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Adipocyte-specific Beclin1 deletion impairs
lipolysis and mitochondrial integrity in adipose
tissue
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ABSTRACT

Objective: Beclin1 is a core molecule of the macroautophagy machinery. Although dysregulation of macroautophagy is known to be involved in
metabolic disorders, the function of Beclin1 in adipocyte metabolism has not been investigated. In the present study, we aimed to study the role of
Beclin1 in lipolysis and mitochondrial homeostasis of adipocytes.

Methods: Autophagic flux during lipolysis was examined in adipocytes cultured in vitro and in the adipose tissue of mice. Adipocyte-specific
Beclin1 knockout (KO) mice were used to investigate the activities of Beclin1 in adipose tissues.

Results: cAMP/PKA signaling increased the autophagic flux in adipocytes differentiated from C3H10T1/2 cells. In vivo autophagic flux was higher
in the brown adipose tissue (BAT) than that in the white adipose tissue and was further increased by the B3 adrenergic receptor agonist
CL316243. In addition, surgical denervation of BAT greatly reduced autophagic flux, indicating that sympathetic nerve activity is a major regulator
of tissue autophagy. Adipocyte-specific KO of Beclin1 led to a hypertrophic enlargement of lipid droplets in BAT and impaired CL316243-induced
lipolysis/lipid mobilization and energy expenditure. While short-term effects of Beclin1 deletion were characterized by an increase in mito-
chondrial proteins, long-term Beclin1 deletion led to severe disruption of autophagy, resulting in mitochondrial loss, and dramatically reduced the
expression of genes involved in lipid metabolism. Consequently, adipose tissue underwent increased activation of cell death signaling pathways,
macrophage recruitment, and inflammation, particularly in BAT.

Conclusions: The present study demonstrates the critical roles of Beclin1 in the maintenance of lipid metabolism and mitochondrial homeostasis

in adipose tissues.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Beclin1; Lipophagy; Mitophagy; Lipolysis; Brown adipose tissue; White adipose tissue

1. INTRODUCTION breakdown of LDs by macroautophagy, termed lipophagy [6]. LDs
contain mainly triglycerides; thus, triglyceride hydrolysis must be
cooperatively regulated during LD degradation. In this regard, previous

studies have demonstrated a significant contribution of the Rab7-

Adipose tissue is a central metabolic organ that is specialized for lipid
storage and mobilization [1,2]. Excess energy is stored as neutral lipids

in lipid droplets (LDs) in adipocytes, and energy deprivation stimulates
lipolysis and LD breakdown to provide free fatty acids as an energy
source via the systemic blood circulation [1,2]. Catecholamines are one
of the primary activators of lipolysis in adipocytes through the beta-
adrenergic receptor activation. In this process, the cAMP-dependent
protein kinase A- (PKA-) mediated downstream signaling activates
cytosolic lipases, including adipose triglyceride lipase (ATGL) [3—5]
and hormone-sensitive lipase (HSL) [1].

In addition to lipolysis that depends on cytosolic lipases, there is an
emerging concept of autophagic lipolysis, which is the lysosomal

mediated lipophagy to lipolysis in adipocytes in vitro [7]. However,
the role of autophagy in lipolysis and LD breakdown in adipocytes
in vivo has not been elucidated completely.

Autophagy plays a crucial role in the regulation of adipogenesis and
mitochondrial dynamics in adipocytes. For instance, the adipocyte-
specific ATG7 knockout (KO) increases the brown adipose tissue
(BAT) mass and enhances insulin sensitivity [8]. The transition from
beige adipocytes to the white adipocytes requires increased auto-
phagic activity, and ATG5 and ATG12 KO enhance thermogenic ca-
pacity and protect mice from diet-induced obesity [9]. In addition, KO

"College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University, Seoul 08826, Republic of Korea 2College of Pharmacy, Pusan National
University, Busan, Republic of Korea Korea Mouse Phenotyping Center (KMPC), Seoul National University, Seoul, Republic of Korea “Center for Molecular Medicine and
Genetics, Wayne State University, Detroit, MI, USA SCenter for Integrative Metabolic and Endocrine Research, Wayne State University School of Medicine, Detroit, MI, USA

% These authors contributed equally to this work.

*Corresponding author. College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University, 29-Room # 311,1 Gwanak-ro, Gwanak-gu,
Seoul, 08826, Republic of Korea. Fax: +82 2 872 1795. E-mail: yunhee.lee@snu.ac.kr (Y.-H. Lee).

Received February 26, 2020 « Revision received April 10, 2020 » Accepted April 16, 2020 « Available online 25 April 2020

https://doi.org/10.1016/j.molmet.2020.101005

MOLECULAR METABOLISM 39 (2020) 101005 © 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1
www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yunhee.lee@snu.ac.kr
https://doi.org/10.1016/j.molmet.2020.101005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2020.101005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

mouse studies have demonstrated critical roles of ATG4b, ATG7, and
ATG5 in adipogenesis [10—12].

Autophagy can be categorized into three major types: macro-
autophagy, chaperon-mediated autophagy, and microautophagy [13].
During the macroautophagy process, phagophore nucleation and
expansion lead to autophagosome formation [13]. Subsequently,
autophagosomes mature to fuse with lysosomes to generate autoly-
sosomes [13]. Beclin1 is one of the major molecules in class I
phosphatidylinositol 3-kinase (PI3KC3) VPS34 complex, which is
required for nucleation of the phagophore. Thus, the Beclin1-VPS34
complex provides a platform to recruit the macroautophagy machinery
and plays an essential role in autophagosome maturation [14,15].
Beclin1 also regulates cell survival responses and crosstalk between
apoptosis and autophagy by the interaction with BCL-2 [14,16]. In
relation to metabolic function, acute exercise activates autophagy in
skeletal and cardiac muscle by disrupting Beclin1-BCL-2 interactions
[17]. The impaired dissociation of Beclin1 from the BCL-2 complex
reduces exercise-induced autophagy and its beneficial effects on
muscle insulin sensitivity [17]. Although dysregulation of macro-
autophagy is known to be involved in metabolic disorders, the meta-
bolic function of Beclin1 in adipocytes is not fully understood.

In the present study, we investigated the role of Beclin1 in lipid
metabolism by using adipocyte-specific Beclin1 KO mice. We found
that the lack of Beclin1 in adipocytes led to defects in the 33 adren-
ergic receptor agonist-induced lipolysis, energy expenditure, and fatty
acid utilization. In addition, the long-term effect of Beclin1 KO resulted
in defective autophagy, loss of mitochondria, and a reduction in the
expression levels of genes involved in both anabolic and catabolic lipid
metabolisms. Consequently, adipose tissue underwent increased
activation of cell death signaling pathways, macrophage recruitment,
and inflammation. This study demonstrates that Beclin1-dependent
processes are critical for maintaining synthetic and catabolic lipid
metabolism and mitochondrial function, particularly in BAT.

2. MATERIAL AND METHODS

2.1. Animals

All of the protocols related to animal experiments were approved by the
Institutional Animal Care and Use Committees of Yonsei University
(IACUC-A-201803-704-01) and Seoul National University (SNU-
191025-2). Mice were fed a standard chow diet and were kept on a
12-hour light/12-hour dark cycle at 22 + 1 °C with free access to food
and water. Male mice were used for experiments. Wild type C57BL/6
mice (5—6 weeks old) were purchased from Central Lab. Animal Inc.
Mice were treated with CL316243 (CL) (Sigma, 1 mg/kg mouse) via
intraperitoneal injection for up to 3 days, as indicated. Serum glycerol
levels were measured using glycerol reagent (Sigma), as described
previously [18]. Energy expenditure was estimated by indirect calo-
rimetry (PhenoMaster, TSE Systems, Bad Homburg, Germany) [18].
Body composition was measured by nuclear magnetic resonance
(NMR) scanning EchoMRI-700 (Echo Medical Systems). For cold
tolerance test, mice were placed in a 4 °C cold room where body
temperature was measured by rectal thermometry, as described
previously [19].

To determine the effects of sympathetic neuronal input on autophagic
flux, unilateral surgical denervation of interscapular BAT was per-
formed, as previously described [19].

Adipog-CreER (B6.129-Tg(Adipog-cre/Esr1*)1Evdr/J: stock# 024671)
mice were purchased from The Jackson Laboratory. Beclin1-floxed
mice were a gift from Dr. H. W. Lee (Yonsei University), which were
generated by crossing Becn 7™ aKOMPIWSI yiee 120] with ACTB-FLPe

(B6.Cg-Tg(ACTFLPe)9205Dym/J: JAX stock #005703). Adipog-CreER
mice were crossed with Becn1-floxed mice to generate adipocyte-
specific Becn1 KO mice [21]. For Cre recombination, transgenic
mice and wild type (WT) controls were treated with tamoxifen dissolved
in sunflower oil (Sigma, 75 mg/kg) by oral gavage on each of five
consecutive days. Also, we included vehicle (oil)-treated control groups
to confirm specific induction of Cre recombinase activity upon
tamoxifen treatment in adipose tissue. The analyses were performed
three to four days after the last dose of tamoxifen for the short-term
effect of Beclin1 deletion. For long-term experiments, the analyses
were performed two weeks after the last dose of tamoxifen. An
intraperitoneal glucose tolerance test was performed as previously
described [22]. To examine the adipocyte-specific effects, BAT was
dissociated by collagenase (Type 1, Worthington) digestion, and
floating adipocyte fractions were collected by centrifugation, as pre-
viously described [23].

2.2. Quantitative PCR and western blot analyses

Quantitative PCR and western blot analyses were performed as
described previously [23]. Primers used for qPCR are listed in Table S1.
The primary antibodies used for western blot analysis are listed in
Table S2.

2.3. RNA-seq

Trizol reagent (Invitrogen) was used for tissue total RNA extraction
according to the manufacturer’s protocol. RNA integrity number (RIN),
rRNA ratio, and concentration of samples were verified on an Agilent
Technologies 2100 Bioanalyzer (Agilent Technology, Santa Clara, CA,
USA) using a DNA 1000 chip. For RNA-seq analysis, cDNA libraries
were constructed with the TruSeq mRNA Library Kit using 1 g of total
RNA. The total RNA was sequenced by the NovaSeq 6000 System
(Macrogen, Seoul, Republic of Korea). The raw RNA-seq data have
been deposited in Gene Expression Omnibus (GEO) (GSE 148275).
The Cytoscape plugin iRegulon (version 1.3) [24] was used to predict
the upstream transcription factors of the top upregulated and down-
regulated genes in mouse BAT with Beclin1 KO. iRegulon performs a
gene-based motif enrichment analysis for cis-regulatory regions within
20 kb centered around the transcription start site using more than
9,000 position weight matrices linked to candidate-binding tran-
scription factors [24]. These transcription factors are ranked according
to their maximal normalized enrichment scores (NESs), which quan-
tifies the extent to which the identified motif(s) recover(s) the associ-
ated set of input genes. iRegulon regulator prediction was run for the
top fifty genes that were upregulated by Beclin1 KO and fifty of the
highest-expressed genes in controls that were downregulated by
Beclin1 KO. Species and gene nomenclature were set to “Mus mus-
culus, MGI symbols”, and the program was run with default param-
eters, including a NES cutoff of 3.0.

2.4. Relative mitochondrial DNA copy number analysis

The analysis of relative mitochondrial DNA (mtDNA) copy number was
performed as described previously [25]. Briefly, DNA was extracted
from adipose tissue using Genomic DNA Extraction Kit (Bioneer). gPCR
was performed using the primers for nuclear 18S DNA and mtDNA
listed in Table S1. The mtDNA copy number was normalized to the
results of nuclear 18S DNA.

2.5. Cell culture

C3H10T1/2 (American Type Culture Collection (ATCC), Manassas, VA,
USA) cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) at 37 °C in a
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humidified atmosphere with 5% CO,. Adipogenic differentiation was
performed as previously described [22]. Earle’s Balanced Salt Solution
(EBSS, Thermo Fisher) was used for nutrient starvation. 8-
Bromoadenosine 3'5’-cyclic monophosphate (8Br-cAMP) (Biolog,
B007) was used for PKA activation of differentiated C3H10T1/2 adi-
pocytes. For the inhibition of autophagy, chloroquine (an inhibitor of
lysosomal degradation, 50 puM, Sigma, C6628) and 3-methyl adenine
(3-MA, an inhibitor of early phase, 5 mM, Sigma, M9281) were used.
Adipocytes were treated with inhibitors for 30 min before 8Br-cAMP
treatment.

For autophagic flux analysis, C3H10T1/2 cells transduced with pBABE-
puro mCherry-EGFP-LC3B (a gift from Jayanta Debnath; Addgene
plasmid  #22418, hiip:/n2t.net/addgene:22418;  RRID:Addg-
ene_22418) [26] were differentiated into adipocytes and then moni-
tored during 8Br-cAMP (1 mM) treatment. The pH-sensitive decrease
in green fluorescent protein (GFP) intensity over red fluorescent protein
(mCherry) intensity was quantified to indicate autolysosome formation.
Annexin V Apoptosis Detection Kit with Pl (BioLegend, 640914) was
used for flow cytometric analysis of apoptosis, according to the
manufacturer’s instruction. Flow cytometry was performed using
LSRFortessa X-20 (BD Biosciences) and FlowJo software (Tree Star).
Live-cell imaging was performed with IncuCyte ZOOM Live-Cell Im-
aging equipment (Essen Bioscience), and fluorescence intensities of
the images were analyzed using ImagedJ (https://imagej.nih.gov).

To examine the cell-autonomous effects of Beclin1 KO in adipocytes,
we analyzed primary cultures of adipocytes that were differentiated
from brown adipocyte precursors obtained from Beclin1?%P°9K0 mice,
as previously described [21]. Fully differentiated adipocytes were
cultured with 10% FBS DMEM containing 1 M 4-hydroxytamoxifen
(Sigma, H7904) for 3 days and maintained in 10% FBS DMEM
without 4-hydroxytamoxifen for 2 days [27]. LIVE/DEAD Viability/
Cytotoxicity Kit (Thermo Fisher Scientific, L3224) was used, according
to the manufacturer’s instructions. For mitochondrial membrane po-
tential analysis, adipocytes were stained with 2 pM JC-1 (Sigma,
T4069) for 30 min, and fluorescence intensities were measured, ac-
cording to the manufacturer’s instruction.

2.6. Histology and transmission electron microscopy (TEM)
Hematoxylin and eosin (H&E) staining and immunohistochemical
analysis were performed using paraffin sections, as described previ-
ously [22]. TEM was performed as described previously [22]. Briefly,
small pieces of minced adipose tissue (1 ~2 mm3) were immersed
with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.2). Tissues were postfixed in 1% osmium
tetroxide (0sQ4) for 2 h, dehydrated using ethanol gradient, and
embedded into Spurr’s Resin (Electron Microscopy Sciences). Samples
were sectioned at 60 nm with Ultramicrotome (Leica) and subse-
quently transferred on nickel grids. Images were collected under Talos
L120C cryo-TEM (FEI) or JEM-1010 (JEOL) transmission electron mi-
croscope at the Nanobio Imaging Center, Seoul National University.
TUNEL Assay Kit-HRP-DAB (Abcam, ab206386) was used to detect
apoptotic cells in paraffin sections of BAT, according to the manu-
facturer’s instructions.

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5 software
(GraphPad Software, La Jolla, CA, USA). Data are presented as
mean =+ standard errors of the mean (SEM). Statistical significance
between two groups was determined by unpaired #-test. Comparisons
among multiple groups were performed using a one-way or two-way
analysis of variance (ANOVA), with Bonferroni post hoc tests to
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determine P values. Heatmap was generated by the PermutMatrix
program, as previously described [23].

3. RESULTS

3.1. B3 adrenergic receptor stimulation induces autophagy in
adipose tissue

To examine the adipocyte-specific roles of autophagy during lipolysis,
we examined autophagic flux in adipocytes during PKA-dependent
lipolysis. A ratio of cytosolic LC3 (LC3l) and lipidated,
autophagosome-recruited LC3 (LC3Il) was used to detect autophagic
flux [28]. The 8Br-cAMP (cell-permeable cAMP analog) treatment
induced autophagy in differentiated C3H10T1/2 adipocytes, which was
similar in magnitude to the autophagy induced by the nutrient depri-
vation status, as indicated by an increase in LC3II/LC3I ratio and a
decrease in SQSTM1 levels (Figure 1A). To capture the dynamic pro-
cess of autophagy, we inhibited autophagy with chloroquine, which
prevents lysosomal acidification and inhibits the lysosomal degradation
of the autophagosomes [28], and 3-MA, which inhibits class Ill PI3K
and early steps of autophagosome formation [29]. Chloroquine treat-
ment further increased the accumulation of LC3II relative to LC3! in the
adipocytes; the LC3II/LC3I ratio was higher in the cells that were
treated with 8Br-cAMP than in the vehicle controls, indicating an in-
crease in the autophagic flux by PKA signaling (Figure 1B). Interest-
ingly, 3-MA had no significant effects on LC3II levels under control
conditions but induced LC3Il accumulation with 8Br-cAMP cotreat-
ment. To assess autophagic flux in the absence of pharmacological
inhibition, we examined the effects of 8Br-cAMP using the LC3-GFP-
RFP reporter [26], in which green fluorescence from acid-sensitive GFP
was suppressed as the LC3 reporter entered autolysosomes
(Figure S1A). gPCR analysis indicated that 8Br-cAMP treatment
upregulated the expression of several autophagy-related genes
(Figure S1B). As lipophagy is involved in lipolysis, we examined the
association between LC3 and LD via immunofluorescence analysis.
Results suggested that 8Br-cAMP treatment facilitated lipophagy,
which was indicated by increased punctate staining of LC3 sur-
rounding the micro-LDs (Figures 1C and S1C, arrow in magnified
view).

We also examined in vivo autophagic flux in the interscapular BAT and
white adipose tissue (WAT). We found higher levels of LC3II/LC3I ratio
in BAT than in the gonadal white adipose tissue (QWAT) (Figure 2A).
Interestingly, sequestosome-1 (SQSTM1) protein levels were higher in
BAT compared to gWAT (Figure 2A). The expression of Sqgstm7 mRNA
was also higher in BAT compared to gWAT (Figure 2B), suggesting
differential transcriptional regulation of Sgstm7 levels in BAT and
gWAT. This is in line with the previously reported metabolic roles of
SQSTM1 (p62) in mitochondrial function and thermogenesis in BAT
[30]. The B3 adrenergic receptor agonist CL increased autophagic
responses in BAT, indicated by an increase in the LC3II/LC3I ratio
(Figure 2C). This increase in autophagy was accompanied by phos-
phorylation of HSL (Figure 2B), indicating the activation of CAMP/PKA
downstream signaling. Similarly, cold exposure increased the LCII/LC3I
ratio in BAT (Figure S2). In addition, surgical denervation of BAT, which
reduced phosphorylation of HSL, strongly reduced autophagic flux
(Figure 2D), indicating that basal levels of sympathetic nerve activity
contribute to autophagic flux in vivo. Denervation also reduced
SQSTM1 protein levels in BAT (Figure 2D). In vitro 8Br-cAMP treatment
increased Sgstm7 transcript levels in adipocytes (Figure S1B), sug-
gesting that Sgstm1 expression levels are transcriptionally controlled
by sympathetic nerve activity and PKA signaling. The correlation be-
tween the activation of lipolysis and the increase in autophagic flux
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Figure 1: Autophagy is induced by PKA signaling in adipocytes in vitro. (A—B) Immunoblot analysis of LC3 and HSL in adipocytes differentiated from C3H10T1/2 cells. Earle’s
Balanced Salt Solution (EBSS) was used for nutrient deprivation. Cells were treated with 1 mM 8Br-cAMP for 4 h (n = 6 per condition, mean & SEM, *P < 0.05, ***P < 0.001).
Cells were pretreated with chloroquine (CQ: 50 M) or 3-methyl adenine (3 MA: 5 mM) for 30 min before 8Br-cAMP or vehicle treatment. (C) Representative images of adipocytes
differentiated from C3H10T1/2 cells treated with 8Br-cAMP for 4 h and stained for LC3. LipidTox and DAPI were used for neutral lipid and nucleus staining, respectively.

underscored the potential role of autophagy in the PKA-dependent
lipolysis.

3.2. Beclin1 in adipocytes is required for lipolysis and lipid
utilization

To determine the in vivo effects of autophagy inhibition in the adipocyte
lipid metabolism, we examined the effects of adipocyte-specific KO of
Beclin1, a core molecule of autophagosome formation. To avoid the
potential developmental effects and to assess the temporal effects of
autophagy inhibition, we deleted Beclin1 in adipocytes in an inducible
manner using Adipog-CreER/Becn1€d/M0¢d mice treated with
tamoxifen (Beclin129P° KO mice). Becn12€d/1Xed mice treated with
tamoxifen were used as WT controls. Genetic inactivation of Beclin1
was confirmed by western blot analysis of the isolated adipocytes from
BAT of Beclin12¥P% K0 mice four days after the final dose of tamoxifen
(Figure 3B). Tamoxifen treatment also reduced Beclin1 protein in the

whole BAT, with nonadipocyte stromal cells accounting for residual
levels (Figure 3C).

We next performed indirect calorimetry analysis to assess the basal
metabolic rate and thermogenesis in response to 3-adrenergic re-
ceptor activation. Adipocyte-specific KO of Beclin1 did not affect the
normal daily energy expenditure. However, whereas CL treatment
sharply increased energy expenditure in WT mice, this activation was
strongly attenuated in the Beclin1%P°9K0 mice (Figure 3D). Moreover,
the Beclin12¥"%K0 mice demonstrated relatively higher levels of
respiratory exchange ratio (RER) after CL treatment, indicating a
reduction in the CL-induced fatty acid oxidation (Figure 3D). Western
blot analysis indicated that Beclin12P°9K0 significantly increased the
accumulation of intermediates in autophagy (LC3Il, SQSTM1)
(Figure 3C), which indicates disrupted autophagy (“frustrated auto-
phagy [31]”). Induction of lysosome-associated membrane glycopro-
tein 2 (LAMP2) was observed, indicating possible compensation by
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Figure 2: Autophagy is induced by beta-adrenergic stimulation in adipose tissue in vivo. (A) Inmunoblot analysis of LC3, SQSTM1, and HSL in BAT and gWAT of mice. (B)
qPCR analysis of Sgstm1 in BAT and gWAT. (C) Immunablot analysis of LC3 and HSL in BAT of mice treated with CL316243 for 4 h and controls. (D) Immunoblot analysis of LC3,
SQSTM1, tyrosine hydroxylase (TH), and HSL of denervated BAT and sham-surgery controls (n = 8 per condition, mean + SEM, ***P < 0.001).

chaperone-mediated autophagy (Figure 3C). Phosphorylation of HSL by
CL appeared to be largely intact Beclin129"° KO mice, indicating that
PKA-mediated signaling was not impaired at this time (Figure 3E).
Nonetheless, CL treatment failed to increase circulating levels of
glycerol, indicating a defect in adipocyte lipolysis (Figure 3F).
Histological observation by H&E staining of the paraffin-embedded
sections demonstrated enlarged hypertrophic LD in BAT of the KO
mice while some of the brown adipocytes lost LD, indicating pro-
nounced heterogeneity in LD homeostasis induced by Beclin1 KO; the
CL-induced shrinkage of LD size was blocked by Beclinl KO
(Figure 4B). Morphological changes by CL treatment further empha-
sized the heterogeneity in LD size (Figure 4B). Collectively, these data
indicate that Beclin1®P%K0 mice are defective in the CL-induced
lipolysis.

3.3. Adipocyte-specific Beclin1 deletion reduced CL-induced
thermogenic gene expression

Previous studies have reported that the deletion of genes encoding
certain autophagy-related proteins (ATGs) or pharmacological inhibi-
tion of autophagy increases the mitochondrial content of adipose tissue
[9,32—34]. Therefore, we examined the mitochondrial content of BAT
and WAT in KO mice using western blot analysis. The levels of mito-
chondrial enzymes involved in oxidative phosphorylation in BAT of KO
mice were slightly higher than (ubiquinol-cytochrome-c reductase
complex core protein 2 (UQCRC2), NADH dehydrogenase [ubiquinone]1
beta subcomplex subunit 8 (NDUFB8)), or comparable to (ATP synthase
F1 subunit alpha (ATP5A), succinate dehydrogenase [ubiquinone] iron-
sulfur subunit (SDHB)) those in WT controls, although each subunit
responded differentially (Figure 4C). However, uncoupling protein 1

(UCP1) induction by CL treatment was attenuated in BAT and inguinal
white adipose tissue ((WAT) of Beclin1 KO mice (Figure 4C). Several
mitochondrial enzymes (ATP5A, UQCRC2, and cytochrome ¢ oxidase
subunit 1 (MTCO1)) were significantly increased in gWAT; however,
UCP1 protein was not detected in the basal condition or following CL
treatment (Figure 4C). This is consistent with the results of the gPCR
analysis, which indicates that CL-induced increases in brown adipo-
cyte markers were reduced in KO mice (Figure S3). In addition, KO
mice were more sensitive to cold exposure compared to WT control
mice (Figure S4).

3.4. Long-term deletion of Beclin1 results in defective autophagy,
loss of mitochondria, and inflammation

We also examined the long-term effects of Beclin1 deletion on adipose
tissue. In contrast to the phenotypes obtained three days after the final
tamoxifen dose, BAT mitochondrial content was markedly reduced two
weeks after the tamoxifen-induced deletion (Figure S5). The drastic
change in the BAT phenotype prompted us to perform RNA-seq
profiling of BAT of control and KO mice 2 weeks after tamoxifen in-
duction (long-term deletion) (Figure 5). A total of 3356 genes were
differentially regulated in BAT between Beclin1 KO and WT. GO anal-
ysis of genes upregulated by Beclin1l KO demonstrated an elevated
immune response and cell death signaling pathways (Figure 5C—F).
The upregulated genes included epithelial membrane protein 1 (Empf7,
15.5-fold) and NADPH oxidase 4 (Nox4, 12-fold upregulation), which
have been involved in oxidative stress-induced ferroptotic death
(Figure 5C) [35]. gPCR analysis confirmed the upregulation of Emp?
and Nox4 in BAT of Beclin1 KO mice (Figure. S6). Principle component
analysis (PCA) indicated that factor 2 (F2) clearly separated WT and KO
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Figure 3: Adipocyte-specific Beclin1 KO attenuates CL316243-induced lipolysis and energy expenditure. (A) Schematic diagram illustrating the experimental schedule for
tamoxifen and CL316243 (CL) treatment (single injection). (B) Immunoblot analysis of Beclin1 expression in adipocytes isolated from BAT of WT and Beclin124P°%0 mice (K0). (C)
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clusters (Figure 5G). The genes with the top 5 contributing factor
scores to F2 toward transcriptomic profiles of KO included lysozyme 2
(Lyz2), which is highly expressed in the monocyte-macrophage sys-
tem, indicating monocyte/macrophage infiltration in BAT of Beclin1 KO
mice. In contrast, the downregulated genes in BAT of KO mice were
involved in the fatty acid synthesis and thermogenesis (stearoyl-CoA
desaturase 1 (Scd7), Fasn, and Ucp1) (Figure 5C,D, and G). Consis-
tently, GO analysis indicated that Beclin1 KO reduced the expression of
genes involved in the core functions of brown adipocyte lipid meta-
bolism, including genes involved in thermogenesis, lipogenesis, and
mitochondrial oxidative phosphorylation (Figure 5E). Western blot
analysis confirmed the protein expression levels of several differentially
regulated genes (FASN, HSL, UCP1, and enzymes involved in mito-
chondrial oxidative phosphorylation) identified from RNA-seq analysis
(Figure 6B).

Transcription factor enrichment analysis by iRegulon analysis pre-
dicted that potential transcription networks control upregulated and

downregulated gene sets in BAT of KO mice (Figure 5H and Table S3).
Beclin1 KO induced massive upregulation of proinflammatory network
involving TNFa/NFkB (Tnfsf11, Rela, and Spp7) and TGFb/Smad4
(Saa3 and DIx4) signaling. Importantly, the core transcriptional regu-
lators of BAT catabolic (Esrra, Esrrb, Ppara, and Ppargc1b) and
anabolic (Pparg, Cebpa, Srebf, and Mixip}) functions were strongly
suppressed 2 weeks after Beclin1 inactivation (Figure 5H and
Table S3). Interestingly, the key elements of the [-adrenergic/PKA
signaling pathway (Adrb1/3, Gnas, Adcy6, and Prkaca) and lipolysis/fat
oxidation (Cidea, Plin1, Pnpla2, Cpt1b, and Acadm) pathways were
strongly suppressed, which likely contribute to the appearance of
unilocular adipocytes in BAT (Figure S10A).

As lipolysis activates thermogenic gene programs and de novo lipo-
genesis [36], these genetic signatures also supported the defective
lipolysis in the BAT of the Beclin124P°9K0 mice. As hypothesized, the
Beclin1®¥P9k0 was also defective in autophagy, indicated by
increased levels of SQSTM1 and LC3l, indicating the accumulation of
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bar = 40 pum). (C) Immunoblot analysis of BAT, iWAT, and gWAT of WT and Beclin124P°%0
< 0.01, ¥**P < 0.001).

early autophagosomes. Moreover, electron-microscopic (EM) analysis
indicated an impaired autophagy/mitophagy with numerous vacuoles
and disruption of mitochondrial integrity caused by a lack of Beclin1
(Figure 6C). Indeed, Beclin1 KO reduced the levels of the outer (MFF,
MFN2, and TOM20) and inner (OPA1) mitochondrial membrane

mice treated with CL for 3 days (n = 6—8 per condition, mean + SEM, *P < 0.05, **P

proteins, as well as the matrix protein citrate synthase (Figure S7). In
addition, adipocyte-specific Beclin1 KO reduced the relative mtDNA
copy number in BAT (Figure S8). Beclin1 KO reduced the levels of
certain enzymes involved in mitochondrial oxidative phosphorylation in
iWAT (Figure S9A), and TEM analysis confirmed the accumulation of
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Figure 5: Transcriptomic characterization of BAT of adipocyte-specific Beclin1 KO mice. (A) Schematic diagram illustrating the experimental schedule. (B) Heatmap of 3356
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autophagosome/autolysosomes and presence of irregular vacuoles
(Figure S9C). Although mitochondrial protein (ATP5A and UQCRC2) was
increased in gWAT (Figure S9B), the mitochondrial integrity was
impaired (Figure S9C).

As predicted by RNA-seq data, macrophage recruitment was promi-
nent in the BAT of the KO mice (Figure 7A), which may explain the
increase in inflammatory gene expression. H&E staining (Figure S10A)
indicated that long-term KO increased the appearance of adipocytes
with large unilocular LD and stromal cells lacking visible LD. Adipo-
cytes in BAT of KO mice exhibited reduced UCP1 expression, as
indicated by UCP1 immunostaining (Figure S10B) and western blot
analysis of isolated adipocytes (Figure S10C). Consistently, gPCR

analysis and western blot analysis indicated increased expression F4/
80 and Emr1 (gene encoding F4/80) (Figure 7B,C). Indeed, cell death-
related markers of necroptosis (receptor-interacting serine/threonine-
protein kinase 3 (RIP3), p-RIP3) and apoptosis (cleaved caspase 3)
were increased in Beclin1 KO in BAT and WAT (Figure 7C). Further-
more, immunostaining of p-RIP3 and TUNEL assay confirmed that
Beclin1 KO induced necroptosis and apoptosis in BAT (Figure S11).
Due to adipocyte death, adipose tissue mass was significantly reduced
by long-term Beclin1 deletion, while body weight was not significantly
altered (Figure S12). Long-term adipocyte-specific Beclin1 deletion
impaired glucose tolerance (Figure 7D), potentially due to dysfunctional
adipose tissue and inflammation.
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To test whether the defective autophagy induces cell death in a cell-
autonomous fashion, we examined the primary cultures of adipocytes
that were differentiated from brown adipocyte precursors obtained
from Beclin124P°%K0 mice (Figure 8). Beclin1 deletion was confirmed
by western blot 5 days after 4-hydroxytamoxifen exposure
(Figure 8C). Beclinl KO induced cell death as demonstrated by
ethidium homodimer-1 (EthD-1) staining (Figure 8A) and by flow
cytometric detection of Annexin V (Figure 8B). Also, western blot
analysis indicated that Beclin1 KO reduced the levels of enzymes
involved in mitochondrial oxidative phosphorylation and increased
caspase 3 cleavage (Figures 8C and D). In addition, Beclin1 KO
reduced mitochondrial membrane potential, measured by JC-1
analysis (Figure S13). Pharmacological inhibition of autophagy by

chloroquine treatment induced cell death responses, indicated by
increased levels of cleaved caspase 3 and phospho-RIP3
(Figure S14).

4. DISCUSSION

The dysregulation of autophagy is known to be involved in the
development of metabolic disease [37]. Clinical and experimental
evidence suggests that increased autophagy in WAT is correlated with
obesity and diabetes [38]. Moreover, the inhibition of mitochondrial
clearance has been recognized as a mechanism in the browning of
WAT and in the metabolic plasticity of adipose tissue. Thus, we
investigated the roles of adipocyte Beclinl, a core molecule in
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autophagosome formation, in adipose tissue lipolysis and mitochon-
drial homeostasis.

Adipocytes are a specialized cell type that store excess energy in the
form of neutral lipids in LDs to maintain energy homeostasis. The
mechanisms of LD degradation have been investigated in relation to
the LD-selective autophagic process. For example, recent studies
indicate that chaperone-mediated autophagy regulates neutral lipid
metabolism via degradation of the LD proteins PLIN2 and PLIN3 in
hepatocytes [39]. In addition, the contribution of the Rab7-mediated
lipophagy to adipocyte lipolysis has been reported [7]. Consistent
with previous reports, the current study demonstrates that CAMP/PKA
signaling activates adipocyte lipophagy and cytosolic lipolysis

simultaneously in vitro and in vivo. In addition, we demonstrated the
defective lipolysis of the adipocyte-specific Beclinl KO mice, sug-
gesting that the simultaneous activation of lipophagy with cytosolic
lipolysis is required for an efficient lipid catabolism and LD homeo-
stasis in vivo.

By utilizing a tamoxifen-inducible KO system, we were able to
discriminate the time-dependent effects of Beclin1 deletion on adipose
tissue homeostasis. Three days after tamoxifen induction, mitochon-
drial protein levels were increased in BAT and WAT of KO mice relative
to WT controls. It is likely that defective Beclin1-mediated autophagy/
mitophagy acutely increased mitochondrial proteins. However, loss of
Beclin1 for two weeks (i.e., long-term effect) reduced mitochondrial
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content and integrity in BAT and WAT, partially due to dysregulation of
autophagy. Our findings are in line with the recent studies of Atg3 and
Atg16L1 KO mice [40]; however, this result seems to contradict pre-
vious reports indicating that the inhibition of autophagy by ATG5 and
ATG12 KO prevents mitochondrial clearance and increases the mito-
chondrial content and thermogenic capacity of adipose tissue [9].
These studies suggest that the disruption of specific components
produces different outcomes in metabolic phenotypes. It was clearly
shown that Beclin1 KO accumulated damaged mitochondria in adipose
tissue, which led to adipocyte death responses. Furthermore, we
demonstrate that the effects of Beclin1 deletion on cell survival and
mitochondrial function are cell autonomous.

Failure of mitochondrial quality control leads to apoptosis, inflamma-
tion, or necrosis, which has been proposed as one of the major
pathological stimuli in degenerative diseases [41]. While Beclin1 has
been investigated as a key regulator of macroautophagy [15], Beclin1
has been involved in the control of mitophagy [42—44]. For instance,
interactions between PINK1 and Beclin1 on mitochondria-associated
membranes facilitate autophagosome formation during mitophagy
[42,44]. E3 ubiquitin-protein ligase parkin (PARK2)-Beclin1 in-
teractions are required for PARK2 translocation to mitochondria [43]. In
relation to mitochondrial quality control, cardiac-specific Beclin1
overexpression reduces mitochondrial damage and improves heart
function during lipopolysaccharide- (LPS-) induced sepsis [45]. As the
current study was focused on the effects of Beclin1 KO in mitochon-
drial integrity and cell death responses, the roles of Beclin1 in
mitophagy in adipocytes deserve further investigation. In addition,
future investigations on autophagy-independent roles of Beclin1 in
adipocytes will be informative to understand the mechanisms of
Beclin1-mediated adipocyte death.

Long-term Beclin1 deletion resulted in the accumulation of defective
autophagosomes/autolysosomes in adipocytes that resembled “frus-
trated autophagy” [31]. As Beclin1 is responsible for lysosomal fusion,
as well as autophagosome formation [46], further investigation on the
activity of Beclin1 in individual autophagy steps in adipocytes will be
required.

Beclin1 inactivation increased the levels of LAMP2, which is a well-
known factor in chaperon-mediated autophagy, macroautophagy
[471, and lipophagy [39]. The elevation of LAMP2 protein levels might
indicate compensatory induction of LAMP2-mediated lipophagy in KO
mice. LAMP2 plays a critical role in the degradation of LD proteins,
PLIN2 and PLIN3 in hepatocytes, and NIH3T3 fibroblasts [39], facili-
tating lipophagy [39]. Whether LAMP2-mediated lipophagy contributes
to PKA/cAMP-induced lipolysis involving phosphorylation of PLIN1 in
adipocytes deserves further investigation.

Several studies have reported altered autophagic activity in obese
individuals [37,38]. As adipose tissue comprises multiple cell types,
further research is necessary to carefully determine which of these are
important contributors to alterations in the autophagic activity. In
addition, understanding the specific function of each of the autophagy-
related proteins in the various individual steps of the autophagic
process is vital for developing novel strategies of treating obesity-
related metabolic diseases via the regulation of autophagy.

One interesting finding in our study is that brown adipocytes are
particularly sensitive to Beclin1 KO compared to white adipocytes,
which have comparatively low autophagic/catabolic activity. These
results suggest that Beclin1-dependent autophagic functions are
critical in maintaining the brown adipocyte phenotype during the
activation of the catabolism via [3-adrenergic signaling. Indeed, lipol-
ysis engages Beclin1-dependent autophagic flux, which is critical for
maintaining the phenotypic character of brown adipocytes.

Collectively, the present study characterized the role of Beclin1 in
adipose tissue, in relation to B-adrenergic stimulation of adipose tis-
sue. Although our study focused on the role of Beclin1 in lipolysis and
mitochondrial turnover, future investigations into cell type-specific
regulation of Beclin1-dependent autophagy will be required for
developing therapeutic applications that treat metabolic diseases by
improving lipid metabolism.
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