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Abstract

Lipid droplets are cytoplasmic organelles that store neutral lipids and are critically important for
energy metabolism. Their function in energy storage is firmly established and increasingly well
characterized. However, emerging evidence indicates that lipid droplets also play important and
diverse roles in the cellular handling of lipids and proteins that may not be directly related to
energy homeostasis. Lipid handling roles of droplets include the storage of hydrophobic vitamin
and signaling precursors, and the management of endoplasmic reticulum and oxidative stress.
Roles of lipid droplets in protein handling encompass functions in the maturation, storage, and
turnover of cellular and viral polypeptides. Other potential roles of lipid droplets may be
connected with their intracellular motility and, in some cases, their nuclear localization. This
diversity highlights that lipid droplets are very adaptable organelles, performing different functions
in different biological contexts.

1.0 Introduction

Lipid droplets (LDs) are intracellular organelles specialized for the storage of energy in the
form of neutral lipids such as triglycerides and sterol esters. They are ubiquitous organelles,
present in animals, plants, fungi, and even bacteria [1, 2]. LDs comprise a core of neutral
lipids surrounded by a polar lipid monolayer containing many different proteins, some of
which are involved in lipid metabolism [1-4]. Synthesis of neutral lipids in the endoplasmic
reticulum (ER) membrane by enzymes such as diglyceride acyltransferase 1 (DGATL1) leads
to the formation of nascent LDs, which emerge as organelles partially or completely distinct
from the ER [5, 6]. After formation, LDs can continue to grow by local synthesis of neutral
lipids or — in certain specialized tissues like adipocytes — via fusion [5, 7]. In times of need,
the neutral lipids stored in LDs can be broken down by either of two pathways, lipolysis or
lipophagy [8]. Lipolysis is mediated via lipid droplet-associated lipases such as adipose
triglyceride lipase (ATGL) whereas lipophagy involves lysosomal acid lipase (LAL) acting
upon LDs delivered to autolysosomes via autophagy. Fatty acids (FA) liberated from neutral
lipid breakdown can then be used for energy production via mitochondrial or peroxisomal
beta-oxidation [9, 10]. LDs therefore respond to the cellular balance of lipogenesis and
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lipolysis and so play a key role in energy homeostasis. This homeostatic role is critical for
normal cellular and organismal function and becomes impaired in many human pathologies
including obesity, diabetes, cardiovascular disease and fatty liver disease [11].

The unique cell-biological properties of LDs and their important physiological roles have
resulted in an explosion of research in recent years. This has led to a better understanding of
the basic mechanisms by which LDs form, grow, and are turned over to regulate energy
homeostasis. These aspects of LDs have been reviewed extensively (e.g., [1-7, 11-21]); see
also the reviews in this issue by Olzmann, Mashek, Zechner and Kratky, and Yen and Reue.
Yet the importance of LDs is not restricted to energy storage. Emerging evidence suggests
that LDs also function in the storage of a wide range of lipids with diverse functions as well
as protecting against some forms of cellular stress. In addition, LDs have important roles in
protein homeostasis, assisting the maturation, storage, and turn-over of many different
proteins. Here we review these non-energy storage roles of LDs and identify important
recent developments in this emerging field.

2.0 Lipid droplets and lipid handling

Lipidomics reveals that the core of an LD can contain over 100 different species of neutral
lipids [22-26]. This repertoire is sure to expand over the next few years with the
development of increasingly sophisticated lipidomics methods as well as imaging techniques
based on Raman and mass spectrometry [27-34]. In many cell types, including adipocytes
and hepatocytes, the majority of lipids in the droplet core correspond to triglycerides and
sterol esters with a range of different FA side chains. These play important functions in
energy storage and also as a major source of phospholipid precursors and cholesterol for cell
membranes. Such precursors can be released from LDs for use in maintaining the
homeostasis of the ER and other membranes, particularly during nutrient stress [35-38]. LDs
are also part of the machinery that allows cells to adjust the balance of lipid flux that goes to
membranes (for growth) or to storage (for starvation/stress survival). A key metabolic
branchpoint here involves regulating how much phosphatidic acid (PA) in the ER membrane
is used to synthesize membrane phospholipids versus LD triglycerides. In yeast,
phosphatidate phosphatase (Pahl) converts PA into diglycerides, the precursors of
triglycerides [39]. Nutrient depletion leads to relocalization of Pahl from the cytoplasm to
the nuclear envelope, which is contiguous with the ER, at a subdomain that contacts growing
LDs. Lack of nutrients in yeast leads to cytoplasmic acidification and this is thought to
activate Pah1, via the Nem1-Spo7 complex [39]. Hence, activation of the Pahl pathway
during starvation may be an important part of the cellular survival response that diverts fatty
acyl chains from PA away from membrane biogenesis and into storage in LDs.

2.1.1 What's inside a lipid droplet?

LDs can store more unusual cargo than triglycerides and sterol esters. These lipophilic
molecules play diverse functions not directly related to energy storage. Neutral ether lipids
of the monoalk(en)yl diacylglycerol (MADAG or MDG) family account for ~20% of the
droplet lipids isolated from mammalian cell lines grown in the presence of oleate [22].
MADAG is also present in droplets isolated from liver but not from white or brown fat,
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indicating that it is a cell-type specific component of the droplet core [22]. As with other
ether lipids, the first steps of MADAG biosynthesis occur in peroxisomes and,
correspondingly, it is absent in cells from Zellweger patients defective in peroxisomal
biosynthesis [22]. It has therefore been proposed that MADAG precursors are transferred
from peroxisomes to LDs via direct contacts that have been observed between these two
organelles [40, 41] See also review in this issue by Maya Schuldiner. MADAG in droplets
may then function primarily as a precursor supply depot for the synthesis of ether
phospholipids contributing to the phospholipid monolayer surrounding LDs and also to the
bilayer of other cell membranes [22, 41].

Numerous plants, insects and microbes synthesize substantial quantities of hydrocarbons
such as alkanes, alkenes, and isoprenoids [42-45]. These neutral lipids are likely to partition
into the droplet core, although this has only been shown thus far in a few cases [42, 46]. For
the hydrocarbon precursor of cholesterol, squalene, it has been shown in yeast that its
sequestration in LDs is essential for preventing toxicity [47]. Natural rubber (¢/s-1,4-
polyisoprene) is a commercially important hydrocarbon produced by laticifer cells of the
rubber tree Hevea brasiliensis, but also made in varying amounts by thousands of other plant
species. It is stored in specialized LDs called rubber particles, which lack structural proteins
of the oleosin family common on other types of plant LDs [42]. Rubber is synthesized by the
sequential condensation of isopentenyl diphosphate subunits [48]. The enzyme responsible,
rubber transferase, likely corresponds to one or more c/s-prenyltransferases localized to the
ER and/or to the phospholipid monolayer of the rubber particle [42, 48]. The polyisoprene
latex cargo of rubber particle LDs plays important roles in the protection and defense of
plants against wounding, insect herbivory, and environmental stresses [49].

Another emerging function for LDs is in the cellular detoxification of endogenous or
exogenous lipophilic molecules. A fungus residing asymptomatically inside lichens,
Phaeosphaeria, can kill competing fungal species by producing toxic perylenequinones
(PQs)[50]. PQs are toxic because light irradiation stimulates them to generate lethal levels of
reactive oxygen species (ROS). PQ resistance of the producer fungus and also that the
intended target species requires triglyceride and LD biosynthesis genes such as a diglyceride
acyltransferase (DGAT). Storage of PQs in LDs is thought to provide a “safe haven” by
somehow decreasing the ability of PQs to generate ROS. This and related detoxification
functions for LDs may also have therapeutic implications. For example, some antifungal
agents are more potent against yeast strains with defective LD biosynthesis [50]. Moreover,
several drugs and prodrugs are known to accumulate in LDs [51, 52]. The hydrophobic
anticancer prodrug CHR2863 localizes to LDs before being converted by esterase(s) into its
active hydrophilic form, a cytotoxic aminopeptidase inhibitor [52]. Interestingly,
myelomonocytic cell sublines selected for resistance to CHR2863 display increased LD
abundance [52]. This raises the possibility that sequestration in LDs could be a
therapeutically important mode of drug resistance and that inhibitors of droplet biogenesis
might therefore be useful adjuncts for improving drug efficacy.

Many man-made environmental toxicants partition selectively into triglycerides rather than
phospholipids and so would be expected to be concentrated in LDs [53]. Confirmed LD-
associated toxicants include polycyclic aromatic hydrocarbons (PAHSs), polychlorinated
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biphenyls (PCBs), and dioxins [54-57]. Hence, the ability of LDs to accumulate selectively
several types of toxicants makes them a sensitive indicator of exposure to environmental
pollutants. In the case of plants, it has even been proposed that detoxification of hydrophobic
pollutants by LDs could be developed as a “biomimetic” strategy for environmental
remediation [57].

2.1.2 Storage of vitamins and signaling precursors

For some fat-soluble vitamins and their metabolites, the LD core is known to provide a
physiologically relevant storage site, but for others this is less clear. Vitamin E (tocopherol)
is an antioxidant that accumulates in the LDs of plant chloroplasts and cyanobacteria [58,
59]. It is also present in the LDs of human adipocytes [60], although the functions of
tocopherol storage here are not yet clear. More is known about vitamin A (retinol), a
precursor of the nuclear receptor ligand retinoic acid. Vitamin A is esterified with FAs and
accumulates in the core of LDs as retinyl esters [61-64]. The droplets of hepatic stellate cells
are a major storage site for 70-80% of vitamin A in the body. These hepatic droplet stores
ensure that there is a constant supply of vitamin A during periods of dietary insufficiency.
Smaller quantities of retinyl esters are also stored in the LDs of extrahepatic stellate cells in
the intestine, lung, and kidney as well as in hepatocytes and adipocytes [61, 62, 64-66].
Retinol is released from retinyl-esters by the action of retinyl-ester hydrolases [63, 67]. This
enzymatic reaction is broadly analogous to FA mobilization from TAG by adipocyte
triglyceride lipase (ATGL, see review in this issue by Zechner and Kratky). There appears to
be no consensus yet on which enzymes are the most physiologically relevant hydrolases for
retinyl-esters but it may be that ATGL itself contributes to this function in hepatic stellate
cells, with hormone sensitive lipase (HSL) performing it in adipocytes [63, 68, 69]. It is also
not yet clear how retinol is transferred from its retinyl-ester storage site in the LDs of hepatic
stellate cells to its major site of release, complexed with retinol-binding protein 4, in
hepatocytes. What is clear, however, is that hepatic LDs are an important source of vitamin
A and they are critical for its homeostatic regulation.

The LD core can accumulate the precursors of molecules important for intercellular
communication, such as steroid hormones and FA signals [70, 71]. In specialized endocrine
cells of the gonads and adrenals, cholesteryl esters stored in LDs provide an important
source of cholesterol for the mitochondrial biosynthesis of several different steroid
hormones [72]. Proteomic analyses of LDs from several types of steroid-producing cells
indicate that they copurify with some steroidogenic enzymes [71, 73]. This has led to the
idea that, in addition to cholesterol storage, LDs may also function as a site for steroidogenic
enzymes and/or the transfer of steroid intermediates [71, 73]. Cholesteryl ester-rich LDs
may utilize different perilipins from their triglyceride-rich counterparts as it was observed
that adrenocortical cells cultured with extra cholesterol upregulate PLIN1c and PLIN4,
whereas those supplemented with oleic acid upregulate PLIN1a and PLIN5 [74].
Interestingly, inside a single adrenocortical cell, there is coexistence of separate cholesteryl
ester-rich and triglyceride-rich LDs with distinct PLIN profiles [74].

LDs can also store the precursors of eicosanoids, a large family of signaling lipids that
include prostaglandins, thromboxanes, and leukotriene [75]. They are ultimately derived
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from arachidonic acid (AA) and related 20-carbon polyunsaturated fatty acids (PUFAS). Free
AA can be derived from enzymatic breakdown of membrane phospholipids but, in some
cells, it is released from AA-rich triglycerides stored in LDs [75]. This is the case for mast
cells, immune cells involved in inflammation, which have a considerable pool of AA
triglycerides [76]. The lipase ATGL can release AA from these triglycerides and thus
promote the production of eicosanoids [77, 78]. Inhibition of ATGL, genetically or
pharmacologically, also impairs eicosanoid release in other types of immune cells, such as
neutrophils [79]. In the intracellular parasites Leishmaniaand Trypanosoma, LDs can also
act as a source of immunomodulatory prostaglandins implicated in improving the survival of
the parasite within its host [80, 81]. The available evidence suggests that the enzymatically
released AA is locally metabolized, as both eicosanoid precursors and eicosanoid producing
enzymes have been found associated with LDs [75]. These observations suggest that LDs
are not just a passive source of AA, but are intimately involved in the regulation of
eicosanoid production. Newly developed immunofluorescence-based assays may now make
it possible to visualize the site(s) of eicosanoid production within the cell and to explore the
contribution of LDs in this process [82].

2.2 Roles for lipid droplets in managing cell stress

LDs increase in abundance in many diseases involving disrupted or rewired lipid
metabolism, including non-alcoholic fatty liver disease and cancer [11, 83-86]. In murine
hepatocytes, the FA composition and degree of saturation in the triglyceride fraction of
purified LDs are both very sensitive to nutritional and genetic perturbations [24, 87, 88]. A
common denominator associated with LD induction in non-adipose tissues is cell stress,
which can be triggered by excess free FAs, nutrient deprivation and/or redox imbalances. In
these contexts, LDs often appear to function in stress mitigation: either sequestering
unwanted/harmful lipids or maintaining lipid homeostasis in membranes. Nevertheless,
unambiguous assignment of cellular roles to LDs requires careful genetic analysis, and the
outcomes are likely to depend upon which step of their biogenesis, maintenance or cargo
turnover is being experimentally manipulated.

2.2.1 ER stress

Environmental insults or elevated protein synthesis can result in protein misfolding in the
endoplasmic reticulum (ER). An imbalance between unfolded proteins and their chaperones,
known as ER stress, then triggers the unfolded protein response (UPR) in order to try to
restore protein homeostasis [89-91]. Excess FAS can also trigger the UPR, with saturated
species acting as a more potent trigger than unsaturated ones [91-94]. High levels of
saturated FAs appear to trigger the UPR by a process that does not require the unfolded-
protein sensing domains of IRE1 and PERK but may involve sensing of perturbed ER
membrane composition [95]. LDs increase in abundance in many contexts where the UPR is
activated, raising the question of whether they function to ameliorate or to exacerbate this
stress response. Yeast cells deficient in phosphatidylcholine synthesis activate the UPR and
develop regions of abnormally fragmented ER [96]. These are called ER aggregation sites
and they are associated with LDs as well as with a major component of the protein refolding
machinery: the ER chaperone Kar2p/BiP. LDs are important during phosphatidylcholine
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deficiency as the triglyceride and LD biosynthesis enzymes Dgalp and Lrolp are needed for
survival. LDs appear to act by stimulating the removal of unfolded ER proteins, which can
then be degraded by £ESMI-dependent microlipophagy in the yeast vacuole [96]. In another
stress context, nitrogen starvation, yeast mutants deficient in triglyceride and sterol ester
synthesis, and thus lacking LDs, displayed disrupted ER homeostasis and also a defect in a
key step in autophagy - autophagosome biogenesis [38]. Together, these yeast studies
suggest that LDs may regulate autophagy via a function in ER quality control, although it
has also been proposed that LDs act by providing a lipid source for autophagosome
membranes [36, 38, 97].

ER stress mitigation by increased fatty acid storage in LD triglycerides has also been
reported in mammalian cells and tissues. Knockout of adipocyte triglyceride lipase (ATGL)
in mice (see review by Zechner and Kratky) increases hepatic triglyceride storage in LDs
and protects against tunicamycin-induced ER stress, decreasing stress markers such as
GRP78 and spliced XBP1 [98]. Similarly, in human cardiomyocyte-derived cells, palmitate-
induced ER stress can be inhibited by increasing triglycerides via the overexpression of
PPAR<y or Acyl-CoA synthetase 1 [99]. Conversely, ER stress markers can be increased by
boosting the release of free FAs from LD triglycerides via the overexpression of ATGL [99].
In clear-cell renal cell carcinoma (ccRCC), constitutive Hypoxia Inducible Factor-2 alpha
(HIF-2a) signaling upregulates the lipid droplet protein PLIN2 and induces the abundant
LDs characteristic of this type of cancer [100]. PLIN2 knockdown abrogates LDs, dilates the
ER, and activates PERK, IRE-1a and other UPR target genes. In the reverse experiment,
providing exogenous PLINZ is sufficient to restore LDs and to suppress the cell death of
ccRCC cells lacking HIF-2a activity [100]. In another cancer context, Hela cells,
overexpression of the autophagy protein ATG14 stimulates lipophagy, the selective
autophagy of lipid droplets, leading to an increase in free FAs and concomitant ER stress
[101]. In all four of the above mammalian contexts, the storage of triglycerides in LDs
appears to play a critical role in mitigating ER stress. Although the underlying mechanisms
are not yet clear, data in yeast are broadly consistent with an “escape hatch” model [96,
102], whereby LDs formed from the ER provide a vehicle for removing misfolded ER
proteins as well as for rebalancing ER lipid homeostasis. This LD-mediated function for ER
quality control likely functions alongside the ER-associated protein degradation (ERAD)
pathway [103, 104].

2.2.2 Oxidative stress

Oxidative stress is associated with the accumulation of LDs in pathologies such as cancer
and non-alcoholic fatty liver disease [83, 105-107]. It can be initiated by many different
triggers, including hypoxia, chemical pro-oxidants, mitochondrial dysfunction, and ER
stress. In each case, oxidative stress occurs when reactive oxygen species (ROS) increase to
harmful levels that overwhelm cellular defense enzymes such as glutathione peroxidase
(GPx), superoxide dismutase (SOD) and catalase. ER stress and oxidative stress are closely
intertwined in multiple ways, and the former can trigger the latter by several UPR-dependent
mechanisms [108, 109]. These include ROS induction by misfolded proteins, inhibition of
NFE2-related factor 2 (Nrf2) and its antioxidant enzyme targets, as well as disruption of the
mitochondrial electron transport chain via calcium leakage from the ER. Hypoxia is a
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common source of oxidative stress experienced by poorly vascularized cancer cells. It is
sensed by Hypoxia Inducible factors (HIF-1a and/or HIF-2a) but also by other mechanisms
including phospholipid mediators and lactate-dependent signaling [110-113]. HIF-1a
upregulates the reductive carboxylation pathway, reducing glutamine to citrate in order to
fuel FA synthesis during hypoxia [114, 115]. Metabolic tracer studies support the idea that
de novo FA synthesis tends to decrease during hypoxia, although in some cases there is an
increase in fatty acid synthase (FASN) expression and sterol regulatory element-binding
protein 1 (SREBP1) activity [113, 116-120]. To compensate for an overall decrease in FA
synthesis, hypoxic cancer cells can increase the scavenging of FAs from the extracellular
medium [119-121]. In particular, scavenging of unsaturated FA chains from extracellular
lysophospholipids can partially compensate for a decrease in lipid desaturation (lower
oleate/stearate ratio), thought to result from hypoxic inhibition of the oxygen-consuming
enzyme stearoyl-CoA desaturase 1 (SCD1) [119, 121]. The chemotherapy drug cisplatin
also induces oxidative stress and, in medulloblastoma cells, this is concomitant with the
accumulation of LDs [122, 123]. As with hypoxia, cisplatin decreases overall FA
desaturation in whole cell extracts. Interestingly, however, unsaturated FAs such as the
polyunsaturated fatty acid (PUFA) linoleate are enriched in LDs [123]. In the hypoxic state,
HIF-1a not only modulates FA synthesis but it also regulates the conversion of FAs into LD
triglycerides. This effect appears to be cell-type specific as HIF-1a promotes LD
accumulation in hepatoblastoma cells, yet it dampens down triglyceride accumulation in
colorectal cancer cells [124] [113].

Although LDs correlate with oxidative stress in many cell types, their functions during this
process have only been pinpointed in a few cases. In the eye of the fruit fly Drosophila
melanogaster, mitochondrial dysfunction in neurons leads to increased ROS and the
accumulation of LDs in glial-like pigment cells, which presages neurodegeneration [107].
LD induction depends upon c-Jun-N-terminal Kinase (JNK) signaling and SREBP, and can
be inhibited by overexpression of Brummer (ATGL) or Lipase 4, which is related to human
acid lipases. Expression of either of these lipases also decreases lipid peroxidation and
partially alleviates the neurodegeneration phenotype due to mitochondrial dysfunction. This
study provided evidence that ROS and LDs function together in a harmful manner to
promote neurodegeneration [107]. It would be interesting to know whether or not the same
pro-neurodegenerative contribution of LDs is apparent if they are inhibited at the level of
decreased biogenesis, not enhanced lipolysis. Evidence that LD biogenesis is used as a
protective mechanism to lower rather than to increase ROS levels comes from two diverse
contexts: human cancer cells and Drosophila neural stem cells. Glioblastoma and breast
cancer cell lines accumulate LDs during hypoxia in a HIF-1a dependent manner [120]. The
lipid-droplet protein PLIN2, as well as two proteins involved in FA uptake (Fabp3 and
Fabp7) are required for droplet induction as well as for proliferation during hypoxia in cell
culture, and for growth in tumor xenografts [120]. The loss of Fabp3, Fabp7 or PLIN2 leads
to an increase during hypoxia of the NADP/NADPH ratio and of ROS levels. This study
suggests that the uptake and storage of FAs in LDs somehow help to protect cancer cells
from ROS toxicity during hypoxia [120]. In Drosophila, the divisions of neural stem cells
(neuroblasts) during development are highly resistant to hypoxia and pro-oxidant chemicals
[27]. The ability of neuroblasts to grow and divide during oxidative stress correlates with the
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induction of LDs in neighboring glial cells. The droplet induction mechanism in this context
is not yet clear but it may be independent of Drosophila HIF1 (Sima). Both the LD protein
PLIN2 (Lsd-2) and the last enzyme in triglyceride biosynthesis, DGAT1, are required
specifically in glial cells for LDs and also to dampen ROS levels and mitigate oxidative
damage in glia and in neuroblasts [27]. The notion that only a subpopulation of cells may
need to accumulate LDs in order to protect the entire tissue has also been proposed for non-
alcoholic fatty liver disease, where LD abundance is very variable from one hepatocyte to
another [125]. In Drosophila, one of the beneficial roles of glial LDs is to store the abundant
PUFA linoleate as triglyceride, thus sequestering it away from the membrane phospholipid
pool [27]. Evidence from lipidomics and lipid peroxidation sensors suggests that PUFAS in
LDs may be less vulnerable to peroxidation chain reactions than in membranes, and that this
effect could help to limit ROS levels in the nervous system during oxidative stress [27]
(Figure 1). The chemical and biophysical mechanisms underlying apparent PUFA protection
in the neutral lipid core of droplets are not yet clear. Moreover, computational modeling
suggests that, once oxidized, triglycerides are thermodynamically unstable in the neutral
lipid core and so may move into the phospholipid monolayer [126]. Curiously, studies of oil-
and-water emulsions indicate that TAGs in small LDs are less mobile and better protected
from peroxidation chain reactions than those in larger LDs [127]. One explanation for this
could be that free diffusion is restricted by long-range ordering of triglycerides and/or sterol
esters in the vicinity of the phospholipid interface [128].

3.0 Lipid droplets and protein handling

LDs have also been implicated in various steps of the life cycle of specific proteins. LDs can
assist with proper folding and assembly of higher order complexes and mediate temporary
sequestration of proteins from other cellular compartments, with the best studied examples
involving nuclear proteins. For some proteins, association with LDs promotes their
degradation. Although these roles in protein homeostasis likely make an important
contribution to LD function in health and disease, they remain much less well understood
than the roles of LDs in the handling of lipids for energy storage. In particular, it has yet to
be established whether protein handling functions of LDs are integrated with their roles in
lipid metabolism or whether they represent a second, independent role for LDs.

3.1 Protein maturation

Viruses have evolved to subvert a myriad of functions in their host cells, including those
involving LDs. For example, dengue virus upregulates the autophagic breakdown of LDs,
ultimately resulting in increased beta-oxidation and thus energy production to sustain viral
replication [129]. LDs are also exploited as a crucial platform in the assembly of the next
generation of certain viruses: viral proteins transiently associate with the surface of LDs
before being incorporated into newly forming viral particles. This LD localization appears to
be a critical maturation step as, without it, production of mature viruses can be severely
curtailed.

This phenomenon is best understood for Hepatitis C virus. This enveloped, positive strand
RNA virus has been intensely studied because it infects well over 100 million people
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worldwide and can lead to severe liver disease, including liver cirrhosis and liver cancer
[130]. After infection, the viral RNA genome is translated into a single polyprotein, which is
proteolytically processed into 10 HCV proteins, most of which are associated with the ER
[131, 132]. Two of those products, the nucleocapsid core and the non-structural protein
NS5A, subsequently associate with LDs. In both cases, LD as well as ER localization
requires amphipathic helices within the proteins, and these are also necessary for proper
viral assembly [132]. Delivery to LDs specifically depends upon physical interactions with
DGAT1 [133, 134]. Since triglycerides make up the bulk of the LD core in most cells, the
presence of DGAT1 presumably marks those sites in the ER where nascent LDs are
produced and thus where binding of the viral proteins to DGAT1 channels them towards
newly formed LDs. When DGATL is either absent or enzymatically inhibited, cells can still
form LDs via another triglyceride-synthesis enzyme, DGAT2, but these do not accumulate
core and NS5A and assembly of new infectious viral particles is severely compromised
[133, 134]. NS5A accumulates not only on LDs, but also at ER-derived virus-induced
structures, so called double-membrane vesicles (DMVs) [131]. DMVs likely represent sites
of viral RNA replication, and they require NS5A for their formation [135, 136]. It has been
hypothesized that NS5A may facilitate viral assembly by bringing together LDs and sites of
RNA replication [132], such that core can encapsulate newly made viral RNA. Virion
formation is then mediated by another set of viral proteins and occurs next to LDs, at ER
membranes enriched in viral envelope proteins [137, 138].

Like HCV, dengue is also a positive-strand RNA virus of the family Flaviviridae.
Transmitted to humans via mosquitos, it can cause severe and widespread disease, including
hemorrhagic fever [139]. The capsid of dengue virus is initially synthesized on the ER and
then transiently accumulates on LDs [140, 141]. When this interaction is impaired (either
through mutations that prevent capsid targeting to LDs or by reducing LDs via a FA
synthase inhibitor), production of infectious viral particles is severely curtailed [140].
Because capsid binding to LDs is impaired after limited proteolysis of LDs, it is presumably
mediated by protein-protein interactions with LD proteins [142, 143]. Rotaviruses are
double-stranded RNA viruses and a leading cause of diarrhea in children. They replicate
using cytoplasmic inclusion bodies named viroplasms [144]. Viroplasms often colocalize
with LDs, and a close physical contact between NSP5, a non-structural viral protein, and the
LD protein Perilipin A was demonstrated by fluorescent resonance energy transfer and
cofractionation [145]. Evidence that this localization is functionally important comes from
the observation that compounds that lead to fewer LDs in cells interfere with the production
of new viruses [145]. But for exactly which step of virus production LDs are important
remains to be discerned: rotavirus infection induces widespread changes in many lipid
classes, possibly indicating a broader metabolic role for LDs in infection [146], and
treatments to interfere with LDs lead to reduction in viral dsSRNA, implicating a role in viral
replication [145]. There are indications that a range of other viruses may also exploit LDs
for virus maturation. LD-association has been reported for non-structural proteins of
orbiviruses [147], bovine viral diarrhea virus [148], and bunyavirus [149, 150], but the
functional significance of this LD localization remains to be investigated.

Exactly how LDs promote viral assembly has not been resolved. Assembly may be
facilitated because viral proteins are present at high local concentrations, both because LDs
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protect them from degradation and because they accumulate on a specific surface rather than
throughout the ER [132]. Assembly may further be enhanced because LDs are motile:
Hepatitis C core protein induces an intracellular redistribution of LDs to regions rich in viral
replication sites, in a microtubule and dynein dependent manner [151]. Whether LDs
promote viral assembly in addition to providing a platform and a vehicle has not been
addressed.

Recent studies in budding yeast raise the intriguing possibility that LDs can play an active
role in protein maturation, modulating the protein's folding state [152]. Misfolded
cytoplasmic proteins are recognized by the protein quality control machinery and are either
degraded, gathered in aggregates, or refolded [153]. Proteins destined for refolding
transiently accumulate in structures rich in chaperones, called stress foci or inclusion bodies
(IBs). The uncharacterized, yet broadly conserved protein Iml2 localizes to IBs and is
important for clearing of misfolded proteins from IBs. Intriguingly, ImI2 physically interacts
with known LD proteins, and IBs and LDs are in very close contact during misfolding stress.
When LDs are genetically ablated, clearing of misfolded proteins is impaired. These
observations suggest that IBs and LDs are brought into physical contact via interactions
between ImI2 and LD proteins and that LDs provide an activity necessary for refolding
[152]. To identify this activity, the contribution of the neutral lipids stored in the LD core
was examined. Lack of triglycerides left refolding activity intact, while lack of sterol esters
abolished it. It was proposed that LDs release a sterol-derived molecule that acts as a
chemical chaperone to promote refolding of proteins in close contact with LDs [152].

3.2 Protein storage — the case of histones

Like the eggs of many other animals, those of the fruit fly Drosophila contain abundant LDs
[154]. These LDs are generated by the mother during oogenesis and provide a crucial energy
source for the embryo, as the developing animal cannot feed until it hatches from the egg,
almost a day after fertilization. The mother also provisions the eggs with large amounts of
proteins, including enough histones to package the chromatin of thousands of nuclei [155].
A subset of these histones is present on LDs: the core histones H2A and H2B as well as the
histone variant H2Av colocalize with LDs as assessed by imaging and are detected
biochemically in purified droplet fractions [155, 156]. Curiously, the core histones H3 and
H4 are similarly overabundant, but present in a different, as yet uncharacterized location. LD
localization of histones is mediated by the novel protein Jabba, which likely acts as histone
anchor: Jabba physically interacts with these histones, histones are absent from embryonic
LDs in Jabba mutants, and the expression of Jabba in cultured Drosophila cells is sufficient
to induce recruitment of histones to LDs [156, 157].

In Jabba mutant embryos, the large maternal histone stores of H2A, H2B, and H2Av are
absent, not just from the LDs, but from the entire embryo. Thus, Jabba allows long-term
storage of maternally produced histones [156]. Because in other cells, excess histone
proteins are known to be turned over via the proteasome [158], it was proposed that
supernumerary histones, not bound to LDs, are degraded [156]. Surprisingly, lack of Jabba
results in excess nuclear accumulation of the histone variant H2Av in very early embryos
[159], suggests that degradation of excess histones is not entirely efficient. It remains
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possible that degradation is more stringent during oogenesis, when the histone stores are
produced, or that Jabba plays a different, oogenesis-specific role in ensuring proper histone
accumulation.

LD-bound histones are not restricted to Drosophilaembryos. The presence of histones on
LDs has been directly demonstrated in the embryos of house flies [155], in mouse oocytes
and early embryos [160], and in rat sebocytes [161]. In addition, by proteomic analysis,
histones have been found to be associated with LDs purified from many different sources,
ranging from unicellular eukaryotes to a diverse group of mammalian cell types (for a recent
review, see [154]). Because histones are abundant cellular proteins, it is conceivable that, in
some studies, their presence on LDs represents biochemical contamination. For example,
histones were initially found as potential components of the budding yeast LD proteome, but
not in more stringent follow-up studies [40, 162]. A comprehensive understanding of where
and when histones can be found on LDs remains an important challenge for the future.

Why are specific histones present on LDs at all? Ongoing research suggests three different
biological functions in Drosophilaembryos: long-term storage of maternal histones to aid
rapid chromatin assembly during early development, short-term sequestration of newly
synthesized histones to buffer imbalanced histone production, and a reservoir for histones as
antibacterial agents to fight intracellular pathogens [156, 159, 163]. The relative importance
of these roles for survival under natural conditions remains to be determined.

Jabba mutant embryos lack the maternal supply of H2A, H2B, and H2Av almost entirely
[156], yet early embryogenesis is only slightly impaired [156, 159]. Such mild impairment is
made much more severe if embryonic synthesis of new histones is attenuated [156]. Thus,
histones stored on LDs support early embryonic development, but — at least under laboratory
conditions — serve mainly as a back-up system.

As development proceeds, Jabba mutant embryos also overaccumulate the histone variant
H2Av in their nuclei [159], an overaccumulation tied to reduced mitotic fidelity and
increased embryo lethality. As new synthesis of histones H2A and H2Av is imbalanced in
Jabba mutants, it was proposed that in the wild type excess H2Av can be transiently
sequestered on LDs, preventing an incorrect ratio of H2A and H2Av in the nucleus. Indeed,
transplantation and ectopic expression experiments showed that histones can be loaded onto
droplets in the embryo. These observations suggest that short-term sequestration of histones
on LDs has the potential to buffer the histone supply, thereby controlling levels of histones
in the nucleus.

When various bacteria are injected into the cytoplasm of Drosophilaembryos, the outcome
is very different between the wild type and Jabba mutants [163]. At appropriate titers,
bacterial growth is restricted in wild-type embryos; and the embryos hatch successfully.
Under the same conditions, bacteria proliferate massively in Jabba mutant embryos, causing
their death. Since histones have potent anti-microbial properties /n vitro [164], it was
proposed that histones stored on LDs provide antibacterial agents to fight invaders. In
support of this notion, LDs purified from embryos can readily kill bacteria /in vitro, a
phenomenon dependent upon Jabba and histones [163]. Furthermore, bacterial cell wall
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components trigger release of histones from LDs /n vitro [163]. Histone-packed LDs may
thus provide a previously unrecognized innate immune strategy to fight intracellular
pathogens. This strategy may be broadly conserved since hepatic LDs from mice are
associated with histones, and LD histone levels go up upon mock infection [163].

Although it is clear that histones on LDs are not a fly-specific phenomenon, research in
other systems is currently handicapped because the histone anchor on LDs has so far been
identified only in Drosophila. Because Jabba's primary sequence is not conserved beyond
insects, there exist no obvious vertebrate candidates for such anchors. Identifying the
mechanism that targets histones to LDs in mammals will be crucial for further progress,
such as for determining if LD histones contribute to embryonic development and innate
immunity in mammals.

3.3 Other proteins transiently stored on LDs

Although protein storage on LDs is best characterized for histones, it is by no means
restricted to this class of proteins. An exciting recent finding is that in mice the LD protein
PLINS can, under certain conditions, translocate from the droplet surface to the nucleoplasm
and stimulate gene expression [165]. PLIN5 is a member of the Perilipin family of proteins,
the most heavily studied family of LD proteins [17]. PLINS is preferentially expressed in
tissues with high oxidative capacity, such as the heart, liver, brown adipose tissue, and
skeletal muscle [166]. It controls lipolysis by regulating access of cytoplasmic lipases to the
neutral lipids stored in LDs, and also mediates LD-mitochondrial interactions. In starved
animals and in cells after stimulation of the protein kinase A (PKA) pathway, a substantial
fraction of PLIN5 was found to relocalize to the nucleus [165]. Phosphorylation of PLIN5
by PKA drives relocalization and assembly into a protein complex with PGC-1a. and
SIRT-1. PGC-1 a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha) is
a transcriptional regulator important for mitochondrial biogenesis and function; SIRT-1
(Sirtuin 1) is a deacetylase that controls PGC-1 a's acetylation status and activity. PLINS
mediates PKA-dependent activation of PGC-1a, presumably by disinhibiting SIRT-1, and
thus activates PGC-1a target genes [165]. PLINS thus serves two functions in two different
cellular locations: on LDs it regulates the activity of lipases and, in the nucleus it acts as a
transcriptional activator. The two functions are linked because in the absence of PKA-
mediated activation, lipases are inactive and PLINS is restricted to the LD surface, keeping it
out of the nucleus. Upon PKA activation, lipolysis is activated and a portion of PLIN5
travels to the nucleus to upregulate transcription and ultimately to promote mitochondrial
biogenesis. The dual role of PLIN-5 at the LD surface and in the nucleus was proposed to
coordinate release of FAs during lipolysis and their efficient usage by mitochondria [165].

Another transcriptional regulator, NFAT5 (nuclear factor of activated T cells 5) may also be
sequestered on LDs [167]. NFATS5 controls the expression of osmoprotective genes in
response to hypotonic stress [168]. NFAT5 can physically interact with the LD protein
Fsp27/CIDEC, prominently expressed in adipose tissue. When ectopically expressed in a
heterologous system, Fsp27 keeps some NFAT5 out of the nucleus and reduces NFAT5-
dependent gene expression. Although the relevance of these findings for adipocyte function
remains to be determined, they raise the possibility that Fsp27 can regulate NFAT5's
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transcriptional activity by controlling its entry into the nucleus. Finally, in the bacterium
Rhodococcus jostii, LDs sequester a transcriptional repressor and thus promote expression
of a major LD protein [169].

The anti-viral protein viperin (Virus inhibitory, ER associated, Interferon inducible) can
interfere with a broad range of RNA and DNA viruses (from influenza and HIV to dengue
and hepatitis C viruses), targeting various steps in the viral life cycle, including replication
and viral budding [170]. In uninfected cells, it accumulates both on ER membranes and on
LDs, and viral infection can induce its relocalization to various other compartments. The
function of viperin's LD localization is not clear. Possibilities include that viperin on LDs
enhances targeting of those viruses that use LDs as assembly platforms, such as hepatitis C
and dengue viruses, or that LDs are a convenient reservoir for excess viperin until needed
elsewhere. The mapping of an amphipathic helix in viperin that is necessary and sufficient
for LD recruitment provides a tool for addressing this question, although the same sequence
also mediates ER localization [171]. Localization of viperin to LDS/ER is necessary for its
activity against HCV, and viperin interacts with HCV proteins at the LD surface, suggesting
that viperin indeed targets the LD step of viral assembly [172]. In contrast, LD/ER
localization of viperin is not necessary for its action against dengue virus, even though this
virus also assembles on LDs [173].

3.4 Protein turnover

A number of proteins accumulate on LDs before they undergo degradation. These
observations led to the proposal that LDs might serve as an obligatory platform for the
turnover of specific proteins [174]. This intermediary LD step may assist the degradation of
certain highly hydrophobic proteins that would otherwise form hard-to-clear aggregates in
the cytoplasm [175] or it may facilitate the wholesale delivery of a large set of damaged
proteins to the lysosome via autophagy [96]. For some proteins, the involvement of LDs in
turnover is well established, but it is not yet clear how widespread this strategy is and what
properties of proteins target them to this degradation pathway.

Proteasome-mediated protein turnover

VLDL or very low-density lipoprotein is a lipoprotein secreted by the liver that serves to
transport lipids through the bloodstream. Its primary protein component, Apolipoprotein B
(ApoB), is cotranslationally imported into the ER lumen, where it associates with lipid,;
further assembly and maturation steps then lead to the nascent VLDL particles ready for
secretion [176]. When lipid supply is limiting and VLDL assembly cannot occur correctly,
ApoB is transferred into the cytoplasm and turned over via proteasome mediated
degradation [177]. LDs play a crucial role in this process. ApoB in the ER destined for
turnover transiently accumulates in so called ApoB crescents, located within the ER, but also
closely associated with LDs; these structures may represent LDs not fully budded from the
ER [175, 178]. ApoB is then transferred to the cytoplasmic surface of LDs, a process
involving the ER transmembrane protein Derlin-1 [179]. ApoB is ubiquitinated and
eventually degraded by the proteasome system. Loss of ubiquitinated ApoB requires the
ubiquitin-like (UBX)-domain containing protein UBXD8, which also recruits the AAA-
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ATPase p97/VCP to the LD surface [179]. p97/VCP is thought to mediate extraction of
proteins from membranes before they are degraded [180], and thus may similarly deliver
ubiquitinated ApoB from the LD surface to the proteasome. Cofractionation and
immunofluorescence experiments indeed suggest that proteasomes are associated with LDs
[179]. This degradation pathway is not restricted to ApoB as UBXD-8 knockdown or
proteasome inhibition leads to accumulation of many other ubiquitinated proteins on LDs
[178, 179]. In particular, levels of the triglyceride lipase ATGL are controlled by UBXD-8
dependent recruitment of p97/VCP to LDs [181]. Which of the proteins turned over by this
pathway are bona-fide LD proteins, like ATGL, and which come originally from the ER or
even other compartments, like ApoB, remains to be established.

LDs also play a role in the turnover of HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase), the rate-limiting enzyme in the cholesterol biosynthetic pathway.
HMG-CoA reductase is an ER membrane protein whose degradation is induced when sterols
are abundant. Under these conditions, HMG-CoA reductase relocates to ER regions closely
associated with LDs [182], and is ubiquitinated, extracted from the membrane by the AAA-
ATPase p97/VCP, and then degraded by the proteasome. Ubiquitination of HMG-CoA
reductase depends upon the LD protein AUP-1 (ancient ubiquitous protein-1) [183]. AUP-1
recruits the ubiquitin-conjugating enzyme Ubc7 to LDs [183, 184] and promotes its binding
to two ubiquitin ligases (gp78 and Trc8), which - in turn - are responsible for HMG-CoA
reductase ubiquitination. Indeed, when AUP-1 is knocked down, ubiquitination of HMG-
CoA reductase is reduced [183]. It was proposed that a close association of ER and LDs
allows the formation of a multi-protein complex containing HMG-CoA reductase, the
ligases, Ubc7, and AUP-1, thus promoting ubiquitination [183].

A number of the molecules involved in the turnover of HMG-CoA reductase and ApoB are
also components of ERAD, raising the possibility that LDs play a general role in the ERAD
pathway. However, this is not the case. Budding yeast cells unable to generate any LDs still
turn over several well-characterized ERAD substrates [185, 186], and when LD formation is
abolished in mammalian cells by knockout or inhibition of the two enzymes that synthesize
triglycerides, the one ERAD substrate tested was still degraded normally [187]. Thus, either
only a subset of ERAD substrates requires LDs, or part of the ERAD machinery is also used
in a separate, LD-associated pathway.

One of the regulatory strategies by which proteasome activity is controlled is O-GIcNAc
modification [188]. This post-translational modification involves the addition of a single -
N-acetylglucosamine (GIcNAc) moiety to a protein, via the enzyme O-GIcNAc transferase.
In the case of the proteasome, this modification inhibits its activity. Curiously, the enzyme
that removes O-GIcNAc (O-GIlcNAcase or OGA) has an isoform that is specifically targeted
to LDs [189]. Knockdown of this isoform results in increased proteasome activity and higher
cellular abundance of poly-ubiquitinated proteins. Local activation of the proteasome at the
LD surface might provide a mechanism to coordinately control protein turnover LD wide.
Consistent with this, knockdown of the LD specific OGA isoform increased levels of two
LD associated proteins [189]. Such coordination may also underlie the observation that in
budding yeast a LD-localized phospholipase has a role in proteasome mediated protein
degradation, though the exact mechanism remains to be worked out [190].
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There are a few indications that lipophagy may also contribute to the turnover of proteins
from other cellular compartments that are transiently associated with LDs. ApoB crescents
are associated with LDs and represent an intermediate in ApoB degradation [175].
Proteasome inhibition leads to accumulation of ApoB crescents because their normal
turnover is abolished. However, over the long term, crescents decrease again and ApoB is
found in lysosomes. These changes are prevented in the presence of an autophagy inhibitor,
implying that ApoB associated with LDs can also be cleared by lipophagy [175]. Lipophagy
has also been implicated in combating ER stress [96] and the removal of unwanted
mitochondrial proteins [191]. As elaborated in section 2.2.1, lipid imbalance in budding
yeast results in protein misfolding in the ER [192] and the formation of fragmented ER
structures that frequently colocalize with LDs [96]. LDs purified under these conditions are
enriched for polyubiquitinated proteins and an ER luminal chaperone, suggesting that
misfolded ER proteins are associating with LDs. Intriguingly, these LDs are taken up into
the vacuole, the yeast equivalent of the lysosome, via a specialized type of autophagy
(microlipophagy). These observations led to the proposal that damaged ER proteins are
sequestered by LDs and subsequently cleared via lipophagy [96]. A similar pathway may
also exist for mitochondria. Several proteins normally present in the outer mitochondrial
membrane can relocalize to the surface of LDs under certain physiological conditions [191].
In yeast, LDs carrying mitochondrial proteins were observed in the vacuole, hence it was
hypothesized that LDs serve as a temporary holding place for such proteins before they,
along with the entire LD, are degraded by lipophagy.

Chaperone-mediated autophagy

Some cytosolic proteins are turned over by a specialized form of autophagy: chaperone-
mediated autophagy (CMA). In this system, a chaperone from the Hsp70 family recognizes
target proteins in the cytosol and delivers them to the lysosome surface [193]. The proteins
are then translocated into the lysosome lumen and degraded. CMA has recently been shown
to also promote the turnover of LD proteins PLIN2 and PLIN3 [194, 195]. Given this
precedent, future studies of the role of LDs in the turnover of proteins from other
compartments should also probe the contribution of CMA.

4.0 Other roles of lipid droplets

As LD research expands, new connections of LDs to various biological processes are being
discovered. In these cases, it is often not yet clear if energy storage or some other role of
LDs is relevant. Below we discuss two such cases: nuclear lipid droplets and droplet
motility.

Several groups have recently shown that LDs are not only cytoplasmic but can also be found
inside the nucleus [196-198]. LDs in the nucleus are smaller than their cytoplasmic
counterparts (~0.5 um or less), and their abundance varies drastically between cell types,
e.g., they are readily detectable in cells of hepatic origin. Nuclear LDs grow and shrink
depending on the metabolic state of the cells [199] and are associated with some, but not all,
of the proteins characteristic of cytoplasmic LDs [197]. Because of their relatively small size
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and low abundance, they contribute only modestly to the overall lipid storage capacity of
cells. Their physiological role remains to be characterized, but it has been speculated that
they may modulate transcriptional regulation mediated by lipidic signals, control nuclear
membrane composition, or act as nucleus-specific protein storage sites [200]. Recent work
in the oleaginous bacterium Rhodococcus jostii even raises the possibility that nuclear LDs
might directly modulate DNA-based processes, since here LDs bind to genomic DNA via a
major LD protein, possibly protecting the DNA from damage under stressful conditions
[169]. A functional analysis of nuclear LDs is within reach because components of a
pathway controlling the frequency of nuclear LDs has been identified [197]. Nuclear LDs
are frequently associated with two intranuclear structures: type I nucleoplasmic reticulum,
which represents extensions of the inner nuclear membrane, and PML (premyelocytic
leukemia) nuclear bodies. The colocalization with PML bodies appear to be relevant since
knockdown or overexpression of a specific constituent of these bodies, PML-II, results -
respectively - in fewer or greater numbers of nuclear LDs. Knockdown of either the inner
nuclear envelope protein SUN2 or the ER proteins REEP3/4 results in increased numbers of
nuclear LDs. Both SUN2 and REEP3/4 have been implicated in the removal of membranes
from chromosomes during mitosis [201, 202], leading to the hypothesis that nuclear LDs are
similarly cleared from chromosomes and thus tend to be lost to the cytoplasm when the
nuclear envelope reforms after mitosis. PML-1I is proposed to counteract this mitotic
clearance by tethering the nuclear LDs to chromatin [197].

In many types of cells, LDs undergo active, directed motion [203]. For example, in the cells
of the mammary epithelium, LDs originate from basally located ER and then move to apical
regions, often growing and fusing during this process [204]; the apical LDs are then secreted
and give rise to the fat globules present in milk. An analogous situation occurs during insect
oogenesis where LDs produced in nurse cells, the sister cells of the oocyte, are moved, via
cytoplasmic bridges, to the oocyte and ultimately serve as an energy supply for the
developing embryo [154]. Certain intracellular pathogens, like Chlamydia[205] and
Mycobacterium [206], induce intracellular relocation of LDs to the vesicle within which the
pathogen resides, thus ensuring a sufficient lipid supply for the pathogen. In budding yeast,
directed movement of LDs to the growing bud mediates proper allocation of fat stores to the
daughter cell [207].

In addition to this highly directed LD transport, LDs can also display active, seemingly
random, motion over short distances in various directions. A dramatic example occurs in
early Drosophila embryos, where essentially all LDs move incessantly back and forth along
microtubules (reviewed in [154]). Similar “chaotic” LD motion is observed in many cells
(reviewed in [203]), though the pattern of motion and the fraction of LDs that display
motility varies considerably. Although seemingly chaatic, this motion can still be under tight
biological control. For example, in fly embryos, the parameters of motion change
reproducibly with the developmental stage [154, 208], and in cultured Vero cells, LD motion
is regulated by the nutrient supply [209]. The biological role of such motion has long been
debated, with proposals ranging from a means to sweep the cytoplasm free of toxic
molecules to mediating dispersal of lipids to membrane-bound organelles [203]. Recent
studies in cultured mammalian cells have demonstrated that LD motion can facilitate the
transfer of FAs from LDs to mitochondria and thus contribute to effective energy production
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when cells have to tap into their neutral lipid stores. Thus, when Vero cells are nutrient
starved, LDs disperse throughout the cytoplasm. This dispersal increases interactions with
mitochondria and thus promotes channeling of FAs from LDs to mitochondria for beta-
oxidation [209]. FAs are transferred to mitochondria only at a limited number of LD-
mitochondria contact sites, yet they can still undergo broad intramitochondrial dispersal
because mitochondria fuse into an interconnected network during starvation [210].

Mechanisms driving LD motion vary substantially between cells. In a number of cases, LD
distribution is mediated by the actin-myosin system. In budding yeast, for example, the
actin-based motor Myo6 promotes vectorial transport of LDs from the mother cell into the
developing bud [207]; during fission yeast spore formation, actin polymerization promotes,
directly or indirectly, LD clustering around nuclei; and in early zebrafish embryos, drugs
that disrupt or promote actin polymerization or inhibit non-muscle myosin interfere with the
developmental redistribution of LDs [211]. In most systems studied to date, however, LD
motility is largely or exclusively due to transport along microtubules [203], for examples in
various cultured mammalian cells [209, 212] or in Drosophila embryos [154]. For most of
these cases, LDs are presumably directly pulled by microtubule motors, such as kinesin and
dynein [154, 212], but in the fungus Ustilago maydis, LDs themselves do not move but are
actively spread out along microtubules via transient interactions with motor-propelled early
endosomes [213, 214].

LDs are ideally suited for optical trapping experiments [215], and this property makes it
possible to measure the forces with which LDs move, both /n vitroand in vivo[154, 216,
217]. Such force measurements can be used, for example, to determine the number of motor
molecules moving a single droplet [218, 219], to determine how opposing motors interact
[220], and how the activity of motors and their force production is regulated [221-224].

Regulated droplet motility can control the dispersal status of LDs within the cell. In
Drosophila embryos, LDs are either dispersed throughout the peripheral cytoplasm or
concentrated around the central yolk, depending upon the developmental stage. The overall
LD distribution is controlled by a multi-component transport system that includes the motors
kinesin-1 and cytoplasmic dynein, various dynein co-factors (BicD, dynactin), the Perilipin
LSD-2/PLIN2, the kinase GSK-3, and the nesprin Klar (for a recent review, see [154]). Here,
a key factor mediating temporal regulation of LD motion is the novel protein Halo that acts
as rate-limiting kinesin-1 cofactor and increases travel lengths in kinesin-1 direction [208,
225]. In Vero cells, LDs are typically clustered near the nucleus; starvation-induced LD
dispersal towards the periphery involves upregulated LD motility and preferential
recruitment of LDs, as well as mitochondria, to a specific subset of microtubules that are
detyrosinated [209]. Restriction of both organelles to the same 1D tracks may promote
enhanced interactions between them. Clustering of LDs is also frequently observed when
certain droplet-localized proteins are up- or downregulated or posttranslationally modified,
such as PLIN1 [212, 226], ancient ubiquitous protein 1 (AUP1 [227]), and CG9186 [157,
228]. To what extent such clustering involves altered droplet motility has yet to be examined
but, for U20S cells, it was recently shown that dissociation of clustered droplets involves
actin and myosin [229].

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Welte and Gould Page 18

5.0 Conclusions

In contrast to the energy storage roles of LDs, other functions have so far been studied in
much less detail. The literature is littered with documented examples of proteins from other
cellular compartments present on LDs, including enzymes involved in nucleotide
metabolism, cytosolic chaperones, and splicing factors (for a review, see [230]). In addition,
many published LD proteomes include a long list of candidate proteins from other cellular
compartments. Some of these candidates will, of course, just represent biochemical
contamination, but given that other unexpected interactions have been verified and proven to
be biologically important, it is important not to dismiss those candidates without further
study. In the long run, what is needed is more stringent methods to judge LD localization on
a proteomic scale (e.g., [231]). Similarly, advances in lipidomics have recently made the
analysis of lipids more sensitive and comprehensive, which sets the stage for discovering
exactly which lipids are handled by LDs.

The discovery that the functions of LDs extend well beyond energy storage to diverse and
important roles in lipid and protein handling is an exciting development. As evidenced by
other articles in this special issue, LD research is booming, revealing that these organelles
make important contributions to many more cellular and physiological processes than
previously appreciated. Although most of these studies focus on how management of energy
storage impinges on these novel biological functions, it is important to consider whether the
capacity of LDs as general lipid and protein handling platforms also plays a role. More
broadly, many diseases are associated with LD dysfunction and are accompanied by over- or
understorage of neutral lipids [2]. Aberrant LD numbers have the potential to disrupt various
aspects of lipid and protein homeostasis, potentially causing disease on its own or
modulating the severity and outcome of maladies due to aberrant lipid storage (Figure 2).

The diverse roles of LDs in lipid and protein handling are all mediated by the ability of LDs
to store or sequester proteins and lipophilic molecules. Molecules stored in LDs for use at
other sites in the cell include vitamins, signaling precursors, histones, and transcription
factors. LDs also sequester molecules that would otherwise be toxic to the cell or prone to
damage and degradation. The former includes free fatty acids, environmental toxins, and
aggregation-prone proteins like ApoB; the latter encompasses PUFAs and viral components.
In many cases LDs are also an important node for regulating the metabolism and
homeostasis of their lipid or protein cargo. LDs thus promote eicosanoid synthesis as well as
protein maturation, folding, and turnover. LDs are important for maintaining homeostasis
during cellular stress and, in the case of ER stress, lipid and protein handling seem to work
together to mitigate it. In many cases, these functions of LDs have yet to be clarified at the
molecular level. What seems much clearer, however, is that new roles for LDs will continue
to be discovered.
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Highlights
. Lipid droplets have important functions beyond energy homeostasis
. They store vitamins, signaling precursors, and other hydrophobic molecules
. They mitigate some harmful effects of ER and oxidative stress
. They function in protein maturation, storage, and turnover
. They are motile and can exist in the nucleus
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Figure 1. Lipid droplets protect against ROS damage in the neural stem cell niche of Drosophila
Left: During Drosophila CNS development, neural stem cells (neuroblasts) divide to

generate daughter cells that will give rise to neurons. Adjacent glia constitute the neural
stem cell niche, a microenvironment that promotes neuroblast divisions.

Right: Magnified view of glia and neuroblast membranes. Neuroblasts are able to sustain
their divisions during normoxia or during hypoxia if adjacent glia can synthesize
triglycerides stored in lipid droplets. During hypoxia without glial lipid droplets, ROS
accumulate and induce the peroxidation of membrane lipids containing PUFAs (green)
leading to their damage (red). In the case of the PUFA linoleic acid, this gives rise to a
reactive aldehyde (4-hydroxynonenal, 4-HNE), which forms damaging adducts with
macromolecules. 4-HNE also triggers more ROS, resulting in an escalating feedback loop.
The accumulating damage then inhibits neuroblast divisions. During hypoxia with glial lipid
droplets, a proportion of the total membrane fatty acids (including those containing PUFAS)
are diverted into lipid droplets where they are protected from ROS-induced damage and thus
from triggering the feedback loop between ROS and 4-HNE. This antioxidant role of lipid
droplets helps to minimize cellular damage during hypoxia, enabling neuroblasts to continue
dividing.

Reprinted from Cell, Vol. 163, Michael A. Welte, How brain fat conquers stress, pp.
269-270, Copyright (2015) [232], with permission from Elsevier.
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Figure 2. Potential intersection between lipid and protein homeostasis
Droplet number per cell might modulate the effective concentration of associated proteins:

Too many droplets (right) might tie up too much of the protein. Too few droplets (left) might
allow a toxic protein to reach a free concentration that is detrimental.
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