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Abstract

Lipid droplets in chordates are decorated by two or more members of the perilipin family
of lipid droplet surface proteins. The perilipins sequester lipids by protecting lipid droplets from
lipase action. Their relative expression and protective nature is adapted to the balance of lipid
storage and utilization in specific cells. Most cells of the body have tiny lipid droplets with
perilipins 2 and 3 at the surfaces, whereas specialized fat-storing cells with larger lipid droplets
also express perilipins 1, 4, and/or 5. Perilipins 1, 2, and 5 modulate lipolysis by controlling the
access of lipases and co-factors of lipases to substrate lipids stored within lipid droplets.
Although perilipin 2 is relatively permissive to lipolysis, perilipins 1 and 5 have distinct control
mechanisms that are altered by phosphorylation. Here we evaluate recent progress toward
understanding functions of the perilipins with a focus on their role in regulating lipolysis and

autophagy.
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1. Introduction

Lipid droplets are found in the cytoplasm of nearly every type of cell in the tissues of mam-
mals, as well as in cells of other chordates and many lower organisms. In mammals, lipid drop-
lets play an important role in cellular lipid homeostasis, storing primarily either cholesterol esters
to be used for membrane and steroid hormone synthesis, or triacylglycerols that serve as a
source of energy substrates or precursors for signaling lipids or membrane phospholipid syn-
thesis. The neutral lipid core of lipid droplets is covered by a monolayer of phospholipids and
cholesterol into which proteins are embedded. Proteomics studies have revealed more than 200
protein components of lipid droplets, some of which-localize solely to lipid droplets, while others
are also found in other subcellular compartments. Some of the most abundant lipid droplet pro-
teins include perilipins; to date, cytosolic lipid droplets lacking perilipins have not been identified
in mammalian cells. Thus, wherever neutral lipids are stored, two or more members of the peri-
lipin family of proteins are expressed and bind to lipid droplets. Five perilipin genes encode five
major perilipin proteins (perilipins 1 through 5) in mammals, with additional splice variants that
are expressed in lower amounts. Perilipins 2 and 3 are ubiquitously expressed, whereas
perilipins 1, 4, and 5 have more limited tissue expression. The perilipins can be either
exclusively associated with lipid droplets (perilipins 1 and 2) or exchangeable proteins that are
stable in either the cytoplasm or when associated with lipid droplets (perilipins 3, 4, and 5).
However, an interesting recent study provides evidence that the putative cytosolic forms of
perilipin 3 and perilipin 5 are actually associated with lipoprotein particles or lipid micro-droplets
with neutral lipid content, which are only 10-20 nm in diameter and thus smaller than structures
easily identified as lipid droplets by light microscopy (1). Like apolipoproteins, some of the
perilipins have specific preferences for the neutral lipid composition of lipid droplets. The major
isoform of perilipin 1 (perilipin 1A), and perilipins 2 and 5 preferentially associate with lipid
droplets enriched in triacylglycerols, whereas shorter isoforms of perilipin 1 (perilipins 1C and
1D) and perilipin 4 preferentially associate with lipid droplets enriched in cholesterol esters (2).
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Interestingly, perilipin 6, expressed only in teleost fish, associates with lipid droplets containing
carotenoid pigments in skin xanthophores (3); in contrast, retinoid containing lipid droplets of
mammalian hepatic stellate cells and retinal pigment epithelial cells are coated with perilipins 2
and 3 (4,5).

How the perilipin family members recognize and target to lipid droplets with specific lipid
content and whether interactions with the surface phospholipid monolayer direct perilipin
targeting remain largely unanswered questions, although a recent study has revealed that the
acyl chain saturation of phospholipids affects the interaction of recombinant truncated forms of
perilipin 3 with phospholipid monolayers of varying composition in vitro (6). To date, few studies
have addressed the biophysics of the phospholipid and protein surface properties of lipid
droplets. Several recent studies have suggested that phospholipid packing and surface protein
crowding differ for lipid droplets relative to membrane bilayers (7-9), thus conferring unique
properties that likely affect protein targeting to lipid droplets. The findings of a recent molecular
dynamics computer simulation suggest that the interdigitation of core neutral lipids
(triacylglycerols) into the phospholipid monolayer of a lipid droplet alters the biophysical
properties of the surface relative to effects conferred by interactions between the hemi-leaflets
of a phospholipid bilayer (7). Since there is little information regarding the biophysics of lipid
interactions within a lipid droplet, this computational simulation used parameters determined by
biophysical measurements made for individual pure lipids and combinations of pure lipids,
including pure triacylglycerols and phospholipids and triacylglycerols at a water interface, both
individually and as mixtures including a variety of phospholipid species and acyl chain
compositions. Although the supporting measurements have been made under non-physiological
conditions, the simulation used the experimentally determined lipid composition of a lipid droplet
of physiologically relevant size to replicate the appropriate surface curvature. If this model is
correct, the physical properties of the phospholipid monolayer of lipid droplets may confer speci-
ficity and selectivity to the binding of surface-associated proteins, with sensitivity to variations in
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the neutral lipid content of the lipid droplet core. These biophysical characteristics may underpin
the selective targeting of the various perilipins to lipid droplets with differing core lipid composi-
tions, and may also impact the distinct mechanisms by which different perilipins control lipolysis.
Experimental testing is required to confirm the theoretical models for protein interactions with
lipid droplets, a task which is neither straightforward nor easy, given the complexity of lipid
droplets.

A common feature of many proteins that bind to lipid droplets, including perilipins, is the
presence of amino acid sequences that are predicted to form amphipathic alpha helices (10-12).
An amino acid sequence of 11-mer repeats predicted to form amphipathic helices is conserved
in all members of the perilipin family of proteins, and has been shown to direct targeting of
recombinant perilipins to lipid droplets in a heterologous yeast system (13). Perilipin 1
additionally has three sequences of hydrophobic amino acids with central proline residues that
mediate targeting of mutated variants of perilipin 1 to lipid droplets in cultured cells (14,15),
independent of the 11-mer repeat sequences. The former sequences likely form hydrophobic
hairpin structures that embed into the core of the lipid droplet, and bear similarity to the
predicted hairpin structures that mediate lipid droplet localization of other proteins, such as acyl
CoA synthetase 3 and acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2') (16). Future
progress in obtaining high resolution structures of full-length perilipins, particularly in the lipid-
bound form, will be useful in resolving the mechanisms governing the specificity of perilipin
targeting to lipid droplets and revealing how perilipins function to control lipolysis.

Perilipins 1, 2, and 5 have been studied in the context of control of the metabolism of neutral
lipids stored in lipid droplets, whereas less is known about the functions of perilipins 3 and 4.
This review provides an update focused on assembling recent findings regarding perilipin func-

tion into models for perilipin control of lipolysis. For earlier reviews on the subject, see (17-21).

2. Evolution and tissue-specific expression of perilipins
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The five mammalian perilipins have been numbered in the order of their discovery (22).
Comparison of amino acid sequences reveals that perilipins 2 and 3 have the highest overall
similarity (18,19,23); both are ubiquitously expressed in mammalian cells and tissues. The
amino acid sequence of perilipin 5 bears similarity to perilipins 2 and 3 throughout its entirety.
However, perilipin 5 is selectively expressed in tissues in which fatty acids released during
lipolysis are transported to mitochondria for oxidation, including brown adipose tissue, cardiac
and skeletal muscle, and, to a lesser extent, liver (24-26). The sequence of perilipin 1 shares
similarity to perilipins 2, 3, and 5 predominantly in the amino terminus, whereas the carboxyl
terminus lacks significant similarity to other family members. Perilipin 1 is abundantly expressed
only in adipocytes in white and brown adipose tissue, with lower levels of expression in
steroidogenic cells of the adrenal cortex, testis and ovaries (27). Perilipin 4 has the most
divergent amino acid sequence with only limited similarity to other family members in an
expanded amino terminal region of 1l-mer repeat sequences that are predicted to fold into
amphipathic alpha helices (10) and thought to direct targeting of the nascent protein specifically
to lipid droplets. Perilipin 4 is most highly expressed in white adipose tissue, with lower levels of
expression in heart and skeletal muscle (28,29).

Comparative studies of species from key phylogenic lineages within chordates can be used
to elucidate the functional evolution of a family of proteins. An important component of this type
of research is the impact of gene duplication, particularly that arising from whole genome
duplications during early stages of evolution. The increment of gene numbers followed by
episodes of subfunctionalizations, neofunctionalizations, and gene loss, have all impacted
vertebrate physiology, and, in the context of this review, the number and function of genes
encoding the perilipins. A fascinating recent theoretical model for the molecular evolution of this
gene family is based on the analysis of phylogenetic and conserved synteny (3); this analysis
examines the conservation of segments of chromosomes containing multiple genes among
closely related organisms. These regions of chromosomes are more highly conserved among
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evolutionarily related species than they are among distant ancestors. Genes are identified in
diverse organisms by sequence similarity and the conservation of intron/exon boundaries. This
model reveals that an evolutionary precursor of perilipin 1 (and the recently identified perilipin 6
found only in fish) and a precursor of perilipins 2, 3, 4, and 5 were derived from an ancestral
perilipin gene during an early vertebrate genome duplication event (VGD) (Figure 1). Further,
the model suggests that a second genome duplication event led to the divergence of perilipin 1
from perilipin 6 and separately, the divergence of perilipin 2 from an ancestral gene that
eventually gave rise to perilipin 3, and then perilipins 4 and 5 during tetrapod evolution.
Although mammals express perilipins 1 through 5, birds and reptiles express only perilipins 1, 2,
3, and a 5-like gene, and fish express only perilipins 1, 2, 3, and 6 (3). The more recent gene
duplication and divergence of the sequences of perilipins 4 and 5 suggests that these perilipins
gained specialized functions during the evolution of mammals. The phylogenetic dissection of
the perilipin family, coupled with ongoing structural and biochemical analyses, may provide
significant insight into the mechanisms by which perilipins control the mobilization of stored

neutral lipids.

3. Lipolysis plays an essential role in lipid homeostasis

Tissues store triacylglycerols in lipid droplets when exogenous fatty acids are plentiful and
available for import and esterification. The fed state increases fatty acid availability for delivery
to adipocytes, while insulin promotes glucose uptake to support triacylglycerol synthesis. In con-
trast, triacylglycerol storage in other tissues, including liver, pancreas, and skeletal and cardiac
muscle, increases during fasting, when fatty acids are exported from adipose tissue for transport
to these tissues. When extracellular fatty acid supplies dwindle or energy is required to support
exercise, hormones initiate signaling cascades that increase kinase activity to activate lipolytic
pathways in adipocytes. The subsequent phosphorylation of perilipins, lipases, and cofactors for
lipases initiates the translocation of lipases from the cytoplasm to lipid droplets and enables
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protein-protein interactions to assemble the lipolytic complex on the perilipin scaffold surround-
ing lipid droplets. Thus, lipases gain access to lipid substrates and lipolysis of stored triacylglyc-
erols ensues.

Lipolysis is catalyzed by lipases that cycle between the cytoplasm or cytoplasmic surfaces of
the endoplasmic reticulum and the surfaces of lipid droplets; for recent reviews on lipases, see
(30-34). The first identified and most highly characterized lipase is hormone-sensitive lipase
(HSL), an enzyme with strong diacylglycerol and cholesterol ester hydrolase activity, and
weaker triacylglycerol, monoacylglycerol, and retinyl ester hydrolase activity in vitro. HSL is
highly expressed in white and brown adipose tissue, and at lower levels in a variety of tissues
including testis, ovaries, adrenal gland, skeletal muscle, heart, and mammary gland. The sub-
cellular localization and activity of HSL is dynamically regulated by phosphorylation. The cAMP-
dependent protein kinase (PKA)-mediated phosphorylation of HSL on 2 serine residues (Ser659
and Ser660 in rat HSL) is required for activating the lipase and promoting the translocation of
HSL from the cytoplasm to the surfaces of lipid droplets to gain access to substrate lipids (35).
An additional serine residue (Ser563 in rat HSL) is phosphorylated by PKA, although the con-
sequence of this phosphorylation is unknown. The use of antibodies raised against these
specific phosphorylated residues of HSL has revealed that the rapid PKA-mediated phosphory-
lation of Ser660 precedes the phosphorylation of Ser563 in hormonally stimulated 3T3-L1
adipocytes (36). Moreover, within 1 minute of the activation of PKA, HSL with phosphorylated
Ser660 can be detected on lipid droplets, as well as in the cytoplasm, particularly near the
periphery of cells. In contrast, phosphorylated Ser563 was detected only on lipid droplets at 10
minutes after the activation of PKA, suggesting both spatial and temporal differences in the
phosphorylation of these serine residues by PKA. These data suggest that the phosphorylation
of Ser660 (and likely Ser659) is required for translocation of HSL from the cytoplasm to lipid
droplets. HSL is also phosphorylated by AMP kinase; a recent study has shown that the
phosphorylation of Ser565 of murine HSL impedes the PKA-mediated phosphorylation of HSL

8



at Ser563 and Ser660, thus attenuating translocation and activation of the lipase (37).

For many years, HSL was considered to be the major, and perhaps only, neutral lipid lipase
in adipocytes; however, when HSL null mice showed relatively modest alterations in adipose
triacylglycerol content, researchers searched for and identified a second major lipase, adipose
triglyceride lipase (ATGL) (32,34). ATGL has strong triacylglycerol hydrolase activity and weak
retinyl ester hydrolase activity (38), but lacks other lipase activities; catalytic activity is enhanced
by a co-activator protein, ABHD5 (alpha beta hydrolase domain 5, also called CGI-58), and
inhibited by G0S2. ATGL is most highly expressed in adipose tissue and at lower levels in the
same tissues as HSL, as well as in several additional tissues. In adipose tissue, ATGL is
thought to be the major triacylglycerol hydrolase, with diacylglycerol and monoacylglycerol
hydrolysis catalyzed by HSL and monoacylglycerol lipase (MAGL), respectively. Studies using
tissue specific knockout mice have established important roles for ATGL in triacylglycerol
metabolism in several additional tissues. Recent studies have shown that lipolysis in multiple
types of cells is dependent on COPI complex proteins that control retrograde transport of
proteins between the Golgi and endoplasmic reticulum (39-41); specifically, the translocation of
ATGL between cellular membranes and lipid droplets is dependent upon COPI complexes.
Moreover, the activation of PKA increases the translocation of ATGL to lipid droplets in cultured
3T3-L1 adipocytes (42), dissected murine white adipose tissue (43), and adipocytes
differentiated from human adipose tissue-derived stem cells (44), implying that phosphorylation
events trigger ATGL movement in adipocytes, but perhaps not in other types of cells.
Phosphorylation of ATGL has been reported by two groups (37,45-47), although the identity of
the relevant kinase is controversial, with both AMP kinase and PKA being proposed as the
kinase that phosphorylates Ser406 in murine ATGL (Ser404 in human ATGL); triacylglycerol
hydrolase activity is diminished when this serine residue is mutated to alanine, providing
evidence of the functional significance of phosphorylation. Moreover, an additional
phosphorylated residue (Ser430 in mouse ATGL, Ser428 in human ATGL) has been identified
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by mass spectrometry studies (48,49); further investigation is needed to identify or confirm the
relevant kinases and functional consequences of ATGL phosphorylation.

Although HSL and ATGL have been detected in tissues for which the lipolysis of neutral
lipids plays an important role in the generation of energy or substrates for lipoprotein or steroid
hormone synthesis, it is clear from studies of mice with genetic deletions of HSL or ATGL that
many tissues express additional lipases that have not yet been identified. Moreover, neutral lipid
turnover can be detected in many cultured cell lines that lack detectable protein levels of HSL or
ATGL. Although additional cytosolic neutral lipid lipases have not been unequivocally estab-
lished, several families of putative hydrolases may- include these lipases. ATGL belongs to a
family of nine patatin-like phospholipase domain containing (PNPLA) hydrolases (50). Although
either triacylglycerol or retinyl ester hydrolase activity has been reported for several of these
enzymes (PNPLA3, PNPLA4, PNPLAS), other studies either fail to find relevant activity or report
alternate activities for these proteins, so it is unclear as to whether these enzymes have
significant lipase activity against neutral lipids or play a role in cellular triacylglycerol homeo-
stasis in vivo. Another extensive family of lipid hydrolases is the alpha beta hydrolase domain
proteins that includes 19 putative hydrolases in mammals (51,52), several of which have been
identified as cytosolic enzymes. Two of these hydrolases, ABHD6 and ABHD12, have been
shown to have monoacylglycerol lipase activity against the signaling lipid 2-
arachidonoylglycerol, as well as lysophospholipid hydrolase activity. The subcellular localization
and enzyme activity for the majority of members of this family have not yet been identified,
hence, it is possible that one or more of these proteins will prove to be a cytosolic neutral lipid
lipase. The ATGL co-activator ABHD5 is a member of this family, although it lacks a serine
residue in the conserved nucleophilic elbow sequence of GXSXG, and hence, lacks detectable
hydrolase activity. Finally, the carboxylesterase family of proteins includes neutral lipid lipases
(53,54). Although several of these enzymes have been shown to have triacylglycerol and/or
cholesterol ester hydrolase activity, they localize to the lumen of the endoplasmic reticulum and
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have been demonstrated to play a role in the utilization of stored triacylglycerols for lipoprotein
assembly in hepatocytes. It is unclear whether these lipases can gain access to cytosolic lipid
droplets through membrane contact sites between the endoplasmic reticulum and lipid droplets,
or whether their activity is limited to hydrolysis of lipids within the endoplasmic reticulum. Further
study of as yet uncharacterized hydrolases will undoubtedly uncover additional cytosolic lipases

that act on neutral lipids stored in lipid droplets.

4. Perilipins control lipolysis of stored neutral lipids by cytosolic lipases

Perilipins 1, 2, and 5 at the surfaces of lipid droplets coordinate the access of the cytoplas-
mic lipolytic machinery to substrate lipids through fundamentally distinct mechanisms, each con-
trolled, in part, through PKA mediated phosphorylation of perilipins, lipases and co-factors for

lipases.

4.1. Perilipin 1 control of lipolysis in adipocytes.

Perilipin 1 plays a crucial role in restricting adipose lipolysis under basal (or fed) conditions,
as demonstrated by experiments in cultured cells and perilipin null mice, and the study of rare
human mutations. The expression of perilipin 1 in cultured cells that typically coat lipid droplets
with perilipin 2, leads to perilipin 1-coated lipid droplets and increased triacylglycerol storage
due to decreased triacylglycerol turnover (55,56). Consistently, in perilipin 1 null mice, adipose
lipid droplets are coated with perilipin 2 and triacylglycerol turnover is accelerated, leading to an
approximate 70% reduction in adipose tissue mass (57,58). Moreover, humans with frameshift
mutations in perilipin 1 that lack carboxyl terminal amino acid sequences have lipodystrophy
(59-61), and the expression of these and other truncated variants of perilipin in cultured cells
reduces triacylglycerol storage in cells by increasing turnover (59-62). These studies support the
concept that perilipin 1 promotes triacylglycerol storage under basal conditions at least in part
by reducing the access of cytosolic lipases to triacylglycerol substrates stored in lipid droplets
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(Figure 2). This function is aided by the insulin-mediated reduction of PKA activity in the fed
state. Insulin suppresses lipolysis by at least three mechanisms. The binding of insulin to its
receptor initiates a signaling cascade that ultimately activates phosphodiesterase 3b (PDE3b)
through Akt-mediated phosphorylation of serine 273 (63,64). PDE3b catalyzes the hydrolysis of
cAMP to 5AMP, thus reducing the activation of PKA and consequently, attenuating lipolysis.
Secondly, insulin signals through AKT to reduce the PKA-mediated phosphorylation of
hormone-sensitive lipase, while signaling through a PI3K-dependent, but AKT-independent,
signaling pathway to decrease the PKA-mediated phosphorylation of perilipin 1 (65). Although
the former mechanism may be through increases in PDE3b activity, the molecular mechanism
for the decreased perilipin 1 phosphorylation is unknown. Finally, chronically elevated levels of
insulin, such as those observed with Type |l Diabetes, disrupt communication between -
adrenergic receptors and PKA, most likely by altering the activity of A-kinase anchoring proteins
(AKAPSs) (66) that provide a scaffold to guide PKA to its protein substrates. An additional factor
that reduces lipolysis under basal or fed conditions is the sequestration of ABHD5 on the
perilipin 1 scaffold surrounding lipid droplets (67,68), preventing the interaction of ABHD5 with
ATGL (69,70) and reducing basal triacylglycerol hydrolase activity. Studies of recently identified
human mutations in perilipin 1 provide support for this model; truncation of the perilipin 1
carboxyl terminal binding site for ABHDS5 releases the cofactor from perilipin 1 on lipid droplets,
enabling its interaction with ATGL, and increasing the rate of basal lipolysis (59,60).
Mechanisms of stimulated lipolysis are best understood for adipocytes from white adipose
tissue, where perilipin 1 coats mature, generally unilocular lipid droplets. During fasting or
exercise, epinephrine and norepinephrine bind to B-adrenergic receptors on the plasma
membranes of adipocytes, initiating a Gqs-protein mediated signaling cascade that activates
adenylyl cyclase, leading to increased cellular levels of cAMP. Elevated cAMP triggers the
release of the regulatory subunits of tetrameric PKA and the consequent activation of the cata-
lytic subunits (71). PKA then phosphorylates most of the components of the lipolytic complex.
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The most highly phosphorylated protein associated with lipid droplets in stimulated adipocytes is
perilipin 1 (72). Examination of amino acid sequences predicts six consensus sites for the phos-
phorylation of serine residues by PKA (consensus R(R/K)XS) in mouse and rat perilipin 1, with
five of these sites conserved in primates and dogs (18). Moreover, an AKAP called optic atrophy
1 has been shown to form a complex between perilipin 1 and PKA at the surfaces of lipid drop-
lets in adipocytes and to control PKA-mediated phosphorylation of perilipin 1 (73). Interestingly,
recent phosphoproteomics analysis of cultured murine 3T3-L1 adipocytes and primary mouse
adipocytes from both white and brown adipose tissue has revealed as many as 27 phosphor-
ylated serine or threonine residues in perilipin 1, with some of these sites being possible addi-
tional PKA targets, but other sites residing within consensus sequences for other kinases (74-
77). The role of kinases other than PKA in the control of perilipin 1-mediated lipolysis has not
been addressed.

Mutagenesis studies have established functional significance of the PKA-mediated phos-
phorylation of the originally identified six serine residues in murine perilipin 1 in the control of
stimulated lipolysis. Mutation of the amino terminal-most three serine residues in PKA
consensus sequences, either collectively or individually, eliminates recruitment of HSL to lipid
droplets and correspondingly decreases stimulated lipolysis (56,78,79). A binding site for HSL
has been identified in the amino terminus of perilipin 1 that encompasses the sequence that is
most highly conserved in four out of five perilipins (79,80); HSL interactions with this conserved
sequence in perilipins 2, 3, and 5 have also been reported (79). Thus, the PKA-mediated
phosphorylation of both HSL and perilipin 1 triggers the translocation of HSL from the cytosol to
lipid droplets, where the lipase docks in a protein-protein interaction with perilipin 1, and gains
access to lipid substrates. It is thought that the phosphorylation of perilipin 1 is required to
expose the amino terminal binding site for HSL (79).

Perilipin 1 binds ABHD5 on a carboxyl terminal sequence under basal conditions, attenu-
ating lipolysis, but following the activation of PKA, ABHD?5 is released from the perilipin 1 scaf-
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fold (67). The PKA-mediated phosphorylation of the two PKA-site serine residues closest to the
carboxyl terminus of perilipin 1 (70) and ABHD5 on a single serine residue (81) induces the
release of ABHD5, enabling the interaction of ABHD5 with ATGL and the activation of triacyl-
glycerol hydrolysis. Additionally, the activation of PKA in adipocytes promotes a dramatically
increased translocation of ATGL to perilipin 1-coated lipid droplets (42-44), but the mechanism
is unknown. This hormonally-induced recruitment of ATGL to lipid droplets has not been re-
ported for cells in which lipid droplets are coated with other perilipins, yet no specific interactions
between perilipin 1 and ATGL have been reported. It is possible that the increased interaction
between ABHDS5 and ATGL forms a complex that is then more efficiently recruited to lipid
droplets.

In adipocytes, ATGL cleaves a fatty acid from triacylglycerol to release diacylglycerol, then
HSL cleaves diacylglycerol to release monoacylglycerol; the third fatty acid is released by
monoacylglycerol lipase (MAGL) (82). Perilipin 1 modulates the activity of ATGL by controlling
the access of the co-activator ABHDS5 to ATGL, and the activity of HSL by providing a docking
site on lipid droplets for lipase access under specific metabolic conditions that promote lipolysis.
In contrast, how perilipin 1 may control MAGL activity has not been investigated. MAGL is
thought to be a soluble cytosolic enzyme that associates peripherally with membranes (82,83),
yet the factors that regulate subcellular localization and the access of the lipase to substrate

lipids are unknown.

4.2. Perilipin 5 control of lipolysis in oxidative tissues.

In oxidative tissues such as skeletal muscle, heart, and brown adipose tissue, lipolysis is
coordinated by perilipin 5 (Figure 3). In myocytes, the surfaces of lipid droplets are decorated
with both perilipin 2 and perilipin 5, whereas lipid droplets in adipocytes of brown adipose tissue
are decorated with perilipin 1 and perilipin 5. Despite the mixture of perilipins on these lipid
droplets, perilipin 5 plays a dominant role in the control of lipolysis. Studies of perilipin 5 null
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mice and perilipin 5 tissue specific transgenic mice reveal that perilipin 5 plays an important role
in energy homeostasis, particularly in the heart, by controlling triacylglycerol storage and lipo-
lysis (84-88). The whole body genetic deletion of perilipin 5 in mice leads to impaired triacyl-
glycerol storage in the heart (84-86), particularly during fasting conditions, and increased fatty
acid oxidation in isolated cardiomyocytes (85), suggesting more rapid turnover of triacylglycerol
in the absence of perilipin 5. Despite lower lipid droplet storage capacity, chow-fed perilipin 5
null mice maintain nearly normal heart function, compensating for the absence of perilipin 5 by
reducing fatty acid uptake and increasing glucose uptake (84). However, when cardiac function
is challenged by inducing myocardial stress or ischemia, perilipin 5 deficiency reduces the
availability of stored energy substrates to myocardial tissue, resulting in severely impaired heart
function and increased mortality (84). In contrast, the overexpression of perilipin 5 in
cardiomyocytes of mice massively increases the storage of triacylglycerols in lipid droplets
(87,88), and the augmented perilipin 5 content renders lipid droplets that have been isolated
from the hearts of the transgenic mice more resistant to lipolysis (87). To date, the relevance of
perilipin 5 in human cardiac physiology has been explored in only one analysis performed on a
small human cohort with suspected coronary artery disease. The results indicate the association
of a common non-coding polymorphism, rs884164, with reduced heart function following
myocardial ischemia, and decreased cardiac expression of the perilipin 5 gene (PLIN5) (84).
Further studies are needed to confirm the role of perilipin 5 in the control of lipolysis in human
cardiac dysfunction.

In addition to a cardiac phenotype in response to stress, perilipin 5 null mice also have
altered triacylglycerol storage in muscle and liver. In perilipin 5 null mice, triacylglycerol content
is reduced in red (oxidative) quadriceps muscle, but not white (glycolytic) quadriceps muscle of
perilipin 5 null mice relative to wild-type mice (86), and in liver, particularly following feeding of a
high fat diet (89). In contrast, the overexpression of perilipin 5 in skeletal muscle increases
triacylglycerol storage in intramyocellular lipid droplets (90,91). These findings complement
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results from studies conducted using cultured cell models with overexpressed perilipin 5 to
demonstrate that perilipin 5 increases triacylglycerol storage by reducing turnover (24,25,43,92).

Perilipin 5 binds multiple components of the lipolytic complex while attenuating lipolysis. The
amino terminal sequence of perilipin 5 includes a binding site for HSL that is also conserved in
perilipins 1, 2, and 3 (79). Interestingly, perilipin 5 on lipid droplets binds HSL under basal condi-
tions, while restricting the lipolysis of stored triacylglycerols (79). The carboxyl terminal se-
guence of perilipin 5 contains overlapping binding sites for ATGL and ABHD5 (43,93,94). In
contrast, the carboxyl terminus of perilipin 1 binds only ABHD5, not ATGL; moreover, the amino
acid sequence of the ABHD5 binding site is not conserved between perilipin 1 and perilipin 5.
Competitive protein binding experiments have revealed that the binding of ABHD5 and ATGL to
perilipin 5 is mutually exclusive (94); a single copy of perilipin 5 can bind only one of these
proteins, not both. The outcome of these experiments suggests that the binding of ABHDS5 to
perilipin 5 precludes the interaction of ABHD5 with ATGL. Similarly, when ATGL binds perilipin
5, it cannot also bind ABHDS5. These exclusive binding interactions are likely part of the
mechanism by which perilipin 5 attenuates lipolysis under basal conditions. Although both ATGL
and ABHDS5 are recruited to perilipin 5 coated lipid droplets under basal conditions, they cannot
interact with each other, thus reducing triacylglycerol hydrolysis.

Perilipin 5 effectively protects stored triacylglycerols from lipolysis under basal conditions
while recruiting lipolytic effectors to lipid droplets containing substrate lipids; however, when
hormonal signals activate PKA, perilipin 5 is phosphorylated and lipolysis increases (43,92). A
serine residue within a PKA consensus sequence has been identified as a target for PKA-
mediated phosphorylation; when serine 155 of murine perilipin 5 is mutated to alanine, PKA-
mediated stimulation of lipolysis is attenuated (92). Phosphorylation of this site and a neigh-
boring conserved site of RRSMS (including serine 161 and serine 163 in mouse perilipin 5;
RRSVS in humans) have been identified in phosphoproteomics studies of proteins from skeletal
muscle biopsies of exercising humans (95), cardiac muscle from mice treated with B-adrenergic
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agonists (96), and livers from fasted and re-fed mice (97), providing evidence for in vivo phos-
phorylation of these three serine residues. These studies identified three additional phosphory-
lated serine residues that are likely targets for other kinases; the functional consequences of the
phosphorylation of perilipin 5 following the activation of other signaling pathways has not been
addressed. It would be interesting to test whether the aforementioned optic atrophy 1 is an
AKAP that facilitates the PKA-mediated phosphorylation of perilipin 5. Gene expression data
reported by Bio-GPS (Biogps.org) indicates that opal is highly expressed in brown adipose
tissue, heart and skeletal muscle of mice; hence, this AKAP may play an important role in
facilitating the phosphorylation of perilipin 5.

The mechanism for how the phosphorylation of perilipin 5 enhances lipolysis is as yet
unknown. Proposed mechanisms include the release of ABHD5 from the perilipin scaffold to
enable interaction with and co-activation of ATGL (92), however, this remains to be proven.
Additionally, it is unknown whether ATGL and HSL remain associated with perilipin 5 or are also
released following the activation of PKA. Study of the association of ATGL with lipid droplets in
white and brown adipose tissue has revealed that, under basal conditions, the ATGL content of
lipid droplets from brown adipocytes is higher than that observed for white adipocytes.
Moreover, unlike the situation in white adipocytes where perilipin 1 exerts major control over
lipolysis, the activation of PKA in brown adipocytes does not increase ATGL recruitment to lipid
droplets (43).

In addition to increasing triacylglycerol storage, the overexpression of perilipin 5 increases
fatty acid oxidation in intact cultured cells (25,90). In contrast, mitochondria isolated from the
cardiomyocytes of mice with transgenic overexpression of perilipin 5 showed impaired fatty acid
oxidation (92). Several groups have proposed that perilipin 5 helps to channel fatty acids
released during lipolysis toward mitochondria for oxidation (25,90,98). Perilipin 5 has been
shown to associate with both lipid droplets and mitochondria (90,98), and hence, may assist
with fatty acid transfer. Moreover, the expression of perilipin 5 in cells increases the localization
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of mitochondria to the immediate neighborhood of lipid droplets; the final twenty amino acids of
the carboxyl terminus of perilipin 5 are essential for this recruitment of mitochondria to lipid
droplets (98). It is unknown whether this sequence of perilipin 5 interacts with mitochondrial
proteins or lipids, but the increased contact between lipid droplets and mitochondria is likely
important for chaperoning or transport of fatty acids released during lipolysis to mitochondria.
Additional experimentation is needed to provide evidence for this function. It is also currently
unknown how the phosphorylation of perilipin 5 during stimulated lipolysis affects the interaction
of perilipin 5 with mitochondria and channeling of fatty acids to mitochondria for oxidation.
Perilipin 5 may also promote efficient coupling between triacylglycerol hydrolysis and
mitochondrial fatty acid oxidation by altering the transcription of genes crucial for mitochondrial
biogenesis and oxidative function (99); the activation of PKA triggers the translocation of
perilipin 5 to the nucleus, where it forms complexes with PGC-1a and SIRT1 and increases
transcription of PGC-1a target genes (100). The biology of perilipin 5 and its dual functions to
control lipolysis and impact mitochondrial function appear to be complex and as yet
incompletely understood, involving both transcriptional and post-transcriptional mechanisms at
two cellular locales, the lipid droplet and the nucleus. Given these recent findings, it is surprising
that perilipin 5 null mice have a relatively mild phenotype under normal, chow-fed conditions. To
fully unravel the complexity of the role of perilipin 5 in energy homeostasis, it may be necessary
to study mice with tissue specific deletions of perilipin 5 under energetically challenging

conditions, with careful examination of potential compensatory roles played by other perilipins.

4.3. Perilipin 2 exerts minimal control over lipolysis.

Perilipin 2 is ubiquitously expressed and is the major lipid droplet-associated perilipin in cells
in which perilipin 1 or perilipin 5 are not also expressed. While perilipins 1 and 5 exert specific
and distinct control over lipolysis that is modulated by PKA-mediated phosphorylation of
perilipins, lipases, and co-factors for lipases, perilipin 2 attenuates lipolysis only moderately and
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is not phosphorylated by PKA. Perilipin 2 is substantially more permissive to lipolysis than either
perilipin 1 or perilipin 5 (43,79), and does not effectively recruit lipases to lipid droplets through
protein binding interactions under either basal or hormonally stimulated conditions that activate
PKA (Figure 4). Instead, the overexpression of perilipin 2 in cells reduces the access of ATGL to
lipid droplets, thus attenuating lipolysis (101,102). At first glance, the phenotype of perilipin 2
null mice appears to be relatively mild, but significant changes in lipid homeostasis in liver and
white adipose tissue are revealed when the mice are fed a high fat (Western) diet (Teklad
TD88137; 42% fat with cholesterol). Perilipin 2 null mice have reduced triacylglycerol storage in
liver, particularly when the mice are fed a high fat diet, altered mammary gland development
and lactation, and protection against obesity with browning of white adipose tissue in mice fed a
high fat (103-107). Interestingly, the consequent reduction in liver triacylglycerol has no major
effect on the packaging or secretion of very low density lipoproteins (103), although the loss of
perilipin 2 in hepatocytes promotes large scale changes in the expression of lipogenic genes
that are the targets of SREBP-1 and SREBP-2 (104). Complicating our understanding of
perilipin 2 function, a recent study reported that mice with liver-specific deletion of perilipin 2 are
not protected against hepatic steatosis when fed a high fat (Western) diet?, implying a systemic
mechanism of hepatic protection. Most of these data are consistent with perilipin 2 serving a
role to attenuate lipolysis; when this barrier function is reduced, increased flux of fatty acids due
to increased lipolysis alters gene expression leading to the observed phenotype that is

exacerbated when fatty acid influx is increased with high fat diet feeding.

4.4 The functions of perilipins 3 and 4 in controlling lipolysis have been minimally
studied.

Perilipin 3 is ubiquitously expressed in tissues and cultured cell lines. When cultured adipo-
cytes are incubated with oleic acid, glucose and insulin, perilipin 3 localizes to tiny nascent lipid
droplets, but is displaced by perilipin 2 over time as the sizes of the lipid droplets increase (108).
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Additionally, the majority of non-adipose cells have tiny lipid droplets coated with perilipin 3,
perilipin 2, or both proteins. The function of perilipin 3 is poorly understood, and the possible
involvement of perilipin 3 in the control of lipolysis has not been directly tested. A knockout
mouse model for perilipin 3 has not yet been reported; however, when anti-sense
oligonucleotides are used to knockdown perilipin 3 expression in mice, hepatic and serum levels
of triacylglycerol are reduced (109), suggesting that perilipin 3 plays a role in stabilizing stored
triacylglycerol and thus affects the availability of lipid substrates for hepatic lipoprotein assembly
and secretion. This observation is supported by studies in cultured cells; when perilipin 3 is
knocked down in HelLa cells, triacylglycerol storage is reduced, while fatty acid import is
unaffected (110). Interestingly, the knockdown of perilipin 3 in mouse AML12 hepatoma cells
does not decrease triacylglycerol storage, but the lipid droplets are smaller in size and coated
with perilipin 2. Knockdown of both perilipin 2 and perilipin 3 decreases triacylglycerol storage,
and the residual lipid droplets are fewer and larger in size (101). These morphological changes
suggest that perilipins may have surfactant properties, and in their absence, fusion of lipid
droplets minimizes surface area in contact with the surrounding aqueous cytosol. Overall, the
studies suggest that perilipin 3 may modulate lipolysis in cells that lack perilipin 1 or perilipin 5,
but definitive experiments are needed to specifically examine the physiological function of
perilipin 3 in animal models.

Perilipin 4 is associated with tiny nascent lipid droplets of cultured adipocytes (29,108), and
the lipid droplets of white, but not brown, adipose tissue, heart, and skeletal muscle (28). Little is
known about the function of perilipin 4. The perilipin 4 gene is located next to the perilipin 5
gene in the mouse genome. The genetic deletion of perilipin 4 in mice reduced the triacylglycer-
ol content of the heart, but not other tissues, including adipose tissue; however, the levels of
both mRNA and protein of perilipin 5 were also strikingly reduced (28). Consequently, it is not
possible to determine whether the observed phenotype is due to the absence of perilipin 4 or
perilipin 5. Fasting and high fat diet failed to increase cardiac triacylglycerol accumulation in
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these mice, and cardiac function was comparable to that of wild-type mice. Surprisingly, there
were no major changes in white adipose tissue function in perilipin 4 null mice when compared
to wild-type mice, suggesting that perilipin 4 is nonessential in this tissue; since white adipose
tissue does not express perilipin 5, these findings are specific for perilipin 4. Further study is

needed to identify the specific functions of perilipin 4.

5. Beyond the role of perilipins in the classical lipolytic cascade: the role of perilipins in
autophagic lipolysis

The importance of perilipin control of lipolysis through interactions of perilipins with cytoplas-
mic lipases and regulatory proteins is well established. Moreover, the involvement of cytosolic
lipases in mobilizing adipose triacylglycerol stores is unquestionable, since the deletion, knock-
down, or pharmacological inhibition of ATGL and HSL abolishes the majority of lipase activity
and severely impairs the release of fatty acids into circulation (reviewed in (31-34)). However, in
non-adipose tissues, the contribution of additional neutral lipid lipases to the catabolism of
triacylglycerols stored in lipid droplets is likely, but relatively unstudied. For example, in the
livers of fasted mice, ATGL accounts for less than 50% of triacylglycerol hydrolase activity
(111), suggesting the existence of additional lipases and possibly different molecular
mechanisms for the mobilization of fatty acids from hepatic triacylglycerol stores. Autophagy,
initially identified as a pathway for protein turnover and recycling of amino acids during
starvation, is now recognized to contribute to lipid metabolism and the catabolism of lipid
droplets. While the ubiquitin-proteasome system degrades solely proteins, the lysosome can
degrade both proteins and lipids. Autophagy and lipolysis are both evolutionarily conserved
pathways central to cell survival during periods of nutrient deprivation, and both provide energy
substrates. Both processes are suppressed during conditions of sufficient or excessive nutrient
supply (as in the fed state or with obesity) and both processes are increased in response to a
limited supply of energy (during fasting or starvation), providing free fatty acids as fuel for
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mitochondrial (-oxidation to meet cellular energy requirements (112,113). The remarkable
similarities in the regulation of both autophagy and “classical” lipolysis mechanisms suggest that
both contribute to the mobilization of intracellular lipid stores and share common molecular
machinery, although direct fusion of lipid droplets with lysosomes has not been reported. To
date, two types of autophagic processes have been identified to recycle components of lipid
droplets, macroautophagy and chaperone-mediated autophagy (CMA) (114-116); both
processes can occur in the same cell. These forms of autophagy differ in the mode of substrate
delivery to autophagic vesicles and utilize distinct molecular mediators that are specific to the
type of cell and environmental stressor. Both types of autophagy require recognition of lipid
droplets and reorganization of the lipid droplet surface to facilitate docking of components used
in the process of autophagy. Proteomics characterization of lipid droplets has revealed that the
lipid droplet surface provides a dynamic interface harboring proteins involved in lipid metabolism
and protein and lipid trafficking (reviewed in (117-119)). Based on the abundance of perilipins
on lipid droplets, their relatively specific localization to this organelle, and their defined roles in
orchestrating “classical” lipolysis, it is logical to speculate that perilipins play a major role in the
regulation of autophagic lipolysis. Here, we highlight recent studies that provide evidence for a

regulatory function of perilipins 1, 2 and 3 in autophagic lipolysis.

5.1 Perilipins and macroautophagy

A mechanistic connection between lysosomes and lipid droplets was initially established in
studies investigating the cause of excessive hepatic accumulation of lipid droplets in murine
models with liver-specific knockdown of autophagic genes (120). This was the first
demonstration that mobilization of neutral lipids in mouse liver and cultured hepatocytes can
occur through sequestration of perilipin 2-coated lipid droplets in autophagosomes, with
subsequent delivery of the lipid droplets to lysosomes where triacylglycerols are then
hydrolyzed by lysosomal lipases. This process has been termed macrolipophagy or lipophagy;
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the physiological importance of lipophagy has recently been demonstrated in other types of
mammalian cells (114-116).

The mechanism by which lipid droplets are recognized as a substrate and sequestered by
autophagosomes is not well understood, but association of a small GTPase, Rab7, with the
surfaces of lipid droplets has been identified as an early step to initiate lipophagy in adipocytes
and hepatocytes (121). In cultured 3T3-L1 adipocytes, Rab7 associates minimally with perilipin
1 coated lipid droplets under unstimulated (basal) conditions, but increases upon the stimulation
of B-adrenergic receptors, with subsequent activation of PKA and phosphorylation of perilipin 1
(122); however, this recruitment of Rab7 to lipid droplets is not mediated by protein-protein
interactions with perilipin 1. Rather, the knockdown of perilipin 1 increases the association of
both Rab7 and the lysosomal integral membrane protein Lamp-1 with lipid droplets under basal
conditions, concomitant with the enhancement of lipolysis; moreover, the stimulation of -
adrenergic receptors causes no further increases of Lamp-1 recruitment (122). These data
suggest that unphosphorylated perilipin 1 blocks the docking of Rab7 on lipid droplets, and
hence, plays a protective role in inhibiting lipophagy, and that phosphorylation-induced
conformational changes in perilipin 1 enable Rab7 recruitment to lipid droplets, with the ensuing
association of lipid droplets with lysosomes.

Protection of stored neutral lipids from cytosolic lipases is a function shared by perilipins 1,
2, and 5, so it is interesting to speculate that the perilipins may also protect lipid droplets from
autophagic lipolysis. A recent study provides the first evidence that overexpression of perilipin 2
protects hepatic lipid droplets from autophagic lipolysis, whereas perilipin 2 deficiency reduces
lipid droplet content by enhancing autophagic lipolysis in both the livers of mice and cultured
hepatoma cells (123). Reduced levels of perilipin 2 lead to reduced triacylglycerol storage in the
livers of perilipin 2 null mice relative to wild-type mice, and cultured hepatoma cells treated with
shRNA to knockdown perilipin 2 expression or CRISPR/Cas to delete the perilipin 2 gene
relative to control cells (123). Since perilipin 2 has been shown to impair the access of cytosolic
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lipases to lipid droplets (102), the observed decrease in triacylglycerol storage may be due to
increased lipase activity by “classical” lipolysis. However, the observed decrease in
triacylglycerol in perilipin 2 deficient cells and liver was attenuated by a specific inhibitor
(Lalistat2) of lysosomal lipases, indicating autophagic lipolysis as the most relevant pathway
(123). Moreover, the autophagy inhibitor bafilomycin A;, which prevents lysosome acidification
and fusion of autophagosomes with lysosomes, blocked the increased turnover of triacyl-
glycerols in cells with reduced perilipin 2 (123). Interestingly, adenoviral-shAtg7-mediated
knockdown of hepatic Atg7, an autophagy mediator, is insufficient to rescue decreased levels of
hepatic triacylglycerol in perilipin 2 null mice despite reducing levels of protein markers of
autophagy (123), suggesting that additional processes may be involved.

In contrast to the role of perilipins in recruiting lipases and co-factors to lipid droplets when
“classical” lipolysis is stimulated, perilipins 1 and 2 downregulate autophagic lipolysis by acting
as a physical barrier, rather than recruiting key mediators of autophagy to the lipid droplet.
Therefore, removal of perilipins from the surfaces of lipid droplets is likely a critical first step to

promote autophagic lipolysis.

5.2 Removing the perilipin barrier to promote cytosolic and autophagic lipolysis.

Due to the lipid-protective functions of perilipins, protein stability of lipid droplet-associated
perilipins is a major impediment to both “classical’” and autophagic lipolysis. Perilipins 1 and 2
are stabilized when binding to lipid droplets (124-126); lipid droplet-associated perilipin 1 has a
very long half-life, longer than 72 hours (127). However, when perilipins 1 or 2 are translated in
excess of available lipid droplet binding sites, they are unstable and rapidly degraded through
either proteasomal or lysosomal pathways (126-130), depending upon the type of cell and
environmental factors. Interestingly, although levels of perilipin 2 mRNA increase during
adipocyte differentiation, protein levels of perilipin 2 are very low in fully differentiated
adipocytes (124,131). It is thought that perilipin 1 has a higher binding affinity for lipid droplets
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than perilipin 2, and hence, outcompetes perilipin 2 to become the major lipid droplet-associated
perilipin in mature adipocytes, leading to effective protection of stored triacylglycerols from
cytosolic lipases, and rapid degradation of perilipin 2. However, when adipocytes are lipolytically
stimulated, PKA-mediated phosphorylation of perilipin 1 attenuates the barrier function,
promoting massive triacylglycerol hydrolysis. The consequent release of fatty acids and
diacylglycerols leads to the re-esterification of a portion of these products of lipolysis and the
formation of new lipid droplets. Perilipin 2 binds to these nascent lipid droplets, thus escaping
proteasomal degradation (128,131) and likely adding stability to the lipid droplets by keeping
lipolysis in check.

For most cells of the body, lipid droplets are coated with perilipins 2 and 3; autophagic
lipolysis requires the removal of these perilipins from lipid droplets. Recent studies have
revealed that, under conditions of limited nutrient availability, chaperone-mediated autophagy
(CMA) is the major mechanism for removal of perilipins 2 and 3 from lipid droplets (132,133).
CMA was originally described as a response of hepatocytes to nutrient scarcity (134). In
contrast to macroautophagy, the process of bulk recycling of organelles, including lipid droplets,
CMA degrades a specific subset of proteins that cross the lysosomal membrane through the
CMA receptor, lysosome-associated membrane protein type 2A (LAMP-2A). CMA substrate
proteins contain a pentapeptide motif, KFERQ, that is selectively recognized and bound by the
cytosolic heat shock cognate protein of 70 kDa (hsc70), that interacts with LAMP-2A to import
the proteins into lysosomes for degradation. Murine perilipin 2 and perilipin 3 contain related
pentapeptide sequences of SLKVQ and LDRLQ, respectively (132). When the perilipin 2
pentapeptide sequence is mutated to SLKAA, hsc70 binding to perilipin 2 on lipid droplets is
nearly eliminated, and perilipin 2 remains stably associated with lipid droplets of cultured mouse
fibroblasts under starvation conditions (132). The consequent retention of the mutated perilipin 2
on lipid droplets reduces both ATGL association with lipid droplets, hence, classical lipolysis,
and the recruitment of multiple protein mediators of macroautophagy to lipid droplets, hence,
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autophagic lipolysis. Conversely, the removal of perilipins 2 and 3 from lipid droplets via CMA
promotes both classical lipolysis and autophagic lipolysis. Additionally, a recent study found that
perilipin 2 is phosphorylated by AMP kinase, but only after the co-localization of perilipin 2 and
hsc70 on lipid droplets; this phosphorylation of perilipin 2 is required to prime the protein for
CMA (133). Thus, excess perilipin 2 that remains unbound to lipid droplets is rapidly degraded
by the proteasome, whereas lipid droplet-bound perilipin 2 must be phosphorylated prior to
extraction from lipid droplets and lysosomal degradation via CMA. These novel and exciting
studies were conducted in mouse fibroblasts; it will be important to confirm the findings in
additional types of cells such as hepatocytes to determine whether this is a universal
mechanism for the control of classical and autophagic lipolysis. More importantly, it is imperative
to determine whether the CMA depletion of perilipins 2 and 3 is an adaptive mechanism for
survival of prolonged starvation applicable only to rodent physiology, since the two proposed
CMA motif sequences for perilipins 2 and 3 are conserved in rat, but not other species, including
humans. Further studies of these pathways as well as the cross talk between the pathways of
classical and autophagic lipolysis in different cell and tissue types from a variety of species will
hopefully provide answers to remaining questions and insight into human disease pathology,

like non-alcoholic fatty liver disease.

6. Perspectives on the future

Studies over the past 25 years have begun to unravel the complicated mechanisms by
which perilipins control lipolysis of stored triacylglycerols, yet much is still unknown. Most mech-
anistic studies have focused on perilipin 1; in contrast, little is known about how the other peri-
lipins act to coordinate the activities of lipases. Better definition of the functions of the other
members of the perilipin family will likely provide a greater understanding of the role of non-
adipose lipid droplets in whole body energy homeostasis and metabolic disease. Given the
critical role that perilipins play in cellular lipid homeostasis, it is not surprising that their function
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in the mobilization of stored lipids is complex, involving multiple molecular mechanisms, and
perhaps, multiple intracellular sites, to optimize cell-specific responses to energy demands.
Moreover, for many tissues, there are undoubtedly additional unstudied lipases that contribute
to the maintenance of lipid and energy homeostasis. Future work will likely reveal mechanisms
by which perilipins control lipolysis by other lipases and perhaps MAGL. Recent
phosphoproteomics studies have revealed that perilipins 1 and 5 as well as the known cytosolic
lipases are multiply phosphorylated in vivo, yet there is a paucity of information regarding the
consequences of most of these phosphorylation events, or the identity of the kinases that
modify these proteins. The most well studied signaling pathways that promote lipolysis lead to
the activation of PKA and subsequent phosphorylation of perilipins 1 and 5, lipases, and co-
factors for lipases, yet additional signaling pathways in adipose tissue, muscle, and other
tissues also enhance lipolysis, but have not been studied in the context of the control of lipolysis
by perilipins. The known role of AMP kinase as a key regulator of cellular and whole-body
energy homeostasis, and the recent discovery that perilipin 2 is a substrate of this kinase
provide a new incentive to investigate AMP kinase function in phosphorylating other perilipins
and controlling lipolysis in non-adipose tissues. Finally, it will be exciting to unravel additional
mechanisms at the intersection of the pathways of classical lipolysis and the more recently

defined autophagic lipolysis.
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Figure Legends

Figure 1. Theoretical model of perilipin molecular evolution. The perilipins are predicted to
have evolved from an ancestral perilipin (Plin) gene expressed in an early chordate. During the
first vertebrate genome duplication (VGD) event, two precursor genes that eventually gave rise
to perilipins 1 and 6 and perilipins 2, 3, 4, and 5 were formed, followed by a second VGD that
gave rise to the individual perilipins 1, 6, 2, and the precursor gene for perilipins 3, 4, and 5.
Duplication of the latter precursor gene during the evolution of tetrapods gave rise to perilipin 3
and the precursor gene for perilipins 4 and 5, which diverged during yet another gene
duplication event. Perilipin 6 is only expressed in some species of fish, along with perilipins 1, 2,
and a precursor gene that gave rise to perilipins 3, 4, and 5 during evolution. Birds and reptiles
express perilipins 1, 2, 3, and a perilipin 5-like gene. Only mammals express perilipins 1, 2, 3, 4,
and 5. This model was proposed by Granneman, et al. (3), and this figure is derived from Figure
1-figure supplement 2 of that paper. Lines in the model are not to scale and do not represent

evolutionary timeframes.

Figure 2. Schematic model of perilipin 1 function in adipocytes under basal and
lipolytically stimulated conditions. Under basal conditions, perilipin 1 (Plin 1) resides on lipid
droplets in adipocytes and binds ABHDS5, thus preventing ABHDS5 interaction with and co-acti-
vation of ATGL. ATGL, HSL, and presumably MAGL are primarily cytosolic, although low levels
of ATGL associate with lipid droplets permitting a low level of basal lipolysis. DAG released from
TAG hydrolysis is likely re-esterified by DGAT2 (135). Under lipolytically stimulated conditions,
PKA phosphorylates most protein components of the lipolytic machinery, including perilipin 1,
ATGL, ABHD5, and HSL, and lipolysis increases markedly. The phosphorylation of perilipin 1
releases phosphorylated ABHDS5, which interacts with phosphorylated ATGL to co-activate TAG
hydrolysis. Phosphorylated ATGL is highly recruited to lipid droplets where it binds in a perilipin
1-independent manner. Phosphorylated HSL translocates from the cytoplasm to the surfaces of
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lipid droplets, where it binds to phosphorylated perilipin 1 and hydrolyzes primarily DAG. MAGL
cleaves the remaining fatty acid; it is currently unknown whether or not perilipin 1 controls
MAGL activity or localization to lipid droplets, or whether the localization of MAGL is altered

under stimulated conditions.

Figure 3. Schematic model of perilipin 5 function in myocytes under basal and lipolyti-
cally stimulated conditions. Under basal conditions, perilipin 5 (Plin 5) resides primarily on
lipid droplets, where it binds HSL, ATGL, and ABHDS5, while attenuating lipolysis. Perilipin 5
binding of ATGL and ABHD5 at the carboxyl terminus of perilipin 5 is mutually exclusive; the
binding sites overlap, preventing both proteins from binding to a single molecule of perilipin 5,
whereas the binding site for HSL is distinct and at the amino terminus. The basal level of TAG
hydrolysis catalyzed by ATGL is very low, and released DAG is likely re-esterified by DGAT2.
The mechanism for perilipin 5-mediated inhibition of basal lipolysis is unknown, but may include
the sequestration of ABHDS5, with consequent reduced co-activation of ATGL. Under lipolytically
stimulated conditions, PKA phosphorylates most components of the pathway, including perilipin
5, ATGL, CGI-58, and HSL, and lipolysis increases. How these phosphorylation events increase
lipolysis is unknown, but may include the release of ABHDS5 from the perilipin 5 scaffold to en-
able its interaction with and co-activation of ATGL. ATGL hydrolyzes TAG; HSL hydrolyzes
DAG; MAGL hydrolyzes MAG. It is unknown whether ATGL or HSL remain associated with

perilipin 5 under stimulated conditions or how perilipin 5 affects MAGL localization or activity.

Figure 4. Schematic model of perilipin 2 function in cells under basal and lipolytically
stimulated conditions. Perilipin 2 localizes almost exclusively to lipid droplets and does not
significantly recruit ATGL, ABHD5, or HSL to lipid droplets under either basal or lipolytically
stimulated conditions. Perilipin 2 is relatively permissive to lipolysis; lipolysis under basal con-
ditions is approximately comparable to lipolysis when PKA is activated. Perilipin 2 is not a
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substrate for PKA, although HSL, ATGL, and ABHD5 are substrates. The localization of ATGL
with ABHDS5 and HSL to perilipin 2 coated lipid droplets is likely transient under both conditions.

It is unknown whether or not perilipin 2 affects MAGL localization or activity.

Figure 5. Schematic model of macroautophagy and chaperone-mediated autophagy
(CMA) under conditions of nutrient deprivation. Perilipins 2 and 3 provide a barrier to both
cytosolic lipolysis and autophagy. Removal of perilipin (Plin) 2 and Plin 3 from the surfaces of
lipid droplets is mediated by CMA and precedes lipolysis by both pathways. Plin 2 is
phosphorylated by AMP kinase (AMPK) after associating with Hsc70. Plin 2 and Plin 3 are
removed as complexes with Hsc70, followed by recognition by Lamp-2A on lysosomes, import
into the lumen of the lysosome and degradation. Reduction of Plin 2 and Plin 3 on lipid droplets
enables increased binding of cytosolic lipases (such as ATGL), Rab7 and protein effectors of
macroautophagy (such as LC3-II) to lipid droplets. This leads to increased release of fatty acids
by cytosolic lipases and the engulfment of the lipid droplet by the growing autophagosome.
Autophagosomes fuse with lysosomes to form autolysosomes, wherein lysosomal acid lipases
hydrolyze triacylglycerols and cholesterol esters, releasing fatty acids and cholesterol. Fatty
acids are recycled back into the cytosol to mix with fatty acids generated by cytosolic lipolysis

and support mitochondrial 3-oxidation.
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