9B). Levels of

phosphorylation of S6K, crucial kinase acting in the mTOR

pathway, were also similar between wild-type and Cidea�/�

adipocytes (Supplementary Figure 10). Our data indicate that

increased AMPK levels and enzymatic activity in brown

adipocytes exert an effect primarily to enhance fatty acid

oxidation. To ascertain that increased AMPK indeed is

the main contributor of increased fatty acid oxidation and

enhanced energy expenditure in Cidea�/� adipocytes, we

reduced the expression levels of AMPK-a by lentivirus-

directed siRNA against AMPK-a. When levels of AMPK

were reduced by 50% in Cidea�/� adipocytes, b-oxidation

rate was approximately 30% lower compared with that of

cells infected with siRNA against GFP (Figure 6D). These data

suggest that increased fatty acid b-oxidation in Cidea�/�

adipocyte is a consequence of increased levels of ACC phos-

phorylation and enhanced AMPK activity.

Discussion

Our previous work using Cidea�/� mice demonstrated that

mice lacking functional Cidea display resistance to induction

of obesity through increased energy expenditure, and that

Cidea could negatively regulate energy consumption in BAT.

Here, we demonstrated that Cidea protein levels are increased

in the BAT of HFD-fed mice and AMPK levels are inversely

correlated with levels of Cidea in BAT. Correlation of higher

protein levels of Cidea with obesity was also observed in mice

treated with high-calorie diet (Baur et al, 2006). At the mRNA

level, Nordstrom et al (2005) showed that levels of Cidea

mRNA in the BATof mice fed with a cafeteria diet was similar

to that of animals fed with a ND; however, Cidea protein

levels were not measured. Similar levels of mRNA could lead

to different levels of protein due to post-translational regula-

tions. We have shown that Cidea protein can be regulated by

ubiquitin-mediated proteosomal degradation pathway (Chan

et al, 2007). It is therefore plausible that increased Cidea

protein in the BAT of HFD-fed animal was due to increased

Cidea stability.

In the present study, we have further characterized the

molecular changes in the Cidea-deficient lean mice, and have

shown that the critical metabolic sensor APMK complex is

increased in its stability. Mechanistically, we have demon-

strated that Cidea forms a complex with AMPK in vivo

through its specific interaction with AMPK-b subunit. More

importantly, by interacting with AMPK-b, Cidea is able to

promote the heterotrimeric AMPK complex degradation,

which is dependent on their physical interaction. It must be

noted that when AMPK-a and -g subunits are expressed either

alone or together but without co-expression of the b subunit,

their basal stability is decreased, and can no longer be further

decreased by co-expression of Cidea. It is highly likely that

when the AMPK b subunit is occupied by Cidea interaction, a
and g subunits may become uncomplexed and undergo rapid

degradation by as yet uncharacterized mechanisms. These

observations conform to the notion that Cidea promotes

AMPK degradation by first targeting its b subunit.

Furthermore, analysis of structural requirements for the

Cidea-mediated degradation of AMPK revealed that the

C-terminal region of Cidea but not its N-terminal region is

involved. Truncated AMPK-b proteins that lack the region (aa

232–248) required for mediating its interaction with Cidea no

longer undergo Cidea-mediated protein degradation. Using

specific protease inhibitors, we demonstrated that Cidea-

induced acceleration of AMPK degradation is dependent on

the ubiquitination–proteosome pathway. These data are the

first to show that AMPK can be controlled by ubiquitin-

dependent proteosomal degradation pathway that is

mediated by its interaction with Cidea in the BAT. The

mechanism by which Cidea mediates AMPK degradation is

not clear. Cidea may help to recruit specific E3 ubiquitin

ligases to AMPK-b and enhance its ubiquitination and pro-

teosomal-dependent degradation. Alternatively, Cidea itself

may exert an effect as an E3 ubiquitin ligase to intact with

AMPK-b and enhance its ubiquitination.

Consistent with a negative regulation of Cidea on the

stability of AMPK in the overexpression system, increased

AMPK stability was seen in Cidea�/� adipocytes differen-

tiated from Cidea�/� MEFs and from pre-brown adipocytes

isolated from the BATof Cidea�/� mice. In addition, basal and

AICAR-induced AMPK activities in the BAT of Cidea�/� mice,

and in the adipocytes differentiated from Cidea�/� MEFs or

pre-brown adipocytes, were all significantly increased.

Interestingly, although AMPK was reported to activate multi-

ple pathways in different cell types (Daval et al, 2006),

lipolysis, glucose uptake or mTOR pathway were not affected

in Cidea�/� adipocytes, suggesting that additional factors are

required to activate these pathways in brown adipocytes.

Basal AMPK activity in BAT was reported to be high due to

high levels of AMPK-a1 expression (Mulligan et al, 2007).

Negative regulation of AMPK by Cidea may help fine-tune its

activity and maintain the proper balance of energy consump-

tion under non-thermogenic condition.

We observed that majority of Cidea and AMPK-b proteins

is localized to ER, providing a cellular basis for their mole-

cular and functional interaction. This ER localization of Cidea

in the BAT tissue is different from our previous observation

that Cidea, when overexpressed in heterologous cells, were

overlapped with mitochondrial marker Mitotracker (Zhou

et al, 2003). After careful re-evaluation of the subcellular

localization of Cidea that is ectopically expressed in many

different cell types along extensive time courses, we found

that the previously observed overlapping staining between

Cidea protein and mitochondrial marker was in fact only seen

at late stages during cell death when cellular structure was

disrupted by Cidea overexpression. Cidea is primarily loca-

lized to the ER in most of the cells with intact morphology.

Furthermore, the detection of Cidea protein in heavy mem-

brane fractions of BAT (Zhou et al, 2003) was likely due to the

contamination of ER proteins in the preparation, as endogen-

ous Cidea proteins are not detected in further purified mito-

chondria fractions.

On the basis of our current findings, we propose a novel

mechanism to explain the increased energy expenditure and

lean phenotype of Cidea-null mice. In wild-type mice, Cidea

interacts with AMPK-b and accelerates its degradation, result-

ing in reduced AMPK activity, decreased fatty acid oxidation

in BAT and reduced energy expenditure. In the BAT of

Cidea�/� mice, loss of Cidea results in the stabilization of

AMPK complex and as a result, increased AMPK protein

levels as well as enhanced basal AMPK activity, which
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leads to elevated fatty acid oxidation and energy expenditure

in mice. The long-term effect of enhanced basal AMPK

activity in the BAT will at least in part account for the lower

accumulation of fat in WAT. In summary, our study has

revealed a novel mechanism for AMPK regulation, in that

its stability is controlled through direct interaction with

Cidea, and has thus provided a possible molecular link

between Cidea deficiency and the obesity-resistant phenotype

seen in the Cidea�/� mice.

Materials and methods

Materials used in this study are described in detail in Supplemen-
tary data.

Plasmid constructions
Full-length human EST clones for AMPK-a1, -b1 and -g1 were
purchased from Research Genetics (USA) and subcloned into
pCMV5 vectors containing HA, Flag or Myc tags. All other mutant
constructs of AMPK-b1 and Cidea were created by PCR-based
mutagenesis and verified by DNA sequencing. Primer information
for all constructs will be available upon request. AMPK-a siRNA
was designed according to the previous report (Cidad et al, 2004),
constructed into FG12 expression vector (generous gift from Dr
Zilong Wen, HKUST) and packaged into lentivirus as previously
described (Dull et al, 1998).

Mice handling, cell culture and transfection,
co-immunoprecipitation, and western blot analysis,
immunofluorescent staining
Procedures for mouse handling, cell culture and transfection, co-
immunoprecipitation, immunofluorescent staining and western blot
analysis were essentially the same as described previously (Zhou
et al, 2003) and in Supplementary data. MEFs were isolated from
embryonic day 12.5 wild-type and Cidea�/� mouse embryos (Phan
et al, 2004). MEFs were differentiated into brown adipocytes in the
differentiation medium containing 10% FBS, 8 mg/ml D-pantothenic
acid, 8mg/ml biotin, 0.5mM triiodothyronine (T3), 1 mM dexa-
methasone, 0.5 mM 3-isobutyl-1-methylxanthine, 5mg/ml insulin,
1 mM pioglitazone (Beijing Taiyang Pharmaceutical Industry Co.).

Biochemical fractionation of subcellular organelles in BAT
and gel filtration analysis
Procedures for isolation of subcellular organelles were essentially
the same as described (Croze and Morre, 1984) with minor
modification (Supplementary data). Cytosolic fraction was concen-
trated with PEG 8000 to final volume of 500ml. Fractions for Golgi,
ER, mitochondrial and nuclei were resuspended with 50 ml of
protein loading buffer and used for western blot analysis. Cytosolic
fraction was analysed on a Superdex 200 10/300 GL column (FPLC;
Pharmacia, USA) with a flow rate of 0.4 ml/min. Fractions were
frozen dried and dissolved in 40 ml 10 mM Tris–HCl (pH 8.0) for
western blot analysis.

AMPK kinase activity assay
Protocols for AMPK kinase assay were modified from previous
report (Davies et al, 1989) and described in detail in Supplementary
data. For measuring AMPK activity in BAT, total BAT lysates were
subjected to protein precipitation by 2.5–6% (w/v) of PEG 8000
(Kudo et al, 1995), and 5 mg of such prepared proteins was used for
each assay reaction. To measure endogenous AMPK activity, MEFs
were differentiated for 8 days and then incubated with or without
2 mM AICAR (Sakoda et al, 2002) for various durations.

AMPK stability assay
AMPK stability was measured by CHX-based protein-chase experi-
ment. Details for such experiment were described in Supplementary
data. Expression plasmids in various combinations were transfected
into 293T cells by the calcium phosphate method. At 24 h post-
transfection, the medium was replaced with fresh DMEM plus 10%
FBS followed by addition of CHX (100mg/ml) 1 h later. Cells were
harvested at four different time points (0, 30, 60 and 120 min) after
the addition of CHX, and were lysed in a 0.5-ml lysis buffer. Levels
of AMPK subunits were analysed by western blotting analysis. To
measure endogenous AMPK stability, a final concentration of
500mg/ml CHX was added into 8-day differentiated adipocytes.

ACC enzymatic activity and fatty acid oxidation
Acetyl-CoA carboxylase activity was determined using the [14C]bi-
carbonate fixation assay (Majerus et al, 1968). Fatty acid oxidation
measurement procedure was essentially the same as described by
Moon and Rhead (1987) using [9,10(n)-3H]palmitic acid (1.0mCi
per well; Amersham) with 22mM unlabelled palmitic acid and
0.5 mg/ml fatty acid-free BSA in the reaction. The radioactivity in
aqueous phase containing 3H2O was collected and used for
radioactivity measurement. Details of the procedures are described
in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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