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Summary

Autophagy degrades lipid droplets (LD) via lipophagy. Cytosolic lipases, ATGL and HSL, are
canonical mechanisms for lipolysis. Whether autophagy proteins engage in direct crosstalk with
lipases to promote lipid mobilization remains unknown. The integrative physiology of an inter-
organ communication in lipophagy regulation is also unknown. Here, we show that cold induces
autophagy in proopiomelanocortin (POMC) neurons, and activates lipophagy in brown fat (BAT)
and liver in mice. Targeted activation of autophagy in POMC neurons via intra-hypothalamic
rapamycin is sufficient to trigger lipid utilization in room temperature-housed mice. Conversely,
inhibiting autophagy in POMC neurons or in peripheral tissues or denervating BAT blocks lipid
utilization. Unexpectedly, the autophagosome marker LC3 is mechanistically coupled to ATGL-
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mediated lipolysis. ATGL exhibits LC3-interacting region (LIR) motifs, and mutating a single
LIR motif on ATGL displaces ATGL from LD and disrupts lipolysis. Thus, autophagy in the CNS
and periphery coordinate lipophagy in the control of lipolysis.

Graphical Abstract
&  Cold 2K~

gy A
¥ g T4F

TAutophagy
. Sympathetic fibers
4 Autophagy
Lipase
D g / N s
/ I\\\\ i} 7 _,).’-4“:':’: Ny
Fatty acids \ i o
l ’ LC3 \ Aph il l
ipase
Fatty acids 4—?[)
i Lysosome

B-oxidation «— Fatty acids

Introduction

The mediobasal hypothalamus (MBH) consists of neurochemically and functionally distinct
agouti-related peptide (AgRP) and proopiomelanocortin (POMC) neurons that differentially
regulate feeding and energy expenditure (Belgardt et al., 2009). While AgRP neurons
stimulate feeding, POMC neurons suppress appetite and promote energy expenditure, in
part, by contributing to sympathetic outputs to peripheral tissues (Morrison and Madden,
2014; Morrison et al., 2014; Tupone et al., 2014). Brown adipose tissue (BAT) is
functionally distinct from white adipose tissue (WAT) and plays a central role in
maintenance of body temperature (Cannon and Nedergaard, 2004). Abundant sympathetic
innervation, greater mitochondrial mass and presence of uncoupling protein-1 (UCP1) allow
BAT to efficiently uncouple substrate oxidation from energy production to generate heat.
POMC neurons are exquisitely sensitive to circulating hormones, leptin and insulin (Cowley
etal., 2001; Xu et al., 2005), and central leptin availability is permissive for cold-evoked
thermogenesis in BAT (Enriori et al., 2011) possibly by enhancing lipid utilization. By
contrast, neuronal populations in the ventrolateral medulla and nucleus tractus solitarius
counter-regulate cold-evoked thermogenesis in BAT (Cao et al., 2010).

Autophagy maintains quality control by degrading cytoplasmic contents in lysosomes (He
and Klionsky, 2009). Greater than 30 autophagy-related (Atg) proteins orchestrate the
biogenesis of autophagosomes (APh) that sequester cytoplasmic cargo for lysosomal
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degradation. Atg7, an E1-like ligase binds Atg12 to Atg5, which in turn binds to Atg16L1
(He and Klionsky, 2009). This cascade regulates conjugation of cytosolic light chain 3
(LC3)-I into phosphatidylethanolamine-bound LC3-11 that labels APh (He and Klionsky,
2009). LC3-11 decorates inner and outer membranes of APh, and is the only reliable marker
to analyze autophagy flux. A complex interplay between the nutrient sensor mTOR
(Kamada et al., 2000) and an essential upstream regulator ULK1 regulates autophagy (He
and Klionsky, 2009).

Autophagy in AgRP neurons drives feeding (Kaushik et al., 2011). In contrast, loss of
autophagy in POMC neurons confers leptin resistance (Quan et al., 2012), disrupts axonal
development (Coupe et al., 2012), decreases neuronal levels of POMC-derived a-
melanocyte stimulating hormone (Kaushik et al., 2012), and dampens sympathetic outflow
to WAT (Kaushik et al., 2012). Accordingly, POMC-selective Atg7KO (Atg7KOPOMC)
mice are obese; however, how loss of POMCergic autophagy prevents lipid utilization in
peripheral tissues remains unknown. Lipases, adipose triglyceride lipase (ATGL)
(Zimmermann et al., 2004) and hormone sensitive lipase (HSL) (Souza et al., 2002),
mobilize cell-intrinsic lipid stores. On the other hand, autophagy has recently been shown to
degrade lipid droplets (LD) via lipophagy (Singh et al., 2009). Deleting Atg7 blocks
autophagy and promotes hepatic lipid accumulation mimicking human fatty liver disease
(Singh et al., 2009). Despite these advances, several questions remain unanswered. For
instance, (i) whether cold activates lipophagy, and whether lipophagy participates in cold-
induced BAT lipid metabolism remain unknown. (ii) The contribution of lipases and
lipophagy to lipolysis, and whether Atg proteins cooperate with lipases to promote lipid
mobilization are not known. (iii) Finally, the integrative physiology of an inter-organ
communication in lipophagy regulation remains to be elucidated.

To address these questions we studied the biology of lipophagy in BAT and liver in response
to cold - a physiological activator of lipolysis. We hypothesized that activation of lipophagy
in response to neuronal cues regulates cold-induced LD turnover in BAT/liver. Here we
show that cold activates autophagy in MBH, and drives LD consumption in BAT/liver via
lipophagy. Blocking autophagy in POMC neurons inhibits cold-induced lipophagy.
Conversely, stimulating POMCergic autophagy is sufficient to activate lipophagy and
deplete LD in room temperature (RT)-housed mice. Unexpectedly, in addition to its roles in
lipophagy, LC3 regulates ATGL-mediated lipid mobilization. ATGL and HSL each exhibit
multiple LC3-interacting region (LIR) motifs, and mutating a single LIR motif on ATGL
blocks ATGL-mediated lipolysis. Finally, we show that lipophagy and LC3-regulated
ATGL activity display complementarity towards total lipolysis. Thus, autophagy in the CNS
and periphery coordinate lipophagy in the control of lipolysis.

Cold activates autophagy in BAT and liver

Cold activates BAT and mobilizes BAT LD to maintain body temperature (Cannon and

Nedergaard, 2004). Whether cold activates autophagy and whether autophagy participates in
LD breakdown in BAT/liver remain undetermined. To test whether cold activates autophagy
flux, we pretreated mice with an intraperitoneal (i.p.) injection of a lysosomal inhibitor (Lys
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Inh), leupeptin, for 1 hr following which mice were housed at room temperature (RT) or
cold-exposed for 1 hr at 4°C (Fig. 1A). The degree of LC3-11 accumulation following
lysosomal inhibition reflects LC3-11 flux or autophagy flux as per guidelines to study
autophagy (Klionsky et al., 2012). Cold increased LC3-I1 flux in freshly isolated BAT by
~2-fold (p=0.11) and in liver by ~3-fold (*p<0.05) (Fig. 1B and 1C). BAT from cold-
exposed mice also displayed increased expression of autophagy genes Atg7, Lc3b, and Atg8
orthologues Gabarap and Gabarapl1 (Kabeya et al., 2004) when compared to RT-housed
mice (Fig. 1D). Increases in Atg gene expression were also detected in liver (Fig. S1A),
although epididymal WAT only showed increased Ulk1 expression (Fig. S1B). BAT from
cold-exposed mice also displayed increased protein levels of Atg7, Atg12-Atg5, Beclinl,
and of WIPI2, a PI3P effector during APh maturation, and increased ULK1 phosphorylation
at Serine-555 (Fig. 1E), which is an AMPK target during starvation-induced autophagy
(Egan et al., 2011). Cold-activated BAT displayed ~30% increase in LC3-1I puncta per cell
(***p<0.001) (Fig. 1F), ~2-fold increase in LAMP1 staining indicating lysosomal expansion
(***p<0.001) (Fig. 1G), and ~30% increase in LC3/LAMPL1 colocalization (***p<0.001)
(Fig. 1H) - demonstrating autophagy activation. To confirm cold-induced autophagy
activation in BAT, mice were maintained at RT or cold-exposed for 1 hr, and a subset of the
1 hr cold-exposed mice was returned to RT for 2 hr (Fig. 11). BAT was collected from each
cohort and subjected to LC3-I1 flux analyses in presence or absence of Lys Inh (Fig. 11). As
anticipated, cold-exposed mice displayed >2-fold increase in LC3-11 flux in BAT
(**p<0.01), which reverted to basal levels when cold-exposed mice were returned to RT
(Fig. 1J).

Cold-induced autophagy activation in BAT paralleled sympathetic activation as indicated by
induction of ATGL, HSL, and UCP1 and ~20-fold increase in f3-adrenergic receptor (Adp3)
expression (Mund and Frishman, 2013) (Fig. S1C and S1D). Given these findings, we asked
whether exposing RT-housed mice to sympathomimetic isoproterenol activates autophagy.
Indeed, injecting isoproterenol (i.p.) in RT-housed mice (10 mg/kg body wt/15 min)
increased LC3-11 flux in liver and BAT by ~6-8-fold (Fig. S1E and S1F). Taking in light
that cold activates autophagy; these results suggest that autophagy is an effector of
adrenergic stimulation during cold exposure.

Cold activates hypothalamic autophagy

Since the MBH influences energy expenditure (Belgardt et al., 2009) we sought to dissect
the neuronal mechanism regulating cold-induced autophagy. To that purpose, we explored
whether cold also activates autophagy in MBH by analyzing LC3-11 flux and Atg gene
expression in MBH from 1 hr cold-exposed mice (Fig. 2A). Cold increased MBH expression
of Atg7, Gabarap, Lampl (Fig. 2B), and increased c-fos expression by ~6-fold
(***p<0.001), suggesting neuronal activation (Kovacs, 2008) (Fig. S2). Immunostaining of
MBH sections revealed ~25% increase in Atg7 protein levels (***p<0.001) (Fig. 2C) and
>2-fold expansion of LAMP1-positive organelles (***p<0.001) (Fig. 2D), while
immunoblotting revealed ~2-fold increase in steady-state LC3-11 levels in MBH during cold
exposure (*p<0.05) (Fig. 2E). To determine whether cold increased autophagy in MBH, we
used two independent strategies to evaluate LC3-11 flux. First, freshly isolated MBH
explants from RT-housed or cold-exposed mice were exposed to PBS or Lys Inh for 2 hr at
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37°C (Fig. 2F), and LC3-11 flux was determined as described (Kaushik et al., 2012;
Klionsky et al., 2012). As anticipated, cold exposure for 1 hr activated LC3-11 flux in MBH
when compared to RT-housed controls (p<0.07) (Fig. 2G). Increased autophagy flux was
confirmed by stereotaxically injecting MBH with Lys Inh following which mice were RT-
housed or cold-exposed for 1 hr (Fig. 2H), and these analyses revealed a robust trend of
cold-driven autophagy activation in MBH (p=0.22) (Fig. 2I).

To determine whether cold activates autophagy in AgRP neurons or POMC neurons, we co-
immunostained MBH sections for LAMP1 and neuron-selective markers AgRP or a-
melanocyte stimulating hormone (MSH), a derivative of POMC. We chose LAMP1
expansion as a surrogate read-out for autophagy activity in neurons in vivo instead of LC3
since it is difficult to reliably distinguish between the diffuse cytosolic LC3-I signal and
APh-associated LC3-11 puncta in MBH, given the abundant LC3-I expression levels in
brain. By contrast, lysosomal expansion during acute perturbations, as assessed by LAMP1
staining in Fig 1G and 2D, reliably associates with increased autophagy. Indeed, both AgRP
and POMC neurons displayed increased LAMP1 staining following cold exposure (Fig. 2J
and 2K), although a-MSH-positive neurons showed >5-fold increase in lysosomal
expansion (***p<0.001) compared to ~25 % increase in lysosomal expansion in AgRP
neurons (**p<0.01). Since Atg7KOPOMC mijce are reportedly obese (Coupe et al., 2012;
Kaushik et al., 2012; Quan et al., 2012) and AgRP-selective Atg7KO mice are lean (Kaushik
etal., 2011), we conclude that cold-induced autophagy in POMC neurons is coupled to lipid
utilization in peripheral tissues.

Cold increases autophagic sequestration of LD in BAT and liver

To begin to test whether lipophagy degrades LD in BAT, we analyzed colocalization of the
APh marker LC3 with neutral lipid dye BODIPY 493/503 in BAT from RT-housed and 1 hr
cold-exposed mice. Cold increased BODIPY/LC3 colocalization in BAT (Fig. 3A),
indicating sequestration of LD by APh as described in livers (Singh et al., 2009). Although,
we observed comparable BODIPY/LAMP1 colocalization in BAT from control and cold-
exposed mice (Fig. S3A), the absence of Lys Inh in these experiments likely led to
degradation of lipid delivered to lysosomes, thus under-estimating the degree of BODIPY/
LAMP1 colocalization in cold-exposed mice. Consistent with increased BODIPY/LC3
colocalization, immunoblotting revealed enrichment of Atg12-Atg5, Beclinl, and LC3-11 in
LD from BAT/liver from cold-exposed mice (Fig. 3B and 3C), supporting our notion that
cold increases autophagic sequestration of LD. Presence of PLIN3 and absence of cytosolic
GAPDH confirmed the relative enrichment of LD fractions and excluded cytosolic
contamination (Fig. 3B and 3C). Cold-induced abundance of LC3-11 in LD paralleled the
enrichment of ATGL and HSL in LD (Fig. 3B and 3C) suggesting that lipophagy and
neutral lipases may act in concert to mobilize LD.

Blocking autophagy in BAT decreases LD turnover

To confirm that autophagy degrades LD in BAT, we examined LD content in BAT from
cold-exposed control and Atg7KOMY® mice that lack Atg7 in Myf5-positive progenitors
(Martinez-Lopez et al., 2013b). Myf5-positive cells give rise to BAT, and thus BAT from
Atg7KOMY® mice fail to generate LC3-11 and are autophagy-deficient (Fig. 3D). While cold
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increased LC3-11 levels in LD from control BAT (Fig. 3D), LD from RT and cold-exposed
Atg7KOMY™ mice displayed complete absence of LC3-11. Consequently, Atg7KOMY™ BAT
maintained higher LD content in the basal state as reported (Martinez-Lopez et al., 2013b),
and failed to mobilize lipid after 1 hr cold exposure (Fig. 3E). To exclude that LD
accumulation in Atg7KOMY™ mice occurs from perturbed BAT differentiation (Martinez-
Lopez et al., 2013b), we silenced BAT Atg7 in adult Atg7F/F mice via intra-BAT injections
of Cre adenoviruses (AdV-Cre) (Fig. 3F), and determined the effect of acute loss of
autophagy on lipid utilization. Injecting AdV-Cre in Atg7™/F BAT suppressed Atg7
expression by ~50% without modifying Atg5 expression (Fig. 3G) or affecting Atg7
expression in other fat depots (Fig. S3B), and blocked BAT LD turnover in cold-exposed
mice by ~3-fold (***p<0.001) (Fig. 3H) - demonstrating that autophagy degrades LD in
BAT.

Blocking autophagy in POMC neurons leads to lipophagy failure

Since BAT from fasted Atg7KOPOMC mice resist lipid utilization when compared to fasted
controls (Fig. S4A), we asked whether autophagy in POMC neurons regulates lipophagy in
peripheral tissues. To test this hypothesis, we subjected BAT and liver from RT-housed and
1 hr cold-exposed control and Atg7KOPOMC mice to LC3-11 flux analyses (Fig. 4A). While
tissues from 1 hr cold-exposed controls displayed accumulation of LC3-11 in presence of Lys
Inh indicating activation of autophagy flux (Fig. 4B and 4C; lanes 5/6 vs. lanes 1/2), those
from cold-exposed Atg7KOPOMC mice failed to activate autophagy (Fig. 4B and 4C; lanes
7/8 vs. lanes 5/6) (Fig. S4B). Consequently, cold-exposed Atg7KOPOMC mice displayed
~30-40% reduction in LC3-I1 enrichment in LD from BAT and liver — indicating reduced
lipophagy (Fig. 4D and 4E). Accordingly, Atg7KOPOMC mice completely failed to mobilize
their BAT LD during cold exposure, and displayed a modest ~30% increase in BAT lipid
content at RT (Fig. 4F, and Fig. S4C-top). By contrast, cold-exposed control mice depleted
their BAT lipid content by ~50% (Fig. 4F, and Fig. S4C-top). Cold-exposed Atg7KOPOMC
mice also displayed increased Oil Red O stains in liver indicating reduced LD breakdown
(Fig. 4G). Decreased LC3-I1 flux and lipid accumulation in BAT/liver from Atg7KOPOMC
mice did not occur from inadvertent Cre-mediated deletion of Atg7 since comparable Atg7
and Atg5 expression were detected in tissues from control and Atg7KOPOMC mice (Fig. S4D
and S4E).

Interestingly, although Atg7KOPOMC mice resisted cold-induced LD breakdown (Fig. S4C-
top), injecting sympathomimetic isoproterenol (i.p.) completely reversed this block in BAT
lipid utilization (**P<0.01) (Fig. S4C-bottom). Since cold-evoked BAT activation requires a
central thermoregulatory network (Morrison and Madden, 2014), administering
isoproterenol bypassed the neurological deficits in KO mice and rescued lipolysis (Fig. S4C-
bottom). These results indicate that BAT in KO mice remains responsive to catecholamines,
and that the primary cause of reduced lipid utilization in BAT is the defect in the CNS.

Loss of autophagy in POMC neurons decreases oxygen consumption

In keeping with decreased LD breakdown in Atg7KOPOMC mice, while BAT from cold-
exposed control mice displayed higher oxygen consumption rates (OCR) when compared to
RT-housed controls (Fig. 4H and 41; **p<0.01), BAT and liver from cold-exposed KO mice
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displayed ~50% reduction in OCR when compared to their respective controls (*P<0.05)
(Fig. 4H-4K, and Fig. 41 and 4K). BAT from RT-housed Atg7KOPOMC mijce displayed
modestly higher basal OCR compared to RT-housed controls (Fig. 4H and 41); however,
these differences were not statistically significant (n.s.) (Fig. 41). BAT from cold-exposed
Atg7KOAIRP mice (Kaushik et al., 2011) displayed similar OCR when compared to controls
(Fig. 4L) indicating that disrupting autophagy in POMC neurons, and not AgRP neurons,
blocks cold-induced lipid utilization in mice. Furthermore, we observed a correlation
between aberrant BAT lipid utilization in Atg7KOPOMC mice and reduced core temperature
at RT and during cold exposure (Fig. 4M), which was not detected in Atg7KOAIRP mice
(data not shown).

Stimulating autophagy in POMC neurons activates lipophagy

Since blocking autophagy in POMC neurons inhibits lipophagy, we asked whether
activating autophagy in POMC neurons increases lipophagy in BAT/liver. Rapamycin
suppresses mTOR signaling, which relieves the inhibition of mMTOR and activates autophagy
(Kamada et al., 2000). Consequently, wild-type C57B6 mice or Atg7KOPOMC mice and
their littermate controls were subjected to intra-MBH cannulation and injected with a single
dose of 2 pg of rapamycin (Rap) or DMSO (control) (Fig. 5A). Intra-MBH Rap blocked
mTOR signaling indicated by decreased hypothalamic p70S6K phosphorylation without
modifying total p70S6K levels (Fig. S5A). Accordingly, intra-MBH Rap increased MBH
LC3-11 flux by ~2-fold in control mice (p=0.07) but failed to activate autophagy in
Atg7KOPOMC mice (Fig. S5B), confirming that intra-MBH Rap activates autophagy in
POMC neurons.

To determine whether intra-MBH Rap-induced stimulation of MBH autophagy led to
activation of autophagy in BAT/liver, we analyzed LC3-11 flux and Atg gene expression in
BAT from intra-MBH DMSO or Rap-injected mice. Surprisingly, a single 2 pg dose of
intra-MBH Rap in RT-housed mice led to ~1.5-fold increase in expression of Atg7, Atg3,
Lc3b, Beclinl (***p<0.001), >2-fold increase in Lampl expression (***p<0.001), and ~4-
fold increase in expression of a master-regulator of autophagy, Tfeb (***p<0.001) in BAT
(Fig. 5B). Furthermore, intra-MBH Rap increased LC3-11 flux in BAT by >3-fold
(***p<0.001) (Fig. 5C) confirming autophagy activation. Interestingly, intra-MBH Rap-
induced increases in BAT Atg gene expression (Fig. 5B) mimicked increases in BAT Atg
gene expression in cold-exposed mice (Fig. 1D). Intra-MBH Rap also increased BAT Ucpl
expression by ~2.5-fold (***p<0.001) (Fig. 5D), which typically associates with BAT
activation, indicating that stimulating MBH autophagy is sufficient to activate autophagy in
BAT in RT-housed mice.

To determine whether intra-MBH Rap activates lipophagy in BAT/liver, we analyzed LC3-
Il enrichment in LD isolated from BAT and liver from intra-MBH DMSO and Rap-injected
mice. Consistent with lipophagy activation, we found enrichment of LC3-11 in LD isolated
from BAT and liver from intra-MBH Rap-injected mice (Fig. 5E and 5F). Enrichment of
LC3-11 in LD following intra-MBH Rap injection associated with depletion of liver
triglycerides and BAT LD by ~50% (*p<0.05) (Fig. 5G and 5H, and S5C). Liver fat
depletion occurred independently of changes in lipogenesis (equivalent Pparg expression) or
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cellular lipid uptake (equivalent Cd36 expression) or lipid efflux (comparable serum
triglycerides) (Fig. S5D and S5E). In addition, while BAT from control mice depleted their
lipid in response to intra-MBH Rap, BAT from Atg7KOPOMC mice resisted LD breakdown
in response to intra-MBH Rap (Fig. 5H and S5C) or cold exposure (Fig. 4F), demonstrating
that POMCergic autophagy is required to mobilize LD in peripheral tissues.

Stimulating POMCergic autophagy leads to LD turnover in lysosomes

To confirm that intra-MBH Rap-mediated lipid depletion occurs through lipophagy, we used
three independent strategies to block autophagy in liver and BAT (Fig. 51): (1) deleting Atg7
in BAT by use of Atg7KOMY® mice, (2) acute lysosomal inhibition by injection of
lysosomal inhibitor, leupeptin (Lys Inh i.p.), and (3) acutely depleting hepatic Atg7 via tail
vein injections of Cre-expressing adenoviruses (AdV) in Atg7F/F mice. We then determined
the contribution of lipophagy to peripheral lipid depletion following activation of MBH
autophagy via intra-MBH Rap (Fig. 51). While intra-MBH Rap depleted BAT LD in control
mice (Fig. 5H and 5J), intra-MBH Rap failed to deplete LD in BAT from Atg7KOMY™ mice
(Fig. 5J). Similarly, inhibiting hepatic lysosomal function by Lys Inh i.p. (Fig. 5K) or
depleting Atg7 by expressing Cre transgene in Atg7F/F mice (Fig. 5L) blocked intra-MBH
Rap-induced depletion of liver triglycerides. These results confirm that lipophagy in BAT/
liver degrades LD upon activation of autophagy in POMC neurons.

Lipophagy failure in denervated BAT

Since MBH neurons contribute to sympathetic outputs to peripheral tissues (Morrison and
Madden, 2014), we investigated whether neuronal projections transduce signals that activate
peripheral lipophagy. To that purpose, mice were subjected to unilateral BAT denervation
(Fig. 6A), and after 5 days rest, denervated and contralateral innervated BAT pads were
analyzed for LC3-II flux after intra-MBH Rap administration (Fig. 6B). Intra-MBH Rap
increased LC3-11 levels in intact BAT (Fig. 6C and 5C) that accumulated upon treatment
with Lys Inh — indicating activated autophagy flux (Fig. 6C). By contrast, denervated BAT
failed to increase their LC3-I1 levels and LC3-11 flux following intra-MBH Rap treatment
(Fig. 6C). Denervation also blocked intra-MBH Rap-induced increases in ucpl expression
whilst those of Atg7 and UIk1 remained unaffected (Fig. 6D). Finally, denervation
suppressed intra-MBH Rap-induced enrichment of LC3-11 in LD indicating lipophagy
failure (Fig. 6E). Consistent with lipophagy failure, denervated BAT maintained higher
basal lipid content and failed to deplete lipid after intra-MBH Rap treatment (Fig. 6F), while
innervated BAT remained responsive to intra-MBH Rap (Fig. 5H, 5J and 6F). These results
suggest that neuronal networks link POMCergic autophagy to peripheral lipophagy.
Supporting this notion, intra-MBH Rap increased BODIPY/LC3 colocalization by ~60% in
BAT from control mice indicating activation of lipophagy (*p<0.05) (Fig. 6G); while, BAT
from intra-MBH Rap-injected Atg7KOPOMC mijce displayed significantly reduced
BODIPY/LC3 colocalization - supporting lipophagy failure (Fig. 6G). In sum, we propose
that autophagy in POMC neurons and the ability of these neurons to transduce signals to
BAT determine activation of lipophagy in BAT.
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Lipases interact with LC3 at the LD surface

Since cold increased associations of ATGL, HSL and LC3-1l with LD (Fig. 1 and Fig. S1C),
we explored the possibility that LC3-11 engages in direct crosstalk with lipases to achieve
maximal lipolysis rates. Extracellular signal-regulated kinase 2 (ERK2) docks on the
cytoplasmic face of LC3-11/APh, and this association regulates ERK activity (Martinez-
Lopez et al., 2013a). Consequently, we tested whether LC3-I1 interacts with ATGL and HSL
to impact lipolysis, as modeled in Fig 7A.

To that purpose, we first analyzed whether activating MBH autophagy via intra-MBH Rap
enriched ATGL and HSL in LD. Indeed, intra-MBH Rap led to enrichment of ATGL,
phosphorylated-HSL, total HSL, and LC3-I1 in BAT and liver LD fractions by 20-60% (Fig.
7B, and Fig. S6A). Since LC3-11, ATGL, and HSL co-enrich in LD, we next examined
whether lipases interact with LC3 in LD. Cytosolic proteins containing LC3-interacting
region (LIR) motifs interact with LC3 (Birgisdottir et al., 2013). A core LIR maotif consists
of the [W/F/Y]-x1-x2-[L/1/V] sequence (Birgisdottir et al., 2013), and we found that ATGL
contains the F (Phe)-type LIR at 145-STEIPV-150, which typically contains V (Val), C
(Cys) or I (lle) at the x1 position (Fig. S6B). Using these guidelines, we identified 3 LIR
motifs in ATGL and 7 LIRs each in isoform 1 and 2 of HSL (Fig. S6B). This led to our
hypothesis that LC3 associates with lipases via LIR motifs, and these associations determine
recruitment of ATGL and/or HSL to LD (Fig. 7A). Indeed, co-immunoprecipitation revealed
interaction of HSL with LC3 in LD fractions obtained from sucrose gradient centrifugation
of tissue homogenates (Fig. 7C and 7D), and strikingly, activating MBH autophagy via
intra-MBH Rap increased the abundance of LC3-HSL co-immunoprecipitates in BAT LD
fractions (Fig. S6C).

Lipases dock on the cytoplasmic face of LC3-positive structures

We next determined the topology of interaction of cytosolic lipases with LC3. LC3-11 labels
outer and inner membranes of APh, and thus non-lysosomal substrates binding to LC3-11 are
likely to associate with the outer/cytoplasmic face of APh (Fig. 7A), as demonstrated for
ERK2 (Martinez-Lopez et al., 2013a). To explore this further, we used the LC3-I1 protease
protection assay (Martinez-Lopez et al., 2013a; Nair et al., 2011) wherein controlled trypsin
exposure (15 min) preferentially degrades proteins localized at the exposed cytoplasmic face
of APh, while proteins sequestered inside APh are spared (Fig. 7E). Indeed, in accordance
with our hypothesis, APh isolated from BAT (Fig. 7E) and liver (Fig. S6D) from cold-
exposed mice were enriched in HSL and ATGL, albeit relatively lower amounts of lipases
were found in liver-derived APh compared to BAT. Presence of lipases in APh did not
reflect cytosolic contamination as confirmed by absence of cytosolic 1kB in APh (Fig. 7E
and S6D). As anticipated, exposure of BAT or liver APh to trypsin led to greater than 75%
loss of HSL and ATGL as opposed to ~50% loss of LC3 in BAT-derived APh (Fig. 7E) and
minimal LC3 loss in liver-derived APh (Fig. S6D) when contrasted against trypsin-untreated
samples. These findings indicate that lipases dock on the cytoplasmic face of APh, and
suggest that LC3-11/APh serves as scaffolds for lipases at the LD.
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LIR motif regulates ATGL recruitment and lipolysis

To mechanistically couple LC3 and ATGL in control of lipolysis, we tested whether
mutating a single LIR on ATGL hinders its association with LD and blocks lipolysis. To that
purpose, we switched F (Phe) and V (Val) to A (Ala) in 145-STFIPV-150 LIR motif in
mCherry-wild-type (WT)-ATGL (Fig. 7F), and analyzed the ability of mutant ALIR-ATGL
to associate with LD and activate lipolysis in vitro.

mCherry-WT-ATGL or mCherry-ALIR-ATGL-expressing NIH3T3 cells were cultured in
oleic acid-supplemented medium in presence of serum or absence of serum for 6 hr to
activate lipolysis. Transfected (mCherry+) and un-transfected controls (mCherry-) were
visualized for BODIPY content and for association of WT-ATGL or ALIR-ATGL with LD.
As anticipated, serum-fed un-transfected cells (lacking WT-ATGL expression) displayed
BODIPY -positivity from the supplied oleic acid (Fig. S6E, panels 1 and 2). In WT-ATGL+
cells, ATGL localized around LD resulting in ~50% reduction in BODIPY fluorescence
indicating active lipolysis (Fig. S6E, panels 1 and 2). On the other hand, mutant ALIR-
ATGL+ cells displayed ~2-fold increase in BODIPY staining when compared to un-
transfected cells, and ~4-fold increase in BODIPY fluorescence when compared to WT-
ATGL+ cells (***p<0.001) indicating defective lipolysis (Fig. S6E, panels 3 and 4; and Fig.
S6F, panels 1-3). Increased BODIPY staining in ALIR-ATGL+ cells when compared to un-
transfected controls suggested that ALIR-ATGL exerts a dominant-negative effect on
endogenous ATGL.

Similarly, in serum-starved WT-ATGL+ cells, WT-ATGL localized around LD (Fig. 7G;
panel 1, white arrows) resulting in decreased BODIPY fluorescence indicating active
lipolysis (Fig. 7G, panel 1 and 2). By contrast, serum-starved ALIR-ATGL+ cells failed to
mobilize LD (Fig. 7G; panels 3 and 4) demonstrating the requirement of the 145-
STFIPV-150 LIR motif on ATGL for lipolysis. Since LIR motifs allow proteins to associate
with LC3, we predict that LC3-ATGL interaction determines recruitment of ATGL to LD
and, hence, its activity. Indeed, serum removal increased WT-ATGL/BODIPY
colocalization from ~40% to ~55%, and WT-ATGL+ cells displayed typical doughnut-like
circular structures of ATGL around LD (Fig 7H; white arrowheads in panels 1-4).
Strikingly, ALIR-ATGL remained largely mislocalized in the cell and displayed a diffuse
cytoplasmic signal (Fig 7H, panels 5-8). Since ATGL is known to be regulated by its
interactions with the endogenous activator CG1-58 (Lass et al., 2006) and inhibitor G(0)/
G(1) switch gene 2 (G0S2) (Yang et al., 2010), future studies will determine whether
association of LC3 with ATGL modifies its interaction with CGI-58 and/or G0S2.

Lipases and lipophagy display complementarity toward total lipolysis

Cytosolic lipases and lipophagy, each contributes to LD mobilization; however, whether
lipases and lipophagy display complementarity toward total lipolysis remains unknown. To
test this possibility, WT-ATGL+ or ALIR-ATGL+ NIH3T3 cells were maintained in oleic
acid-supplemented serum+ or serum-deprived medium for 6 hr. Subsets of these cells were
treated with Lys Inh for 6 hr and analyzed for (i) the ability of WT-ATGL+ cells to mobilize
LD in the background of lysosomal inhibition, and (ii) the degree of lipid accumulation in
ALIR-ATGL+ cells when subjected to lysosomal inhibition. As expected, WT-ATGL+ cells
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decreased their lipid content in both serum-fed (Fig. S6E and S6F) and serum-starved states
(Fig. 7G and 71); however, addition of Lys Inh decreased WT-ATGL-mediated lipid loss in
serum-fed (Fig S6F, panels 2 vs. 5, **p<0.01) and serum-deprived cells (Fig 71, panels 2 vs.
5, ***p=1.5E-04) suggesting that lysosomes modulate ATGL activity, possibly through
degradation of LD coat proteins (Kaushik and Cuervo, 2015) that shield LD against lipases.
Intriguingly, cells with inactive ATGL (ALIR-ATGL+ cells) when co-treated with Lys Inh
displayed significantly greater lipid accumulation when compared to ALIR-ATGL+ cells per
se (Fig. 71, and Fig. S6F, panels 3 vs. 6) or Lys Inh-treated un-transfected cells per se (Fig.
71, and Fig. S6F, panels 4 vs. 6). These results show that lipases and lipophagy exhibit
complementarity and cooperativity towards total lipolysis, and uncover a previously
unappreciated crosstalk between neutral lipases and lipophagy.

Discussion

CNS-to-peripheral autophagy networks control lipid metabolism

Here we show that CNS-to-peripheral autophagy networks control lipid metabolism in BAT/
liver. We find that cold activates autophagy in MBH and BAT/liver, and that deleting Atg7
in POMC neurons inhibits cold-induced lipophagy in BAT/liver. Conversely, targeted
activation of autophagy in MBH in RT-housed mice is sufficient to drive lipophagy and
promote lipid utilization in BAT/liver. This lipid utilization occurs, in part, through
lipophagy since inhibiting autophagy or lysosomal function in BAT or liver suppresses CNS
autophagy-induced lipid utilization. We reveal that direct neuronal connection links CNS
autophagy to peripheral lipophagy, since BAT denervation completely blocks lipophagy/
lipid utilization. Thus, we propose that the previously described neuronal circuits that link
CNS to liver and fat (Morrison and Madden, 2014) contribute to functional autophagy that
maintains lipohomeostasis. Since our studies were carried out in mice, a torpor-prone
species, it is possible that the cold-driven CNS-to-periphery autophagy axis represents a
mouse-specific, pre-torpor mechanism or that diminished peripheral lipid use in
Atg7KOPOMC mice represents a torpor-like state in KO mice. However, our rapamycin
studies were carried out in RT-housed mice and these studies provide torpor stimulus-
independent support for existence of the proposed “CNS-to peripheral autophagy axis” as a
significant regulator of lipohomeostasis in non-torpid species as well. In further support of
CNS-to-peripheral autophagy networks controlling lipid metabolism, neuron-derived
XBP-1s, a constitutively active form of XBP-1, has recently been shown to activate the
endoplasmic reticulum unfolded protein response in distal cells in C. elegans (Taylor and
Dillin, 2013).

Role of POMCergic autophagy in lipohomeostasis

The precise function of autophagy in POMC neurons has remained unknown, although
blocking POMCergic autophagy has been shown to disrupt axonal development (Coupe et
al., 2012), reduce a-MSH levels (Kaushik et al., 2012), and decrease POMC neuronal
response to leptin (Quan et al., 2012) independent of neuronal loss. Given the key role of
POMC neurons in generation of cold-evoked responses in peripheral tissues, and that of
autophagy in cellular quality control and nutrient supply, it is possible that autophagy failure
in POMC neurons could prevent sustained neuronal activation required to mount an
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effective response in peripheral tissues. Our unpublished results in cultured hypothalamic
cells (data not shown) indicate that a subset of Atg proteins are leptin responsive and
mobilize to specific cellular sites, e.g., trans-Golgi network, wherein maturation of a-MSH-
positive secretory vesicles occurs, and that inhibiting a subset of Atg proteins interferes with
POMC processing and decreases a-MSH production as previously described in
Atg7KOPOMC mice (Kaushik et al., 2012). Given the central role of leptin in POMC
expression/a-MSH production, and the permissive role of leptin in BAT thermogenesis
(Enriori et al., 2011), it is tempting to speculate that a-MSH availability and active
melanocortin signaling couples POMCergic autophagy to cold-driven sympathetic activation
and lipid utilization. Indeed, we show here that administering isoproterenol (i.p.) completely
restores lipid utilization in BAT in Atg7KOPOMC mice. However, further studies will
validate this notion by determining whether central administration of the melanocortin 4
receptor agonist, melanotan 11, rescues lipophagy in Atg7KOPOMC mice.

ATGL requires LC3 for its lipolytic activity

We also explored whether LD-associated LC3 plays yet undefined roles in control of
lipolysis. Our data suggest that, in addition to its role in lipophagy, LC3 supports ATGL
activity. While APh sequester cytoplasmic cargo and deliver these to lysosomes, our
published work indicates that the cytoplasmic face of APh serves as a docking site for ERK2
(Martinez-Lopez et al., 2013a). In our present studies, we find that LC3 co-
immunoprecipitates with HSL from LD fractions from BAT, and conversely, BAT-derived
APh reveal presence of HSL and ATGL. Since LC3-I1 protease protection assays excluded
lipases as autophagic cargo, in our view, HSL and ATGL appear to utilize APh/LC3-1l as a
membranous platform to efficiently localize to LD. The presence of LC3 interacting region
(LIR) motifs on ATGL/HSL suggests a molecular basis for transient associations of lipases
with LC3. Indeed, masking a single LIR motif on ATGL disrupted ATGL/BODIPY
colocalization and blocked lipolysis. Thus, we propose that regulation of ATGL recruitment
and activity requires its interaction with LC3. Our results suggest a model wherein CNS
autophagy influences autophagy proteins in peripheral tissues to (i) promote lipid utilization
via direct consumption of LD by lipophagy, and to (ii) engage with and recruit lipases to
LD. It remains to be clarified whether cytosolic LC3-1 or APh-bound LC3-11 preferentially
regulates lipase recruitment to LD; however, since ATGL, HSL, and ERK2 all co-purify
with APh, it is possible that LC3-I1-positive membranes serve as scaffolds regulating the
recruitment and activity of lipases. In sum, we propose that functional CNS-to-peripheral
autophagy networks maintain overall lipohomeostasis, and devising strategies to activate
whole body autophagy in a coordinated manner may perhaps prevent the attributes of the
metabolic syndrome.

Experimental Procedures

Animals

POMC-specific Atg7 mice were generated by crossing Atg7™/F mice (Komatsu et al., 2006)

(Drs. M. Komatsu and K. Tanaka, Tokyo Metropolitan Institute of Medical Science, Japan)

with POMC-Cre mice (Jackson Laboratories), respectively. Studies were performed in male
and female mice on a C57B6 background using a protocol approved by the Institutional
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Animal Care and Use Committee. Mice were fed a regular chow (5058; Lab Diet, St Louis,
MO, USA) and maintained on 12h light/dark cycles.

Antibodies for Atg7, ATGL, LC3B, Serine-555 phospho (P)-ULK1, P-HSL, HSL were from
Cell Signaling Technology; Atg5 and ULK1 were from Novus Biologicals; Beclinl from
BD Biosciences; CGI58 from ProSci, Inc,; LAMP1 from Developmental Studies Hybridoma
Bank; p62 from Enzo Life Sciences; PLIN2 from ProGen Biotechnik; B-actin, GAPDH,
PLIN3, WIPI1 and WIPI2 from Abcam. The following chemicals were used: leupeptin
hemisulfate (100-200uM) and ammonium chloride (20mM) from Fisher Scientific.
Rapamycin (2 pg per mouse) was from EMD Biosciences.

Autophagy flux assay

Autophagic flux determines LC3-11 accumulation in lysosomes when cells are treated with
Lys Inh, leupeptin (100 uM) and ammonium chloride (20 mM) (Klionsky et al., 2012).
Briefly, freshly collected tissue explants were placed in dishes with high glucose DMEM in
presence or absence of Lys Inh and then transferred to a 37°C incubator at 5 % CO, for 2 hr.
For autophagy flux in vivo, mice were injected with leupeptin ip (40 mg/kg body weight).
Explants were processed and immunoblotted for LC3. Net autophagy/LC3-11 flux was
determined by subtracting the densitometric value of Inh-untreated LC3-11 from
corresponding Inh-treated LC3-11 value (Kaushik et al., 2012). LD LC3 was calculated as
LC3-11/LC3-1 ratio and normalized to GAPDH and PLIN2.

Isolation of LD fractions

LD fraction from mouse liver and BAT were isolated as previously described (Singh et al.,
2009). Tissues were homogenized in 0.25 M sucrose and centrifuged at 6,800 g for 5min/
4°C. Supernatants including the fatty layer were centrifuged at 17,000 g/10min/4°C to
eliminate unwanted cellular fractions. Supernatant from the 17,000 g spin was adjusted to
20% sucrose and centrifuged in a discontinuous sucrose density gradient at 27,000 g for 30
min at 4°C. LD fractions were delipidated using successive washes in acetone and ether and
solubilized in 2 % SDS for immunoblotting.

Stereotaxic intra-MBH Rap administration

MBH stereotaxic surgery for cannula placement was performed using ketamine/xylazine.
Briefly, a bilateral cannula (Plastics One) was introduced into the MBH (coordinates from
bregma: anteroposterior, —1.1 mm; dorsoventral, =5.9 mm; center-center, 0.8mm) as
described (Blouet et al., 2009). Animals were rested for 5 days before experimentation. Each
mouse was injected with intra-MBH DMSO (100%) or 2 pg Rap: 1ug Rap each side of the
3" ventricle in 50nl of DMSO over 1 minute. For autophagy in vivo flux in 5-6 mo males,
10 pg leupeptin was injected in DMSO in a total of 200 nl per side for 2 hr, and mice were
cold-exposed for 1 hr, n=3.
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Transient transfections were performed with Lipofectamine 2000 (Invitrogen) as per the
manufacturer’s instructions. ATGL plasmid was a kind gift from Dr. Carole Sztalryd
Woodle (University of Maryland School of Medicine), and site-directed mutagenesis was
used to introduce F147A and V150A mutations using a commercial kit (Life Technologies).

All data are meantsem and are from a minimum of three independent experiments unless
otherwise stated. Statistical significance was compared by two-tailed unpaired Student’s t-
test. *P<0.05, **P<0.01, ***P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cold activates autophagy in BAT and liver
(A) Plan for in vivo LC3-11 flux in room temperature (RT)-housed or 1 hr cold-exposed mice

injected with intraperitoneal (i.p.) lysosomal inhibitor (Lys Inh) for 2 hr. (B—-C) LC3
immunoblot (IB) in BAT and liver as described in A, n=3. (D) gPCR of indicated genes in
BAT from RT and 1 hr cold-exposed 5-6 mo male mice, n=4. (E) IB, and (F-H)
immunofluorescence (IF) for indicated proteins in BAT from RT and 1 hr cold-exposed 5-6
mo male mice, n=3. Scale: 10 um. White pixels in H indicate colocalization. (1) Plan for
LC3-11 flux in BAT explants from RT-housed and cold-exposed mice, and from a subset of
cold-exposed mice returned to RT for 2 hr, n=3. (J) LC3-11 flux in BAT as described in I,
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n=3. Bars are mean+sem. *P<0.05, **P<0.01, ***P<0.001; Student’s t-test. Ponceau is
loading control. See also Figure S1.
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Fig. 2. Cold activates hypothalamic autophagy
(A) Plan for autophagy analyses in mediobasal hypothalamus (MBH) from RT-housed or 1

hr cold-exposed mice. (B) gPCR of indicated genes, (C-D) immunofluorescence (IF) for
Atg7 and LAMP1, and (E) immunoblot (IB) for LC3 in MBH from RT-housed and 1 hr
cold-exposed 5-6 mo male mice, n=3, 3V=3" ventricle. Scale: 10 um. (F) Plan, and (G) IB
for LC3-11 in MBH explants from RT-housed and 1 hr cold-exposed 5-6 mo male mice
treated or not with lysosomal inhibitor (Lys Inh) for 2 hr, n=3. (H) Plan, and (I) IB for LC3-
I1'in MBH from C57B6 mice cannulated and pre-treated with leupeptin or PBS as in 2H,
n=3. (J-K) IF for indicated proteins in MBH from RT and 1 hr cold-exposed 6 mo male
mice, n=3—-4. Bars are meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001; Student’s t-test. Scale:
10 um. Ponceau is loading control. See also Figure S2.
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Fig. 3. Cold-induced autophagy degrades LD in BAT
(A) Immunofluorescence (IF) for LC3 and BODIPY 493/503 in BAT, n=3, and (B-C)

immunoblots (IB) for indicated proteins in BAT and liver homogenates (Hom) and LD from
5-6 mo male RT-housed and 1 hr cold-exposed mice (5 livers and 5 BAT were pooled per
sample per experiment, n=2). (D) IB for indicated proteins in BAT LD from RT-housed or 1
hr cold-exposed control and Atg7KOMY™ mice (4-5 BAT were pooled per sample per
experiment, n=2). (E) Hematoxylin/eosin (H&E)-stained BAT from 1 hr cold-exposed Con
and Atg7KOMY™ mice. (F) Plan to inject Control adenovirus (Con-AdV) or Cre-expressing
adenoviruses (Cre-AdV) in BAT from Atg7"/F mice, and (G) qPCR for BAT Atg7 and Atg5,
and (H) BODIPY 493/503 staining in BAT from Atg7"/F mice injected with Con-AdV or
Cre-AdV, n=3. Scale: 10 pm. Bars are meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001,
Student’s t-test. See also Figure S3.
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Fig. 4. Blocking POMCergic autophagy inhibits lipophagy

(A) Plan to analyze autophagy in BAT/liver. (B) Immunoblot (IB) for LC3-I1 in BAT, and
(C) liver explants from RT-housed and 1 hr cold-exposed control and Atg7KOFPOMC mice
treated or not with Lys Inh for 2 hr, n=3. (D) IB for indicated proteins in BAT LD, and (E)
liver LD from RT-housed and 1 hr cold-exposed control and Atg7KOPOMC mice (5 livers
and 5 BAT were pooled per sample per experiment, n=2). (F) BODIPY 493/503 staining in
BAT from RT-housed and 1 hr cold-exposed control and Atg7KOPOMC mice, n=3. (G) Oil
Red O staining in liver from 1 hr cold-exposed control and Atg7KOPOMC mice, n=3. (H-1)
BAT and (J-K) liver oxygen consumption rates (OCR) and AUC (area under curve) from
5-6 mo RT-housed and 1 hr cold-exposed Atg7KOPOMC male mice, n=4. (L) OCR in BAT
from 1 hr cold-exposed male control and Atg7KOAIRP male mice, n=3. (M) Rectal
temperature in control and Atg7KOPOMC male mice at RT and after 15 min and 30 min of
cold exposure, n=5. Bars are meanzs.e.m. *P<0.05, **P<0.01; Student’s t-test. Ponceau is
loading control. See also Figure S4.
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Fig. 5. Stimulating hypothalamic autophagy activates lipophagy in BAT/liver
(A) Plan for mediobasal hypothalamus (MBH) cannulation and intra-MBH injections of

DMSO or rapamycin (Rap) for 2 hr at RT. (B) qPCR of indicated genes, (C) Immunoblot
(IB) for LC3 in presence or absence of lysosomal inhibitor (Lys Inh), (D) Ucpl expression,
and (E-F) IB for indicated proteins in Hom/LD fractions from indicated tissues from intra-
MBH DMSO or Rap treated mice. (5 BAT pads pooled per sample per experiment, n=2).
(G) Liver triglycerides, and (H) BODIPY 493/503 staining in BAT from intra-MBH DMSO
or Rap-injected 6 mo male control and Atg7KOPOMC mice, n=5. (1) Plan for blocking
autophagy (Atg7KO) or lysosomal function (Lys Inh) in BAT or liver followed by intra-
MBH administration of DMSO or Rap. (J) BODIPY staining in BAT from intra-MBH
DMSO and Rap-injected 4 mo male control or Atg7KOMY® mice, n=4. (K) Plan and
analyses of liver triglycerides in mice pretreated or not with Lys Inh i.p. for 2 hr or (L)
subjected to tail vein AdV-Con or AdV-Cre injections to deplete Atg7 and then exposed to
intra-MBH DMSO or Rap, n=4. Bars are meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001,
Student’s t-test. Ponceau is loading control. See also Figure S5.
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Fig. 6. Lipophagy failure in denervated BAT
(A) One BAT pad in each mouse was denervated (DNV), and DNV and contralateral intact

BAT pad were analyzed for autophagy. (B) MBH cannulation, and intra-MBH DMSO or
Rap injections for 2 hr and autophagy analyses in intact and DNV BAT from intra-MBH
DMSO or Rap-injected mice. (C) Immunoblot (IB) for LC3, and quantification for LC3-11/
LC3-I ratios, and net LC3-11 flux in intact and DNV BAT from intra-MBH DMSO or Rap-
injected 5-6 mo male mice, n=4. (D) gPCR for indicated genes in intact and DNV BAT
from intra-MBH Rap-injected 5-6 mo male mice, n=3-5. (E) IB for LC3 and quantification
for LC3-11/LC3-I ratios in LD from intact and DNV BAT from intra-MBH DMSO or Rap-
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injected 5-6 mo male mice (5 BAT pads pooled per sample per experiment, n=2). (F)
BODIPY staining in intact and DNV BAT from intra-MBH DMSO or Rap-injected 5-6 mo
mice, n=3. (G) Staining for BODIPY and LC3 in BAT from intra-MBH DMSO or Rap-
injected 5-6 mo male Con and Atg7KOPOMC mice, n=3. Bars are meanzs.e.m. *P<0.05,
**P<0.01, ***P<0.001; Student’s t-test. Ponceau is loading control.
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Fig. 7. LIR motifs on ATGL regulate lipolysis

(A) Autophagosomes (APh) facilitate localization of ATGL to LD. (B) Immunaoblots (I1B)
for indicated proteins in BAT homogenates (Hom) and LD from intra-MBH DMSO or Rap-
injected mice. Quantifications for LC3-11/LC3-1 and indicated proteins in LD normalized to
PLIN1 are shown (5 BAT pads pooled per sample per experiment, n=2). BAT Hom/LD
samples in Fig 5E and Fig 7B originate from the same experiment. (C) Plan for co-
immunoprecipitation (IP) from LD fractions. (D) Co-IP of HSL and IB for indicated
proteins in BAT LD from RT-housed control mice, n=2. Duplicate samples are shown. Two
different LC3 exposures are shown. (E) APh from BAT pooled from 3 cold-exposed mice
subjected to LC3 trypsin protection assay, and IB for indicated proteins in Hom and APh
fractions, n=2. (F) Point mutations (F147A, V150A) to inactivate LIR motif on ATGL
(ALIR-ATGL). (G) Direct fluorescence (DF) for mCherry/BODIPY 493/503 in 6 hr (0.25
mM) oleic acid (OA)-treated NIH3T3 cells expressing mCherry-WT-ATGL or ALIR-ATGL
in absence of serum for 6 hr. White arrows indicate ATGL/BODIPY association. Dotted
lines outline transfected cells. (H) DF for mCherry/BODIPY in 6 hr OA-treated NIH3T3
cells expressing mCherry-WT-ATGL or ALIR-ATGL in presence/absence of serum for 6 hr.
White arrowheads indicate ATGL/BODIPY association. (I) DF for mCherry/BODIPY in 6
hr serum-starved NIH3T3 cells expressing mCherry-WT-ATGL or ALIR-ATGL treated
with OA —/+ lysosomal inhibitors (Inh) for 6 hr. At least 40 cells analyzed from n=3. Bars:
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meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001, (#P<0.05, ###P<0.001 compared to panel 1
in F); Student’s t-test. See also Figure S6.
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