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Introduction

Macroautophagy (hereafter autophagy) is a highly conserved 
homeostasis and stress response mechanism characterized by de 
novo formation of autophagosomes (APs), double-membrane 
structures that deliver cargo to vacuoles/lysosomes for degrada-
tion (Kraft and Martens, 2012; Lamb et al., 2013). Through hi-
erarchical assembly and function, a multicomponent autophagy 
machinery drives membrane rearrangements, which nucleate, 
expand, and close nascent APs (Suzuki et al., 2007; Feng et al., 
2014). Several membrane sources for AP biogenesis have been 
identified, including ER (Axe et al., 2008; Hayashi-Nishino et 
al., 2009), ER exit sites (ERES)/ER–Golgi intermediate com-
partment (Ge et al., 2013; Graef et al., 2013; Suzuki et al., 
2013), Golgi apparatus (Young et al., 2006; Mari et al., 2010; 
Nair et al., 2011), endosomes (Longatti et al., 2012), mitochon-
dria (Hailey et al., 2010), and plasma membrane (Ravikumar 
et al., 2010), but their relative contribution and underlying reg-
ulatory mechanisms remain unclear. Recent studies suggest 
that lipid droplets (LDs) function as a critical lipid source for 
AP biogenesis (Dupont et al., 2014; Li et al., 2015; Shpilka et 
al., 2015). LDs are conserved organelles originating from ER 
membranes that are comprised of a neutral lipid core formed by 
triacylglycerols (TGs) and sterol esters (SEs) and a surround-
ing monolayer of phospholipids (PLs; Kohlwein, 2010; Wal-
ther and Farese, 2012; Koch et al., 2014; Wilfling et al., 2014).  

Number and size of LDs vary substantially between different 
cell types and dynamically adapt to cellular needs. On one hand, 
LDs store excess fatty acids (FA) and lipids as carbon sources 
and thereby buffer potential cytotoxic effects (Garbarino et al., 
2009; Petschnigg et al., 2009). On the other hand, they provide 
precursors for energy conversion, PL biosynthesis, and signal-
ing molecules by lipolysis or selective turnover by autophagy 
(Singh et al., 2009; Henry et al., 2012; van Zutphen et al., 2014; 
Wang et al., 2014). A variety of metabolic and neurodegenera-
tive diseases are associated with conditions of FA/lipid stress 
and commonly show defects in autophagy (Hotamisligil, 2010; 
Yang et al., 2010; Harris and Rubinsztein, 2011; Nixon, 2013; 
Quan et al., 2013). Hence, knowledge of the mechanisms con-
necting the function of LDs and autophagy is crucial for the 
understanding of underlying pathogeneses.

To dissect the functional role of LDs for autophagy, we 
took advantage of the facile yeast system and analyzed cells 
lacking the ability to form LDs by biochemical, cytological, 
and lipidomic approaches. Our study demonstrates that LDs are 
dispensable as membrane source for autophagy, but they are re-
quired for ER homeostasis by buffering de novo FA synthesis 
and ER stress and maintaining PL composition to allow intact 
autophagy regulation and AP biogenesis.

Lipid droplets (LDs) are conserved organelles for intracellular neutral lipid storage. Recent studies suggest that LDs func-
tion as direct lipid sources for autophagy, a central catabolic process in homeostasis and stress response. Here, we 
demonstrate that LDs are dispensable as a membrane source for autophagy, but fulfill critical functions for endoplasmic 
reticulum (ER) homeostasis linked to autophagy regulation. In the absence of LDs, yeast cells display alterations in their 
phospholipid composition and fail to buffer de novo fatty acid (FA) synthesis causing chronic stress and morphologic 
changes in the ER. These defects compromise regulation of autophagy, including formation of multiple aberrant Atg8 
puncta and drastically impaired autophagosome biogenesis, leading to severe defects in nutrient stress survival. Impor-
tantly, metabolically corrected phospholipid composition and improved FA resistance of LD-deficient cells cure autoph-
agy and cell survival. Together, our findings provide novel insight into the complex interrelation between LD-mediated 
lipid homeostasis and the regulation of autophagy potentially relevant for neurodegenerative and metabolic diseases.
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Results and discussion

LD deficiency conditionally blocks autophagy
To investigate the functional relationship between LDs and 
autophagy, we analyzed yeast strains carrying gene dele-
tions in DGA1 and LRO1 (Δdga1Δlro1; ΔTG) or in ARE1 
and ARE2 (Δare1Δare2; ΔSE) required for synthesis of TGs 
or SEs, respectively, and a strain deleted for all four genes 
(Δare1Δare2Δdga1Δlro1; ΔLD), completely devoid of LDs, 
and compared them with a wild-type (wt) and an autophagy- 
deficient Δatg7 strain (Yang et al., 1996; Tanida et al., 1999; 
Oelkers et al., 2000, 2002; Sandager et al., 2002; Sorger and 
Daum, 2002). Cells were cultured in synthetic medium, which 
requires cells to synthesize FAs de novo, to avoid any influence 
of external FA on cellular lipid homeostasis. First, we induced 
autophagy by shifting wt, Δatg7, ΔTG, ΔSE, and ΔLD cells 
expressing a genomically integrated 2xGFP-ATG8 reporter to 
nitrogen starvation (starvation) and monitored autophagy flux 
using the GFP-Atg8 assay (Shintani and Klionsky, 2004). While 
autophagy was completely blocked in Δatg7 cells, we observed 
similar or partially reduced autophagy flux in ΔSE or ΔTG 

cells, respectively, compared with wt cells (Fig. 1 A, starvation). 
Interestingly, LD-deficient cells showed almost completely im-
paired autophagy flux, indicating that the presence of LDs is 
required for autophagy in line with recent studies (Fig. 1 A, star-
vation; Li et al., 2015; Shpilka et al., 2015). However, when we 
triggered autophagy by inhibiting target of rapamycin complex 
1 (TORC1) pharmacologically by rapamycin treatment, ΔTG, 
ΔSE, and ΔLD cells induced wt-like autophagy flux (Fig. 1 A, 
rapamycin). We obtained similar results, when we analyzed wt, 
ΔLD, and Δatg7 cells expressing a plasmid-encoded cytoso-
lic Rosella (cytRosella; pHluorin-mCherry), which reports on 
autophagy-mediated turnover of cytosol (Rosado et al., 2008). 
LD-deficient cells were defective in the autophagy-dependent 
transfer of cytRosella to the vacuole during starvation, but not 
after rapamycin treatment (Fig. S1 A). Collectively, these data 
demonstrate that the autophagy machinery is functionally in-
tact in ΔLD cells, but conditionally depend on the presence of 
LDs during starvation.

These conditional effects are not a consequence of differ-
ential TORC1 regulation because all tested strains showed the 
same shift in the TORC1-dependent phosphorylation pattern  

Figure 1. LD deficiency conditionally impairs autophagy. 
(A) Autophagy flux of wt, Δatg7, ΔTG, ΔSE, and ΔLD cells 
expressing 2xGFP-ATG8 during starvation or rapamycin treat-
ment. Data are means ± SD (n = 4). (B) Cells were treated as 
in A and imaged by fluorescence microscopy after 1 h. Mean 
number of Atg8 puncta (left panel) and APs (right panel) per 
cell are shown as mean ± SD (≥150 cells; n = 3). (C) wt 
and ΔLD cells coexpressing 2xGFP-ATG8 and genomically 
tagged SEC13-mCherry were shifted to starvation for 1 h be-
fore imaging. Arrows indicate Atg8 puncta associated with 
ERES (Sec13-mCherry). Data are means ± SD (≥150 cells; 
n = 3). Dashed lines indicate cell boundaries. (D) Survival of 
indicated strains during starvation. Bars, 1 µm. t test in A and 
B: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

http://www.jcb.org/cgi/content/full/jcb.201508102/DC1
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of endogenous Atg13, indicating Atg1 kinase complex ac-
tivation and autophagy induction, in response to starvation 
or rapamycin treatment in Western blot analysis (Fig. S1 
B; Kamada et al., 2000).

To explore the basis for the conditional defect in autophagy 
flux during starvation and rapamycin treatment in LD-deficient 
cells, we monitored autophagy by fluorescence microscopy. 
After 1 h of autophagy induction, we detected on average one 
punctum and one ring-like AP marked by 2xGFP-Atg8 per wt 
cell under both conditions (Fig. 1 B). ΔTG, ΔSE, and ΔLD cells 
displayed wt levels of Atg8 puncta and APs after 1 h of rapamy-
cin treatment, confirming unaffected autophagy flux (Fig. 1 B, 
rapamycin). In contrast, during starvation, we observed a slight 
reduction in the number of APs in ΔTG cells compared with 
wt and ΔSE cells, paralleling the effects on autophagy flux in 
these cells (Fig. 1 B, starvation). Significantly, in the absence of 
LDs, AP biogenesis was severely defective during starvation: 
ΔLD cells showed a dramatic reduction of APs and an increased 
number of Atg8 puncta (Fig. 1 B, starvation). Interestingly, we 
detected quantitative spatial association of these Atg8 puncta 
with ERES, specifically marked by Sec13-mCherry, in ΔLD 
cells consistent with initiation of biogenesis, but compromised 
expansion and maturation of APs during starvation-induced au-
tophagy (Fig. 1 C; Graef et al., 2013; Suzuki et al., 2013).

To test for physiological consequences of defects in LD 
biogenesis and autophagy, we monitored survival of wt, Δatg7, 
ΔTG, ΔSE, ΔLD, and Δatg7ΔLD cells during starvation. ΔLD 
cells were highly sensitive to starvation, similar to Δatg7 or Δat-
g7ΔLD cells linking LD biogenesis to autophagy regulation and 
nutrient stress survival (Fig. 1 D; Tsukada and Ohsumi, 1993).

In summary, our data demonstrate that LDs are required 
for biogenesis of APs, autophagy flux, and cell survival during 
starvation. However, LD-deficient cells possess a functional au-
tophagy machinery capable of mediating a full, pharmacologi-
cally induced autophagy response questioning a general role of 
LDs as membrane source for AP biogenesis and suggesting that 
LDs function in autophagy regulation.

FA synthesis impairs autophagy in LD-
deficient cells during starvation
wt cells contained a significant number of LDs during log phase 
and induced LD biogenesis during starvation in a glucose-, TG 
and SE synthesis–, and autophagy-dependent manner (Figs. 2 A 
and S1 C), the latter being consistent with a previous study link-
ing the autophagy machinery to LD biogenesis (Shibata et al., 
2010). Because LDs originate from the ER, we hypothesized 
that LD deficiency might interfere with ER homeostasis. To test 
this notion, we first examined unfolded protein response (UPR) 
signaling as a measure for ER stress. We found almost four-
fold-induced UPR signaling, specifically in ΔLD cells relative 
to wt cells using the synthetic reporter 4xUPRE-GFP, consistent 
with previous studies (Fig. 2 B; Jonikas et al., 2009; Petschnigg 
et al., 2009; Olzmann and Kopito, 2011). However, UPR sig-
naling did not interfere with autophagy regulation. wt and ΔLD 
cells were unaffected in autophagy flux or cell survival during 
starvation in the absence of the unfolded protein sensor IRE1 or 
its downstream target HAC1 and upon expression of a constitu-
tively active allele of IRE1, ire1C (Fig. S1, D–F; Patil and Walter, 
2001; Papa et al., 2003; Walter and Ron, 2011). Next, we moni-
tored ER morphology as a sensitive readout for ER homeostasis 
by fluorescence microscopy. Despite chronic UPR signaling, 
we could not detect differences in the morphology of the ER 

labeled by ER-targeted GFP in the absence of LDs in log phase 
(Fig. 2 C). However, the interconnected network of tubular and 
sheet-like cortical ER collapsed into a simplified network of di-
lated and continuous tubules in LD-deficient cells after 1 h of 
starvation (Fig. 2 C, starvation, arrows), reminiscent of altered 
ER structure induced by excess of external saturated FA (Pineau 
et al., 2009). Since cells rely on internal FA under our tested 
condition, we reasoned that de novo FA synthesis exceeding the 
storage capacity of LD-deficient cells might cause alterations in 
ER morphology. Indeed, upon chemical inhibition of de novo 
FA synthesis by FA synthase–specific inhibitor cerulenin during 
starvation (Vance et al., 1972), ΔLD cells maintained a wt-like 
ER morphology (Fig. 2 C). Thus, LDs are critical for mainte-
nance of ER homeostasis by buffering de novo FA synthesis. 
Of note, we did not observe structural changes in the ER when 
we treated wt and ΔLD cells with rapamycin (Fig. S1 G), indi-
cating that impaired ER homeostasis might be casually linked 
to defective autophagy.

To test whether unbuffered FA synthesis causes defects 
in autophagy, we compared the autophagy response of wt and 
ΔLD cells in the presence or absence of cerulenin during star-
vation. Inhibition of FA synthesis mildly reduced autophagy 
flux in wt cells (Fig. 2 D). However, we observed a moderate, 
but statistically significant, improvement in autophagy flux in 
treated compared with untreated LD-deficient cells and relative 
to untreated (15% of wt) and treated wt cells (48% of wt) after 
6 h of starvation (Fig. 2 D). Importantly, cytological analysis 
revealed clearly improved AP biogenesis in LD-deficient cells 
upon inhibition of FA synthesis: we found a wt-like number 
of Atg8 puncta and significantly increased formation of APs 
in ΔLD cells, demonstrating that unbuffered FA synthesis is 
linked to both aberrations (Fig. 2 E). A block in FA synthesis 
also extended survival of LD-deficient cells in an autophagy- 
dependent manner up to 2 d during starvation (Figs. 2 F and S1 
H). Together, these data indicate that LDs fulfill crucial func-
tions as buffers of de novo FA synthesis to maintain ER homeo-
stasis, intact autophagy, and nutrient stress resistance.

Altered PL composition is linked to 
autophagy defects in LD-deficient cells
Partial improvement of autophagy upon inhibition of FA syn-
thesis suggested that additional physiological changes in the 
absence of LDs might interfere with autophagy regulation. 
Therefore, we turned to analysis of the membrane composi-
tion of major PL in whole wt, ΔLD, and Δatg7 cells during 
log phase by mass spectrometry. Interestingly, while a block in 
autophagy in Δatg7 cells did not alter the PL composition, we 
observed a statistically significant increase in the relative phos-
phatidylinositol (PI) content and a decrease in phosphatidic 
acid (PA) and phosphatidylglycerol (PG) content in LD- 
deficient cells compared to wt cells (Fig. 3 A, +inositol). PA, 
PI, and PI derivatives are signaling lipids, which regulate cellu-
lar processes, including PL synthesis and autophagy, and their 
relative levels are interdependently linked by availability of 
inositol (Henry et al., 2012; Dall’Armi et al., 2013). Hence, to 
test for a possible regulatory link between PL composition and 
autophagy, we first analyzed the PL composition of wt, ΔLD, 
and Δatg7 cells grown to log phase in inositol-free media. 
We observed a general decrease in PI content in all strains 
under these conditions, as expected, and moreover, a reduced 
or nonsignificant difference in PI or PA content, respectively, 
in LD-deficient cells compared to wt and Δatg7 cells in the  
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absence of inositol (Fig. 3 A, −inositol). Thus, we identified 
metabolic conditions that allowed us to alleviate the differences 
in PL composition caused by LD deficiency. Noteworthy, grow-
ing cells in the absence of inositol or treating cells with rapamy-
cin led to a similar reshaping of the PL composition in wt and 
ΔLD cells (Figs. 3 A and S2 A).

When we monitored autophagy flux in wt and ΔLD cells, 
we found increasing autophagy flux in wt cells and, strikingly, 
significantly improving autophagy flux in LD-deficient cells 
relative to wt cells in response to starvation medium containing 
decreasing inositol concentrations (Fig. 3 B). Importantly, cy-
tological analysis revealed that whereas aberrant Atg8 puncta 
formation occurred in an inositol-independent manner, AP 
biogenesis was significantly restored in ΔLD cells in the ab-
sence of inositol (Fig. 3 C). Lowering inositol concentrations 
also prolonged survival of LD-deficient cells in an autophagy- 
dependent manner during starvation (Figs. 3 D and S2 
B). Hence, these data indicate that cells are more permis-
sive for autophagy in the absence of inositol and that LD- 
deficient cells are specifically improved in AP biogenesis,  

autophagy flux, and cell survival when differences in PL com-
position are alleviated.

Since de novo FA synthesis interfered with autophagy in 
LD-deficient cells, we tested whether inositol levels modulated 
autophagy through changes in FA resistance. ΔLD cells are 
sensitive to high concentrations of external FA oleate or palmi-
toleate and display mild inositol auxotrophy (Fig. 3 E; Sandager 
et al., 2002; Petschnigg et al., 2009; Gaspar et al., 2011). Inter-
estingly, absence of inositol further increased the sensitivity of 
ΔLD cells to external FA, suggesting that external inositol is 
linked to FA buffering and that the positive effects on autoph-
agy in the absence of inositol are distinct from FA resistance 
(Fig. 3 E). These data raise the possibility that excess FA are 
buffered by increased PI synthesis and might provide a rationale 
for the mild inositol auxotrophy of LD-deficient cells. Consis-
tently, LD-deficient cells showed elevated Ino1 levels compared 
to wt cells, indicating elevated inositol synthesis even in the 
presence of external inositol (Fig. S1 I). Furthermore, all strains 
showed an increase in PI levels after 6 h of starvation, a con-
dition of induced FA synthesis and LD biogenesis (Fig. S2 C).

Figure 2. Inhibition of de novo FA synthesis improves auto-
phagy, ER morphology, and cell survival of LD-deficient cells 
during starvation. (A) Number of BOD IPY493/503-stained 
LDs in wt, Δatg7, ΔTG, ΔSE, and ΔLD cells during log phase 
and starvation ± glucose (Glu) after 6 h (150 cells per strain) 
analyzed by fluorescence microscopy as shown in Fig. S1 
C.  (B) wt, Δatg7, ΔTG, ΔSE, and ΔLD cells expressing 
4xUPRE-GFP grown to log phase were analyzed by whole-
cell extraction and Western blot analysis using α-GFP and 
α-Pgk1 antibodies. GFP signals were normalized to Pgk1 and 
expressed relative (rel.) to wt cells in log phase (set as one). 
Data are means ± SD (n = 4). (C) wt and ΔLD cells expressing 
GFP-HDEL (ER-targeted GFP) were imaged in log phase or 
after 1 h of starvation ± cerulenin (10 µg/ml). Images show 
single cortical and mid sections of the same Z-stack. Quantifi-
cations of cells with a collapsed ER network of dilated tubules 
(arrows) as seen for ΔLD cells during starvation are mean ± 
SD (≥150 cells; n = 3). Bar, 5 µm. (D) Autophagy flux of wt 
and ΔLD cells expressing 2xGFP-ATG8 during starvation ± 
cerulenin (10 µg/ml). Data are means ± SD (n = 5). (E) Cells 
were treated as described in D and imaged and analyzed by 
fluorescence microscopy as described in Fig. 1 B. Data are 
means ± SD (≥150 cells; n = 3). Dashed lines indicate cell 
boundaries. Bar, 1 µm. (F) Survival of indicated strains treated 
as in D during starvation. t test in B, D, and E: *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.

http://www.jcb.org/cgi/content/full/jcb.201508102/DC1
http://www.jcb.org/cgi/content/full/jcb.201508102/DC1
http://www.jcb.org/cgi/content/full/jcb.201508102/DC1
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In summary, our data support a model in which LD- 
deficient cells use external inositol for increased PI synthesis 
to buffer excess FA synthesis and improve FA resistance. As 
a consequence, however, these changes in PL composition 
interfere with autophagy regulation and nutrient stress resis-
tance in LD-deficient cells.

Improving FA resistance in the absence 
of inositol cures autophagy in ΔLD cells 
during starvation
So far, we identified de novo FA synthesis and, likely, changed 
PL composition as factors that compromise the ability of LD- 
deficient cells to regulate autophagy. In addition, ΔLD cells 
suffer from chronic ER stress and starvation-induced ER defor-
mation. We hypothesized that artificially increasing FA buffer 
capacity of LD-deficient cells could improve ER homeosta-
sis and autophagy regulation. Opi1 is a central transcriptional  

inhibitor of PL biosynthesis genes and its deletion leads to 
expansion of ER membranes capable of alleviating unfolded 
protein stress (Carman and Henry, 2007; Schuck et al., 2009). 
The activity of Opi1 is regulated by differential localization 
to nuclear lumen or ER membranes dependent on PA levels 
(Loewen et al., 2004; Hofbauer et al., 2014). Consistent with 
decreased PA levels in ΔLD cells, 50% of LD-deficient cells 
showed a diffuse nuclear signal for genomically modified 
OPI1-3xGFP compared to <25% in the wt cell population 
when grown in media containing inositol (Fig.  4  A). Inter-
estingly, Opi1 localized to the nuclear ER membrane in LD- 
deficient cells indistinguishable from wt cells in the absence of 
inositol, conditions that restore PA levels (Fig. 4 A). Next, we 
tested whether uncoupled PL biosynthesis caused by OPI1 de-
letion could expand the ER and improve FA resistance in LD- 
deficient cells. Independent of LDs, both Δopi1 and Δopi1ΔLD 
cells showed expanded ER characterized by peripheral ER 

Figure 3. Restoring altered PL composition 
in LD-deficient cells improves autophagy and 
cell survival during starvation. (A) wt, ΔLD, 
Δatg7, Δopi1, and Δopi1ΔLD cells were 
grown to log phase ± inositol (2 mg/l), and 
PLs were analyzed by mass spectrometry as 
described in the Materials and methods. Rel-
ative (rel.) distribution of PC, PE, PI, PS, PA, 
and PG is shown as mean ± SD (n ≥ 3).  
(B) Autophagy flux of wt and ΔLD cells express-
ing 2xGFP-ATG8 during starvation (starv.) in 
the presence of indicated inositol concentra-
tions. Data are means ± SD (n = 3). (C) wt 
and ΔLD cells expressing 2xGFP-ATG8 were 
grown to log phase and shifted to starvation 
± inositol (2 mg/l). Cells were imaged and 
analyzed as described in Fig.  1  B.  Dashed 
lines indicate cell boundaries. Bar, 1 µm.  
(D) Survival of indicated strains treated as in 
C during starvation. (E) Growth of wt, ΔLD, or 
Δatg7 strains on plates containing oleate (O) 
or palmitoleate (P) at indicated concentrations 
± inositol (2 mg/l). t test in A, B, and C: *, P < 
0.05; **, P < 0.01; ***, P < 0.001.
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extensions in the cytosol in log phase (Fig. 4 D, arrowheads; 
Schuck et al., 2009). Strikingly, consistent with our hypothe-
sis, deletion of OPI1 in LD-deficient cells improved resistance 
to external FA (Fig.  4  B), reduced chronic UPR signaling to 
wt levels in log phase (Fig. 4 C), and partially suppressed the 
collapse of cortical ER into dilated tubules during starvation 
(Fig. 4 D), indicating improved ER homeostasis in Δopi1ΔLD 
cells compared to ΔLD cells.

To test whether improved ER homeostasis in the absence 
of Opi1 affected autophagy in LD-deficient cells, we monitored 
autophagy flux, AP biogenesis, and cell survival in wt, ΔLD, 
Δopi1, and Δopi1ΔLD cells during starvation. Indeed, we ob-
served moderate, but significant, improvement in autophagy flux 
(Fig. 5 A), AP biogenesis (Fig. 5, E and G, +inositol), and cell 
survival in Δopi1ΔLD cells compared to ΔLD cells (Fig. 5 C, 
+inositol). Interestingly, ΔLD and Δopi1ΔLD cells showed the 
same intermediate autophagy flux when we starved cells in the 
presence of cerulenin (Fig. S2 D), placing OPI1 deletion and 
cerulenin treatment functionally in the same pathway and indi-
cating that deletion of OPI1 improves autophagy mainly by FA 

buffering in LD-deficient cells. We reasoned that, in addition 
to FA resistance, other alterations in LD-deficient cells have to 
be corrected to allow for intact autophagy. Thus, we analyzed 
the PL composition of Δopi1 and Δopi1ΔLD cells and found 
significant changes compared with wt cells, including a strong 
increase in PI and a decrease in PA content (Fig. 3 A, +inositol). 
These data raise the possibility that altered PI and PA levels 
interfere with autophagy regulation also in Δopi1ΔLD cells. 
The fact that PI and PA levels in both Δopi1 and Δopi1ΔLD 
cells were restored to wt-like levels in the absence of inositol 
(Fig. 3 A, −inositol) enabled us to test for their effects on FA 
resistance, ER morphology, and autophagy. Both, ΔLD and 
Δopi1ΔLD cells showed an increased sensitivity toward ex-
ternal FA in the absence of inositol, but FA resistance still in-
creased upon deletion of OPI1 in LD-deficient cells (Fig. 4 B). 
Interestingly, starvation in inositol-free media fully prevented 
the collapse of cortical ER in ΔLD and Δopi1ΔLD cells de-
spite increased FA sensitivity linking inositol metabolism, po-
tentially through PL composition, to ER morphology (Fig. 4 D, 
−inositol). We tested whether concomitant improvement of FA 

Figure 4. Deletion of OPI1 buffers FA and 
improves ER stress and morphology in LD- 
deficient cells during starvation. (A) Localiza-
tion of Opi1-3xGFP in wt and ΔLD cells in log 
phase ± inositol (2 mg/l) analyzed by fluo-
rescence microscopy. Single focal planes of 
representative cells during growth in +inositol 
media are shown. Quantifications of cells with 
nuclear ER (nER) or diffuse nuclear (nucl.) Opi1 
localization (≥100 cells; n = 3). (B) Growth of 
indicated strains on plates containing oleate 
(O) or palmitoleate (P) at indicated concen-
trations ± inositol (2 mg/l). (C) wt, Δire1, 
ΔLD, Δopi1, and Δopi1ΔLD cells expressing 
4xUPRE-GFP in log phase. Cells were analyzed 
as described in Fig. 2 B. (D) wt, ΔLD, Δopi1, 
and Δopi1ΔLD cells expressing GFP-HDEL  
(ER-GFP) were grown to log phase and starved 
± inositol (2 mg/l) for 1 h and analyzed as 
in Fig. 2 C. Arrowheads and arrows mark ER 
extensions or dilated tubules, respectively. Bar, 
5 µm. t test in A and C: *, P < 0.05; **, P < 
0.01; ***, P < 0.001; ns, not significant.
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resistance and PL composition is sufficient to restore autophagy 
in LD-deficient cells. Strikingly, consistent with this notion, the 
absence of inositol and deletion of OPI1 resulted in an additive 
improvement in LD-deficient cells restoring autophagy flux and 
AP biogenesis in Δopi1ΔLD cells to identical levels as in Δopi1 
cells and thus allowed for a LD-independent autophagy response 
during starvation (Fig. 5, B, E, and G, −inositol). In line with the 
conclusion that OPI1 deletion and cerulenin treatment function 
in the same pathway, ΔLD cells displayed wt-like autophagy flux 
when we starved cells in the presence of cerulenin in inositol-free 
media (Fig.  5  D). Interestingly, cerulenin treatment also pre-
vented the formation of aberrant Atg8 puncta observed in ΔLD 
and Δopi1ΔLD cells during starvation in the absence of inositol 
with minor effects on cell survival (Fig. 5, E and F; and Fig. S2 
E), indicating that puncta formation is highly sensitive to excess 
FA even when FA resistance is improved in Δopi1ΔLD cells.

In summary, these findings demonstrate that AP biogene-
sis and autophagy flux can be fully cured in the absence of LDs 
and thus provide unequivocal evidence that LDs are dispensable 
as a membrane source for autophagy. Our data support a model 
in which LDs fulfill two fundamental functions required for 
maintaining ER homeostasis, intact autophagy regulation, and 
nutrient stress resistance—buffering of excess FA and main-
tenance of PL composition (Fig. S2 F). Interestingly, we pro-
vided evidence suggesting that both functions might be linked 
in that, when LD storage capacity is exceeded, FAs are buffered 
by increased PI levels improving FA resistance of cells. Since 
we analyzed LD-deficient cells in the absence of external FA, 
our study revealed a remarkable inability of cells to adjust the 
level of de novo FA synthesis to maintain growth without si-
multaneously compromising autophagy regulation and nutrient 
stress resistance. Our observations indicate that the regulatory 

Figure 5. Increased FA resistance and restored PL 
composition cures AP biogenesis and autophagy 
flux in LD-deficient cells. (A and B) Autophagy flux 
in wt, ΔLD, Δopi1, and Δopi1ΔLD cells expressing 
2xGFP-ATG8 during starvation (starv.) in the pres-
ence (A) or absence (B) of inositol (2 mg/l). Data are 
mean ± SD (n = 4). (C) Survival of indicated strains 
during starvation ± inositol (2 mg/l). (D) Autophagy 
flux in wt, ΔLD, Δopi1, and Δopi1ΔLD cells grown 
in inositol-free media and starved in the presence of 
cerulenin (10 µg/ml). Data are mean ± SD (n = 4). 
(E–G) wt, ΔLD, Δopi1, and Δopi1ΔLD cells express-
ing 2xGFP-ATG8 were treated as described in A, B, 
and D and imaged and analyzed as described in 
Fig. 1 B. Bar, 1 µm. Data are means ± SD (150 cells/
condition, n = 3). t test in A, B, D, F, and G: *, P < 
0.05; **, P < 0.01; ***, P < 0.001.
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circuits controlling FA synthesis evolved inherently depending 
on the FA buffer capacity of LDs to maintain cellular function 
(Tehlivets et al., 2007).

Defects in autophagy and chronic ER stress are common 
features of neurodegenerative diseases, obesity, and diabetes 
(Ozcan et al., 2004; Nixon, 2013; Hetz and Mollereau, 2014). 
Analysis of hepatic ER derived from obese mice previously re-
vealed alterations in PL composition, specifically in the phos-
phatidylcholine (PC)/phosphatidylethanolamine (PE) ratio (PI 
was not analyzed), causing chronic ER stress (Fu et al., 2011). 
Intriguingly, these hepatocytes are also compromised in AP 
biogenesis upon starvation (Yang et al., 2010). Hence, these 
and our data raise the exciting possibility that alterations in PL 
composition upon exceeded LD storage capacity might be a 
general underlying principle for defects in autophagy regula-
tion. Additional work will be necessary to unravel how changes 
in PA, PI, or PI derivatives previously shown to affect autoph-
agy, might interfere with the autophagy machinery during AP 
formation (Petiot et al., 2000; Moreau et al., 2012; Li et al., 
2014; Vicinanza et al., 2015). However, our work sheds light 
on principle metabolic and genetic alterations that in combina-
tion fully compensate for LD deficiency. Hence, these pathways 
might represent suitable targets for therapeutic intervention in 
the aforementioned pathologies.

One of the central questions in the autophagy field is 
where the membranes for AP formation are coming from. 
Our data demonstrate unequivocally that LDs are not required 
as a membrane source. However, LDs may contribute FA or 
lipids to AP biogenesis in the presence of abundant, nontoxic 
external FA (Dupont et al., 2014; Shpilka et al., 2015). A 
major challenge remains to determine how cells regulate the 
contribution of multiple membrane sources in response to di-
verse metabolic conditions.

Materials and methods

Strains and media
All strains used in this study are derivatives of w303 and listed in Table 
S1. Gene deletions were generated by replacing complete ORFs by 
indicated marker cassettes using PCR-based targeted homologous re-
combination as previously described (Longtine et al., 1998). Double 
mutants ΔTAG (Δdga1::TRP1 Δlro1::HIS3) and ΔSE (Δare1::TRP1 
Δare2::HIS3) were generated by crossing of haploid strains carry-
ing single deletions and sporulation. The quadruple mutant ΔLD  
(Δdga1::TRP1 Δlro1::HIS3 Δare1::TRP1 Δare2::HIS3) was obtained 
by crossing of the two double mutants ΔTAG and ΔSE followed by 
sporulation, tetrade dissection, and analysis.

Strains were grown in synthetic complete medium (0.7% [wt/
vol] yeast nitrogen base [BD] or 0.7% [wt/vol] yeast nitrogen base 
without inositol [Formedium] complemented with indicated concen-
trations of inositol [Sigma-Aldrich]; 2% [wt/vol] α-d-glucose [Sigma- 
Aldrich]) at 30°C. For starvation experiments, cells were grown to early 
log phase and shifted to SD-N media (0.17% [wt/vol] yeast nitrogen 
base without aa and ammonium sulfate [BD] or 0.17% [wt/vol] yeast 
nitrogen base without aa, ammonium sulfate, and inositol [Formedium] 
complemented with indicated concentrations of inositol; 2% [wt/vol] 
α-d-glucose [Sigma-Aldrich]). Rapamycin (400 ng/ml), tunicamycin 
(1 µg/ml; both Calbiochem), or cerulenin (10 µg/ml; Sigma-Aldrich) in 
DMSO were added to the media when indicated.

For growth analyses, 106 cells were spotted on YPD plates (1% 
[wt/vol] yeast extract [Serva], 2% [wt/vol] peptone [Merck], and 2% 

[wt/vol] α-d-glucose [Sigma-Aldrich]) and grown for 2 d at 30°C. For 
test of FA resistance, 106 cells were spotted on synthetic complete 
medium plates containing 0.6% (vol/vol) ethanol/tyloxapol (5:1 vol/
vol) and indicated concentrations of oleate or palmitoleate (both 
Sigma-Aldrich) and grown for 2 d at 30°C as described previously 
(Garbarino et al., 2009).

Plasmids pRS306-prATG8-2xyEGFP-ATG8, pRS305-DsRed-
HDEL, and pRS305-yEGFP-HDEL, were described previously (gift 
from J. Nunnari, University of California, Davis, Davis, CA; Graef et 
al., 2013; Lackner et al., 2013). pRS315-pHluorin-mCherry was con-
structed according to Rosado et al. (2008) by integrating the ADH1 
promoter (–717 to –1 bp; primer forward: 5′-GGC CAG TGA ATT GTA 
ATA CGA CTC ACT ATA GGG CGA ATT GAT CCT TTT GTT GTT TCC 
GGG-3′; primer reverse: 5′-GTT CTT CTC CTT TAC TCA TTG TAT 
ATG AGA TAG TTG ATT GTA TG-3′) fused to pHluorin amplified from 
pRS315-pHluorin-ATG8 (pSW12; gift from D.  Teis, Medical Uni-
versity of Innsbruck, Innsbruck, Austria; Müller et al., 2015; primer 
forward: 5′-CAT ACA ATC AAC TAT CTC ATA TAC AAT GAG TAA AGG 
AGA AGA AC-3′; primer reverse: 5′-TAA ACC AGC ACC GTC ACC 
TTT GTA TAG TTC ATC CAT GCC ATG TGT AATC-3′) and mCherry 
amplified from pFA6a-mCherry (gift from J. Nunnari; primer forward: 
5′-GAT TAC ACA TGG CAT GGA TGA ACT ATA CAA AGG TGA CGG 
TGC TGG TTTA-3′; primer reverse: 5′-CAA GCT CGG AAT TAA CCC 
TCA CTA AAG GGA ACA AAA GCT GGC AAG CTA AAC AGA TC-3′) 
by “gap repair” in vivo homologous recombination (Oldenburg et al., 
1997) into BamHI- and HindIII-linearized pRS315. The 4xUPRE-GFP 
reporter was genomically integrated as described previously using 
primers oMJ007 and oMJ014 to amplify from pKT007 a PCR prod-
uct containing 4xUPRE repeats driving GFP followed by the URA3 
marker, flanked by sequences homologous to the URA3 locus (gift from 
J. Weissman, University of California, San Francisco, San Francisco, 
CA; Jonikas et al., 2009).

Whole-cell extraction, western blot analysis, and quantification
Cells corresponding to 0.2 OD600 units were collected and lysed by 
alkaline whole-cell extraction (0.255  M NaOH and 1% [vol/vol] 
β-mercaptoethanol). Protein extracts were analyzed by SDS-PAGE and 
immunoblotting (α-Atg13, rabbit polyclonal, gift from D.  Klionsky, 
University of Michigan, Ann Arbor, MI; α-GFP, mouse monoclonal; 
Covance; α-HA, mouse monoclonal; Covance; and α-Pgk1, mouse 
monoclonal; Abcam) and visualized using corresponding secondary 
goat antibodies conjugated to IRDye (800CW; Li-COR Biosciences). 
Quantifications were performed using the Odyssey Infrared Imaging 
System (Li-COR Biosciences).

Fluorescence microscopy
Cells were viewed in 96-well microplates with a glass bottom (Greiner 
bio-one) containing indicated growth or starvation media at RT with an 
inverted microscope (Ti-E; Nikon) using a Plan Apochromat IR 60× 
1.27 NA objective (Nikon), Spectra X LED light source (Lumencor), 
and acquisition software NIS elements AR (Nikon). 3D light micros-
copy data were collected using the triggered Z-Piezo system (Nikon) 
and orca flash 4.0 camera (Hamamatsu). 3D data were processed using 
NIS-elements AR; deconvolution of imaging data was performed with 
3D deconvolution 3D-Fast in NIS-elements AR (Figs. 2 E, 3 C, 4 A, and 
5 A) or Huygens Professional 15.10 (Scientific Volume Imaging; Figs. 
1, B and C; Fig. 2 C; Fig. 4 D; and Fig. S1, A, C, and G). Photoshop 
(Adobe) software was used to make linear adjustments in brightness.

Mass spectrometric lipid analysis
Mass spectrometric analysis was performed essentially as described 
with some optimization for the analysis of phospholipids from whole 
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yeast cell (Connerth et al., 2012). Lipids were extracted from whole 
yeast cells in the presence of internal standards of major PLs (PC 17:0–
14:1, PE 17:0–14:1, PI 17:0–14:1, phosphatidylserine [PS] 17:0–14:1, 
PG 17:0–14:1, PA 17:0–14:1, all from Avanti Polar Lipids). Extraction 
was performed according to Bligh and Dyer (1959), with modifica-
tions. In brief, 0.5 OD600-unit cells were resuspended in 250 µl water 
and mixed with 1 ml of chloroform/methanol/25% HCl (40:80:0.6 [vol/
vol]) with lipid standards in a glass vial. 300-µl glass beads were added 
to the vial, and cells were treated by rigorous mixing for 30 min. After 
adding 250 µl of chloroform and 250 µl of water, the sample was mixed 
again for 1 min, and phase separation was induced by centrifugation 
(800× g, 2 min). The lower chloroform phase was carefully transferred 
to a second vial and was mixed with 400 µl water (washing step). After 
vortexing for 30 s, phase separation was induced by centrifugation, and 
the lower chloroform phase was carefully transferred to a clean glass 
vial. The upper water phase after the first phase separation was mixed 
with 300 µl of chloroform, and extraction was repeated. After phase 
separation, lower chloroform phase was mixed with the upper water 
phase after the first washing step. After vortexing for 30 s, phase sepa-
ration was induced by centrifugation, and the lower chloroform phase 
was carefully transferred to the glass vial with the chloroform phase 
from the first extraction. The solvent was evaporated by a gentle stream 
of argon at 37°C. Lipids were dissolved in 10 mM ammonium acetate 
in methanol and analyzed on a QTR AP 6500 triple quadrupole mass 
spectrometer (SCI EX) equipped with a nano-infusion splay device 
(TriVersa NanoMate; Advion) under the following settings: (QT 6500) 
Curtain gas, 20; Collision gas, medium; Interface heater temperature, 
90°C; Entrance potential, 10; mode: high mass; step size, 0.1 D; setting 
time, 0 ms; scan rate, 200 D/s; pause 5 ms; CEM, 2,300; sync, LC 
sync; scan mode, profile (NanoMate) sample infusion volume, 12 µl; 
volume of air to aspirate after sample, 1 µl; air gap before chip, en-
abled; aspiration delay, 0 s; prepiercing, with mandrel; spray sensing, 
enabled; temperature, 12°C; gas pressure, 0.4 psi; ionization voltage, 
1.15 kV; polarity, positive; vent headspace, enabled; prewetting, 1×; 
volume after delivery, 0.5 µl; contact closure delay, 1 s; volume timing 
delay, 0 s; aspiration depth, 1 mm; prepiercing depth, 9 mm; and out-
put contact closure, Rel 1–2.5-s duration. The quadrupoles Q1 and Q3 
were operated at unit resolution. PC analysis was performed in positive 
ion mode by scanning for precursors of mass to charge ratio 184 at a 
collision energy (CE) of 50 eV. PE, PI, PS, PG, PA, and CDP-DAG 
measurements were performed in positive ion mode by scanning for 
neutral losses of 141, 277, 185, 189, 115, and 403 D at CEs of 25, 
30, 20, 30, 25, and 40 eV, respectively. Mass spectra were processed 
by the LipidView Software Version 1.2 (SCI EX) for identification and 
quantification of lipids. Lipid amounts (picomoles) were corrected for 
response differences between internal standards and endogenous lipids.

Statistical analysis
Error bars represent the SD as indicated in the figure legends. Data 
were processed in Excel (Microsoft). Statistical analysis of differences 
between the two groups was performed using a two-tailed, unpaired  
t test; *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Only statistically 
significant comparisons are indicated in the figures.

Online supplemental material
Fig. S1 provides further evidence for the conditional defect of LD-deficient 
cells in autophagy flux, data showing unaltered dephosphorylation of 
Atg13, primary data for Fig. 2 A, evidence that UPR signaling does not 
affect autophagy flux or starvation survival, unchanged ER morphology 
during rapamycin treatement in wt and LD-deficient cells, and evidence 
showing an autophagy-dependent increase in survival of LD-deficient 
cells upon inhibition of FA synthesis during starvation. Fig. S2 provides 

additional analysis of PL composition, starvation survival, autophagy 
flux analysis in dependence of inositol and cerulenin treatment, and a 
model for the role of LDs for ER homeostasis and autophagy regulation. 
Table S1 provides a list of all Saccharomyces cerevisiae strains used in 
this study. Online supplemental material is available at http ://www .jcb 
.org /cgi /content /full /jcb .201508102 /DC1.
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