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Temozolomide (TMZ) has been used as standard-of-care for glioblastoma multiforme (GBM), but the resistance to TMZ develops
quickly and frequently. Thus, more studies are needed to elucidate the resistance mechanisms. In the current study, we investigated
the relationship among the three important phenotypes, namely TMZ-resistance, cell shape and lipid metabolism, in GBM cells. We
first observed the distinct difference in cell shapes between TMZ-sensitive (U87) and resistant (U87R) GBM cells. We then conducted
NMR-based lipid metabolomics, which revealed a significant increase in cholesterol and fatty acid synthesis as well as lower lipid
unsaturation in U87R cells. Consistent with the lipid changes, U87R cells exhibited significantly lower membrane fluidity. The
transcriptomic analysis demonstrated that lipid synthesis pathways through SREBP were upregulated in U87R cells, which was
confirmed at the protein level. Fatostatin, an SREBP inhibitor, and other lipid pathway inhibitors (C75, TOFA) exhibited similar or
more potent inhibition on U87R cells compared to sensitive U87 cells. The lower lipid unsaturation ratio, membrane fluidity and
higher fatostatin sensitivity were all recapitulated in patient-derived TMZ-resistant primary cells. The observed ternary relationship
among cell shape, lipid composition, and TMZ-resistance may be applicable to other drug-resistance cases. SREBP and fatostatin are

suggested as a promising target-therapeutic agent pair for drug-resistant glioblastoma.
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INTRODUCTION

Glioblastoma multiforme (GBM) is one of the deadliest cancers,
with the median overall survival of about 6 months without
treatments and about 15 months with treatments [1-5]. The
treatment options are quite limited and include surgical excision,
radiation, and adjuvant chemotherapy [6]. The only oral anticancer
drug currently available is a cytotoxic agent temozolomide (TMZ)
that acts through DNA methylation leading to mismatched base
pairing [7]. However, the resistance to TMZ develops quickly and
frequently [8-10]. The main mechanism of TMZ resistance has
been suggested to involve methyl guanosine methyltransferase
(MGMT) overexpression that removes the methyl group from the
modified DNA bases [11]. The MGMT expression is regulated by
the promoter methylation which is used as a surrogate marker for
TMZ resistance. Recent research, however, suggested that there
can be other mechanisms for TMZ resistance, including ROS
generation, autophagy, epigenetic modifications, microRNAs, and
extracellular vesicle production [12, 13]. Therefore, the mechanism
of TMZ resistance may vary across individual cases of GBM, and
further studies are warranted to fully understand and to apply it to
better therapeutic approaches.

Lipids are important cellular components involved in a variety
of biological functions such as energy storage, cell signaling, and
even cell shape [14, 15]. For brain cancers, lipid profiles were
found different from those of normal brain tissues or other

cancers. For example, the amount of lipids in tumor tissues was
greater than in normal tissues in malignant gliomas [16], and more
free fatty acids (FA) were found in several brain tumor than in
normal brain tissue [17]. In addition, triglycerides (TG) were found
in untreated GBM, but not in healthy adult brain tissues [18], and
the levels of phosphatidylcholine were significantly higher in
medulloblastoma and GBM than in normal brain tissues [16, 18].
Not only the amount, but also the chemical nature of lipids varied.
Cholesterol esters (CE) formed by esterification of cholesterol and
long-chain FA were found only in high-grade gliomas [18].
Interestingly, FA saturation also varied, with polyunsaturated FA,
particularly linoleic acids, being more abundant in brain tumors
than in normal brain tissues. In addition, the unsaturation of FA in
normal brain was ~35%, compared to 68% in gliomas, ~46% in
neurinomas, and ~61% in carcinomas [17].

Resistance to chemotherapy occurs by multi-factorial causes,
and changes in lipids were implicated in drug resistance in several
cancers. When breast cancer cells developed doxorubicin
resistance, increased cholesterol level caused lower membrane
permeability leading to drug resistance [19]. In addition,
cholesterol content was directly proportional to the drug
resistance, and drug-sensitivity caused by cholesterol deficiency
was reversed by cholesterol reload in vincristine-resistant murine
leukemia [20]. The cancer drug resistance was also found to
be associated with physical properties such as cell shapes. These
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were demonstrated for cisplatin-resistance in endometrial cancer
cells [21] and doxorubicin-resistance in estrogen receptor positive
[22] or triple-negative breast cancer cells [23]. Interestingly,
the cell shape changes were also connected to lipids that are
components of cell membrane. Breast cancer cells changed
shapes with concomitant increase in lipid droplets upon hormone
treatment [24], and cell shape and lipid composition changes were
also observed in erythroid cells exposed to toxic environment [25].
Collectively, these results show that there are binary relationships
among these important phenotypes: lipid-drug resistance, drug-
resistance-shape, and shape-lipid. Tantalizingly, the ternary
relationship among shape-lipid-drug resistance has not been
explored in one system, particularly in GBM. Therefore, we
employed NMR-lipidomics and molecular biological tools to
investigate how the three important phenotypes are linked in
TMZ resistance for GBM cells. We also sought to find a therapeutic
approach to overcome the resistance by targeting lipid
metabolism.

MATERIALS AND METHODS

Sample preparation for NMR metabolomics and NMR
measurement

The metabolites were extracted using the two-phase methanol-
chloroform extraction method. Methanol (600 pl) was sprayed on
the cell plate, and cells were transferred to a 2 ml microtube by
scraping, after which 300 pl of chloroform was added. Three cycles
of the following steps were then repeated: vigorous vortexing for
305, dipping into liquid nitrogen for 1 min, and thawing at room
temperature for 2 min. After the addition of a mixture of 300 pl
chloroform and 300 pl distilled water, the samples were cen-
trifuged at 15,800 x g for 20 min at 4 °C. The upper water phase
and lower lipid phase were collected and dried with a centrifugal
vacuum evaporator (Vision, Seoul, Korea). The lower phase pellets
were dissolved in 500 ul CDCl3 (Sigma-Aldrich, MO, USA) for NMR
analysis. NMR spectra were measured on an 800 MHz Bruker
Ascend spectrometer (Bruker, MA, USA) equipped with a
cryogenic triple resonance probe. Two-dimensional NMR spectra
were obtained with a typical 'H-'3C Heteronuclear Single
Quantum Coherence (HSQC) pulse sequence, as described
previously [26]. The acquisition and processing of the raw data
were performed using the vendor-provided software. The peaks
were referenced to the peak of chloroform (‘H=7.25 ppm,
13C =38.2 ppm).

Patient-derived primary cells

The patient-derived immortalized primary cells were obtained
from Korean Cell Line Bank (Seoul, Korea). Cells with MGMT
promoter methylated were considered TMZ-sensitive (SNU-3987,
SNU-4702, and SNU-5262). Cells with MGMT promoter unmethy-
lated were considered TMZ-resistant (SNU-4026, SNU-4072, and
SNU-4177). The actual TMZ-resistance status was experimentally
determined by measuring the 1Csy values toward TMZ. All of these
cells had isocitrate dehydrogenase wild type status.

Chemicals and reagents

The inhibitor for SREBP, fatostatin (MER-341329-25M) was
purchased from Merck (Darmstadt, Germany). Temozolomide
(TMZ) (T2744) was purchased from TCl Chemical (Tokyo, Japan).
All reagents not mentioned were purchased from Sigma (St. Louis,
MO, USA). Antibodies for B-actin (sc-47778, 1:1000), SREBP2 (sc-
13552, 1:500) were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and the second antibody for mouse (GTX213111-01,
1:10,000) was from GeneTex (GeneTex, CA, USA).

Cell culture and stable isotope labeling

TMZ-resistance U87 (U87R) cells were established as described
before [27] and maintained in RPMI-1640 (Welgene, Gyeongsan-si,
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Korea). All culture media were supplemented with 10% fetal
bovine serum (FBS, Welgene, Gyeongsan-si, Korea), 1% penicillin/
streptomycin (Gibco, NY, USA) and incubated at 37 °C under 5% of
CO, humidified air. For stable isotope labeling, 11 mM of [U-'3C]
glucose (CLM-1396-5, Cambridge Isotope Laboratories, MA, USA)
was added to glucose-free RPMI (11879020, Gibco, NY, USA) with
10% dialyzed FBS (26400044, Gibco, NY, USA) and the cells were
incubated for overnight at 37 °C.

Western blot

Western blot was performed following as standard protocol. The
primary antibody was incubated with the blot membrane at 4 °C
overnight and followed by incubation with secondary antibody in
2.5% skim milk TBST at room temperature for 1h. The protein
bands were visualized using the enhanced chemiluminescence
detection kit (GE Healthcare Life Science, Little Chalfont, UK). Blots
were analyzed by LAS4000 (GE Healthcare, ImageQuant).

Oil Red O staining for lipid droplet

In 10 ml of 100% Propylene Glycol (PEG, P355-1, Fisher Scientific,
Cleveland, OH, USA), 0.5 g of oil red O (ORO) dye was dissolved.
While heating the solution to 95 °C, additional 90 ml of PEG was
gradually added. The solution was then filtered with Whatman No.
4 filter paper (GE Healthcare, Buckinghamshire, UK). ORO dye
solution (in PEG) were filtered with filter paper. The cells were
fixed with 4% paraformaldehyde and then stained with ORO
solution. After staining, stained cells were photographed under
the microscope (Olympus, 1X70). The white balance was adjusted,
and then the images were analyzed by Imagel.

BODIPY staining for lipid droplet

U87 cells and U8S7R cells (8 x 10> cells/well) were seeded in a
confocal dish (SPL Life Sciences, Gyeonggi-do, Korea) coated with
0.2% gelatin and incubated overnight at 37 °C under 5% of CO,
humidified air. Cells were treated with media (RPMI) containing
50 uM of BODIPY® FL C12 (MOP-D-3822, Millipore Sigma), followed
by incubation under 5% of CO, for 30 min in a shaded state. After
washing with DPBS, normal RPMI growth media was added.
Images were taken using a Confocal Laser Scanning Microscope
(SP8 X, Leica) at Seoul National University National Instrumenta-
tion Center for Environmental Management. PMT mode, x100
objective and 80% argon power at 37 °C, under 5% CO,/95% air
environmental condition was used.

Cell proliferation assay with CCK-8

The viability of glioma cells from each group was measured using
a D-Plus™ CCK cell viability assay kit (Dongin biotech, Seoul, Korea)
according to the manufacturer’s instructions. Briefly, U87 cells
(2% 10> cells/well), US7R cells (1x 10% cells/well), TMZ-sensitive
primary cells (5 x 10% cells/well) and TMZ-resistant primary cells
(2.5 % 10° cells/well) were seeded in 96-well plates, incubated for
24 h, and then treated for 5 days with the drugs. After treatment,
10 ul of CCK-8 solution was added to the 200 ul cell medium of
each well and the cells were incubated for 4 h at 37 °C in the dark.
The absorbance at 450 nm was measured with a microplate reader
(Molecular Devices VersaMax, Sunnyvale, CA, USA), and ICs, values
were calculated by nonlinear regression analysis using OriginPro 8
(OriginLab Corporation, Northampton, MA, USA).

RNA isolation and microarray analysis

Total RNA was isolated from cell lines by easy-spin™ total RNA
extraction kit (Intron, Seoul, Korea) following the manufacturer’s
instruction. Each RNA sample was analyzed with SurePrint G3
Human Gene Expression Microarrays, 8 x 60K v2 (Agilent Tech-
nologies, Santa Clara, CA, USA). Following fragmentation, cRNA
were hybridized to the Agilent expression microarray according to
the protocols provided by the manufacturer. Arrays were scanned
using the Agilent Technologies G4900DA SG12494263. Array data
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export processing and analysis was performed using Agilent
Feature Extraction v11.0.1.1. Microarray GEO accession number is
GSE193957.

Cell membrane fluidity measurement

Cell membrane fluidity was measured with a membrane fluidity kit
(#ab189819, Abcam, Cambridge, MA, USA) following the manu-
facturer’s instruction. U87 cells (1 x 10* cells/well) and U87R cells
(1x10* cells/well) were seeded in 96-well plates, incubated for
overnight, and then treated with the labeling solution (100 pl) and
incubated at 25°C for 20 min under continuous shaking. By
quantifying the ratio of excimer (450 nm) to monomer (400 nm)
fluorescence (Molecular Devices, SpectraMAX M5), the membrane
fluidity was calculated. The data were indicated as the ratio
between pyrene excimer and monomer (ratio /o/ly,).

Synergistic anticancer activity test

Serial concentrations of TMZ and fatostatin were used based on
the 1Cs values for each cancer cell line. The synergistic effect was
determined with CompuSyn software version 1 [28]. The
combination index (Cl) of CI<1, CI=1, and CI>1 indicated
synergism, additiveness, and antagonism effects of the combina-
tion, respectively.

Transwell migration assay

Transwell chambers (24 wells plate, 8 um pore size, SPL 37224)
were used to test migration ability. Cells were suspended in
serum-free RPMI and counted to a density of 1 x 10° cells/ml. The
upper chamber of the migration well was seeded with 100 pl of
cell suspension. RPMI with 10% FBS was loaded into the lower
chamber for chemoattractant. Cells were incubated for 1 day at
37°C. Using a cotton swab, cells from the top of the filter were
removed. Cells that had passed through to the bottom of the
insert membranes were fixed and stained with 0.5% crystal violet
solution with 20% methanol for 20 min. After staining, stained
cells were photographed under the microscope (Olympus CKX41,
Tokyo, Japan) with the camera (MD800OE, AmScope, Iscope Corp,
Chino, CA, USA).

Gene knockdown using siRNA transfection and real-time PCR
analysis

The predesigned siRNAs targeting SREBF1, SREBF2, and FASN were
purchased from Bioneer (Daejeon, Korea). Negative control siRNA
from the same company was used for control. The cells were
transfected with 100 nM siRNA using Lipofectamine RNAIMAX for
48 h (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s protocol. The media were changed with fresh
media and colorimetric cell viability assays were conducted with
D-Plus™ CCK cell viability assay kit (Dongin biotech, Seoul, Korea)
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after 24 h. The cellular viability was measured with absorbance at
450 nm by a microplate reader. Total RNA was isolated from cell
lines by easy-spin™ total RNA extraction kit (Intron, Seoul, Korea).
The cDNA was synthesized by High capacity cDNA reverse
transcription kit (Applied Biosystem, Foster City, USA) following
the manufacturer's instruction. Real-time PCR reaction was
performed in triplicate in an Applied Biosystems 7300 PCR
machine with SYBR green-based detection (iTaq ™ Universal
SYBR Green Supermix, Bio-Rad, USA). The gene expression ACt
values from PCR were calculated by normalization with B-actin.
The primers of SREBF1, SREBF2 and FASN were purchased from
Bioneer. The primer sequences of B-actin are as follows: sense: 5’
GGACTTCGAGCAAGAGATGG-3/, antisense: 5-AGCACTGTGTTGGC
GTACAG-3'.

Statistical analysis

The statistical analysis between two groups was performed using
Prism (version 9.0.0, GraphPad Software). Depending on the P
value of the F-test (cutoff of 0.05), the Student’s t-test or Welch's t-
test was used. Error bars in the graphs show the standard
deviation.

RESULTS

Morphological difference between TMZ-sensitive and resistant
glioblastoma cells

To study the cell shape-TMZ resistance relationship in glioblas-
toma, a TMZ-resistant cell line was established as described before
[12, 27]. The sensitivity of the resistant cells (U87R) to TMZ was
about 13 times lower than that of the sensitive cells (U87), as
evaluated by the ICso values (Fig. 1a, b). When observed under a
microscope, U87 cells exhibited pointed, thin, and long morphol-
ogy, similar to that of neurons (Fig. 1b). On the other hand, U87R
cells were more rounded and had larger cytoplasmic part. The
difference in shape upon acquired drug resistance was also
observed in an unrelated drug-cancer combination. Lung cancer
cells that are resistant to gefitinib exhibited more elongated shape
than the parent cells that are sensitive to the drug (Supplementary
Fig. S1). These suggest that drug resistance may be commonly
accompanied by changes in the cell shape.

TMZ resistance linked to lipid composition and cell membrane
fluidity

We hypothesized that this shape-resistance relationship may be
related with lipid composition and metabolism, as lipid is the
primary component of cell membrane that determines the cell
shape. In addition, lipid in the cell membrane is the first barrier for
drug’s passage to cellular targets. To test this hypothesis, we
employed NMR lipidomics and compared the lipid composition in
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The morphology of glioblastoma cell lines according to drug sensitivity. a Dose-response curves of U87 (black) and U87-

temozolomide resistant (U87R, gray) cells after 5-day incubation with the temozolomide, as determined by CCK-based assay. Error bars
represent standard deviations. b The morphology difference between drug sensitive and resistance cell line observed with light microscopy.
Cells were stained with Hematoxylin. U87 cells (left) and U87R cells (right).
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U87 and U87R. We obtained "H-'3C HSQC spectra of the extracts
of both TMZ-sensitive and resistant cell extracts labeled with
[U-"*Clglucose. The usage of the two-dimensional NMR and
stable isotope labeling greatly enhanced the resolution and the
sensitivity of the raw data, enabling confident quantitative
analysis of the lipid species (Fig. 2a and Supplementary Table S1).
The orthogonal projections to latent structures-discriminant
analysis on the NMR spectra provided clean separation between
U87 and U87R cells according to the lipid composition (Q? value of
0.996 and R?Y value of 0.999; Fig. 2b). From the multivariate
statistical analysis on the peak volume of 2D-HSQC data, lipid
species contributing to the difference could be identified (Fig. 2c).
In U87R, the levels of diglyceride, cholesterol (CH), and overall FA
were higher whereas those for TG and CE were lower. The lower
levels of TG and CE, the major forms of stored lipids in the lipid
droplets [29], were also confirmed by ORO and BODIPY staining
(Fig. 2d-f). This suggests that cholesterol and FA are synthesized
more but not stored in lipid droplets and that those may be used
to support membrane biogenesis in U87R cells. Interestingly, the
levels of unsaturated FA were not different (Fig. 2¢), but the FA
unsaturation ratio decreased (Fig. 2g), most probably due to the
increased overall FA in U87R. These results show that there is
significant difference in lipid usage and composition between U87
and U87R cells. As these changes in lipids can affect cell
membrane fluidity, we measured it with a pyrene-based
fluorescence method. In U87R cells, the excimer/monomer ratio
of the pyrene probe was low, indicating that the membrane
fluidity is reduced (Fig. 2h). There were previous studies showing
that membrane fluidity and migration were proportional [30-32].
When we compared U87 and U87R in transwell assay, U87 cells
migrated more than U87R cells. (Supplementary Fig. S2). There-
fore, the changes in lipid composition affecting membrane fluidity
may also have an effect on cell's migratory phenotype. Taken
together, the increase in cholesterol and the lower unsaturated FA
ratio in U87R cells should contribute to the lower membrane
fluidity of the U87R cells. This also indicates that there is a
relationship among TMZ resistance, lipid composition, and
membrane fluidity.

Lipid-related metabolic pathways in TMZ-sensitive and resistant
glioblastoma cells

To explain these phenotypic compositional changes in lipids
according to the TMZ resistance, we performed transcriptomic
analysis on U87 and US87R cells with microarray. Gene set
enrichment analysis with the reactome gene set revealed that
“cholesterol biosynthesis” and “regulation of cholesterol bio-
synthesis by sterol regulatory element-binding protein (SREBP)”
were among the top enhanced pathways in U87R cells (Fig. 3a).
In the enrichment plot of the latter pathway, fatty acid synthase
(FASN), acetyl-coenzyme A carboxylase alpha (ACACA), sterol
regulatory element-binding transcription factor 2 (SREBF2), and
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR)
were also found in the leading edge for U87R. As SREBF is a
master regulator for lipid synthesis, we compared the protein
expression levels of its isoforms and downstream lipid synthesis-
related proteins (e.g., SREBP1, SREBP2, ACC, FASN, 3-hydroxy-
3-methyl-glutaryl-coenzyme A synthase (HMGCS), HMGCR,
mevalonate diphosphate decarboxylase (MVD), and squalene
monooxygenase (SQLE)). The results showed that the levels of
important factors and enzymes for cholesterol and FA synthesis
were generally higher in U87R cells. These included the mature
form of SREBP2, enzymes for FA synthesis (FASN and ACC), and
those for cholesterol synthesis (HMGCS and MVD) (Fig. 3b-d).
Overall, our gene and protein expression analysis is consistent
with the metabolomics results showing higher cholesterol and
FA levels, supporting lower membrane fluidity in TMZ-resistant
U87R cells, and suggest that lipid metabolism is linked to drug
resistance in GBM cells.
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Inhibitors of lipid synthesis enzymes can overcome drug
resistance in U87R cells

To see if we can exploit the higher lipid synthetic activity of U87R
cells in overcoming the TMZ resistance, we tested several
inhibitors of the lipid synthesis proteins which are upregulated
in UB7R. We also tested the effects of knockdown of SREBF1, 2 and
FASN. The knockdown of SREBF1, 2 and FASN resulted in a notable
decrease in cell confluency and viability for the U87R cells. The
effects were significantly larger in U87R cells than U87 cells,
showing that U87R was more vulnerable to the knockdowns of
lipid synthesis than U87 (Supplementary Fig. S3). Therefore, both
pharmacological and genetic approaches consistently show that
the TMZ resistance is associated with higher lipid synthesis. These
included an SREBP inhibitor fatostatin, an ACC inhibitor TOFA, and
a FASN inhibitor C75 that have not yet been tested in GBM. All
these inhibitors exhibited several times lower or at least similar
ICso values for U87R cells than for U87 cells, which is remarkable
considering that U87R cells are 21 times less sensitive to TMZ than
U87 cells (Fig. 4a—c and Table 1). In addition, fatostatin was ~45
times more potent than TMZ for U87R cells, exhibiting the lowest
ICso. To further test the utility of fatostatin for TMZ-resistant cells,
we investigated if fatostatin can give synergy with TMZ which has
been used as the standard-of-care for decades. As shown in
Fig. 4d, e, the addition of fatostatin (20 uM) greatly lowered the
cell viability for U87R cells across all the TMZ concentrations
(58%-7%), whereas the effect on U87 cells were smaller. The
synergy between fatostatin and TMZ was assessed quantitatively
in the full ranges of both drugs using the combination index
(Supplementary Table S2) [28]. Fatostatin exhibited synergy with
TMZ (combination index <1) for 7 out of 16 concentration
combinations for U87R. Overall, these results suggest that SREBP-
dependent lipid synthesis that can affect membrane composition
and fluidity [33] is a new vulnerability of TMZ-resistant GBM cells
and that fatostatin and lipid synthesis enzyme inhibitors may be
used in place of or with TMZ to inhibit GBM cell growth.

Primary GBM cells with TMZ resistance exhibit different lipid
composition and are sensitive to fatostatin

The above results were obtained with laboratory cell lines with
acquired TMZ-resistance. For clinical relevance of our results, we
further investigated if those results could be reproduced in
patient-derived primary GBM cells. We obtained primary immor-
talized GBM cells, three with and the other three without MGMT
promoter methylation. We confirmed that all three cells with the
MGMT methylation had much higher ICso to TMZ, exhibiting TMZ
resistance status (Fig. 5a and Supplementary Table S3). TMZ-
sensitive primary cells (SNU-3987, SNU-4702, and SNU-5262) were
stretched and sharp. On the other hand, TMZ-resistant primary
cells (SNU-4026, SNU-4072, and SNU-4177) were more spherical
and flat, consistent with those for the U87 and U87R (Fig. 5b). In
addition, these cells exhibited similar ORO staining pattern with
U87 and U87R cell lines, according to their TMZ-resistance (Fig. 5¢,
d). Importantly, lipid analysis confirmed that the FA unsaturation
ratio was lower in the TMZ-resistant cells as in U87R cells (Fig. 5e)
due to the increase in FA level (Fig. 5f). Furthermore, the decrease
in membrane fluidity in the TMZ-resistant cells was observed
(Fig. 5g), suggesting that the membrane fluidity-drug resistance
relationship in the U87R cells also holds for these primary cells.
Then, we compared the efficacy of lipid-metabolism-related drugs
for these patient-derived cells. Despite much lower TMZ sensitivity
(~33 fold) for the resistant cells than sensitive cells, fatostatin
effectively inhibited the resistant cells (ICso < 15uM for all the
cells), which is comparable to the potency of TMZ to sensitive
cells. TOFA and C75 also exhibited lower or similar ICsq values for
the resistant cells compared to those for the sensitive cells
(Table 2 and Supplementary Fig. S4). Taken together, the results
for shape-lipid-resistance relationship obtained with the labora-
tory cell lines were recapitulated in the primary cells.
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the resulting P values are *P < 0.05, **P < 0.01, ***P <0.001 and N.S. not significant. Error bars represent standard deviations.
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Fig. 3 Microarray and protein analysis on lipid-related pathways in glioblastoma cell lines. a Enrichment of the lipid synthesis pathway
and its leading-edge genes. Top 6 upregulated pathways in U87R according to the FDR values by GSEA analysis on gene expressions related
to lipid synthesis in U87 and U87R cells (upper). Enrichment plot from GSEA analysis for the “Regulation of Cholesterol Biosynthesis by SREBP”
pathway from the microarray data (left). GSEA-derived heat maps of leading-edge genes in the red box on the left (right). b Protein level of
lipid-related pathway in U87 and U87R cells. Beta-actin (B-Actin) was used as a loading control. Relative quantitation of SREBP1 (c) and SREBP2
(d) levels normalized to p-Actin from b (n = 3). Statistics are as in Fig. 2.

DISCUSSION

Here, we present a ternary relationship among cell shape, drug
resistance, and lipid metabolism in relation to TMZ resistance in
GBM cells. For the shape-resistance relationship, our data showed
that acquisition of drug resistance is accompanied by changes in
cell shapes in brain and lung cancer cells. Actually, there have
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been related reports in other types of cancer. When endometrial
cancer became resistant to cisplatin, the cell height increased
while the area decreased [21]. In addition, in breast cancer cells,
when the cell shape (nuclear/cytoplasmic area ratio) was adjusted
using artificially stiff substrates (PLLA and collagen coating), the
nuclear/cytoplasmic area ratio decreased with the increase in the
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Fig. 4 Sensitivity of glioblastoma cell lines to drugs that inhibit lipid synthesis. Dose-response curves of U87 (black) and U87R (gray) cells
after 5-day incubation with fatostatin (a), C75 (b), and TOFA (c), as determined with CCK-based cell viability assay. Error bars represent standard
deviations (n = 4). Heatmaps of the raw dose-response landscape upon the combination treatment with TMZ and fatostatin on U87 (d) and
U87R (e) cells. The numbers represent percent viability with standard deviations.

Table 1. 1C5, values of inhibitors for lipid synthesis on U87 and
U87R cells.
Cell lines Drug

TOFA (uM) C75 (uM) Fatostatin (uM)
us7 39.98 21.04 8.69
U87R 7.51 21.69 3.93

ICso values for cisplatin, vorinostat, and erlotinib [34]. Therefore,
this study also provided possibly causal roles of cell shape
changes in drug resistance. Very recently, an interesting study
suggested that the drug resistance to ErbB family drugs and the
associated mechanism can be predicted by machine-learning
analysis of cancer cell morphology [35]. Therefore, our results and
other studies indicate that cell shape-drug resistance relationship
may be a frequent phenomenon across many types of cancer at
least in vitro. Still, at this point, it is hard to generalize which
particular shape characteristics confer drug resistance, and further
studies may be needed. In addition, future in vivo studies may
reveal if the shape-resistance relationship can be applied to
histological examinations to determine the presence of drug-
resistant subpopulation of cancer cells in tumor tissues.

It should not be surprising that cell shape is related to cellular
lipid composition that can affect cell membrane. In addition to our
results, previous studies provided some examples. T-47D human
breast cancer cells, with typical flat, polygonal and cobblestone
shape, first became spindle-shaped and then round and refractile
upon prolactin or hydrocortisone treatment. These shape changes
were concomitant with the increase in ORO stainable lipid
droplets [24]. The relationship was also observed in a non-
cancer context where erythrocytes exhibited higher morphologi-
cal index and featured high cholesterol/phospholipid ratio, when
exposed to high bilirubin level [25]. Lipids have also been
implicated in cancer drug resistance. Triple-negative breast cancer
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(MDA-MB-436) cells exhibited increase in lipid droplets when they
acquired doxorubicin resistance which was also accompanied by
shape alterations to neuron-like shapes [23]. There have been
several possible mechanisms on how lipids can affect drug
resistance. Based on model membrane, a study showed that
paclitaxel uptake decreased with lower FA unsaturation and
higher cholesterol level, which could lead to decreased membrane
fluidity, ultimately reducing drug uptake by passive diffusion or
endocytosis [33, 36]. Another study showed that decrease in
unsaturated FA caused less lipid peroxidation upon reactive
oxygen species generation by anticancer drugs [37, 38]. As lipid
peroxidation can trigger apoptosis and ferroptosis, lower unsa-
turation may confer drug resistance particularly to those drugs
causing oxidative stress. Yet another study suggested that lipid
droplets might act as a sink for hydrophobic drugs, leading to
lower efficacy [39]. Related to this is electrostatic interaction as a
factor for lipid-related drug uptake. For example, cisplatin, with
its positive charge, interacted with negatively charged phos-
pholipids, which led to reduced drug uptake [40]. For our case
with TMZ in GBM cells, the first and second mechanisms seem
applicable, considering the lower membrane fluidity and higher
expression of a peroxide-removing enzyme in TMZ-resistant cells
[12]. That is, the resistant cells seem to enhance lipid synthesis
to increase the cholesterol content in the plasma membrane and
decrease the unsaturated lipid ratio. The results should be lower
membrane fluidity decreasing drug uptake and lower membrane
peroxidation decreasing the efficacy of ROS-generating drugs.
Overall, how lipids contribute to the drug resistance may not be
uniformly explained and may need to be considered according
to individual drugs and cancer types. As there is growing
interest on physical properties affecting cellular phenotypes,
such as phase separation or pressure [41-43], more effects of
cell shape on physiology are expected to be revealed.

Another notable aspect of our study is the finding of SREBP2 as
an important factor in TMZ resistance. Related to that, we showed
that fatostatin, an inhibitor of SREBP could inhibit the TMZ-
resistant cells as strongly as TMZ inhibited the sensitive cells.
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monomer (E,/E,, = 360/400 nm) (n = 9). Statistics are as in Fig. 2.

Although SREBP1 and SREBP2 have been conventionally impli-
cated in FA and cholesterol synthesis [44], respectively, recent
studies revealed that SREBP2 regulates SREBP1 and thus is a
master regulator of general lipid synthesis [45, 46]. With our data
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showing SREBP2’s higher expression in TMZ-resistant cells and
fatostatin’s effectiveness in these cells, SREBP2-driven lipogenesis
may be a new vulnerability of GBM that can be therapeutically
targeted. Currently, the only approved drug that targets GBM cells
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Table 2. ICsq values of inhibitors for lipid synthesis on patient-derived
primary cells.
Cell lines Drug

TOFA (uM) C75 (M) Fatostatin (M)
SNU-3987 76.82 26.41 7.15
SNU-4702 46.43 27.8 7.9
SNU-5262 71.94 42.01 7.61
SNU-4026 54.61 29.84 13.37
SNU-4072 10.24 26.47 9.3
SNU-4177 19.81 32.08 11.8

is TMZ, and MGMT promoter methylation status has been used as
a biomarker for TMZ resistance. However, a meta-analysis
suggested that MGMT methylation status could change during
tumor treatment, progression, or recurrence [47]. Therefore,
another marker for TMZ resistance has been needed, and SREBP2
expression may be a possible candidate. Fatostatin inhibits the
activation step of both SREBP1 and 2 [48], and its antitumor
activity has been studied for several cancer types such as prostate,
endometrial and breast cancers both in vitro and in vivo [49-51].
Still, it has not been evaluated for GBM in relation to TMZ-
resistance. As SREBP1 has been shown to be involved in the
growth of general GBM cells, and SREBP2 is important in TMZ
resistance, fatostatin’s dual inhibition of SREBP1 and 2 should be
advantageous for inhibiting GBM growth. In addition, our data
showed that there was not much difference in efficacy of
fatostatin between TMZ-sensitive and resistant cells. Therefore,
fatostatin could be used regardless of MGMT or TMZ-resistant
status, possibly making it a more convenient option than TMZ.

In conclusion, our study revealed a ternary relationship among

cell shape, lipids, and drug resistance where lipid synthesis is
associated with cell shape changes and TMZ resistance. As
fatostatin can inhibit SREBP that is upregulated in TMZ-resistance
cells and inhibits U87/U87R cell growth regardless of TMZ-
resistance, SREBP may serve as a new vulnerability for malignant
GBM cancer.
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