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SUMMARY

Proteomic studies have revealed many potential functions of cytoplasmic lipid droplets and recent 

activity has confirmed that these bona fide organelles are central not only for lipid storage and 

metabolism, but for development, immunity, and pathogenesis by several microbes. There has 

been a burst of recent activity on the assembly, maintenance and turnover of lipid droplets that 

reveal fresh insights. This review summarizes several novel findings in initiation of lipid droplet 

assembly, protein targeting, droplet fusion, and turnover of droplets through lipophagy.

Cytoplasmic lipid droplets comprise a central hub for metabolism and cellular homeostasis. 

They are found in most if not all nucleated cells and even in several prokaryotes [1]. Tissues 

dedicated to their function exist in higher plants and animals, where they provide energy for 

the organism, and, at least in mammals, regulate appetite and energy metabolism at distant 

sites through release of adipokines [2]. Lipid droplets go far beyond providing fuel and 

regulating its use: the neutral lipids within their cores, triacylglycerols and steryl esters plus 

a variety of other lipids depending on tissue and cell type, are the source of hormones, 

secondary messengers, and plasmalogens [3,4]. They protect the cell from fatty acid-induced 

lipotoxicity [5]. The proteins in the surrounding phospholipid monolayer have roles not only 

in lipid metabolism but also in interorganellar communication [6], development [7], and 

immunity [8,9]. Lipid droplets are likely linked to ER-mediated protein degradation [10], 

and they are essential for assembly of viruses and for providing energy for their replication 

[9,11]. Awakening to the importance of this organelle, the effort to understand their 

structure, function, birth and death, have become areas of intensive research. There have 

been several outstanding reviews in the past 2–3 years on droplet cell biology (among them 

are [12–14]). This mini-review will touch upon a few very recent findings and the 

controversies they address and raise.

Initiation of droplet assembly

Lipid droplets originate in the endoplasmic reticulum; the terminal enzymes in the synthetic 

pathways that generate neutral lipids – mainly triacylglycerols (TG) and steryl esters (SE) 
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are localized there [15]. Since these acyltransferases have their active sites facing either the 

cytosolic or luminal side of the bilayer, neutral lipids can enter the bilayer from either 

direction [16,17]. Because model phospholipid bilayers can support a few mole percent in 

neutral lipids without sacrificing stability [18], it seems plausible that the ER membrane has 

a low level of neutral lipids freely diffusing within its bilayer. As saturation is reached, 

droplets will form. Recent application of emulsion chemistry to droplet formation is 

consistent with a spontaneous model for droplet formation, with the surrounding 

phospholipids (presumably derived from the ER outer leaflet) serving as the emulsifying 

agent [19]. It is likely, however, that proteins play a role in development of the nascent 

droplet. For example, by embedding into the cytosolic side of the membrane they can 

stabilize or enhance the initial convex curvature to ensure that droplets bud from the 

cytosolic membrane leaflet and not into the ER lumen. Plin3, which binds to nascent 

droplets on the ER surface, is a good candidate for this function [20]. Proteins containing 

helical hairpins, such as GPAT4 or DGAT2, which traffic from the ER to droplets [21,22] 

may also contribute to vectorial budding. The initial generation of the bud may be promoted 

by FIT2, an ER protein that binds to triacylglycerols, [23]; seipin, mutations in which cause 

severe lipodystrophy [24], may also be a player. Lipid droplet formation is delayed in the 

absence of seipin, leading to accumulation of neutral lipids in the ER and blebbing out into 

inappropriate sites such as the nucleus [25]. Curvature-producing lipids also may contribute 

to droplet formation. The outer leaflet of the ER membrane must deform generating both a 

convex surface over the bud and a concave surface at the ER-bud interface. Diacylglycerol 

(DG), which would support convex curvature, has already been shown to promote droplet 

budding[20], and yeast lipin, which generates DG from phosphatidic acid (PA), is required 

to prevent a large accumulation of neutral lipid in the ER, even in the absence of TG 

synthesis [26]. This finding suggests that DG rather than PA (both of which promote shape 

change in the same direction) is more important for droplet assembly. In this regard, Fei et 

al. have observed an increase in PA in the ER in the absence of seipin in yeast [27], and our 

group has seen PA puncta in these cells (Han and Goodman, unpublished), suggesting that 

PA accumulation caused by an absence of seipin may have an inhibitory effect on droplet 

formation. The salutary role of DG in droplet formation, therefore, may involve more than 

its membrane-curvature properties.

A long-standing question is whether droplet formation occurs at fixed sites in the ER, or 

whether these sites are random. In mammalian models of adipogenesis, droplets often first 

develop in the cell periphery, where the ER is rather sparse, and then migrate towards the 

nucleus [28]. To address whether sites on the ER are marked for droplet formation, Kassan 

et al. expressed in COS cells a 50-amino acid fusion peptide containing minimal ER and 

droplet targeting motifs. In starved cells this peptide formed puncta on the ER, even though 

droplets were not visible by normal staining methods. Upon addition of oleic acid, which 

rapidly becomes incorporated into neutral lipid, these puncta, termed pre-LDs, marked the 

sites of the first wave of droplet formation [29]. Ultrastructural studies suggested the pre-

LDs were tiny droplets of ~250 nm in these starved cells which were apparently stable over 

time. Interestingly, the pre-LDs contain the acyl-CoA synthase ASCL3, but not perilipins 2 

or 3, nor DGAT2 [29]. Thus, a limited population of droplet precursors on the ER may 

always present to promote rapid lipid storage.
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Another unresolved question is whether droplets, as they mature, separate from the ER. 

Early electron micrographic studies revealed the close association of the ER with droplets 

[30]. In yeast our group reported that 94% of droplets could not be resolved from the ER by 

fluorescence microscopy [31], as if they were attached. There is beauty in a permanent link 

between droplets and the ER, since bridges between the two organelles, which recently have 

been visualized [21], could serve as a large buffer to changes in phospholipid mass on 

droplets during lipolysis or growth of droplets. Furthermore, protein trafficking between the 

ER and droplets would be facilitated by such bridges. However, an alternative mechanism 

involving COPI for removal of phospholipids from shrinking droplets has been proposed 

(see below), obviating the requirement of the ER as a sink. Moreover, GPAT4 only targets 

from the ER to a subset of droplets, suggesting a subpopulation disconnected from the ER 

[21]. Droplets also can move rapidly on microtubules in animals or on actin-based cables in 

yeast [32,33], suggesting their independence from other organelles. However, the ER could 

accompany lipid droplets during their movement on cytoskeletal elements, as it does with 

mitochondria [34]. Another argument for independent lipid droplets is a difference in 

phospholipid composition on droplets compared to ER-derived microsomes [35,36]. 

However, the composition of such microsomes may be an average from various ER 

subdomains, or there may be remodeling of droplet or ER phospholipids without free 

diffusion at the interorganellar junction. While closely associated ER is generally 

characteristic of lipid droplets, whether all droplets are attached to the ER, and whether this 

attachment always involves continuity of the outer ER leaflet with the lipid droplet 

monolayer remain open questions.

Lipid droplet maintenance

Protein trafficking to lipid droplets

While progress has been made regarding the trafficking of proteins to and from lipid 

droplets, several gaps in our understanding remain. Several small sequences have been 

identified that are necessary and sufficient for targeting of proteins to droplets [21,37–39]. 

Typically they consist of a hydrophobic stretch (often a hairpin) and a positive or 

amphipathic helix. Targeting of GPAT4, which is transported from the ER, was recently 

examined in detail [21]. The hairpin in GPAT4 was found to be sufficient for targeting to the 

ER (in the absence of oleate) and to droplets (in the presence of oleate). Substitution of the 

hairpin with an irrelevant hydrophobic sequence resulted in loss of targeting to the ER but 

not droplets. Several aspects of the ER-droplet pathway still remain obscure: Do proteins 

enter the ER through the classical SRP-Sec61 pathway or is there a novel route? Is 

trafficking from ER to droplets, which can occur over several minutes [22], spontaneous or 

protein-catalyzed? What is the mechanism of droplet retention of these proteins?

Other proteins destined for droplets originate in the nucleus (CTP:phosphocholine 

cytodylyltransferase [40]) or the cytosol (the “exchangeable” PLIN proteins [41]). For 

proteins originating outside the ER, trafficking is likely to involve a combination of 

affinities to droplet lipids and proteins.
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Role of COPI

Many proteomics studies since 2004 have shown the presence of enzymes involved in both 

synthesis and metabolism of core neutral lipid in lipid droplets [42]. Besides these enzymes, 

components of COPI were found in early genetic screens for factors involved in droplet 

morphology. COPI, which coats vesicles that traverse the Golgi and returns cargo to the ER, 

could be important in indirect ways for droplet maintenance, for example, in retaining 

important factors in the ER compartment. However, evidence is building that its function is 

more specific. It was found that COPI is important for transporting ATGL to droplets [43] 

and that this may be mediated through Arf1 and its exchange factor GBF1 [44]. More 

recently, COPI was implicated in removing phospholipid from the droplet during periods of 

lipolysis. In an inverted oil-aqueous system in which water drops exist in a bulk oil solvent 

with a phospholipid leaflet separating the two phases, the addition of COPI and Arf1 (loaded 

with GTPγS) into the aqueous phase result in release of oil nanodrops, lowering the 

interfacial concentration of phospholipids [45]. Such a release could also result in trafficking 

of proteins from the droplet to other organelles. More recently, the generation of nanodrops 

from isolated lipid droplets upon supplementation with COPI and Arf1 was demonstrated. 

Interestingly, the trafficking of GPAT4 from ER to droplets was inhibited by COPI 

knockdown. This was interpreted as a requirement of COPI for the formation or 

maintenance of ER/LD bridges [46], although more evidence is needed to demonstrate a 

direct link between COPI and ER-LD bridge formation.

Droplets and ERAD

An area of controversy has been whether droplets play a role in ER-activated protein 

degradation (ERAD). This idea was stimulated by the presence of several ERAD proteins in 

the droplet proteome. Indeed, a small fraction of HMG CoA reductase during its degradation 

resided in the lipid droplet fraction [47]. However, the presence of TG and SE, and therefore 

visible droplets, was found not to be necessary for ERAD [48]. This finding, which involved 

knocking out the acyltransferases required for TG and SE synthesis, cannot rule out that 

other droplet components that exist on the ER in the absence of droplets may still promote 

ERAD. Alternatively, ERAD may occur in an ER subcomponent adjacent to, but 

independent of, droplets. In fact, ubiquitination of HMG CoA reductase was recently found 

to occur on droplet-associated ER membranes [10]. Whether this indicates a novel ER 

compartment for ERAD, whether droplet components are important for mammalian but not 

yeast ERAD, and whether ERAD is an important mechanism for turning over lipid droplet 

proteins, are presently unanswered questions.

Function of Fsp27

Fat-specific protein of 27 kDa (also known as CIDEC) is a lipid droplet component, induced 

during adipogenesis, that has been established to negatively regulate lipolysis [49]. Two 

mechanisms for regulating lipolysis have recently been elucidated. First, Fsp27 binds 

directly to ATGL and inhibits lipolysis, both basal and hormone-stimulated, in an ATGL-

dependent manner [50]. Second, Fsp27, a fraction of which resides in the nucleus, directly 

potentiates the negative regulation of Egr1 at the ATGL promoter [51]. ChIP analysis 

reveals both proteins bound to this promoter. Besides regulating ATGL through these two 
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modalities, the protein also stimulates droplet fusion. Fusion is energetically favorable in the 

absence of any protein factors if the number of surrounding phospholipids became 

diminished. Fsp27, however, appears to work by an independent mechanism. This protein 

concentrates at lipid droplet contact sites, where it promotes emptying of the contents of 

small droplets into larger ones, promoting fusion [52]. Recent evidence has uncovered two 

modes of Fsp27 regulation of droplet fusion. First is the activation of Fsp27 by perilipin 1 

through direct binding to the N-terminal domain (CIDE-N) [53]; this mechanism, which 

stabilizes the Fsp27 active dimer, is responsible for the large unilocular droplets seen in 

adipose cells. The second mechanism is through Rab8a. Interestingly, the active form is the 

GDP-bound state, which is promoted by the GTPase-activing-protein AS160 [54]. Virtually 

the same region of Fsp27 controls lipolysis and droplet fusion. It is not yet clear how these 

two processes mechanistically relate to each other (for example, Rab8a may be important for 

ATGL inhibition), how the Fsp27-AS160-Rab8a complex causes bilayer fusion, and 

whether Plin1 and Rab8a function together at the same contact site.

Lipophagy

The combustion of lipid stores for energy classically begins with the action of lipases on the 

lipid droplet monolayer. Recently however, autophagy has also been implicated in neutral 

lipid utilization from droplets under starvation conditions, a process called lipophagy [55]. 

Similar to autophagy of other cellular components, lipophagy may involve the formation of 

a double membrane around the lipid droplet to form an autophagosome that precedes fusion 

with the lysosome (macroautophagy), or the direct engulfment of lipid droplets by lysosomal 

membranes (microautophagy). Both types involve subsets of core autophagic proteins 

(Atgs).

The engulfment of lipid droplets by double-membraned vesicles (macrolipophagy) was first 

observed in electron micrographs by Singh et al. in mouse hepatocytes [56]. Consistent with 

this, the group also reported that deletion of the core autophagic protein Atg7 resulted in a 

blockage of lipophagy and the accumulation of lipid droplets. Other studies have since 

detected the involvement of lipophagy in consumption of lipid droplets, upon starvation 

[57,58]. A control point was revealed when exposure of animal cells to fat resulted in an 

inhibition of lipophagy at the autophagosome-lysosome fusion step, perhaps by a change in 

lysosome membrane composition [59]. Regeneration of the lysosome following 

macrolipophagy was found to depend on the GTPase dynamin-2; its inhibition by both 

genetic and pharmacological means lead to accumulation of lipid droplets within 

autolysosomes as observed in electron micrographs [60]. Whether dynamin-2 is equally 

involved in resolution of autolysosomes upon autophagy of other types of organelles is 

unknown but seems likely.

In contrast to mammalian cells, microlipophagy has been documented in Saccharomyces 

cerevisiae, in which the lipid droplet is trafficked to the vacuole by microtubules and not by 

Atg proteins [57]. However, the latter are still needed for catalyzing interactions between the 

lipid droplet and the vacuole, as is seen by the formation of aggregates of larger droplets, in 

their absence. Microlipophagy utilizes the special adaptor proteins Vac8 and Trs85 in a 

mechanism selective for lipid droplets. Atg11, a component of other specialized autophagic 
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machinery (pexophagy and cvt pathway) also increases the efficiency of microlipophagy. 

Moreover, in the stationary phase, the vacuole was shown to uptake lipid droplets through 

its specific sterol enriched sites, implicating a feed-forward loop, whereby lipophagy, by 

providing sterols to the vacuole, promoted the phase-separation required for further droplet 

uptake and digestion [58].

Lipid droplet maintenance and lipophagy seem at opposite ends of lipid metabolism, but 

both lipid droplets and autophagosomes share Atg2A, a protein essential for autophagy in 

mammalian cells [61]. Knockdown of Atg2A and its homolog Atg2B not only results in a 

block in autophagy, but it also causes aggregation of large droplets in the cytoplasm, 

suggesting a coupling of droplet morphology with lipophagy to regulate lipid metabolism. 

The mechanism by which lipophagy is regulated and whether there is cross-talk between 

lipophagy and lipolysis on lipid droplets outside the lysosome, are two questions that remain 

incompletely understood.

As the momentum of research in droplet biology continues to increase, many long-held 

secrets of this organelle are coming to light. However, many basic aspects of droplet 

biogenesis, maintenance, and destruction, let alone the regulation of these processes, remain 

obscure. But at the rate in which progress is currently occurring, one expects to learn 

considerably more in the next few years.
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Figure 1. The life cycle of a lipid droplet
Important events in the lipid droplet life cycle are shown. Recent advances include a pre-

droplet organelle and associated ACSL3, a possible cycling of droplets associated and 

released from the ER mediated by COP1, the dual role of Fsp27 in lipolysis and droplet 

fusion, and two specific pathways of lipophagy, one common in mammals, the other in 

yeast. ALR, autophagic lysosome reformation. Although droplets may exist that are 

disconnected from the ER, the figure is not meant to imply that droplet expansion, fusion, or 

autophagy is limited to ER-connected or -dissociated droplets.
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