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promote lipophagy

e Liberated cholesterol from LDs maintains cholesterol
homeostasis and GBM survival
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In brief

Geng et al. found that cholesterol
deficiency in brain tumor activates
SREBP-1, which transcriptionally
upregulates the expression of critical
autophagy- and lysosome-related genes.
The upregulation of autophagy mobilizes
cholesterol from cholesterol ester-laden
lipid droplets to the plasma membrane to
maintain cholesterol homeostasis and to
promote tumor growth and survival.
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SUMMARY

Cholesterol is a structural component of cell membranes. How rapidly growing tumor cells maintain mem-
brane cholesterol homeostasis is poorly understood. Here, we found that glioblastoma (GBM), the most lethal
brain tumor, maintains normal levels of membrane cholesterol but with an abundant presence of cholesteryl
esters (CEs) inits lipid droplets (LDs). Mechanistically, SREBP-1 (sterol regulatory element-binding protein 1),
a master transcription factor that is activated upon cholesterol depletion, upregulates critical autophagic
genes, including ATG9B, ATG4A, and LC3B, as well as lysosome cholesterol transporter NPC2. This upregu-
lation promotes LD lipophagy, resulting in the hydrolysis of CEs and the liberation of cholesterol from the ly-
sosomes, thus maintaining plasma membrane cholesterol homeostasis. When this pathway is blocked, GBM
cells become quite sensitive to cholesterol deficiency with poor growth in vitro. Our study unravels an
SREBP-1-autophagy-LD-CE hydrolysis pathway that plays an important role in maintaining membrane

cholesterol homeostasis while providing a potential therapeutic avenue for GBM.

INTRODUCTION

Cells need adequate lipids to produce membranes in order to
maintain their viability and growth.® Cholesterol acts as an
essential structural component of membrane lipids, playing a
critical role in the regulation of membrane integrity and function.”
Cholesterol in the plasma membrane corresponds to ~70% of
the total cellular cholesterol levels and accounts for 30%-40%
of total plasma membrane lipids.”~'° Cancer cells undergo rapid
cell growth, and thus sustaining proper membrane cholesterol
levels represents a significant challenge for their viability but
also represents a potential leverage point for anti-tumor
therapy.®"

Mammalian cells obtain cholesterol through uptake and de
novo synthesis.” Both pathways are regulated by a family of tran-
scription factors —the sterol regulatory element-binding proteins
(SREBPs)—that occur as three isoforms, namely SREBP-1a,
-1c, and -2.>'%"® SREBP activation is negatively regulated by
cholesterol.”®"'* But whether SREBPs also play other important
roles in addition to regulating lipogenesis remains elusive.

uuuuu

Under physiological conditions, cholesterol is transported by
low-density lipoprotein (LDL), which circulates in the blood-
stream and delivers cholesterol to different organs and tissues
via binding to the transmembrane LDL receptor (LDLR)."® LDL
is hydrolyzed in the lysosomes to release its associated choles-
terol moiety by Niemann Pick disease type C proteins, NPC1 and
NPC2, to maintain cellular membrane cholesterol levels.'® Our
recent study demonstrated that glioblastoma (GBM), the most
lethal primary brain tumor,'”~'® is notably dependent on uptake
to obtain sufficient cholesterol for its rapid growth.>**' Howev-
er, in tumor tissues, cancer cells reside in a fluctuating nutrient
microenvironment.?>>® How cancer cells maintain adequate
cholesterol levels upon the challenge of extracellular cholesterol
deficiency is unknown.

Cholesterol occurs in either an un-esterified or esterified form.
Esterified cholesterol, or cholesteryl esters (CEs), is stored in
lipid droplets (LDs), along with excess fatty acids, which are
stored as triglycerides (TGs).° TG-laden LDs have been demon-
strated to be a cellular energy reservoir.”>" Our recent studies
have shown that LDs are largely present in GBM cells, ' >:28730

Cell Reports 42, 112790, July 25, 2023 © 2023 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:deliang.guo@osumc.edu
https://doi.org/10.1016/j.celrep.2023.112790
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112790&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

and they have also been observed in the tumor cells of colon
cancer, clear-cell renal carcinoma, and prostate cancer.®'~=*
However, the function of LD-stored CEs has rarely been studied.

In this study, by examining clinical GBM specimens and their
cells, we found that the LD-stored CEs are hydrolyzed by lipoph-
agy to sustain membrane cholesterol homeostasis when exoge-
nous cholesterol levels are low. We identified that cholesterol
deficiency activates SREBP-1, which upregulates the expres-
sion of the critical autophagic genes ATG4A, ATG9B, and
LC3B, as well as the lysosome cholesterol transporter NPC2,
to promote lipophagy and cholesterol release from the lyso-
somes. We further showed that inhibiting lipophagy can antago-
nize GBM growth in vitro.

RESULTS

Esterified cholesterol, not free cholesterol, is abundant
in GBM tissues vs. healthy brain tissues

Recent studies have shown that cancer cell lipid metabolism is
altered compared with healthy cells,>?°** but differences in
the distribution of cholesterol between tumor cells and those of
healthy tissues has rarely been reported. To explore this issue,
we firstly examined cholesterol and CE levels in 11 paired
GBM tumor vs. contralateral healthy brain tissues from patient
autopsy samples (Figure 1A, top panel). We did not find an
appreciable difference in free cholesterol levels between tumor
and healthy tissues, but there was a marked prevalence of LDs
and CE levels in the GBM tumor tissues but not in the healthy tis-
sue (Figure 1A, middle and bottom panels). We further analyzed
15 GBM tumors vs. unpaired healthy brain tissues from other in-
dividuals without cancer. As with the paired samples (Figure 1A),
there was no significant difference in the free cholesterol levels
between the unpaired tumor and healthy brain tissues (Fig-
ure S1A), while CEs and LDs were only detected in the GBM tu-
mor tissues (Figure S1A). We also examined a human primary
GBM30 cell-derived orthotopic tumor model.?® The pattern for
cholesterol and CE/LD distribution between tumor and healthy
brain tissues was like that observed in the samples from patients
with GBM (Figure S1B).

We next used transmission electron microscopy (TEM) to
closely examine LDs in human GBM tumor tissues. Intriguingly,
in addition to the prevalence of LDs in the cytosol of tumor cells,
we observed that the LDs were enclosed by double-membrane
vesicles, a feature of autophagosomes (Figures 1B and S1C,
green arrow). We also observed LDs in the lysosomes
(Figures 1C and S1D, red arrow). We co-stained LDs with the
autophagic marker LC3 and the lysosomal-associated mem-
brane protein 1 (LAMP1) by immunostaining, respectively.
Consistent with the TEM results, confocal fluorescence imag-
ing showed that LDs (stained with BODIPY 493/503) were co-
stained with LC3-formed puncta (Figure S1E) and LAMP1-
stained lysosomes (Figure S1F), suggesting the presence of
lipophagy in these cells.

Cholesterol depletion induces autophagy to hydrolyze
LD-bound CEs in GBM cells

We next explored the conditions that trigger lipophagy in GBM
cells. We first examined the effects on the LDs when extracellular
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cholesterol levels were depleted by culturing GBM cells with
either medium containing cholesterol-deficient, lipoprotein-defi-
cient serum (LPDS)?° or with medium that contains healthy fetal
bovine serum (FBS), which contains abundant cholesterol car-
ried by lipoproteins. By confocal imaging, we found that LDs
were dramatically diminished by 24 h in the LPDS-containing
medium but that LDs remained prevalent in the control cells
cultured with FBS-containing medium (Figures 1D and S1G).
The CE levels were also significantly lower in the GBM cells
cultured in LPDS medium than control cells with FBS culturing
(Figure 1D, bottom panel). Adding cholesterol (5 ng/mL) to the
LPDS medium completely prevented the loss of LDs
(Figure S1G).

We used a GFP-LC3 reporter to examine autophagy. We
found that LPDS culturing (24 h) markedly enhanced GFP-LC3
puncta formation in GBM cells (Figure S2A). We then examined
whether cholesterol depletion increased autophagic flux as
determined by an mRFP-GFP-LC3 reporter.®® Fluorescence im-
aging clearly showed that LPDS culturing significantly enhanced
both mRFP-GFP (yellow, 15.57% =+ 3.07% puncta/cell) and
mRFP (red, 65.47% =+ 9.60% puncta/cell) signals compared
with FBS culturing (3.13% + 1.85% [yellow puncta/cell] and
13.10% =+ 3.72% [red puncta/cell]) (Figure S2B).

Next, we found that ATG5 knockdown by short hairpin RNA
(shRNA) effectively blocked LD and CE hydrolysis in GBM cells
cultured with LPDS serum (24 h) (Figures 1E and S2D). Western
blotting showed that LPDS culturing resulted in greater lipidation
of LC3A/B®*>*° (Figure S2C, bottom band). The lipidated form
of LC3A/B was markedly lower upon ATG5 knockdown (Fig-
ure S2C).

By fluorescence imaging, we further found that LPDS
culturing for 4 h induced the co-localization of LDs (green)
with LC3 (red), whereas FBS culturing did not (Figure 1F). The
co-localization was more clearly observed when lysosomal ac-
tivity was inhibited by chloroquine (CQ) (Figure 1F, yellow color).
By examination of time-lapse images (Figures 1G and S2E) and
live-cell movies (Videos S1 and S2), we found that LDs (green)
clearly mobilized into LysoTracker-stained lysosomes (red),
with their co-localization (yellow) occurring after 4 h of LPDS
culturing. The co-localization was further confirmed by immu-
nostaining of LAMP1 and co-staining LDs with BODIPY 493/
503, and this co-localization was further enhanced by CQ (Fig-
ure S2F). CQ treatment blocked the hydrolysis of LDs and CEs,
leading to their accumulation after LPDS culturing for 24 h
(Figures 1H and S2G). Further, western blotting showed that
LPDS culturing resulted in greater levels of LC3 lipidation, and
this effect was markedly enhanced upon CQ treatment (Fig-
ure S2H). Moreover, in a GBM xenograft model, tumor tissues
with autophagy blockade by ATG5 knockdown contained
more LDs, and had a smaller tumor volume, compared with
control tumors (Figures S2|-S2K).

Cholesterol depletion activates SREBP-1 to induce
lipophagy for CE hydrolysis

By quantitative real-time PCR analysis, we found that LPDS
culturing was associated with significantly greater expression
of multiple autophagic genes, including ATG4A, ATG9B, LC3A,
LC3B, and ATG13, as well as the lysosome genes NPC1 and
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Figure 1. Cholesterol reduction induces autophagy to hydrolyze LD-bound CEs in GBM cells

(A) Representative images of H&E (top panels) or BODIPY 493/503 (green)/DAPI (blue) staining (middle panels) of paired GBM tumor and healthy brain tissues
from human patient autopsies. Free cholesterol and CE in paired GBM tumor tissues vs. healthy brain tissues from patient autopsies (n = 11) were determined by
cholesterol measuring kit (mean + SD) (bottom panels). Statistical significance was analyzed by an unpaired Student’s t test. N.S, not significant. Scale bars,
10 pm in fluorescence images and 50 um in H&E images.

(B and C) Representative transmission electron microscopy (TEM) images of tumor tissues from GBM patient biopsies. Green arrows indicate the double-
membrane vesicle that engulfs LDs (B); red arrow shows that LD is entrapped in the lysosome (LY) (C). Scale bars, 500 nm.

(D) Representative confocal images of BODIPY 493/503 (green) staining in live U251 cells cultured in 5% FBS or 5% LPDS media for 0 or 24 h (top panels). Nuclei
were stained with Hoechst 33342 (blue). LDs were quantified by ImagedJ software from 30 cells (mean + SD), and CEs were determined by a cholesterol/CE
measuring kit (mean + SD) (bottom panels). Statistical significance was analyzed by an unpaired Student’s t test.

(E) Representative confocal images of BODIPY 493/503 (green) staining in live U251 cells with shATG5 vs. shRNA control cells cultured in 5% FBS or 5% LPDS for
24 h (left panels). LDs and CE were determined as above.

(F and G) Representative confocal images of co-staining of BODIPY 493/503 (green)/LC3 (red) (F) and BODIPY 493/503 (green)/LysoTracker (red, staining the
LYs) (G) in U251 cells cultured in 5% FBS or 5% LPDS media in the absence or presence of CQ (5 uM) for 4 h. The co-localization (yellow) of BODIPY-stained LDs
with LC3-stained puncta (F) or lysotracker-stained LYs (G) was quantified by Imaged software from 30 cells (mean + SD).

(H) Representative confocal images of BODIPY 493/503 (green) staining in live U251 cells cultured in 5% LPDS media in the absence or presence of CQ (5 uM) for
0 and 24 h (top panels).

Statistical significance for (E)-(H) was analyzed by one-way ANOVA. Scale bar, 10 um for (D)—(H).

Please also see Figures S1 and S2 and Videos S1 and S2.

NPC2, along with greater expression of lipogenic genes, culturing was associated with greater protein levels of ATG4A,
including SREBP-1a, -1c, and -2, FASN, SCD1, LDLR, HMGCR, LC3A/B (lipidation form, bottom band), and NPC2, but not
and HMGCS1, compared with culturing with FBS-containing ATG4B, in a time-dependent manner, along with higher levels
medium (Figure 2A). Western blotting validated that LPDS of N-terminal SREBP-1 and -2 fragments and the lipogenic
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Figure 2. Cholesterol depletion activates SREBP-1 to induce lipophagy for CE hydrolysis
(A) Real-time PCR analysis of mMRNA expression (mean + SD) of autophagy-related genes (left panel) and lipid-related genes (right panel) in U251 cells cultured in
5% FBS or 5% LPDS for 24 h. Statistical significance was analyzed by an unpaired Student’s t test. N.S, not significant.

(B) A representative western blot of U251 cells cultured in 5% LPDS at indicated time course.
(C) A representative western blot of U251 cells cultured in 5% LPDS vs. control 5% FBS labeled by minus symbol (—) in the absence or presence of supplemental

cholesterol (5 pg/mL) for 40 h.

BODIPY-cholesterol/Hoechst 33342

(D) A representative western blot of U251 cells cultured in 5% LPDS in the absence or presence of SREBP inhibitor fatostatin for 40 h.

(E) A representative western blot of U251 cells with shRNA silencing of SREBP-1 and -2 compared with shRNA control cells cultured in 5% FBS (—) or 5% LPDS
(+) for 40 h. P, precursor; N, N-terminal active form of SREBPs.
(F and G) Schematic diagram illustrating the paradigm (F) to visualize the dynamic changes of BODIPY-cholesterol-labeled LDs in LPDS culturing (F). Repre-
sentative confocal imaging of BODIPY-cholesterol-labeled LDs (green) in U251 cells with shSREBP-1 vs. shRNA control cells cultured in 5% LPDS for 0 and 24 h
(G). Nuclei were stained with Hoechst 33342 (blue). Scale bar, 10 um.

Please also see Figures S2 and S3.
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enzymes fatty acid synthase (FASN) and acetyl-CoA carbox-
ylase (ACC) (Figure 2B), which reflect the activation of SREBP
transcriptional function.' 2837

By western blotting, we found that addition of cholesterol
completely suppressed LPDS-induced ATG4A, LC3A/B (lipida-
tion, bottom band), and NPC2 protein levels, without an effect
on ATG4B expression, and this was accompanied by the sup-
pression of SREBP-1 and -2 cleavage and downregulation of
the lipogenic enzymes FASN and ACC (Figure 2C). We further
used the SREBP inhibitor fatostatin (Fato) to treat GBM cells.
By western blotting, we found that along with a striking suppres-
sion of SREBP-1 activation, ATG4A, LC3A/B, and NPC2 levels
were lower compared with untreated controls (Figures 2D and
S3A). Consistent with these results, genetic knockdown of
SREBP-1 via lentivirus-mediated shRNA resulted in lower
ATG4A, LC3A/B, and NPC2 protein levels, particularly under
the LPDS culturing condition, compared with control cells (Fig-
ure 2E). In contrast, knockdown of SREBP-2 only resulted in
slightly lower ATG4A, LC3A/B, and NPC2 levels in the LPDS con-
dition, accompanied by a slight reduction of the active N-termi-
nal cleavage band of SREBP-1 (N) but not the full length of pre-
cursor SREBP-1 (P), compared with shControl (shCtrl) cells in the
same condition. In contrast, knockdown of both SREBP-1 and -2
showed the strongest effect on autophagic proteins (Figure 2E).
These data suggest that SREBP-1 plays a major role in the regu-
lation of autophagic and lysosome gene expression in GBM
cells.

Next, we used BODIPY-labeled cholesterol to form fluores-
cent-labeled, LD-associated CE (Figure S3B)."%*® We
confirmed it by co-staining with TIP47, a specific LD membrane
protein.?® Fluorescence imaging showed that TIP47 bound to
all BODIPY-cholesterol-formed droplets (Figure S3C). We
then tracked their hydrolysis after culturing GBM cells in
LPDS media with or without SREBP-1 knockdown via shRNA
(Figures 2F and 2G). We found that BODIPY-cholesterol-
labeled LDs remained largely retained in SREBP-1 knockdown
cells, while LDs were markedly diminished in control cells trans-
fected with scramble shRNA (Figure 2G). Moreover, the co-
localization (yellow) between BODIPY-cholesterol-formed LDs
(green) and LC3-positive puncta (red) were dramatically lower
in ATG5 and SREBP-1 knockdown cells compared with control
cells (Figure S3D).
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SREBP-1 transcriptionally activates autophagic and
lysosome gene expression to promote autophagy-
mediated CE hydrolysis

We next examined whether SREBP-1 acts via direct transcrip-
tional regulation to promote autophagic gene expression. To
test this possibility, we used an adenovirus vector to express
active N-terminal SREBP-1a, -1c, or -2 isoforms in GBM cells
cultured with FBS-containing medium (Figure S4A).%° By quanti-
tative real-time PCR analysis, we found that active N-terminal
SREBP-1a is the strongest isoform to stimulate ATG4A,
ATG9B, LC3B, and NPC2 gene expression, and SREBP-2
showed less activation on these gene expressions (Figure 3A).
Consistent with these gene expression results, ATG4A, LC3B,
and NPC2 protein levels were strongly elevated by expression
of the N-terminal SREBP-1 isoforms, while the SREBP-2 isoform
only showed a slight effect on the expression of these proteins
(Figure 3B).

We then analyzed ATG4A, LC3B, ATG9B, and NPC2 gene
promoters by using the online JASPAR resource® and found
multiple putative SREBP-1 transcriptional binding sites (i.e., ste-
rol regulatory elements [SRES])) in these promoters (Figures 3C-
3F, top panels). We conducted chromatin immunoprecipitation
(ChIP) assays by using anti-SREBP-1 antibody, followed by
gPCR analysis to validate SREBP-1 binding on the putative
SREs. We found that SREBP-1 bound to the predicted SRE sites
located in the promoters of all these genes (Figures 3C-3F, mid-
dle panels). We further examined the transcriptional activity of
SREBP-1 in these gene promoters by using a pGL3-luciferase
(PGL3-luc) reporter assay. We cloned these gene promoters
into a pGL3-luc vector (pGL3-ATG4A-luc, -LC3B-luc, -ATG9B-
luc, and -NPC2-luc) containing SREs. We found that SREBP-
1a had the strongest effect on these gene promoters, while
SREBP-1c had modest effects, compared with control cells
transfected with pcDNA3.1 vector (Ad-null), and the promoter
activity was minimally stimulated upon SREBP-2 expression
(Figures 3C-3F, bottom panels).

We further examined whether expression of N-terminal
SREBP-1 isoforms promoted BODIPY-cholesterol-labeled, LD-
bound CE hydrolysis (Figure 3G). By fluorescent imaging, we
found that both N-terminal SREBP-1a and -1c isoform expres-
sions promoted a marked co-localization of BODIPY-choles-
terol-labeled LDs with the LysoTracker-stained lysosomes in

Figure 3. SREBP-1 transcriptionally activates autophagic gene expression to promote autophagy-mediated CE hydrolysis

(A) Real-time PCR analysis of mRNA expression (mean + SD) of autophagy-related genes in U251 cells with overexpression of the active N-terminal SREBP-1a
(Ad-nSREBP-1a), -1c (Ad-nSREBP-1c¢), or -2 (Ad-nSREBP-2) or Ad-null via adenovirus-mediated vector cultured in 5% FBS medium for 48 h. Statistical sig-
nificance was analyzed by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

(B) Representative western blots of U251, T98, U87, and GBM30 cells with overexpression of active N-terminal SREBP-1a, -1c, and -2 via adenovirus-mediated
vector cultured in 5% FBS for 48 h.

(C—F) Top panels (scheme) show the putative SREBP-1-binding sites (SREs) and negative binding site (NS) on ATG4A (C), ATG9B (D), LC3B (E), and NPC2
(F) gene promoters. Middle panels show ChIP-PCR analysis of SREBP-1 binding to SREs and NS motifs located in respective gene promoters in U251 or primary
GBM30 cells. Statistical significance was analyzed by two-way ANOVA. ***p < 0.0001. N.S., not significant. Bottom panels show promoter reporter luciferase
(luc) activity for respective gene promoters containing SREs shown in the diagrams (top panels) cloned in the pGL3-luc basic vector that were transfected into
U251 or primary GBM30 cells together with Renilla and infected with adenoviruses expressing N-terminal SREBP-1a (Ad-1a N), -1c (Ad-1c N), or -2 (Ad-2 N) or
control (Ad-null) virus for 24 h (mean + SD). Statistical significance was analyzed by one-way ANOVA. N.S., not significant.

(G-1) lllustration of the paradigm (G) to visualize the dynamic changes of BODIPY-cholesterol-formed LDs in U251 (H), U251-shCtrl, or shATG5 stable cells (l) with
overexpression of N-terminal SREBP-1a (Ad-nSREBP-1a) or -1c (Ad-nSREBP-1c¢) or Ad-null via adenovirus-mediated vector cultured in 5% FBS for indicated
time. Nuclei were stained with Hoechst 33342 (blue). Scale bars, 10 pm.

Please also see Figure S4 and Videos S3 and S4.
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Figure 4. Free cholesterol liberated from CE hydrolysis traffics to the plasma membrane to maintain cholesterol homeostasis and GBM
survival

(A and B) Schematic diagram illustrating the paradigm (A) to visualize BODIPY-cholesterol-labeled plasma membrane and LDs (green) in U87 cells with shRNA
silencing of ATG5 compared with shRNA control cells (B) cultured with BODIPY-cholesterol (20 ug/mL) in serum-free media for 24 h (a and d); these cells were
then replaced with fresh serum-free media and treated with MBCD (4 mM) for 20 min (b and e), followed by replacing with fresh serum-free media for 2 h (c and f).
Scale bars, 10 um. BODIPY-cholesterol level in the plasma membrane in each condition was quantified by ImagedJ software from over 30 cells and normalized
with shCtrl or shATG5 cells prior to MBCD treatment (mean + SD) (right panel). The number of BODIPY-cholesterol-formed LDs was quantified by ImageJ
software from over 30 cells (mean + SD) (right panel). Scale bars, 10 um.

(C) The plasma membrane cholesterol in U251-shATG5 stable cells cultured in 5% LPDS media for 24 h was measured by staining with filipin and observed by
fluorescent microscopy (top panel). The intensity of filipin staining on plasma membrane from 50 cells was quantified by Imaged software (mean + SD, bottom
panel). Scale bar, 10 um.

(D) Labeling of plasma membrane cholesterol by GST-mCherry-D4H probe for 2 h in 37°C (red) in U251- shCtrl and -shATG5 cells after culturing in 5% LPDS for
24 h. Lipid droplets were co-stained with BODIPY 493/503 (5 uM) (green), and nuclei were stained with DAPI (blue). Scale bar, 10 um.

(E) Biochemical measurement of plasma membrane cholesterol level in U251-shCtrl and -shATGS5 cells cultured in 5% LPDS for 24 h.

(legend continued on next page)

Cell Reports 42, 112790, July 25, 2023 7




¢ CellPress

OPEN ACCESS

GBM cells at 12 h of culturing, but they resulted in the almost
complete diminishment of the LDs after 24 h of expression
(Figures 3G and 3H). Consistently, by using a U251-RFP-LC3
stable expression cell line, time-lapse imaging (Figure S4B)
and Videos S3 and S4 showed that N-terminal SREBP-1a
strongly stimulated the co-localization of BODIPY-cholesterol-
formed LDs with RFP-LC3-formed puncta. In contrast, ATG5
knockdown markedly blocked SREBP-1 activation-mediated
hydrolysis of LD-bound CEs in the FBS cultures (Figure 3l).

Free cholesterol liberated from CE hydrolysis traffics to
the plasma membrane to maintain cholesterol
homeostasis and GBM survival

We next used BODIPY-labeled cholesterol to form LD-bound
CEs (Figures 4A and S5A) and then determined whether the
released labeled cholesterol trafficked to the plasma membrane
after autophagy-mediated hydrolysis. We starved U87 cells that
were either knocked down for ATG5 via shRNA or infected with
scramble shRNA for 24 h in FBS-free medium and then cultured
the cells with BODIPY-cholesterol for another 24 h. The plasma
membranes from both shCtrl and shATG5 cells were labeled by
BODIPY-cholesterol (Figures 4B-a, 4B-d, S5B-a, and S5B-f,
please see amplified boxes), along with many LD-bound CEs
in both cells (Figures 4B and S5A). The cells were then placed
in fresh serum-free medium without BODIPY-cholesterol and
treated with methyl-beta-cyclodextrin (MBCD) (4 mM, 20 min)
(please see Figure 4A), a cyclic heptasaccharide that directly ex-
tracts cholesterol from the plasma membrane.*' By confocal im-
aging, we found that BODIPY-cholesterol in the plasma mem-
brane of both cells (shCtrl and shATG5 cells) was quickly
removed and reduced to 13.5% + 7.1% and 14.6% + 7.3% of
the BODIPY-cholesterol level in the plasma membrane prior to
MBCD treatment, respectively (Figures 4B-b, 4B-e, S5B-b, and
S5B-g). MBCD was then removed, the cells were cultured in
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fresh serum-free media for 2 h, and we found that fluorescence
from BODIPY-cholesterol was restored to 35.2% + 15.1% in the
plasma membrane of shCtrl cells, concurrent with a marked
reduction of BODIPY-cholesterol-labeled LDs (Figures 4B-c,
S5B-c, S5B-d, and S5B-€). In contrast, in ATG5 knockdown
cells, BODIPY-cholesterol in the plasma membrane was not
restored, and BODIPY-cholesterol-labeled LDs had no signifi-
cant change (Figures 4B-f, S5B-h, S5B-i, and S5B-)).

Filipin staining, a fluorescent compound that specifically binds
to cholesterol,*? showed that the plasma membrane cholesterol
in ATG5 knockdown cells was significantly lower compared
with scrambled shRNA transfection in LPDS cultures (Figure 4C).
Consistently, by using GST-purified mCherry-labeled choles-
terol-binding protein probe D4H (GST-mCherry-D4H),** we found
that mCherry-D4H mainly bound to the plasma membrane in con-
trol cells (Figure 4D). In contrast, mCherry-D4H failed to bind to
the plasma membrane in ATG5 knockdown cells, where LDs
accumulated due to the blockade of LD hydrolysis by autophagy
inhibition (Figure 4D), demonstrating that cholesterol levels in the
plasma membrane were dramatically reduced upon the inhibition
of lipophagy. This result was further confirmed by using a
biochemical assay to measure plasma membrane cholesterol
levels according to a previous study (Figure S5C),** which
showed that cholesterol levels in the plasma membrane of
ATG5 knockdown cells were significantly reduced in LPDS cul-
tures (Figure 4E). Furthermore, filipin staining, mCherry-D4H
binding, and biochemical measurements all showed that CQ
treatment inhibited autophagy-mediated hydrolysis of LD-bound
CEs, and this was associated with significantly reduced plasma
membrane cholesterol levels in LPDS cultures compared with
control cells without CQ treatment (Figures 4F-4H).

Furthermore, inhibition of LD-bound CE hydrolysis in LDPS
culturing conditions, either via ATG5 knockdown or CQ treat-
ment for 3 days, markedly enhanced GBM cell death compared

(F) The plasma membrane cholesterol in U251 cells cultured in 5% LPDS media in the absence or presence of CQ (5 pM) for 24 h was measured by staining with
filipin and observed by fluorescent microscopy (left panel). The intensity of filipin staining on plasma membrane from 50 cells was quantified by ImagedJ software
(mean + SD, right panel), and statistical significance was analyzed by an unpaired Student’s t test. Scale bar, 10 um.

(G) Labeling of plasma membrane cholesterol by GST-mCherry-D4H (red) in U251 cells after culturing in 5% LPDS in the absence or presence of CQ (5 uM) for 24
h. Lipid droplets were co-stained with BODIPY 493/503 (5 uM) (green), and nuclei were stained with DAPI (blue).

(H) Biochemical measurement of plasma membrane cholesterol level in U251 cells cultured in 5% LPDS media in the absence or presence of CQ (5 uM) for 24 h.
Statistical significance was analyzed by an unpaired Student’s t test.

(I) Cell death percentile of U251 cells with shRNA silencing of ATG5 compared with shCtrl cultured in 5% LPDS in the absence or presence of supplemental
cholesterol (5 pg/mL) for 3 days. Statistical significance was analyzed by two-way ANOVA.

(J) Cell death percentile of U251 cultured in 5% LPDS in the absence or presence of CQ (5 uM) with/without supplemental cholesterol (5 ug/mL) for 3 days.
(K) Representative confocal images of BODIPY 493/503 (green) staining in live U251 cells with shRNA silencing of SOAT1 compared with shCtrl for 24 h and then
split in 35 mm glass-bottom dish cultured in 5% FBS media for 24 h. Nuclei were stained with Hoechst 33342 (blue). Scale bar, 10 um.

(L) The plasma membrane cholesterol in U251 with shRNA silencing of SOAT1 compared with shCtrl cells in 5% FBS for 48 h and then replaced with fresh 5%
LPDS medium for 24 h before staining with filipin and observed by fluorescent microscopy (left panel). The intensity of filipin staining on plasma membrane from 50
cells was quantified by ImagedJ software (mean + SD, right panel). Scale bar, 10 um.

(M) Biochemical measurement of plasma membrane cholesterol level in U251-shSOAT1 vs. control cells (shCtrl) cultured in 5% LPDS for 24 hr.

(N) Cell death percentile of U251 cells with shRNA silencing of SOAT1 compared with shCtrl cultured in 5% LPDS in the absence or presence of supplemental
cholesterol (5 pg/mL) for 3 days.

(O) Schematic model illustrating the role of LD-bound CEs in the maintenance of cholesterol homeostasis and GBM cell growth through autophagy-mediated
hydrolysis. () When the cellular cholesterol level is high, it is converted to CE and stored in LDs. In this condition, the autophagy rate is low and LDs are maintained
at high levels in GBM cells. (i) Under a low LDL/cholesterol microenvironment, SREBP-1 is activated to promote cholesterol biosynthesis, but autophagy is also
induced to hydrolyze LD-bound CEs, releasing the stored cholesterol to contribute to the maintenance of membrane cholesterol homeostasis and tumor survival.
(i) Under a low LDL/cholesterol microenvironment, inhibition of autophagy blocks the hydrolysis of LD-bound CEs, resulting in a marked reduction of membrane
cholesterol levels, leading to GBM cell death.

Statistical significance was analyzed by one-way ANOVA for (A)—(E) and (J)—(N).

Please also see Figures S5 and S6.
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with control cells transfected with scrambled shRNA or without
CQ treatment, while this effect was completely abolished by
the addition of cholesterol (5 pg/mL) to the cell media
(Figures 4l, 44, S5D, and S5E).

We next depleted GBM cells of LD-bound CEs via knockdown
of sterol O-acyltransferase 1 (SOAT1) (Figures 4K, S6A, and
S6B), which controls CE synthesis and LD formation in GBM
cells as demonstrated by our previous study.?®*° Both by fluo-
rescence imaging of filipin staining (Figures 4L and S6C) and
by biochemical assessment (Figure 4M), we found that plasma
membrane cholesterol levels were significantly lower in LD-
bound, CE-depleted cells (shSOAT1) than LD-bound, CE-replete
cells (shCtrl). GBM cells lacking LD-bound CEs (shSOAT1 cells)
were more sensitive to cholesterol restriction, which showed
dramatically increased cell death in LPDS culture than shCirl
cells containing LD-bound CEs (Figures 4N, S6D, and S6E),
and these effects were significantly reduced by the addition of
cholesterol (5 ng/mL) to the media (Figures 4N and S6E).

DISCUSSION

In this study, we identified a pro-survival mechanism whereby
LD-bound CEs serve as an intracellular cholesterol reservoir
that maintains membrane cholesterol levels in GBM cells via
autophagy-mediated hydrolysis when extracellular cholesterol
levels are low (Figure 40). Our autophagy inhibition experiments
help tease apart the contribution of SREBP-induced lipophagy
from SREBP-induced cholesterol synthesis to the maintenance
of membrane cholesterol levels. Importantly, that approach re-
vealed that de novo synthesis is not sufficient to maintain choles-
terol homeostasis when extracellular cholesterol is depleted, but
rather that lipophagy plays a critical role in this process. Our data
suggest that targeting this lipophagic pathway might be prom-
ising for GBM therapy (Figure 40).

Autophagy is an evolutionarily conserved biologic process
that recycles nutrients under starvation or stressful condi-
tions.“®*” By using a ChIP sequencing (ChIP-seq) assay, a pre-
vious study reported that SREBP-2 in mouse hepatocytes regu-
lates the expression of the autophagic genes ATG4B, ATG4D,
and LC3B,"® while they found that SREBP-1 is not at all involved
in the regulation of autophagic gene expression.*®*® In addition,
they reported that there is only an 11% overlap in genes regu-
lated by SREBP-1 and SREBP-2, which are mainly in the lipid
metabolism and apoptosis pathways, while there is an 89% dif-
ference in the gene sets regulated by these two isoforms.*®*°
Moreover, a recent study further excluded SREBP-1 as a stimu-
lator of autophagy, rather showing that SREBP-1c inhibits auto-
phagy by blocking ULK1 (unc-51 like autophagy activating ki-
nase 1) sulfhydration-mediated autophagic flux in the liver of
high-fat diet-fed mice.® In contrast, our current study demon-
strated an opposite function for SREBP-1 compared with these
previous reports. We revealed that SREBP-1 directly activates
the transcriptional activity of the autophagic genes ATG4A,
ATGIB, and LC3B, as well as the critical lysosome cholesterol
transporter NPC2, in GBM cells, while SREBP-2 only plays a mi-
nor role in this process. Our data demonstrate a marked differ-
ence between mouse hepatocytes and human cancer cells
with respect to the regulation of lipophagy between SREBP-1
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and SREBP-2. Moreover, SREBP-1 activation occurs in a variety
of cancer cells, including GBM, breast, pancreatic, colorectal,
ovarian, and liver cancer cells.”' ™7 It is possible that SREBP-
1-regulated autophagic hydrolysis of LD-bound CEs is a com-
mon mechanism used by various cancers to maintain their
cholesterol homeostasis.

Limitation of the study

Our study reveals the role of LD-bound CE hydrolysis in main-
taining plasma membrane cholesterol homeostasis, but it also
brings up further interesting questions that will need to be ad-
dressed, such as general autophagy factors seeming to regulate
selective autophagy and that how this happens is unclear, and
how free cholesterol is transported to the plasma membrane af-
ter autophagic release from the lysosomes, such as by vesicles
or sterol transfer proteins. In addition, it will also be important to
determine whether LD-bound, CE-derived free cholesterol traf-
fics to the membranes of the endoplasmic reticulum, the Golgi,
and the mitochondria to maintain their functions. Furthermore,
there is an intriguing question that should be explored involving
why SREBP-1 activates autophagy in human brain tumor cells
while it inhibits autophagy in the liver of high-fat diet-fed mice,
as reported by others.* Finally, further in vivo testing of whether
targeting this system indeed has a beneficial effect on tumor
burden is required.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-FASN Cell Signaling Cat#3180; RRID:AB_2100796
Rabbit monoclonal anti-ACC Cell Signaling Cat#3676; RRID:AB_2219397
Rabbit monoclonal anti-HA tag Cell Signaling Cat#3724; RRID:AB_1549585
Rabbit polyclonal anti-LC3A/B Cell Signaling Cat#4108

Rabbit monoclonal anti-LC3B Cell Signaling Cat#3868; RRID:AB_2137707
Rabbit monoclonal anti-ATG4A Cell Signaling Cat#7613; RRID:AB_10827645
Rabbit polyclonal anti-ATG4B Cell Signaling Cat#5299; RRID:AB_10622184
Rabbit monoclonal anti-ATG5 Cell Signaling Cat#8540; RRID:AB_10828728

Mouse monoclonal anti-SREBP-1

Rabbit monoclonal anti-NPC1

Mouse monoclonal anti-NPC2

Mouse monoclonal anti-FLAG

Mouse monoclonal anti-B-Actin, clone AC-15
Rabbit monoclonal anti-SREBP-2, clone 22D5
Normal Mouse IgG

Anti-mouse IgG, HRP-linked Antibody
Anti-rabbit IgG, HRP-linked Antibody

Goat anti-Mouse 1gG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 594

Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 568

BD Biosciences

NOVUS Biologicals

Santa Cruz Biotechnology
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling

Cell Signaling

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#557036; RRID:AB_396559
Cat# NBP2-76798

Catt#sc-166321; RRID:AB_2236437
Cat#F3165; RRID:AB_259529
Cat#A1978; RRID:AB_476692
Cat#MABS1988

Cat#NI03-100UG

Cat#7076; RRID:AB_330924
Cat#7074; RRID:AB_2099233
Cat#A-11032; RRID:AB_2534091

Cat#A-11036; RRID:AB_10563566

Bacterial and virus strains

Escherichia coli strain BL21 (DE3)
Adeno-null

Adeno-nSREBP-1a
Adeno-nSREBP-1¢c
Adeno-nSREBP-2

Thermo Fisher Scientific

Ru et al.*?

Ru et al.*”

Ru et al.*?

Ru et al.*?

Cat# FEREC0114
N/A
N/A
N/A
N/A

Biological samples

Human GBM patient samples

Human GBM patient samples

Department of Pathology at
the OSU Medical Center

Department of Pathology at
the UCLA Medical Center

https://pathology.osu.edu/

https://www.uclahealth.org/
departments/pathology

Chemicals, peptides, and recombinant proteins

Filipin

Chloroquine diphosphate salt
Cholesterol-Water Soluble
Paraformaldehyde
Gilutaraldehyde solution

G 418 disulfate salt

Triton™ X-100

Heparin sodium salt from porcine
intestinal mucosa

hEGF
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Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Cat#F9765; CAS: 11078-21-0
Cat#C6628; CAS: 50-63-5
Catt#C4951

Cat#P6148; CAS: 30525-89-4
Cat#G5882; CAS: 111-30-8
Cat#A1720; CAS: 108321-42-2
Cat#T8787; CAS: 9036-19-5
Cat#H3393; CAS: 9041-08-1

Cat# E9644; CAS: 62253-63-8

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Pepstatin A Sigma-Aldrich Cat#P5318; CAS: 26305-03-3
Leupeptin Sigma-Aldrich Cat#L.2884; CAS: 103476-89-7
Phenylmethanesulfonyl fluoride Sigma-Aldrich Cat#P7626; CAS: 329-98-6
Calpain Inhibitor | (ALLN) Sigma-Aldrich Cat#A6185; CAS: 110044-82-1
Cholesterol Oxidase from microorganisms Sigma-Aldrich Cat#C8868; CAS: 9028-76-6
Hexadimethrine bromide (Polybrene) Sigma-Aldrich Cat#H9268; CAS: 28728-55-4
Methyl-B-cyclodextrin Sigma-Aldrich Cat#C455; CAS: 128446-36-6
Recombinant Human FGF R&D Systems Cat#4114-TC

BODIPY 493/503 Invitrogen Cat#D3922; CAS: 194235-40-0

BODIPY-cholesterol (TopFluor Cholesterol)
DTT

Avanti Polar Lipids
Thermo Fisher Scientific

Cat#810255; CAS: 878557-19-8
Cat#R0861; CAS: 3483-12-3

IPTG Solution Thermo Fisher Scientific Cat#R1171; CAS: 367-93-1
lysozyme Thermo Fisher Scientific Cat#89833; CAS: 9001-63-2
GST-mCherry-D4H This paper N/A

Critical commercial assays

Amplex™ Red Cholesterol Assay Kit Invitrogen Cat#A12216

iScript cDNA Synthesis Kit Bio-rad Cat#170-8891

ECL kit Cytiva Amersham Cat#RPN2106

SimpleChIP Plus Enzymatic Chromatin IP Kit Cell Signaling Cat#9005

Experimental models: Cell lines

Human GBM cell: U87 ATCC Cat#ATCC HTB-14

Human GBM cell: U87/EGFRuvIII A kind gift from Dr. Paul Mischel N/A

Human GBM cell: U87/GFP-LC3 This paper N/A

Human GBM cell: T98 ATCC Cat#ATCC CRL-1690
Human GBM cell: U251 Sigma-Aldrich Cat#09063001

Human GBM cell: U251/mRFP-GFP-LC3 This paper N/A

Human GBM cell: U251/RFP-LC3 This paper N/A

Human lung cancer cell: H520 ATCC Cat#ATCC HTB-182
Human lung cancer cell: HCC827 ATCC Cat#ATCC CRL-2868
Human GBM primary cell: GBM30 Geng et al.”® N/A

Human GBM primary cell: GBM83 Geng et al.”® N/A

Experimental models: Organisms/strains

Mouse: Athymic female nude (NCr-nu/nu)

OSU Target Validation Shared Resource

https://u.osu.edu/ccclabs/
shared-resources-and-cores/

Oligonucleotides

Primers, see Table S1 This paper N/A
Recombinant DNA
EGFP-LC3 Addgene Cat#11546
ptfLC3 Addgene Cat#21074
pmRFP-LC3 Addgene Cat#21075
PGEX-KG-D4H*-mCherry Addgene Cat#134604
psPAX2 Addgene Cat#12260
pMD2.G Addgene Cat#12259
pmCherry-D4H A kind gift from Dr. Gregory D. Fairn N/A
(University of Toronto, Canada)
pRL Renilla Luciferase Control Reporter Vectors Promega Cat#E2261
Non-mammalian shRNA control Sigma-Aldrich Cat#SHC002
ATG5 shRNA-1 Sigma-Aldrich Cat#TRCN0000330394

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ATG5 shRNA-2 Sigma-Aldrich Cat#TRCN0000330392

SREBP-1 shRNA-1 Sigma-Aldrich Cat#TRCN0000421299

SREBP-1 shRNA-2 Sigma-Aldrich Cat#TRCN0000422088

SREBP-2 shRNA Sigma-Aldrich Cat#TRCN00000431900

SOAT1 shRNA-1 Sigma-Aldrich Cat#TRCN0000036440

SOAT1 shRNA-2 Sigma-Aldrich Cat#TRCN0000234512

Software and algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/
scientific-software/prism/

ImagedJ ImagedJ https://imagej.net/Downloads

ZEN 2 (blue edition) Zeiss https://www.zeiss.com/microscopy/
us/downloads.html

Microsoft Excel Microsoft https://www.microsoft.com/en-us/
microsoft-365/excel

Other

X-tremeGENE™ HP DNA Transfection Reagent Sigma-Aldrich Cat#6366236001

Lipoprotein Deficient Serum from fetal calf Sigma-Aldrich Cat#S5394

cOmpIeteTM, Mini, EDTA-free Protease Sigma-Aldrich Cat#11836170001

Inhibitor Cocktail

PhosSTOP™ Sigma-Aldrich Cat#4906845001

Microcon-30kDa Centrifugal Filter Unit Sigma-Aldrich Cat#MRCFOR030

with Ultracel-30 membrane

X-tremeGENE™ HP DNA Transfection Reagent Sigma-Aldrich Cat#6366236001

Lipofectamine™ RNAIMAX Transfection Reagent Invitrogen Cat#13778150

ProLong™ Gold Antifade Mountant Invitrogen Cat#P36935

with DNA Stain DAPI

TRIzol™ Reagent Invitrogen Cat#15596018

Scigen Tissue-Plus™ O.C.T. Compound Thermo Fisher Scientific Cat#23-730-571

RIPA buffer Thermo Fisher Scientific Cat#NC9484499

Dulbecco’s modified Eagle’s media Corning Cat#15-013-CV

RPMI-1640 Corning Cat#15-040-CV

DMEM/F12 50/50 Corning Cat#90-090-PB

Fetal Bovine Serum (FBS) Cytiva HyClone Cat#SH3007103

Glutathione Sepharose™ 4B Media Cytiva Cat#17075601

L-glutamine Gibco Cat#25030164

Geltrex™ LDEV-Free, hESC-Qualified, Reduced Gibco Cat# A1413301

Growth Factor Basement Membrane Matrix

B-27™ Supplement (50X), minus vitamin A Gibco Cat#12587010

Trypan Blue Solution, 0.4% Gibco Cat#15250061

Nitrocellulose membrane Bio-rad Cat#1620112

PowerUp™ SYBR™ Green Master Mix Applied Biosystems Cat#A25778

Bright-Glo™ Luciferase Assay System Promega Cat#E2610

Renilla-Glo™ Luciferase Assay System Promega Cat#E2710

Lenti-X Concentrator Clontech Cat#631231

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Deliang Guo

(deliang.guo@osumc.edu).
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Materials availability
All plasmids and cell lines generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
o All the data reported in this paper are available from the lead contact upon request. This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tissues from human participant

All patient samples used in this study are de-identified. Biopsies from individuals were obtained from the Department of Pathology at
the Ohio State University Medical Center after surgery and were fixed in 4% paraformaldehyde for 24 h. One-half of the biopsy tissue
was embedded in paraffin and the other half was incubated with 30% sucrose for 24 h and embedded in Tissue-Plus O.C.T. (optimal
cutting temperature) compound (Fisher Scientific). Cryosections derived from the latter were stained by BODIPY 493/503 (Invitro-
gen). Autopsy tissues from individuals were obtained from the Department of Pathology at the UCLA Medical Center and were frozen
at —80°C immediately after excision. The study on tissues from individuals was approved by the Ohio State University Institutional
Human Care and Use Committee.

Xenograft mouse model

Female athymic nude mice (6-8 weeks of age) obtained from the OSU Target Validation Shared Resource (TVSR) and acclimatized
for 1-2 weeks were used to generate xenograft models. GBM30 cells (1 x10° were implanted into mouse brain. Mice were sacrificed
18 days after implantation and the brain was removed for lipid droplet staining as described for GBM patient tissues or used for CE
analysis. For subcutaneous xenograft model, U87/EGFRuvlIl/shcontrol and U87/EGFRVIII/ShATG5 cells (1x108) were implanted into
mouse flank. Mice were sacrificed when tumors grew to the limitation on day 22, and tumors were collected and embedded in OCT.
Mice were housed 5 per cage in a conventional barrier facility with free access to water and food on a 12 h light/12 h dark cycle at
22°C and a relative humidity of 25%. Mice health status was monitored by following the protocols. All animal procedures were
approved by the Subcommittee on Research Animal Care at the Ohio State University Medical Center.

Cell lines

Human GBM cell lines, U87, U87/EGFRVIII, T98 and U251, were cultured in Dulbecco’s modified Eagle’s media (DMEM) supple-
mented with 5% FBS (Cytiva HyClone) and 2 mM L-glutamine (Gibco) in a humidified atmosphere of 5% CO2 and 95% air at
37°C. Human lung cancer cell lines, H520 and HCC827, were cultured in RPMI-1640 media (Corning) supplemented with 5% FBS
(Cytiva HyClone) and 2 mM L-glutamine (Gibco) in a humidified atmosphere of 5% CO2 and 95% air at 37°C. U87/GFP-LC3,
U251/mRFP-GFP-LC3 and U251/RFP-LC3 cells were generated by transfection of EGFP-LC3 (Addgene),”® ptfLC3 (MRFP-GFP-
LC3) plasmid (Addgene)®® or pmRFP-LC3 plasmid (Addgene)®® into U87 or U251 cells followed by G418 (200 ng/mL) selection for
14 days to obtain stable clones.”® GBM30 and GBM83, primary GBM patient-derived cells, have been previously described?®
and were cultured in DMEM/F12 50/50 medium (Corning) supplemented with B27 (1x) (Gibco), Heparin (2 png/mL) (Sigma), EGF
(20 ng/mL) (Sigma) and FGF (20 ng/mL) (R&D Systems) and 2 mM L-glutamine (Gibco) in a humidified atmosphere of 5% CO2,
95% air at 37°C. When GBMB3O0 cells were used for cholesterol depletion experiments, the cells were placed in 5% FBS/DMEM
and 5% LPDS/DMEM culture as U251 cells. The cell lines were tested for mycoplasma contamination routinely.

METHOD DETAILS

Western blotting

Cultured cells were lysed using RIPA buffer (Fisher), containing phosphatase inhibitors and a cocktail of protease inhibitors (Sigma).
Equal amounts of protein extracts were resolved by 12% SDS-PAGE, and electro-transferred onto a nitrocellulose membrane (Bio-
Rad). After blocking the membranes for 1 h in a Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat milk, they were probed
with various primary antibodies, followed by appropriate secondary antibodies conjugated with horseradish peroxidase. The immu-
noreactivity was revealed by use of an ECL kit (Cytiva Amersham). The dilutions of each antibody were used as follows: SREBP-1 1:2,
000, SREBP-2 1:500, FASN 1:3,000, ACC 1:3,000, ATG4A 1:30,000, ATG4B 1:1,000, LC3A/B 1:2,000, LC3B 1:3,000, HA 1:3,000,
FLAG 1:3,000, NPC1 1:30,000, NPC2 1:2,000, B-actin 1:50,000.

Preparation of cell membrane fractions

Cells were washed once with PBS, scraped into 1 mL PBS, and centrifuged at 1000 x g for 5 min at 4°C. Cells were then suspended in
ice-cold buffer containing 10 mM HEPES-KOH (pH 7.6), 10 mM KCI, 1.5 mM MgCI2, and 1 mM sodium EDTA, 1 mM sodium EGTA,
250 mM sucrose and a mixture of protease inhibitors (5 ng/mL pepstatin A, 10 ung/mL leupeptin, 0.5 mM PMSF, 1 mM DTT, and
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25 ug/mL ALLN) for 30 min on ice. Extracts were then passed through a 22G x 1 1/2 needle 30 times and centrifuged at 890 x g at 4°C
for 5 min to isolate the nuclei. Supernatant was used for the separation of membrane fractions.

The supernatant from the original 890x g spin was centrifuged at 20,000x g for 20 min at 4°C. For subsequent Western blot analysis
(for SOAT1 protein), the pellet was dissolved in 0.1 mL of SDS lysis buffer (10 mM Tris-HCI pH 6.8, 100 mM NaCl, 1% (v/v) SDS, 1 mM
sodium EDTA, and 1 mM sodium EGTA) and designated “membrane fraction”. The membrane fraction was incubated at 37°C for
30 min, and protein concentration was determined. 1 uL 100x bromophenol blue solution was added before the samples were sub-
jected to SDS-PAGE.

Cell proliferation and viability

Cells (1-2 x 10%) were seeded into 12-well plates, washed with PBS after 24 h, and incubated with fresh media containing 5% FBS or
5% LPDS. Cells were counted using a hemocytometer, while live and dead cells were assessed using Trypan blue exclusion assays
(Gibco). Percentage of dead cells was calculated as the number of dead cells divided by the total cell number.

Lipid droplet staining and quantification

Lipid droplets were stained by incubating cells with 0.5 uM BODIPY 493/503 (Life Technologies) for 30 min, were visualized by
confocal microscope (Carl Zeiss LSM510 Meta, LSM800 63x/1.4 NA oil) and 1 um wide z-stacks were acquired. More than 30 cells
in each group were analyzed and LD numbers quantified with ImageJ software (NIH) in a 3D stack as previous report.®°

Immunofluorescence microscopy

Cells were cultured and treated on glass coverslip, washed with PBS twice and fixed with 4% paraformaldehyde for 10 min, followed
by 5 min of permeabilization with 0.1% Triton X-100 in PBS. After incubation with the primary antibody overnight at 4°C, cells were
incubated with fluorescence-labeled second antibody for 30 min at 37°C, then incubated with 0.5 uM BODIPY 493/503 for 30 min to
stain the lipid droplets. Coverslips were mounted with antifade reagent with DAPI (Invitrogen) and visualized with confocal
microscopy.

Transmission electronic microscopy (TEM)

Fresh tumor tissues from GBM patients were fixed in 2.5% glutaraldehyde/0.1 M phosphate buffer (0.019 M monobasic sodium
phosphate and 0.081 M dibasic sodium phosphate), pH 7.4 for 10 min, and then cut into pieces less than 1 mm?, followed by fixation
by 2.5% glutaraldehyde/0.1M phosphate buffer overnight at 4°C. Tissues were then washed with 0.1M phosphate buffer for 3 x
5 min. After fixation in 1% osmium tetroxide/phosphate buffer for 1 h at room temperature, tissue pieces were stained with 2% uranyl
acetate/10% ethanol for 1 h, followed by dehydration in 50%, 70%, 80%), 95% and 100% ethanol. The tissues were finally embedded
in Eponate-12 resin. Ultra-thin sections (70 nm) were produced on a Leica EM UC6 ultramicrotome and stained with 2% uranyl ac-
etate and Reynold’s lead citrate. TEM was performed on a FEI Tecnai G2 Spirit TEM at 80 kV. Images were captured using an AMT
2x2 digital camera. These experiments were performed at the OSU Microscopy Core Facility.

Cholesterol and cholesteryl esters measurement

Cells were washed with PBS twice and collected by scraping and centrifugation at 200 x g for 10 min. The cell pellets were resus-
pended in Isopropanol/1% Triton X-100 for 1 h at room temperature. After centrifugation at 12,000 rpm (Sorvall Legend Micro 17
centrifuge) for 10 min, the supernatants were transferred into glass tubes and dried under passing nitrogen gas. Cholesterol and cho-
lesteryl esters (CE) measurements were performed following the instruction manual of the cholesterol assay kit (Invitrogen).

Biochemistry plasma membrane cholesterol measurement

The level of plasma membrane (PM) cholesterol was measured by following the previous publication.** As shown in Figure S5C, 2 x
10° cells were seeded in 60 mm dish in DMEM medium containing 5% FBS. After 24 h, cells were washed with PBS, and then re-
placed with fresh medium containing 5% LPDS. After 24hr, cells were washed with cold-PBS for 3 times, and 3 times with cold assay
buffer (310 mM sucrose, 1 mM MgSO4, 0.5 mM sodium phosphate [pH 7.4]), followed by incubated in the absence or presence of
1 U/ml cholesterol oxidase for 3 min at 25°C, the buffer was then removed and discarded. 2 mL of PBS were used to scape cells, and
mixed with 4 mL of chloroform:methanol (2:1) to extract lipid. Finally, the dried lipid was dissolved in 200 puL of 1 x assay buffer from
cholesterol measurement kit, and measure the cholesterol level following the instruction manual of the cholesterol assay kit
(Invitrogen).

Construction of the plasmid pGEX-mCherry-D4H

The pmCherry-C1 vector with D4H expression cassette (omCherry-D4H) was a kind gift from Dr. Gregory D. Fairn (University of Tor-
onto, Canada). The DNA fragment of D4H was amplified from pmCherry-D4H using the primers of 5-CCGCTCGAGCCAA
GGGAAAAATAAACTTA-3’ (D4H forward primer) and 5-CGCCAATTGTTAATTGTAAGTAATACT-3’ (D4H reverse primer). pGEX-
KG-D4H*-mCherry (GST- D4H*-mCherry, Addgene, #134604) plasmid®' was digested by Xhol and Mfel restrictive endonucleases
to remove the fragment of D4H*-mCherry. The PCR product of D4H was digested by Xhol and Mfel restrictive endonucleases
and then inserted into the above plasmid backbone to generate the vector pGEX-KG-D4H. Then, the mCherry expression cassette
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was amplified from the pmCherry-D4H using the primers of 5'-CCGCTCGAGATGGTGAGCAAGGGCGAG-3’ (mCherry forward
primer) and 5'-CCGCTCGAGATCTGAGTCCGGACTTGTAC-3’ (mCherry reverse primer). The product was digested by Xhol restric-
tive endonuclease and then introduced into the pGEX-KG-D4H vector at the Xhol site. The resulting plasmid candidates were verified
by Sanger sequencing at OSU genomic shared resource core. The vector with the mCherry fragment incorporated in the correct
orientation was selected as the final construct pGEX-KG-mCherry-D4H.

Purification of recombinant GST-mCherry-D4H

The purification of GST tagged mCherry-D4H followed the protocol published by Lim, C. Y et al.®" Briefly, pPGEX-KG-mCherry-D4H
plasmid was transfected in Escherichia coli strain BL21 cultured in Luria-Bertani (LB) broth medium (ampicillin 50 ng/mL) at 37°C until
the ODggo reached around 0.6, and the GST-mCherry-D4H protein production was induced with 0.4 mM IPTG (Fisher) for 20 h at
18°C. Bacteria were collected by centrifugation and the pellets were lysed in lysis buffer (20 mM Tris-Cl, pH 8.0, 0.1 M NaCl,
1 mM DTT) containing protease inhibitor cocktail tablet and incubated with 0.35 mg/mL lysozyme (Fisher) on ice for 30 min followed
by sonication on ice using a Sonic Dismembrator (Fisher, # FB120). The lysate was treated with 0.5% Triton X-100 at 4°C for 15 min
and centrifuged at 17,000 g at 4°C for 30 min. The supernatant was bound to GLUTATHIONE Sepharose 4B (Cytiva), and GST-
mCherry-D4H proteins were eluted from beads with 25 mM L-glutathione solution in 50 mM Tris-Cl, pH 8.8 and 200 mM NaCl.
The fractions of the eluate were pooled and filtered by Microcon-30kDa Centrifugal Filter Unit (Sigma) to remove glutathione and
concentrate the protein in 50 mM Tris-Cl pH8.0, 0.5 mM DTT. The protein solution was then supplemented with 20% sucrose
and stored in —80°C.

Labeling of plasma membrane cholesterol with GST-mCherry-D4H

GBM cells were cultured and treated on glass cover clip, washed with PBS twice, and fixed in 4% paraformaldehyde for 1 h at room
temperature. Cells were washed 3 times with PBS, and then stained with purified GST-mCherry-D4H (10 png/mL) and BODIPY 493/
503 (5 uM) for 2 h at 37°C. After washing 3 times with PBS, coverslips were mounted with antifade reagent with DAPI (Invitrogen) and
visualized with confocal microscopy.

Real-time PCR
Total RNA was extracted from human cells using TRIzol reagent according to its protocol (Invitrogen). Total RNA (800 ng) was sub-
jected to reverse transcription to cDNA using iScript cDNA Synthesis Kit (Bio-Rad) and amplified through a subsequent real-time PCR
using PowerUp SYBR Green Master Mix (Applied Biosystems), and its values were normalized against the internal control gene 3684
for each replicate.

The primers used are shown in Table S1.

Chromatin immunoprecipitations (ChIP)

ChIP were performed using SimpleChlP Plus Enzymatic Chromatin IP Kit (Cell Signaling) by following the instruction. Briefly, cells in
15cm dish were fixed with formaldehyde at final concentration 1% to crosslink proteins to DNA, and then incubated with glycine.
Remove media and wash cells two times with ice-cold 1 x PBS, and scape cells with ice-cold 1 x PBS containing Protease Inhibitor
Cocktail following centrifuge at 2,000 x g for 5 min at 4°C. The pellet was used for nuclei preparation and chromatin digestion. Finally,
2 ng of SREBP-1 antibody or IgG (Sigma) were used for chromatin immunoprecipitation. PCR primers used for analysis of SREBP-1
binding motifs in ATG4A, ATG9B, LC3B and NPC2 are shown in Table S1.

Promoter luciferase assay

After PCR, the fragment of gene promoter of ATG4A (2175 bp) or LC3B (1631 bp) was cloned into pGL3-basic vector at Kpnl/Hindlll
site; the fragment of gene promoter of ATG9B (2058 bp) or NPC2 (1803 bp) was cloned into pGL3-basic vector at Nhel/Xhol (Prom-
ega, #E1751). Promoter construct DNA (100 ng) and renilla plasmid (20 ng) (Promega) were transfected into U251 by using
X-tremeGENE HP DNA Transfection Reagent (Sigma) in a 12-well plate with 5% FBS full DMEM medium then infected with adeno-
virus expression null, N-terminal SREBP-1a, -1c or —2. GBM30 cells were seeded in Geltrex (Gibco) coated 12-well plate, and per-
formed same procedure as done in U251. Luciferase activity was measured 24 h post-transfection by using firefly luciferase assay
reagent (Promega) and renilla luciferase assay reagent (Promega) according to the kit instruction, and the signal was detected by
Promega GloMax Plate Reader.

Primers used to clone gene promoters are shown in Table S1.

Lentivirus transduction

Mission pLKO.1-puro lentivirus vector containing ATG5 shRNA-1 (TRCN0000330394), ATG5 shRNA-2 (TRCN0000330392), SREBP-
1 shRNA-1 (TRCN0000421299), SREBP-1 shRNA-2 (TRCN0000422088), SREBP-2 shRNA (TRCN00000431900), SOAT1 shRNA-1
(TRCNO000036440), SOAT1 shRNA-2 (TRCN0000234512) and the non-mammalian shRNA control (SHC002) were purchased
from Sigma. The 293FT cells were transfected with the shRNA vector and packaging plasmids psPAX2 and the envelope plasmid
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pMD2.G using polyethylenimine (Polysciences). The supernatant was collected after 48 h and concentrated using the Lenti-X
Concentrator (Clontech) according to the manufacturer’s protocol. The lentiviral transduction was performed according to Sigma’s
MISSION protocol with polybrene (8 ng/mL; Sigma).

H&E staining

Paraffin tissue sections were deparaffinized in xylene and rehydrated in degraded ethanol. After washing with dH,O, slides were
stained with hematoxylin and eosin solution in sequence followed by washing with distilled H,O. Slides were then dehydrated in
degraded ethanol and immersed in xylene, followed by mounting in Permount mounting medium.

Filipin staining and quantification

GBM cells were cultured and treated on glass cover clip, washed with PBS twice, and fixed in 4% paraformaldehyde for 1 h at room
temperature. Cells were washed 3 times with PBS, and then stained with filipin (50 pg/mL in PBS) for 1 h at room temperature. After
washing 3 times with PBS, cells were visualized by Olympus FV1000 MPE Multiphoton Laser Scanning Confocal. For quantification,
50 cells from each group were photographed and 5 random regions along the plasma membrane were analyzed. The intensity for
each region was determined by Imaged and the average of 5 regions stands for filipin staining value for each cell.

BODIPY-cholesterol labeling

Five mg of BODIPY-cholesterol (Bchol) powder were dissolved in ethanol (1.74 mL) to generate a 5 mM stock solution, then trans-
ferred to a clean glass vial and the ethanol was evaporated by passing nitrogen gas to produce a thin film. Then, 5 mL of MBCD (dis-
solved in PBS, 17.4 mM) were added to make a BODIPY-cholesterol/MBCD complex (molar ratio of 1:10) at 1 mg/ml final concen-
tration. BODIPY-cholesterol film was resuspended by vortexing and sonicated for 10 min, then shaken overnight at 37°C. This
complex solution was centrifuged for 10 min at 21,000 x g to remove undissolved BODIPY-cholesterol, and then aliquoted and
stored at 4°C under nitrogen gas. Plasma membrane binding of BODIPY-cholesterol was quantified by ImagedJ, which was the
same as filipin staining quantification. Quantification of LD formation by BODIPY-cholesterol was the same as with BODIPY 493/
5083 staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

All figures are representative of at least two biological replicates with similar results, unless stated otherwise. No animals or data
points were excluded from the analyses in our study. Statistical analysis was performed with Excel or GraphPad Prism7. Cell prolif-
eration, tumor volumes, and quantification of LDs were performed using the two-tailed Student’s t-test as well as by ANOVA, as
appropriate. The data are reported as means + SD. p value was indicated in the figure, or as *, p < 0.05; **, p < 0.01; ***,
p < 0.001; ***, p < 0.0001; N.S, not significant.
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