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 Cellular autophagy is an evolutionarily highly conserved 
degradation pathway for both stochastic and selective 
degradation of cytoplasmic cargo within the lysosomal 
compartment. As such, this process of self-eating secures 
cellular homeostasis and survival, while malfunction con-
tributes to the initiation and development of many age-
related human diseases including diabetes, tumorigenesis, 
and neurodegeneration ( 1–4 ). Autophagy is constitutively 
active on a low basal level resulting in constant cytoplasmic 
turnover and the specifi c elimination of macromolecule 
aggregates and damaged organelles. Following a great va-
riety of cellular insults such as nutrient starvation, autophagy 
is induced above basal level and produces monomers and 
energy for subsequent recycling processes. 

 Autophagy is hallmarked by the formation of double-
membrane vesicles called autophagosomes that are gener-
ated from initial preautophagosomal membrane precursors 
or phagophores. Elongation of the phagophore and sub-
sequent vesicle closure complete the formation of au-
tophagosomes that sequester the cytoplasmic cargo and 
communicate with the lysosomal compartment to acquire 
acidic hydrolases for cargo breakdown ( 5–7 ). 

       Abstract   Autophagy is a lysosomal bulk degradation path-
way for cytoplasmic cargo, such as long-lived proteins, lip-
ids, and organelles. Induced upon nutrient starvation, 
autophagic degradation is accomplished by the concerted 
actions of autophagy-related (ATG) proteins. Here we 
demonstrate that two ATGs, human Atg2A and Atg14L, co-
localize at cytoplasmic lipid droplets (LDs) and are func-
tionally involved in controlling the number and size of LDs 
in human tumor cell lines. We show that Atg2A is targeted 
to cytoplasmic ADRP-positive LDs that migrate bidirec-
tionally along microtubules. The LD localization of Atg2A 
was found to be independent of the autophagic status. Fur-
ther, Atg2A colocalized with Atg14L under nutrient-rich 
conditions when autophagy was not induced. Upon nu-
trient starvation and dependent on phosphatidylinositol 
3-phosphate [PtdIns(3)P] generation, both Atg2A and 
Atg14L were also specifically targeted to endoplasmic 
reticulum-associated early autophagosomal membranes, 
marked by the PtdIns(3)P effectors double-FYVE contain-
ing protein 1 (DFCP1) and WD-repeat protein interacting 
with phosphoinositides 1 (WIPI-1)    , both of which function 
at the onset of autophagy.   These data provide evidence 
for additional roles of Atg2A and Atg14L in the formation 
of early autophagosomal membranes and also in lipid 
metabolism.  —Pfi sterer, S. G., D. Bakula, T. Frickey, A. Cezanne, 
D. Brigger, M. P. Tschan, H. Robenek, and T. Proikas-
Cezanne.  Lipid droplet and early autophagosomal mem-
brane targeting of Atg2A and Atg14L in human tumor cells. 
 J. Lipid Res . 2014.  55:  1267–1278.   

 Supplementary key words autophagy • autophagosome • Atg2A • 
Atg14L • double-FYVE containing protein 1 • WIPI-1   

 This work was supported by grants from the German Research Foundation 
(DFG, SFB 773), the Federal Ministry for Education and Science (BMBF, Bio-
Profi le), and the Landesstiftung and the Forschungsschwerpunktprogramm 
Baden Wuerttemberg, Germany (T.P-C.). The Landesgraduiertenfoerderung 
Baden Wuerttemberg, Germany, supported S. G. Pfi sterer with a predoctoral 
fellowship. 

 Manuscript received 10 December 2013 and in revised form 16 April 2014. 

  Published, JLR Papers in Press, April 28, 2014  
 DOI 10.1194/jlr.M046359 

 Lipid droplet and early autophagosomal membrane 
targeting of Atg2A and Atg14L in human tumor cells  

  Simon G.   Pfi sterer ,  1, *   Daniela   Bakula , * ,†    Tancred   Frickey ,  §    Alice   Cezanne , *   Daniel   Brigger , **  
 Mario P.   Tschan , **   Horst   Robenek ,  ††   and  Tassula   Proikas-Cezanne   2, * ,†   

 Autophagy Laboratory, Department of Molecular Biology,* Interfaculty Institute for Cell Biology, 
 Eberhard Karls University Tuebingen , Tuebingen,  Germany ; International Max Planck Research School 
‘From Molecules to Organisms’, †   Max Planck Institute for Developmental Biology and Eberhard Karls 
University Tuebingen , Tuebingen,  Germany ; Applied Bioinformatics Laboratory,  §    University of Konstanz , 
Konstanz,  Germany ; Division of Experimental Pathology, Institute of Pathology,**  University of Bern , 
Bern,  Switzerland ; and   Leibniz Institute for Arteriosklerosis Research, ††   University of Muenster , 
Muenster,  Germany  

 Abbreviations: ADRP, adipocyte differentiation-related protein; 
ATG, autophagy related; CM, control medium; DAPI, 4,6-diamidino-2-
phenylindole; DFCP1, double-FYVE containing protein 1; EM, electron 
microscopy; ER, endoplasmic reticulum; FYVE, Fab1 YOTB Vac1p 
EEA1 domain; GFP, green fl uorescent protein; LD, lipid droplet; LSM, 
laser scanning microscopy; MOC, Mander’s overlap coeffi cient; NF, 
nutrient-free; OA, oleic acid; PCC, Pearson’s correlation coefficient; 
PtdIns(3)P, phosphatidylinositol 3-phosphate; VPS, vacuolar protein 
sorting; WIPI, WD-repeat protein interacting with phosphoinositides; 
WM, wortmannin  . 

  1  Present address of S. G. Pfi sterer: Institute of Biomedicine, Univer-
sity of Helsinki, Helsinki, Finland. 

  2  To whom correspondence should be addressed.  
  e-mail: tassula.proikas-cezanne@uni-tuebingen.de 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of seven fi gures and six 
videos. 



1268 Journal of Lipid Research Volume 55, 2014

ER ( 12 ). In this context, it was suggested that LD bio-
genesis is connected to phagophore formation, likely 
involving unknown adaptor proteins that facilitate such 
functional interactions ( 8 ). 

 Here we provide evidence that both human Atg2A and 
Atg14L colocalize at LDs under conditions when au-
tophagy is not induced above constitutive basal level. Upon 
nutrient starvation and dependent on PtdIns(3)P produc-
tion, both Atg14L and Atg2A also localize to early au-
tophagosomal membranes, decorated with the PtdIns(3)P 
effectors DFCP1 and WIPI-1. Interestingly, our high-content 
imaging analysis further showed that the numbers of cel-
lular LDs increase upon nutrient starvation. In this con-
text, we discuss the function of ATGs in both LD and au-
tophagosome biogenesis. 

 MATERIALS AND METHODS 

 DNA constructs 
 The human Atg2A cDNA (gi:83404909, IRAKp961E12232Q2, 

ImaGenes) was amplifi ed by PCR with the oligonucleotides 5 ′ 
gagagagaattcttcacgatggctgtggccatg’3 and 5 ′ gagaggatcctcagtcttgg-
gcactgtccgt’3 and subcloned ( Bam HI/ Eco RI) into pEGFP.C1 (Clon-
tech) to generate green fl uorescent protein (GFP)-Atg2A. To 
obtain  myc -Atg2A, the human Atg2A was isolated from GFP-Atg2A 
( Bam HI/ Eco RI), and ends were blunted and subcloned ( Eco RV) 
into pCMV-Tag3b (Stratagene). To generate Atg2A- myc , the 
Atg2A cDNA was amplifi ed by PCR using pEGFP.C1-Atg2A as a 
template along with the oligonucleotides 5 ′ gagagaggatccaccatgtc-
acgatggctgtggccatg’3 and 5 ′  ctctctgtcgacgtcttgggcactgtccgagcg’3 
and subcloned ( Bam HI/ Sal I) into pCMV-Tag1 (Stratagene). Hu-
man Atg14L cDNA (gi:80475011, IRCMp5012D055D, ImaGenes) 
was amplifi ed by PCR with the oligonucleotides 5 ′ gagagaattctgcg-
tctcccagtgggaagggagcc’3 and 5 ′ gagagtcgacttaacggtgtccagtgtaagc-
tttaaacc’3 and subcloned ( Eco RI/ Sal I) into  i ) pEGFP.C1 (Clontech) 
to generate GFP-Atg14L or  ii ) pCMV-Tag3A (Stratagene) to gen-
erate  myc -Atg14L. Construct integrities were verified by PCR, 
restriction digest, and automated DNA sequence analysis. GFP-
WIPI-1 ( 34 ) and  myc -DFCP1 ( 39 ) were described earlier. Roger 
Tsien, University of California, San Diego, provided mCherry-
tubulin. 

 Cell culture and DNA transfection 
 U2OS, HeLa, and G361 cells were obtained from ATCC and 

cultured in DMEM (Cat. No. 31966, Life Technologies), supple-
mented with 10% FCS (Cat. No. A15-101, PAA), 100 U/ml 
penicillin/100 µg/ml streptomycin (Cat. No. 15140, Life Tech-
nologies), and plasmocin (Cat. No. ant-mpp, InvivoGen) at 37°C, 
5% CO 2 . For DNA transfections, cells were seeded on cover slips, 
and according to the manufacturer’s protocol, transfections were 
conducted with Lipofectamine 2000 (Cat. No. 11668, Life Tech-
nologies) or Promofectin (Cat. No. PK-CT-2000-100, PromoCell). 
U2OS cells stably expressing GFP-Atg2A were selected by using 
0.6 mg/ml G418 (Cat. No. 11811, Life Technologies). 

 siRNA transfection 
 ATG2A siRNA (sc-96345), ATG-14 siRNA (sc-92229), and con-

trol siRNA-A (sc-37007) were purchased from Santa Cruz. HeLa 
or G361 cells were transfected with 25 nM siRNA using Lipo-
fectamine RNAimax (11668, Invitrogen) according to the manu-
facturer’s reverse transfection protocol. siRNA was diluted in 
20 µl Opti-MEM, and 0.2 µl of the transfection reagent was added. 

 The interconnection between autophagy and energy 
metabolism, including lipid metabolism, is of intense in-
terest, especially in the context of dysfunctional autophagy 
in metabolic disorders ( 8, 9 ). Lipophagy, the degradation 
of lipid droplets (LDs) through autophagy, was recently 
discovered ( 10, 11 ). LDs are intracellular lipid storage res-
ervoirs and major contributors to lipid homeostasis ( 12, 
13 ). Lipophagy facilitates the release of fatty acids result-
ing from LD degradation and also prevents excessive ac-
cumulation of cellular lipids ( 8, 14 ). 

 Lipids, in particular phosphoinositides, play an impor-
tant role in the regulation of autophagy ( 15–17 ). The gen-
eration of phosphatidylinositol 3-phosphate [PtdIns(3)P] 
is evidenced to represent an essential and conserved initia-
tion step of autophagy ( 18–22 ). In detail, phagophore for-
mation is preceded by localized PtdIns(3)P production 
upon activation of the lipid kinase phosphatidylinositol 
3-kinase class III (PtdIns3KC3) in complex with Beclin 1, 
autophagy-related protein 14L (Atg14L), and vacuolar 
protein sorting (Vps) 15   ( 20, 23–28 ). Thereby, the PtdIns-
3KC3 complex is targeted via Atg14L to the endoplasmic 
reticulum (ER) ( 29 ) where PtdIns(3)P effectors permit 
subsequent membrane rearrangements that lead to phago-
phore and autophagosome formation. Different PtdIns(3)P 
binding proteins involved in early steps of phagophore 
formation include the FYVE-domain proteins Alfy, involved 
in selective autophagy of protein aggregates ( 30, 31 ), 
and DFCP1, which decorates ER-associated omegasome 
structures formed prior to the phagophore ( 32 ). Human 
WD-repeat proteins interacting with phosphoinositides 
(WIPIs), 7-bladed  � -propeller proteins ( 33, 34 ), include 
the PtdIns(3)P effectors WIPI-1 and WIPI-2, both of which 
are functionally essential for autophagy ( 35 ). WIPI-1 was 
found to specifi cally localize to both ER and plasma mem-
brane (PM) when autophagy is induced by nutrient starva-
tion; WIPI-2 also localizes to the PM upon starvation, in 
addition to membranes situated close to the Golgi cister-
nae ( 36 ). Both WIPI-1 and WIPI-2 subsequently become 
membrane proteins of the forming phagophore ( 34, 37–39 ) 
and of the inner and outer membrane of autophagosomes, 
as found by freeze-fracture immuno-electron microscopy 
(EM) ( 36 ). 

 Yeast Atg2 was identifi ed through functional screening 
and shown to play an essential role in both autophagy and 
the cytoplasm-to-vacuole pathway ( 40, 41 ). Subsequently, 
it was demonstrated that yeast Atg2 is targeted via Atg18, 
the ancestral human WIPI-1/-2 protein, to the phagophore 
( 42, 43 ). Recently, it was shown that yeast Atg2 can be tar-
geted to the phagophore also in the absence of Atg18, but 
dependent on PtdIns(3)P ( 44 ). Human Atg2 proteins are 
essential for autophagosome formation ( 45 ), suggesting 
that WIPI proteins and Atg2 share overlapping functions 
at the phagophore. 

 Although the membrane origin of autophagosomes is 
still unclear, landmark experiments showed that phago-
phore formation initiates from discrete ER regions re-
ferred to as cradle ( 46, 47 ) where several ATGs colocalize 
( 48 ). Interestingly, analogous ER regions have also been 
postulated to facilitate lipid transfer between LDs and the 
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subjected to automated image analysis using the In Cell Analyzer 
1000 Workstation 3.4 software. The number of LDs per cell was 
determined by using different parameters for nuclei, cell, and 
inclusions. The cells were recognized by the nuclei (DAPI chan-
nel) and GFP channel. The characteristic cell area was set to 800 
µm 2  (G361) or 1,500 µm 2  (HeLa), with a sensitivity of 25. For the 
detection of inclusions within the recognized cells, only inclu-
sions with a size between 0.5 µm and 5 µm were counted [sensitiv-
ity 25 (G361) or 40 (HeLa)]. Additionally, HeLa cells with an 
inclusion intensity of <600 were excluded from the analysis. 

 Live-cell video microscopy 
 Live-cell imaging was conducted as described earlier ( 50 ), and 

media supplemented with 11.4 mM ascorbic acid to reduce photo-
toxicity. Movies with fi ve images per second were generated. ImageJ 
software with the MTrackJ plug-in was used for still image represen-
tation and to calculate migration distances of selected structures. 

 EM 
 For freeze-fracture immune-EM, unfi xed stably transfected 

GFP-Atg2A U2OS cells were scraped from the culture vessels, 
centrifuged to remove excess medium, and recentrifuged briefl y 
(<30 s) in 30% glycerol. Cells were mounted in 30% glycerol on 
gold-nickel alloy carriers and immediately rapidly frozen in Freon 
22 cooled with liquid nitrogen. The samples were fractured in a 
BA310 freeze-fracture unit (Balzers AG) at –100°C. Replicas of 
the fractured cells were immediately made by electron beam 
evaporation of platinum-carbon and carbon at angles of 38° and 
90° and to thicknesses of 2 and 20 nm, respectively. The replicas 
were incubated overnight in 5% SDS to remove cellular material 
except for those molecules adhering directly to the replicas ( 51 ). 
They were then washed in distilled water and incubated briefl y in 
5% BSA before immunolabeling. Freeze-fracture replicas of the 
cells were immunogold labeled with primary rabbit polyclonal 
antibodies raised against the entire sequence of GFP (ab290, Ab-
cam). The secondary antibodies used were goat anti-rabbit anti-
bodies coupled to 18 nm colloidal gold (conjugates from Jackson 
ImmunoResearch) ( 52 ). Control specimens were prepared with-
out the primary antibodies. Examination of the immunogold-
labeled freeze-fracture replicas was carried out using a Philips 
410 transmission electron microscope. Observations on freeze-
fracture immunogold replicas were based on examination of 
>200 cells from three separate experiments. 

 For standard EM, subconfl uent G361 cells were treated with 
500 µM OA for 24 h and fi xed in 4% paraformaldehyde (sc-
281692, Santa Cruz) and further in 2% glutaraldehyde and 0.5% 
osmium tetroxide in 0.1 M PBS. Subsequently, fi xed cells were 
dehydrated with ethanol, and embedded in Epon as previously 
described ( 53 ). Thin sections were (ultramicrotome) contrasted 
with uranyl acetate and lead citrate and examined using an 
EM410 electron microscope (Philipis) and documented digitally 
(Ditabis). 

 Quantitative real-time RT-PCR 
 Total RNA was extracted from 1× 10 5  to 1× 10 6  cells (G361 or 

HeLa) using InnuPrep RNA Mini Kit (Cat. No. 845-KS-2040250, 
Analytik Jena), and 0.2  � g of total RNA was reverse transcribed 
using pd(N)6 random primers (Roche Diagnostics AG, Rotkreuz, 
Switzerland). Gene expression assays for ATG2A, ATG2B, and 
ATG14L used in a 96-well format on the StepOnePlus Sequence 
detection system were Hs00390076_m1, Hs00216083_m1, and 
Hs00208732_m1, respectively (Life Technologies, Zug, Switzer-
land). Hydroxymethylbilane synthase (HMBS)   primers and probes 
have been described previously ( 54 ), and data analysis was per-
formed as described ( 55 ). 

The transfection mixture was incubated for 20 min and com-
bined with 100 µl DMEM/10% FCS containing 1× 10 4  HeLa cells 
or 3× 10 4  G361 cells in 96-well plates. Forty-eight hours after 
transfection, cells were subjected to starvation treatments and 
high-content LD analysis. 

 Autophagy assays 
 Autophagy was induced by using nutrient-free (NF) medium 

(Earl’s balanced salt solution, Cat. No. E2888, Sigma-Aldrich) or 
by administration of 330 nM rapamycin (RM; Cat. No. R0395, 
Sigma-Aldrich) for 3 h (37°C, 5% CO 2 ). Autophagy was inhibited 
by administration of 233 nM wortmannin (WM; Cat. No. W1628, 
Sigma-Aldrich) for 3 h (37°C, 5% CO 2 ). GFP-WIPI-1 puncta-
formation analysis was conducted as previously described ( 37 ), 
and likewise applied for GFP-Atg14L. Oleic acid (OA; 400  � M, 
Cat. No. O3008, Sigma-Aldrich) was used to pretreat the cells for 
24 h prior to autophagy-modulating treatments. 

 Antibodies and fl uorescent dyes 
 The following primary antibodies were used in this study: anti-

tubulin (B-5-1-2) (Cat. No. T5168, Sigma-Aldrich), anti- myc  
(9E10) (Cat. No. sc-40 or sc-789, Santa Cruz Biotechnology), anti-
GFP antibody (Cat. No. 11814460001, Roche), anti-adipocyte 
differentiation-related protein (ADRP) (Cat. No. 610102, Pro-
Gen), anti-LC3 (Cat. No. 0231-100/LC3-5F10, Nano Tools), and 
anti-GAPDH (Cat. No. ACR001P, Acris). The following second-
ary antibodies were used: anti-rabbit IgG Alexa 488 (Cat. No. 
A11008, Life Technologies), anti-mouse (Cat. No. A11003, Life 
Technologies) or anti-rabbit (Cat. No. A11010, Life Technolo-
gies) IgG Alexa 546, anti-rabbit IgG Alexa 633 (Cat. No. A21070, 
Life Technologies), and anti-mouse (Cat. No. NA931V, GE 
Healthcare) or anti-rabbit (Cat. No. NA934V, GE Healthcare) 
IgG-HRP conjugated antibodies. The following reagents were 
purchased from Life Technologies: HCS LipidTOX Green neu-
tral lipid stain (Cat. No. H34475), HCS LipidTOX Red neutral 
lipid stain (Cat. No. H34476), and TO-PRO-3 (Cat. No. T3605). 

 Confocal laser scanning microscopy 
 Immunostaining and confocal laser scanning microscopy 

(LSM) were previously described ( 34 ). For the visualization of 
LDs cells were incubated with HCS LipidTOX Green or HCS 
LipidTOX Red neutral lipid stain (1:1,000) for 30 min at room 
temperature  . For quantitative colocalization analysis, image pro-
jections from confocal LSM sections (in distances of 0.5 µm) 
were acquired with identical laser intensities and detector gains. 
Subsequently, images were background subtracted, and ADRP 
LD signals were thresholded and analyzed for individual cells 
using the ImageJ colocalization threshold plug-in. Alternatively, 
images were analyzed by using Image Pro Plus software (Media 
Cybernetics). Using Volocity 3.1 (Improvision), individual confo-
cal LSM sections (in distances of 0.2 µm) were applied for 3D 
reconstruction and fl y-through movie presentations. 

 Automated high-throughput fl uorescence image 
acquisition and analysis 

 G361, HeLa, or U2OS cells were cultured in 96-well plates sub-
jected to starvation treatments, fi xed with 3.7% paraformaldehyde   
in PBS for 15 min, stained with 4,6-diamidino-2-phenylindole 
(DAPI; 5 µg/ml in PBS) (Cat. No. 4099, Applichem) for 15 min, 
incubated with HCS LipidTOX Green (1:1,000 in PBS) for 30 min 
at room temperature, and subjected to automated image acquisi-
tion using an In Cell Analyzer 1000 high content platform (GE 
Healthcare) as previously described ( 39, 49 ). Twenty DAPI and 
GFP image fi elds (each containing about 20 cells) were auto-
matically acquired per well (Nikon 40× Planfl uor objective) and 
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protein extracts from stable GFP-Atg2A/U2OS cells, we 
detected GFP-Atg2A at  � 240 kDa, as expected from the 
calculated molecular mass for human Atg2A (213 kDa) 
and GFP (27 kDa) (  Fig. 1A  ).  In support,  myc -tagged Atg2A 
was detected at  � 220 kDa (data not shown). 

 By confocal LSM of transiently expressed GFP-Atg2A the 
vesicular localization of Atg2A in the cytoplasm was appar-
ent ( Fig. 1B ). This result was verifi ed by live-cell microscopy 
of GFP-Atg2/U2OS cells (supplementary Fig. IA; supple-
mentary Videos I–III) and by confocal LSM of  myc -Atg2A 
(supplementary Fig. IB) or Atg2A- myc  (data not shown). Be-
cause yeast Atg2 was identifi ed as an essential protein of the 
autophagic machinery, we conducted treatments that mod-
ulate the autophagic activity throughout this study, along 
with appropriate controls. In general, we used NF medium 
or RM to induce autophagy above basal level, or WM to 
inhibit the formation of autophagosomes by inhibiting 
PtdIns(3)P generation. Independent of the cellular au-
tophagic status Atg2A displayed a vesicular localization pat-
tern (supplementary Fig. I; supplementary Videos I–III). 
We quantifi ed the area of vesicular Atg2A structures per cell 
to assess if the autophagic status infl uences the abundance 
of vesicular Atg2A structures (supplementary Figs. I and 
IVA) and found that autophagy induction resulted in a con-
sistent increase in vesicular Atg2A compared with control 
medium (CM) or autophagy inhibition (supplementary 
Figs. I and IVA). As vesicular GFP-Atg2A structures displayed 
high mobility (supplementary Videos I–III), indicative for 
microtubule-assisted movement, we expressed mCherry-
tubulin in GFP-Atg2A/U2OS cells followed by live-cell micro-
scopy ( Fig. 1C , upper image panels; supplementary Fig. IC 
and supplementary Video IV). Indeed, GFP-Atg2A vesicles 
moved distances of  � 3–5 µm bidirectionally on microtu-
bule tracks ( Fig. 1C , lower panel). 

 Human Atg2A localizes to cytoplasmic LDs 
 In order to defi ne the identity of vesicular Atg2A struc-

tures, we conducted colocalization studies with a variety of 
cellular markers (e.g., lysosomes, mitochondria, or FYVE-
positive endosomes; data not shown) and found that Atg2A 
specifi cally localizes to LDs. In detail, by differential inter-
ference contrast microscopy we found that LDs colocal-
ized with  myc -Atg2A vesicles (supplementary Fig. ID). This 
result was further confi rmed by visualizing transiently ex-
pressed  myc -Atg2A in U2OS cells treated with LipidTOX 
Green, which labels neutral lipids (supplementary Fig. 
IE). We verifi ed that LipidTOX Green specifi cally detects 
LDs by stimulation of LD formation using OA (supple-
mentary Fig. IIA) and EM analysis of OA-loaded cells (sup-
plementary Fig. IIB). Clearly,  myc -Atg2A was expressed at 
the surface of LDs as fl uorescence intensity profi ling 
showed maximal  myc -Atg2A signal intensity ( Fig. 1D , in 
red) at the cytoplasmic face of LDs ( Fig. 1D , in green). 
Localization of  myc -Atg2A at the cytoplasmic face of LDs 
labeled with LipidTOX Green is further highlighted by 3D 
reconstruction and fl y-through movie presentations us-
ing confocal LSM sections (supplementary Video V). By 
freeze-fracture immuno-EM of the GFP-Atg2A/U2OS cell 
line with anti-GFP antibodies, we were unable to detect 

 Western blotting 
 Cells were rinsed with PBS (37°C) and lysed with preheated 

(100°C) 100 mM Tris (pH 6.8), 2.5 mM EDTA (pH 8), 25% glyc-
erol, 4% SDS, 100 mM DTT, 5%  � -mercaptoethanol, and 0.05% 
bromophenol blue, followed by chromatin shearing using a 23G 
needle. Total protein extracts were separated by SDS-PAGE and 
transferred to polyvinylidene difl uoride membranes (Cat. No. 
IPVH00010, Millipore). Standard ECL detection was performed 
with Immobilon Western Chemiluminescent HRP Substrate (Cat. 
No. WBKLS0100, Millipore). 

 Sucrose density centrifugation 
 LD purifi cation was performed as described previously ( 56 ). Up 

to 1.5× 10 7  OA-treated (500  � M, 24 h) cells were lysed in 3 ml dis-
ruption buffer [25 mM Tris (pH 7.4), 100 mM KCl, 1 mM EDTA, 
5 mM EGTA, 10 µg/ml leupeptin, 0.7  � g/ml pepstatin A, 0.1 mM 
PMSF (Cat. No. 04 693 132 001, Roche Complete)] by dounce 
homogenization. Cell lysates were centrifuged (1,000  g ) for 10 min 
at 4°C to pellet cell nuclei and debris. The supernatant was mixed 
with an equal volume of disruption buffer supplemented with 1.08 
M sucrose, transferred to 14 ml centrifugation tubes (Cat. No. 
331374, Beckman), and overlayed with 2 ml 0.27 M sucrose [25 mM 
Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA, 0.27 M sucrose], 2 ml 
0.135 M sucrose solution, and 2 ml top solution [25 mM Tris (pH 
7.4), 1 mM EDTA, 1 mM EGTA]. Samples were centrifuged at 
150,500  g  (Beckman Coulter OPTIMA XL-100K ultracentrifuge, 
Beckman SW-40Ti rotor) for 2 h at 4°C and fractionated into lipid-
fl oating, intermediate, and cytosolic fractions. 

 Bioinformatics analyses 
 Cluster analysis: Human Atg2A protein (gi:239047271) was 

used for a Basic Local Alignment Search Tool search against the 
NCBI nonredundant protein database ‘nr’ (version November 
2012). All sequences producing High Scoring Segment-Pairs 
(HSPs)   up to E-values of 10 were extracted as full-length se-
quences (813 sequences) and analyzed in Cluster Analysis of Se-
quences (CLANS)   ( 57 ). The sequence similarity groups identifi ed 
in the CLANS map were used as a basis to identify all sequences 
of the Atg2 protein family and select the animal as well as suitable 
outgroup sequences from which to infer a phylogeny. 

 Phylogenetic inference: All sequences from the animal Atg2 
sequence similarity groups, as well as the selected outgroup se-
quences, were combined into one fi le and aligned using Mul-
tiple Sequence Comparison by Log-Expectation (MUSCLE). 
Fragment or truncated sequences present in the alignment were 
manually identifi ed and removed prior to phylogenetic infer-
ence. The phylogeny was inferred based on the neighbor-joining 
approach (1,000 bootstrap replicates) using the ASATURA soft-
ware, the JTT substitution matrix, and no mutational saturation 
cutoff  . 

 RESULTS 

 Human Atg2A is expressed in vesicular structures that 
migrate bidirectionally along microtubules 

 We generated plasmids for transient and stable expres-
sion of N-terminal tagged GFP- or  myc -Atg2A and C-termi-
nal tagged Atg2A- myc  in human tumor cell lines (U2OS, 
G361, and HeLa). In addition, human U2OS cells derived 
from G418-selected clones that stably express GFP-Atg2A 
protein at a low level (GFP-Atg2A/U2OS hereafter), were 
also generated for our studies. By Western blotting of 
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 Further, fl uorescence intensity profi ling using confocal 
LSM identifi ed a profound colocalization of endogenous 
adipophilin (ADRP), a bona fi de LD marker ( 58 ), with ve-
sicular GFP-Atg2A (supplementary Fig. IIIA). This result is 
analyzed in more detail subsequently. 

 ADRP-positive LDs are decorated with GFP-Atg2A 
 Upon OA treatment, the amount of ADRP protein in-

creases as well as the number and size of ADRP-positive LDs 
( 59 ). We conducted quantitative confocal LSM visualizing 
GFP-Atg2A and endogenous ADRP. We used GFP-Atg2A-
transfected G361 cells and treated the cells with or without 
OA for 24 h. Subsequently, the cells were treated for 3 h with 
nutrient-rich CM, NF medium, or WM. No differences in co-
localization patterns of GFP-Atg2A and endogenous ADRP 
regarding autophagy-modulating conditions were observed 
(data not shown), and nutrient starvation results (NF, OA + 
NF) are presented (  Figs. 2   and   3  ; supplementary Fig. III). 
  Clearly, GFP-Atg2A prominently colocalized with endoge-
nous ADRP at LDs, observed as typical ring-like structures 
( Fig. 2 ). By comparing confocal LSM images, the amount 
of ADRP-positive LDs decorated with GFP-Atg2A seemed 
to increase upon OA treatment (OA + NF) ( Fig. 2A, B ). 
As expected, OA-mediated stimulation of LD formation 
increased the number of ADRP-positive LDs (OA + NF) 
when compared with conditions without OA (NF), as the 
fl uorescence area of endogenous ADRP signifi cantly in-
creased from 1.7% (NF) to 8.4% (OA + NF) in relation to 
the total cell area ( Fig. 3A , right panels). The fl uorescence 
GFP-Atg2A area also signifi cantly increased upon OA treat-
ment from 2.3% (NF) to 8.8% (OA + NF) ( Fig. 3A , left pan-
els). As GFP-Atg2A colocalized with ADRP in both the 
absence and presence of OA (OA + NF) ( Fig. 2 ;   supplemen-
tary Fig. III), we quantifi ed the colocalization of GFP-Atg2A 
and ADRP. To measure the overall association of GFP-Atg2A 
and endogenous ADRP, we measured the Pearson’s correla-
tion coeffi cient (PCC) for individual cells (n = 34 cells per 
treatment; PCC values + 1 = 100% colocalization) using the 
ImageJ colocalization threshold tool. In the absence of OA 
and under conditions that induce autophagy (NF), the PCC 
value was 0.33 and signifi cantly increased to 0.49 when au-
tophagy was induced upon the stimulation of LD formation 
by OA for 24 h (OA + NF) ( Fig. 3B ). The Mander’s overlap 
coeffi cient (MOC) for GFP-Atg2A (0.036) overlapping with 
ADRP also signifi cantly increased when LD formation was 
stimulated (0.119) ( Fig. 3C ). Such increase in overlap was 
not observed for ADRP overlapping GFP-Atg2A ( Fig. 3D ) 
and reached an MOC of 0.92 before and 0.94 after OA treat-
ment. This result argues that  i ) ADRP-positive LDs are 
prominently decorated with GFP-Atg2A and that  ii ) GFP-
Atg2A localizes not exclusively to the LD compartment. 
Consistent with both this result and expectation, we also de-
tected GFP-Atg2A in the autophagic compartment as de-
tailed subsequently. 

 Independent of the autophagic status, Atg2A colocalized 
with Atg14L at LDs 

 Next we conducted colocalization studies for Atg2A with 
ATGs functioning during the initiation of autophagosome 

GFP-Atg2A at LDs (supplementary Fig. IIC), demonstrat-
ing that Atg2A does not become a membrane protein of 
the LD lipid monolayer but associates with LDs as a pe-
ripheral membrane protein. 

  Fig.   1.  Vesicular localization of human Atg2A at the cytoplasmic 
face of LDs. A: Cell extracts from U2OS cells (1) and a generated 
monoclonal U2OS cell line stably expressing GFP-Atg2A (2) were 
separated by SDS-PAGE and subjected to Western blotting using 
anti-GFP (upper panel) and anti-GAPDH (lower panel) antibodies. 
B: Representative confocal LSM of stable GFP-Atg2A/U2OS cells. 
The cell boundary is marked by a dotted line (left image), and the 
vesicular localization of GFP-Atg2A in the cytoplasm (boxed area) 
is highlighted by magnifi cation (right image). Scale bar, 20 µm. C: 
Live cell microscopy of stable GFP-Atg2A/U2OS cells transiently 
expressing mCherry-tubulin. Cells were treated with NF medium 
supplemented with 11.4 mM vitamin C to reduce photobleaching 
and phototoxicity. Displayed are representative still images of a 
magnifi ed cell area from an imaged cell (supplementary Fig. IC; 
supplementary Video IV). The migration distance (in µm) of an 
individual GFP-Atg2A vesicle (arrows in upper panel images; scale 
bar, 5 µm) was tracked within the investigated time frame using 
Image J/MTrackJ plug-in and plotted against time (in seconds) 
(lower panel). D: Localization of Atg2A at LDs. Magnifi ed imaging 
(upper panel; scale bar, 5 µm) of  myc -Atg2A (red) at the surface of 
LDs (green) visualized by intensity profi ling (lower panel) using 
confocal LSM. The 3D visualization is also available (supplemen-
tary Video V). Further supporting material is available (supple-
mentary Fig. I; supplementary Videos I–III).   
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however, signifi cantly increased the number of GFP-Atg14L 
puncta-positive cells to an average of 63% ( Fig. 4B , left 
panels). 

 On this basis, we transiently coexpressed GFP-Atg14L 
and  myc -Atg2A in U2OS cells and treated the cells with nu-
trient-rich CM, NF medium, or WM. We found that both 
ATGs colocalized at vesicular structures that were present 
irrespective of the autophagic status, indicating that these 
structures represent the colocalization of  myc -Atg2A and 
GFP-Atg14L at LDs ( Fig. 4C ). In support, fl uorescence in-
tensity profi ling of GFP-Atg14L-expressing cells incubated 
with LipidTOX Red demonstrated that in part GFP-Atg14L 
localizes at the cytoplasmic face of LDs ( Fig. 4D ), and this 
result was further highlighted by 3D reconstruction and fl y-
through movie presentation (supplementary Video VI). Of 
note, although vesicular GFP-Atg14L ( Fig. 4B ) and  myc -
Atg2A structures (supplementary Fig. IVA) increased upon 
autophagy induction, colocalization of GFP-Atg14L and 
 myc -Atg2A was not signifi cantly changed (68% to 77% of 
GFP-Atg14L colocalized with  myc -Atg2A, whereas 52% to 
63% of  myc -Atg2A colocalized with GFP-Atg14L) (supple-
mentary Fig. IVB, C). This indicates that Atg2A and Atg14L 
localize in part to the autophagic compartment upon au-
tophagy induction and in addition to the LD compartment 
irrespective of the autophagic activity. 

formation of Atg14L, WIPI-1, and DFCP1.   (  Figs. 4   and   6    ). 
 First, we investigated the localization of  myc -Atg2A with re-
gard to GFP-Atg14L, a phagophore marker that is partially 
also present in vesicular structures apart from phago-
phores ( 26 ). We expressed GFP-Atg14L in U2OS cells 
( Fig. 4A ) followed by treatments with nutrient-rich CM, 
NF medium, or WM and quantifi ed the number of GFP-
Atg14L puncta-positive cells ( Fig. 4B , left panels). In paral-
lel, we also analyzed transiently expressed GFP-WIPI-1 
( Fig. 4A ). As expected, nutrient starvation using NF me-
dium resulted in a signifi cant increase of GFP-WIPI-1 
puncta-positive cells, and WM-mediated inhibition of 
PtdIns(3)P generation (WM) resulted in a signifi cant de-
crease ( Fig. 4B , right panels). This result was also achieved 
by quantifying GFP-Atg14L puncta-positive cells. However, 
more control cells already displayed a prominent amount 
of GFP-Atg14L puncta (an average of 40% puncta-positive 
cells), and WM administration did not completely abolish 
the presence of GFP-Atg14L puncta. Nutrient starvation, 

  Fig.   2.  Atg2A localizes to ADRP-positive LDs independent of 
treatments that modulate autophagy. GFP-Atg2A/U2OS cells were 
incubated with or without OA for 24 h, followed by treatments with 
NF medium for 3 h. Subsequently, the cells were immunostained 
with anti-ADRP/IgG-conjugated Alexa 546 to detect endogenous 
ADRP and with TO-PRO-3 to mark cell nuclei, followed by confocal 
LSM (n = 3). A: Representative images from NF-treated cells. B: 
Representative images from OA + NF-treated cells. The cell bound-
aries are marked by a dotted line in the upper panels, and the typi-
cal ring-like ADRP-positive LD appearance is highlighted by further 
magnifi cation in the lower panels. Scale bar, 20 µm. Supporting 
material is available (supplementary Figs. II and IIIA).   

  Fig.   3.  OA treatment increased Atg2A targeting to ADRP-positive 
LDs. G361 cells transiently expressing GFP-Atg2A were incubated 
with or without OA for 24 h, followed by treatments with NF me-
dium for 3 h. Cells were immunostained with anti-ADRP/IgG Al-
exa 546 antibodies analyzed by confocal LSM (n = 3). A: Image 
projections of confocal sections were quantifi ed with regard to 
fl uorescence areas by using Image Pro Plus, providing the percent-
age of the total inclusion area (ADRP or GFP-Atg2A vesicles) in 
relation to the total cell area. NF, n = 21 cells; OA + NF, n = 18 cells 
(from 3 independent experiments). B: Using the ImageJ colocal-
ization threshold tool, the PCC for individual cells (n = 34 cells per 
treatment) was measured. The MOC for GFP-Atg2A overlapping 
with ADRP (C) and ADRP overlapping with GFP-Atg2A (D) was 
also measured using the ImageJ colocalization threshold. Mean ± 
SEM.  P  values: n.s. (not signifi cant)  P   �  0.05, ***  P   �  0.001. Sup-
porting material is available (supplementary Fig. IIIB).   
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and GFP-Atg14L, but negative for HA-WIPI-1 (red arrow) 
( Fig. 6A , left image panels). Fluorescence intensity pro-
fi ling underlined this fi nding ( Fig. 6A , right panel). WM 
administration abolished the triple colocalization of 
 myc -Atg2A, GFP-Atg14L, and HA-WIPI-1, while colocaliza-
tion of  myc -Atg2A and GFP-Atg14L at LDs was maintained 

 Detection of GFP-Atg2A and GFP-Atg14L in the ADRP-
positive LD fraction separated by density gradient 
centrifugation 

 We conducted cell fractionation upon density centrifu-
gation prepared from GFP-Atg2A/U2OS cells transiently 
transfected with  myc -Atg14L. As expected, endogenous 
ADRP was exclusively present in the LD fraction. GFP-
Atg2A was also detected in this fraction of fl oating ADRP-
positive LDs; however, GFP-Atg2A was more prominently 
detected in cytoplasmic fractions. To a minor extent, we 
also detected  myc -Atg14L, while the GAPDH control was 
restricted to cytoplasmic fractions (  Fig. 5  ).   

 PtdIns(3)P-dependent recruitment of Atg2A to WIPI-1-
positive phagophores upon nutrient starvation 

 Next, we analyzed the localization of Atg2A and Atg14L 
to the autophagic compartment. We visualized  myc -Atg2A, 
GFP-Atg14L, and HA-WIPI-1 by confocal LSM using U2OS 
cells ( Fig. 6A, B ; supplementary Fig. VA, B).  Upon au-
tophagy induction by NF medium treatments of 3 h, 
 myc -Atg2A, GFP-Atg14L, and HA-WIPI-1 colocalized at cy-
toplasmic puncta (white arrow, puncta 1 and 2), easily dis-
tinguishable from LDs that were positive for  myc -Atg2A 

  Fig.   4.  Atg2A colocalizes with Atg14L at LDs inde-
pendent of autophagy.   A: Protein extracts from 
U2OS cells transiently expressing GFP-Atg14L or 
GFP-WIPI-1 prepared at different hours posttransfec-
tion were subjected to Western blotting using anti-
GFP or anti-tubulin antibodies (n = 3). B: From 400 
cells per treatment (n = 4) GFP-Atg14L or GFP-
WIPI-1 puncta formation was determined (36 h post-
transfection) and expressed as the percentage of 
puncta-positive cells. Mean ± SD;  P  value: ***  P   �  
0.001. C: U2OS cells transiently coexpressing GFP-
Atg14L (green) and  myc -Atg2A (red) for 24 h were 
treated with nutrient-rich CM, NF medium, or WM 
for 3 h, followed by indirect immunofl uorescence anal-
ysis by confocal LSM using anti- myc /IgG-conjugated 
Alexa 546 antibodies [CM, NF (n = 4), WM (n = 3)]. 
The cell boundaries are marked by a dotted line (left 
panels), and boxed areas highlighted by magnifi ca-
tion (right panels). D: U2OS cells expressing GFP-
Atg14L for 24 h were incubated with LipidTOX Red 
and analyzed by confocal LSM (n = 4) followed by 
intensity profi ling. GFP-Atg14L localization at LDs 
(1) and cytoplasmic puncta (2) is indicated. The 
3D visualization is also available (supplementary 
Video VI). Scale bars, 20 µm. Further supporting ma-
terial is also available (supplementary Fig. IV).   

  Fig.   5.  Density gradient centrifugation reveals the presence of 
ADRP, GFP-Atg2A, and  myc -Atg14L in the fl oating LD fraction. 
Stable GFP-Atg2A/U2OS cells were transiently transfected with 
 myc -Atg14L and incubated with OA for 24 h. Cell lysates were frac-
tionated upon sucrose density centrifugation (n = 2). The fl oating 
LD fraction (boxed with a dotted red line) and intermediate and 
fi rst cytoplasmic fractions were analyzed by Western blotting using 
anti-ADRP, anti-GFP, anti- myc , and anti-GAPDH antibodies.   
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induced by nutrient starvation using NF medium, we in-
vestigated the effect of NF on the number of LDs by con-
ducting automated, high-throughput fl uorescence image 
acquisition and analysis ( 49 ) of cells stained with Lipid-
TOX Greens in 96-well plates (  Fig. 8  ).  In HeLa, G361, 
and U2OS cells treated with NF medium, the number of 

( Fig. 6B ). We conducted parallel experiments by using 
GFP-Atg2A, HA-WIPI-1, and  myc -DFCP1 (marking prephago-
phore omegasome structures) and found that, apart from 
the localization of GFP-Atg2A at LDs (red arrow), GFP-
Atg2A,  myc -DFCP1, and HA-WIPI-1 colocalized at cytoplas-
mic puncta (white arrow, puncta 1 and 2) upon the 
induction of autophagy ( Fig. 6C ;   supplementary Fig. VC) 
which was also abrogated by WM administration (data not 
shown). Similarly, upon nutrient starvation  myc -Atg2A co-
localized with endogenous WIPI-1 in cytoplasmic puncta 
but not with  myc -Atg2A at LDs (  Fig. 7A  ).  WM-mediated au-
tophagy inhibition abrogated colocalization of endoge-
nous WIPI-1 and  myc -Atg2A, whereas LD localization of 
Atg2A was maintained ( Fig. 7B ). 

 Nutrient starvation leads to an increase of LDs in the 
human tumor cell lines G361 and U2OS 

 The previously discussed results demonstrated that 
Atg2A and Atg14L colocalize at LDs irrespective of the 
autophagic status of the cell, but that a subpopulation of 
both ATGs is targeted to early autophagosomal mem-
branes enriched in PtdIns(3)P, and positive for DFCP1 
and WIPI-1, upon the induction of autophagy. As we de-
tailed our analysis using conditions when autophagy was 

  Fig.   6.  Upon starvation, Atg2A and Atg14L colo-
calize at DFCP1- and WIPI-1-positive early autopha-
gosomal membranes. A: U2OS cells transiently 
expressing GFP-Atg14L (green),  myc -Atg2A (red), 
and HA-WIPI-1 (blue) were starved in NF medium 
for 3 h and immunostained with anti- myc /IgG-
conjugated Alexa 546 and anti-WIPI-1/IgG-conjugated 
Alexa 633 antibodies. Images (left panels) were 
acquired by confocal LSM followed by intensity pro-
fi ling (right panel). Colocalization of GFP-Atg14L, 
 myc -Atg2A, and HA-WIPI-1 (1, 2, white arrow) and 
additional GFP-Atg14L/ myc -Atg2A LDs (red arrow) 
are indicated. B: In parallel to A, cells were treated 
with WM for 3 h. GFP-Atg14L/myc-Atg2A-positive 
LDs (1, 2) are indicated, whereas HA-WIPI-1 (blue) 
is distributed throughout the cytoplasm. C: U2OS 
cells transiently transfected with GFP-Atg2A (green), 
 myc -DFCP-1 (red), and HA-WIPI-1 (blue) were starved 
in NF medium for 3 h, immunostained with anti- myc /
IgG-conjugated Alexa 546 and anti-WIPI-1/IgG-
conjugated Alexa 633 antibodies, and analyzed by con-
focal LSM (n = 2). The intensity profi le is displayed 
(right panel), and colocalization of GFP-Atg2A, myc-
DFCP1, and HA-WIPI-1 is indicated (1, 2, white ar-
row). GFP-Atg2A LDs are also indicated (red arrow). 
Presented are magnifi ed areas from corresponding 
full cell images (supplementary Fig. V).   

  Fig.   7.   Myc -tagged Atg2A is recruited to endogenous WIPI-1 
upon the induction of autophagy. G361 cells transiently expressing 
 myc -Atg2A were treated with NF medium (A) or WM (B) for 3 h; 
fi xed; immunostained with anti- myc , anti-WIPI-1, and anti-mouse 
Alexa 546 antibodies; and analyzed by confocal microscopy. Repre-
sentative images of three independent experiments are shown. 
Scale bar, 10 µm   



Lipid droplet and phagophore targeting of Atg2A and Atg14L  1275

for prolonged energy shortage at a later stage. This 
phenomenon might even be evolutionarily conserved as 
 Caenorhabditis elegans    accumulates LDs upon dauer forma-
tion ( 62, 63 ). Starvation-induced nonspecifi c degradation 
of proteins and organelles can provide acetyl-CoA and also 
fatty acids and cholesterol required for neutral lipid syn-
thesis. Also, starvation is known to trigger autophagosomal 
degradation of glycogen stores ( 64 ), which could liberate 
additional energy for lipid synthesis. Furthermore, our 
starvation treatments include lipoprotein depletion, which 

LDs per cell was found to increase signifi cantly after 3 h 
(U2OS and G361) and after 24 h (all cell lines) ( Fig. 8A ). 
To functionally address the role of Atg2A and Atg14L in 
the biogenesis of LDs, we performed siRNA-mediated 
depletion of Atg2A or Atg14L in HeLa (supplementary 
Fig. VIA) and in G361 (supplementary Fig. VIB) cells. We 
assessed the number of LDs upon treatment with CM or 
NF medium using high-content image analysis. Atg2A 
depletion in HeLa cells followed by nutrient starvation 
using NF medium resulted in a signifi cant increase of LD 
numbers in individual cells ( Fig. 8B , left panels). Atg14L 
depletion signifi cantly increased the number of LDs in  i ) 
HeLa cells in CM as well as upon nutrient starvation us-
ing NF medium ( Fig. 8B , left panels) and  ii ) G361 cells in 
CM ( Fig. 8B , right panels). In G361 cells, the size of LDs 
signifi cantly increased upon Atg14L depletion and treat-
ments using CM as well as NF medium (supplementary 
Fig. VID). From this, we conclude that Atg2A and Atg14L 
have dual functions, acting in the regulation of autopha-
gosome formation as well as contributing to LD metabo-
lism ( Fig. 8C ). 

 DISCUSSION 

 In  Saccharomyces cerevisiae   , PtdIns(3)P-dependent recruit-
ment of Atg2 to autophagosome formation sites has been 
demonstrated ( 43, 44 ). Similarly, PtdIns(3)P-dependent 
targeting of human Atg2A to WIPI-1 positive phagophores 
upon starvation-induced autophagy was also found in this 
study, and WM treatment abrogated this specifi c recruit-
ment of Atg2A. In addition we demonstrate that Atg2A 
is targeted to the surface of ADRP-positive LDs that 
move bidirectionally on microtubules, independent of 
autophagic status. Further, we identifi ed Atg14L as a novel 
LD-associated protein, colocalizing there with Atg2A irre-
spective of autophagic status. Evidence has been provided 
that Atg14L resides at the ER and regulates localized 
PtdIns(3)P generation, which is then bound by the WIPIs. 
Apart from being the site of phagophore formation, LDs 
are also proposed to form at the ER ( 60 ), and thus sites of 
autophagosomal membrane biogenesis and LD formation 
seem to be functionally connected. LDs have further 
been detected in very close association with the forming 
phagophore ( 47 ). 

 So far, three ATGs have been found to be targeted to 
LDs, LC3 ( 61 ), Atg2A ( 45 ) (this study), and Atg14L (this 
study), indicating that these ATGs either display dual func-
tions in autophagy and LD biogenesis or that they func-
tionally connect both pathways. Therefore, by high-content 
analysis, we quantifi ed the number of LDs in human HeLa, 
G361, and U2OS tumor cells upon short-term nutrient 
starvation and detected a prominent increase in the num-
ber and size of LDs per individual cell, resembling LD 
formation. This indicates that autophagy induction and 
LD formation can simultaneously occur in starved cells. 
Hence starvation-induced autophagy might provide energy 
to boost lipid storage, preparing the cell to compensate 

  Fig.   8.  Starvation treatment increases LD formation. HeLa, 
G361, and U2OS cells were treated with CM or NF medium for 
3 h, fi xed, and stained with DAPI (blue) and LipidTOX Green 
(green). Automated image acquisition and analysis was conducted 
using a high-content imaging platform (In Cell Analyzer 1000). 
A: Up to 9,305 cells were quantifi ed (n = 3–5) to assess the num-
ber of LDs per individual cell (left panel). Representative images 
for G361 cells are presented (right panel). Scale bar, 20 µm. B: 
HeLa and G361 cells were transiently transfected with scrambled 
control siRNA (siControl), siRNA targeting Atg2A (siAtg2A), or 
Atg14L (siAtg14L), and downregulation of Atg2A and Atg14L 
mRNA was verifi ed by quantitative PCR (supplementary Fig. VIA, 
B). Cells transfected with siRNA were incubated with CM or NF 
medium for 3 h and fi xed, and LD abundance was quantifi ed by 
high-content analysis (n = 3–4). Mean ± SD.  P  values: n.s. (not 
signifi cant)  P   �  0.05, *  P  < 0.05, **  P   �  0.01, ***  P   �  0.001. Sup-
porting material is available (supplementary Fig. VIC, D). C: A 
model for the roles of human Atg2A and Atg14L in LD biogenesis 
and autophagy.   
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Atg2, as yet unidentifi ed, might contribute to particular 
human pathologies correlated with modulated autophagic 
activity ( 1 ).  

 The authors thank Roger Tsien for the mCherry-tubulin encod-
ing plasmid. The authors kindly acknowledge Andrei Lupas for 
discussions on the bioinformatics analysis. 
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could decrease ER cholesterol levels resulting in sterol 
regulatory element binding protein (SREBP)-mediated stim-
ulation of lipid synthesis ( 65 ). However, autophagy was 
also found to degrade LDs, thereby contributing to the 
regulation of lipid metabolism in liver cells ( 10 ,  61 ) and 
adipocyte differentiation ( 66 ), suggesting that the func-
tion of autophagosomal proteins at LDs and in adipogen-
esis is complex. 
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pendent of the autophagic status, both proteins localize 
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cells: one exerted as a peripheral membrane protein at 
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 Because Atg2 shares protein sequence homologies 
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to promote endosome/trans-Golgi network (TGN)   mem-
brane protein cycling ( 67 ), it might be plausible that 
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one would assume that malfunctions of either of the hu-
man Atg2/Vps13 proteins should be correlated to dis-
tinct human pathologies with defects in intracellular 
membrane biogenesis. Indeed, hereditary mutations of 
human Vps13 orthologs cause the diseases chorea acan-
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