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Abstract
Eukaryotic cells store neutral lipids in cytoplasmic lipid droplets1,2 enclosed in a monolayer of
phospholipids and associated proteins3,4. These dynamic organelles5 serve as the principal reservoirs
for storing cellular energy and for the building blocks for membrane lipids. Excessive lipid
accumulation in cells is a central feature of obesity, diabetes and atherosclerosis, yet remarkably little
is known about lipid-droplet cell biology. Here we show, by means of a genome-wide RNA
interference (RNAi) screen in Drosophila S2 cells that about 1.5% of all genes function in lipid-
droplet formation and regulation. The phenotypes of the gene knockdowns sorted into five distinct
phenotypic classes. Genes encoding enzymes of phospholipid biosynthesis proved to be determinants
of lipid-droplet size and number, suggesting that the phospholipid composition of the monolayer
profoundly affects droplet morphology and lipid utilization. A subset of the Arf1–COPI vesicular
transport proteins also regulated droplet morphology and lipid utilization, thereby identifying a
previously unrecognized function for this machinery. These phenotypes are conserved in mammalian
cells, suggesting that insights from these studies are likely to be central to our understanding of human
diseases involving excessive lipid storage.

We studied lipid-droplet formation in Drosophila Schneider 2 (S2) cells, a proven system for
functional genomic studies with efficient gene inactivation by RNAi6. We induced lipid-
droplet formation by incubation with 1 mM oleate for 24 h. Staining with 4,4-
difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY493/503) showed
that droplet size, number and overall volume were increased (Fig. 1a); cellular triacylglycerol
content increased sevenfold (Fig. 1b). We confirmed that BODIPY-stained fluorescent signals
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corresponded to lipid droplets with a red fluorescent protein mCherry7 fused with lipid storage
droplet-1 (LSD1), which localizes exclusively to the surface of lipid droplets3 (not shown).

Imaging this process by time-lapse microscopy of BODIPY-labelled cells after oleate addition
(Supplementary Movie 1) showed that droplet formation occurred in steps (Fig. 1c). First,
increased numbers of small droplets formed in dispersed locations throughout the cell. Next,
droplets increased in size and finally aggregated into one or several large clusters, resembling
grapes. Electron microscopy confirmed the tight clustering of the droplets, which were often
near the nucleus (Supplementary Fig. 3).

To unravel the molecular mechanisms governing this progression of changes during lipid-
droplet formation, we performed a genome-wide RNAi screen in S2 cells (Fig. 2a). Images
were acquired and examined by two independent observers, who scored them for alterations
in droplet number, size and dispersion. The same data were analysed computationally
(Supplementary Methods). From visual screening, both observers identified 847 candidate
genes with altered lipid-droplet morphology. To verify these genes and to minimize the
misidentification of genes from off-target effects of RNAi treatments8,9, RNAi experiments
for these genes were repeated with a second, distinct set of double-stranded (ds)RNAs10. Visual
analyses identified 132 genes whose knockdown consistently and repeatedly altered lipid-
droplet morphology (Supplementary Table 1) and an additional 48 genes for which knockdown
phenotypes were scored in two of three rounds (Supplementary Table 2). Computational
analysis confirmed 86 of these 180 genes and added 47 genes with altered lipid-droplet
morphology (Supplementary Table 3). Thus, we identified 227 genes (about 1.5% of the
genome) that we conclude, with high confidence, affect lipid-droplet morphology. However,
the high stringency of our criteria may have caused us to miss some genes involved in lipid-
droplet morphology.

The 132 genes with striking phenotypes were categorized into five distinct phenotypic classes
(Fig. 2b and Supplementary Table 1), which were validated for selected knockdowns by
electron microscopy (Supplementary Fig. 3). Class I genes showed reduced numbers of
droplets and included midway (encoding a diacylglycerol acyl-transferase), subunits of the
proteasome and the spliceosome, and several uncharacterized open reading frames. Class II
genes gave smaller, more dispersed, droplets and included subunits of the COP9–signallosome
complex, dynein, and RNA polymerase II subunits. Class III genes showed more dispersed
droplets of slightly larger size and were members of the Arf1–COPI vesicular transport
machinery. Class IV genes yielded highly condensed clusters of droplets and included members
of the translational machinery. Class V genes contained one or a few very large droplets and
included an orthologue of sterol regulatory element binding-protein (SREBP), a master
transcriptional regulator of lipid metabolism, and SREBP cleavage activating protein (SCAP)
11. In Drosophila, the SREBP pathway is sensitive to and regulates phospholipid
biosynthesis12. This class also included Cct1 and Cct2, which encode isoforms of
phosphocholine cytidylyltransferase, the enzyme that catalyses the rate-limiting step in
phosphatidylcholine synthesis13, and CG2201, which is predicted to have choline kinase
activity that phosphorylates and activates choline14. Thus, most class V genes were linked
directly or indirectly to phospholipid biosynthesis.

To further explore how phospholipid metabolism regulates lipid-droplet formation, we
characterized the Cct1 and Cct2 knockdowns. Larger droplets in Cct knockdowns could arise
from a failure to form new droplets, forcing newly synthesized neutral lipids into a few large
droplets, or from the fusion of independently formed droplets. To distinguish between these
possibilities, we observed the dynamics of lipid-droplet formation by time-lapse microscopy
(Supplementary Movie 2) and found evidence that the droplets fuse (Fig. 3a and Supplementary
Fig. 2).
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We then examined where CCT proteins act. In untreated cells, mCherry-tagged Cct1 localized
exclusively to the nucleus (Fig. 3b), similar to mammalian cytidylyltransferase-α (CT-α)13,
15. After treatment with oleate, a significant portion of Cct1 localized to the lipid-droplet
surface. By contrast, similarly tagged Cct2 localized to the cytoplasm but was also concentrated
on droplet surfaces after treatment with oleate. This marked translocation of CCT enzymes to
the droplet surface may serve to provide adequate phosphatidylcholine to the phospholipid
monolayers of growing lipid droplets. If so, the ratio of surface phospholipids to core neutral
lipids may regulate lipid-droplet morphology: when phospholipids are limiting (as in Cct1 or
Cct2 knockdowns), fusion is induced to decrease the surface-to-volume ratio of droplets. In
fact, the content of phosphatidylcholine in cells with Cct1 knockdown was decreased by about
60% (Fig. 3c, upper panel), and the triacylglycerol content was increased by about 40% (Fig.
3c, lower panel). The increase in triacylglycerol may reflect compensatory channelling of
diacylglycerol into neutral lipids. A decreased phosphatidylcholine content would increase the
relative amount of phosphatidylethanolamine in the droplet monolayer (as observed in flies
lacking Cct1 (ref. 16)), which itself may directly promote droplet fusion17. Our results suggest
a model in which phosphatidylcholine availability is a crucial regulator of lipid-droplet size
and number.

We also investigated class III genes, whose knockdowns showed slightly larger and more
dispersed droplets. All class III genes were members of the Arf1–COPI machinery, including
Arf79F, encoding an Arf1 family member, a gene encoding guanine nucleoside exchange factor
(GEF), garz, and genes encoding components of the COPI coat. Similar effects were obtained
by incubating cells with brefeldin A, a specific inhibitor of Arf1 exchange factors
(Supplementary Fig. 5), and by expressing a dominant-negative version of Arf79F, encoding
the T31N mutant, analogously to dominant-negative mutants for Ras or Ran18 (Fig. 4b). To
test the specificity of this phenotype, we separately repeated RNAi knockdowns with dsRNAs
for Drosophila genes encoding six ARF proteins, three GEFs, two GTPase-activating proteins,
and all COPI subunits. We also tested other coat proteins, such as clathrin subunits and
components of the COPII coat (Fig. 4a). Only Arf79f, garz and six of eight members of the
COPI coat (α-, β-, β′-, δ-, γ- and ζ-Cop) exhibited the class III phenotype, indicating that our
screen identifies a highly specific subset of vesicular transport components. Arf102F
knockdown gave a partial phenotype. This function of the Arf1–COPI machinery in lipid-
droplet formation seems to have been evolutionarily conserved; similar phenotypes were found
in yeast and human cells (Supplementary Fig. 4).

We next sought to determine whether Arf79F acts directly on lipid droplets. ARF proteins
exchange rapidly between active (GTP-bound) and inactive (GDP-bound) forms, making it
difficult to localize only the active form. However, Arf79F(T31N) binds its exchange factor
tightly, and the distribution of the exchange factor is predicted to reflect the localization of
active ARF protein. Expressed Arf79F(T31N) appeared diffusely in the cytosol but was
enriched at the droplet surface (Fig. 4c). Thus, Arf79F may act at the lipid-droplet surface
where, as for other ARF proteins, it interacts with its GEF (presumably encoded by garz) and
recruits COPI components. A recent in vitro study showed that Arf1 and several subunits of
the COPI complex are recruited from the cytosol to purified lipid droplets in the presence of
GTP-γS (ref. 4). Although the recruitment of Arf1 to lipid droplets was reported to activate
phospholipase D (ref. 19), we found no effect of phospholipase D knockdown on lipid-droplet
formation in Drosophila cells (not shown).

The well-established functions of class III genes in Arf1–COPI-mediated vesicular
transport20,21 implicate this machinery in a similar budding mechanism at the surface of lipid
droplets, possibly to promote the budding-off of droplets during lipid mobilization. Lipolysis
is associated with the break-up of larger droplets into smaller ones, presumably to provide more
surface area for lipases22. We examined the effect of the Arf79F knockdown on lipolysis by

Guo et al. Page 3

Nature. Author manuscript; available in PMC 2009 August 28.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



inducing lipid-droplet formation (Fig. 4d) and then inducing lipid mobilization by incubation
with serum-free medium lacking oleate. After 24 h, control cells had few droplets. By contrast,
many droplets remained when Arf79F was inactivated. In addition, much less glycerol, a
product of lipolysis, was released by cells lacking the Arf1–COPI machinery (Fig. 4e).
Supporting a function of the Arf1–COPI machinery in lipolysis, more glycerol was released
by cells expressing a dominant-active form of Arf79F encoding Arf79F(Q71L). These data
indicate that the Arf1–COPI machinery is required for efficient lipolysis. Our data agree with
a report showing that lipolysis in murine adipocytes is accompanied by a brefeldin A-sensitive
process that is required for the mobilization of cholesterol from storage pools in droplets23.

Increased droplet surface area during lipolysis would require more phospholipids in the
surrounding monolayer. Because Cct1 knockdown limits phosphatidylcholine amounts, we
tested its effect on lipolysis. As predicted, Cct1 knockdown markedly decreased the efficiency
of lipolysis, as seen by lipid-droplet staining (Fig. 4d) and glycerol release (Fig. 4e). The effects
of knockdowns of Arf79F and Cct1 on lipolysis were additive, suggesting that these genes
function independently.

Arf1–COPI complexes mediate retrograde vesicular trafficking of membranes and proteins
from the Golgi apparatus to the endoplasmic reticulum21 and are also involved in vesicular
transport processes from the trans-Golgi network and endosomes21. Notably, the members of
the Arf1–COPI complex we identified were recently found in a Drosophila screen for genes
involved in protein secretion and Golgi organization24. Although the primary defect in class
III knockdowns is as yet unknown, the phenotype on lipid-droplet formation is not likely to be
an indirect consequence of inhibition of protein secretion. The effects are highly specific and
are not observed with knockdowns of other proteins mediating secretory transport
(endoplasmic reticulum translocation, COPII and clathrin). In addition, Arf79F is recruited to
the lipid-droplet surface, as shown by us and others4, where it is presumably activated by the
loading of GTP on its exchange factor.

Our study provides an initial systematic examination of the Drosophila genome to identify
genes involved in lipid-droplet formation and utilization. Many genes that we identified sort
to distinct classes of morphological changes, with each class containing functionally related
proteins. These classes potentially link diverse processes, such as protein synthesis and
degradation, the cell cycle, and organelle movement, with lipid-droplet biology. The variety
of genes identified lends support to the emerging view of lipid droplets as dynamic organelles
that are functionally connected to a variety of organelles and cellular processes, including the
replication of intra-cellular pathogens such as Chlamydia trachomatis and hepatitis C25,26.
Many components of these processes are likely to be highly conserved across species. Our
studies in S2 cells may therefore be directly relevant to cellular lipid storage in general, holding
the promise of identifying pathways and mechanisms central to human diseases involving
excessive lipid storage and to the engineering of cellular lipid storage in organisms for the
improved production of oils and biofuels.

METHODS SUMMARY
RNAi-mediated genomic screen

RNAi screening with University of California, San Francisco (UCSF), DmRNAi libraries
versions 1 and 2 (15,683 genes) was as described10. Examination of selected genes
demonstrated 80–90% mRNA knockdown (Supplementary Fig. 1); previous studies showed
protein levels decreased by 80% (refs 27, 28). S2 cells (2.7 ×106 cells ml−1) were treated with
1 μg of dsRNA in 96-well plates for three days, and 1 mM oleic acid was added for 24 h. Cells
were fixed for 1 h in 4% paraformaldehyde/PBS and stained for 1 h with BODIPY493/503 in
PBS. Images were obtained with IC100 (Beckman) or ImageXpress Micro (Molecular
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Devices) automated microscopes and a 40×, 0.95 numerical aperture PlanApo dry objective
lens (Nikon). Six image fields (400–600 cells per well) were acquired per RNAi experiment.

The primary visual screen was validated by treating S2 cells with an independent set of
RNAs8–10. Details of the visual and computational screening procedures are given in
Supplementary Information. For all gene knockdowns, the penetrance of the phenotypes was
high, affecting more than 70–80% of the cells.

Primers used for the original screen can be found at http://rnai.ucsf.edu/dropletscreen, and
primers for secondary validation can be found at
http://mpibcms.biochem.mpg.de/en/rg/lipidrophe/absatz_01.html.

Protein localization
mCherry was from R. Tsien7. mCherry–Cct1, mCherry–Cct2 and Arf79F–mCherry expression
vectors (actin promoter) were made with the Gateway system (Invitrogen). Arf79F(T31N)–
mCherry and Arf79F(Q71L)–mCherry were generated by QuickChange II mutagenesis
(Stratagene).

Lipid measurements
Cells were cultured in six-well plates (16 μg of dsRNAs per well) for three days; 1 mM oleate
was then added for 24 h. Cells were lysed in 50 mM Tris-HCl pH 7.4, 0.25 M sucrose; samples
(250 μg of protein) were assayed for lipids. Phosphatidylcholine was quantified with a
colorimetric method29. Triacylglycerol content was measured from extracted lipids by thin-
layer chromatography30.

Lipolysis studies
Cells were cultured with 1 mM oleate for 24 h. To stimulate lipolysis, oleate was removed and
cells were cultured in serum-free medium for 24 h. Aliquots were analysed for glycerol (Sigma-
Aldrich glycerol colorimetric assay) and protein (Bio-Rad DC protein assay) content.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oleate increases the formation of lipid droplets in Drosophila S2 cells
a, S2 cells incubated for 24 h without (upper) or with (lower) 1 mM oleate. Staining with
BODIPY, phase-contrast image, and overlay are shown. b, Oleate-loaded cells have an
increased triacylglycerol (TG) content. Cells were incubated as in a and their TG contents were
measured. Results are means and s.d. for three experiments; P <0.05. c, Lipid-droplet formation
occurs in steps. Cells treated as in a were stained with BODIPY. Single cells were followed
by four-dimensional confocal time-lapse microscopy. Representative maximum projections of
three-dimensional stacks at the indicated times are shown. Scale bars, 3 μm.
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Figure 2. Genome-wide screen identified genes regulating the formation of lipid droplets
a, Outline for strategy to screen for genes involved in lipid-droplet biogenesis. See the text for
details. b, Genes involved in the screen for lipid-droplet biogenesis fall into distinct phenotypic
classes. The 132 most striking phenotypes were classified according to lipid-droplet number,
size and dispersion. From this classification, five major classes emerged; a graphic
representation (top), an example image (middle) and some gene examples (bottom) are shown.
Scale bar, 3 μm.
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Figure 3. Phosphatidylcholine content regulates the size and abundance of lipid droplets
a, Lipid-droplet formation induced by oleate in Cct1 knockdown cells (Fig. 1a). Single cells
were followed by time-lapse confocal microscopy. Representative projections revealed that
droplets first proliferate normally (upper) and then fuse (lower). Examples of fusion are
indicated (red and green arrows). b, CCT enzymes localize to the surface of droplets after
induction with oleate. Cct1 and Cct2 were transiently expressed in S2 cells as amino-terminal
mCherry-tagged fusion proteins and were stained and imaged before or after induction.
BODIPY staining, mCherry fluorescence, and merge are shown. Scale bar, 3 μm. c, Cct1
knockdown cells have less phosphatidylcholine (PC) and more triacylglycerol (TG). S2 cells
were treated with dsRNAs as indicated, loaded with oleate (as in Fig. 1a) and lysed. PC (upper)
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and TG (lower) levels in the extract were measured. Results are means and s.d. for three
independent experiments. **, P <0.01 versus control RNAi.
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Figure 4. ArfI–COPI complex members function in the formation of lipid droplets
a, Knockdowns of Arf79F, the GEF gene gartenzwerg (garz) and specific subunits of the COPI
coat affected lipid-droplet formation similarly. Representative images are shown. For
descriptions of controls see Supplementary Information. GAP, GTPase-activating protein. b,
Arf79F(T31N) localizes to the droplet surface and causes a similar phenotype to Arf79F
knockdown. Arf79F(T31N) expressed as a carboxy-terminal mCherry-tagged fusion protein
in S2 cells was observed by confocal microscopy after loading with oleate and staining with
BODIPY. A representative confocal midsection is shown for BODIPY (top left), mCherry
fluorescence (top right) and a merge (bottom right). c, Arf79F(T31N)–mCherry localizes to
the droplet surface. The photobleached region (6 min) is indicated by a red circle. Arrows
indicate the association of Arf79F(T31N) with the surface of droplets. d, Arf79F, Cct1 and
double knockdowns lead to decreased lipolysis. S2 cells were treated with dsRNAs for three
days as indicated, loaded with 1 mM oleate for one day, and imaged by confocal microscopy
after staining with BODIPY (day 0, left panels). Representative confocal midsections are
shown. Oleate was removed from the medium and the cells were starved for one day in serum-
free medium to induce lipolysis (day 1, right). Scale bars, 3 μm. FACS, gene encoding a long-
chain-fatty-acid-CoA ligase (CG8732). e, Arf79F, Cct1 and double knockdowns lead to
decreased glycerol release to the medium. A transgene encoding Arf79F(Q71L) leads to
increased release of glycerol. Experiments were as in d, and the glycerol released was
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measured. Results are means and s.d. for three independent experiments. *, P <0.05, ** P <0.01
versus control RNAi (left) and versus control transgene (right).
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