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Abstract

Glioblastoma (GBM) still carries a poor prognosis due to the refractoriness against antitumor drugs. Temozo-
lomide (TMZ), one of the few standard therapy drugs against GBM worldwide, has only limited effect due to 
acquired TMZ resistance of GBM. Therefore, development of novel therapeutic methods to overcome the TMZ 
resistance of GBM is urgent. The brain is the most cholesterol-rich organ in the human body, so modulation of 
cholesterol in tumor cells originating from the brain including GBM may be a tumor-specific therapeutic strat-
egy including enhancement of TMZ effects. The unique lipid metabolism of glioma has recently been reported, 
but the involvement of intracellular cholesterol in TMZ therapy is yet to be fully elucidated. This review sum-
marizes the effect of modulation of intracellular cholesterol level on cancer therapy including GBM treatment 
and the implications for TMZ therapy. Our recent findings about the involvement of intracellular cholesterol 
in TMZ-induced GBM cell death are described.
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Introduction

Glioblastoma (GBM) is a highly aggressive and 
 refractory tumor of the central nervous system. Median 
overall survival is still only around 15 months despite 
improvements in surgical technique, development of 
various chemotherapeutic regimens, and advances in 
the development of irradiation devices in recent years.1)

Temozolomide (TMZ) is an alkylating agent 
currently used for the standard therapy against GBM 
and has demonstrated better therapeutic outcome 
compared with previous anticancer drugs.2–5) However, 
prolonged treatment with TMZ often results in the 
development of TMZ resistance and acute relapse 
with subsequent poor clinical outcome.6,7) Therefore, 
novel therapeutic methods to treat TMZ-resistant 
GBM are urgently required.

Tumor-specific intracellular metabolites such as 
amino acids, glucose, lipids, or oxygen carriers 
have recently become novel therapeutic targets.8) 
Cellular metabolisms within the central nervous 
system are known to involve higher lipid contents 
compared with other systemic organs.9) Therefore, 
intracellular cholesterol metabolism has become 
a novel  therapeutic target of GBM.10,11) However, 
little is known about the relationship between GBM 
biology and cholesterol metabolism.

The present review focuses on the involvement 
of intracellular cholesterol metabolism in GBM 
cell death, especially the relationship between 
intracellular cholesterol and TMZ-induced GBM 
cell death.

Differences in Lipid Metabolism 
 Characteristics between Normal  

Brain Tissue and GBM

The brain is the most cholesterol-rich organ of the 
body, containing 20% of total body cholesterol.9) 
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However, the brain cholesterol pool is independent of 
the peripheral cholesterol metabolism.12,13)  Cholesterol 
cannot pass through the blood brain barrier from 
blood vessels, so almost all brain cholesterol is 
synthesized de novo.12,13) Moreover, the cholesterol 
metabolism in GBM is different from that in normal 
brain tissue.11) Cholesterol is mainly synthesized 
in astrocytes from glucose, glutamine, or acetate-
derived acetyl-coenzyme A, and supplied to the 
surrounding cells in normal brain tissue.14–16) Excess 
intracellular cholesterol is eliminated by promoting 
cholesterol efflux transporters such as ABCA1 and 
uptake is suppressed through degeneration of low 
density protein receptor (LDLR).17) These negative 
feedback mechanisms, which complement suppres-
sion of 3-hydroxy-3-methyl-glutaryl-coenzyme A 
(HMG-CoA) reductase, maintain cholesterol homeo-
stasis in normal brain tissue. In contrast, de novo 
synthesis of cholesterol is suppressed in GBM, 
so the cells depend on the supply of exogenous 
cholesterol by upregulating LDLR expression.11) 
Therefore, the administration of statins, a type of 
HMG-CoA reductase inhibitor used for the treatment 
of hypercholesterolemia, may not cause clinical 
improvement in patients with GBM.

Regulation of Tumor Cell Biology by 
Intracellular Cholesterol

Intracellular cholesterol has been known to regu-
late the biology of tumor cells including GBM 
and also drawn attention as the therapeutic target 
against these tumors.11,18–26) For example, increased 
cholesterol consumption is involved in the positive 
regulation of GBM cell biology.10,11) On the other 
hand, intracellular free cholesterol overload has been 
reported to induce apoptotic and/or autophagic cell 
death in cancer cells by induction of endoplasmic 
reticulum (ER) stress, inactivation of extracellular 
signal-regulated kinases, or induction of death 
receptor 5 (DR5), a death receptor localized in the 
plasma membrane.21–26)

Effects of Simultaneous Treatment with 
Cholesterol Depleting Agents and Anti-
cancer Drugs Active against GBM Cells

Excess cholesterol is converted to oxysterol in 
normal astrocytes or neurons, and oxysterol acts as 
an endogenous ligand for liver X receptor to trigger 
cholesterol efflux through ABCA1 and suppres-
sion of LDLR.27–30) In GBM cells, liver X receptor 
agonists induce cell death by decreasing intracellular 
 cholesterol through ABCA1-dependent cholesterol 
efflux and LDLR degeneration.31) Methyl-beta-

cyclodextrin (MbCD), a highly water soluble cyclic 
 heptasaccharide consisting of a- and b-glucopyranose 
units,32–35) has been reported as the most effective 
agent for the depletion of cholesterol from cells 
among the various cholesterol-depleting agents.36–38) 
Recently, MbCD was shown to have antitumor effects 
both in vivo and in vitro by depleting membrane 
 cholesterol.39,40) Moreover, combination treatment of 
MbCD and conventional chemotherapeutic drugs is 
more effective than either monotherapy in several 
cancer cells.39–41) Statins, the HMG-CoA reductase 
inhibitors clinically used as anti-hypercholester-
olemia drugs, also show antitumor activities.42–47) 
For example, statins can trigger G1 arrest in some 
transformed cells in vitro,43,44) and the arrest response 
is mediated by modulation of the activity, expression 
and/or distribution of cyclin-dependent kinase 2, 
p21, and p27.45–47) However, these findings applied 
on very high concentrations of statin compared 
with clinical plasma concentration used as the 
anti-hypercholesterolemia drug.48) In the case of 
GBM, one past report demonstrated statin treatment 
enhances anti-GBM effect of TMZ in vitro,20) but a 
large dose of statins was also used on this study 
compared with clinical concentration.48) In addition, 
our recent report demonstrated statins with clinical 
concentration rather suppress TMZ-induced GBM 
cell death.49) Therefore, it is suggested the antitumor 
effect of statins against GBM is various and might 
depend on its concentration of use.

Upregulation of Intracellular 
 Cholesterol Level in GBM Cells 

Enhances TMZ-Induced GBM Cell  
Death through DR5-Mediated Extrinsic  

Apoptotic Pathway Activation

As mentioned above, cholesterol is clearly  important 
in the regulation of tumor biology. We have recently 
focused on molecular mechanism which regulates 
acquired TMZ resistance of GBM that is one of 
the critical problem in clinical GBM therapy and 
anticipated about involvement of intracellular 
cholesterol modulation. To investigate this idea, we 
have established a clone of the human GBM cell 
line with acquired TMZ resistance.49,50)  Intracellular 
cholesterol level of TMZ-resistant clones (U251-R 
cell) is significantly lower than that of TMZ-sensitive 
clones (U251-Con cell) in the U251 MG human 
GBM cell line (Fig. 1A). Therefore, we hypoth-
esized that TMZ resistance of GBM cells might be 
regulated by the intracellular cholesterol level. Our 
investigation found that the intracellular cholesterol 
level of U251-Con cells was increased by single 
TMZ treatment and fluctuated after addition of 
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Fig. 1 Intracellular cholesterol level regulates the sensitivity of glioblastoma (GBM) cells against temozolomide 
(TMZ; 400 μM)-induced cell death. (A) Intracellular cholesterol levels of TMZ-sensitive clone of U251 MG human 
GBM cell line (U251-Con cells) continuously treated by vehicle (dimethyl sulfoxide) and clone of U251-Con cells 
with acquired TMZ resistance after continuous TMZ treatment (U251-R cells) showing that total intracellular 
cholesterol was significantly lower in U251-R cells compared with U251-Con cells. (B) In vitro intracellular 
cholesterol measurement after TMZ, methyl-beta-cyclodextrin (MaCD; 0.5 mM) or water-soluble cholesterol (Chol;  
20 μg/ml) treatment showing intracellular cholesterol level was upregulated by single TMZ treatment and fluctu-
ated according to addition of MaCD and Chol. (C) Under the same conditions, cell death rate and immunoblotting 
of cleavage of lamin A/C showed almost the same trends as intracellular cholesterol level of U251-Con cells. (D) 
Combination of TMZ and Chol dramatically enhanced cell death induction in U251-R cells compared with single 
TMZ treatment. lamin A/C: apoptosis marker cleaved by active effector caspases. *P < 0.01. Reproduced with 
permission from the Biochem Biophys Res Commun (495: 1292–1299, 2018)©2018, Elsevier B.V49).
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 cholesterol scavenger/inducer (Fig. 1B). Cell death 
rate and immunoblotting of cleavage of lamin A/C, 
an apoptosis marker, showed the same trends as the 
intracellular cholesterol level of the cells (Fig. 1C). 
More importantly, intracellular cholesterol loading 
also reversed resistance against TMZ-induced cell 
death of U251-R cells (Fig. 1D).

The key to the molecular mechanism is DR5, 
which is one of the plasma membrane-localized 
death receptor family members highly expressed in 
GBM.51,52) DR5 regulates cell death signaling and the 
cellular biology of tumor cells including GBM.52,53) 
Generally, stimulation of DR5 by its ligand, tumor 
necrosis factor-related apoptosis-inducing ligand or 
the Apo-2 ligand, induces clustering of DR5 and 
recruitment of adaptor molecule Fas-associated death 
domain (FADD) to the cytoplasmic death domain of 
DR5.54,55) In turn, caspase-8 associates with FADD 
and forms the death-inducing signaling complex 
which results in the auto-catalytic activation of 
procaspase-8.54,55) Caspase-8 then activates downstream 
effector caspases such as caspase-3.54,55) These processes 
are called the extrinsic apoptotic pathway (summa-
rized in Fig. 2). In addition, the plasma membrane 
lipid raft, the cholesterol-rich microdomain which 
regulates activation of various signaling molecules 
localized in the plasma membrane, also has crucial 
roles in these DR5-mediated molecular processes in 
several cancer systems.56,57) In our reported system, 
TMZ exposure of GBM cells induced accumulation 
and activation of DR5 in the plasma membrane 
lipid raft, and intracellular loading of cholesterol, 
the main component of the lipid raft, enhanced 
these processes which resulted in increased TMZ-
induced GBM cell death.49) One of the suggested 
mechanism which induces augmented expression 
of DR5 and ligand-independent DR5-mediated cell 
death upon treatment with TMZ or intracellular 
cholesterol loading in GBM cells is ER stress. Not 
only intracellular cholesterol loading but also high 
dose TMZ is reported to induce ER stress to GBM 
cells,21–24,58) and ER stress is known to upregulate 
DR5 expression and induce ligand-independent DR5 
activation in GBM cells (Fig. 3).59)

Very importantly, this DR5-mediated extrinsic 
apoptosis cascade-activation induced by TMZ and 
cholesterol loading was also critical for regulation 
of acquired TMZ resistance of U251-R cells in our 
study.49) When considering about molecular  mechanism 
which induce acquired TMZ resistance of GBM 
cells, gain of accelerated DNA repair is already well-
known.60) Hence, we have previously checked about 
expression of DNA break maker gammra-H2AX in 
U251-Con cells and U251-R cells and found kinetics 
of gamma-H2AX expression after TMZ treatment in 

U251-R cells did not altered compared with that 
of U251-Con cell (data not shown). Therefore, it is 
suggested another mechanism which might involve 
regulation of intracellular cholesterol metabolism 
would be also important for gain of TMZ resistance 
in GBM cells.

Conclusion

The involvement of cholesterol in tumor cell biology 
has recently been recognized,11,18–26,61,62) but the under-
lying molecular mechanism is complex and not yet 
fully explored. Our review suggests that control of 
intracellular cholesterol has potential as a novel 
therapeutic target for GBM therapy even the case 
of GBM with acquired TMZ resistance. In addition, 
it is also suggested there is possibility that patients 
with GBM taking anti-hypercholesterolemia drugs 
such as statins may have poor outcome during TMZ 
treatment (summarized in Fig. 3).

Fig. 2 Death receptor 5 (DR5)-mediated extrinsic 
apoptotic pathway. See text for details. Apo2L: Apo-2 
ligand, TRAIL: tumor necrosis factor-related apoptosis-
inducing ligand, FADD: Fas-associated death domain, 
DISC: death-inducing signaling complex.



Y. Yamamoto et al.300

Neurol Med Chir (Tokyo) 58, July, 2018

Conflicts of Interest Disclosure

We have no potential conflicts of interest. All 
authors have registered online Self-reported COI 
Disclosure Statement Forms through the website 
for JNS members.

References

 1) Venur VA, Peereboom DM, Ahluwalia MS: Current 
medical treatment of glioblastoma. Cancer Treat Res 
163: 103–115, 2015

 2) Friedman HS, Kerby T, Calvert H: Temozolomide 
and treatment of malignant glioma. Clin Cancer Res 
6: 2585–2597, 2000

 3) Stupp R, Mason WP, van den Bent MJ, et al.; 
European Organisation for Research and Treatment 
of Cancer Brain Tumor and Radiotherapy Groups; 
National Cancer Institute of Canada Clinical Trials 
Group: Radiotherapy plus concomitant and adjuvant 
temozolomide for glioblastoma. N Engl J Med 352: 
987–996, 2005

 4) Walker MD, Green SB, Byar DP, et al.: Randomized 
comparisons of radiotherapy and nitrosoureas for 
the treatment of malignant glioma after surgery.  
N Engl J Med 303: 1323–1329, 1980

 5) Yoshida J, Kajita Y, Wakabayashi T, Sugita K: 
Long-term follow-up results of 175 patients with 
malignant glioma: importance of radical tumour 
resection and postoperative adjuvant therapy with 
interferon, ACNU and radiation. Acta Neurochir 
(Wien) 127: 55–59, 1994

 6) Brandes AA, Franceschi E, Tosoni A, et al.: 
MGMT promoter methylation status can predict 
the incidence and outcome of pseudoprogression 
after concomitant radiochemotherapy in newly 
diagnosed glioblastoma patients. J Clin Oncol 26: 
2192–2197, 2008

 7) Roy S, Lahiri D, Maji T, Biswas J: Recurrent glio-
blastoma: where we stand. South Asian J Cancer 
4: 163–173, 2015

 8) Strickland M, Stoll EA: Metabolic reprogramming 
in glioma. Front Cell Dev Biol 5: 43, 2017

 9) Dietschy JM: Central nervous system: cholesterol 
turnover, brain development and neurodegeneration. 
Biol Chem 390: 287–293, 2009

10) Guo D, Reinitz F, Youssef M, et al.: An LXR agonist 
promotes glioblastoma cell death through inhibition 
of an EGFR/AKT/SREBP-1/LDLR-dependent pathway. 
Cancer Discov 1: 442–456, 2011

11) Villa GR, Hulce JJ, Zanca C, et al.: An LXR-
cholesterol axis creates a metabolic co- dependency 
for brain cancers. Cancer Cell 30: 683–693,  
2016

12) Björkhem I, Meaney S: Brain cholesterol: long secret 
life behind a barrier. Arterioscler Thromb Vasc Biol 
24: 806–815, 2004

Fig. 3 Illustration of the cholesterol-mediated enhance-
ment mechanism of temozolomide (TMZ)-induced 
glioblastoma (GBM) cell death. TMZ and increase of 
intracellular cholesterol level induces up-regulation of 
DR5 expression and accumulation into plasma membrane 
lipid raft ( 1  and 2 ) followed by activation of DR5. 
Upon activation of DR5, extrinsic apoptosis pathway 
(see Fig. 2) is subsequently triggered 3 . Upregulation 
of intracellular cholesterol level might also re-sensitize 
GBM cells with acquired TMZ resistance which intra-
cellular cholesterol level is lowered compared with 
before acquisition of TMZ resistance to TMZ treatment 
through DR5-mediated activation of extrinsic apoptosis 
pathway 4 . On the contrary, methyl-beta-cyclodextrin 
(MaCD) or statins with physiological plasma concen-
tration reduces intracellular cholesterol level followed 
by inhibition of TMZ-induced GBM cell death through 
suppression of DR5 activation 5 . As the machinery of 
TMZ- or intracellular cholesterol loading-induced DR5 
expression and activation, endoplasmic reticulum (ER) 
stress is suggested 6 .

Author Contributions

Conceived and designed the experiments: YY, AT. 
Performed the experiments: YY. Contributed reagents/
materials/analysis tools: NS, KI, HN, KM. Wrote the 
paper: YY, AT.

Acknowledgment

This work was supported by a grant from the National 
Defense Medical College Foundation of Science.



Intracellular Cholesterol in TMZ-Induced GBM Cell Death 301

Neurol Med Chir (Tokyo) 58, July, 2018

13) Dietschy JM, Turley SD: Cholesterol metabolism in 
the brain. Curr Opin Lipidol 12: 105–112, 2001

14) Hayashi H, Campenot RB, Vance DE, Vance JE: 
Glial lipoproteins stimulate axon growth of central 
nervous system neurons in compartmented cultures. 
J Biol Chem 279: 14009–14015, 2004

15) Karten B, Campenot RB, Vance DE, Vance JE: 
Expression of ABCG1, but not ABCA1, correlates 
with cholesterol release by cerebellar astroglia.  
J Biol Chem 281: 4049–4057, 2006

16) Wahrle SE, Jiang H, Parsadanian M, et al.: ABCA1 
is required for normal central nervous system ApoE 
levels and for lipidation of astrocyte-secreted apoE. 
J Biol Chem 279: 40987–40993, 2004

17) Orth M, Bellosta S: Cholesterol: its regulation and 
role in central nervous system disorders. Cholesterol 
2012: 292598, 2012

18) Bovenga F, Sabbà C, Moschetta A: Uncoupling 
nuclear receptor LXR and cholesterol metabolism 
in cancer. Cell Metab 21: 517–526, 2015

19) Gutierrez-Pajares JL, Ben Hassen C, Chevalier S, 
Frank PG: SR-BI: linking cholesterol and lipoprotein 
metabolism with breast and prostate cancer. Front 
Pharmacol 7: 338, 2016

20) Peng P, Wei W, Long C, Li J: Atorvastatin augments 
temozolomide’s efficacy in glioblastoma via 
 prenylation-dependent inhibition of Ras signaling. 
Biochem Biophys Res Commun 489: 293–298, 
2017

21) Ríos-Marco P, Martín-Fernández M, Soria-Bretones 
I, Ríos A, Carrasco MP, Marco C: Alkylphospho-
lipids deregulate cholesterol metabolism and 
induce cell-cycle arrest and autophagy in U-87 MG 
glioblastoma cells. Biochim Biophys Acta 1831: 
1322–1334, 2013

22) Ríos-Marco P, Ríos A, Jiménez-López JM, Carrasco 
MP, Marco C: Cholesterol homeostasis and autophagic 
flux in perifosine-treated human hepatoblastoma 
HepG2 and glioblastoma U-87 MG cell lines. Biochem 
Pharmacol 96: 10–19, 2015

23) Sbiera S, Leich E, Liebisch G, et al.: Mitotane inhibits 
sterol-O-acyl transferase 1 triggering lipid-mediated 
endoplasmic reticulum stress and apoptosis in 
adrenocortical carcinoma cells. Endocrinology 156: 
3895–3908, 2015

24) Salazar M, Carracedo A, Salanueva IJ, et al.: Cannabi-
noid action induces autophagy-mediated cell death 
through stimulation of ER stress in human glioma 
cells. J Clin Invest 119: 1359–1372, 2009

25) Lim SC, Parajuli KR, Duong HQ, Choi JE, Han SI: 
Cholesterol induces autophagic and apoptotic death 
in gastric carcinoma cells. Int J Oncol 44: 805–811, 
2014

26) Xu L, Qu X, Zhang Y, et al.: Oxaliplatin enhances 
TRAIL-induced apoptosis in gastric cancer cells by 
CBL-regulated death receptor redistribution in lipid 
rafts. FEBS Lett 583: 943–948, 2009

27) Chen J, Zhang X, Kusumo H, Costa LG, Guizzetti 
M: Cholesterol efflux is differentially regulated 
in neurons and astrocytes: implications for brain 

cholesterol homeostasis. Biochim Biophys Acta 
1831: 263–275, 2013

28) Repa JJ, Turley SD, Lobaccaro JA, et al.: Regulation 
of absorption and ABC1-mediated efflux of choles-
terol by RXR heterodimers. Science 289: 1524–1529, 
2000

29) Venkateswaran A, Laffitte BA, Joseph SB, et al.: 
Control of cellular cholesterol efflux by the nuclear 
oxysterol receptor LXR alpha. Proc Natl Acad Sci 
USA 97: 12097–12102, 2000

30) Zelcer N, Hong C, Boyadjian R, Tontonoz P: LXR 
regulates cholesterol uptake through Idol-dependent 
ubiquitination of the LDL receptor. Science 325: 
100–104, 2009

31) Guo D, Reinitz F, Youssef M, et al.: An LXR agonist 
promotes glioblastoma cell death through inhibition 
of an EGFR/AKT/SREBP-1/LDLR-dependent pathway. 
Cancer Discov 1: 442–456, 2011

32) Chen YB, Rahemtullah A, Hochberg E: Primary 
effusion lymphoma. Oncologist 12: 569–576, 2007

33) Boulanger E, Gérard L, Gabarre J, et al.: Prognostic 
factors and outcome of human herpesvirus 8-associ-
ated primary effusion lymphoma in patients with 
AIDS. J Clin Oncol 23: 4372–4380, 2005

34) Goto H, Okada S: New approaches to treating 
primary effusion lymphoma. Expert Opin Orphan 
Drugs 1: 1019–1029, 2013

35) Uddin S, Hussain AR, Al-Hussein KA, et al.: Inhibi-
tion of phosphatidylinositol 3¢-kinase/AKT signaling 
promotes apoptosis of primary effusion lymphoma 
cells. Clin Cancer Res 11: 3102–3108, 2005

36) Pitha J, Irie T, Sklar PB, Nye JS: Drug solubilizers 
to aid pharmacologists: amorphous cyclodextrin 
derivatives. Life Sci 43: 493–502, 1988

37) Kilsdonk EP, Yancey PG, Stoudt GW, et al.: Cellular 
cholesterol efflux mediated by cyclodextrins. J Biol 
Chem 270: 17250–17256, 1995

38) Yancey PG, Rodrigueza WV, Kilsdonk EP, et al.: 
Cellular cholesterol efflux mediated by cyclodextrins. 
Demonstration of kinetic pools and mechanism of 
efflux. J Biol Chem 271: 16026–16034, 1996

39) Upadhyay AK, Singh S, Chhipa RR, Vijayakumar 
MV, Ajay AK, Bhat MK: Methyl-beta-cyclodextrin 
enhances the susceptibility of human breast cancer 
cells to carboplatin and 5-fluorouracil: involvement 
of Akt, NF-kappaB and Bcl-2. Toxicol Appl Phar-
macol 216: 177–185, 2006

40) Rocks N, Bekaert S, Coia I, et al.: Curcumin- 
cyclodextrin complexes potentiate gemcitabine effects 
in an orthotopic mouse model of lung cancer. Br J 
Cancer 107: 1083–1092, 2012

41) Mohammad N, Malvi P, Meena AS, et al.: Choles-
terol depletion by methyl-b-cyclodextrin augments 
tamoxifen induced cell death by enhancing its 
uptake in melanoma. Mol Cancer 13: 204, 2014

42) Clendening JW, Penn LZ: Targeting tumor cell 
metabolism with statins. Oncogene 31: 4967–4978, 
2012

43) Keyomarsi K, Sandoval L, Band V, Pardee AB: 
Synchronization of tumor and normal cells from 



Y. Yamamoto et al.302

Neurol Med Chir (Tokyo) 58, July, 2018

G1 to multiple cell cycles by lovastatin. Cancer 
Res 51: 3602–3609, 1991

44) Jakóbisiak M, Bruno S, Skierski JS, Darzynkiewicz 
Z: Cell cycle-specific effects of lovastatin. Proc Natl 
Acad Sci USA 88: 3628–3632, 1991

45) Gray-Bablin J, Rao S, Keyomarsi K: Lovastatin 
induction of cyclin-dependent kinase inhibitors in 
human breast cells occurs in a cell cycle-independent 
fashion. Cancer Res 57: 604–609, 1997

46) Wächtershäuser A, Akoglu B, Stein J: HMG-CoA 
reductase inhibitor mevastatin enhances the growth 
inhibitory effect of butyrate in the colorectal carci-
noma cell line Caco-2. Carcinogenesis 22: 1061–1067, 
2001

47) Rao S, Lowe M, Herliczek TW, Keyomarsi K: 
Lovastatin mediated G1 arrest in normal and tumor 
breast cells is through inhibition of CDK2 activity 
and redistribution of p21 and p27, independent of 
p53. Oncogene 17: 2393–2402, 1998

48) Björkhem-Bergman L, Lindh JD, Bergman P: What is 
a relevant statin concentration in cell experiments 
claiming pleiotropic effects? Br J Clin Pharmacol 
72: 164–165, 2011

49) Yamamoto Y, Tomiyama A, Sasaki N, et al.: Intra-
cellular cholesterol level regulates sensitivity of 
glioblastoma cells against temozolomide-induced 
cell death by modulation of caspase-8 activation 
via death receptor 5-accumulation and activation in 
the plasma membrane lipid raft. Biochem Biophys 
Res Commun 495: 1292–1299, 2018

50) Ueno H, Tomiyama A, Yamaguchi H, et al.: Augmen-
tation of invadopodia formation in temozolomide-
resistant or adopted glioma is regulated by c-Jun 
terminal kinase-paxillin axis. Biochem Biophys Res 
Commun 468: 240–247, 2015

51) Sheridan JP, Marsters SA, Pitti RM, et al.: Control 
of TRAIL-induced apoptosis by a family of signaling 
and decoy receptors. Science 277: 818–821, 1997

52) Weber TG, Osl F, Renner A, et al.: Apoptosis imaging 
for monitoring DR5 antibody accumulation and 
pharmacodynamics in brain tumors noninvasively. 
Cancer Res 74: 1913–1923, 2014

53) de Miguel D, Lemke J, Anel A, Walczak H, Martinez-
Lostao L: Onto better TRAILs for cancer treatment. 
Cell Death Differ 23: 733–747, 2016

54) Walczak H, Krammer PH: The CD95 (APO-1/Fas) 
and the TRAIL (APO-2L) apoptosis systems. Exp 
Cell Res 256: 58–66, 2000

55) Kischkel FC, Hellbardt S, Behrmann I, et al.: Cytotox-
icity-dependent APO-1 (Fas/CD95)-associated proteins 
form a death-inducing signaling complex (DISC) with 
the receptor. EMBO J 14: 5579–5588, 1995

56) Mollinedo F, Gajate C: Lipid rafts as major platforms 
for signaling regulation in cancer. Adv Biol Regul 
57: 130–146, 2015

57) Lim SC, Duong HQ, Choi JE, et al.: Lipid raft-
dependent death receptor 5 (DR5) expression and 
activation are critical for ursodeoxycholic acid-induced 
apoptosis in gastric cancer cells. Carcinogenesis 32: 
723–731, 2011

58) Chen TC, Wang W, Golden EB, et al.: Green tea 
epigallocatechin gallate enhances therapeutic efficacy 
of temozolomide in orthotopic mouse glioblastoma 
models. Cancer Lett 302: 100–108, 2011

59) Yoon MJ, Kang YJ, Kim IY, et al.: Monensin, a 
polyether ionophore antibiotic, overcomes TRAIL 
resistance in glioma cells via endoplasmic reticulum 
stress, DR5 upregulation and c-FLIP downregulation. 
Carcinogenesis 34: 1918–1928, 2013

60) van Thuijl HF, Mazor T, Johnson BE, et al.: Evolution 
of DNA repair defects during malignant progression 
of low-grade gliomas after temozolomide treatment. 
Acta Neuropathol 129: 597–607, 2015

61) Mo H, Elson CE: Isoprenoids and novel inhibitors of 
mevalonate pathway activities. In  Heber D, Blackburn 
GL, Go VLW, Milner J (eds.): Nutritional Oncology. 
Burlington, Academic Press, 2006, pp. 629–644

62) Mo H, Elson CE: Role of the mevalonate pathway in 
tocotrienol-mediated tumor suppression. In Watson 
RR, Preedy VR (eds.): Tocotrienols: Vitamin E Beyond 
Tocopherols. Boca Raton, CRC Press, 2008, pp. 
185–207

Address reprint requests to: Arata Tomiyama, MD, PhD, 
Department of Neurosurgery, National Defense 
Medical College, 3-2 Namiki, Tokorozawa, Saitama 
359-8513, Japan.

  e-mail: atomiyam@outlook.jp


