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Abstract
Glioblastoma multiforme (GBM), the most prevalent brain tumor in adults, has extremely poor prognosis. Frequent genetic
alterations that activate epidermal growth factor receptor (EGFR) and phosphatidylinositol-3 kinase (PI3K) signaling, as well as
metabolic remodeling, have been associated with gliomagenesis. To establish a whole-animal approach that can be used to
readily identify individual pathometabolic signaling factors, we induced glioma formation in the adult Drosophila brain by
activating the EGFR-PI3K pathway. Glioma-induced animals showed significantly enlarged brain volume, early locomotor
abnormalities, memory deficits, and a shorter lifespan. Combining bioinformatics analysis and glial-specific gene knockdown
in the adult fly gliomamodel, we identified four evolutionarily conserved metabolic genes, including ALDOA, ACAT1, ELOVL6,
and LOX, that were involved in gliomagenesis. Silencing of ACAT1, which controls cholesterol homeostasis, reduced brain
enlargement and increased the lifespan of the glioma-bearing flies. In GBM patients, ACAT1 is overexpressed and correlates with
poor survival outcomes. Moreover, pharmacological inhibition of ACAT1 in human glioma cell lines revealed that it is essential
for tumor proliferation. Collectively, these results imply that ACAT1 is a potential therapeutic target, and cholesterol homeostasis
is strongly related to glioma formation. This in vivo model provides several rapid and robust phenotypic readouts, allowing
determination of the pathometabolic pathways involved in gliomagenesis, as well as providing valuable information for novel
therapeutic strategies.
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Introduction

Glioblastoma multiforme (GBM), the most common primary
malignant brain tumor, is highly proliferative, with extensive
infiltration, poor prognosis, and resistance to standard

chemotherapies. The average survival for GBM patients is ap-
proximately 12 to 16 months after diagnosis [1, 2]. Even with
standard treatment using maximal surgical resection followed
by focal radiotherapy with concomitant and adjuvant chemo-
therapy, survival rates of GBMpatients remain poor. Therefore,
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there is an urgent need to develop more effective therapeutic
agents against GBM. To facilitate research in this field, appro-
priate preclinical gliomamodels are required for elucidating the
genetic and molecular mechanisms underlying gliomagenesis
and the development of novel treatment strategies.

Several animal models have been developed for modeling
human glioma, including transgenic and xenograft-based mu-
rine, zebrafish, and fruit fly (Drosophila) models [3].
Noticeably, genetically engineered mouse models (GEMMs)
have many advantages over other models (such as immuno-
competent setting, tumor microenvironment, and intact blood–
brain barrier). However, as generation of GEMMof glioma is a
slow process due to long tumor latency, drug screening in these
models is time-consuming and costly. In contrast, the fruit fly
model is inexpensive but still has strengths such as the brain
microenvironment [3]. Moreover, numerous gliomagenic path-
ways, such as the receptor tyrosine kinase (RTK) signaling and
metabolic pathways, are highly conserved between fruit fly and
humans. These features makeDrosophila a valid and attractive
model of human glioma. Furthermore, the short tumor latency
(within weeks) and highly versatile genetic tools of the fly
glioma model will facilitate rapid elucidation of the molecular
pathways that drive gliomagenesis in vivo [4].

Metabolic rewiring is a crucial step in the transition from
non-neoplasm to neoplasm. Glioma is no exception. Since
Nobel Laureate Otto Warburg first proposed a metabolic ad-
aptation in cancer cells [5], accumulating evidence indicates
that metabolic signal transduction pathways, including those
of glucose, glutamine, fatty acids, nucleotide, and extracellu-
lar matrix (ECM), are involved in facilitating tumorigenesis
[6–8]. In glioblastoma, aerobic glycolysis and lipid metabo-
lism contribute to the energy production associated with cell
survival. The large databases Cancer Genome Atlas (TCGA)
and REpository for Molecular BRAin Neoplasia DaTa
(REMBRANDT) provide comprehensive records of the geno-
mic and transcriptomic abnormalities driving gliomagenesis
and have revealed core pathways, including the RTK/RAS/
PI3K, p53, and Rb pathways [9–11]. Accumulating evidence
shows that RTK pathway aberration is a key factor leading to
metabolic reprogramming. Therefore, targeting key RTK
downstream metabolic regulators might be an effective thera-
peutic strategy for malignant gliomas [12, 13]. The impor-
tance of metabolic processes has been demonstrated not only
in gliomas but also in normal glia [14–16]. A recent global
in vivo RNAi screen (6930 genes) in adult Drosophila for the
effects on glial functions revealed that metabolic processes
such as carbohydrate and lipid metabolism were highly repre-
sented and appeared to be essential in glia [16]. Novel ap-
proaches that target essential metabolic pathways in glia could
become promising strategies for the treatment of gliomas, but
only limited studies have been conducted to date.

Previously, a Drosophila larval glioma model was generat-
ed by coactivation of EGFR-Ras and PI3K as early as

embryogenesis in glial progenitor cells. This fly larval model
recapitulates many key features of human GBMwith regard to
increased proliferation, migration, and invasiveness [17]. This
larval model has been used to perform genetic screenings and
identify new genes involved in glioblastoma development
[18–20]. However, early activation of gliomagenic signaling
pathways results in larval lethality, which does not recapitulate
the characteristic symptoms of human GBM, especially in
aspects related to adult patient survival and neurobehavioral
problems. Since GBM is often diagnosed in the elderly pop-
ulation, with a median age over 62 years [21], an adult fly
model that excludes developmental factors is more relevant
to clinical situations. To achieve this, we modified the previ-
ous model by further introducing a temporal expression sys-
tem [22]. This allowed us to induce glioma formation in the
adult stage by simply altering the rearing temperature.

In this study, we utilized an EGFR-PI3K adult fly glioma
model to investigate the genetic and molecular basis of
gliomagenesis. Using candidate selection by combined bioin-
formatics analysis and analysis of essential metabolic genes of
glia, we identified four genes, i.e., aldolase A (ALDOA), acyl-
CoA:cholesterol acyltransferase 1 (ACAT1), elongation of
very long chain fatty acids protein 6 (ELOVL6), and lysyl
oxidase (LOX), whose expression level is associated with re-
duced patient survival. Glial-specific RNAi-mediated knock-
down of ALDOA, ACAT1, ELOVL6, and LOX in the adult
Drosophila glioma model suppressed gliomagenesis.
Furthermore, pharmacological inhibition of ACAT1 in human
glioma cell lines significantly suppressed cancer cell prolifer-
ation. These results indicated that ACAT1 can be an oncogenic
biomarker in human high-grade gliomas. Furthermore, our
new adult fly glioma model provides a useful in vivo tool
for verification of potential GBM biomarkers.

Materials and Methods

In Silico Analyses

We used online database REpository for Molecular BRAin
Neoplasia DaTa (REMBRANDT) from Project Betastasis
(http://betastasis.com/glioma/rembrandt/) to determine Kaplan–
Meier curves of patient survival based on ALDOA, ACAT1,
ELOVL6, and LOX transcript levels as described previously
[23]. Threshold was set at median expression for the respective
ALDOA, ACAT1, ELOVL6, and LOX transcript.

Fly Strains

All stocks were maintained and conducted at ~ 23–25 °C and
were provided with standard cornmeal–agar–yeast food. We
established all genotypes by exploiting standard genetics. Fly
stocks and all UAS-RNAi lines were obtained from the

4590 Mol Neurobiol (2019) 56:4589–4599

http://betastasis.com/glioma/rembrandt/


Bloomington, VDRC, and NIG stock centers. Glioma fly
brain phenotypes were assessed and imaged by Zeiss
LSM880 confocal microscopy to visualize GFP-labeled signal
in glia cells. Genotypes of transgenic flies were used in this
study: UAS-dp110CAAX, UAS-dEGFRλ; UAS-hCD4-tdGFP;
repo-GAL4, tub-GAL80ts for glioma flies and UAS-hCD4-
tdGFP; repo-GAL4, tub-GAL80ts for control flies. The de-
tailed genotypes of flies used in this work are listed in supple-
mental Table 1.

Longevity Assay

After 2-day post-eclosion, flies with the respective genotypes
were transferred to new longevity vials with a density of 30
flies per vial. Numbers of dead flies were counted daily. Fresh
food vial was provided and replaced every 2 days during the
assay. At least 60 flies per genotype were used in the assay.

Rapid Iterative Negative Geotaxis Assay

We used the rapid iterative negative geotaxis (RING) assay to
determine glioma fly climbing ability (locomotor activity)
[24]. Control flies (UAS-hCD4-tdGFP; repo-GAL4, tub-
GAL80ts) have an average climbing height of ~ 4–5 cm in a
3-s time period. Flies that remain at the bottom are assigned to
a value of 0. In brief, 30 flies are transferred to clean polysty-
rene vials and rest for 20 min before testing. A digital camera
is used to document negative geotaxis by scoring the height
that flies climbed within 10 s. Index 1 represents for 0 to
2.5 cm, 2 for 2.5 to 5.0 cm, 3 for 5.0 to 7.5, and 4 for 7.5 to
10 cm in 10 s. Higher score represents better climbing ability.
It is critical not to reuse the polystyrene testing vials in this
assay after the initial sets of data are gathered because new
flies placed into used vials will not climb to the same extent as
in fresh vials.

Olfactory Associative Memory Assays

All the flies were kept at 19 °C until eclosion and then shifted
to 30 °C for 4 days before training to avoid the tub-GAL80ts

inhibition. The 3-min and 3-h memory assays were also per-
formed at 30 °C. Groups of approximately 50~100 flies were
exposed first to one odor (the conditioned stimulus, CS+; 3-
octanol or 4-methyl-cyclohexanol) paired with 12 × 1.5-s
pulses of 75-V DC electric shock presented at 5-s interpulse
intervals. This was followed by the presentation of a second
odor (CS−; 4-methyl-cyclohexanol or 3-octanol) without elec-
tric shock. In the testing phase, the flies were presented with a
choice between CS+ and CS− odors in a T-maze for 2 min. At
the end of this 2-min period, the flies trapped in each T-maze
arm were anesthetized and counted. From the distribution of
flies between the two arms, the performance index (PI) was
calculated as the number of flies avoiding the shocked odor

(CS+) minus the number avoiding the non-shocked odor (CS
−), divided by the total number of flies and multiplied by 100.

Human Glioma Cell Lines and Culture Conditions

Human glioma cell lines U-87 MG and U-118 MG were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), penicillin, and
streptomycin in a humidified atmosphere of 5% CO2, 95% air
at 37 °C. LN-229 andGBM8401 cells were cultured in DMEM
supplemented with 5% FBS, penicillin, and streptomycin in a
humidified atmosphere of 5% CO2, 95% air at 37 °C.

RNA Isolation and Quantitative Real-time PCR

The procedures of total mRNA extraction, cDNA synthesis,
and quantitative RT-PCR were following previous protocol
[25]. The normal brain cDNA was purchased from OriGene
Technologies Inc. (Rockville, MD, USA). The reverse tran-
scripts were amplified and quantified using an Illumina
ECO™ Real-Time PCR system. The relative quantitative gene
expression was normalized to GAPDH as an internal control
and then calculated using the 2-ΔΔCt method. The qPCR primer
pairs used were as follows: ACAT1 forward 5′-GCTC
GTGTTCTGGTCCTATGTG-3′ and reverse 5′-TAGA
ACATCCTGTCACCAAAGCG-3′; GAPDH forward 5′-
CTTCATTGACCTCAACTAC-3′ and reverse 5′-GCCA
TCCACAGTCTTCTG-3′.

Cell Lysate Preparation and Western Blot

Cultured cells were lysed by RIPA buffer (100 mM Tris-HCl,
150 mM NaCl, 0.1% SDS, and 1% Triton X-100) at 4 °C for
10 min, and the cell lysates were harvested by centrifugation
at 15,000 rpm for 10 min to obtain the supernatants. The
normal brain lysates were purchased from Abcam. The
Western blotting was performed as described in [26]. Thirty-
microgram cell lysates from each group were applied to 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis,
and proteins were transferred onto polyvinyl difluoride mem-
branes (Bio-Rad Laboratories, Inc.). The membrane was
blocked with 5% skim milk in TBST for 1 h at room temper-
ature. The primary antibodies used include specific for
ACAT1 (Santa Cruz Biotechnology) and β-actin (Santa
Cruz Biotechnology). Band detection was conducted by en-
hanced chemiluminescence and X-ray film (GE Healthcare,
Piscataway, NJ, USA).

Immunohistochemistry

Tissue microarray (TMA) is recognized as a scientific tool to
evaluate tumors by histological and immunohistochemical
methods. In this study, 44 cases of various grades of gliomas
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and 10 cases of non-neoplastic brain tissue were collected.
TMA slides constructed from paraffin-embedded tumor tissues
were obtained from the Department of Pathology, Tri-Service
General Hospital. The initial tissue section processes, including
the procedure of dewax, rehydrate, and antigen retrieval, were
performed according to previous protocol [27]. After then, sec-
tions of TMA were incubated with a mouse monoclonal
ACAT1 antibody (Santa Cruz Biotechnology) (1:200 diluted
in phosphate-buffered saline (PBS); Spring Bioscience,
Pleasanton, CA, USA) for 1 h at room temperature. After
washed three times (each for 5 min in PBS), TMA sections
were incubated with biotin-labeled secondary immunoglobulin
(1:100, DAKO, Glostrup, Denmark) for 1 h at room tempera-
ture. The following step was applying 3-amino-9-
ethylcarbazole substrate chromogen (DAKO) at room temper-
ature to visualize peroxidase activity after three washes by
PBS. Finally, TMA slides were mounted and imaged.

Fly Brain Volume Measurement

In this study, seven adult brains from each group were imaged
and processed with Imaris software (Bitplane). To measure the
brain in 3D, we loaded z-stack fluorescent images (membrane
GFP-labeled glia cells) generated from confocal microscopy
(Zeiss LSM880) into the Imaris software. We then used
Bcreate surface^ tool to make a solid surface of the entire adult
brain. During this process, we followed the surface creation
wizard and adjusted intensity thresholding to yield a solid
surface best matching brain morphology. Next, all the statis-
tics data, including volume, can be exported for further
analysis.

Cell Viability Assay

Glioma cells were harvested and seeded in multiple 96-well
plates at 1 × 103 cells/well in 100-μl growth medium with or
without K-604 treatment (Sigma SML 1837). Cells were then
incubated for 72 h before viability assay using MTS Cell
Proliferation Assay Kit (BioVision). Twenty-microliter MTS
solution containing PESwas added to each well and incubated
for 2 h at 37 °C in a humidified, 5% CO2 incubator. The assay
was performed by using an ELISA reader at 490 nm to estab-
lish baseline readings.

Statistics

Log-rank test for survival analysis and all results are expressed
as mean values ± SEM. Student’s t test or one-way analysis of
variance was used for comparisons between groups. A p value
< 0.05 was considered to be statistically significant differ-
ences. Patient survival data was automatically calculated by
Project Betastasis using a log-rank test. Heat map was gener-
ated in R language (version 3.2.3).

Results

Pathometabolic Gene Expression Associated
with Reduced Patient Survival in GBM

In high-grade gliomas, glucose, glutamine, and lipid metabol-
ic pathways are considerably reprogrammed [6]. We reason
that evolutionarily conserved metabolic genes such as many
carbohydrate and lipid metabolic genes might also regulate
gliomagenesis. To investigate this, we started looking into
the 739 evolutionarily conserved candidate genes that were
possibly essential to glial function and were discovered from
the glial-specific RNAi screen [16]. We used the Project
Betastasis online tool to perform an in silico analysis of the
survival probabilities of these candidate genes from the
REMBRANDT glioma database (http://betastasis.com/
glioma/rembrandt/) as described previously [23]. We first
divided all tumor samples from the REMBRANDT dataset
into low- and high-expressing groups based on the gene pro-
filing results. Kaplan–Meier survival curves revealed that the
high-expressing group comprising ALDOA, ACAT1,
ELOVL6, and LOX significantly correlated with poor survival
in patients with high-grade gliomas (p < 0.001 in all four can-
didate genes) (Fig. 1). Moreover, these results are in agree-
ment with those obtained from an online integrated system,
PRECOG (PREdiction of Clinical Outcomes from Genomic
Profiles; https://precog.stanford.edu/) (Fig. S1). Among these
genes, ALDOA (Aldolase/CG6058 in fly) is responsible for
glycolysis in the cell, ACAT1 (CG8112 in fly) and ELOVL6
(Baldspot/CG3971 in fly) participates in cellular lipid metab-
olism, and LOX (Lox/CG11335 in fly) encodes a secreted
protein whose extracellular role is to promote tumor invasion
in vivo in both Drosophila and mammalian glioma models
[28]. The strategy of considering the genes essential to glial
function (obtained from the in vivo RNAi screen) in combi-
nation with the results of the bioinformatics analysis of glio-
mas in patients might provide a new rationale for identifica-
tion of potential biomarkers.

Generation of a Novel AdultDrosophilaGliomaModel

To validate the aforementioned pathometabolic genes in an
animal model, we aimed to generate a new Drosophila model
to recapitulate the phenotypes of survival and neurobehavior
seen in adult patients with glioblastoma. We modified the pre-
vious EGFR-PI3K larval model [17] by introducing a temporal
expression system (Fig. 2a) [22]. In this system, the temperature
sensitive mutant GAL80ts prevented EGFR and PI3K expres-
sion driven by a glia-specific GAL4 (repo-GAL4) when cul-
tured at 19 °C, and the suppression effect allowed the animal to
survive through the entire developmental stages and reach
adulthood. Shifting the incubation temperature from 19 to
30 °C repressed GAL80 functioning and induced EGFR-
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PI3K signaling in adult glial cells. Comparison of the brain size
of animals exposed to different heat shock durations (Figs. 2b
and 4c) revealed that, consistent with the larval glioma model,
CNS enlargement and dramatic glial overgrowth also occurred

in the adult glioma flies. After 8 days of heat shock treatment,
the volume of the adult glioma brain was almost two times
larger than the control (Fig. 4a, control 1.31 × 107 ± 0.071 m3;
glioma 2.24 × 107 ± 0.223 m3). Flow cytometric analysis also
showed a mark increase of glia cell population (from 14.2 to
60.2%) among total brain cells (Fig. S2).

Adult Glioma Fly Has Shorter Lifespan and Defective
Neural Behaviors

After 5–7 days of exposure to a temperature of 30 °C, we
observed that adult glioma flies frequently exhibited some
extent of motor deficit, followed by death. Adult glioma flies
also exhibited a much shorter lifespan than control flies
(Fig. 3a, median survival time of control group 28.5 days;
glioma group 8.1 days). Results of the rapid iterative negative
geotaxis (RING) assay showed that the climbing ability re-
duced in a time-dependent manner during glioma progression
(Fig. 3b). A progressive decline in neuropsychological func-
tioning was also observed in high-grade glioma patients [29].
To examine whether the adult glioma model is able to recapit-
ulate neurocognitive dysfunction in glioma patients, we per-
formed olfactory associative memory assays by using glioma
animal with 3–4 days of heat shock treatment [30]. In this
stage, flies still have regular brain size and exhibit no detect-
able locomotion defects. Flies from the glioma group showed
a marked decline in memory at 3 h after conditioning, but this
effect was not seen 3 min after conditioning (Fig. 3c), indicat-
ing a significant memory defect. Taken together, this adult
glioma model presents several phenotypic features that resem-
ble the patients’ symptoms, including brain tumor enlarge-
ment, shorter lifespan, and cognitive impairments.

In Vivo Identification of Pathometabolic Pathways
in GBM

Larval glioma model had been used for kinome-wide genetic
screen for new genes involved in glioma development [18].
We then tried to assess whether our adult glioma model is also
suitable for genetic screening.We first performed experiments
using conditional RNAi constructs targeting key members in
the signaling pathway that had been reported to be essential
for gliomagenesis. Our primary focus was assessing adult sur-
vival, because of the complex nature of animal death and the
sizable sample number. The three key pathways we verified
are as follows: (1) tumor proliferation–related pathway (E2F1,
[31]), (2) tumor migration pathway (WNK1/OSR1/NKCC1
pathway, [32]), (3) EGFR/RTK signaling pathway. Since
these three pathways are required for glial pathogenesis, we
expected a suppressor phenotype (i.e., longer lifespan) when
there was a reduced candidate gene expression by RNAi in the
glioma background. As anticipated, RNAi targeting E2F1 and
NCC69 (human NKCC1 orthologue) extended the median

Fig. 1 Candidate metabolic genes were identified as associated with poor
patient survival in high-grade gliomas. The Kaplan–Meier survival curve
analysis of glioma patient survival data according to high (red) and low
(blue) mRNA expression of a ALDOA, b ACAT1, c ELOVL6, and d LOX,
obtained from REMBRANDT transcriptomic data (total 523 glioma
patients). Patients were stratified by high and low gene expression
thresholding at the median value. The cutoff point is shown in the
histogram of insets (Project Betastasis online representation tool, http://
www.betastasis.com). Asterisks show significance levels (log-rank test,
***p < 0.001)
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survival time to 14 and 11 days, respectively (8.1 days in
glioma animals). EGFR RNAi knockdown animals showed
100% survival rate when the heat shock treatment was
stopped after 3 weeks (Fig. S3). This indicated that the sur-
vival of adult glioma flies can be modified by different path-
ogenic features of gliomagenesis. This adult gliomamodel can
also be used as a genetic screening platform for identifying
new oncogenic candidates in GBM.

We next examined whether the four pathometabolic genes
identified by bioinformatics approaches could be validated
in vivo by using the adult fly glioma model. In the longevity
assay, the lifespan of pathometabolic gene knockdown ani-
mals was extended by 2 to 4 days compared to that of glioma
flies after EGFR-PI3K coinduction (Fig. 4a). These results are
consistent with the TCGA and REMBRANDT glioma
datasets. Patients with low expression of pathometabolic
genes have better survival after diagnosis (Fig. 1). Among
these four genes, we were particularly interested in ACAT1
because of its role in regulating ER-cholesterol homeostasis
and lipid metabolism. ACAT1 converts cholesterol to choles-
terol esters for storage as lipid droplets and subsequently mod-
ulates lipid metabolism [33, 34]. Recent studies indicated that
cholesterol homeostasis is linked to human diseases, such as

hypertension and atherosclerosis. Moreover, ACAT1 is highly
expressed in many different cancer types, but still little is
known about its role in human glioma.

To rule out the off-target effect of the specific RNAi
used, two additional RNAi lines targeting a different
ACAT1 gene coding region were further examined, and,
similar to previous results, a prolonged lifespan was ob-
served in the adult glioma model (Fig. 4b). Both bioinfor-
matics analysis of patient samples and longevity assays in
flies demonstrated that the ACAT1 gene plays a crucial role
in adult glioma survival. Since ACAT1 knockdown sup-
presses the glioma-induced short lifespan, it might also re-
duce the brain enlargement associated with gliomas. We
then analyzed brain volume by confocal imaging. 3D ren-
dered brain images and volume measurements showed that
ACAT1 knockdown in glia resulted in reduced brain size on
the eighth day of heat shock treatment (Fig. 4c, d).
Interestingly, ACAT1 knockdown during development also
caused marked reduction of larval glioma in the CNS (Fig. S4).
Lowering the gene expression of ACAT1 greatly suppressed
glioma brain enlargement in both larval and adult models,
but, nevertheless, the glioma-bearing animals still died much
earlier. These observations collectively indicate that some

Fig. 2 An adult Drosophila
model for human glioma. a
Scheme of generation of adult
Drosophila glioma model. b
Coactivation of EGFR and PI3K
in adult glia induces marked brain
enlargement after heat shock for
days (30 °C). External
morphology of adult heads (top
panels) has no obvious change
after days of heat shock treatment.
Dissected adult brains (bottom
panel) of control flies exhibit
normal brain size after 7 days heat
shock (30 °C). Glioma flies have
normal brain size on day 1.
Gradually enlarged brains were
observed when glioma flies were
heat shocked during adult stage
(days 3~7). The right panel image
marked Boverlay^ represents a
superimposition of two images of
control (gray) and glioma (red)
brains after 7 days heat shock for
demonstrating the enlargement of
glioma brain. Scale bar = 100 μm
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important brain functions, other than glia overproliferation,
are significantly compromised during tumorigenesis and ulti-
mately lead to glioma-related death. Taken together, our novel
adult fly glioma model identified a key cholesterol metabolic
enzyme ACAT1, which regulates EGFR-PI3K–dependent
gliomagenesis in vivo.

High Expression of ACAT1 in GBM Cell Lines
and High-Grade Glioma Samples

To relate Drosophila data with human GBM cell lines and
patients, we first examined ACAT1 mRNA and protein ex-
pression in GBM cell lines. We found that both ACAT1
mRNA and protein were expressed and significantly upregu-
lated in all four glioma cell lines, especially in U-118 MG
(Fig. 5a, b). Based on the available gene expression/
mutation information for the cell lines from ATCC and the
integrated database canSAR (https://cansar.icr.ac.uk/), only
U-118 MG cells show both high levels of EGFR expression
and PTEN mutation among the four cell lines tested (U-87
MG: EGFRlow, PTENmt; LN-229: EGFRhigh, PTENwt;
GBM8401: unknown). This correlation might suggest the in-
volvement of a possible EGFR-PI3K–dependent ACAT1 up-
regulation mechanism.

Additionally, compared to that in normal brain tissues and
WHO grade I–II gliomas, ACAT1 showed higher expression
in WHO grade III–IV gliomas (Fig. 5c). The reported results
for human tissue specimens were similar to those for GBM
cell lines and Drosophila. Therefore, our in vitro and in vivo
data support the hypothesis that ACAT1 might be a potential
prognostic factor for human gliomas.

Blocking ACAT1 Activity Suppresses GBMCell Viability

Knockdown of ACAT1 expression markedly suppressed glio-
ma development in the adult fly model. However, it is unclear
whether the ACAT1 protein itself or its enzymatic activity for
cholesterol esterification is crucial for tumorigenesis. To ex-
amine tumor cell growth, a potent and selective ACAT1 in-
hibitor, K-604, was applied to glioma cells. Unlike the com-
monly used ACAT inhibitor, avasimibe, which is known to
inhibit both ACAT1 and ACAT2 [35], K-604 shows a much
higher specificity for ACAT1 than for ACAT2 (IC50 values for
human ACAT1 0.45 μmol/l; ACAT2 102.85 μmol/l [36]).
ACAT1 inhibition was found to suppress glioma cell viability
(Fig. 5d), supporting that ACAT1 is an oncotarget for human
gliomas. It is worth noting that U-118 MG is relatively resis-
tant to K-604, and this resistance is correlated to high ACAT1
expression (Fig. 5a, b). This phenomenon also suggests a cell
context-dependent involvement on drug resistance. Together,
these in vitro data show that GBM cells are sensitive to block-
age of ACAT1 enzymatic function on cholesterol
esterification.

Discussion

In recent years, metabolic reprogramming in GBM has been
extensively studied in an attempt to demystify pathways in-
volved in cancer cell metabolism [37]. Earlier, cancer cells

Fig. 3 Adult glioma flies exhibit short lifespan, locomotor defects, and
memory deficits. a Longevity was assessed in Drosophila by counting
living flies every 2 days over time. The median survival time of adult
glioma flies is about 8.1 days. In control group, it is approximately
31 days. Each survival data is obtained from 30 female flies in a food
vial. Each group contains more than 15 independent vials (n). b Glioma
flies show early locomotor defect. In the rapid iterative negative geotaxis
(RING) assay, higher score represents better climbing ability.
Experimental details can be found in BMaterials and Methods.^
Locomotor activity of glioma flies starts to decline at day 6 after glioma
induction. Each group contains n = 6 vials (30 flies per vial) and
significance is indicated as stars (*) relative to the control group with
**p < 0.01 and ***p < 0.001. c Olfactory associative memory assay of
4-day heat shock flies revealed that glioma group exhibited defects of 3-h
olfactory aversive associative memory as compared to the control groups
(*p < 0.05; ANOVA followed by Tukey’s test, n = 8, 13, 9, 10 from left to
right bars)

Mol Neurobiol (2019) 56:4589–4599 4595

https://cansar.icr.ac.uk


were thought to utilize only glucose for energy metabolism;
however, recent findings suggest that they also use fatty acids
and amino acids. Thus, the Warburg effect is being overruled
by novel concepts. Bioenergetic signal transduction pathways
such as AMP-activated protein kinase (AMPK) and mamma-
lian target of rapamycin (mTOR) signaling are linked to on-
cogenic signaling within glioma cells. These pathways con-
tribute to metabolic stress and promote cell cycle progression
and metabolic flexibility, thereby increasing GBM cell surviv-
al [38, 39]. Here, we demonstrated that ALDOA (glycolysis),
ACAT1 and ELOVL6 (lipogenesis), and LOX drive GBM
pathogenesis. ACAT1 plays a key role in cellular lipid metab-
olism [33], which is located in the endoplasmic reticulum and
synthesizing cholesterol esters for lipid droplet formation [34].
Recent studies have shown that ACAT1 is expressed in can-
cers of the breast [40], kidneys [41], and pancreas [42]. Our
and others’ [43] data showed that ACAT1/SOAT1 is
overexpressed in human high-grade gliomas and inhibition
of ACAT1 suppressed glioma cell growth. These results sup-
port our hypothesis that metabolic genes are involved in glio-
ma development.

The metabolic difference between normal cells and GBM
cells may provide new therapeutic strategies. At present, bio-
informatics application has provided a robust and useful tool

to study human diseases. Online databases such as Project
Betastasis, the Gene Expression Omnibus (GEO), and
PREdiction of Clinical Outcomes from Genomic profiles
(PRECOG) were established for investigating the correlations
between cancer outcomes and genomic profiles [23, 44, 45].
Using these platforms for large-scale genome-wide screening
of glioma patient survival, we found that ALDOA, ACAT1,
ELOVL6, and LOX expression correlates with poor survival
in high-grade gliomas.

Owing to the major limitation of using glioma cell line
models is the lack of in vivo tumor microenvironments,
in vivo glioma models such as development of transgenic
or xenograft-based orthotopic glioma murine models are
considered worthwhile. Nevertheless, those are not only
time-consuming but also costly. The in vivo larval
Drosophila glioma model is generated by coactivation of
EGFR-Ras and PI3K during embryogenesis in glial pro-
genitor cells, which causes neoplasia that recapitulates
many key features of human glioma with regard to in-
creased proliferation, migration, and invasiveness [17].
Moreover, this approach is also useful for identifying
new targets involved in GBM development [18].
However, the potential limitation of the larval Drosophila
glioma system is that early activation of the gliomagenic

Fig. 4 Knockdown pathometabolic gene expression partly relieve
glioma-induced phenotypes in Drosophila. a Glial-specific knockdown
of ALDOA, ACAT1, ELOVL6, and LOX extends lifespan of glioma flies.
Each group contains 30 flies. b ACAT1 knockdown by using different
RNAi exhibits a consistent prolonged lifespan in glioma flies: RNAi #1
(8112R-2 from NIG-FLY); RNAi #2 (110347 from VDRC); RNAi #3

(#63035 from BDSC). Each group contains 30 flies. c The confocal 3D
rendered brain images showed a marked reduction of brain size when
knockdown ACAT1 expression in glioma background. 100 μm scale bars.
d The quantitation of 3D brain volume of control, GBM, and three
ACAT1 RNAi transgenic flies. The adjusted p value was calibrated
between each group (n = 7 for each group)
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signaling pathway causes larval mortality; therefore, it is
not feasible to study neurobehavioral problems in human
adulthood. In contrast, our model introduces a temporal
expression system. This model better mimics human glio-
mas by allowing us to investigate survival and neural be-
havior of adult glioma flies. Moreover, we were not only
able to observe brain tumor enlargement in adult flies,
which is similar to human glioma in adulthood, but also
manage the initiation of gliomagenesis. Therefore, our
adult Drosophila glioma model overcomes the develop-
mental bias associated with the larval model and therefore
is more useful to study survival in glioma patients. This
in vivo adult Drosophila model system provides several
robust phenotypic readouts, including brain volume, glial
cell number, locomotion, survival, and other high-function
behavioral paradigms such as olfactory associative memo-
ry, which allow us to decipher pathogenic signaling path-
ways in a whole-animal setting.

Intriguingly, echoing our current finding on ELOVL6,
a recent review article also pointed out that ELOVL6 is
overexpressed in GBM patients and correlates with re-
duced patient survival [46]. Our adult fly glioma model
showed the first in vivo evidence regarding ELOVL6’s
involvement in gliomagenesis. Moreover, an ELOVL6
inhibitor, compound A [47], was discovered and had
been showed to interfere with tumor growth in lung
squamous cell carcinoma in vivo [48]. It will be valu-
able to develop a drug screening platform by using our
model system to test low-molecular-weight compounds,
such as K-604, TMZ, vitamin E, and compound A, on
treating adult fly glioma. Taken together, our approach
involving bioinformatics analysis and screening of can-
didate genes using our adult Drosophila glioma model,
followed by validation using human glioma cell models
and brain tumor tissues provides a promising way to
study glioma.

Fig. 5 High expression of ACAT1 inGBM cell lines and patient samples.
a ACAT1mRNA expression obtained by using real-time RT-PCR in four
different GBM cell lines. The relative expressions were normalized with
normal brain tissue. Bars, mean values ± SEM, ***p < 0.001 showed
significant differences. Data are representative of three independent
experiments. b ACAT1 protein level analyzed by Western blot. c IHC
staining showed higher intensity and percentage expression of ACAT1 in
high-grade gliomas than in low-grade gliomas and non-tumor part of
brain tissues. Representative hematoxylin and eosin (H&E) staining and

immunohistochemical staining of ACAT1 of normal brain, grade I
pilocytic astrocytomas, grade II diffuse astrocytomas, grade III
anaplastic astrocytomas, and grade IV glioblastomas. Original
magnification × 400. d Blocking ACAT1 activity by K-604 suppresses
GBM viability. Human glioma cells were treated by K-604 with different
concentrations (0, 12.5, 25, 50, and 100 μM) for 72 h, and then, cell
viability was measured using the MTS assay. Error bars represent the
standard deviation derived from three independent experiments
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