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Abstract
Glioblastoma multiforme (GBM) is the most aggressive 
malignant brain tumor known with a poor survival 
rate despite current advances in the field of cancer. 
Additional research into the pathophysiology of GBM 
is urgently needed given the devastating nature of 
this disease. Recent studies have revealed the unique 
cellular physiology of GBM cells as compared with 
healthy astrocytes. Intriguingly, GBM cells are incapable 
of de novo cholesterol synthesis via the mevalonate 
pathway. Thus, the survival of GBM cells depends on 
cholesterol uptake via low-density lipoprotein receptors 
(LDLRs) in the form of apolipoprotein-E-containing 
lipoproteins and ATP-binding cassette transporter A1 
(ABCA1) that efflux surplus cholesterol out of cells. 
Liver X receptors regulate intracellular cholesterol levels 
in neurons and healthy astrocytes through changes 
in the expression of LDLR and ABCA1 in response 
to cholesterol and its derivatives. In GBM cells, due 
to the dysregulation of this surveillance pathway, 
there is an accumulation of intracellular cholesterol. 
Furthermore, intracellular cholesterol regulates 
temozolomide-induced cell death in glioblastoma cells 
via accumulation and activation of death receptor 5 in 
plasma membrane lipid rafts. The mevalonate pathway 
and autophagy flux are also fundamentally related 
with implications for cell health and death. Thus, via 
cholesterol metabolism, the mevalonate pathway may 
be a crucial player in the pathogenesis and treatment 
of GBM where our current understanding is still 
lacking. Targeting cholesterol metabolism in GBM may 
hold promise as a novel adjunctive clinical therapy for 
this devastating cancer.

Cholesterol metabolism in cancer
Studies concerning the role of cholesterol in 
cancer have not been conclusive so far, and 
there is controversy regarding the correlation 
of dietary/intracellular cholesterol levels with 
different cancer types,1 While some studies 
showed positive correlations between increased 
serum cholesterol and the risk of special types 
of cancer like: prostate cancer, melanoma, 
non-Hodgkin′s lymphoma, endometrial, and 
breast cancer,2 unexpectedly, other studies 
found no association.3 Also, it is not clear how 
much dietary cholesterol has an impact on 
the development of cancer. Some case reports 
showed positive correlations between the level 
of cholesterol consumption and some types 

of malignant tumors,4 while other evidence 
suggested no correlation.5

Normal cholesterol homeostasis leads to the 
production of the steroid hormones and contrib-
utes to the integrity of plasma membranes and 
intracellular signal transduction. This is mostly 
regulated by sterol regulatory element-binding 
protein transcription factor 2 and liver X recep-
tors (LXRs).6

The Cancer Genome Atlas  (TCGA) anal-
ysis revealed a prognostic signature of choles-
terol synthesis genes. It showed an association 
between reduced survival of patients with 
sarcoma, acute myeloid leukemia, and mela-
noma with upregulation of the mevalonate 
pathway (negative correlation). However, in 
lower grade gliomas, the correlation was posi-
tive. Thus, there appears to be differential 
correlation between mevalonate pathway acti-
vation and prognostic outcomes that depends 
on the type of cancer.7 Moreover, constitu-
tive activation of numerous oncogenic path-
ways, like receptor tyrosine kinase (RTK)/
RAS  GTPase (RAS) and phosphatidylinositol 
3-kinase   (PI3K)/Akt/mammalian Target of 
Rapamycin  (mTOR), induces cholesterol 
biosynthesis.8 The loss of p53 function dereg-
ulates the mevalonate pathway in cancer cells, 
which suggests a role for p53 in the modulation 
of cholesterol synthesis genes.9 In addition, 
dysregulation of mitochondrial cholesterol 
levels was associated with cancer cell survival 
where elevated mitochondrial cholesterol level 
induces resistance to apoptotic signals through 
STAR and STARD3, which regulate choles-
terol uptake into mitochondria.10 Furthermore, 
cancer cell survival is regulated by ATP-binding 
cassette transporter A1 (ABCA1), a cell 
membrane-bound cholesterol efflux trans-
porter, by which decreased ABCA1 activity 
increases mitochondrial cholesterol levels and 
subsequently increases cancer cell survival.11

Overall, while not conclusive, it appears that 
modulation of cholesterol homeostasis is an 
important contributor to cancer development. 
In this regard, many ideas have been developed 
to target cholesterol synthesis and/or transport 
or intestinal absorption to disrupt cholesterol 
homeostasis in cancer cells.12–14
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Figure 1  Neurons and glioblastoma cells rely on astrocytes 
to provide cholesterol via de novo synthesis. Neurons and 
glioblastoma cells do not use de novo synthesis of cholesterol 
and are dependent on uptake of exogenous cholesterol. They 
take up cholesterol produced and secreted by astrocytes in Apo-
E-containing lipoproteins. Oxysterol and cholesterol derivatives 
produced in neurons following cholesterol uptake and metabolism 
are physiological agonists for LXR. Activation of LXR results in its 
dimerization with RXR and subsequent increase in ABCA1 cassette 
protein expression, the main exporter of cholesterol in the form of 
Apo-E-containing lipoproteins. It also inhibits the expression of the 
LDL receptor resulting in a decrease in cholesterol uptake, thereby 
regulating the level of intracellular cholesterol. In GBM cells, these 
cholesterol regulatory and surveillance mechanisms are disrupted. 
Thus, following the uptake of cholesterol in Apo-E-containing 
lipoproteins and the metabolism of cholesterol in GBM cells, 
oxysterol and other cholesterol derivatives are unable to activate 
LXR leading to the accumulation of intracellular cholesterol. 
ABCA1, ATP-binding cassette transporter A1; Apo-E, apolipoprotein 
E; GBM, glioblastoma multiforme; LDL, low-density lipoprotein 
receptor; LXR, liver X receptors; RXR, retinoid X receptors.

Uncoupling the nuclear receptor liver X
Liver X receptors (LXRs) are members of the nuclear 
receptor superfamily of transcription factors. Two isoforms 
of LXRs have been identified (LXRα and LXRβ) that are 
known as whole-body cholesterol sensors and on activation 
through binding to their cognate ligand leads to a net elim-
ination of cholesterol from the body.15 LXRs do that via 
induction of cholesterol hepatic excretion,16 decrease of its 
cellular uptake, and reduction of its absorption.17 Activa-
tion of LXRs is dependent on their coupling with retinoic 
acid receptors (RXRs) subsequent to binding to oxysterols 
that are mono-oxygenated derivatives of cholesterol. Oxys-
terols function as a negative feedback regulator of choles-
terol homeostasis and biosynthesis by mediating increased 
expression of cholesterol efflux genes with decreased 
expression of genes needed for its synthesis and uptake.18

The high growth rates of cancer cells is a demanding 
process. It requires accumulation of intracellular cholesterol 
and reduction in oxysterol content that consequently results 
in LXR transcriptome downregulation.19 This homeostatic 
pathway is characterized by reduced oxysterol synthetic/
anabolic pathways and enhanced catabolic and secre-
tory cascades. Based on this oxysterol hypothesis, under 
conditions of low levels of intracellular sterols, cholesterol 
synthesis and uptake are promoted, whereas cholesterol 
efflux is repressed. In addition, oxysterol synthesis is inhib-
ited, and its catabolism and secretion are increased. The 
converse is true in situations of high intracellular sterol 
levels.20 Overall, high levels of intracellular cholesterol with 
low levels of oxysterols along with downregulated LXR/
RXR transcriptional activity support the high proliferation 
rates of cancer cells. Thus, rapidly growing cancer cells 
uncouple cholesterol and oxysterol homeostasis through 
downregulated LXR transcriptional activity, in order to 
increase intracellular cholesterol content.21 22

Cellular cholesterol content is mediated by the inte-
grated activities of synthesis, uptake, and efflux, which are 
impaired in conditions of high-rate cell proliferation. Thus, 
targeting pathways involved in cholesterol homeostasis 
could be a potential therapeutic approach in cancer treat-
ment. Recent reports indicate that LXR significantly impacts 
cell growth arrest and the activation of apoptotic pathways. 
This observation supports the idea that LXRs have potential 
antitumor effects by modulating sterol metabolism. There-
fore, targeting LXRs might be a novel approach in treating 
tumors given their ability to regulate cholesterol hemostasis 
and suppress the cell cycle.23–25

Cholesterol metabolism in glioblastoma 
multiforme (GBM)
Despite advanced chemotherapy, surgical interventions, 
and in-depth investigations to develop effective treatments, 
GBM is the most common malignant tumor of the central 
nervous system with a life expectancy of fewer than 2 years 
after diagnosis.26 The cholesterol pathway has emerged as a 
potentially new target for GBM amenable to targeted phar-
macologic treatment.27 Cholesterol uptake is a crucial step 
for growth and survival for GBM cells.27 Therefore, defects 
in cholesterol biosynthesis and its downstream signaling can 
lead to cancer and neurodegenerative diseases, and there-
fore, represents a potential target for treatment.28

Levels of cholesterol in the brain are high and repre-
sent 20%–25% of total body cholesterol. However, the 
dynamics of the brain cholesterol pool and its metabolism is 
distinct from other organs due to the inability of peripheral 
cholesterol to cross the blood–brain barrier (BBB).27 Thus, 
the majority of cholesterol in the brain is synthesized via de 
novo biosynthesis by astrocytes and delivered to neurons 
within high-density lipoproteins containing apolipopro-
tein E (Apo-E).29 Unlike healthy astrocytes, the metabolic 
needs of GBM cells are supplied mainly by exogenously 
rather than endogenously synthesized cholesterol.27 As 
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) 
reductase inhibitors (‘statins’) inhibit de novo synthesis of 
cholesterol, it is not surprising that GBM cells are not as 
sensitive as healthy astrocytes to statins.27

LXRα and LXRβ, the main regulators of cholesterol 
homeostasis, have an important role in lipoprotein uptake 
in brain cells.27 LXR ligands cause their heterodimerization 
with RXRs (LXR:RXR) and subsequent transcriptional 
activation of genes responsible for propagating lipid trans-
port between neurons and glial cells.27 Oxysterols, which 
are synthesized from cholesterol by neurons and healthy 
astrocytes, function as endogenous LXR ligands. Receptor 
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Figure 2  Role of the mevalonate pathway in autophagy. The 
mevalonate cascade is the de novo pathway for cholesterol 
biosynthesis in cells. It is also responsible for the production 
of the isoprenoids such as geranylgeranyl-pyrophosphate 
(geranylgeranyl-PP) that play an important role in the prenylation 
of the superfamily of Ras-like GTPase proteins known as the Rab 
family. Rab GTPases are involved in vesicular trafficking where 
Rab11 and Rab7 are critical components for autophagosome 
formation and autophagosome–lysosome fusion. Statins lower 
cholesterol due to inhibition of HMG-CoA reductase, the rate-
limiting enzyme in cholesterol biosynthesis, but they also reduce 
mevalonate and the downstream isoprenoids. Thus, inhibition 
of the mevalonate pathway by statins results in decreased 
prenylation of Rab11 and Rab7 and subsequent inhibition of 
autophagy flux. HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme 
A; PP, pyrophosphate.

activation diminishes the levels of cellular cholesterol in 
neurons and healthy astrocytes by two mechanisms: (1) 
increased cholesterol efflux through ABCA1 sterol trans-
porters and (2) reduced cholesterol uptake via LDL receptor 
(LDLR) degradation.30

GBM cells are unable to produce sufficient endogenous 
LXR ligands thereby promoting exogenous cholesterol 
uptake. Villa et al showed that levels of LDLR and LDL 
uptake were higher, and LXR ligands were lower in GBM 
cells as compared with healthy astrocytes.27 This suggests 
that supplementation with exogenous LXR ligands that 
incorporate efficiently within the affected area of brain 
tissue may represent a potentially new anticancer strategy 
for GBM (figure 1).27

LXR-623 is a synthetic LXR agonist initially used for 
atherosclerosis treatment, but its ability to cross the BBB 
resulted in a study on glioblastoma cells that confirmed a 
killing effect by LXR-623 on U87EGFRvIII and GBM39 
cells in vitro.27 In addition, LXR-623 showed anti-GBM 
activity in a xenograft model of intracranial GBM.27 Since 
GBM survival depends on cholesterol, the depletion of 
cellular cholesterol by LXR-623 leads to cell death.27 Mech-
anistically, treatment with LXR-623 also suppressed LDLR 
expression and enhanced expression of the ABCA1 choles-
terol efflux transporter, which then induced substantial 
apoptosis via activation of the LXRβ isoform.27

There are other approaches involving cholesterol 
metabolism known in the GBM field. Phytol and retinol 
kill glioblastoma cells by interfering with fatty acid and 
cholesterol metabolism. The higher levels of lipids in GBM 
cells, necessary for their survival is partly due to involve-
ment of an oncogenic pathway called epidermal growth 
factor receptor  (EGFR)/PI3K/Akt. This pathway increases 
levels of intracellular lipids and upregulates sterol regula-
tory element-binding protein (SREBP-1) which, in turn, 
enhances lipid uptake.31 Therefore, SREBP-1 suppression 
can also lead to GBM cell death.32 Phytol alters the expres-
sion of SREBP-1 and sterol regulatory element-1, which are 
important constituents for regulation of cholesterol metab-
olism.31 Expression of fatty acid synthase (FAS) protein, a 
key tumor lipogenesis enzyme, is regulated by SREBP-1. 
Phytol and retinol inhibit SREBP-1 and FAS expression in 
U87MG, A172, and T98G cell lines of human glioblas-
toma.31 Thus, targeting GBM cells with phytol and retinol 
represents an alternative strategy in the fight against GBM.

Archazolid B is another drug used in the treatment of 
GBM. By affecting specific genes, its application results in 
the accumulation of free cholesterol within intracellular 
organelles and effectively depletes usable cellular choles-
terol. Although archazolid B upregulates LDLR, which 
increases extracellular cholesterol uptake, it hampers the 
action of V-ATPase due to a proton transport defect. This 
leads to associated increases in lysosomal pH, thereby 
preventing cholesterol recycling.33 This ‘sequestration’ 
of cholesterol makes it effectively absent for use by GBM 
cells. It is tempting to think that combinations of the above 
approaches to control cholesterol hemostasis in GBM cells 
could lead to a more robust therapeutic strategy in GBM 
than what is currently available.

In general, drug resistance is a serious problem in cancer 
therapy targeting cell death, especially in GBM. In light of 
currently applied strategies targeting GBM, it is important 

to realize that levels of intracellular cholesterol in GBM 
cells determine their resistance to chemotherapeutic drugs, 
such as temozolomide (TMZ), particularly in long-term 
treatment approaches.34 Although the distinct lipid metab-
olism of GBM cells has been reported, the role of intracel-
lular cholesterol flux in TMZ-induced cell death requires 
additional investigation.

According to Yamamoto et al, in TMZ-resistant U251 
cells, intracellular cholesterol levels are lower than 
non-resistant ones. They showed that decreasing intracel-
lular cholesterol in non-resistant U251 cells using meth-
yl-β-cyclodextrin increased cell viability, while adding 
cholesterol decreased it.13 34 This effect occurred via 
accumulation and activation of death receptor 5 (DR5) 
in cell plasma membrane lipid rafts. DR5 is a protein 
of the tumor necrosis factor receptor family, which is 
located in cell membranes and impacts cell death partially 
through caspase-dependent signaling. Lipid rafts that 
have high cholesterol microdomains regulate the molec-
ular processes of DR5 action, and increased intracel-
lular cholesterol augments activation of DR5 in the lipid 
rafts of GBM cells.34 DR5 also evokes caspase-8 activity 
in response to TMZ.34 Soluble cholesterol enters cell 
membranes, which promotes signaling involved in DR5 
activation.34 Therefore, using TMZ as a DR5 trigger along 
with soluble cholesterol could potentially serve as combi-
nation therapy to treat GBM.34 Furthermore, the authors P
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also showed that pharmacologically  relevant concentra-
tions of HMG-CoA reductase inhibitors (the ‘statins’) 
reduced GBM cell death induced by TMZ.34 Contrary to 
their findings, we reported potentiation of TMZ-induced 
apoptosis in GBM cells by simvastatin; however, in line 
with their findings, this effect was independent of choles-
terol levels.35

This effect of statins may be due to regulation of auto-
phagy by the mevalonate cascade.36 37 We know that the 
mevalonate pathway modulates autophagy through gera-
nylgeranylation of the small GTPase molecule Rab11 
(figure 2).36 38 Small GTPase Rab11 is a member of the Rab 
protein family and is involved in intracellular vesicular traf-
ficking39 and belongs to the superfamily of Ras-like GTPases 
whose function is regulated by geranylgeranylation.39 
Rab11 plays a pivotal role in autophagosome formation,40 
and both Rab11 and Rab7 are necessary for autophago-
some–lysosome fusion.39 40 The mevalonate pathway and 
Rab11 are mandatory components of basal autophagy flux 
due to their regulation of autophagosome formation and 
autophagosome–lysosome fusion36; however, the meva-
lonate pathway has no effect on lysosome function.36

Due to this crosstalk between autophagy and apop-
tosis,41 inhibition of the mevalonate pathway accompanies 
autophagy inhibition and consequently leads to apoptotic 
cell death.37 42 Our own research showed similar results 
where inhibition of the mevalonate pathway sensitized 
glioblastoma cells to TMZ-induced apoptosis through 
inhibition of autophagy flux and autophagosome-lyso-
some fusion.35 Of note, a big cohort study conducted on 
patients with different types of cancers reported increased 
survival rate of patients with long-term consumption of 
statins,3 and another subsequent study in glioblastoma 
patients showed the same results.43 Thus, the choles-
terol-lowering drugs, statins, may potentially serve as a 
new therapeutic approach for combination therapy in 
glioblastoma.44

In summary, a deeper understanding of the role of choles-
terol metabolism and transport in GBM cells and the under-
lying mechanisms of cholesterol-related drug resistance 
will be useful in improving current treatment strategies for 
patients with GBM. Mevalonate biology and autophagy are 
intimately linked at a more fundamental cellular level, where 
both pathways are amenable to pharmacologic manipula-
tion. Furthermore, such an understanding could lead to the 
development of targeted and more effective therapies for 
GBM patients, a devastating disease with poor prognosis.
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