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SUMMARY

Beige adipocytes gained much attention as an alter-
native cellular target in anti-obesity therapy. While
recent studies have identified a number of regulatory
circuits that promote beige adipocyte differentiation,
the molecular basis of beige adipocyte maintenance
remains unknown. Here, we demonstrate that beige
adipocytes progressively lose their morphological
and molecular characteristics after withdrawing
external stimuli and directly acquire white-like char-
acteristics bypassing an intermediate precursor
stage. The beige-to-white adipocyte transition is
tightly coupled to a decrease in mitochondria, in-
crease in autophagy, and activation of MiT/TFE
transcription factor-mediated lysosome biogenesis.
The autophagy pathway is crucial for mitochondrial
clearance during the transition; inhibiting autophagy
by uncoupled protein 1 (UCP1+)-adipocyte-specific
deletion of Atg5 or Atg12 prevents beige adipocyte
loss after withdrawing external stimuli, maintaining
high thermogenic capacity and protecting against
diet-induced obesity and insulin resistance. The pre-
sent study uncovers a fundamental mechanism by
which autophagy-mediated mitochondrial clearance
controls beige adipocyte maintenance, thereby
providing new opportunities to counteract obesity.

INTRODUCTION

Brown adipose tissue (BAT) contains thermogenic adipocytes

that dissipate energy in the form of heat as an evolutionally

conserved defense mechanism against hypothermia. Recent

works have uncovered that humans and rodents possess two

distinct forms of thermogenic adipocytes; namely classical

brown adipocytes and beige (or brite) adipocytes. Brown and

beige adipocytes are both competent for thermogenesis via

the brown/beige-specific protein uncoupled protein 1 (UCP1)
Ce
and possess similar morphological characteristics, such as

multilocular lipid droplets and highly abundant mitochondria

(reviewed in Kajimura et al., 2015). Nevertheless, brown and

beige adipocytes arise from a distinct developmental origin.

For instance, Guerra et al. (1998) and Xue et al. (2007) demon-

strated that the genetic variability in controlling Ucp1 expression

was observed only in the subcutaneous white adipose tissue

(WAT) of mice but not in the interscapular BAT, suggesting that

brown and beige adipocytes are under different regulation and

may belong to distinct developmental lineages. Furthermore,

classical brown adipocytes develop prenatally from a dermo-

myotome population marked by Engrailed-1, Myf5, and Pax7,

whereas beige adipocytes arise postnatally fromprogenitor pop-

ulations in WAT expressing Ebf2, Pdgfra, and Sca1 (Atit et al.,

2006; Lee et al., 2012b; Sanchez-Gurmaches et al., 2012; Schulz

et al., 2011; Seale et al., 2008; Wang et al., 2014).

Of note, adult human BAT depots from the supraclavicular and

other regions contain UCP1-positve adipocytes that exhibit mo-

lecular signatures resembling murine beige adipocytes (Lidell

et al., 2013; Sharp et al., 2012; Shinoda et al., 2015a; Wu et al.,

2012). Importantly, the selective activation of beige adipocyte

biogenesis by genetic and pharmacological approaches leads

to a protection from diet-induced obesity and insulin resistance

(Cederberg et al., 2001; Ohyama et al., 2016; Seale et al., 2011;

Shinoda et al., 2015b). In adult human BAT, glucose uptake ac-

tivity is highly induced after prolonged cold exposure, in parallel

with an increase in non-shivering thermogenesis and/or an

improvement in insulin sensitivity, even in subjects who had pre-

viously lacked detectable BAT depots before chronic cold expo-

sure (Lee et al., 2014b; van der Lans et al., 2013; Yoneshiro et al.,

2013). These data all support the potential significance of beige

adipocytes in human obesity and diabetes and illuminate the

importance of better understanding the molecular basis of beige

adipocyte development and maintenance in order to pioneer

future anti-obesity interventions.

An essential characteristic of beige adipocytes is its dynamic

regulation of the thermogenic gene program by external stimuli.

Beige adipocytes can express high levels of UCP1 in response

to chronic cold exposure or b3-AR agonists, whereas classical

brown adipocytes constitutively express high levels of UCP1

(Kajimura et al., 2015). Intriguingly, UCP1 expression in the
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inguinal WAT became undetectable in mice within 2–3 weeks

following transfer from cold environment to ambient or thermo-

neutral conditions (Gospodarska et al., 2015; Rosenwald et al.,

2013). The cold-induced UCP1-positive beige cells became

unilocular adipocytes that expressed several white adipocyte-

enriched genes when re-acclimated to ambient temperature,

some of which re-activate UCP1 expression in response to a

subsequent bout of cold exposure (Rosenwald et al., 2013).

However, the molecular mechanism of beige adipocyte mainte-

nance remains poorly understood. Here, we demonstrate that

beige adipocytes directly acquire a ‘‘white-like’’ phenotype after

withdrawal of b3-AR agonist bypassing an intermediate precur-

sor stage. We further show that the beige-to-white adipocyte

transition is initiated by active mitochondrial clearance via auto-

phagy. Accordingly, inhibition of autophagy by pharmacological

or genetic approaches maintains thermogenically functional

beige adipocytes for prolonged period of time even after with-

drawal of b3-AR agonist or cold stimulus. Overall, we uncover

a fundamental mechanism by which autophagy-mediated mito-

chondrial turnover controls beige adipocyte maintenance and

whole-body energy homeostasis.

RESULTS

Beige Adipocytes Directly Acquire a White-like
Phenotype
We first utilizedUcp1Cre/+;Rosa26-GFP reporter mice and exam-

ined morphological and molecular changes of UCP1-positive

beige adipocytes in vivo. Seven-day-treatment with the b3-AR

agonist CL316,243 profoundly increased the number of GFP-

positive beige adipocytes in the inguinal WAT (Figures 1A

and 1B). These adipocytes contained multilocular lipids and

co-expressed UCP1. Of note, GFP-positive beige adipocytes

were undetected in the inguinal WAT of the reporter mice under

thermoneutrality (30�C), but highly induced in response to the

b3-AR agonist treatment (Figure S1A). Additionally, all GFP-pos-

itive adipocytes expressed endogenous UCP1 protein immedi-

ately following the b3-AR agonist treatment, further validating

the experimental system (Figures 1C and S1B). Notably, 15–

20 days following b3-AR agonist withdrawal, GFP-positive

adipocytes exhibited near-complete loss of multilocular lipids

and endogenous UCP1 expression (Figures 1B and 1C). A

similar time-dependent decline in UCP1 protein expression
Figure 1. Beige Adipocytes Directly Acquire Morphological Characteri

(A) Schematic illustration of experiments to track beige adipocytes in vivo. Ucp1C

at 1 mg kg�1 for 7 consecutive days. Interscapular BAT and inguinal WAT depots

points after b3-AR agonist withdrawal.

(B) Immunohistochemistry for GFP and endogenous UCP1 expression in the ingui

harvested at indicated time points after b3-AR agonist withdrawal. Scale bar, 70

(C) Quantification of GFP-positive adipocytes that express endogenous UCP1 in

(D) Immunohistochemistry for GFP and endogenous UCP1 expression in the int

harvested at indicated time points after b3-AR agonist withdrawal. Scale bar, 40

(E) Quantification of GFP-positive adipocytes that express endogenous UCP1 in

(F) Morphological changes of beige adipocytes (top) and classical brown adipoc

brown adipocytes were isolated from Ucp1Cre/+;Rosa26-GFP reporter mice treat

GFP-positive adipocytes was monitored for 10 consecutive days. Scale bar, 70

(G) Quantification of GFP-positive beige adipocytes in (F, top). Stage of each cell w

(H) Quantification of GFP-positive classical brown adipocytes in (F, bottom). n =

See also Figure S1.
was observed in the inguinal WAT depots after mice were accli-

mated from cold (6�C) to ambient temperature (Figure S1C). In

contrast, classical brown adipocytes in the interscapular BAT

retained multilocular lipid droplets and expressed constitutively

high levels of UCP1 even 30 days after withdrawing b3-AR

agonist (Figures 1D and 1E).

We postulate two potential explanations for the above results:

(1) beige adipocytes de-differentiate to an intermediate precur-

sor state and subsequently re-differentiate into unilocular adi-

pocytes, or (2) beige adipocytes directly acquire unilocular

adipocyte characteristics without going through an intermediate

precursor stage. To distinguish the above two possibilities, we

developed a single-cell monitoring system and tracked morpho-

logical changes of the individual beige adipocytes ex vivo for

10 days following b3-AR agonist withdrawal (Figure S2A). As

shown in Figures 1F and 1G, all of the freshly isolated beige

adipocytes contained multilocular lipids and began to change

morphology as early as day 3, eventually becoming unilocular

adipocytes. By day 10, more than 80%of theGFP-positive beige

adipocytes exhibited the unilocular lipid state (stage III,

Figures 1G and S2B for defining adipocyte stages). Importantly,

throughout these assays, we did not observe any GFP-positive

fibroblast-like cells reminiscent of precursors (Figure S2C).

Consistent with the observations in vivo, the cultured beige fat

progressively lost its thermogenic properties in parallel with

these morphological changes (Figure S2D). In stark contrast,

classical brown adipocytes retained their multilocular lipid

morphology up to 10 days under the same culture conditions,

although an increase in lipid size was observed in some adipo-

cytes (Figures 1F and 1H). These data indicate that the beige

adipocyte state is distinctly transient, and there is a cell-intrinsic

difference between beige adipocytes and classical brown adipo-

cytes in maintaining the multilocular lipid state following b3-AR

agonist withdrawal.

Because the unilocular lipid droplet is amorphological charac-

teristic of white adipocytes, we employed global gene expres-

sion analyses to address whether the beige adipocyte-derived

unilocular adipocytes indeed acquired the molecular character-

istics of white adipocytes. To this end, we performed RNA

sequencing analysis of the following cell populations directly iso-

lated frommice. First, we isolated GFP-positive adipocytes from

the inguinal WAT of Ucp1Cre/+;Rosa26-GFP reporter mice by

fluorescence-activated cell sorting (FACS), which were subject
stics of White Adipocytes after Withdrawing External Stimuli
re/+;Rosa26-GFP reporter mice were treated with the b3-AR agonist CL316,243

were harvested for morphological and molecular analyses at the indicated time

nal WAT fromUcp1Cre/+;Rosa26-GFP reporter mice. Inguinal WAT depots were

mm.

(B). n = 150 cells or more per group.

erscapular BAT from Ucp1Cre/+;Rosa26-GFP reporter mice. BAT depots were

mm.

(D). n = 127 cells or more per group.

ytes (bottom) using the single-cell monitoring system. GFP-positive beige or

ed with the b3-AR agonist CL316,243 for 7 days. Morphology of the individual

mm.

as estimated based on the criteria shown in Figures S2B and S2C. n = 57 cells.

55 cells.
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to RNA sequencing analyses at 1, 5, 10, 15, and 30 days post b3-

AR agonist withdrawal (Figure 2A). As bona fide white adipo-

cytes, we isolated GFP-positive adipocytes from the inguinal

WAT of age-matched AdiponectinCre/+;Rosa26-GFP reporter

mice. Lastly, to obtain undifferentiated adipocyte precursors,

we isolated Lin�/CD34+/CD29+/Sca1+ cells from the stromal

vascular fraction (SVF) of inguinal WAT of age-matched wild-

type mice. As shown in Figure 2B, mRNA expression of the

WAT-enriched genes, such as Resistin, Wfdc21, Spi2, Ednra,

and Psat1 (Kajimura et al., 2008), were low in beige adipocytes

at day 1 and day 5 following withdrawal of b3-AR agonist, how-

ever, began to increase 10 days post b3-AR agonist withdrawal.

At day 30 of withdrawal, the WAT-enriched gene expression

reached levels similar to bona fide white adipocytes. In parallel

to this increase, we observed a concomitant progressive decline

in mRNA expression of the brown/beige-selective thermogenic

genes, such as Ucp1, Cidea, Cox8b, and Elovl3 (Figure 2B).

Principal component analysis (PCA) during the transition

phase indicates that the gene expression profiles of the GFP-

positive adipocytes at day 30 of withdrawal exhibited a molecu-

lar signature resembling white adipocytes. Most importantly, the

beige adipocytes at days 5, 10, and 15 of withdrawal progres-

sively acquired the gene signature of white adipocytes, whereas

all the beige adipocytes during the transition phase were far

remote from the precursors (Figure 2C). As an independent

approach, hierarchical clustering based on the global gene sig-

natures found that GFP-positive adipocytes at day 30 following

b3-AR agonist withdrawal formed a cluster together with white

adipocytes, which was clearly distinct from the beige adipocyte

cluster at day 1 (Figure 2D). The cluster analysis demonstrated

that beige adipocytes during the transition phase (days 5, 10,

and 15 of withdrawal) were truly distinct from that of preadipo-

cytes. Altogether, our data provide evidence that beige adipo-

cytes directly acquire both the morphological and molecular

characteristics resembling white adipocytes after b3-AR agonist

withdrawal, bypassing an intermediate precursor stage.

The Beige-to-White Adipocyte Transition Is Coupled to
Mitochondrial Clearance
To understand the mechanism by which beige-to-white adipo-

cyte transition is regulated in vivo, we performed the Fuzzy

C-Means (FCM) clustering analysis based on the obtained

RNA sequencing dataset and identified nine distinct gene

expression patterns during the beige-to-white adipocyte transi-

tion (Figure S3A). The most frequently observed expression pro-

file (cluster I) contained 1,517 genes that were expressed highly

in beige adipocytes immediately after the chronic treatment with

b3-AR agonist (day 1) and progressively declined during the

transition phase (Figure 3A). This cluster contained brown/beige

fat-selective mitochondrial genes, including Cox7a and Cox4i1,

and key transcriptional regulators of mitochondrial biogenesis,

such as Pgc1a, Pgc1b, Nrf1/2, and Tfam (Figure 3B; Table S1).

The gene-annotation enrichment analysis found that the

majority of the cluster I geneswere related tomitochondrial com-

ponents and function including electron transport chain and

oxidative phosphorylation (Figures 3C and 3D). Furthermore,

mitochondria in the inguinal WAT depots, as visualized by optical

tissue clearing, were abundant immediately after the chronic

treatment with b3-AR agonist, but gradually became undetected
4 Cell Metabolism 24, 1–18, September 13, 2016
at day 15 following b3-AR agonist withdrawal or thereafter (Fig-

ure 3E, upper panel). In contrast, the interscapular BAT depots

maintained high amounts of mitochondria even at day 15 or

thereafter (Figure 3E, lower). Consistent with this result, protein

expression of multiple mitochondrial respiratory chain compo-

nents in complexes I, II, and IV, followed the pattern of UCP1

expression in inguinal WAT: highly induced upon chronic treat-

ment with b3-AR agonist and progressively declined during the

transition, reaching basal levels at 15 days post b3-AR agonist

withdrawal (Figure 3F). In contrast, mitochondrial components

in interscapular BAT were highly expressed and remained rela-

tively unchanged even after b3-AR agonist withdrawal (Fig-

ure 3G). This is likely due to active mitochondrial biogenesis,

because transcriptional regulators of mitochondrial biogenesis,

such as Pgc1a and Tfam, persist at high levels in the BAT

following b3-AR agonist withdrawal (Figure S3B). These data

indicate that the beige-to-white adipocyte transition in inguinal

WAT is tightly coupled to a progressive decline in mitochondria.

Activation of Autophagy during the Beige-to-White
Adipocyte Transition
Mitochondrial content is tightly maintained by the balance be-

tween mitochondrial biogenesis and clearance. In fact, tran-

scriptional regulators of mitochondrial biogenesis, including

Pgc1a, Nrf1/2, and Tfam, were quickly downregulated in the

early phase of beige-to-white adipocyte transition (Figure 3B).

On the other hand, mitochondrial degradation is mediated by a

form of autophagy, termed mitophagy (Klionsky et al., 2016).

Notably, our RNA sequencing analysis indicated an upregulation

of numerous core components of the autophagy machinery,

including Atg4b, Atg12, and Atg16, during the beige-to-white

adipocyte transition (Figure 4A). In addition, many of the auto-

phagy-related components and lysosomal enzymes, including

Cts genes, Arsg, and Naga (Perera et al., 2015), were highly

increased during the transition and remained high in unilocular

adipocytes. The gene enrichments in the autophagy pathway

and the lysosome pathway were highly significant, as kurtosis

(an indicator of peakedness of a distribution) in both pathways

was platykurtic (K = �0.03 and �0.24, respectively), whereas

that in randomly selected genes exhibited normal distribution

(mesokurtic, K = 1.07) (Figure 4B). Importantly, electron micro-

scopic (EM) analyses of beige adipocytes during the transition

phase identified a number of autophagic vacuoles containing

remnant mitochondrial cristae structures (Figures 4C and S4A–

S4F), morphologically consistent with the induction ofmitophagy

(Klionsky et al., 2016).

Based on these results, we sought to confirm whether auto-

phagy was indeed occurring in vivo during the beige-to-white

adipocyte transition. To this end, we used GFP-LC3 mice to

assess the levels of punctate LC3, an indicator of autophago-

some formation (Mizushima et al., 2004). We observed that these

GFP-LC3 puncta were frequently co-localized with mitochon-

dria, consistent with our findings by EM and suggestive of active

mitophagy (Figure 4D). To examine whether autophagy activity is

regulated during the beige-to-white adipocyte transition, we per-

formed the following experiments. First, we quantified the num-

ber of GFP-LC3 puncta in beige adipocytes during the transition;

we observed a significantly lower number of GFP-LC3 puncta in

beige adipocytes residing in the inguinal WAT of mice chronically
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Figure 2. Beige Adipocytes Directly Acquire Molecular Characteristics of White Adipocytes after Withdrawing External Stimuli

(A) Top: schematic illustration for isolating GFP-positive adipocytes by FACS at the indicated time points in the inguinal WAT of Ucp1Cre/+;Rosa26-GFP reporter

mice. Bottom: gating strategy for isolating GFP-positive adipocytes. GFP positive adipocytes were visualized after sorting at day 1 of b3-AR agonist withdrawal.

Note that all the FACS-isolated cells (bright-field) express GFP and that all of the GFP positive cells from day 1 of b3-AR agonist withdrawal containedmultilocular

lipids.

(B) Expression profiles of the WAT-enriched genes and brown/beige fat-enriched genes in the GFP-positive FACS-isolated beige adipocytes at indicated

time points after b3-AR agonist withdrawal as described in (A). The color scale shows Z scored FPKM representing the mRNA level of each gene in blue

(low expression)-white-red (high expression) scheme. Gene expression in the white adipocytes FACS-isolated from the inguinal fat pad of age-matched

AdiponectinCre/+;Rosa26-GFP reporter mice is shown in the right column.

(C) Principal component analysis (PCA) of transcriptome in FACS-isolated beige adipocytes (Ucp1Cre/+;Rosa26-GFP), FACS-isolated white adipocytes

(AdiponectinCre/+;Rosa26-GFP), and undifferentiated adipocyte precursors (Lin�/CD34+/CD29+/Sca1+) from the SV fraction of inguinal WAT of age-matched

wild-type mice. The number in parentheses represents the proportion of data variance explained by each PC.

(D) Hierarchical clustering of beige adipocytes, white adipocytes, and undifferentiated adipocyte precursors. The clustering was generated based on the RNA

sequencing data of GFP-positive beige adipocytes at day 1 of b3-AR agonist withdrawal (multi-locular state), at days 5, 10, and 15 of withdrawal (transition

phase), and at day 30 of withdrawal (unilocular state). White adipocytes and undifferentiated precursors are shown in white and purple circles, respectively. The

clustering was visualized by MeV. The horizontal distance represents similarities among each cluster.

See also Figure S2.
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Figure 3. Beige-to-White Adipocyte Transition Is Accompanied by Mitochondrial Clearance

(A) Gene expression profile of 1,517 genes that belongs to Cluster I during the beige-to-white adipocyte transition. y axis represents expression changes in the

expression level (Z scored FPKM) of each gene. Gene expression profiles of other clusters are shown in Figure S3A.

(B) Expression profiles of brown/beige-enriched mitochondrial genes (Cox7a and Cox4i1) and key transcriptional regulators of mitochondrial biogenesis (Pgc1a,

Pgc1b, Nrf1/2, and Tfam) in the GFP-positive adipocytes at indicated time points after b3-AR agonist withdrawal. The color scale shows Z scored FPKM

representing the mRNA level of each gene in blue (low expression)-white-red (high expression) scheme. Gene expression in the white adipocytes isolated from

AdiponectinCre/+;Rosa26-GFP reporter mice is shown in the right column. n = 3 for each time point of beige-to-white transition.

(legend continued on next page)
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treated with the b3-AR agonist (day 0), as compared to adipo-

cytes in the inguinal WAT of saline-treated GFP-LC3 mice (Fig-

ures 4D and 4E). The number of GFP-LC3 puncta was signifi-

cantly increased at 5 days post b3-AR agonist withdrawal and

remained high 15 days following withdrawal. Second, we em-

ployed flow cytometric quantification of GFP-LC3 fluorescence

levels to assess autophagic flux, as previously described (Shvets

et al., 2008) (Figure S4G). We observed a clear increase in GFP-

LC3 levels in day 0 beige adipocytes treated with b3-AR agonist,

as compared to white adipocytes from the saline-treated mice

(Figure 4F). After b3-AR agonist withdrawal, GFP-LC3 levels in

beige adipocytes gradually decreased, indicative of increased

autophagic flux in vivo, eventually reaching the levels seen in

white adipocytes from the saline-treated mice (days 5, 15, and

30 in Figure 4F). Lastly, we found that LC3-II was reduced in

the beige adipocytes at day 0, which correlated with increased

protein accumulation of the autophagy cargo receptors, NBR1

and p62/SQSTM1 (Figure 4G), both of which are selectively

degraded via autophagy (Klionsky et al., 2016). These markers

subsequently returned to the basal levels observed in the sa-

line-treated WAT at 30 days after b3-AR agonist withdrawal (Fig-

ure 4G). Notably, LC3-II was reduced upon forskolin treatment in

beige adipocytes in the presence and absence of the lysosomal

inhibitor Bafilomycin A1 (BafA1) (Figure S4H). These data collec-

tively suggest that autophagy activity is low in beige adipocytes,

whereas it is transiently re-activated during the beige-to-white

adipocyte transition following b3-AR agonist withdrawal.

Autophagy in Beige Adipocytes Is Regulated by the
cAMP-PKA Pathway and the MITF Transcription Factor
Next, we aimed to identify the upstream regulatory circuits

controlling autophagy during the beige-to-white adipocyte

transition. The Database for Annotation, Visualization and Inte-

grated Discovery (DAVID) analysis identified a ‘‘lysosome’’

gene ontology signature (p = 7.03 10�4 after Bonferroni correc-

tion) as the top biological pathway that was transiently elevated

during the transition phase (Figure 5A). Recent studies have

highlighted the importance of transcriptional regulation in auto-

phagosome formation and lysosome biogenesis by the MiT/

TFE family of transcription factors (MITF, TFEB, and TFE3) (Per-

era et al., 2015; Sardiello et al., 2009; Settembre et al., 2011)

as well as by other transcriptional regulators, such as FOXK

(Bowman et al., 2014), FOXO3 (Warr et al., 2013), FXR/CREB

(Lee et al., 2014a; Seok et al., 2014), and ZKSCAN3 (Chauhan

et al., 2013). Therefore, we employed the Hypergeometric Opti-

mization of Motif EnRichment analysis (HOMER) (Heinz et al.,

2010) to identify conserved transcription factor binding motifs

on the regulatory regions of the autophagy genes that were acti-

vated during the beige-to-white adipocyte transition. We found

that the most enriched sequence motif from this analysis was

the ‘‘CLEAR’’ consensus sequence (50-GTCACGTGAC-30) to
(C) GO analysis (cellular component) of the genes in Cluster I (GO FAT).

(D) GO analysis (biological process) of the genes in Cluster I (GO FAT).

(E) InguinalWAT andBAT depots (3–5mmdiameter) at indicated time points after b

(F) Immunoblotting for UCP1 and the indicated mitochondrial complex componen

indicated time points (days 0–30) following b3-AR agonist withdrawal. b-actin wa

(G) Immunoblotting for UCP1 and the indicated mitochondrial complex compone

See also Table S1.
which the MiT/TFE family of transcription factors (MITF, TFEB,

and TEF3) are known to bind (p = 1.0 3 10�12) (Figure 5B) (Sar-

diello et al., 2009; Settembre et al., 2011). The HOMER analysis

also identified a FOXO-binding motif, however, this was much

less enriched than the CLEAR binding element (p = 1.0 3 10�2)

(Figure S5A). In a completely independent unbiased analysis

from our previous RNA sequencing dataset (Shinoda et al.,

2015a), we found that 91.6% (121 out of 132 genes) of the

autophagy-related lysosome genes (Perera et al., 2015) were

significantly downregulated in the inguinal WAT by chronic

cold exposure for 5 days (Figure 5C). Importantly, 78.8% of the

autophagy-related lysosome genes (104 out of 132 genes)

were decreased both by chronic cold exposure and chronic

administration of b3-AR agonist (Figure 5D), indicating that

cold exposure and b3-AR agonist similarly repress lysosome

biogenesis in vivo. The HOMER-based motif analysis on the

cold/b3-AR agonist-regulated lysosome gene signature similarly

identified the CLEAR sequence as the most enriched transcrip-

tion factor-binding site (not shown).

Of the three MiT/TFE family transcription factors, we found

that Mitf expression was significantly induced during the initia-

tion of beige-to-white adipocyte transition. In contrast, expres-

sion of Tfeb and Tef3 remained unchanged during the transition

(Figure 5E). Notably, previous studies (Perera et al., 2015; Sar-

diello et al., 2009; Settembre et al., 2011) have shown that all

the autophagy-related lysosome genes, including Cts genes

(Cathepsin gene family), and several autophagy components

activated during the beige-to-white adipocyte transition (as

listed in Figure 4A) are direct targets of MiT/TFE transcription

factors.

We further investigated the extent to whichMITF and its down-

stream autophagy-lysosome signature are regulated by b-AR

signaling in beige adipocytes. Protein kinase A (PKA) is well

known to negatively regulate autophagy either by phosphoryla-

tion of LC3 or by activating mTORC1 that inhibits autophagy

(He and Klionsky, 2009). On the other hand, activation of PKA

in response to stimulation of b-AR positively promotes beige

adipocyte development through transcriptional activation of

the thermogenic gene program and mTORC1 (Liu et al., 2016).

Thus, we hypothesized that activation of the PKA pathway via

b-AR stimulation represses the autophagy network in beige ad-

ipocytes, whereas removal of the b-AR agonist leads to auto-

phagy activation during the beige-to-white adipocyte transition.

Accordingly, when differentiated beige adipocytes in culture

were treated with forskolin (cAMP), Mitf expression was signifi-

cantly decreased (Figure 5F). Co-treatment with the PKA inhibi-

tor, H89, largely alleviated both cAMP-mediated repression of

Mitf levels (Figure 5F) and LC3-II turnover (Figure S4H), thereby

corroborating a critical role of the PKA pathway for inhibiting

autophagy in beige adipocytes. Consistent with the modest

enrichment of a FOXO3 binding motif, Foxo3 expression was
3-AR agonist withdrawal were fixed in 4%PFA and cleared for optical imaging.

ts in the inguinal WAT depots of wild-type mice under thermoneutrality and at

s used as a loading control. Molecular weight (MW) is shown on the right.

nts in the interscapular BAT depots of wild-type mice in (F).
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mRNA level of each gene in blue (low expression)-white-red (high expression) scheme. n = 3 for each time point.

(legend continued on next page)
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transiently activated during the beige-to-white adipocyte transi-

tion and repressed by cAMP through the PKA pathway (Figures

S5B and S5C). Importantly, the cAMP-PKA-mediated repression

ofMitf and Foxo3 was accompanied by a transcriptional repres-

sion of their target genes encoding components of autophagy

machinery, such as Wipi, Bnip, Bnip3l, and autophagy-related

lysosome genes (Figure 5G). Of note, the cAMP pathway was

able to repress Mitf and autophagy-related lysosome gene

expression in beige adipocytes even under starvation condi-

tions, suggesting that the cAMP-mediated repression on auto-

phagy occurs independently of nutritional cues (Figures 5H

and 5I). Taken together, these results indicate that autophagy

in beige adipocytes is regulated by the cAMP-PKA pathway

and the MITF transcription factor.

Autophagy-Mediated Mitochondrial Clearance Controls
Beige Adipocyte Maintenance
The results above motivate the hypothesis that autophagy-

induced mitochondrial clearance is functionally required for

beige adipocyte maintenance. Previous studies showed that ge-

netic deletion of Atg7 via Fabp4-Cre resulted in increased beige

adipocyte differentiation in vivo (Singh et al., 2009; Zhang et al.,

2009). However, as Fabp4-Cre is active in brown, beige, and

white adipocytes as well as some non-adipose tissues including

skeletal muscle (Mullican et al., 2013), and because Atg7 dele-

tion in skeletal muscle promotes beige adipocyte differentiation

(Kim et al., 2013), the Fabp4-Cremodel is not suitable to test the

specific requirement of autophagy for ‘‘maintenance’’ of beige

adipocytes. Thus, we used Ucp1-Cre mice (Kong et al., 2014)

to generate mature brown/beige adipocyte-specific deletion of

Atg5 or Atg12, two core autophagy regulators that are essential

for the early steps of autophagosome formation (Mizushima and

Komatsu, 2011). Although no Cre line currently exists to specif-

ically target mature beige adipocytes without affecting classical

brown adipocytes, this model allows us to test the requirement

of autophagy for maintenance of newly developed beige adipo-

cytes in response to cold or b3-AR agonist, given the specific

expression of Ucp1 in mature brown and beige adipocytes.

The ATG12-ATG5 complex was deleted selectively in the BAT

but not in the liver, using two systems: Ucp1Cre/+;Atg12flox/flox

mice (Atg12Ucp1 knockout [KO]) and Ucp1Cre/+;Atg5flox/flox mice

(Atg5Ucp1 KO) (Figure S6A). Atg5Ucp1 KO, Atg12Ucp1 KO mice,

or control mice (Atg5flox/flox or Atg12flox/flox, respectively) were
(B) Kurtosis of the autophagy and lysosomal genes in (A). Note that the autoph

respectively), while randomly selected genes showed mesokurtic distribution (K

(C) Electron microscopy images of beige adipocytes during the transition (day

autophagic vesicles containing mitochondrial remnants, as identified by remainin

(D) Confocal microscopy images of beige adipocytes from GFP-LC3 mice. GF

consecutive days. The inguinalWAT depots were harvested at indicated time poin

labeled autophagosomes were visualized by immunohistochemistry for Tom20 (r

image in inset shows co-localization of GFP-LC3 and mitochondria. Scale bar, 1

(E) Quantification of the GFP-LC3 puncta in (A) at indicated time points. ***p < 0.

(F) Autophagic flux in adipocytes from GFP-LC3 mice at indicated time points

GFP-LC3 mice treated with saline (white adipocytes). x axis represents GFP-L

normalized to mode. Data are representatives of two independent experiments.

(G) Immunoblotting for NBR1, p62/SQSTM1, and LC3 (LC3-I and LC3-II) from lysa

saline or the b3-AR agonist CL316,243 (day 0 and 30 following b3-AR agonist withd

independent experiments. Molecular weight (MW) is shown on the right.

See also Figure S4.
treated with the b3-AR agonist CL316,243 for 7 consecutive

days (day 0 of b3-AR agonist withdrawal) and subsequently res-

ted for 15 days after withdrawing b3-AR agonist (day 15 of with-

drawal) (Figure 6A). We further confirmed that Atg12 and Atg5

were significantly reduced in beige adipocytes from Atg12Ucp1

KO and Atg5Ucp1 KO mice, respectively (Figure S6B).

As shown in Figure 6B, beige adipocyte biogenesis was highly

induced both in control and Atg12Ucp1 KO mice at day 0, as

assessed by protein expression of UCP1, COX IV, andmitochon-

drial respiratory chain complexes. mtDNA transcripts andmRNA

expression of nuclear-coded beige-enriched genes were signif-

icantly increased by chronic b3-AR agonist treatment both in

control and Atg12Ucp1 KO mice (Figure S6C). No difference

was found in the basal expression levels of UCP1 and mito-

chondrial components in inguinal WAT between control and

Atg12Ucp1 KO mice without b3-AR agonist treatment. These re-

sults indicate that beige adipocyte differentiation per se is intact

in Atg12Ucp1 KO mice in response to chronic b3-AR agonist

treatment. However, at 15 days post b3-AR agonist withdrawal,

we observed a striking difference between control and

Atg12Ucp1 KO mice; the inguinal WAT from the Atg12Ucp1 KO

mice expressed higher levels of UCP1, COX IV, and mitochon-

drial respiratory chain complexes, as compared to that from con-

trol mice (Figure 6B). Importantly, a similar trend in UCP1 and

mitochondrial protein expression was observed in the inguinal

WAT from Atg5Ucp1 KO mice (Figure 6C). Furthermore, mtDNA

transcripts, such as Nd2, Cox2, and Cox3, were significantly

higher in the inguinal WAT of Atg12Ucp1 KO mice at day 15

following b3-AR agonist withdrawal (Figure 6D, left), whereas

no significant differences in the mRNA expression of nuclear

coded beige-enriched genes, such as Pgc1a, Ucp1, and

Cox7a, were present between control and Atg12Ucp1 KO mice

(Figure 6D, right). The higher expression of UCP1 and mitochon-

drial proteins were preferentially found in beige adipocytes,

with no major changes observed in classical brown adipocytes

residing in interscapular BAT depots; rather, the interscapular

BAT of Atg12Ucp1 KO mice expressed similar levels of UCP1

and mitochondrial proteins as compared to control mice after

b3-AR agonist withdrawal (Figure S6D). We also observed com-

parable, and in certain instances, lower levels of nuclear coded

transcripts in the interscapular BAT of Atg12Ucp1 KO mice as

compared to that of control mice at day 0 and day 15 after b3-

AR agonist withdrawal (not shown). Similarly, nomajor difference
agy and lysosome component genes were platykurtic (K = �0.03 and �0.24,

= 1.07).

s 5–30 following b3-AR agonist withdrawal). Black arrowheads indicate the

g cristae (red arrowheads). Scale bar, 500 nm.

P-LC3 mice were treated with saline or the b3-AR agonist CL316,243 for 7

ts (days 0–15) following b3-AR agonist withdrawal. Mitochondria andGFP-LC3-

ed) and GFP (green), respectively. Nuclei are labeled with Hoechst (gray). The

2 mm.

001 by Mann-Whitney U test. n = 20–30 cells per condition.

(days 0–30) following b3-AR agonist withdrawal (beige adipocytes) and from

C3 fluorescence intensity, and y axis represents the number of adipocytes

tes of adipocytes isolated from the inguinal WAT of wild-type mice treated with

rawal). b-actin was used as a loading control. Data are representatives of three
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Adipocyte Transition
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(B) The HOMER-based motif analysis of lysosome genes in (A).
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Z score and visualized in blue (low)-white (no change)-red (high) color scheme. n = 5.

(D) Regulation of the autophagy-related lysosome genes by cold exposure (shown in C) and by chronic b3-AR agonist treatment for 5 days. Note that 78.8%of the

autophagy-related lysosome genes (104 out of 132 genes) were downregulated both by cold exposure and b3-AR agonist.

(legend continued on next page)
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was observed in the expression of UCP1 and mitochondrial

contents in the interscapular BAT depots between control and

Atg5Ucp1 KO mice at day 0 and day 15 after b3-AR agonist with-

drawal (Figure S6E).

Next, we asked whether Ucp1-specific deletion of Atg12

similarly lead to high levels of mitochondria in the inguinal WAT

after re-warming period following cold exposure. Consistent

with the findings after b3-AR agonist withdrawal, we found that

the inguinal WAT from the Atg12Ucp1 KO mice expressed higher

levels of UCP1 and mitochondrial respiratory chain complexes,

as compared to that from control mice at 15 days after re-warm-

ing (Figure S6F). We further asked whether pharmacological

inhibition of autophagy was able to retain high levels of UCP1

and mitochondrial contents. To this end, we treated mice with

chloroquine (CQ) at a dose of 60mg kg�1 or saline for 15 consec-

utive days during the re-warming period following cold exposure

(Figure 6E, top). We found that pharmacological inhibition of

autophagy led to a significant retention of higher UCP1 levels

and mitochondrial proteins in the inguinal WAT after re-warming

(Figure 6E, bottom). Moreover, chloroquine treatment following

b3-AR agonist withdrawal significantly induced LC3 accumula-

tion in beige adipocytes (Figure S6G) and maintained higher

levels of UCP1 and mitochondrial proteins in the inguinal

WAT after b3-AR agonist withdrawal (Figure S6H). These data

indicate that autophagy-mediated mitochondrial clearance via

Atg5 and Atg12 is required for efficient beige-to-white adipocyte

transition.

The distinct effects of autophagy deletion on beige adipocyte

maintenance motivated the intriguing hypothesis that Atg12Ucp1

KO mice would exhibit higher thermogenic capacity after the

removal of external cues. To test this hypothesis, we first

measured oxygen consumption rate (OCR) of the inguinal WAT

from control and Atg12Ucp1 KO mice at 15 days post b3-AR

agonist withdrawal. As shown in Figure 6F, OCR was signifi-

cantly higher in the inguinalWAT ofAtg12Ucp1 KOmice than con-

trol mice when the tissues were treated with isoproterenol. In

contrast, no significant difference was observed without isopro-

terenol treatment (at basal state). Thus, the beige adipocytes

that persisted in Atg12Ucp1 KO were thermogenically active in

response to cAMP stimulation.

To examine the metabolic significance of retaining thermo-

genic beige adipocytes in vivo, we next measured whole-body

energy expenditure (VO2) of control and Atg12Ucp1 KO mice dur-

ing 17–18 days post b3-AR agonist withdrawal. As shown in Fig-

ure 6G, Atg12Ucp1 KO mice exhibited significantly higher VO2

levels compared to control mice during the night phase. On the
(E) Relative expression of MiT/TFE members of transcription factors (Mitf, Tfe3, a

two-tailed Student’s t test. n = 3. Data are expressed as means ± SEM as comp

(F) Regulation ofMitfmRNA expression in response to cAMP in the presence or ab

10 mM forskolin (cAMP) for 4 hr in the presence or absence of H89 at a dose of 1

Student’s t test. n = 3. Data are expressed as means ± SEM.

(G)mRNA expression of autophagy components that are known targets ofMiT/TF

t test. n = 3. Data are expressed as means ± SEM.

(H) Regulation ofMitfmRNA expression in response to cAMP in a regular medium

cultured in amino acid-free medium supplemented with 10% dialyzed serum for 4

two-tailed Student’s t test. n = 3. Data are expressed as means ± SEM.

(I) mRNA expression of the MiT/TFE-target autophagy-related genes in response

tailed Student’s t test. n = 3. Data are expressed as means ± SEM.

See also Figure S5 and Table S2.
other hand, no significant difference was found in locomotor ac-

tivity and food intake between control and Atg12Ucp1 KO mice

(Figure S7A).

Prolonged Maintenance of Beige Adipocytes Prevents
Diet-Induced Obesity and Insulin Resistance
Obesity is known to impair beige adipocyte biogenesis, partly

through activation of transforming growth factor b (TGF-b) and

Notch signals in WAT (Bi et al., 2014; Yadav et al., 2011). Here,

we determine the extent towhich obesity also affects the kinetics

of beige-to-white adipocyte transition. To this end, we examined

the morphological change of beige adipocytes in the inguinal

WAT using Ucp1-Cre;mT/mG reporter mice under a regular

diet (body weight, 29.5 ± 1.4 g) and age-matched obese mice

under a high-fat diet for 12 weeks (body weight, 49.8 ± 0.8 g).

We found that beige adipocytes (i.e., UCP1+/GFP+ multilocular

adipocytes) in the inguinal WAT of obese mice acquired a

‘‘white-like’’ state (i.e., unilocular lipids and loss of UCP1 expres-

sion) at a faster rate than age-matched leanmice (Figures 7A and

7B). On the other hand, no major change was found in the

morphology of UCP1+ brown adipocytes between obese and

lean mice (Figures S7B and S7C). This observation is intriguing

because recent studies indicate that autophagy is altered in

the adipose tissues of obese and type 2 diabetes patients (Jan-

sen et al., 2012; Kosacka et al., 2015; Kovsan et al., 2011; Nunez

et al., 2013; Ost et al., 2010). For instance, obesity-induced insu-

lin resistance and type 2 diabetes impair mTOR signaling,

thereby leading to autophagy activation in human adipose tis-

sues (Kosacka et al., 2015; Ost et al., 2010). These results indi-

cate that obesity not only impairs beige adipocyte differentiation

but also accelerates the beige-to-white adipocyte transition, at

least in part, through the activation of autophagy-lysosome

biogenesis.

The above resultsmotivated us to ask whether the persistence

of thermogenic beige adipocytes in Atg12Ucp1 KO mice impacts

weight gain in response to an obesogenic diet. Based on the pre-

vious observation thatUcp1 deletion induces obesity specifically

under conditions of thermoneutrality (Feldmann et al., 2009),

individually-housed control and Atg12Ucp1 KO mice were chron-

ically treated with the b3-AR agonist CL316,243 for 7 consecu-

tive days to induce beige adipocyte development, and the

mice were subsequently fed a high-fat diet for 8 weeks under

thermoneutrality (Figure 7C). While there was no significant

difference in body weight between control and Atg12Ucp1

KO mice immediately after b3-AR agonist treatment (day 0),

Atg12Ucp1 KO mice gained significantly less body weight than
nd Tfeb) during the beige-to-white adipocyte transition. *p < 0.05, **p < 0.01 by

ared to day 1 after b3-AR agonist treatment.

sence of a PKA inhibitor H89. Differentiated beige adipocytes were treatedwith

0 mM. H89 was added 1 hr prior to forskolin treatment. *p < 0.05, by two-tailed

E transcription factors. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed Student’s

or amino acid depletionmedium (starved). Differentiated beige adipocytes were

hr prior to forskolin (cAMP) treatment (10 mM, 4 hr). **p < 0.01, ***p < 0.001 by

to cAMP under a fed or fasted state. *p < 0.05, **p < 0.01, ***p < 0.001 by two-
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control mice after acclimation to thermoneutrality (Figure 7D).

The difference in body weight between control and Atg12Ucp1

KO was due to a significantly reduced adipose mass, but not

due to changes in lean mass (Figure 7E). Consistent with this

result, white adipose tissue mass (inguinal WAT and epididymal

WAT) in Atg12Ucp1 KO mice was lower than control mice (Fig-

ure 7F). Liver mass was slightly but significantly lower in

Atg12Ucp1 KO mice, likely due to reduced hepatic triglyceride

(TG) contents in Atg12Ucp1 KO mice (Figure 7G). Importantly, af-

ter 8 weeks of high-fat diet feeding, Atg12Ucp1 KOmice exhibited

significantly improved systemic glucose homeostasis compared

to control mice, as assessed by glucose-tolerance test (Fig-

ure 7H) and insulin-tolerance test (Figure 7I). In contrast, such

metabolic phenotypes were not observed in the absence of

b3-AR agonist treatment (Figures S7D–S7F). Thus, themetabolic

phenotypes, i.e., reduced body-weight gain and improved

glucose homeostasis, found in Atg12Ucp1 KO mice after b3-AR

agonist treatment, are largely due to retention of thermogenically

active beige adipocytes that are recruited by chronic b3-AR

agonist treatment. These observations are consistent with the

above finding that Atg12Ucp1 KO mice maintain higher amounts

of UCP1 and other mitochondrial proteins in the inguinal WAT

for prolonged periods compared to autophagy-competent con-

trols, specifically following withdrawal of b3-AR agonist. Alto-

gether, these data indicate that prolonged maintenance of ther-

mogenically active beige fat is sufficient to increase whole-body

energy expenditure and protect mice from diet-induced obesity

and insulin resistance.

DISCUSSION

The present study demonstrates that autophagy-induced mito-

chondrial turnover is crucial for beige adipocyte maintenance

and energy expenditure in vivo. Accumulating evidence shows

that beige adipocyte biogenesis is induced by a variety of

external stimuli, such as chronic cold exposure, exercise,

long-term treatment of PPARg agonists, cancer cachexia, and

environmental enrichment (reviewed in Kajimura et al., 2015).

The induced beige adipocytes appear to arise from de novo dif-
Figure 6. Genetic Ablation of Atg12 or Atg5 Maintains Beige Adipocyte

(A) Schematic illustration of experiments. Control (Atg12flox/flox or Atg5flox/flox), A

mice were treated with the b3-AR agonist CL316,243 for 7 consecutive days. Inte

at day 0 and 15 following b3-AR agonist withdrawal.

(B) Immunoblotting for UCP1 andmitochondrial complexes (as indicated) in the ing

day 15 following b3-AR agonist withdrawal. Inguinal WAT depots from control an

expression of UCP1 and mitochondrial complexes. b-actin was used as a loadin

(C) Immunoblotting for UCP1 andmitochondrial complexes (as indicated) in the ing

harvested as illustrated in (B)

(D) Left: mitochondrial DNA (mtDNA) transcripts (as indicated) were quantified in

b3-AR agonist withdrawal. Right: mRNA levels of nuclear-coded beige-enriched m

Data are expressed as means ± SEM.

(E) Top: wild-type mice were housed at 6�C for 7 days and subsequently kept und

were treated with chloroquine at a dose of 60 mg kg�1 or saline. Inguinal WAT de

and mitochondrial complexes (as indicated) in the inguinal WAT of mice. Molecu

(F) Oxygen consumption rate (OCR) in the inguinal WAT depots of control and A

tissues were treated with isoproterenol or vehicle (basal). OCR data were shown p

are expressed as means ± SEM.

(G) Quantification of whole-body oxygen consumption rate (VO2) of control and A

was measured by CLAMS during day and night time. **p < 0.01 by two-tailed St

See also Figure S6.
ferentiation of beige precursors (Wang et al., 2013) or direct

conversion from mature white adipocytes (Barbatelli et al.,

2010; Himms-Hagen et al., 2000; Lee et al., 2015). Regardless

of cellular origin, the newly recruited beige adipocytes gradually

lose their morphological and molecular characteristics upon

removal of external cues. Given the nature of lineage-tracing ex-

periments, however, the prior studies were not able to determine

whether this transition is mediated through de-differentiation of

beige adipocytes to an intermediate precursor state and subse-

quent re-differentiation into white adipocytes, or through a direct

conversion. Moreover, the inducible Cre-ER system used for the

previous work may have certain technical limitations for lineage

tracing; a recent study showed that newly recruited beige adipo-

cytes during the chase phase (i.e., after tamoxifen withdrawal)

may be unintentionally labeled because the hydrophobic proper-

ties of tamoxifen make it difficult to ‘‘wash-out’’ in adipose tis-

sues (Ye et al., 2015). Our data provide direct evidence that beige

adipocytes possess cell-intrinsic capacity to acquire a white-

like state bypassing an intermediate precursor stage. Future

analysis of chromatin reorganization and epigenetic regulation

during this transition will additionally uncover the fundamental

mechanisms by which environmental cues control beige adipo-

cyte maintenance.

While recent studies reported a variety of external and internal

cues that promote beige adipocyte differentiation, the molecular

mechanism of beige adipocyte ‘‘maintenance’’ remains un-

known. Genetic knockout of ATG7, the E1-like enzyme required

for autophagosome formation, results in increased beige adipo-

cytes in WAT, indicating a role of autophagy in beige adipocyte

differentiation (Singh et al., 2009; Zhang et al., 2009). However

these studies used Fabp4-Cre system, leading to knockout of

ATG7 in all types of adipocytes and non-adipose tissues such

as skeletal muscle and brain (Mullican et al., 2013). Thus, it re-

mained unclear whether autophagy was involved in the specific

differentiation of beige adipocyte from precursors, or mainte-

nance of mature beige adipocytes. In addition, because ATG7

controls p53-dependent transcription and cell-cycle progression

independently of its E1-like enzymatic activity, it is difficult to

ascertain a general role for autophagy in those previous studies
Characteristics after Removal of b3-AR Agonist

tg12Ucp1 KO (Ucp1Cre/+;Atg12flox/flox), and Atg5Ucp1 KO (Ucp1Cre/+;Atg5flox/flox)

rscapular BAT and inguinal WAT depots were harvested for molecular analyses

uinal WAT depots of control (Atg12flox/flox) and Atg12Ucp1 KOmice at day 0 and

d Atg12Ucp1 KO mice treated with saline were included as a reference of basal

g control. Molecular weight (MW) is shown on the right.

uinal WAT depots of control (Atg5flox/flox) andAtg5Ucp1 KOmice. Sampleswere

the inguinal WAT depots of control and Atg12Ucp1 KO mice at day 15 following

arkers (as indicated) are shown. *p < 0.05 by two-tailed Student’s t test. n = 5.

er thermoneutrality (30�C) for 15 days. During the re-warming period, the mice

pots were harvested for molecular analysis. Bottom: immunoblotting for UCP1

lar weight (MW) is shown on the right.

tg12Ucp1 KO mice at day 15 following b3-AR agonist withdrawal. The isolated

er 1 mg of tissue. *p < 0.05, **p < 0.01 by two-tailed Student’s t test. n = 4. Data

tg12Ucp1 KO mice during days 17–18 following b3-AR agonist withdrawal. VO2

udent’s t test. n = 5 per genotype. Data are expressed as means ± SEM.
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Figure 7. Prolonged Maintenance of Beige Adipocytes by Autophagy Inhibition Protects Animals from Diet-Induced Obesity and Insulin

Resistance

(A) Confocal images of fixed inguinal WAT sections from Ucp1Cre/+;mT/mG reporter mice. Inguinal WAT depots from lean mice under a regular diet (top) and age-

matched obese mice under a high-fat diet (bottom) were immunostained for endogenous UCP1 (red). Note that the cellular membranes of beige adipocytes were

visualized by membrane-targeted GFP (mGFP, green) of the mT/mG reporter mice. Scale bar, 57 mm.

(B) Quantification of mGFP-positive adipocytes in lean and obese mice that express endogenous UCP1 in (A). n = 100 cells or more per group. **p < 0.01,

***p < 0.001 by two-tailed Student’s t test. Data are expressed as means ± SEM.

(legend continued on next page)
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(Lee et al., 2012a). Thus, we selectively deleted either Atg5 or

Atg12 in differentiated beige/brown adipocytes using Ucp1-Cre

in order to test the specific requirement of autophagy for beige

adipocyte maintenance per se. While ATG5 and ATG12 each

possess unique functions in other cell types (Kimmey et al.,

2015;Malhotra et al., 2015),wedemonstrate that genetic deletion

of Atg5 or Atg12 in beige adipocytes exhibit highly concordant

phenotypes, most notably, the substantial retention of UCP1

and mitochondrial proteins in the subcutaneous WAT after with-

drawing b3-AR agonist (Figure 6). These results strongly argue

against any individual effects exerted by these ATGs. In further

support, pharmacological autophagy inhibition with the anti-

malarial chloroquine retains high levels of UCP1 and mitochon-

drial proteins after re-warming following cold exposure as well

as after b3-AR agonist withdrawal. Taken together, these results,

obtained using genetic and pharmacological approaches,

corroborate a critical requirement for the autophagy pathway

in clearance of beige adipocyte mitochondria during the beige-

to-white transition in vivo, thereby intimating a specific role of

mitophagy in beige adipocyte maintenance.

Recent studies reported that adult human BAT from supracla-

vicular regions displays molecular signatures that resemble

beige adipocytes (Lidell et al., 2013; Sharp et al., 2012; Shinoda

et al., 2015a; Wu et al., 2012) and that chronic cold acclimation

increases glucose uptake in the BAT of adult humans who do

not possess detectable BAT before cold treatment (Lee et al.,

2014b; van der Lans et al., 2013; Yoneshiro et al., 2013). These

studies indicate that adult humans possess beige-like ‘‘recruit-

able’’ thermogenic adipocytes. Notably, the prevalence of hu-

man BAT is inversely correlated with BMI and adiposity (Cypess

et al., 2009; Saito et al., 2009; van Marken Lichtenbelt et al.,

2009), whereas autophagy is upregulated in adipose tissue of

obese subjects, exhibiting a positive correlation with the degree

of obesity and visceral fat distribution (Jansen et al., 2012; Ko-

sacka et al., 2015; Kovsan et al., 2011; Nunez et al., 2013; Ost

et al., 2010). Our studies in rodents also indicate that obesity ac-

celerates the beige-to-white adipocyte transition. It is conceiv-

able that the altered kinetics of the transition under obesity is

due partly to the activation of autophagy-related lysosome

biogenesis; thus, autophagy/lysosome inhibition can be an

effective approach to retain high thermogenically active beige

adipocytes for prolonged period.
(C) Schematic of the metabolic experiment in control (Atg12flox/flox) and Atg12Uc

7 days to induce beige adipocyte biogenesis. Subsequently, the mice were accl

(D) Body weight of control (Atg12flox/flox) and Atg12Ucp1 KOmice under a high-fat d

genotype. The graph in the inset shows body weight gain of control and Atg12

ANOVA followed by Fisher’s LSD test. Data are expressed as means ± SEM.

(E) Body composition of control (Atg12flox/flox) and Atg12Ucp1 KOmice from (D) at t

are expressed as means ± SEM.

(F) Tissue weight of inguinal WAT, epididymal WAT, and liver from control (Atg12fl

**p < 0.01. Data are expressed as means ± SEM.

(G) Liver triglyceride levels in control (Atg12flox/flox) and Atg12Ucp1 KO mice after

(H) After 8weeks of high-fat diet, control (Atg12flox/flox) andAtg12Ucp1 KOmicewer

measured at 15, 30, 60, 90, 120, and 150 min. *p < 0.05, n = 6–8 per genotype. Sig

Fisher’s LSD test. Data are expressed as means ± SEM.

(I) After 8.5 weeks of high fat diet, control (Atg12flox/flox) andAtg12Ucp1 KOmice we

measured at 15, 30, 45, 60, 75, and 90min. *p < 0.05, **p < 0.01, ***p < 0.001, n = 7

ANOVA followed by Fisher’s LSD test. Data are expressed as means ± SEM.

See also Figure S7.
It has been appreciated that classical brown adipocytes

in the interscapular BAT can acquire a ‘‘white-like’’ unilocular

morphology in morbidly obese mice, such as ob/ob mice, or in

aged mice (Cinti, 1999; Sellayah and Sikder, 2014). Our experi-

ments, on the other hand, were performed in young mice under

a relatively short-term high fat diet (4–8 weeks) in which mito-

chondrial biogenesis remained active in the BAT. It is likely that

mitochondrial biogenesis rather than mitochondrial clearance

largely contributes to the maintenance of high mitochondrial

contents in BAT, whereas mitochondrial clearance plays a crit-

ical role in themitochondrial homeostasis of beige fat particularly

when external cues are withdrawn. Our data, however, do not

exclude the possibility that autophagy-mediated mitochondrial

clearance also play a role in the maintenance of classical brown

adipocytes in morbidly obese mice or aged mice.

In summary, the present study identified autophagy-mediated

mitochondrial clearance as a previously unappreciated mecha-

nism that controls beige adipocyte maintenance and whole-

body energy homeostasis. This may offer a new therapeutic

opportunity to combat obesity and insulin resistance through

prolonged maintenance of thermogenic beige adipocytes.

EXPERIMENTAL PROCEDURES

Animals

All animal experiments were performed under the guidelines established by

the UCSF Institutional Animal Care and Use Committee. Details of the trans-

gene design can be found in the Supplemental Experimental Procedures. To

visualize brown and beige adipocytes in vivo, Ucp1Cre/+ mice were crossed

with Rosa26-GFP or mT/mG mice (The Jackson Laboratory). To induce beige

adipocyte biogenesis, the b3-AR agonist CL316,243 (Sigma) was adminis-

tered intraperitoneally to male mice at a dose of 1 mg kg�1 for 7 consecutive

days. To assess the basal amount of GFP-positive cells present in adipose tis-

sues prior to b3-AR agonist treatment, mice were bred and treated with b3-AR

agonist at thermoneutrality (30�C). For cold exposure experiments, animals

were single-caged and exposed to 6�C for 5–7 days.

Ex Vivo Monitoring of Beige and Brown Adipocytes

Mature adipocytes from the inguinal WAT and interscapular BAT depots

of CL316,243-treated Ucp1Cre/+;Rosa26-GFP mice were isolated by

fractionation, embedded in collagen gel containing 2.5 mg ml�1 Collagen I

(BD354236), 1 mg ml�1 Fibronectin (Millipore), and 0.1% BSA. The cell-con-

taining gel was allowed to solidify at 37�C for 30 min and cultured in DMEM

supplemented with 10% FBS. Culture medium did not contain any stimuli,

such as b3-AR agonist, that control beige adipocyte differentiation. Individual
p1 KO mice. Control and Atg12Ucp1 KO mice were treated with CL316,243 for

imated to thermoneutrality (30�C) under a high-fat diet for 8 weeks.

iet. Body weight wasmeasured twice a week. *p < 0.05, **p < 0.01. n = 8–10 per
Ucp1 KO mice. Significance was determined by two-way repeated-measures

he end of 8 weeks of high-fat diet. *p < 0.05 by two-tailed Student’s t test. Data

ox/flox) and Atg12Ucp1 KO mice from (D) after 9 weeks of high fat diet. *p < 0.05,

9 weeks of high fat diet. ***p < 0.001. Data are expressed as means ± SEM.

e fasted for 12 hr and injectedwith 1.5g kg�1 glucose.Whole-body glucosewas

nificance was determined by two-way repeated-measures ANOVA followed by

re fasted for 3 hr and injected with 0.75 U kg�1 insulin.Whole-body glucosewas

–8 per genotype. Significance was determined by two-way repeated-measures
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live GFP+ adipocytes were traced daily for 10 consecutive days using the In

Cell Analyzer 2000 to define and re-image the position of interest over time.

Images were processed using In Cell Developer Toolbox V1.8 (GE Healthcare

Life Sciences) and Volocity 6.1.1 software (Improvision).

Flow Cytometry

To isolate GFP-positive adipocytes, inguinal WAT depots from Ucp1Cre/+;

Rosa26-GFP or AdiponectinCre/+;Rosa26-GFP mice were digested to single

cells according to the previous study (Ohno et al., 2012). Adipocytes were first

gated based on size and granularity. Live GFP-positive cells were gated based

on GFP-negative control cells from wild-type mice not expressing GFP.

RNA Sequencing and Bioinformatics

Total RNA was extracted from FACS-isolated GFP-positive adipocytes or

preadipocytes using the RNeasy Micro Kit (QIAGEN). Libraries were con-

structed fromminimum of 22 ng of total RNA as previously described (Shinoda

et al., 2015a). High-throughput sequencing was performed using a HiSeq 2500

instrument (Illumina) at the UCSF Institute for Human Genetics core facility.

Reproducibility of the RNA sequencing data was confirmed by sequencing

the identical RNA samples (R2 = 0.983). The data were deposited in

ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under accession number

ArrayExpress: E-MTAB-3978.

Clustering of genes was performed as follows: the fragments per kilobase

million (FPKM) profiles of genes at several time points (days 0–30 of b3-AR

agonist withdrawal) were Z transformed, as such, the mean for each gene

was zero and SD was one. The Fuzzy C-Means (FCM) clustering analysis

was described elsewhere (Olsen et al., 2006). The top 10,000 highly expressed

genes were used for the clustering. The FCM parameters were c = 9 and

m = 1.15, respectively. For principal component analysis (PCA), preadipocytes

and white adipocytes were first mapped onto two-dimensional (PC1 and PC2)

space, based on the expression of 10,138 genes that showed differences be-

tween the two groups by 2-fold or more. The transcriptome of GFP-positive

adipocytes at each time point (days 0–30) was mapped on the same PC

plot, based on the expression levels of 10,138 genes. Similar PC plots were

reproducibly found when a different number of genes (2,000, 1,000, or 500)

was applied.

Metabolic Studies

Ten-week-old Atg12Ucp1 KO mice (Ucp1Cre/+;Atg12flox/flox) and littermate

control mice (Atg12flox/flox) were treated with b3-AR agonist for 7 days and

maintained at thermoneutrality during b3-AR agonist withdrawal. Whole-

body energy expenditure was measured between 17 and 18 days after b3-

AR agonist withdrawal using a Comprehensive Lab Animal Monitoring System

(CLAMS, Columbus Instruments). Locomotor activity was simultaneously

monitored by the CLAMS. For diet-induced obesity study, 9-week-old

Atg12Ucp1 KO and control (Atg12flox/flox) male mice were fed a high-fat diet.

Following 7-day b3-AR agonist treatment, mice were transferred to thermo-

neutrality (30�C) for 8 weeks. Body weight was measured twice per week.

Glucose tolerance test experiments were performed at 8 weeks or 12 weeks

of high-fat diet. Insulin tolerance test was performed after 8.5 weeks of high-

fat diet.
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Debnath, J., and Passegué, E. (2013). FOXO3A directs a protective autophagy

program in haematopoietic stem cells. Nature 494, 323–327.

Wu, J., Boström, P., Sparks, L.M., Ye, L., Choi, J.H., Giang, A.H., Khandekar,

M., Virtanen, K.A., Nuutila, P., Schaart, G., et al. (2012). Beige adipocytes are a

distinct type of thermogenic fat cell in mouse and human. Cell 150, 366–376.

Xue, B., Rim, J.S., Hogan, J.C., Coulter, A.A., Koza, R.A., and Kozak, L.P.

(2007). Genetic variability affects the development of brown adipocytes in

white fat but not in interscapular brown fat. J. Lipid Res. 48, 41–51.

Yadav, H., Quijano, C., Kamaraju, A.K., Gavrilova, O., Malek, R., Chen, W.,

Zerfas, P., Zhigang, D., Wright, E.C., Stuelten, C., et al. (2011). Protection

from obesity and diabetes by blockade of TGF-b/Smad3 signaling. Cell

Metab. 14, 67–79.

Ye, R., Wang, Q.A., Tao, C., Vishvanath, L., Shao, M., McDonald, J.G., Gupta,

R.K., and Scherer, P.E. (2015). Impact of tamoxifen on adipocyte lineage

tracing: inducer of adipogenesis and prolonged nuclear translocation of Cre

recombinase. Mol. Metab. 4, 771–778.

Yoneshiro, T., Aita, S., Matsushita, M., Kayahara, T., Kameya, T., Kawai, Y.,

Iwanaga, T., and Saito, M. (2013). Recruited brown adipose tissue as an anti-

obesity agent in humans. J. Clin. Invest. 123, 3404–3408.

Zhang, Y., Goldman, S., Baerga, R., Zhao, Y., Komatsu, M., and Jin, S. (2009).

Adipose-specific deletion of autophagy-related gene 7 (atg7) in mice reveals a

role in adipogenesis. Proc. Natl. Acad. Sci. USA 106, 19860–19865.

http://refhub.elsevier.com/S1550-4131(16)30378-3/sref47
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref47
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref48
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref48
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref49
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref49
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref49
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref50
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref50
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref50
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref51
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref51
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref51
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref51
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref52
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref52
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref52
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref52
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref53
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref53
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref53
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref53
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref54
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref54
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref55
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref55
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref55
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref56
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref56
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref56
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref56
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref57
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref57
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref57
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref57
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref58
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref58
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref58
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref59
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref59
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref59
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref60
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref60
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref60
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref61
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref61
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref61
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref62
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref62
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref62
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref63
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref63
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref63
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref63
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref64
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref64
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref64
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref64
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref65
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref65
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref65
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref66
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref66
http://refhub.elsevier.com/S1550-4131(16)30378-3/sref66

	CMET2123_proof.pdf
	Beige Adipocyte Maintenance Is Regulated by Autophagy-Induced Mitochondrial Clearance
	Introduction
	Results
	Beige Adipocytes Directly Acquire a White-like Phenotype
	The Beige-to-White Adipocyte Transition Is Coupled to Mitochondrial Clearance
	Activation of Autophagy during the Beige-to-White Adipocyte Transition
	Autophagy in Beige Adipocytes Is Regulated by the cAMP-PKA Pathway and the MITF Transcription Factor
	Autophagy-Mediated Mitochondrial Clearance Controls Beige Adipocyte Maintenance
	Prolonged Maintenance of Beige Adipocytes Prevents Diet-Induced Obesity and Insulin Resistance

	Discussion
	Experimental Procedures
	Animals
	Ex Vivo Monitoring of Beige and Brown Adipocytes
	Flow Cytometry
	RNA Sequencing and Bioinformatics
	Metabolic Studies

	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References



