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Lipid metabolism emerges as a promising
target for malignant glioma therapy

Deliang Guo*', Erica Hlavin Bell' & Arnab Chakravarti’

-E B Unsaturated fatty acid levels are rich in human intracranial tumors.

E B Cholesterol esters are present in glioma tissues.

.g B Phosphatidylcholine levels are high in gliomas.

‘g B /nvivo magnetic resonance spectroscopy is capable of detecting lipid metabolism changes in gliomas.
S

Q. B Receptor tyrosine kinase/PI3K/Akt signaling upregulates SREBP-1-mediated fatty acid synthesis and
I cholesterol uptake.

SUMMARY  Malignant gliomas are one of the most treatment-refractory cancers.

Development of resistance to chemo- and radio-therapies contributes to these tumors’
aggressive phenotypes. Elevated lipid levels in gliomas have been reported for the last
50 years. However, the molecular mechanisms of how tumor tissues obtain lipids and utilize
them are not well understood. Recently, the oncogenic signaling EGFR/PI3K/Akt pathway
has been shown to enhance lipid synthesis and uptake by upregulating SREBP-1, a master
transcriptional factor, to control lipid metabolism. This article discusses the analytical
chemistry results of lipid components in glioma tissues from different research groups. The
molecular mechanisms that link oncogenes with lipid programming, and identification of
the key molecular targets and development of effective drugs to inhibit lipid metabolism in

malignant gliomas will be discussed.

Malignant gliomas are among the most lethal
of human malignancies, and are highly resistant
to chemo- and radio-therapies, contributing to
the frequent recurrences 6—7 months after sur-
gery [12]. In the past decade, significant prog-
ress has been made in treating gliomas. Patient
overall survival was reported to closely correlate
with the methylation status of O-6-methyl-
guanine-DNA methyltransferase when patients
were treated with radiation plus temozolomide
(3.4]. With regard to tumor biology, oncogenic
signaling pathways, such as receptor tyrosine

kinase (RTK)/PI3K/Akt, and angiogenesis are
hyperactivated in glioma patients [s]. However,
targeting the RTK/PI3K/Ake/mTOR signaling
pathway and blocking VEGF signaling by using
its antibody bevacizumab have been shown to
produce modest responses in this patient popula-
tion [6-11]. Resistance to these targeted therapies
is possibly derived from tumor heterogeneity or
a redundant oncogenic signaling pathway in
tumor cells [12]. To significantly enhance over-
all survival in glioma patients, it is essential
to comprehensively understand the biology of
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malignant gliomas and identify the critical mol-
ecules involved in regulating tumor growth in
order to develop more effective drugs to treat
patients.

Recently, an emerging renaissance within
the field of cancer metabolism has opened new
windows for cancer treatment. Tumor cells have
been revealed to reprogram their metabolic net-
works in order to satisfy their demand for rapid
growth and division [13-15]. Enhanced glycolysis
under normoxic conditions (the Warburg effect)
and increased glutamine metabolism are the
main characteristics of malignant tumors [16-19].
In addition, exacerbated lipogenesis has been
demonstrated to be one of the main features of
cancer [20], which has been shown to directly
correlate with enhanced glucose and glutamine
metabolism [21-23]. Taken together, growing evi-
dence shows that metabolism reprogramming
may play an important role in malignant tumor
growth. Therefore, targeting altered cellular
metabolism has become an intriguing strategy
to treat cancer.

In malignant gliomas, tumor tissues’ lipid lev-
els have been reported to be higher compared
with normal tissues [24.25]. Recently, a series
of investigations have revealed the underly-
ing molecular mechanisms of how tumor cells
upregulate their lipid metabolism. This article
will discuss recent advances in understanding
the underlying molecular mechanisms of lipid
metabolism reprogramming and also introduce
how oncogenic signaling pathways contribute
to this metabolic alteration. Finally, the authors
will discuss the potential of targeting lipid
metabolism as a novel therapeutic strategy for
malignant gliomas.

Lipids act as signaling molecules

Lipids, such as phospholipids, fatty acids, chol-
esterol, triglycerides and cholesterol esters,
and sphingolipids, are important components
of cells. The main biological functions of lip-
ids are as structural components of cell mem-
brances and energy storage [26]. However, lipids
also play important roles in mediating signaling
transduction to regulate cell response to a vari-
ous stimuli. For example, diacylglycerol and the
phosphatidylinositol phosphates are involved in
PKC activation [27.28]; sphingosine-1-phosphate,
a sphingolipid derived from ceramide, is involved
in cell growth and apoptosis [29); prostaglandins,
which are fatty acid-derived eicosanoids, are
involved in immunity and inflammation [30];
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and steroid hormones, estrogen, cortisol and
testosterone, which are derivatives of cholesterol,
regulate metabolism and reproduction [31].

Lipid levels in glioma.

Rapid growth and division are among the major
characteristics of malignant tumors. Given the
important role of lipids in cell membrane forma-
tion and signaling transduction, identification
of the differences in lipid composition between
tumor and normal tissues, in order to find pos-
sible diagnostic and prognostic biomarkers for
cancer patients, has been a long-term endeavor
for biochemists.

® Unsaturated fatty acid levels are high in
human intracranial tumors

In 1949, Brante analyzed the general lipid com-
position of human intracranial tumors in 11 cases
of gliomas. He found that total lipids accounted
for 15-35% of the dry weight of tissues, and a
quarter of cholesterol was not found in its free
form. By contrast, Brante showed that normal
adult brain tissue contained 35% total lipids of
the dry weight of the tissue. Interestingly, he
found that in normal brain tissue all of the cho-
lesterol was in its free form [32]. In 1963, Gopal
et al. reported a comprehensive analysis of fatty
acid distribution in several intracranial tumors
in comparison with normal adult brain speci-
mens using gas—liquid chromatography. They
found that free fatty acid levels were higher in
glioma, meningioma, neurinoma and carcinoma
tissue than normal brain tissue. Furthermore,
they showed that the levels of polyunsaturated
fatty acids, particularly linoleic acids, were much
higher in gliomas, meningiomas and neurino-
mas than normal brain tissue [24]. In addition,
this group analyzed the sterol—ester fatty acid
composition. They reported that more than 68%
of fatty acids in sterol esters were unsaturated
acids in gliomas, 46% in neurinomas and 61%
in carcinomas compared with 35% in normal
brain tissue. There were no striking fatty acid
differences in glycerol esters between tumors and
normal brain tissue [24].

By using '"H- and "*C-nuclear magnetic reso-
nance spectroscopy (NMR), Tugnoli and col-
leagues showed that triglycerides were present
in two biopsies from glioblastomas (GBM) that
had no treatment, but absent in healthy adult
brain tissues 33]. Given that triglycerides con-
tain three fatty acids and act as energy storage
in addition to unsaturated fatty acids prominent
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in high-grade intracranial tumors, it appears
that gliomas have developed an altered meta-
bolism for fatty acids. Since high levels of poly-
unsaturated fatty acids are present in gliomas,
interruption of the conversion of saturated fatty
acids to unsaturated acids may significantly
inhibit tumor growth.

® Cholesterol esters are present in glioma
tissues

Since NMR gives specific information on the
neurochemistry of human tissues, character-
ization of the total lipid fraction of healthy and
neoplastic human brain tissues using NMR has,
therefore, been conducted by many research
groups. By using 'H- and *C-NMR, cholesterol
esters, formed by the esterification of cholesterol
with long-chain fatty acids, have been shown to
only be present in high-grade gliomas [25.33). In
addition to gliomas, cholesterol esters have been
shown to be present in malignant renal cell car-
cinomas [34,35] and human urothelial carcinoma
(36], but absent in the corresponding healthy tis-
sues. Taken together, the presence of cholesterol
esters appears to be a promising biomarker for
diagnosis of malignancy [37]. However, why neo-
plastic tissues form and accumulate cholesterol
esters, and how tumor cells utilize this portion
of lipids is unknown. Given that the levels of
free cholesterol are strictly regulated by negative
feedback mechanisms, formation of cholesterol
esters could be the strategy glioma cells use to
store cholesterol. When cells require cholesterol,
cholesterol esters could quickly release choles-
terol for cell growth or survival. Since cholesterol
esters are absent in healthy brain tissues, prevent-
ing cholesterol ester utilization may be a pos-
sible therapeutic strategy to inhibit malignant
glioma growth.

® Phosphatidylcholine levels are high

in gliomas

By using *’P-NMR-based qualitative and quanti-
tative analyses of the lipid components from the
tissues of primary brain tumors, several groups
have shown that phosphatidylcholine is signifi-
cantly higher in medulloblastomas and GBMs
compared with normal brain tissues. Grade II/I11
gliomas patients also presented higher phospha-
tidylcholine levels than normal subjects [25,33].
Increased levels of choline-containing phospho-
lipids may reflect the changes of cellular mem-
brane structure and cell turnover rates. This
change may be in response to growth stimuli
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or correspond to malignant cell transformation
(38]. Further investigation of phospholipid meta-
bolism, and its implications on therapeutics and
prognostics in gliomas is needed.

Interestingly, using single-pulse 'H- and
3'P-NMR spectroscopy, Srivastava et al. showed
higher amounts of phospholipids and total cho-
lesterol in the serum of patients with various
primary brain tumors compared with normal
individuals, and the concentration of these lip-
ids increased with tumor grade [25]. Further-
more, they determined lipid components in
cerebrospinal fluid in patients with different
tumor types and showed that cholesterol, cho-
lesterol esters and phospholipids were present
in high concentrations in brain tumor patients,
but absent in normal individuals as well as in
patients with other neurological disorders (e.g.,
meningitis, a motor neuron disease) [25]. Thus,
the presence of cholesterol esters and phospho-
lipids in cerebrospinal fluid is potentially caused
by necrosis of tumor tissues and leakage of blood
vessels inside tumors. Therefore, cholesterol
esters and phospholipids could be potential
biomarkers for diagnosis of malignant tumors
in the brain, as well as prognostic markers for
therapeutic treatment.

Analysis of lipid alteration in gliomas
using in vivo magnetic resonance
spectroscopy

Magnetic resonance spectroscopy (MRS), also
known as NMR spectroscopy, is an analytical
technique that has been used to study mole-
cular changes and provide biochemical infor-
mation about tissues in a noninvasive manner
(39]. In vivo MRS is capable of noninvasively
detecting metabolic changes in patients with
cancer, strokes or Alzheimer’s disease. It has been
applied to analyze the alteration of metabolites,
such as detection of lactate, choline and lipids,
in tumor tissues using 'H-MRS. In gliomas,
lipids have been clearly detected in patient tis-
sues using iz vivo '"H-MRS [40]. '"H-MRS-visible
lipids have been characterized by mobile fatty
acids and cholesterol esters, which are stored in
lipid droplets within the cytoplasm [40]. Interest-
ingly, signals from 'H-MRS-visible lipids have
been reported to increase in the area of tumor
tissue with apoptosis or necrosis 41.42]. These
reports suggests that unsaturated fatty acids are
released from membrane phospholipids when
cells are carrying out apoptosis and then form
lipid droplets that can be detected by in vive
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'"H-MRS [40.43]. In summary, in vivo '"H-MRS
can provide information regarding lipid meta-
bolism within glioma tissue, and may be able
to provide information about lipid homeostasis
in tumor tissues in response to drug treatment.
Therefore, in vivo MRS could be of assistance
for glioma diagnosis and prognosis.

Molecular mechanisms of lipid
metabolism in gliomas

Neurobiochemistry analysis has clearly shown
that the lipid compositions of tissues are altered
in malignant gliomas compared with normal
brain tissues, particularly with the exclusive pres-
ence of cholesterol esters, and significant eleva-
tion of unsaturated fatty acids and phosphatidyl-
choline in tumor tissues [25.37]. However, the
molecular mechanisms that lead to altered lipid
composition in glioma tissues, and whether
lipid metabolism reprogramming facilitates
tumor growth remain unclear. Recently, the
key genes in the regulation of lipid metabolism
have been demonstrated to be overexpressed in
malignant gliomas [44.45]. Oncogenic signaling
pathways have been revealed to be involved in
lipid metabolism reprogramming in gliomas and
other cancers [2.44].

® SREBP-1

SREBP-1 is the main transcription factor that
regulates de novo fatty acid synthesis [46].
SREBP-1 has three isoforms, SREBP-1a, -1c
and -2 that have distinguished roles in regulat-
ing lipid metabolism [46]. SREBP-1 is involved
in energy metabolism, including fatty acid and
glucose metabolism [47], whereas SREBP-2
preferentially activates cholesterol synthesis
(48]. SREBPs are synthesized as inactive precur-
sors bound to the endoplasmic reticulum that
require cleavage by a two-step proteolytic pro-
cess in order to become mature transcriptional
factors and regulate lipid metabolism [49]. Upon
sterol deprivation, SREBP precursors translocate
to the Golgi, escorted by SCAP, where SREBPs
are cleaved sequentially by S1P and S2P, mem-
brane-bound serine proteases, to release their
N-terminal domain into the nucleus where it
activates their target genes [46].

Recently, the current authors’ group was the
first to show that SREBP-1 is highly upregulated
in GBM cell lines and its N-terminal domain is
strikingly present in the nucleus of tumor cells
in patients’ tissues [44]. In addition, the authors
found that free fatty acid levels are high in GBM
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cell lines [44,50]. Pharmacologic and genetic
evidence showed that inhibition or reduc-
tion of SREBP-1 significantly induced GBM
cell death [44]. These results demonstrate that
SREBP-1 is a very promising molecular target
in GBM, and suggest that further development
of its specific inhibitor for treating malignant
gliomas is needed.

In addition, one of the downstream genes of
SREBP-1, SCD-1, converts newly synthesized
saturated fatty acids to unsaturated fatty acids
[46,51,52]. Upregulation of SREBP-1 may be one
of the reasons for the increased accumulation of
polyunsaturated fatty acids in malignant glioma
tissues [24.53]. Why tumor tissues contain high
levels of unsaturated fatty acids and whether
these alterations contribute to tumor progres-
sion has yet to be determined and many inter-
esting questions arise from this cancer-specific
phenotype. It would be interesting to investigate
whether SCD-1 levels are elevated in GBMs.

B ACC&FAS

Elevated de novo fatty acid synthesis is one of
the main characteristics of a variety of cancers
120]. The molecular mechanisms of how cancer
cells promote fatty acid synthesis have recently
been revealed. ACC, the enzyme that regulates
the first step of de novo fatty acid synthesis,
catalyzes the irreversible carboxylation of ace-
tyl-CoA to malonyl-CoA [54]. FAS then inte-
grates acetyl-CoA and malonyl-CoA to form
1C fatty acid palmitic acid, a saturated fatty
acid [20,55]. Cells can further convert saturated
fatty acids to mono- or poly-unsaturated fatty
acids [52]. The levels of unsaturated fatty acids
in phospholipids could affect cell membrane
fluidity (s6]. Higher levels of unsaturated fatty
acids in malignant gliomas could significantly
change the components of lipids in the tumor
cell membrane [24], which may enhance tumor
cell motility and invasion.

ACC and FAS have both been demonstrated
to be highly expressed in malignant cancers, as
well as being indicators of poor prognosis [20,57].
Pharmacologic and genetic inhibition of both
genes has been demonstrated to significantly
suppress tumor growth iz vitro and in a xeno-
graft mouse model [58-62]. In GBMs, ACC and
FAS were both shown to be highly expressed in
patient tissues and closely correlated with the
expression levels of their transcription factor,
SREBP-1 [44]. These data demonstrated that the
SREBP-1/ACC/FAS-regulated de novo fatty acid
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synthesis pathway is highly activated in GBMs.

Table 1. Molecular targets of lipid metabolism and application of their drugs

The key roles of these molecules in the fatty acid ~ |FHEN__—.

synthesis pathway have made them attractive tar-

gets for developing drugs against GBM. Several | T2rget P —
inhibitors, such as fatostatin, TOFA and C75, of | SREBP-1 Fatostatin (53.63]
SREBP-1, ACC and FAS have shown significant | FAS 75 [45.64)
inhibitory effects on tumor cell growth in vitro | LXR GW3965 (4]
and in vivo [53.63-65). shows the drugs | SREBP-2 Atorvastatin [44]

that have been used in vivo. Further testing of
these drugs’ toxicity and side effects in mice are
needed to determine whether they could be used
in clinical trials.

® | ow-density lipoprotein receptor
Cholesterol is a major component in cell mem-
branes. Its derivatives form steroid hormones
that are involved in signal transduction [31].
Cholesterol is found at high volumes in the lipid
raft, where it associates with sphingolipids to
form a special structure on cellular membranes
[66]. Many kinase receptors and signaling mol-
ecules, such as EGFR and Akt, are located in
lipid rafts (67.68]. Thus, maintenance of cellular
cholesterol levels is important for maintaining
cell morphology and function.

In the human bloodstream, cholesterol is
transported by lipoproteins, such as low-density
lipoprotein (LDL), to the rest of the body from
the liver. The LDL receptor (LDLR) is inserted
in the cell surface that binds LDL and transports
it into the cell via endocytosis. After LDL enters
into cells, it is transported into lysosomes, where
it is dissociated, and releases free cholesterol and
fatty acids for the cell to use [69]. LDLR has been
shown to be highly expressed in GBM and other
types of cancers [45.70.71]. Its high expression
ensures tumor cells obtain sufficient cholesterol
for their rapid growth and division [70]. At high
volumes, cholesterol is converted to cholesterol
esters through esterification with fatty acids [72].
This process helps tumor cells store cholesterol
and fatty acids in order to make new membranes
for daughter cells during cell division. Choles-
terol esters have been shown to be uniquely pres-
ent in a wide range of cancers, including gliomas
(37. Then presence and enrichment may corre-
late with LDLR expression levels. Therefore,
blocking LDLR function is a promising strategy
to reduce cellular cholesterol levels, to further
slow down cell proliferation and inhibit tumor
growth. Cholesterol de novo synthesis regulated
by SREBP-2 is another pathway in which a cell
can obtain cholesterol [4¢]. In some cancers,
inhibiting cholesterol synthesis by its inhibitor
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statin has been shown to suppress tumor cell
growth 77 vitro and in vivo [73,74]. However, data
from clinical studies using statin in large popula-
tions are controversial, and show that there are
no significant benefits in patients with statin
treatment (75]. In GBM, growth inhibition by
statin was only seen in cells treated in choles-
terol-free media. The data showed that uptake
of cholesterol from the extracellular environment
significantly alleviated the effect of inhibition of
de novo synthesis [45]. Therefore, blocking both
cholesterol uptake and de novo synthesis could
be an attractive strategy in treating malignant
gliomas.

m | XR

Lipid homeostasis is important for cells to
maintain their structure and normal function.
The nuclear receptor, LXR, plays a key role in
regulating cellular cholesterol levels [76]. When
cholesterol levels increase, cholesterol will be
oxygenized to form oxysterols, which then
bind to LXR and promote the expression of its
downstream target genes ABCAI and ABCGI to
reverse-transport cholesterol outside of the cell
(77]. Thus, constitutive activation of LXR could
result in the significant reduction of cellular cho-
lesterol levels. LXRs synthetic ligands GW3965
and T0901317 have been shown to significantly
reduce atherosclerotic lesions in mouse models
through reducing macrophage cholesterol levels
(78,79]. Activation of LXR was shown to have sig-
nificant effects on Alzheimer’s disease in mouse
models by affecting cholesterol metabolism [so].
Activating LXR has been shown to significantly
inhibit tumor cell growth in prostate and breast
cancer mouse models [81-83]. Recently, GW3965
was shown to markedly kill GBM cells in GBM
cell lines and slow tumor growth in a GBM
xenograft model; however, the addition of cho-
lesterol significantly rescued GBM cell growth
(4s]. In addition, LXR activation was shown to
reduce LDLR levels by upregulation of the ubig-
uitin ligase E3 enzyme Idol, which promotes the
degradation of LDLR and reduces cholesterol
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uptake [84]. Taken together, reducing cellular
cholesterol levels by activation of LXR could be
a promising strategy to treat GBM.

However, the side effect of LXR activation is
also obvious. LXR can bind to LXR’s response
element on the promoter of SREBP-I¢ and stim-
ulate its expression [85]. In mice, pharmacological
activation of LXR has been shown to increase
plasma triglyceride levels through LXR-induced
upregulation of SREBP-Ic gene expression [86],
which indicates that these two LXR agonists
may not represent effective therapeutic reagents
for clinical testing. Hence, the development of
novel agonists to strongly activate LXR and not
stimulate SREPB-Ic expression may represent a
promising strategy to treat GBM. On the other
hand, combining LXR agonists with inhibitors
targeting the SREBP-1/ACC/FAS fatty acid syn-
thesis pathway may overcome the side effects of
LXR activation and demonstrated a synergistic
effect on GBM tumor growth.

® RTK/PI3K/Akt signaling & lipid metabolism
Molecular mechanisms for activation of SREBPs
in sterol regulation have been elegantly analyzed
and described by Brown, Goldstein and col-
leagues [48.87.88]. However, whether other mol-
ecules or signaling pathways beyond sterol regu-
lation are involved in SREBPs’ transcriptional
activation are not yet understood. Recently, in
cancer cells, PI3K/Akt/mTOR signaling has
been revealed to regulate SREBP-1 expression
and activation [89-92], but the detailed molecu-
lar mechanism still needs to be further investi-
gated. In GBM, EGFR, PDGEFR and Met have
been shown to promote SREBP-1 activity, and
be further involved in SREBP-1-regulated fatty
acid synthesis and the cholesterol uptake path-
way [44]. The data further showed that RTK
activation upregulates SREBP-1-regulated lipid
metabolism mediated by PI3K/Akt signaling.
Pharmacological and genetic inhibition of
SREBP-1 has been shown to preferentially kill
GBM tumors expressing EGFRVIII, a constitu-
tive EGFR mutant [44]. Taken together, these
data reveal that oncogenic growth signaling
hijacks SREBP-1 to reprogram lipid metabo-
lism in order to facilitate rapid tumor growth.
Therefore, disrupting the link between the onco-
genic signaling pathway and lipid metabolism is
a promising therapeutic approach in targeting
GBM and other cancers. SREBP-1 has emerged
as the best candidate to target. Further inves-
tigation of the molecular mechanism of how

CNS Oncol. (2013) 2(3)

oncogenes regulate SREBP-1 activation will cer-
tainly promote the development of drugs against
SREBP. Given that PI3K/Akt signaling has been
shown to promote glucose uptake and enhance
glycolysis [1593], upregulation of SREBP-1 by
the RTK-activated PI3K/Akt signaling pathway
demonstrates the molecular circuit from glyco-
lysis to lipogenesis
SREBP-1 will most likely also reduce glycolysis
in addition to inhibition of fatty acid synthe-
sis, thereby leading to significant suppression of

. Therefore, targeting

tumor growth.

®m Hedgehog pathway & fatty acid synthesis
In medulloblastomas, elevated lipid levels in
tumor tissues have been shown to be prominent.
Bhatia ez a/. have revealed a potential molecular
link between oncogenic signaling and enhanced
lipid metabolism. They showed that activation
of sonic hedgehog signaling promoted de novo
fatty acid synthesis through upregulation of FAS
expression. They further revealed that increasing
FAS expression by sonic hedgehog is mediated
by the Rb/E2F pathway [94]. It is interesting that
activation of E2F by sonic hedgehog promotes
lipogenesis in correlation with cell cycle progres-
sion initiation. The data suggest that cell prolif-
eration requires preparation of enough lipids to
support the transition of the cell cycle. Therefore,
not surprisingly, inhibition of FAS dramartically
reduced tumor growth [94]. Taken together, these
data suggested that targeting facty acid synthesis
is also a promising therapeutic strategy to treat
medulloblastoma.

Conclusion

Metabolic reprogramming has been recog-
nized as a new hallmark of cancer [95]. In the
last decade, identification of the key molecules
within the metabolic network and further
development of new drugs have become rapidly
growing research areas. Exaggerated lipogen-
esis has been found in a variety of cancers [20].
Neurochemistry analyses of lipid components
in tumors versus normal tissues has demon-
strated that the levels of unsaturated fatty acids
are enhanced in malignant gliomas [24]. Sur-
prisingly, cholesterol esters are only present in
tumor tissues and absent in normal individu-
als [37]. Furthermore, increased fatty acid syn-
thesis and enhanced cholesterol uptake were
shown to be characteristic of malignant glio-
mas [44.45,50,96]. Recently, the molecular mecha-
nisms of regulation of lipid reprogramming in

future science group



Lipid metabolism emerges as a promising target for malignant glioma therapy

Figure 1. Regulation of lipid metabolism in glioblastoma and the therapeutic drug targets.
Receptor tyrosine kinase/PI3K/Akt signaling via upregulation of SREBP-1 promotes fatty acid
synthesis and cholesterol uptake. ACC and FAS are direct downstream genes of SREBP-1 and

key molecules in the regulation of de novo fatty acid synthesis. LDLR is upregulated by SREBP-1

to promote cholesterol uptake. Activation of LXR stimulates ABCAT expression and promotes
cholesterol efflux; it also reduces LDLR levels via upregulating Idol, a ubiquitin ligase E3. The light
red boxes designate the molecules upregulated in glioblastoma (GBM) and could be potential
therapeutic targets in GBM. The light blue boxes signify the molecules that negatively regulate GBM
growth. Fatostatin is a SREBP-1 inhibitor; GW3965 is a LXR synthetic agonist; HMG-CoA R is a key
enzyme in the pathway of de novo cholesterol synthesis; and statin is a HMG-CoA R inhibitor.
HMG-CoA R: HMG-CoA reductase; LDLR: Low-density lipoprotein receptor; RTK: Receptor tyrosine

kinase.

cancers have been investigated. RTK/PI3K/Akt
signaling has been shown to regulate lipid
metabolism through upregulation of SREBP-1
transcriptional activity [44,45]. Targeting fatty
acid synthesis and reducing cellular cholesterol
levels were shown to significantly inhibit GBM
growth, particularly in EGFRvIII-expressing
tumors [44,45]. Therefore, altered lipid meta-
bolism is emerging as a potential therapeutic
target in malignant gliomas.

Future perspective

There is growing evidence demonstrating that
altered lipid metabolism plays a key role in
malignant glioma growth. Directly targeting
lipid metabolism was shown to be a promising
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approach in treating malignant gliomas [44.45].
In order to further translate lipid metabolism
targeting into clinics, it is necessary to under-
stand the underlying molecular mechanisms of
how tumor cells reprogram lipid metabolism in
accordance with oncogenic changes, and fur-
ther identify the key molecules that link onco-
genes and lipid metabolism. There is also a need
to develop more effective drugs to target lipid
metabolism in mice models with reduced side
effects to help further translate them into clini-
cal trials. In addition, it is possible that altered
lipid metabolism may mediate the resistance of
GBM to chemo- and radio-therapies. Therefore,
it is worth investigating the therapeutic effects
of targeting lipid metabolism in combination
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with chemo- or radio-therapy. Furthermore,
development of targeted therapies has become
a promising direction in cancer treatment.
However, inhibitors that directly target EGFR,
PDGEFR, PI3K/mTOR and VEGF/VEGFR
have shown only transient or no effects in
glioma patients. Combining these targeted
inhibitors with inhibition of lipid metabolism

may display synergistic therapeutic effects in

the clinic.
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