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SUMMARY

Recently, lipid metabolism reprogramming has been further evidenced in malig-
nancies via the observation of large amounts of lipid droplets (LDs) in human
tumors, including in glioblastoma (GBM), the most lethal primary brain tumor. How-
ever, the role played by LDs in tumor cells remains unknown. Here, we show that
triglycerides (TG), the major components of LDs, serve as a critical energy reservoir
to support GBM cell survival. TG/LDs rapidly diminished in GBM cells upon glucose
reduction, whereas inhibiting fatty acid oxidation or autophagy resulted in the accu-
mulation of TG/LDs and strongly potentiated GBM cell death. Imnmunofluorescence
imaging and time-lapse videos showed that LDs are hydrolyzed by autophagy to
release free fatty acids that mobilize into mitochondria for energy production.
Our study demonstrates that autophagy-mediated hydrolysis of TG/LDs maintains
energy homeostasis and GBM survival upon glucose reduction, suggesting that
limiting TG/LDs utilization might be necessary upon treating GBM.

INTRODUCTION

Metabolic alteration has been recognized as a hallmark of cancer (Hanahan and Weinberg, 2011; Intlekofer
and Finley, 2019), but how lipid metabolism is reprogrammed in tumor cells remains poorly understood. A
significant amount of effort has been put into understanding the underlying mechanisms elevating de novo
fatty acid synthesis and its therapeutic potential in malignancies (Cheng et al., 2015, 2018a, 2018b; Guo,
2016; Guo et al.,, 2013, 2014; Menendez and Lupu, 2007; Ru et al., 2013; Talebi et al., 2018). However,
whether other lipid metabolism pathways are altered in malignancies has not been extensively explored.
Recently, our group and several others have found that human tumor tissues exhibit abundant lipid drop-
lets (LDs), including in glioblastoma (GBM), the most lethal primary brain tumor (Cheng et al., 2020; Omuro
and DeAngelis, 2013; Wen and Kesari, 2008), and in prostate, pancreas, breast, and clear cell renal cell car-
cinoma (Accioly et al., 2008; Du et al., 2017; Geng et al., 2016; Geng and Guo, 2017; Mitra et al., 2017; Pucer
et al., 2013; Sevinsky et al., 2018; Sunami et al., 2017).

LDs are specific lipids-storage organelles, which are mainly located in adipose tissues (Murphy, 2001; Pond,
1999). A single LD contains a neutral lipid core that comprises triglycerides (TG) and cholesteryl esters,
which are surrounded by a monolayer of phospholipid membrane that is associated with multiple proteins
(Tauchi-Sato et al., 2002; Walther et al., 2017). A molecule of TG consists of a glycerol molecule with three
hydroxyl groups that are each esterified by fatty acids (Olzmann and Carvalho, 2019; Paar et al., 2012). The
presence of abundant LDs in cancer cells suggest that storing lipids in tumor tissues may be a common
feature of malignancies. However, the role played by LDs in tumor cells is unknown.

In the tumor microenvironment, nutrient supplies are fluctuant due to variation in vascular development (Lyssiotis
and Kimmelman, 2017). The mechanism used by tumor cells to solve this challenge and maintain growth has yet
to be elucidated. We hypothesized that tumor cells utilize the fatty acids stored in LDs to support their survival
and growth upon reduction in nutrient levels. To test this, we investigated the response of GBM cells to glucose
deprivation and unveiled that TG/LDs serve as critical energy reservoirs to maintain cell survival upon energetic
stress. Furthermore, we showed that GBM cells rapidly break down TG/LDs through an autophagic process that
releases their stored fatty acids for energy production when glucose level decreases. Our study suggests that
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Figure 1. GBM Tumor Tissues Contain Large Amounts of TG and LDs

(A) Thin-layer chromatography (TLC) analysis of total lipid extracts from the same weight (4 mg) of normal (N) versus tumor (T) tissues from GBM patient
autopsy samples (middle panel). TG standard loaded on the left. The intensity of TLC TG bands for each sample was quantified by the ImageJ software and
normalized to the average intensity of TG in six tumor tissues to determine the relative TG levels between normal brain and GBM tissue (mean + SD, n = 6)

(right panel). Significance was determined by unpaired Student's t test.
(B) Representative images of tumor tissues from GBM patient biopsy stained by H&E (left panel), BODIPY 493/503 (green),

and DAPI (blue) (middle panel) or

visualized by transmission electron microscopy (TEM) (right panel). Red arrows in TEM image indicate LDs. Scale bar: 50 pm for H&E, 10 um for fluorescence

imaging, 500 nm for TEM.

(C-F) Representative images of normal and tumor tissues from primary GBM57- (C) or U87-derived (E) orthotopic mouse models stained by H&E or BODIPY
493/503 (green)/DAPI (blue). Scale bar: 50 um for H&E; 10 um for fluorescence imaging. TLC analysis of total lipid extracts from normal and tumor tissues
from GBM57 (D) or U87 (F) orthotopic mice. Relative TG levels were quantified by ImageJ software and normalized to the average TG levels in tumor tissues

(mean + SD, n = 4).
Significance was determined by an unpaired Student's t test. Please also see Figure STA.

RESULTS

GBM Tissues Contain Large Amounts of TG and LDs

We examined TG levels in paired tumor and normal tissues of autopsy samples from GBM patients using lipid
extraction and thin-layer chromatography (TLC). The data show that GBM tumor tissues contained large amounts
of TG, which were rarely detected in the contralateral normal brain tissues (Figure 1A), consistent with the prev-
alence of LDs in GBM tumortissues (Geng et al., 2016; Geng and Guo, 2017), as observed by confocal microscopy
after BODIPY 493/503 staining and transmission electron microscopy (TEM) (Figure 1B). In agreement with these
results, GBM patient primary GBM57 cells- or U87 cells-derived orthotopic xenograft models showed that TG/
LDs are prominently formed in GBM tumor tissues but rarely formed in normal mouse brain tissues (Figures
1C-1F). Inaddition, by staining a variety of cancer cell types with BODIPY 493/503, we found that LDs are prevalent
invarious types of cancer cells, including breast, liver, pancreatic, cervical, skin, and sarcoma cancers (Figure STA).

Glucose Deprivation Triggers GBM Cells Hydrolyzing TG/LDs to Support Cell Survival

We then investigated whether TG/LDs play a role in supporting GBM cell growth or survival by examining 3 GBM
celllines, i.e., U87, T98, and U251 that contain different amounts of TG (Figures 2A and 2B). Fluorescence imaging
shows that U87 cells contain the highest number of LDs compared with the other two cell lines (Figure 2A), consis-
tent with their highest TG levels (Figure 2B). We further compared LDs and TG levels between these 3 GBM cell
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Figure 2. Glucose Deprivation Triggers GBM Cells Hydrolyzing TG/LDs to Support Cell Survival

(A-C) U87, T98, and U251 GBM cells were cultured in medium with 25 mM glucose or no glucose for 4, 8, and 12 h. Cells were stained with BODIPY 493/503
(green)/Hoechst 33342 (blue) and observed by confocal microscopy (A). Quantification of LDs/cell for over 30 cells was conducted using the ImageJ software
(mean £ SD). Total lipids were extracted and analyzed by TLC (B). TG levels at different time points and in various cell lines were normalized to U87 cells
cultured in 25 mM glucose medium (mean =+ SD, n = 3). Live cell percentage at different time points after glucose withdrawal was determined after trypan
blue staining (mean + SD, n = 3) (C). Significance between different cell lines was determined by two-way ANOVA. **p < 0.001; *p < 0.01. Chol, cholesterol.
(D-F) U251 and T98 cells were cultured in medium with/without palmitic acid (PA, C16:0, 5 uM) and oleic acid (OA, C18:1, 5 uM) mixtures (1:1) for 24 h and
then placed in fresh medium in the absence or presence of glucose (Gluc, 25 mM) for 4 h. Cells were stained with BODIPY 493/503 (green)/Hoechst 33342
(blue) and observed by confocal microscopy (D). Quantification of LDs/cell in over 30 cells was conducted using ImageJ (mean + SEM). Total lipid extracts
from these cells were analyzed by TLC (E). Relative TG levels were quantified by ImageJ and normalized to the control cells (mean & SD, n = 3) (E). Cell death
was determined by trypan blue exclusion (mean + SD, n = 3) (F).

Significance was determined by one-way ANOVA. **p < 0.01, *p < 0.05. Please also see Figure S1B.

lines and transformed astrocytes. The data show that GBM cells have dramatically more LDs and TG than the as-
trocytes, which are transformed cells that form noticeable amount of LDs/TG (Figure S1B). Whether LDs/TG are
formedin normal astrocytes in vivo needs further investigation. We then removed glucose from the cell medium to
examine the cell response and observed that LDs and TG quickly diminished in all GBM cells within a few hours
(Figures 2A and 2B). Through careful examination, we observed that it took 8 h of glucose starvation for LDs and TG
presentin U87 cells to be greatly reduced, whereas it took only 4 h in T98 and U251 cells where LDs and TG levels
are significantly lower (Figures 2A and 2B). Moreover, following the disappearance of TG/LDs, the viability of T98
and U251 cells quickly decreased to around 50% after 4-h glucose starvation and rapidly dropped to ~5% after 8 h
(Figures 2C and S1C). In contrast, the reduction of viability in U87 cells was much slower with ~85% viability at4 h,
~78% at8h, andstill ~20% at 12 h (Figures 2C and S1C), suggesting that greater TG/LDs levels confer longer GBM
cell survival upon glucose starvation.

To validate that TG/LDs can support GBM cell survival, we increased LDs and TG amounts in U251 and T98 cells
by supplementing cells with palmitic acid (PA, C16:0) and oleic acid (OA, C18:1) mixtures (1:1) for 24 h before
glucose starvation (Figures 2D and 2E). Cells were then placed into fresh media with/without glucose (25 mM)
for 4 h. The data show that increasing TG/LDs levels significantly elevated U251 and T98 survival upon glucose
starvation as compared with control cells that did not receive PA/OA supplementation (Figures 2D-2F). These
data strongly suggest that TG/LDs support GBM cell survival when glucose supply is limited.

TG/LDs Accumulate upon the Inhibition of Fatty Acid B-oxidation under Glucose-free
Conditions, Leading to Increased GBM Cell Death

We next examined whether fatty acid B-oxidation plays a role in TG/LDs-supported GBM survival upon
glucose starvation. GBM cells were treated with Etomoxir (ETO), an inhibitor of carnitine
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Figure 3. TG/LDs Accumulate upon the Inhibition of Fatty Acid -Oxidation under Glucose-Free Conditions, Leading to Increased GBM Cell Death
(A and B) Representative fluorescence images of LDs stained with BODIPY 493/503 (green)/Hoechst 33342 (blue) (A). TLC analysis of total lipids (B) in U87 (8
h), U251, and T98 cells (4 h) after treatment with/without ETO (100 pM) in the absence or presence of glucose (25 mM). LDs/cell (mean + SEM, n = 30) and TG
levels (mean £ SD, n = 3) were quantified by ImageJ and normalized to the control cells.

(C) Cell death was determined in U87 (8 h), U251, and T98 cells (3 h) after treatment with/without ETO (100 uM) in the absence or presence of glucose (25 mM)
by trypan blue staining (mean + SD, n = 3).

(D-G) U87 cells were transfected with CPT1A shRNA-expressing lentivirus for 24 h and then cultured in glucose-free or 25 mM glucose medium for 8 h. Cells
were analyzed by western blotting (D), observed by confocal microcopy after BODIPY 493/503 and Hoechst 33342 staining (E), or analyzed by TLC for lipid
levels (F). LDs/cell (mean + SEM, n = 30) or relative TG levels (mean + SD, n = 3) were determined by ImageJ. Cell death was determined after trypan blue
staining (mean + SD, n = 3) (G). FA, fatty acids.

Significance was determined by one-way ANOVA. **p < 0.01, *p < 0.05. Please also see Figure S2.

palmitoyltransferase 1 (CPT1) that transports fatty acids into mitochondria for B-oxidation and energy pro-
duction (Raud et al., 2018). The data show that under glucose-rich conditions, ETO treatment did not affect
LD and TG levels in GBM cells (Figures 3A and 3B) or their survival rate (Figure 3C). In contrast, inhibition of
fatty acid oxidation by ETO in the absence of glucose significantly blocked the hydrolysis of LDs and TG
(Figures 3A and 3B) and dramatically enhanced GBM cell death (Figure 3C).

We then used a genetic approach to silence CPT1A expression with lentivirus-expressing shRNA and block

fatty acid B-oxidation. As with pharmacological inhibition (Figures 3A and 3B), CPT1A knockdown did
not affect TG/LDs levels and GBM survival under glucose-rich conditions, but it blocked the hydrolysis
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Figure 4. TG/LDs are Hydrolyzed by Autophagy to Support GBM Cell Survival upon Glucose Deprivation

(A) Representative fluorescence images of U87 cells stained with BODIPY 493/503 (green) and anti-LC3 antibody (red) in the absence or presence of glucose
(25 mM) and chloroquine (CQ, 5 uM) for 6 h. The co-localization was quantified by ImageJ (mean + SEM) in over 30 cells.

(B and C) Representative fluorescence images of U87 cells co-stained with BODIPY 493/503 (green) and LysoTracker (red) (B) or anti-LAMP1 antibody (red) (C)
in the presence or absence of glucose (25 mM) and CQ (5 uM) for 6 h. The co-localization was quantified by ImageJ (mean + SEM, n = 30).

(D-F) Representative fluorescence images of U87 cells stained with BODIPY 493/503 (green) and Hoechst 33342 (blue) in the absence or presence of glucose
(25 mM) and CQ (5 uM) for 8 h. LDs/cell were quantified in 30 cells (mean + SEM, n = 30) (D). Their total lipids were analyzed by TLC (mean + SD, n = 3) (E).
Cell death was determined after trypan blue staining (mean + SD, n = 3) (F).

(G-J) U87 cells were transfected with ATG5 shRNA-expressing lentivirus for 24 h and then cultured in medium without/with glucose (25 mM) for 8 h. Cell
lysates were subjected to western blotting analysis using the indicated antibodies (G). Cells were stained with BODIPY 493/503 (green) and LysoTracker (red)
and observed by confocal microscopy (H). Total cellular lipids were analyzed by TLC (I). Cell death was determined after trypan blue staining (J).
Quantification and significance determination of LD number, relative TG levels, and cell death were same as in panels D-F.

Statistical significance was determined by one-way ANOVA for this entire figure; **p < 0.01, *p < 0.05. Please also see Figures S3 and S4, and Videos S1, S2,
S3, and S4.

of TG/LDs induced by glucose starvation (Figures 3D-3F, S2A and S2B) and significantly elevated GBM cell
death (Figures 3G and S2C).

TG/LDs Are Hydrolyzed by Autophagy to Support GBM Cell Survival upon Glucose
Starvation

We next examined how TG/LDs are hydrolyzed in GBM cells upon glucose starvation. Western blotting showed
that autophagy is induced by glucose starvation in GBM cells, as demonstrated by an increase of the LC3 lipi-
dation band (lower band, LC3-Il), a marker of autophagosome formation (Kabeya et al., 2000) (Figure S3A). We
then co-stained LDs and autophagosomes with BODIPY 493/503 (green) and anti-LC3 antibody (red). The data
show that glucose starvation significantly increased the co-localization of LDs with LC3-stained autophago-
somes, which was more prominent when lysosomal activity was suppressed by chloroquine (CQ) (Figure 4A),
a lysotropic drug that reduces lysosomal acidification and thereby suppresses the activities of lysosomal hydro-
lases (Amaravadi et al.,, 2007, Mauthe et al., 2018). Moreover, using stably expressing red fluorescent protein
(RFP)-LC3 U251 cells and time-lapse videos, we observed that glucose starvation, but not glucose-rich condi-
tions, induces the direct association of LDs and RFP-LC3-labeled autophagosomes (Videos ST and S2).

We then examined whether TG/LDs are hydrolyzed in lysosomes. We co-stained LDs and lysosomes with BOD-
IPY 493/503 (green) and LysoTraker (red) in U87 cells after glucose starvation for 6 h. Live cell imaging and time-
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lapse video demonstrated that glucose starvation dramatically induced the mobilization of LDs into the lyso-
somes for hydrolysis (Figures 4B and S3B and Videos S3 and S4). The co-localization of LDs and lysosomes
was more prominent when lysosomal activity was suppressed by CQ under glucose-poor conditions (Figure 4B).
Co-localization was further confirmed by immunofluorescence staining of lysosomal-associated membrane pro-
tein 1 (LAMP1) together with LD staining by BODIPY 493/503 (Figure 4C). Accordingly, inhibition of lysosomal
activity by CQ or the specific inhibitor of vacuolar H + ATPase that controls lysosomal acidification, bafilomycin
(Mauvezin and Neufeld, 2015), blocked the hydrolysis of LDs and TG triggered by glucose starvation (Figures 4D,
4E, S4A, S4B, and S4D), resulting in a significant increase of GBM cell death (Figures 4F, SAC, and S4E), which was
reduced by supplementing the media with OA/PA (Figure S4C). Moreover, we examined the effects of glucose
starvation in neurospheres from GBM-patient-derived primary GBM83 cells. Similar as in U87 cells, confocal mi-
croscopy imaging showed that glucose starvation in GBM83 cells promoted the co-locolization of LDs with LC3-
stained autophagosomes and LysoTracker-stained lysosomes (Figures S4F and S4G), and CQ treatment resulted
in LD accumulation (Figure S4H).

We next genetically silenced the expression of ATG5 (Figure 4G), the key gene controlling autophagosome
formation (Mizushima et al., 1998), to confirm the role of autophagy in TG/LDs hydrolysis. Western blotting
showed that knockdown of ATG5 using lentivirus-mediated shRNA dramatically blocked the lipidation of
LC3 (LC3-l) in GBM cells (Figure 4G), demonstrating the blockade of the autophagic process by ATG5
silencing. Moreover, ATG5 knockdown prominently suppressed glucose-deprivation-induced TG/LDs hy-
drolysis (Figures 4H and 4l), and significantly increased GBM cell death (Figure 4J), demonstrating that TG/
LDs are hydrolyzed by autophagy to support GBM survival.

LD-Stored Fatty Acids Released by Autophagy Move into Mitochondria for Energy
Production

We next examined the mobilization of fatty acids released from LDs. We first used BODIPY-labeled palmitic acid
(BODIPY-PA, green) to culture U87 cells to form fluorescently labeled LDs (Figure 5A, left panel). After 12-h cul-
tures, BODIPY-PA entered the cells and was stored into LDs (green dots), which were stained by Nile red, a fluo-
rescent dye that stains neutral lipids and LDs (Figure 5A, middle and right panels). Moreover, BODIPY-PA-
labeled LDs co-stained with TIP47, a specific LD membrane protein (Geng et al., 2016) (Figure 5B). These
data demonstrate that BODIPY-labeled PA was stored in LDs in GBM cells. We then washed the cells with
PBS to remove free BODIPY-PA and placed these cells into glucose-rich (25 mM) or glucose-free media for
8 h in the presence or absence of CQ or ETO. The cells were then stained with MitoTracker (red) to visualize
the mitochondria. Under glucose-rich conditions, fluorescence imaging showed that BODIPY-labeled PA re-
mained within LDs and did not move into the mitochondria and that CQ or ETO treatment had no effect (Fig-
ure 5C, left panels). In contrast, after glucose withdrawal for 8 h, green-labeled LDs were rapidly broken down
and BODIPY-labeled PA diffused into the cytosol and trafficked into the mitochondria (Figure 5C, right panels),
as demonstrated by the greatly increased co-localization of BODIPY-PA and MitoTracker-labeled mitochondria
(Figure 5C, right and left panels). Blocking lysosomal activity by CQ or blocking fatty acid oxidation with ETO
strongly suppressed glucose-starvation-induced breakdown of LDs and inhibited BODIPY-PA moving into the
mitochondria (Figure 5C).

We then used a genetic approach to confirm that the trafficking of BODIPY-PA from LDs to mitochondria is
mediated by autophagy. We first infected U87 cells with shRNA-expressing lentivirus for 24 h to knockdown
ATG5 or CPT1A and then cultured these cells with BODIPY-labeled PA for an additional 12 h. The cells were
then washed with PBS and placed in fresh medium in the presence (25 mM) or absence of glucose for 8 h. As
shown in Figure 5D, BODIPY-labeled PA remained within the LDs in GBM cells infected with scramble
shRNA and in ATG5 and CPT1A knockdown cells under glucose-rich conditions (Figure 5D, left panels).
In contrast, glucose withdrawal induced the breakdown of LDs and promoted BODIPY-PA diffusing into
the cytosol and trafficking into mitochondria in control-shRNA-infected cells (Figure 5D, right panels),
whereas inhibition of autophagy by ATG5 knockdown or blocking fatty acid oxidation via CPT1A silencing
dramatically suppressed LD hydrolysis and blocked BODIPY-PA trafficking from LDs into mitochondria
(Figure 5D, right panels). Taken together, these results demonstrate that LD-stored fatty acids are released
by autophagy and then move into mitochondria for B-oxidation upon glucose starvation in GBM cells.

DISCUSSION

In the past decade, metabolic reprogramming in cancer cells has been extensively investigated; however,
the identification of effective metabolic targets for cancer therapy has only incrementally progressed. In
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Figure 5. LD-Stored Fatty Acids Released by Autophagy Move into Mitochondria for Energy Production

(A and B) Representative fluorescence images of U87 cells after culturing with BODIPY-labeled PA (C16:0; Cat# D3821,
Life Technologies) (0.5 uM) for 12 h and then staining with Nile red and Hoechst 33342 (blue) (A) or with anti-TIP47
antibody (red) (B). Scale bar: 10 um.

(C) U87 cells were cultured with BODIPY-PA (0.5 uM) for 12 h and then treated with/without CQ (5 uM) or ETO (100 uM) in
the absence or presence of glucose (25 mM) for 8 h. Cells were then stained with MitoTracker (Red) and Hoechst 33342
(blue) and visualized by confocal microscopy. The co-localization of diffused BODIPY-PA and mitochondria was
determined by the ratio of co-localized red and green signal (yellow) to total red signal using the ImageJ software
(mean + SEM, n = 30). Significance was determined by one-way ANOVA. *p < 0.01.

(D) U87 cells were transfected with shRNA-expressing lentivirus against ATG5 or CPT1A for 24 h and then cultured with
BODIPY-labeled PA (0.5 uM) for 12 h. Cells were then placed into fresh medium without/with glucose (25 mM) for 8 h. Cell
staining and quantification of the co-localization of BODIPY-PA and mitochondria were the same as in Panel C.
Significance was determined by one-way ANOVA. *p < 0.01.

this study, we show that TG/LDs, functioning as critical energy reservoirs, support GBM cell survival when
glucose supply decreases (Figure 6). We demonstrate that TG/LDs are hydrolyzed by autophagy to release
their stored fatty acids for energy production and support GBM cell survival upon glucose starvation, sug-
gesting that blocking TG/LDs utilization may be necessary upon targeting GBM (Figure 6).

In the tumor microenvironment, nutrient supplies are frequently scarce due to the poor vascularization (Wellen and
Thompson, 2010). Our results show that GBM cells promptly utilize TG/LDs to provide abundant fatty acids for en-
ergy production upon glucose starvation, demonstrating the high plasticity and resilience of malignant cells at times
of energetic stress. It has been shown that GBM cells have developed efficient machineries to quickly import nutri-
ents and synthesize macromolecules (Cosset et al., 2017; Flavahan et al., 2013; Geng et al., 2016; Guo et al., 2009,
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Figure 6. Schematic Model of TG/LDs Hydrolysis Mediated by Autophagy, Maintaining GBM Cell Energy
Homeostasis and Survival

(A—C) GBM cells maintain energy homeostasis by utilizing glucose and TG/LDs. Under glucose-rich conditions, GBM cells
mainly use glucose for energy production (A). Upon glucose starvation, autophagy is activated, which breaks down TG/
LDs and releases the stored fatty acids that enter mitochondria for energy production (B). Blocking TG/LDs hydrolysis via
inhibiting autophagy upon glucose reduction conditions will induce dramatic GBM cell death (C).

2011; Vlashietal., 2011). Under nutrient-rich conditions, GBM cells can absorb abundant glucose, which is converted
to fatty acids that are then stored into LDs when in excess. Upon external nutrient paucity, we showed that GBM cells
induced LDs breakdown and TG hydrolysis via autophagy (Figure 6). Autophagy is a critical cellular process that de-
grades protein aggregates and damaged organelles and recycles nutrients by hydrolyzing cytoplasmic compo-
nents, thereby maintaining cellular homeostasis (Klionsky and Emr, 2000; Mizushima and Komatsu, 2011; Mizushima
et al., 2008). Given the importance of autophagy in mediating the turnover of cytoplasmic components, autophagy
has been shown to be one of the cellular defense mechanisms under nutrient stress (Komatsu et al., 2005; Lee et al.,
2014). The first study showing a link between LDs and autophagy was in hepatic cells, which suggested that auto-
phagy played a critical role in LD hydrolysis (Singh et al., 2009). A later study showed that chaperone-mediated auto-
phagy can degrade LD-associated proteins, perilipin 2 (PLIN2) and perilipin 3 (PLIN3), and facilitate LD breakdown in
mice livers upon nutrient shortage (Kaushik and Cuervo, 2015). However, the interaction between LDs and auto-
phagy has not been reported in tumor tissues, and its role in human cancer is unclear. Our data showed that
GBM cells can utilize autophagy to quickly hydrolyze TG/LDs to release fatty acids, demonstrating the importance
of autophagy in maintaining energy homeostasis by hydrolyzing internally stored lipids. Thus, identifying an
approach to block the utilization of LDs-stored fatty acids could be an effective strategy to inhibit GBM growth.

GBM s the most lethal brain tumor and is a very difficult cancer to treat (Omuro and DeAngelis, 2013; Wen and Kesari,
2008), with a median survival of only about 15 months after initial diagnosis despite extensive therapies (Stupp et al.,
2009; Wen and Kesari, 2008). The greatest challenge in treating GBM is the unavoidable resistance to treatments
developed by tumor cells (Bao et al., 2006; Nguyen et al., 2018). The standard therapy for GBM is radiation together
with chemotherapy after surgery (Weller et al.,, 2014). Resistance to these treatments requires tumor cells to quickly
repair their damaged DNA, which consumes large amounts of energy (Aird et al., 2015; Brace et al., 2016). Our data
show that GBM cells can rapidly break down TG/LDs by autophagy for energy production. Given that radiation and
chemotherapies have been shown to induce autophagy in GBM cells (Chaurasia et al., 2016; Classen et al., 2019,
Jiang et al., 2017, 2019), we speculate that TG/LDs via autophagy contribute great amounts of energy to support
GBM resistance to these therapies. Thus, blocking TG/LDs breakdown might increase GBM sensitivity to treatments
and overcome resistance. Further studies are needed that should explore whether combining radiation and chemo-
therapies with blockade of TG/LDs utilization could effectively reduce resistance and suppress GBM growth.

Recent studies have shown that LDs are being formed in various cancers, including breast, prostate, and
clear renal cell carcinoma among others (Accioly et al., 2008; Du et al., 2017; Geng et al., 2016; Mitra
etal., 2017, Pucer et al., 2013; Sevinsky et al., 2018; Sunami et al., 2017). Autophagic release of LDs-stored
fatty acids is highly likely to occur in different cancer types, which may be a common mechanism to support
tumor cell survival upon nutrient reduction. Our study identifying the role of TG/LDs in maintaining energy
homeostasis via autophagy will have a broad impact on cancers other than GBM. Therefore, it will be
important in the future to further explore the role of LDs in different cancers, as targeting TG/LDs hydrolysis
may be an effective means to sensitize tumor cells to therapies in a variety of cancer types.

Limitations of the Study

Our study unveiled the critical bioenergetic role played by TG/LDs in GBM cells and demonstrated that auto-
phagy mediates TG/LD hydrolysis, also named lipophagy, to release their stored fatty acids for energy
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production. Nevertheless, the study was mainly performed in vitro in GBM cell lines, although multiple cell lines
were examined. Future research needs to include in vivo studies to validate the bioenergetic role of TG/LDs in
GBM and to demonstrate autophagic hydrolysis of TG/LDs in tumor tissues. In addition, how the autophagy ma-
chinery can specifically recognize and target LDs to hydrolyze TG remains unknown. Certainly, further research is
needed to fully uncover the function and regulation of TG/LDs in human cancers.
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Supplemental Information

Transparent Methods

GBM patient samples

Autopsy and biopsy samples from GBM patients were obtained from the Department of Pathology
of The Ohio State University (OSU) and University of California at Los Angeles (UCLA) Medical
Center, respectively. GBM biopsies were fixed with 4% paraformaldehyde for 24 hr. One half of
the biopsy was embedded in paraffin and the other half was incubated with 30% sucrose for 24 hr
and further embedded in tissue-plus optimal cutting temperature (O.C.T.) compound (Cat#
23730571, Fisher). Cryosections derived from the latter were stained with BODIPY 493/503 (Cat#
D-3922; Life Technologies, Grand Island, NY). The use of tissues from GBM patients was

approved by the OSU and UCLA Institutional Human Care and Use Committees.

Cell lines

U87, T98, U251 GBM cell lines were cultured in Dulbecco’s Modified Eagle’s Media (DMEM,
Cat# 15-013-CV, Corning Incorporated) supplemented with 5% FBS (Cat# SH3007103, Hyclone,
GE Healthcare) in a humidified atmosphere of 5% C02/95% air at 37°C. For the glucose
withdrawal experiments, cells were washed once with 1x PBS and then placed into fresh DMEM
medium containing 5% dialyzed FBS (Cat# 26400044, Gibco) with or without 25 mM glucose.
Human astrocyte cells were maintained in Geltrex® matrix (#A1413202, Life Technologies)

coated plates with DMEM supplemented with 1% of N-2 (#17502 - 048, Life Technologies) and
10% of One Shot™ format FBS (#16000 - 077, Life Technologies) at 37°C in a humidified

atmosphere of 5% CO2. GBM patient-derived cells, GBMS83, were cultured in neurobasal medium



supplemented with B-27 serum-free supplements (1x), heparin (2 mg/ml), EGF (50 ng/ml), and

fibroblast growth factor (FGF, 50 ng/ml) (Ru et al., 2016).

Intracranial mouse model

Female athymic nude mice (6—8 weeks) obtained from OSU Target Validation Shared Resource
were used to generate intracranial xenograft models. Cells (1x10° cells in 4 pl of PBS) were
stereotactically implanted into mouse brains. Mice were observed every day and were sacrificed
when they became moribund. All animal procedures were approved by the Subcommittee on

Research Animal Care at Ohio State University Medical Center.

Thin-layer chromatography for lipids

TLC analysis for lipids was performed as previously described (Guo et al., 2009). Total cellular
lipids were extracted by scraping cells from 10 cm culture dishes (10° cells) or by dissociating
frozen tissues (4 mg) into 2 mL of PBS-containing protease inhibitor and 1 mM
phenylmethylsulfonyl fluoride and adding 4 ml chloroform/methanol (2:1, v/v) containing 0.01%
butylate hydroxytoluene (Sigma). The solution was vortexed and centrifuged at 1500xg for 5 min.
The organic phase was collected, and 2.5 ml of chloroform was added to the remaining aqueous
phase, vortexed, and centrifuged at 1500 x g for 5 min. The organic phase was mixed with the
previous extraction. TLC was performed by spotting the cellular lipid extracts from 4 mg tissues
or 10° cells. TG standard (Cat#10010509-1, Cayman Chemical) on a 5 cm x 10 cm silica gel
aluminum sheet (Cat# 1168350001, EMD Chemicals) that was developed with hexane/diethyl
ether/acetic acid (80:20:2, v/v/v). Lipids were visualized with iodine vapor and results recorded

with a digital camera.

Western blotting analysis



Cultured cells were lysed and homogenized in RIPA buffer (Cat# NC9484499, Fisher Scientific)
containing a phosphatase inhibitor (Cat# 04906845001, Roche), a protease inhibitor cocktail (Cat#
11836170001, Roche) and 1 mmol/L phenylmethanesulfonyl fluoride. Equal amounts of protein
extracts were separated by 12% SDS-PAGE and then transferred to nitrocellulose (Cat# 162-0112,
Biorad) or to PVDF membranes (Cat# 10600100, GE Healthcare) for LC3 detection. Membranes
were blocked in Tris-buffered saline containing 0.01% Tween and 5% nonfat milk for 1 hr and
then probed with the indicated primary antibodies, followed by the appropriate secondary
antibodies (Cat #7074 or #7076; Cell Signaling) conjugated to horseradish peroxidase. The
immunoreactivity was examined using the ECL kit (Cat# RPN2106, GE Healthcare). Antibodies
to LC3 (Cat# 4108) and ATGS (Cat# 8540) were purchased from Cell Signaling. Antibody to
CPTI1A (Cat# ab128568) was purchased from Abcam. Antibody to B-actin (Cat# A1978) was

purchased from Sigma.

Cell proliferation assay

Cells (4x10%) were seeded in 12-well plates and cultured overnight. Cells were washed once with
Ix PBS and then placed into fresh DMEM medium supplemented with 5% dialyzed FBS (Cat#
26400044, Gibco) in the absence or presence of glucose (25 mM). Cell number was counted with
a hemocytomer and cell death was determined by Trypan blue exclusion (Cat# 15250-061; Life

Technologies).

Lentiviral transduction

Lentivirus vector containing ATGS5 shRNA (TRCN0000330394, TRCN0000330392), CPT1A
shRNA (TRCNO0000036279, TRCN0000036282) and the non-mammalian shRNA control
(SHC002) were purchased from Sigma. The 293FT cells were transfected with shRNA vector and

packaging plasmids pCMV-R8.74psPAX2 and the envelope plasmid pMD2.G using



polyethylenimine (Cat# 23966, Polysciences). The supernatants were collected at 48 hr and
concentrated using the Lenti-X Concentrator (Cat# 631232, Clontech) according to the
manufacturer’s protocol. Lentiviral transduction was performed according to Sigma MISSION

protocol with polybrene (8 pg/mL; Cat# H9268, Sigma).

Lipid droplet staining and quantification

LDs were stained by incubating cells with 0.5 uM BODIPY 493/503 (Cat# D-3922, Life
Technologies) or 0.1 uM Nile red (Cat# N1142, Life Technologies) for 30 min and visualized by
confocal microscopy (Carl Zeiss LSM 510 Meta, 63x/1.4 NA oil, 1 uM wide z-stack). LDs were
also detected by immunofluorescence staining with TIP47 (Cat# ab47638, Abcam). The nucleus
was stained with the DAPI-containing antifade mounting reagent (Cat #P36935, Life Technologies)
for tissues or fixed cells. Live cells were stained with Hoechst 33342 (5 pg/mL, 30 min) (Cat#
H3570, Life Technologies) for nucleus observation. Live cells were stained with Lysotracker (Cat#
L7528, Life Technologies) and Mitotracker (Cat# M2245, Life Technologies) for lysosome and
mitochondrial observation, respectively. Thirty cells in each group were analyzed and particle

numbers were quantified with the ImageJ software (NIH) in 3D stacks.

Immunofluorescence microscopy

Cells were seeded and cultured on glass coverslips. Cells were washed twice with 1x PBS and
fixed with 4% paraformaldehyde/0.025% glutaraldehyde for 10 min followed by 5 min
permeabilization with 0.1% Triton X-100. After blocking in 5% BSA for 10 min, cells were
incubated with the primary antibody overnight at 4°C, and then incubated with Alexa Fluor 488
goat anti-rabbit IgG (Cat# A-11034, Invitrogen) or Alexa Fluor 568 goat anti-rabbit IgG (Cat# A-
11036, Invitrogen) for 30 min at 37°C. Cells were then incubated with 0.5 pM BODIPY 493/503

for 30 min to stain lipid droplets. Coverslips were mounted with the antifade reagent containing



DAPI (Cat# P36935, Life Technologies) and visualized by confocal microscopy. Antibody to LC3
(Cat# 4108) was purchased from Cell Signaling, and antibody to LAMP1 (Cat# ab25630) was

purchased from Abcam.

Transmission electronic microscopy (TEM)

Tumor tissues from GBM patients were first fixed in 2.5% glutaraldehyde/0.1 M phosphate (pH
7.4) for 10 min, and then cut into pieces less than 1 mm?, followed by fixation in 2.5%
glutaraldehyde/0.1M phosphate (pH 7.4) overnight at 4°C. After fixation in 1% osmium
tetroxide/phosphate buffer for 1 hr at room temperature, the tissue pieces were stained with 2%
uranyl acetate/10% ethanol for 1 hr, followed by dehydration in increasing ethanol serial dilutions.
The tissues were finally embedded in Eponate 12 resin. Ultra-thin sections (70 mm) were prepared
on a Leica EM UC6 ultramicrotome and stained with 2% uranyl acetate and Reynold’s lead citrate.
TEM was performed on a FEI Tecnai G2 Spirit TEM at 80kV. Images were captured by an AMT

2 x 2 digital camera. These experiments were performed at the OSU Microscopy Core Facility.

H&E staining

Paraffin tissue sections were deparaffinized in xylene and rehydrated in decreasing ethanol serial
solutions. After washing with dH20, slides were stained with hematoxylin and eosin solutions in
sequence, followed by washing with dH20. Slides were then dehydrated in increasing ethanol

serial dilutions, immersed in xylene and mounted in Permount™ Mounting Medium (Cat# SP15-

100, Fisher Scientific).

Statistical analysis
Statistical analysis was performed in Excel and GraphPad Prism 7. Cell proliferation,
quantification of LDs and TGs, and co-localization were analyzed using the two-tailed t-test as

well as by ANOVA, as appropriate. P < 0.05 was considered statistically significant.
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Figure S1. Glucose withdrawal induces GBM cell death in a time-dependent manner.
Related to Figures 1 and 2.

(A) Representative fluorescence images of different types of cancer cell lines stained with
BODIPY 493/503 (green) and Hoechst 33342 (blue). Scale bar, 10 um. MCF7, breast
adenocarcinoma cell line; HepG2 and Hep3B hepatocellular carcinoma cell lines; A431,
epidermoid carcinoma cell line; HelLa, cervical cancer cell line; BxPC-3, pancreas
adenocarcinoma cell line; Rh18 and Rh30, rhabdomyosarcoma cell lines.

(B) Representative fluorescence images (upper panel) of GBM cells and transformed normal
human astrocytes stained with BODIPY 493/503 (green) and Hoechst 33342 (blue). Scale bar,
10 um. Total lipids were analyzed by TLC (lower panel). FA, fatty acids.

(C) Representative micrograph images of U87, U251 and T98 cells after withdrawal of glucose
for 0 hr, 4 hr, 8 hr and 12 hr. Scale bar, 20 um.
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Figure S2. Genetic inhibition of CPT1A blocks glucose starvation-induced LD hydrolysis,
while significantly enhancing GBM cell death. Related to Figure 3.

(A-C) U251 and T98 cells were transfected with CPT1A shRNA-expressing lentivirus for 24 hr
and then cultured in glucose-free or 25 mM glucose medium for 4 hr. Cell lysates were analyzed
by western blotting to determine CPT1A knockdown effects (A). The presence of lipid droplets
was examined by confocal microscopy after staining with BODIPY 493/503 (green) and Hoechst
33342 (blue) (B). Quantification of LDs/cell (mean + SEM, n = 30) was conducted using ImagelJ.
Cell death was determined by trypan blue staining after 3 hr glucose deprivation (mean + SD, n =
3) (C). Significance was determined by one-way ANOVA. **p < 0.01.
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Figure S3. Glucose starvation induces autophagy to hydrolyze LDs in GBM cells.
Related to Figure 4.

(A) Western blotting analysis of U87 cells in the absence or presence of glucose (25 mM)
and CQ (5 uM) for 8 hr.

(B) Time-lapse imaging shows that glucose starvation induced the mobilization of LDs to
the lysosomes in U87 cells. Cells were stained with BODIPY 493/503 (green) and
LysoTracker (red) after glucose starvation for 7 hr and then observed by confocal
microscopy in 20 sec intervals in a 5% CO, and 37°C chamber. Arrows indicate the
mobilization and colocalization events of LDs and lysosomes.
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Figure S4. Inhibition of autophagy blocks glucose starvation-induced TG/LD hydrolysis, while
significantly increasing GBM cell death. Related to Figure 4.

(A and B) U251 and T98 cells were treated with/without CQ (5 uM) in glucose-free or 25 mM glucose
medium. After 4 hr, cells were stained with BODIPY 493/503 (green) and Hoechst 33342 (blue) and then
observed by confocal microscopy (A). Scale bar: 10 um. Quantification of LDs/cell (mean + SEM, n = 30)
was conducted by examining over 30 cells. Total lipids were analyzed by TLC and relative TG levels were
determined by ImageJ (mean + SD, n = 3) (B).

(C) U251 and T98 cells were cultured in medium with/without palmitic acid (PA, C16:0, 5 uM) and oleic acid
(OA, C18:1, 5 uM) mixtures (1:1) for 24 hr, and then treated with/without CQ (5 pM) in the absence or
presence of glucose (25 mM) for 3 hr to determine cell death by trypan blue staining (mean + SD, n = 3) (C).

(D and E) GBM cells were treated with/without Bafilomycin (100 nM) in glucose-free or 25 mM glucose
medium for 8hr (U87 cells) or 4 hr (U251 and T98 cells). Cells were stained with BODIPY 493/503 (Green)
and Hoechst 33342 (blue) and then observed by confocal microscopy. Scale bar: 10 um. Quantification of
LDs/cell was determined same as in panel A. Cell death was determined by trypan blue staining after 8hr
(U87) or 4 hr (U251 and T98) treatment (E).

(F and G) Representative fluorescence images of GBM patient-derived primary GBMS83 cells stained with
BODIPY 493/503 (green) and anti-LC3 antibody (red) (F), or LysoTracker (red) (G) in the absence or
presence of glucose (5 mM) for 4 hr. The co-localization was quantified by ImageJ (mean + SEM, n = 10
cells).

(H) GBMS3 cells were treated with/without CQ (5 uM) in glucose-free or 5 mM glucose medium. After 12
hr, cells were stained with BODIPY 493/503 (green) and Hoechst 33342 (blue) and then observed by confocal
microscopy. Scale bar: 10 um. LDs/cell were quantified by ImageJ (mean + SEM, n = 30 cells).

Significance was determined by one-way ANOVA. *p <0.05, **p < 0.01, ***p < 0.001.
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