1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.

-, HHS Public Access
«

Published in final edited form as:
Biochim Biophys Acta. 2017 October ; 1862(10 Pt B): 1178-1187. d0i:10.1016/j.bbalip.2017.06.008.

Breaking fat: the regulation and mechanisms of lipophagy

Ryan J. Schulzel, Aishwarya Sathyanarayan?, and Douglas G. Mashek?:3

1Department of Biochemistry and Molecular Biology and the Center for Digestive Diseases, Mayo
Clinic, Rochester, MN

2Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota,
Minneapolis, MN

3Department of Medicine, Division of Diabetes, Endocrinology and Metabolism, University of
Minnesota, Minneapolis, MN

Abstract

Lipophagy is defined as the autophagic degradation of intracellular lipid droplets (LDs). While the
field of lipophagy research is relatively young, an expansion of research in this area over the past
several years has greatly advanced our understanding of lipophagy. Since its original
characterization in fasted liver, the contribution of lipophagy is now recognized in various
organisms, cell types, metabolic states and disease models. Moreover, recent studies provide
exciting new insights into the underlying mechanisms of lipophagy induction as well as the
consequences of lipophagy on cell metabolism and signaling. This review summarizes recent work
focusing on LDs and lipophagy as well as highlighting challenges and future directions of research
as our understanding of lipophagy continues to grow and evolve.
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1. Introduction

LDs represent the most energetically dense and, often, primary form of energy storage in
most cell types. These dynamic organelles form and expand or shrink and dissolve in
response to changes in energy status of cells. In times of energy demand, fatty acids (FAS)
liberated from LD-containing triacylglycerol (TAG) degradation are substrates for p-
oxidation and ultimately the generation of ATP needed for cell survival. On an organism
level, LD degradation in white adipose tissue (WAT) is critical to increase circulating FAs
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that provide fuel in non-adipose tissues during nutrient insufficiency. Although LDs have
historically been recognized for their importance in energy storage, a growing body of
literature has more recently identified important roles in cell signaling and function that link
LD accumulation to the etiology of numerous diseases [1]. Thus, the LD represents a
dynamic organelle that serves a multitude of functions.

Historically, the degradation of TAG and cholesterol ester (CE) stored within LDs was
attributed to the actions of hormone-sensitive lipase (HSL) as first discovered over a half-
century ago [2,3]. Subsequent work has revealed that HSL primarily hydrolyzes
diacylglycerol, in addition to CE, which led to additional studies that ultimately identified
adipose triglyceride lipase (ATGL) as the primary cytosolic lipase in numerous
metabolically active tissues including adipose, heart, liver and intestine [4-6]. In response to
lipolytic stimuli, ATGL is recruited to LDs to facilitate the initial step in TAG catabolism
followed by subsequent reactions catalyzed by HSL and monoacylglycerol lipase. Until the
discovery of lipophagy, this pathway was thought to be the primary mechanism through
which TAG contained within LDs was degraded.

Although the effects of autophagy on degradation of various organelles has been known
since the early 1960s [7,8], only recently has the contribution of autophagy to LD
degradation been identified. Putative links between autophagy and LDs arose following the
observation that mutations in lysosomal acid lipase (LAL), which is responsible for
lysosomal lipid degradation, leads to the accumulation of LDs in various organs [9-11].
Indeed, LAL enzymatic insufficiency is the cause of Wolman Disease and Cholesterol Ester
Storage Disease (CESD). However, because of the concomitant lipodystrophy and reduced
hepatic catabolism of endocytosed lipoproteins in subjects lacking functional LAL, the
contribution of lipophagy to LD accumulation was not known. A groundbreaking study by
Singh et al. in 2009 clearly demonstrated in hepatocytes that autophagy contributes to the
degradation of LDs, leading to the origin of the term “lipophagy” [12]. Similar to non-
specific canonical autophagy, the selective process of lipophagy can occur via both macro-
and micro- based mechanisms. Macrolipophagy involves the classical autophagosome-
mediated pathway of budding off and sequestering LDs for their subsequent delivery to
autolysosomes. Microlipohagy reflects the direct and transient interactions of lysosomes
with LDs as a means to degrade LD-derived lipids. Chaperone-mediated autophagy (CMA),
another arm of autophagy involving targeted protein degradation, is not directly responsible
for LD degradation, but may influence lipophagy indirectly as discussed below.

2. Proteins Involved in Lipophagy Induction

2.1 PLINs and lipases

Although LDs differ in lipid composition, size, and cellular location, perhaps the
characteristic that best highlights their dynamic nature is their proteome. The surface of the
LDs comprises hundreds of resident and transient proteins that influence LD metabolism
and signaling. An emerging role of these proteins is to regulate LD-specific functions
including lipophagy. The perilipin family members are the best characterized LD proteins
and play numerous roles in LD biology [13]. This family of proteins (PLIN1-5) differ in
regards to tissue expression profiles and biological functions and share varying degrees of

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schulze et al.

Page 3

homology. Numerous PLINs also influence LD catabolism through their ability to modulate
access of lipases to the LD surface [13]. A role for PLIN proteins in linking CMA to LD
catabolism has recently been identified [14]. These studies reveal that ablation of lysosomal-
associated membrane protein 2 (LAMP2A), which is required for CMA, leads to LD
accumulation. The authors also show that the heat shock cognate protein of 70 kDa (Hsc70)
binds a CMA recognition motif (KFERQ) within PLIN2, thereby targeting it for CMA-
mediated degradation in the lysosome; similar effects with PLIN3 were also shown.
Moreover, blocking CMA reduced cytosolic lipase-mediated lipolysis and lipophagy,
suggesting that the degradation of PLIN2 (and perhaps PLIN3) is required to allow access of
ATGL and autophagic proteins to the surface of LDs to promote LD catabolism. Additional
work has identified AMP-activated protein kinase as a critical protein involved in
phosphorylation of PLIN2, an event that is required for CMA-mediated degradation of
PLIN2 [15]. Thus, these studies place CMA-mediated degradation of PLIN proteins as an
upstream event critical for initiating lipophagy.

The above studies highlight an important role for ATGL in promoting TAG catabolism in
response to PLINZ2 degradation. Additional work has extended the links between ATGL and
autophagy/lipophagy. For example, Martinez-Lopez et al. showed that LC3, a classical
marker of the autophagosome, was able to directly interact with ATGL at the surface of LDs
[16]; interactions between LC3 and HSL were also identified. LC3 binds ATGL via an LC3
interacting region (LIR) at residues 145-150 (STFIPV). Ablation of this LIR reduces basal
ATGL localization to LDs and prevents the translocation of ATGL to the LD surface in
response to serum starvation. Therefore, these studies suggest that LC3 is critical for
translocation of ATGL to the surface of LDs to facilitate TAG hydrolysis. However, the
biological rationale for why ATGL would require LC3 for LD localization remains to be
elucidated.

The prevailing model of LD catabolism, including the above studies, is that both ATGL and
lipophagy directly contribute to LD degradation. A recent study from our laboratory has
explored if there is linearity in the relationship between ATGL and autophagy/lipophagy
[17]. In this work, ATGL was shown to be both necessary and sufficient to promote the
expression of autophagy genes in the liver. Moreover, ATGL promotes LD turnover,
positively regulates autophagic flux and increase interactions of lysosomes and LC3 with
LDs in hepatocytes suggesting increased lipophagy. Importantly, genetic or chemical
inhibition of autophagy or lysosomal lipid degradation (e.g. LAL knockdown or inhibition)
blocks the effects of ATGL overexpression on LD turnover and the subsequent oxidation of
liberated FAs. Based on previous work showing that ATGL promotes the activity of SIRT1
[18], a major driver of autophagy [19], additional studies show that SIRT1 mediates the
effects of ATGL on promoting autophagy/lipophagy. This work is also supported by studies
showing that PNPLAS5 and PNPLAS, members of the patatin-like phospholipase domain-
containing protein family that also contain ATGL (PNPLAZ2), promote autophagy/lipophagy
in a variety of cell types [20,21]. Regarding PNPLAS, Dupont et al. suggest that
diacylglycerol generated by PNPLAS is critical for autophagosomal membrane synthesis
and may influence membrane curvature and, thus, protein trafficking. Taken together, this
work suggests that ATGL, and potentially other lipases, act as upstream regulators of
autophagy/lipophagy and that lipophagy (rather than ATGL itself or related lipases) is
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responsible for the bulk breakdown of LDs (see Figure 1 for an overview of these pathways).
It should be noted that macrophages that lack ATGL also have impaired lipophagy but
normal macroautophagy, suggesting that unique cell type-specific effects may exist [22].
Since lipolysis is a highly-regulated process influenced by numerous signaling networks
(cAMP/PKA, AMPK, etc.) and a host of proteins known to directly interact with ATGL or
other LD proteins that indirectly influence ATGL activity (or presumably other PNPLA
lipases), much remains to be learned about how ATGL-mediated signaling integrates these
various inputs to coordinate lipophagy.

2.2 Rab GTPases

Numerous Rab proteins are now recognized to influence LD biology and metabolism
following their initial identification on LDs via proteomic studies [23-26]. The Rab family
of approximately 70 small GTPases are historically considered to be important mediators of
endosomal trafficking events, conferring a discrete “identity” upon individual trafficking
organelles [27]. Rabs function as molecular switches, cycling between active and inactive
GTP- and GDP-bound states, respectively. Interconversion between these states regulates
associations with cytoskeletal motor proteins and membrane fusion complexes, thus
promoting an intricate vesicular trafficking network within the cell. The nearly 30 Rab
GTPases found on the surface of LDs to date [28] have led to numerous investigations
geared toward the identification of their potential biological functions in the context of LD
metabolism. Importantly, recent reports have revealed that perturbations to some members of
this family of small GTPases have detrimental effects on LD turnover in response to
classical lipophagy-inducing cues.

One of the most predominant Rabs populating the surface of the LD is Rab7, a well
characterized marker of the late endocytic pathway [29] and a known participant in the
process of autophagosomal maturation [30,31]. Rab7 assists in the regulation of key late
endocytic and autophagic membrane fusion events (e.g. lysosome-autophagosome
interactions) by coordinating interactions between various SNARE proteins and members of
the HOPS tethering complex [32,33]. Furthermore, interactions of Rab7 together with
downstream effector proteins such as FYVE and coiled-coil domain containing protein 1
(FYCOL) or Rab7-interacting-like protein (RILP) promote plus- and minus-end directed
transport of organelles along microtubules in association with kinesin and dynein-dynactin
motors, respectively [34-36]. Rab7 can therefore be considered to occupy a central role in
catalyzing interactions between various cellular compartments and facilitating dynamic
processes such as autophagy. Indeed, recent studies have demonstrated important
contributions for Rab7 in the process of mitophagy, where it appears to assist in the
encapsulation of mitochondria within autophagic membranes together with the GTPase-
activating proteins TBC1D15 and TBC1D17 [37].

A potential function for Rab7 in LD homeostasis was first identified because p-adrenergic
stimulation of numerous cell types resulted in an increase in the co-localization of this small
GTPase with LDs as well as lysosomes and autophagic membranes [38]. siRNA-mediated
knockdown of endogenous Rab7 or the overexpression of a dominant-negative form of Rab7
results in the aberrant accumulation of LDs in hepatoma cells [39]. Upon nutrient
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deprivation, this small GTPase becomes activated directly on the LD surface, resulting in its
increased affinity for GTP over GDP. This activated state promotes recruitment of
degradative structures (i.e. multivesicular bodies and lysosomes) into the vicinity of the LD,
potentially “priming” the LD for targeted degradation via lipophagy [40]. This result
suggests that Rab7 may be an important LD-localized node for the regulation of hepatic
lipophagy. Indeed, a very recent report shows that Rab7 is also a primary target for ethanol-
induced hepatic steatosis [41]. The authors found that rats chronically fed an alcohol-
containing diet are resistant to starvation-induced lipophagy, which ultimately results in liver
steatosis. Importantly, as compared to control hepatocytes, hepatocytes exposed to ethanol
had significant reductions in levels of active Rab7, suggestive of defects in the autophagic
recognition of LDs for targeted turnover. Further studies are required to determine the exact
mechanisms through which ethanol suppresses this regulator of hepatic lipophagy.

Rab10 is a second LD-localized member of the Rab family that has been identified as
potentially participating in lipophagy. This GTPase has important roles in the regulation of
insulin-stimulated GLUT4 vesicle trafficking [42] and trafficking from the Golgi during
epithelial polarization [43]. Recently, Rab10 was also shown to be critical for coordinating
tubular extension and fusion during the process of ER morphogenesis [44]. Like Rab7,
depletion or genetic perturbations to Rab10 also result in hepatocellular lipid accumulation
[45]. Interestingly, nutrient-depleted cells exhibit a significant redistribution of activated
Rab10 to the LD surface. Under these conditions, this GTPase co-localizes at the LD
together with markers for autophagic membranes, including LC3 and Atg16. Rab10
therefore appears to act downstream of Rab7 as part of a complex, together with its binding
partner EH-domain binding protein 1 and the membrane-deforming ATPase EHD2, to
promote the envelopment of the LD by an expanding phagophore during lipophagic
progression [45].

Other Rabs have clear connections to LD metabolism and conventional lipolysis, but
putative roles in the selective autophagy of LDs remain unclear. Rab32 co-localizes with the
LD as well as with markers of autophagic or lysosomal membranes in the Drosophila fat
body [46]. Moreover, knockdown of Rab32 results in an increase in ATGL expression and
reduced LD abundance and size [47]. The mechanisms of ATGL upregulation were not
studied, however, and therefore require further investigation. An additional Rab GTPase
shown to have a connection with LD homeostasis is Rab18. In adipose tissue, this small
GTPase is tightly associated with LDs and exhibits sex- and fat-depot-specific differences
that are associated with overall adiposity [48]. The bulk of cellular Rab18 appears to be
localized exclusively to the LD surface, especially following p-adrenergic stimulation
[49,50]. Rab18 appears to bind to discrete subsets of LDs, suggesting differential
recruitment that is dependent on the metabolic status of individual LDs, an enticing concept
with respect to the selectivity inherent to lipophagy. A recent study shows that interactions
between the transport protein particle (TRAPP-II) and the coatomer protein COP-I function
to re-localize TRAPP-II to the LD surface. TRAPP-I1 is then able to activate Rab18,
promoting its subsequent recruitment to the LD to regulate lipolysis [51]. TRAPP complexes
are known to be involved in the autophagic process [52]; therefore, future investigations will
be useful in determining whether Rab18-TRAPP interactions play any defined role in the
selective process of lipophagy. Other Rabs, such as Rab25, have recently been suggested to
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participate in the autophagic turnover of retinyl ester-enriched LDs from hepatic stellate
cells (HSCs) [53]. Generation of ROS during the process of HSC activation was found to
result in an increase in Rab25 expression. Genetic depletion of Rab25 using sSiRNA
prevented LD turnover and, as a consequence, inhibited the process of HSC activation. This
interesting result suggests a new role for yet another Rab GTPase in lipophagy; however, it
is not clear whether this pool of Rab25 functions specifically at the HSC LD surface, nor
whether this Rab is also involved in other arms of the autophagic process.

2.3 LD-localized receptors for lipophagy

A great deal of interest has focused on the identification of cargo-specific selective
autophagy receptors that may provide structural links between a given organelle and the
autophagic machinery (for a recent review, see [54]). Unique membrane-bound receptors
that engage the autophagic machinery have been identified for nearly all organelles within
the cell aside from the LD. Many of these diverse receptors are known to interact with
LC3B, the classical marker of the autophagic membrane, via LC3-interacting region (LIR)
motifs, as mentioned above [55]. For example, the identification of clearly defined roles for
the mitochondrial cargo receptors NDP52 and optineurin have provided exciting new
insights into the selective process of mitophagy [56,57]. In addition to NDP52 [58], which
may play roles in other types of autophagy such as xenophagy [59], general candidate
receptors for the targeted turnover of other cellular organelles have also been identified,
including p62/SQSTM1, NBR1, and Huntingtin [60-62]. Mutations in the latter have been
shown to result in significant LD accumulation, thus suggesting its potential function as a
LD recognition receptor protein [62,63]. While LC3-binding to ATGL appears important to
facilitate LD degradation, as mentioned above, no other LD-resident proteins have been
demonstrated to unambiguously mediate lipophagy via an LC3-binding mechanism,
suggesting that other proteins (i.e. Rab7, above) may potentially assist in the recruitment of
the autophagic machinery through as-of-yet undefined mechanisms. Alternatively, protein
modification via polyubiquitination may serve as a lipophagy-promoting signal. For
example, interactions between ancient ubiquitous protein 1 (AUP1) and the E2 ubiquitin
conjugase G2 at the LD surface may promote the tagging of droplets for degradation [64—
66]. Further work will be required to precisely define the signals initiating and regulating the
autophagic turnover of LDs.

3. Lysosomal Lipid Degradation

Once internalized into the lysosome, LAL is responsible for the hydrolysis of TAG and CE.
LAL is perhaps most recognized for its deficiency, which results in Wolman disease and
CESD [67,68]. Mutations in LAL that render the enzyme catalytically dead result in the
more severe Wolman Disease, where some residual activity remains in mutations that lead to
CESD. Clinical manifestations of Wolman disease include massive accumulation of TG and
CE in the liver and spleen, intestinal malabsorption, severe cachexia, and adrenal
calcification [69]. Patients with the relatively milder CESD can progressively develop
hepatosplenomegaly and dyslipidemia. In 2015, recombinant enzyme replacement therapy
with sebelipase alfa was approved and has been shown to normalize symptoms and prolong
survival for those with severe Wolman disease [70]. Ablation of LAL in mice results in a
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phenotype that mirrors CESD in humans [71]. Although the massive accumulation of lipids
should be suggestive of a major role of lipophagy in the liver, it is difficult to dissociate the
contribution of remnant lipid uptake, which requires LAL, and altered whole-body lipid
trafficking that results from progressive loss of adipose tissue in these mice [72].
Interestingly, hematopoietic cell transplantation can normalize symptoms of subjects with
LAL deficiency [73]. These data suggest a potential role of immune cells in the development
of the phenotype via secretion of LAL and its subsequent uptake and restoration of
lysosomal neutral lipid hydrolase activity in hepatocytes. Because LAL is the only known
neutral lipid hydrolase in lysosomes, it plays a crucial role in mediating lipid flux through
the lysosome and, therefore, likely affects both lipophagy and the subsequent release,
trafficking, and signaling of downstream lipid breakdown products.

4. Regulation of Lipophagy

4.1 Transcriptional regulation

The past few years have brought major advances in our understanding into the
transcriptional control of autophagy and, to some degree, lipophagy. The most studied
transcriptional regulators of autophagy/lipophagy are the members of the microphthalmia-
associated/TFE subfamily of basic/helix-loop-helix/leucine zipper transcription factors that
include TFEB and TFE3 in mammals and HLH-30 in C. efegans. In addition to activating
peroxisome proliferator-activated receptor (PPAR)-y coactivator 1a (PGC-1a) and PPAR-a
target genes involved in fat catabolism, TFEB has also been shown to promote lipophagy
[74]. A study performed in C. elegans revealed that coordinated activation of the TFEB
homolog HLH-30 promotes lipophagy and lysosomal lipid hydrolysis by increasing the
expression of the numerous lysosomal lipases that have been shown to exist in worms [75].
The study also showed that the fasting-mediated induction of LAL expression in mouse liver
is dependent on TFEB. TFE3 also regulates lipophagy in the liver. Specifically, liver-specific
ablation of TFE3 promotes steatosis, and overexpression reduces steatosis via lipophagy
[76]. In contrast, adipose-specific overexpression of TFE3 increases adiposity [77], which
may be explained by studies showing that autophagy promotes adipocyte differentiation
[78-80]. These studies highlight distinct roles of TFE3 in differentially regulating lipid
metabolism between the liver and adipose tissue. Activation of the transcription factor
forkhead box O1 (FOXO1) through nutrient depletion has been shown to induce lipophagy
and LAL in adipocytes [81]. Moreover, FOX01/3/4 liver-specific knockout mice develop
hepatic steatosis and hypertriglyceridemia with decreased autophagic flux, which can be
reversed upon overexpression of the autophagy gene ATG14 [82]. Related work by Seok et
al., shows that cAMP response element-binding protein (CREB) promotes lipophagy in
fasted states via TFEB activation and in the presence of nutrients, this cascade is suppressed
by the nuclear receptor farsenoid X receptor (FXR) [83]. A similar regulatory interplay
between FXR and PPAR-a was described by Lee et al., wherein starvation-induced PPARa
activation suppresses FXR-mediated inhibition of lipophagy [84]. Taken together, these
studies suggest that transcription factors and co-activators induced with fasting (TFEB,
TFES3, PPAR-a, PGC-1a, FoxO1 and CREB) promote lipophagy, whereas feeding-induced
transcription factors (FXR) suppress lipophagy.
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In addition to the above fasting/feeding transcriptional networks, a role of sterol response
element binding protein-2 (SREBP-2) in autophagy/lipophagy regulation has also been
identified. Knockdown of SREBP-2 activates autophagy genes during sterol depletion and is
responsible for autophagosome formation to promote lipid droplet turnover [85]. A
subsequent study revealed that SREBP-2 promotes the expression of PNPLAS, which
facilitates lipophagy and prevents hepatic steatosis [21]. These studies would suggest that
SREBP-2, in response to reduced intracellular cholesterol levels, promotes lipophagy as a
means to increase cholesterol levels, in addition to directly promoting the expression of
cholesterol synthesis genes. These studies also highlight the importance of lipid signaling in
the regulation of lipophagy.

4.2 Hormonal and nutrient-mediated regulation

The mammalian target of rapamycin (mTOR) is well characterized as a major signaling
node that responds to nutrients (amino acids, glucose, etc.) and hormones (insulin) to
coordinate downstream metabolic pathways amongst a host of other functions. Consistent
with its activation in response to nutrients, mTOR is a potent inhibitor of autophagy.
Pharmacological approaches to activate autophagy using rapamycin, an inhibitor of mTOR,
have been shown to improve lipid oxidation and enhance lipid degradation [86].
Additionally, induction of autophagy through serum deprivation decreases phosphorylation
of mTOR, thereby rendering it inactive, and subsequently promotes lipid turnover in
hypothalamic neurons [87]. Coordination between autophagy and lipolysis via mTOR
inhibition was further supported in an elegant study in C. elegans [88]. This study shows that
rapamycin promotes the expression of the lysosomal lipase lipl-4, which increases lifespan.
Thus, mTOR appears to regulate lipophagy in a manner similar to autophagy although the
mechanisms by which it promotes lipophagy remain to be fully elucidated.

In contrast to anabolic signaling, hormones that typically promote catabolic pathways also
promote lipophagy. p-adrenergic signaling promotes lipophagy in adipocytes, a process
which is dependent on Rab7 [38] similar to what is observed in hepatocytes [39]. Thyroidine
(T3) is well documented to promote lipid catabolism including hepatic mitochondrial 8-
oxidation. Consistent with this role, a functional thyroid receptor is required for the
mobilization of lipids via autophagy [89]. Additional studies are required to address the role
of T3 hormonal regulation on lipophagy in extrahepatic tissues.

Lipids themselves are also known to regulate lipophagy. Acute stimulus with a physiological
fatty acid such as oleic acid activates lipophagy [12]. This activation is thought to occur as a
mechanism to consume excess lipid influx into the cell. Similar induction of lipophagy by
oleic acid has also been reported in hypothalamic neurons, suggesting that this could be a
ubiquitous effect observed in multiple cell types [87]. In contrast to acute stimulation, over-
nutrition or high-fat diet feeding leads to hepatic steatosis coinciding with decreased LC3 in
liver LDs, a phenotype that can be reversed by restoring hepatic ATG7 levels [90]. High-fat
feeding also reduces LAMP-2A [91], which could result in reduced CMA-mediated
degradation of PLIN2 leading to reduced lipophagy.
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4.3 Small molecule regulation

Several natural compounds modulate lipophagy. Epigallocatechin-3-gallate (commonly
referred to as EGCG), a polyphenolic compound enriched in green tea, has pro-autophagic/
lipophagic effects in the liver [92,93]. Additionally, caffeine exerts protective effects on fatty
liver disease and enhances fatty acid oxidation in liver cells via lipophagy [94]. Parfati et al.
explored the role of a dietary polyphenol bergamot, derived from the peel of the bergamot
citrus fruit, in alleviating hepatic steatosis. A 3-month treatment of 50 mg/kg in rats resulted
in decreased total hepatic lipid content and enhanced association between LDs and
autophagic compartments [95]. Additionally, the red wine bioactive resveratrol alleviates
hepatic steatosis via induction of autophagy/lipophagy [96,97]. Contrary to the above
molecules that enhance lipid turnover through autophagic signaling, tetrandrine, a
bisbenzylisoquinoline alkaloid, impairs autophagy and thereby induces lipid accumulation in
hepatic stellate cells [98]. While a broad spectrum of similar compounds have been shown to
regulate autophagy, specific effects of other small molecules on lipophagy have not been
tested [99].

5. Lipophagy in Disease States

5.1 Fatty liver disease

The finding that autophagy serves a central role in hepatic lipid homeostasis [12] has
resulted in numerous studies focused on elucidating the contribution of this catabolic process
to the onset of non-alcoholic fatty liver disease (NAFLD). NAFLD is estimated to have a
global prevalence of nearly 25% in adults and represents the second leading indication for
liver transplant in the United States [100]. A great deal remains to be understood regarding
potential connections between human liver disease and autophagy, with uncertainty
persisting as to whether defects in hepatic autophagy represent either a cause or result of
liver injury [101-103]. In contrast to those reports focused on general bulk macroautophagy,
studies specifically examining the role for selective autophagy of LDs in the context of liver
disease are relatively few in number.

How might lipophagy be regulated or altered in the steatotic liver? One possibility is that a
transcriptional regulator such as TFEB, which controls lipid utilization through the
coordination of PPARa and PGC-1a,, may itself be dysregulated [103]. Alternatively, a
recent study by Zubiete-Franco ef a/. provided evidence that the decreased expression of a
specific enzyme, glycine N-methyltransferase, may result in abnormally high levels of serum
methionine and S-adenosylmethionine, resulting in impaired lipophagy within a subset of
NAFLD patients [104]. Conversely, an autophagy-inhibiting protein, Rubicon, exhibits slight
elevation in liver samples taken from patients with NAFLD [105]. Studies performed using
Rubicon-knockout mice confirmed an enhancement in levels of hepatic lipophagy, evidenced
by electron micrographs demonstrating the presence of numerous double-membrane
structures tightly wrapped along the LD surface. Other factors are also of interest, including
the mitochondrial protein IRGM (Immunity-related GTPase family M). This protein is
perhaps best characterized for its role in the autophagic clearance of bacteria [106].
Interestingly, in addition to a reduction in xenophagy, knockdown or naturally occurring
mutations of this protein result in increased hepatic lipid accumulation [107,108]. Clearly, a
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number of targets connected broadly to the autophagic pathway have intricate links to the
turnover of hepatic LDs.

These findings suggest that the targeted stimulation of lipophagy may prove an attractive
route to promote the resolution of fatty liver. As such, various treatments known to
upregulate conventional autophagy are currently being investigated as therapeutic avenues
toward the treatment of NAFLD [109]. For example, Lin et al. have shown that
intraperitoneal injections of carbamazepine or rapamycin alleviated both diet- and alcohol-
induced hepatic steatosis in mice [86]. As mentioned above, numerous small molecules (e.g.
resveratrol, caffeine) or genetic manipulations (e.g. TFEB overexpression) have been shown
in mice to attenuate hepatic steatosis. Moreover, in other disease states associated with
hepatic triglyceride accumulation, such as glucose-6-phosphatase deficiency (von Gierke’s
disease), genetic or pharmacological stimulation of autophagy was able to reduce liver
steatosis [110]. A better understanding of the molecular regulation of lipophagy will
undoubtedly result in important insights not only into the lipid accumulation that is
characteristic to the early stages of NAFLD, but perhaps also to the early stages of fibrosis
relevant to later stages of this disease. Indeed, the autophagic flux and lipophagy-driven
catabolism of vitamin A-containing LDs appears to be a hallmark of hepatic stellate cell
activation and the subsequent deposition of extracellular matrix in the fibrotic liver [111].
Therefore, lipophagy likely plays an important role at multiple points in the progression of
NAFLD.

In contrast to NAFLD, a concrete role for the selective autophagy of LDs in obesity has yet
to be identified. However, evidence for a role of generalized autophagy in obesity does exist.
A program of lysosomal biogenesis activated by obesity in adipose tissue macrophages was
recently identified by Xu et a/. [112]. These authors demonstrated that an inhibition of
lysosomal function in macrophages not only favored increased lipid retention, but also
resulted in reduced levels of lipolysis in the WAT. The membrane curvature-sensing protein
endophilin B1, known to be highly expressed in human adipose tissue, may also play a key
role in obesity: genetic knockouts of endophilin B1 resulted in mice that displayed an
enhanced susceptibility to body weight gain compared to control littermates [113]. In
contrast to WAT, lipophagy may play a more important role in lipid homeostasis in the
metabolically active brown adipose tissue: indeed, Martinez-Lopez et al. showed that
exposure of mice to cold resulted in the co-localization of the autophagosomal marker LC3
with LDs, which appears to assist in the coordination of the downstream recruitment of
cytoplasmic lipases to the LD for conventional lipolysis in brown adipocytes [16]. Whether
such interactions occur in WAT or are disturbed in the context of obesity remains unclear.

At the cellular level, lipophagy appears to have some connections to the lipid accumulation
characteristic to the obese phenotype. As mentioned above, the small GTPase Rab7
contributes to the regulation of autophagy in the adipocyte, playing an important role in the
control of both basal and p-adrenergic mediated lipolysis [38]. Additionally, a study of the
effects of visible light irradiation on cultured adipocytes revealed that extended exposure to
light at a wavelength of 590 nm resulted in LD turnover that was accompanied by an
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increase in autophagic flux [114]. These results suggest a possible role for lipophagy in the
adipocyte; however, it is important to note that other studies have also shown autophagy to
be important in the adipocyte differentiation process. For example, MEFs derived from
Atg5~/~ mice were found to be defective in adipogenesis [115]. Likewise, knockdowns of
Atg7 in cultured preadipocytes were unable to effectively differentiate into mature
adipocytes [80]. Importantly, this same study also demonstrated that adipose-tissue specific
knockouts of Atg7 resulted in mice that exhibit a lean phenotype and elevated insulin
sensitivity. The multilevel roles of lipophagy and autophagy at the cellular and organismal
levels reinforce a need to urgently define the molecular mechanisms of these processes in
order to more completely understand the basis for complex metabolic disease states such as
NAFLD and obesity.

While the general field of metabolism has received increasing attention in cancer research
over the past decade, we are only beginning to understand the regulation and role of LDs,
and specifically lipophagy, in cancer. p53, a well-documented tumor suppressor protein,
activates lipid hydrolysis and the subsequent oxidation of FAs through the direct control of
genes involved in autophagy/lipophagy and FA B-oxidation [116]. Global genomic profiling
revealed that p53 coordinates the expression of several autophagy genes such as ATG7,
ATG4 and UVRAG amongst others [117]. Pharmacological inhibition of p53 with pifithrin-
a results in lipid accumulation, suggestive of a role of p53 in lipophagy induction [118]. p53
is also required for oleate-mediated induction of lipophagy in Chang liver cancer cells,
further supporting a unique role of this tumor suppressor in lipophagy [118]. Knockdown of
microtubule-associated protein 1S (MAP1S) in renal cells causes an impairment of
autophagic clearance of lipid droplets, whereas overexpression of MAP1S promotes
lipophagy [119]. Levels of MAPA1S are higher in normal renal cells compared to those with
clear cell renal cell carcinoma. Since high levels of MAP1S are associated with a reduced
malignancy and metastasis and predict better survival rates in clear cell renal cell carcinoma
patients, these data indirectly highlight a potential beneficial role of lipophagy. Additional
work in HeLa cells highlights a role of ATG14 and lipophagy in cell viability. ATGL14
overexpression promotes lipophagy and intracellular FA accumulation leading to ER stress,
ROS generation, and apoptosis. Inhibition of lipophagy in ATG14-overexpressing Hel a
cells enhances cellular viability [120]. In contrast to the anti-proliferative effects of
lipophagy listed above, lipophagy may promote cell growth in androgen-sensitive prostate
cancer cell lines [121]. Thus, like many metabolic pathways, the role of lipophagy in cancer
cell metabolism, signaling and growth is likely very dependent upon the unique aspects of
the cancer itself. Undoubtedly, future studies will expand our knowledge into the role and
regulation of lipophagy in diverse cancer types and highlight its therapeutic potential.

6. Relevance of Lipophagy to Cellular Signaling

Once internalized in lysosomes, complex lipids such as TAG, phospholipids and CEs are
hydrolyzed to simple lipids such as FAs and cholesterol. Fatty acids have diverse signaling
roles including ligands for transcription factors, allosteric modulators and substrates for the
generation of other signaling molecules (i.e. eicosanoids, sphingolipids, etc.). Cholesterol

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schulze et al.

Page 12

also has diverse signaling effects, although perhaps the most noted is its negative feedback
regulation of SREBP2 to control the cholesterol synthetic pathway. The detailed mechanism
through which lysosome-derived cholesterol is trafficked to regulate SREBP2 remains
unclear. Given the signaling properties of FAs and cholesterol, the lysosome can therefore be
considered as a source of these signaling molecules. A recent study in worms highlights a
novel signaling network that links the lysosome to transcriptional regulation. Folick et al.
identified that overexpression of LIPL-4, the C. elegans lysosomal acid lipase, increases
lifespan [122]. The lipid binding protein LBP-8 was required for the lifespan-extending
effects of LIPL-4, suggesting that lipid signals may link LIPL-4 to longevity. Further
analysis found that oleolyethanolamide (OEA), a metabolite of oleic acid, was increased in
the LIPL-4 transgenic worms and bound both LBP-8 and transcription factor NHR-80
(homolog of mammalian HNF4). Moreover, feeding OEA increased lifespan in wild type
worms, but not in those overexpressing LIPL-4 or LBP-8, suggesting it may work via a
similar mechanism. Thus, these studies suggest that lipid signaling molecules derived from
lysosomal lipid hydrolysis may act to alter gene expression to influence lifespan. To date,
this study provides the most direct evidence of a lysosome-derived signaling network
involving lipids. These data are consistent with the well-known function of lysosomal-
generated amino acids regulating mTORC1 and downstream signaling cascades [123].
Undoubtedly, as we expand our understanding into lipophagy and lysosomal biology,
additional signaling networks that link lipophagy to cell function will be identified.

7. Future Directions, Questions and Challenges

7.1 Lipophagic targeting of LDs

The past several decades of autophagy research have largely involved characterizing the core
proteins and signaling networks that govern the global autophagy pathway. Given the
breadth of substrates that undergo autophagic degradation, a current and future focus of the
field will be to identify and characterize specific proteins and signaling networks that
facilitate the individual arms of autophagy such as lipophagy. While numerous proteins
(Rabs, etc.) involved in lipophagy have been identified, many of these proteins also
influence autophagy on a more global scale. Thus, a major challenge to the field is to
identify how individual lipid droplets are recognized by the autophagic machinery. Which
proteins, metabolites and signaling networks regulate this process? Since the accumulation
of LDs is involved in the etiology of numerous diseases, activation of lipophagy is a viable
therapeutic target to prevent or treat such diseases. However, global activation of autophagy
is likely to cause undesirable effects due to the unnecessary degradation of cellular
components tangential to LDs. Therefore, a more in depth characterization of lipophagy is
needed to develop drugs that can specifically target autophagic organelles to LDs.

7.2 Measuring lipophagic flux

The methods to measure autophagic flux have evolved significantly over the past several
years as static measures of autophagy (LC3 punctae, abundance of autophagic proteins, etc.)
have given way to acid-sensitive/resistant fluorescently-tagged proteins that allow true
measures of flux into the lysosome [124]. While valid and useful for measuring flux through
many arms of autophagy, there are inherent problems with fluorescent microscopy-mediated
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approaches for the measurement of lipophagy. For example, dual-labeled PLIN2 has been
used to indicate lipophagic flux [39] although, as mentioned above, PLIN2 is also degraded
by CMA [14]. Thus, a major challenge in the field is to construct bona fide markers of the
LD that accurately measure the engulfment and degradation of these organelles through
macro- or microlipophagic pathways with high sensitivity. Ideally, a fluorescent lipid that is
resistant to lysosomal degradation or quenching of the signal would allow for the optimal
measurement of lipophagic flux. Unfortunately, a probe has yet to be identified for such an
application. In addition, we must be careful to draw conclusions based on chemical or
genetic models of autophagy inhibition. Ablating one autophagy gene is likely not sufficient
for making general inferences about autophagy itself. As we learn more about autophagy/
lipophagy, it is becoming clear that inhibiting various proteins or steps in the autophagy
pathways can elicit very different effects. Thus, multiple approaches to inhibit autophagy/
lipophagy are truly required to show the contribution of the more global pathway. Moreover,
the conditions in which we measure autophagy and lipophagy are important. A commonly
used model of autophagy/lipophagy induction is complete nutrient removal (i.e. incubation
with Earle’s Balanced Salt Solution). While this clearly induces autophagy, the
physiological relevance of this model is questionable since cells /in vivo, even when an
organism is fasting, are always exposed to minimal levels of nutrients and in some case,
especially with regard to FAs, increased levels. Thus, culturing cells in reduced nutrient
levels or reduced growth factor/serum levels is likely to provide a more physiological and,
thus, translational model to study lipophagy.

7.3 Lysosomal sensing/lipid trafficking

Lysosomes are now recognized to be a major site of nutrient sensing in cells. The
translocation of mTOR to lysosomes in response to nutrients (amino acids, glucose)
facilitates the formation of a protein complex involving mTOR, ragulator and the RAG-
heterodimer allowing for downstream mTOR signaling [125]. In addition, mTOR activation
promotes lysosomal/cytosolic sequestration of TFEB and TFE3 to limit the expression of
autophagy-related genes [126,127]. In addition to sensing extra-lysosomal nutrient levels,
some of which are influenced by efflux from the lysosome, the lysosomal nutrient sensing
machinery is also influenced by the levels of intraluminal nutrients such as amino acids
[123]. Exogenous fatty acids regulate lysosomal nutrient sensing depending on their
structure - saturated FAs activate and unsaturated FAs inhibit [128,129] - although caution
must be noted in interpreting data involving exposure to a high concentration of a single FA
as this is unphysiological compared to the diverse mixture of FAs cell are exposed to /n vivo.
To date, no studies have evaluated the ability of the lysosome to sense intraluminal levels of
FAs or other lipids. Undoubtedly, research in this area will greatly advance our
understanding of the contribution of lipophagy to nutrient sensing and cell signaling.

8. Conclusions

Despite its relative youth compared to autophagy, the field of lipophagy has seen
tremendous growth and major advances in the past several years. The identification of a
subset of proteins crucial for the initiation of lipophagy has facilitated a better understanding
of the core components that help the autophagic machinery recognized and degrade LDs. In
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addition, we have made significant strides in our understanding of the transcriptional
networks that govern both lipophagy and autophagy. While these advances have pushed the
field forward, much remains to be discovered, especially proteins and signaling networks
that specifically modulate lipophagy independent of more global effects on autophagy.
Identification of such factors could pave the way for novel therapeutics to modulate the
turnover of LDs, which are a hallmark and etiological factor in numerous diseases. The
importance of lipophagy and the consequential downstream changes in cell signaling
networks will undoubtedly be a major focus of research that could provide novel insights
into new regulatory nodes that ultimately link LDs and lipophagy to disease development.
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Highlights
. Lipophagy contributes to lipid droplet (LD) degradation in numerous cell
types
. Perilipins, lipases, and Rab GTPases act as key regulators of autophagic/

lipophagic initiation

. Alterations in lipophagy are common in various diseases

. The mechanisms whereby autophagic machinery target LDs is poorly
understood

. The downstream effects of lipophagy on cell signaling networks are largely
unknown
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Figure 1. Overview of the major arms of LD degradation
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CMA promotes LD catabolism via the degradation of PLIN LD proteins, thus, allowing

access for lipases and lipophagic organelles. Additionally, lipases such as ATGL promote
both macro- and micro-lipophagy to facilitate LD catabolism leading to the generation of
free FAs that are largely channeled towards oxidative pathways.
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