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    Abstract     Glioma remains one of the most aggressive and lethal form of cancer.  
Despite the best available treatment options including surgical resection, radiother-
apy, and chemotherapy, prognosis is poor with a median overall survival of just over 
1 year. Most patients would die of tumour recurrences because of their tumours’ 
intrinsic or acquired resistance against chemotherapy. Researchers have strived to 
better understand the molecular mechanisms of chemoresistance in glioma by using 
different experimental models, and to direct targeted therapeutics in an attempt to 
overcome treatment resistance. Currently, different pathways that can confer drug 
resistance have been identifi ed including DNA damage repair, drug effl ux, hypoxia, 
cancer stem cells, and microRNAs (miRNAs). This chapter will discuss how modu-
lation of these signalling pathways may potentially lead to the development of novel 
approaches for the treatment of this condition.   
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     Gliomas are the most common form of malignant primary brain tumours of the 
central nervous system (CNS) [ 1 ,  2 ]. Their malignant behaviour is compounded by 
resistance towards conventional therapeutics. Among all gliomas, glioblastoma 
multiforme (GBM), which is classifi ed as grade IV astrocytoma by the World Health 
Organization (WHO), is the most aggressive form. The hallmarks of GBM include 
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cellular proliferation, diffuse infi ltration, resistance to apoptosis, robust angiogene-
sis, and genomic instability [ 3 ]. Despite advancements in tumour therapy, the prog-
nosis of GBM has not changed for the past 50 years, with overall survival being 6 
months after surgery and 12 months after surgery and radiotherapy. Prediction of 
glioma patients’ survival is diffi cult because of the multitude of factors which affect 
pathogenesis and oncogenesis including dysregulation of genes, proteins, biomole-
cules, and environmental factors [ 4 ,  5 ]. The current standard treatment for GBM 
consists of a combination of maximal surgical resection, radiotherapy, and chemo-
therapy with temozolomide (TMZ), which exhibits particularly strong activities 
against GBM and can readily cross the blood–brain barrier (BBB). Despite the 
abilities of TMZ and other chemotherapeutic agents, such as carmustine, to achieve 
therapeutic concentrations in the brain, their impacts on patients with GBM remain 
limited primarily due to the tumour’s intrinsic or acquired chemoresistance [ 6 ]. 
While prolonged survival has been reported, the median survival times sit just over 
12 months [ 7 ]. Ongoing preclinical and clinical researches have therefore focused 
on identifying the diverse mechanisms of chemoresistance in GBM with an attempt 
to develop effective treatment strategies [ 8 ]. 

 For over a decade, TMZ, an oral alkylating agent, has become the standard agent 
in the treatment of malignant glioma [ 9 ]. This alkylating agent is an imidazotetra-
zine derivative that can be administered orally. It is rapidly and completely absorbed, 
and since it does not require hepatic metabolism for activation, it can undergo spon-
taneous breakdown to become the active metabolite 5-(3-methyl) 1-triazen-1-yl-
imidazole- 4-carboxamide (MTIC). MITC then further reacts with water to liberate 
5-aminoimidazole-4-carboxamide (AIC) and the highly reactive methyldiazonium 
cation. The latter subsequently and preferentially methylates DNA at  N7  positions 
of guanine in guanine-rich regions, as well as  N3  adenine and  O6  guanine residues 
[ 10 ]. During DNA replication, these lesions with altered states of methylation will 
lead to cytotoxic response and eventually apoptosis if left unrepaired [ 11 ]. The ben-
efi cial effects of TMZ, however, are commonly limited by both intrinsic and 
acquired resistance. 

 Chemoresistance in glioma has become an area of active research, and different 
molecular approaches have been employed to study the underlying mechanisms. 
To date, both in vitro and in vivo models have revealed numerous, otherwise unre-
lated, mechanisms that contribute to chemoresistance in recurrent tumours 
(Fig.  14.1 ). Earlier studies have identifi ed abnormal transport of membrane recep-
tor, drug  inactivation system, increased DNA repair, and alterations in the apop-
totic  pathways as potential contributors [ 12 ]. The role of cancer stem cells (CSC), 
hypoxia, MDR-ABC- transporters have also been emphasised by many in recent 
years. Although some well-known pathways have been defi ned, the understanding 
of drug insensitivity in GBM is still fragmentary with regard to different metabo-
lomic, genetic, and proteomic mechanisms. In this chapter, we review current 
 evidence on molecular pathways that have been intensively investigated in experi-
mental systems.
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      DNA Repair Mechanism 

       MGMT-Direct Repair 

 The effect of TMZ at the cytotoxic lesion,  O  6 -methylguanine ( O  6 -MeG), can be 
removed directly by methylguanine methyltransferase (MGMT) in tumour. Normal 
human tissues ubiquitously express MGMT but tumour cells, including gliomas, 
overexpress the gene. MGMT, once thought to protect cells from carcinogens, is 
now known to confer chemoresistance at high levels, making it an important deter-
minant of treatment response [ 13 – 15 ]. Expression of this protein is largely con-
trolled by epigenetic modifi cations as well as chromosome loss, genetic mutation, 
and protein phosphorylation [ 7 ,  16 ]. The MGMT gene is located on chromosome 
10q26 where the promoter region contains a CpG island that is usually unmethyl-
ated in normal tissues. Loss of MGMT activity resulting from MGMT promoter 
methylation may lead to diminished DNA repair activity [ 17 ,  18 ]. Hypermethylations 
of CpG islands in MGMT, found in 45 % to 70 % of high-grade gliomas, would 
prevent transcription factor binding and subsequently gene silencing [ 19 ,  20 ]. 
Epigenetic silencing of MGMT by promoter methylation is associated with longer 
overall survival in glioblastoma patients who received TMZ [ 21 ]. The prognostic 
value of MGMT promoter methylation status has also been confi rmed [ 21 ,  22 ]. 
Hegi et al. demonstrated in a Phase II clinical trial that patients with GBM who had 
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a methylated MGMT promoter showed signifi cantly improved outcomes after treat-
ments with TMZ and radiotherapy [ 21 ]. Similarly, Esteller et al. reported improved 
outcomes in a retrospective study of 47 glioma patients treated with radiotherapy 
and alkylating agents in the presence of a methylated MGMT promoter [ 23 ]. 
Moreover, Jung et al. evaluated the variations of MGMT promoter methylation and 
protein expression, and identifi ed a 27.8 % and 83.3 % change, respectively [ 24 ]. 
Others also found higher MGMT protein expression levels in recurrent GBM 
tumour specimens when compared with the treatment-naïve samples, suggesting 
that the expression of MGMT may alter during therapy and subsequently mediate 
treatment response [ 25 ]. The underlying mechanism is unclear but may be due to 
direct infl uence on methylation by TMZ treatment, selection of unmethylated cell 
populations, and further tumour dedifferentiation [ 24 ,  25 ].  

    DNA Mismatch Repair (MMR) 

 MMR is also important in the correction of  O  6 -MeG induced by TMZ. If unre-
paired, the  O  6 -MeG results in  O  6 -MeG:T or  O  6 -MeG:C mismatch in the progeny 
DNA after the fi rst round of replication. Ideally, the  O  6 -MeG:T or  O  6 -MeG:C is 
recognised by the MMR system, a protein complex including MSH2, MSH6, 
MLH1, and PMS2 proteins, which binds to the mismatched lesions and removes the 
newly synthesised strand containing thymine, leading to eventual cell death [ 26 ]. 
Hence, a functional MMR is critical to the cytotoxicity of monofunctional alkylat-
ing agents. Conversely, a defective MMR can lead to tolerance towards TMZ with 
accumulating DNA damages but no cell death, particularly in the absence of MGMT 
[ 27 ]. Replication over unrepaired  O  6 -MeG and  O  6 -MeG:T mismatch results in 
repetitive rounds of MMR activities [ 28 ], leading to a futile repair loop of the MMR 
system and eventually double-strand breaks (DSBs), which are the intermediates of 
apoptotic and DSB repair pathways [ 29 ]. Indeed, different studies have shown that 
defects in the MMR system can result in resistance to TMZ [ 6 ]. 

 In human gliomas, the expressions of the 6 MMR proteins have been detected 
but their roles are yet to be fully elucidated. Oncogenic properties of these proteins 
have previously been reported by Rellecke et al., who suggested that repetitive DNA 
repair could promote cell survival [ 30 ]. Others have shown that a defective MMR 
system may sustain tumour growth and chemoresistance [ 31 ,  32 ]. MMR-defi cient 
cells, when compared to their MMR-profi cient counterparts, exhibited 50-fold 
lower sensitivity towards methylating agents [ 33 ]. Furthermore, defective hMLH1 
activity was identifi ed in 5 out of 60 cell lines in the National Cancer Institute 
tumour panel, and all were resistant to TMZ [ 34 ]. Cahill et al. reported that a subset 
of recurrent GBM patients who had initially been treated with radiotherapy and/or 
TMZ showed diminished MSH6 expression, suggesting that MSH6 mutations were 
selected during TMZ treatment and may contribute to TMZ resistance and tumour 
relapse [ 35 ]. Others have also showed that recurrent GBM frequently showed 
reduced immunoreactivity for the MMR proteins, especially MSH2, MSH6, and 
PMS2, when compared with the paired pretreatment tumours [ 36 ].  
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    Base Excision Repair (BER) 

 TMZ-induced lesions of  N  7 -methylguanine and  N  3 -methyladenine are substrates of 
the BER pathway. The latter involves N-methylpurine DNA glycosylase (MPG), 
which is a mammalian DNA glycosylase that plays role in the DNA repair process 
by excising alkylated bases from DNA [ 37 ]. The abasic site will then be recognised 
by Apurinic/apyrimidinic endonuclease 1 (APE 1 ) that cleaves the 5’ end of the 
DNA. Two further pathways are involved depending on whether short patch (one 
nucleotide) or long patch (2–10 nucleotides) is in need of repair. In short patch 
BER, DNA polymerase help to fi ll the single nucleotide gap and the nick was sealed 
by DNA ligase III/X-ray repair cross complementing 1 (XRCC1) heterodimer. 
Long batch repair involves fl ap endonuclease-1 (FEN-1) and DNA ligase I [ 38 ]. 
BER has been reported to play a role in TMZ resistance, and inhibition of BER has 
emerged as a novel approach to enhance treatment response [ 39 ]. Poly(ADP-ribose) 
polymerase-1 (PARP-1) is a key protein of DNA damage signalling in BER. It is 
encoded by the ADP-ribosyl transferase (ADPRT) gene and possesses 3 domains. 
The enzyme is highly expressed in most human cell lines. It facilitates DNA repair 
and survival of cells under mild genotoxic stress [ 40 ]. In response to DNA damage, 
PARP-1 will bind to the DNA SSB (or DSB) to repair the toxic lesions by facilitat-
ing the release of nicotinamide and ADP-ribose from the cleavage of β-nicotinamide 
adenine dinucleotide (NAD+) [ 39 ]. Subsequently, the polyribosylated PARP from 
the DNA lesion would allow access of essential BER proteins and thereby facilitate 
DNA repair.  

    Therapeutics Potentials 

 Strategies to overcome MGMT-mediated chemoresistance are being actively inves-
tigated. Lomeguatrib is an orally effective and potent pseudosubstrate for MGMT. 
Studies have shown that lomeguatrib could sensitise human tumour xenografts to 
the inhibitory effects of the O6-alkylating agents including TMZ and 1,3-bis-
(2-chloroethyl)-1-nitrosourea [ 41 ]. Although only limited studies have been con-
ducted on its effi cacy within the CNS, its biological safety and effi cacy have already 
been demonstrated in Phase I and II clinical trials by combining lomeguatrib with 
TMZ in the treatment of solid tumours [ 42 ,  43 ]. However, no superior treatment 
effi cacy of the combinational regimen was observed. Future trials will need to 
address different dosing regimens for the treatment of diseases that range from mel-
anoma, prostate, colorectal and CNS tumours [ 44 ]. Another major drawback of 
lomeguatrib is the side effect of myelosuppression, which may prohibit the concur-
rent use of alkylating agent. O 6 -benzylguanine (O 6 BG), is a MGMT inhibitor that 
can inactivate and delete MGMT by transferring its benzyl group to the active site 
of MGMT [ 45 ]. O 6 BG was found to potentiate TMZ antitumour effects in preclini-
cal studies. In clinical studies, the combination of O 6 BG and TMZ in paediatric 
patients was well tolerated but did not enhance treatment response [ 46 ]. 
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 Disruption of BER by PARP inhibition has been actively studied. AG-014699, a 
potent tricyclic indole, is the fi rst PARP inhibitor to enter clinical trials [ 47 ]. Despite 
the agent’s systemic toxicities, a Phase I study showed that the standard dosage of 
TMZ could be safely administered in combination with AG-014699 [ 48 ]. To date, 
various other PARP inhibitors have undergone different phases of clinical trial, 
either in combination with chemotherapeutic agents or alone [ 49 ,  50 ]. Goellner 
et al. found that TMZ-induced cell death through BER inhibition was dependent on 
the availability of NAD+, suggesting that dual targeting of these two interacting 
pathways (DNA repair and NAD+ biosynthesis) by means of utilising clinically 
available chemical inhibitors together with TMZ could provide an alternative option 
for the treatment of chemoresistant tumour [ 39 ]. More recently, methoxyamine, an 
APE-1inhibitor, was found to enhance TMZ treatment response in resistant glio-
blastoma T98G cell line [ 51 ] (Table  14.1 ).

        Hypoxia 

 Tumour hypoxia has been correlated with metastasis and resistance to  chemotherapy. 
The presence of hypoxic microenvironments is a common characteristic of GBM. 
Recently, hypoxia was found to favour and maintain the undifferentiated state of 
tumour stem cells, thereby contributing to chemoresistance [ 52 ]. Hypoxia has 
 previously been reported to be important in the regulation of different tumourigenic 
pathways, such as notch signalling and Akt/mTOR pathways [ 52 ,  53 ]. Activation of 
these pathways is required for the hypoxia-induced protection. Moreover, resistance 
to chemotherapy in GBM has been linked to the expression of anti-apoptotic Bcl-2 
family members [ 54 ], which are closed associated with hypoxia-associated 
 chemoresistance [ 55 ]. Hypoxia not only promotes the expansion of stem cell-like 
chemoresistant GBM cells expressing high levels of CD133, podoplanin, Bmi-1, 
nestin, and Sox-2 [ 56 ,  57 ], but also correlates with the dedifferentiated state of neu-
roblastoma cells [ 58 ]. Hypoxia inducible factor-1α (HIF-1α) is the marker best 
described as a low oxygen sensor. HIF-1α is often up-regulated in tumours with 
high aggressiveness and chemoresistance, making it an important treatment target 
[ 59 ]. Kessler et al. showed that inhibition of HIF-1α by siRNA in vitro could sensi-
tise human malignant gliomas cell lines (U251MG and U343MG) to radiotherapy 
[ 60 ]. A more pronounced therapeutic effect was also observed by combining the 
anti-vascular endothelial growth factor antibody, bevacizumab, with HIF-1α inhibi-
tors [ 61 ]. Besides, Lu et al. analysed primary human malignant glioma cells, in vivo 
xenograft model, and 95 human glioma tissues. All showed overexpression of 
HIF-1α protein that was positively associated with differentiation defects and 
tumour grades, suggesting the potential of differentiation therapy by targeting 
HIF-1α [ 62 ]. 
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   Table 14.1    Current therapeutics and their functions for chemoresistance prevention in glioma   

 Chemoresistance 
mechanism  Potential therapeutic agent  Therapeutic function  References 

 DNA repair 

 MGMT-direct 
repair 

 Lomeguatrib  Pseudosubstrate for 
MGMT 

 [ 42 ,  43 ] 

 O 6 -benzylguanine (O 6 BG)  Inhibitor of MGMT  [ 45 ,  46 ] 
 Base excision 

repair (BER) 
 AG-014699  PARP inhibitor  [ 47 ,  48 ] 
 Methoxyamine (MA)  Inhibitor of APE-1  [ 51 ] 

 Hypoxia  AS-HIF-1α ODN (antisense 
HIF-1 alpha phosphorothio-
ate oligodeoxynucleotide) 

 HIF-1α inhibitor  [ 63 ] 

 Topotecan  HIF-1α inhibitor  [ 61 ] 
 EZN-2208  Inhibitor to angiogenesis  [ 64 ] 
 Camptothecin-11 (CPT- 11 ; 

CAMPTOSAR®, irinotecan) 
 Topoisomerase I 

inhibitor 
 [ 64 ] 

 Hyperoxygenation  Inducer to apoptosis  [ 66 ,  67 ] 
 Cancer stem cells 

(CSCs) 
 Vitamin D, retinoids, arensic 

trioxide, and phytochemicals 
 Cell differentiation 

agents 
 [ 96 ] 

 Bone morphogenetic protein 
(BMP) 

 Pro-differentiation factor  [ 97 ] 

 Vaccination of dendritic cells  Immunotherapy  [ 98 ] 
 NVP-BKM 120 and PX-866  PI3K inhibitor  [ 99 ,  100 ] 
 A-443654  Akt inhibitor  [ 101 ] 
 XL765  Dual inhibitor of PI3K 

and mTOR 
 [ 102 ] 

 Multidrug 
resistance 
(MDR) 

 Tariquidar; elacridar  P-glycoprotein (P-gp) 
inhibitor 

 [ 137 ] 

 Probenecid (PRO)  Multidrug-resistance 
protein 1 (MRP1) 
inhibitor 

 [ 110 ] 

 Indomethacin; probenecid  MRP inhibitor  [ 138 ,  139 ] 
 B-cell lym-

phoma-2 
(Bcl-2) 

 Bcl-2 siRNA  Bcl-2 family inhibitors  [ 150 ] 
 AT- 101 ; ApoG2; TW- 37 ; ABT- 263   [ 151 ] 
 Bcl2L12 RNAi  [ 152 ] 

 Epidermal growth 
factor receptor 
(EGFR) 

 Erlotinib; gefi tinib  Small molecule tyrosine 
kinase inhibitor (TKI) 

 [ 161 – 164 ] 

 Cetuximab (C225)  MAb targeting ErbB  [ 166 ,  167 ] 
 MicroRNA 

(miRNA) 
 Epigallocatechin-3-gallate; 

curcumin; isofl avones; 
indole-3-carbinol; resveratrol; 
isothiocynate 

 Phytochemicals 
modulate miRNA 
expression 

 [ 178 ] 

 MiR-21 inhibitor  Inducer to apoptosis  [ 179 ,  180 ] 
 MiR-195, miR-455-3p and 

miR-10a antisense  
 oligonucleotides 

 Sensitiser to TMZ 
treatment 

 [ 176 ] 

 MiR-451 and miR-27a antisense 
oligonucleotides 

 P-gp and MDR1 
inhibitor 

 [ 181 ] 

 MiR-328; miR-212; miR-519c; 
miR-520 h 

 ABCG2 suppressor  [ 128 ,  182 ] 
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    Therapeutics Potentials 

 Dai et al. used an antisense HIF-1 alpha phosphorothioate oligodeoxynucleotide 
(AS-HIF-1α ODN) to suppress HIF-1α expression by up to 80 % in U87 cells, and 
reported signifi cant reduction in cell survival and increased apoptosis [ 63 ]. However, 
HIF-1 inhibition alone has limited effi cacy and combinational therapies have been 
explored. Topotecan, a HIF-1 alpha inhibitor, can augment the effect of tumour 
growth inhibition when combined with bevacizumab [ 61 ]. EZN-2208 and campto-
thecin- 11 (CPT- 11 ; Camptosar, irinotecan) are other potent chemotherapeutic agents 
tested. By using an U251 glioma xenografts model that stably expressed a hypoxia 
response element, EZN-2208 was found to down-regulate genes that are responsible 
for anti-angiogenic activity more effectively than CPT- 11 . Phase I and Phase II stud-
ies are ongoing to assess the safety and effi cacy of this drug [ 64 ]. Interestingly, 
HIF-1 was also found to play roles in glycolysis suggesting a connection between 
HIF-1 and P-gp regulation. Inhibition of HIF-1 could down-regulate MDR1 expres-
sion and its respective protein P-gp activity, suggestive of cross-talking between 
these pathways [ 65 ]. Hyperoxia treatment has previously been shown to potentiate 
the effect of chemotherapy ascribed to enhance cytotoxicity and neovascularisation 
[ 66 ]. Our latest research in hyperoxia also suggested the potential use of hyperoxy-
genation as a chemotherapy adjunct [ 67 ].   

    Cancer Stem Cells (CSCs) 

 Cancer stem cells (CSCs) are characterised by their resemblance to normal stem 
cells, in that they are quiescent, long-living, self-renewal, proliferative, and differ-
entiative. These properties give CSCs the ability to survive intensive oncological 
therapies, and enable subsequent tumour repopulation [ 68 ,  69 ]. In glioma, glioma 
stem cells (GSCs) are able to self-renew and give rise to neurons, astrocytes, and 
oligodendrocytes throughout its lifespan [ 70 ,  71 ]. GSC population has been identi-
fi ed in brain tumour surgical specimens containing neurosphere-like aggregates 
which carry clonogenic properties [ 72 ]. High population of GSCs was implicated in 
tumours with high aggressiveness and treatment refractoriness. They are also 
thought to be responsible for maintaining tumour growth and repopulation after 
therapy which indicates the therapeutic importance of this particular subpopulation 
of cancer cell [ 73 ]. 

 Due to their unique properties, GSCs have been studied in vitro and in vivo as 
crucial targets for antitumour therapy [ 74 ]. At normal MGMT levels, TMZ may fail 
to inhibit GSCs’ self-renewal [ 75 ], and the drug could enhance tumour side popula-
tion (SP) which is rich with GSCs, indicating that TMZ treatment could in fact 
potentiate tumour recurrence [ 76 ]. Eramo et al. were the fi rst to investigate chemo-
resistance properties of GSC by showing a persistence in cell survival in GBM GSC 
cell lines in vitro after treatment with different chemotherapeutic drugs [ 77 ]. Ghods 
et al. reported that the 9 L rat gliosarcoma cells that were grown as the typical GSC 
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spherical phenotype were more chemoresistant than cells grown as monolayers 
[ 78 ]. Another study found that TMZ selectively depleted clonogenic tumour cells in 
vitro and substantially reduced tumourigenicity in vivo in MGMT-negative lines 
only. In MGMT expressing cells, 10-fold higher dosage of TMZ was required, sug-
gesting that dose-intensifi ed TMZ might be effective in eradicating GSC [ 79 ]. On 
the contrary, Blough et al. investigated the sensitivities of 20 GBM-derived GSC 
lines to TMZ treatment, and found that only 9 were susceptible to TMZ treatment, 
suggesting that GSC lines were not uniformly resistant to TMZ. Besides, the expres-
sion of MGMT may not be indicative of TMZ response [ 80 ]. 

 CD133 (prominin-1) is a transmembrane glycoprotein discovered on a hepatoma 
cell surface and has been identifi ed as a marker for a subset of CSCs in brain 
tumours. CD133 +  population of GBM exhibited stem cell properties in vitro as well 
as the ability to initiate tumour formation in vivo when injected into immune- 
defi cient nude mice [ 74 ]. High expression of CD133 was correlated with poor prog-
nosis and shorter overall survival of patients, and there were approximately 5 to 
30 % of cells expressing this marker in GBM [ 81 – 83 ]. More specifi cally, Zeppernick 
et al. showed that CD133 +  cells were strongly associated with high-grade gliomas 
with rapid recurrence and short overall patient survival, suggesting that CD133 
expression may serve as a prognostic marker [ 84 ]. Also, Liu et al. reported that 
CD133 +  cells exhibited higher MGMT expression level and a considerably higher 
resistance towards TMZ compared to autologous CD33 -  cells. Anti-apoptotic path-
way has been implicated as an important factor. Moreover, CD133 expression levels 
were higher in recurrent tumour tissue than in autologous primary tissue [ 85 ]. 
However, there are reports that questioned the specifi city of CD133 as a CSC marker 
[ 86 ]. Gunther et al. found that CD133 were not essential for stem cell-like proper-
ties, as subgroups of GBM driven by CD133 -  CSC have recently been identifi ed 
[ 87 ]. In fact, both CD133 +  and CD133 -  cells within CSC lines may have similar 
tumourigenic potentials [ 88 ]. A consensus for optimal CSC markers in GBM is 
lacking and there continues to be investigations for more specifi c stem cell markers 
including CD15 and integrin α6 [ 89 ,  90 ]. 

 Other mechanisms have also been identifi ed to be activated in CSCs such as the 
epidermal growth factor receptor (EGFR), notch and sonic hedgehog (SHH) path-
ways [ 91 ]. Additionally, various ATP binding cassette (ABC) transporters, such as 
the protein encoded by the multidrug resistant gene (MDR), the multidrug resistant 
protein (MRP), and the breast cancer resistant protein (BCRP1), all contribute to 
drug resistance in GBM and were reported to be enriched with chemoresistant 
CSCs [ 92 ,  93 ]. 

    Therapeutics Potentials 

 Conventional therapeutics are often unable to eliminate the CSC fraction of a 
tumour possibly due to insuffi cient drug delivery and the fact that CSCs, by its 
intrinsic undifferentiated nature, simply do not respond to cytotoxic treatments [ 94 ]. 
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Targeting CSC may potentially enhance treatment responses and halt tumour pro-
gression. However, the hypothesis has been challenged. In vivo study has shown 
that stem cell-specifi c therapies, targeting only a sub-population of the tumour, 
would only stabilise disease and prevents further tumour growth but would not 
result in tumour regression [ 95 ]. Gene therapy remains elusive due to the lack of 
reliable identifi cation of markers for CSC. Currently, differentiation agents are 
under investigation as potential cancer therapeutics, including vitamin D, retinoids, 
arensic trioxide, and phytochemicals [ 96 ]. Bone morphogenetic proteins (BMPs) 
have been used as pro-differentiating factors for GBM treatment. These groups of 
proteins were able to promote astroglial differentiation and reduced cell growth of 
GBM-derived cells [ 97 ]. Immunotherapy by means of dendritic cell vaccination is 
another approach for targeting CSCs [ 98 ]. Others GSCs signalling pathways and the 
CSCs niche are being tested in clinical trials. For instance, deregulation of phospha-
tase and tensin homolog (PTEN) may activate phosphatidylinositol 3-kinase (PI3K)/
mammalian target of rapamycin (mTOR), which is an important regulator of GSCs. 
The two most widely discussed PI3K inhibitors, NVP-BKM 120 and PX-866, were 
currently under investigations [ 99 ,  100 ]. Other agents such as A-443654 (a specifi c 
inhibitor of Akt) [ 101 ] and XL765 (a dual inhibitor of PI3K and mTOR) also dem-
onstrated potential effectiveness when combined with TMZ [ 102 ].   

    Multidrug Resistance (MDR) 

 Multidrug resistance (MDR) affects response to chemotherapy possibly through 
active effl ux of a broad range of drugs across the cellular membrane. MDR can be 
intrinsic or acquired [ 103 ]. Dysregulation of different MDR genes and proteins have 
been found to reduce the response cancer cells towards unrelated cytotoxic drugs 
that have different modes of action [ 69 ,  104 ]. For instance, the adenosine 
triphosphate- binding cassette (ABC) superfamily, major vault protein, anti- 
apoptotic Bcl-2 oncoprotein, tumour suppressor genes, and cancer stem cells have 
been implicated in conferring MDR phenotype in gliomas [ 103 ]. Details of some of 
their mechanism of actions are summarised below: 

    ABC Transporter Family 

 The common proteins in the ABC transporter family are P-glycoprotein (P-gp), 
MRP, and breast cancer resistance protein (BCRP). All of these proteins can pump 
drugs, toxins, lipids, and xenobiotic compounds into the extracellular space out of 
cancer cells in an ATP-dependent manner. [ 103 ]. Although the detailed mechanisms 
of how this superfamily affect cancer drug resistance remain incompletely under-
stood, dysregulation in some of its family members such as P-glycoprotein (P-gp), 
multidrug resistance-associated protein (MRP), and ABCG2 have been reported to 
of signifi cance.  
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    P-Glycoprotein (P-gp) 

 P-glycoprotein (P-gp) is a key member of the ABC family responsible for drug 
 resistance in cancer. This protein is encoded by the  MDR1 ,  MDR2 , or  MDR3  genes 
in human, but only the  MDR1  gene is responsible for the MDR phenotype. Various 
events, such as the mutation of the tumour suppressor gene p53, activation of Raf 
and inhibition by heat-shock or DNA damaging agents, may alter the expression of 
 MDR1 , and overexpression of P-gp may prevents ATP hydrolysis by disrupting the 
lipid membrane or blocking of the binding sites [ 105 ]. High expression of P-gp has 
been discovered in different types of MDR tumours [ 106 ]. Early evidence showed 
that forced expression of the  MDR1  gene in vitro could transfer drug resistance to 
drug sensitive cells [ 107 ]. Overespression of P-gp was associated with chemoresis-
tance to different anticancer agents such as doxorubicin and vincristine [ 108 ]. 
Besides, P-gp could limit the distribution of gefi tinib in the brain due to active 
effl ux, and the concurrent administration of P-gp inhibitor may enhance the delivery 
and effi cacy of gefi tinib [ 109 ]. Clinically, higher expression level of the  MDR1  gene 
were found in high-grade glioblastomas compared to low-grade astrocytomas, sug-
gesting that  MDR1  expression may also be linked to malignant progression [ 110 ]. 
Korshunov A et al. found that patients with P-gp negative low-grade ependymomas 
had improved progression-free survival [ 111 ]. This was further supported by 
another study that showed overexpression of P-gp was correlated with a reduced 
overall survival rate in patients with low-grade glioma [ 112 ]. Recently, it was 
reported that P-gp was highly expressed in the BBB, resulting in limited penetration 
of cytotoxic drugs [ 113 ]. Agarwal et al., using a U87 rat xenograft model, demon-
strated that inhibition of P-gp and BCRP by the dual inhibitor elacridar could dra-
matically increase erlotinib delivery to the tumour core, rim, and normal brain. The 
fi ndings emphasise the problem of active effl ux at the BBB on the delivery of 
molecular targeted therapy in glioma [ 114 ].  

    Multidrug Resistance-Associated Protein (MRP) 

 MRP1 functions as a detoxifi er of cancer cells via rapid effl ux of water-soluble 
conjugant of cytotoxic drugs and glutathione (GSH) [ 115 ,  116 ]. It is also capable of 
transporting diverse substrates and chemotherapeutic agents including doxorubicin, 
daunorubicin, vincristine, and colchicines [ 117 ,  118 ]. In gliomas, overexpression of 
MRP1 was strongly associated with MDR phenotype. However, no signifi cant 
 difference in MDR expression was found between primary and recurrent gliomas, 
indicating that MDR-conferred chemoresistance may be primarily an intrinsic fea-
ture of glioma [ 119 ]. Indeed, high expression of MRP1 has been reported in normal 
human astrocytes, and on the membrane of the vascular endothelial cells and capil-
laries, where it limits the intake of cytotoxic drugs [ 112 ]. Clinically, high expression 
of MRP1 was observed in 18 GBM primary cultures on RT-PCR and 
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immunohistochemistry [ 120 ]. Grade IV glioma tissues also exhibited the highest 
expression of MRP1 compared to grade II and III gliomas, suggesting that MRP1 
may be used as a marker for MDR phenotype [ 121 ].  

    Breast Cancer Resistance Protein (BCRP/ABCG2) 

 ABCG2, also known as BCRP, is a half-size ABC transporter localised in the apical 
membrane of cells, across which its substrates are excreted out of cells [ 122 ]. This 
protein facilitates the effl ux of more than 20 different cytotoxic drugs such as mito-
xantrone, daunorubicin, doxorubicin, and topotecan [ 123 ,  124 ]. ABCG2 was found 
to be located in microvessel endothelium of the human brain and glioma cells, 
 suggesting its role in drug transport. By performing immunohistochemical staining, 
Ginguene C et al. demonstrated that ABCG2 expression had a luminal localization 
in tumoural vessels that was a prerequisite for its drug effl ux activity. His data sug-
gested that a biochemical, transporter-dependent blood-tumour barrier may exist 
which may reduce the bioavailability of lipophilic and amphiphilic anticancer drugs 
in tumours [ 125 ]. Uptake of gefi tinib may be limited by both the transporter pro-
teins P-gp and BCRP, and coadministration of the dual P-gp and BCRP inhibitor, 
elacridar, could increase delivery and enhance effi cacy [ 109 ]. Recently, the function 
of BCRP was found to be inhibited by a P13K pathway inhibitor, LY294002, a 
member of fl avonoids, suggesting that inhibition of the P13K/Akt pathway can be 
modulated by BCRP-mediated drug transport via BCRP translocation [ 126 ] or as a 
competitive inhibitor in cancer cells [ 127 ]. Also, modulating ABCG2 expression by 
targeting miRNA-328 in GSC could enhance the effi cacy of chemotherapeutic 
drugs against GBM [ 128 ]. High expression of ABCG2 was associated with increas-
ing pathological grades of glioma, and may be used as a predictor for treatment 
outcome [ 129 ].  

    Major Vault Protein (MVP) 

 Major vault protein (MVP) also known as human lung resistance protein (LPR), is 
a drug transporter molecule that is overexpressed in multiple chemotherapy resis-
tance models. MVP is abundantly present in the cytoplasm of eukaryotic cells, and 
may be involved in cellular detoxifi cation. Up-regulation of this protein in cancer 
cells may confer MDR by active effl ux of drugs from the nucleus to cytoplasmic 
vesicles [ 130 ]. Though it remains elusive as to how the MVP functions, its localisa-
tion within the capillary endothelium of brain tissues may partly explain its involve-
ment in MDR [ 131 ]. Overexpression of MVP was identifi ed in astrocytic brain 
tumour cells where its expression was correlated with resistance against anthracy-
clines, cisplatin, and etoposide [ 132 ]. Moreover, MVP expression was associated 
with therapeutic response and patient prognosis in breast cancer, myeloid leukae-
mia, and GBM [ 130 ,  133 ,  134 ]. To date, it remains unclear as to MVP’s role in drug 
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resistance and in determining treatment failure. Han et al. co-delivered siRNA tar-
geting MVP and doxorubicin in human breast cancer cells MCF-7/ADR, and found 
enhanced tumour cytotoxicity as a result of more effi cient intracellular drug deliv-
ery to the nucleus, resulting in a reversal of drug resistance [ 135 ]. Recent advance-
ment in the development of nanotherapy implicates endogenous MVP as a promising 
carrier for CNS tumour immunotherapy by acting as nanocapsules for the delivery 
of chemotherapeutic agents and immunogenic proteins [ 136 ].  

    Therapeutics Potentials 

 Inhibition of P-gp has been actively studied in drug resistance research [ 105 ]. The 
generation of synthetic P-gp inhibitors is rapidly evolving. The fi rst generation of 
P-gp inhibitors, such as immunosuppressants, calcium channel blockers, and 
antiestrogens, have limited clinical effi cacy due to their high systemic toxicities. 
Inhibitors from the second generation demonstrated better affi nity but did not 
resolve the problem of toxicity. Tariquidar and elacridar are third generation 
inhibitors that have been shown to produce higher drug brain:blood concentration 
gradients [ 137 ]. However, the clinical effectiveness of these agents is limited due 
to their low specifi city and high toxicity. 

 Inhibiting MRP-mediated MDR in gliomas has also been extensively studied 
over the past 10 years. Probenecid (PRO) and VP, as MRP1 inhibitors, were demon-
strated to sensitise glioma cells to chemotherapy [ 110 ]. In another study, Bahr et al. 
demonstrated that the MRP inhibitor indomethacin or probenecid could enhance the 
chemosensitivity of vincristine, doxorubicin, and teniposide in 12 glioma cell lines 
[ 138 ]. These two modulators could also enhance the cytotoxic effects of vincristine 
and etoposide in two MRP1-expressing glioblastoma cell lines, GL15 and 8MG 
[ 139 ]. Although much effort have been made in identifying molecular targets to 
overcome MRP-1-mediated chemoresistance, results are mostly disappointing.   

    B-Cell Lymphoma-2 (Bcl-2) 

 B-cell lymphoma-2 (Bcl-2) family proteins are important factors in regulating 
apoptosis, which plays fundamental roles in cellular homeostasis, neoplastic disor-
ders, and diverse pathological conditions [ 140 ]. The family consists of two groups; 
pro-apoptotic proteins such as Bax, Bak, and Bcl-Xs, and their counterparts, the 
anti-apoptotic proteins Bcl-2, Bcl-X L , and Mcl-1. Disruptions to these apoptotic 
pathways secondary to deregulated expressions of these proteins are important in 
gliomagenesis and in determining the effectiveness of conventional therapeutics. 
Dysregulation of these regulators are commonly found in many cancers besides 
GBM, such as lung carcinoma, and lymphoma [ 141 ,  142 ]. A higher expression of 
Bcl-2 was found in lower-grade gliomas compared to high-grade gliomas [ 143 ], and 
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was associated with a more favourable prognosis [ 144 ]. These proteins, in addition, 
also exhibit promigratory and proinvasive activities through the proteolytic activa-
tion of the proinvasive metalloproteinases (MMP) and TGF-β [ 145 ]. 

 Bcl-2 family proteins are mostly involved in the intrinsic, mitochondrial-dependent 
apoptotic pathway, hence studies have focused on their roles as both pro- and anti-
apoptotic mitochondrial effectors in carcinogenesis and therapeutic resistance 
[ 146 ]. A study has shown that the expression of Bcl-2 family proteins would shift 
its rheostat towards an anti-apoptotic setting to favour resistance during the progres-
sion of initial to recurrent GBM [ 147 ]. Moreover, forced expression of Bcl-2 in 
malignant glioma cells reduced the effectiveness of irradiation and cytotoxic drugs 
[ 148 ]. More recently, another noncanonical Bcl-2 family protein, Bcl-2-Like 12 
(Bcl2L12) was found to be overexpressed in primary GBM tumour specimens. 
Detection of Bcl2L12 using oncogenomic and tissue microarray analyses have gar-
nered a very low or even undetectable levels of it in low-grade astrocytoma or nor-
mal brain tissue [ 149 ]. Bcl2L12 gene transfer in primary cortical astrocytes 
engendered malignant transformation and conferred resistance towards chemo- and 
radiation therapies. 

    Therapeutics Potentials 

 siRNA knockdown of Bcl-2 was able to augment the effect of Taxol at a relatively 
low dose by promoting apoptosis through the activation of caspase cascades [ 150 ]. 
The development of orally bioavailable Bcl-2 family inhibitors, such as AT- 101 , 
ApoG2, TW- 37 , and ABT- 263  has markedly advanced the development of cancer 
therapy [ 151 ]. RNAi inhibition of Bcl2L12 expression could sensitise glioma cells 
towards apoptosis, thereby reducing tumour growth and improving progression-free 
survival. The mechanistic action of Bcl2L2 was believed to be partially related to its 
neutralising effect on caspase-3 and -7, causing mitochondrial dysfunction and 
apoptosome activity [ 152 ]. Different trials have gotten underway to assess its anti-
tumour or anti-chemoresistance effects. This direct attack on anti-apoptotic proteins 
that are involved in so many drug resistance pathways may provide a novel approach 
in combating drug resistance.   

    Epidermal Growth Factor Receptor (EGFR) Signalling 

 Epidermal growth factor receptor (EGFR) is the most frequently amplifi ed and 
mutated oncogene in  de novo  malignant glioma. Different EGFR mutants have been 
described and the most common mutant associated with GBM is EGFRvIII [ 153 ]. 
Dysregulation of EGFR has been reported to be associated with tumour growth, 
invasiveness, migration, angiogenesis, metastasis, and drug resistance [ 154 ,  155 ]. 
Overexpression of EGFRvIII has been correlated with decreased overall survival in 
GBM patients and could serve as a prognostic marker [ 156 ]. The presence of EGFR 
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amplifi cation was also noted in many clinical and histopathological studies to be 
affecting the response of malignant gliomas to chemotherapy [ 157 ]. One of the 
potential mechanisms of EGFRvIII in conferring chemoresistance is by the induc-
tion of the expression of anti-apoptotic protein Bcl-xL. However, some GBM 
tumours eventually recur despite the suppression of EGFRvIII, as crosstalk with 
other resistance mechanisms may exist and that EGFR-targeted therapy alone may 
not suffi ce in the prevention of tumour recurrence. Some studies proposed concomi-
tant treatment of a bi-specifi c antisense Bcl-2/Bcl-xL oligonucleotide and EGFR- 
directed tyrosine kinase inhibitor (TKI) [ 158 ]. Through integrated analysis of in 
vitro, in vivo, and clinical studies, Tanaka et al. demonstrated that mTORC2 could 
promote GBM progression, survival, and drug resistance by acting as an integrator 
of two canonically signalling networks—EGFR/phosphoinositide-3 kinase (P13K) 
and NF-κB. The result suggested that mTORC2 may serve as a new treatment target 
disrupting both EGFR and NF-κB-mediated chemotherapeutic resistance [ 159 ]. 

    Therapeutics Potentials 

 In GBM, different modalities of EGFR inhibition, such as small molecule tyrosine 
kinase inhibitors (TKIs), monoclonal antibodies, immune-therapeutics like peptide 
vaccines or antisense oligonucleotides, have been studied [ 160 ]. Small molecule TKI 
inhibits cell growth and induces apoptosis by disrupting tyrosine kinase activities 
associated with EGFR. Erlotinib and gefi tinib are orally admitted EGFR TKIs that 
have been approved for clinical use in non-small cell lung cancer (NSCLC), and 
exhibited in vitro anti-proliferative and anti-invasive effects in GBM [ 161 ]. Early 
interim clinical trial showed promising results of using erlotinib in the treatment of 
recurrent GBM. Among 24 patients recruited in a Phase II trial, ten showed partial 
response or stable disease after treatment with erlotinib. However, the same benefi t 
was not observed in two subsequent Phase II trials engaging larger cohort of patients 
[ 162 ,  163 ]. In a Phase II trial, gefi tinib, another EGFR inhibitor, also demonstrated 
no survival benefi t in patients with recurrent GBM. The event-free survival (EFS) of 
13.2 at 6 months was no better than using TMZ [ 164 ]. The proposed reasons for the 
lack of clinical effi cacy included the limited ability of EGFR TKI to cross the BBB 
and the acquisition of mutations that may confer resistance. Recently, a potential 
mechanism of GBM therapeutic resistance to EGFR inhibitors has been identifi ed. 
This involves the activation of other EGFR-related family members such as ErbB2 
and ErbB3, which compensate for the blockade of EGFR. The ErbB receptor family 
of tyrosine kinases comprises of four members: epidermal growth factor receptor 
(EGFR/ErbB1/HER1), ErbB2 (HER2/neu), ErbB3 (HER3), and ErbB4 (HER4). 
Inhibition of these members may potentially provide more effi cacious GBM therapy 
[ 165 ]. MAb targeting ErbB is an alternative treatment option for tumour overex-
pressing EGFR due to its high specifi city. Cetuximab (C225) is a chimeric murine-
human IgG 1  MAb that demonstrated good effi cacy in in vitro and in vivo studies of 
glioma; fi ndings from Phase II clinical trials were, however, negative [ 166 ,  167 ].   
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    MicroRNA (miRNA) 

 MicroRNAs (miRNA) are noncoding RNA, their up- or down-regulation was found 
to be associated with many biological processes in cancer such as cell proliferation, 
differentiation, and apoptosis [ 168 ]. Many miRNAs are dysregulated in GBM and 
are associated with different core signalling pathways. MiRNA profi ling of both 
glioblastoma tissues and cell lines have identifi ed signifi cant differential expres-
sions of miRNA in tumour. An extensive study performed by Ciafre et al. found that 
miR-221 and miR-181 families were signifi cantly up- and down-regulated in glio-
blastoma tissues, respectively, when compared to non malignant brain tissue [ 169 ]. 
Similar results have also been recognised by Slaby et al., who reported that miR-21 
and miRNA-181 were signifi cantly and consistently altered in glioblastoma tissues 
compared to nonmalignant brain tissues [ 170 ]. miR-21 has been extensively studied 
as it is consistently up-regulated in GBM cells and plays extensive roles in apopto-
sis, glioma invasion, proliferation, and drug resistance [ 171 ,  172 ]. Shi et al. found 
that enforced expression of miR-21 in U87-MG cells reduced TMZ-induced apop-
tosis via the reduction of Bax/Bcl-2 ratio and caspase-3 activity [ 173 ]. Similarly, 
the TMZ-resistant subclones established by our group showed that miR-21 inhibi-
tion attenuated TMZ resistance via apoptosis, and that miR-21 may serve as a 
potential chemotherapy adjunct in the treatment of TMZ-resistant GBM [ 174 ]. 
MiR-181b and miR-181c were signifi cantly down-regulated in glioblastoma tissues 
of patients who responded favourably to radiotherapy and/or TMZ in comparison to 
patients with progressive diseases [ 170 ]. Recently, Shi et al. identifi ed miR-125b-2 
to be overexpressed in GBM tissues and its corresponding GSC. Furthermore, inhi-
bition of miR-125b-2 could induce TMZ cytotoxicity on GSC apoptosis via the 
mitochondrial pathway of apoptosis [ 175 ]. Others miRNA families including miR-
195, mir-455- 3p, and miR-10a have also demonstrated up-regulation in vitro in 
drug resistant U251R GBM cells [ 176 ]. Other candidates such as miR-196a and 
miR-196b also have prognostic implications. Overexpressions of these two miR-
NAs were found in glioblastoma relative to anaplastic astrocytomas and normal 
brain tissues, and miR- 196, in particular, has been postulated as an independent 
prognostic marker [ 177 ]. 

    Therapeutics Potentials 

 Phytochemicals like epigallocatechin-3-gallate, curcumin, isofl avones, indole-3- 
carbinol, resveratrol, and isothiocynate have been shown to modulate the expression 
of miRNAs, resulting in the abrogation of tumour growth or sensitization of cancer 
cells to chemotherapeutic agents [ 178 ]. More specifi cally, Li et al. treated U251 
GBM cells with a miR-21 inhibitor and found enhancement of apoptosis and reduc-
tion of resistance to radio- and chemotherapy [ 179 ,  180 ]. MiR-195, miR-455-3p, 
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and miR-10a were the three most up-regulated miRNAs in TMZ-resistant GBM cell 
line in comparison to the parental TMZ-sensitive cells. Antisense oligonucleotides 
inhibitions of miR-455-3p and miR-10a in combination with TMZ showed modest 
cytotoxic effects on GBM cells while that of miR-195 showed profound effect 
[ 176 ]. Chemoresistant brain tumour cells including CD133-positive CSCs exhibited 
high expressions of the transporter proteins P-gp, MDR1, and MRP3. The levels of 
these proteins were posttranslationally regulated by several miRNAs. Targeting 
miR-451 and miR-27a by antisense oligonucleotides could inhibit P-gp and MDR1 
activities, resulting in enhanced treatment response [ 181 ]. MiRNAs were also 
shown to be involved in the regulation of another drug transporter, ABCG2. MiR- 
328, miR-212, miR-519c, and miR-520h were capable of suppressing ABCG2 and 
sensitising cancer cells to treatment [ 128 ,  182 ]. Another potential application of 
miRNAs is as a chemotherapy adjunct. Co-delivery of 5-FU and miR-21 inhibitor 
enhanced cytotoxicity effect of 5-FU and induced apoptosis of U251 in miR-21 
overexpressing GBM [ 183 ]. Currently, there are two forms of miRNA-based thera-
pies using either antagonists or mimics as determined by the function of the targeted 
miRNAs. Antagonists are generated to inhibit miRNAs that acquire a gain of 
 function in human disease, whereas mimics are used to restore miRNA functions. 
The effective delivery of these miRNA-based therapies remains to be a challenge; 
however local administration has limited effectiveness while systemic delivery may 
be associated with side effects due to aggregation, complement activation, liver tox-
icity, and stimulation of the immune response [ 184 ]. Target specifi city is another 
obstacle as each miRNA can affect several messenger RNA (mRNA) and each 
mRNA may be regulated by more than one miRNA. Although the use of miRNA as 
anticancer therapy of glioma is still in its infancy, ongoing researches harbour a 
great potential for future clinical application.   

    Concluding Remarks 

 Glioma is a highly malicious condition. The prognostic outlook for affected 
patients remains extremely dismal, and disease recurrence is requital despite the 
best available treatment. Understanding the mechanisms underlying chemoresis-
tance is critical for the development of individualised treatments based on each 
tumour’s molecular makeup. Our chapter highlights the different resistance mech-
anisms and their therapeutic implications. The complexity of interactions between 
these mechanisms suggests the need for combinatorial therapies targeting at mul-
tiple signalling pathways. The pattern and extent of these interactions may also 
vary between individual patients’ tumours as well as between different time-points 
during the course of treatment. Future researches may focus on the development 
of dynamic and individualised treatment paradigm based on each tumour’s molec-
ular makeup.     
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