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Both DNA repair (MGMT) and immortalisation (telomerase) have been linked to the 

root  of  cancer.   In  glioma,  MGMT  expression  is  negatively  regulated  through 

promoter methylation and its absence is associated with enhanced chemosensitivity. 

However,  recent  studies  indicate  that  telomerase  is  positively  regulated  through 

methylation and its elimination enhances chemotherapy.  These observations suggest 

that suppression of telomerase in combination with MGMT may have additional anti-

proliferative and anti-apoptotic effects, which may lead to increased patient survival 

rates.  However, different approaches maybe required to compliment the epigenetic 

events that regulate these genes.  Nevertheless, given that median survival of glioma 

patients is less than a year, this review focuses on the recent approaches used to target 

MGMT and telomerase,  with a view to increase life  expectancy of patients  while 

limiting side effects.
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Introduction 

Glioma is the most malignant form of brain tumour, with median survival rate of less 

than a year [1] and thus consequently associated with the worst prognosis.  Malignant 

gliomas are notoriously resistant to many of the currently available therapies such as 

cisplatin,  carmsutine  (BCNU),  lomustine  (CCNU),  vincristine  (PCV)  and 

temozolomide  (TMZ)  because  these  cancer  cells  cannot  be  induced  to  undergo 

apoptosis upon anticancer treatment [2,3].  Furthermore, gliomas almost always grow 

back even after complete surgical excision [4].  

Gliomas  can  occur  either  spontaneously  termed  de novo (primary),  or  through 

malignant  progression from a lower-grade lesion (secondary).   Secondary gliomas 

tend  to  develop  in  younger  patients  in  comparison  to  primary,  through malignant 

progression  from  diffuse  astrocytomas  or  anaplastic  astrocytomas.   The  median 

survival rate of secondary glioma patients (7.8 months) is significantly longer than 

that  of  primary  glioma  patients  (4.7  months),  largely  due  to  the  younger  age  of 

secondary glioma patients in general [5].  The complex mutational pathways leading 

to  primary  or  secondary  gliomas  entail  different  gene  mutations,  deletions,  and 

amplifications  (Fig.1)  [6,7].   However  this  review  will  focus  on  the  role  of  O6 

methylguanine-DNA-methyltransferase (MGMT) and telomerase in glioma.

MGMT regulation in glioma

MGMT also known as O6 alkylguanine-DNA-alkyltransferase, is a DNA repair gene 

that has been studied extensively in glioma.  With its potential to increase anticancer 

efficacy of many alkylating agents MGMT inhibition is now at the forefront of glioma 

research.  Most DNA repair enzymes are responsible for repairing double or single 
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strand breaks, nevertheless methylation of cytosine residues that proceed the guanine 

(G) residues,  i.e.  methylation of CpG (cytidine-phosphate-guanosine)  dinucleotides 

are not excision of double or single DNA strands [10].  Methylation of cytosine is the 

normal way in which cells regulate gene expression, however, methylation of CpG 

dinucleotides leads to mispairing during DNA replication and is the by-product of 

DNA damage.  MGMT transfers the alkyl/methyl groups to its active cysteine residue 

in a stoichiometric and autoinactivating process requiring resynthesis (suicidal repair 

enzyme)  [11]  thereby,  averting  the  formation  of  lethal  cross-links.   One  MGMT 

molecule is inactivated for each lesion repaired, thus MGMT itself is consumed due to 

its rapid degradation through the ubiquitin-proteasome pathway after receiving alkyl 

groups from DNA [12].  Furthermore, repletion of the cellular MGMT pool depends 

on the re-synthesis of the molecule.  O6-guanine lesions are produced by carcinogenic 

methylating  alkylating  agents  used  in  therapy  [13].   Thus,  the  repair  of  all  O6-

alkyl/methyl-guanine-DNA lesions is essential for cell integrity and if un-repaired can 

result in mutagenesis.  

The crystal  structure of the MGMT protein  shows that  the transfer  reaction  takes 

place through the localisation of guanine in the MGMT pocket by the local amino 

acid side chain [14,15].  To initiate repair, it binds DNA and scans individual bases 

for evidence of DNA adducts [16].   MGMT directly removes  DNA modifications 

from the O6  atom of guanine such as O6-ethylguanine (O6-EG), which is formed by 

ethylnitrosourea,  and  diethylnitrosamine  and  related  compounds  including 

chloroethyl, pyridyloxobutyl, butyl and benzyl adducts [14].  Unlike all other repair 

enzymes that work together forming multi-enzyme complexes to initiate and remove 

abnormalities  within  DNA [17],  MGMT, exclusively  works  alone  to  repair  DNA 
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adducts.  Thus, implying that the MGMT repair reaction is remarkably simple and 

efficient, with more than 90% of adducts removed within 10 min of methylation [18]. 

Furthermore MGMT is a monomer that can act in the absence of cofactors and energy 

sources and is instrumental in DNA repair (Fig. 2).  

Numerous brain tumours exhibit  loss of heterozygosity (LOH) of chromosome 10, 

with  MGMT located  at  10q26 may subsequently  be lost  therefore  the majority  of 

gliomas only have one copy of the  MGMT gene [19].  Deficiency of  MGMT was 

shown to increase  the  chemosensitivity  of  the alkylating  agents  in  brain tumours. 

Although  in  gliomas,  MGMT is  sometimes  mutated  or  deleted,  the  major  loss  of 

MGMT gene  expression  is  often  a  result  of  CpG  island  hypermethylation  [10] 

commonly seen in solid tumours, specifically gliomas [20].  The predictive value of 

MGMT promoter  methylation  was  tested  in  glioma  patients  treated  with 

temozolomide (TMZ), this showed that promoter methylation was a surrogate marker 

for response to therapy. Patients with a methylated MGMT promoter survive up to 30 

months longer than those without [17].  However, loss of MGMT increases the risk of 

mutations  and  malignant  transformation,  suggesting  that  MGMT promoter 

methylation is an important epigenetic event in tumourgenesis itself.  MGMT protein 

plays  a  pivotal  role  in  cellular  defence  against  alkylating  agents  and  thus  its 

quantification maybe important both as a biomarker and for drug sensitivity testing 

[21].  

Targeting MGMT predicts patient outcome

MGMT repression has been associated with increase overall survival rates.  60% of 

glioma  patients  with  an  inactivated  MGMT demonstrated  a  partial  or  complete 

response  to  drug  therapy,  compared  with  only  4%  of  those  with  intact  MGMT 

capability  [17].   Methylation  of  the  MGMT promoter  is  associated  with  better 
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responsiveness  to  carmustine  and  increased  overall survival,  which  is  a  better 

predictor of the outcome, than the grade of the tumour [11].  However, no correlation 

has been found to determine a link between promoter hypermethylation and MGMT 

protein expression in oligodendrogliomas [22].  The success of MGMT depletion as a 

strategy for therapy depends upon O6-alkylation being the determinant of cancer cell 

death [23] and whether the tumour cell expresses MGMT in the first instance (Fig. 1). 

A greater proportion of secondary gliomas have a methylated MGMT promoter in 

contrast  to  primary  gliomas,  therefore  secondary  glioma  patients  should  be  more 

respondent  to  alkylating  agents.   Nevertheless,  this  increase  in  chemosensitivity 

should be more preferential  in oligodendrogliomas which have the highest  rate  of 

MGMT methylation rates [7].   

Researchers  have  developed  O6-benzylguanine  (BzG),  O6-4-bromothenylguanine 

(Patrin) and O6- bromothenylguanine-C8-β-D-glucoside [24] as alternative substrates 

of MGMT, which irreversibly inactivates the MGMT protein and thereby potentiates 

the  effect  of  alkylating  agents  such  as  TMZ  and  the  nitrosoureas  to  improve. 

Although, BzG and Patrin have gone through phase I and II clinical trials [25], the 

suboptimal  nature of their  pharmaceutical  and pharmacokinetic  properties suggests 

that other MGMT inhibitors (BzG analogues) may be required for the true potential of 

MGMT modulation [21,26].  More recently Hegi and colleagues reviewed the data 

supporting  MGMT as  a major mechanism of chemotherapy resistance (specifically 

TMZ) in malignant gliomas and found that some methods of inhibiting MGMT would 

benefit patients with an unmethylated MGMT promoter, albeit this may not guarantee 

success [27].  Furthermore, not all MGMT negative tumour patients show response to 
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therapy thus further work underpinning resistance-modulating mechanisms may be a 

necessity for the future.  

While increasing evidence shows that TMZ, the most efficacious treatment, is the way 

forward with regards to glioma therapy, a reliable and routine method of determining 

MGMT status  in  patients  is  required  to  enhance  survival  outcome.   Additionally, 

treatment that caters for patients with either positive or negative MGMT expression 

would be the way forward for glioma treatment.   Recent data from our laboratory 

involving  the  combination  of  5-Aza-2'-deoxycytidine  (5azadC)  and paxitaxol  as  a 

treatment  showed  reduced  cell  viability  by  two  fold  of  two  glioma  cell  lines, 

suggesting an alternative method of targeting gliomas that do not rely on TMZ [28]. 

Greater than 30-50% of glioma patients have an unmethylated MGMT promoter, thus 

increasing  the  need  for  a  new therapy  approach  that  does  not  rely  on  alkylating 

agents.  Careful tailored treatment dependant on MGMT profile, utilizing RT-PCR 

analysis directly following tumour tissue removal had led to a 71% two year survival 

rate of glioma patients [29].  This by far exceeds the general survival rate of glioma 

patients.   However, careful consideration must be taken to assess only the tumour 

region  of  the  brain  as  the  non-neoplastic  brain  components  such  as  lymphocytes, 

vascular endothelial cells, and macrophages/microglias, may contribute to the overall 

MGMT expression detected in tumour homogenates  resulting in overestimation of 

tumour MGMT expression [30] leading to misjudgement of treatment.  

Telomerase activity in malignant gliomas

Nevertheless, according to the literature many other genes are activated/ silenced to 

maintain  tumour  development  and  progression.   These  include  genes  to  promote 
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angiogenesis, (growth of new blood vessels to support new tumour tissue), genes to 

promote  mobility  (cancer  can  spread)  and  genes  to  "immortalise"  (allow  cells  to 

proliferate indefinitely,  without replicative senescence) [31].  The ability of cancer 

cells to become immortal is one of the main characteristics that distinguish them from 

their  normal  counterparts.   To  escape  replicative  senescence  important  cell  cycle 

genes are lost or activated which include  p53,  p21, p16INK4a,  Rb and telomerase 

[32].   The  complex  transcriptional  regulation  of  telomerase  with  its  intercalating 

pathways,  has led us to evaluate its epigenetic regulation,  through the methylation 

status of the hTERT gene.  Given that immortalisation not only requires telomerase 

but needs imbalance/inactivation of DNA repair functions, further supports the need 

to  understand  MGMT  and  telomerase  interactions  through  promoter  methylation. 

Most genes are switched off when the promoter is methylated, in contrast, hTERT 

(telomerase  active  subunit)  expression  in  some  tissues  (colerectral,  ovarian and 

cervical  cancer) seems  to  undermine  this  general  rule  and  positive  correlations 

between hypermethylation of the hTERT promoter, hTERT mRNA expression and 

telomerase  activity  have  been  reported  [33,34].   Moreover,  mammalian  telomeres 

have enriched epigenetic regions, without which regulation of telomerase would be 

uncontrollable [35,36] thus enhancing evidence for epigenetic regulation controlling 

the expression of telomerase in general.

Researchers have studied telomerase in glioma over 10 years with the earliest reported 

study in 1995 which assessed telomerase activity as a marker for malignancy [37]. 

The  study  showed  a  significant  correlation  between  pathological  diagnosis  and 

telomerase, while 75% of gliomas have detectable telomerase activity, only 10% of 

the  anaplastic  astrocytomas  have  been  found  to  be  telomerase  positive  [37-39]. 
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Another report showed that the level of telomerase activity and hTERT expression is 

significantly  higher  in  secondary  gliomas  in  comparison  with  primary  and  is 

correlated  with  p53 mutations  during  the  early  stage  of  carcinogenesis  [40]  thus 

confirming that senescence activated by p53 is due to telomere dysfunction [41, 42]. 

Moreover,  low  expression  levels  of  telomerase  predicted  better  survival  and 

correlated positively to the prognosis and treatment not only in glioma’s, but also in 

genitourinary and colorectal cancers [1,43,44].  

Targeting telomerase

There are currently a number of techniques used to target telomerase, these include 2-

5 antisense  systems,  viral  constructs  expressing  antisense transcripts,  hammerhead 

ribozymes, peptide nucleic acids (PNAs) dominant negative hTERT, immunotherapy 

and  reverse  transcriptase  inhibitors  [45-47].   Although,  various  translational 

approaches have been adopted to target telomerase, some of which are in the final 

stages of preclinical development and others currently in clinical trials, telomelysin 

trials  have recently been accessible for various solid tumours with no reference to 

gliomas [47].  

Human  glioma  cell  lines  (T98G,  LN-229,  LN-18,  U87MG  and  LN-308)  were 

subjected  to  penclomedine,  an  alkylating  agent  previously  reported  to  inhibit 

telomerase activity in human cervical carcinoma cells, found that telomerase activity 

was unaffected [48], concluding that telomerase activity may not be a suitable target 

to  enhance  chemosensitivity  of  malignant  gliomas  given  its  complex  regulation. 

Furthermore, quantification of telomerase in brain tumours showed that there was no 

correlation between downregulation of telomerase and patient survival [49].  These 
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differences  maybe  due to  the methods  used in  analysing  telomerase  or  a  genuine 

difference in the expression.  However, this finding was not in agreement with a study 

in  2006  which  showed  that  median  survival  time  of  patients  with  and  without 

telomerase activity were 21 and 34 months respectively,  indicating that telomerase 

activity is an important prognostic factor in predicting progression and survival of 

patients with brain tumours [50].  Glioma cells sensitive to low doses of cisplatin died 

as a consequence of telomere loss, a phenomenon that could contribute to the success 

of cisplatin as an anticancer agent specifically for glioma [51,52].  

Vaccination  with pseudotype  baculovirus  expressing  hTERT in  animals  with brain 

tumours  induced  protective  anti-tumour  immunity  to  hTERT [53].   The  level  of 

hTERT transcript  appeared  to  predict  survival  in  glioma  patients  (low  hTERT 

expression,  better  survival)  [54];  therefore  the  development  of  anti-telomerase 

treatment  for  malignant  gliomas  and  hTERT analysis  is  essential.   Intravenous 

injections  of  hTERT-Ad suppressed  the  growth  of  subcutaneous  tumours  in  nude 

mice  and prolonged  the  survival  of  mice  with gliomas,  and  the  transfected  cells 

underwent autophagic cell death via inhibition of the mTOR signalling in telomerase 

positive  tumours  [55].   Telomerase  itself  plays  an  additional  role  in  protecting 

chromosomes by regulating the overall configuration of the chromatin state and its 

depletion  affects  chromatin  structure  and  impairs  activation  of  DNA  damage 

responses [56].  The significant role of telomerase in glioma pathogenicity can be a 

potential therapeutic target for gliomas.  

Until recently it was unknown whether hTERT expression in gliomas was regulated 

via hypo or hyper methylation, in addition, data regarding demethylation treatment 
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assessing the expression of hTERT was limited.  Many drugs have been used to down 

regulate  telomerase  methylation.   Recently  5azadC  treatment  in  glioma  cell  lines 

reduced telomerase expression and activity, however given the complex regulation of 

telomerase it was not clear by what mechanism this was happening [28].  

Indirect  evidence  showed that  promoter  methylation  may be inhibiting  telomerase 

expression in  glioma cells,  thus by inhibiting  the methyltransferase  gene DNMT1 

using targeted  siRNA, it  was clearly  demonstrated that  not only was the DNMT1 

expression reduced,  as a knock on effect  telomerase expression was also reduced. 

Furthermore  combining  DNMT1  siRNA  and  chemotherapeutic  drugs  (taxol  and 

TMZ) enhanced the efficiency of the drug by up 7 and 4 fold, respectively in glioma 

cells  [57].   This  in  itself  proposes  that  inhibition  of  telomerase  can  be  used  to 

complement a direct cytotoxic agent, possibly offering an alternative treatment by the 

use of lower concentrations of the drug, hence reducing side effects and improving the 

life  expectancy of patients.   However,  its  clinical  implications will  require  further 

elucidation of these findings with regards to tumour grade and response.  Inhibition of 

telomerase  whether  by  means  of  gene  knockdown,  chemical  interactions  or  via 

immuno  therapy,  has  the  potential  to  increase  the  efficiency  of  many  anticancer 

agents such as cisplatin, TMZ and PCVs, therefore it could be used in combination 

therapies.   The  importance  of  studying  telomeres  in  combination  with  telomerase 

inhibition  as  a  therapeutic  target  was  shown  to be a  prognostic  tool  in  paediatric 

glioma patients [58].
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Conclusion

Despite  the  technological  advances  in  molecular  biology  that  have  assisted  in 

enhancing  our  understanding  of  cancer,  there  still  remain  gaps  in  the  our 

understanding of the mechanisms governing glioma.  Research directed towards gene 

therapy with particular focus on telomerase and MGMT will further aid development 

of  new  diagnostic  and  therapeutic  approaches  to  human  gliomas.   Given  that 

malignant gliomas are predominantly telomerase positive and normal somatic cells 

are negative, targeting telomerase should fundamentally lead to minimum side effects. 

Combining inhibition of both telomerase and MGMT could further enhance glioma 

treatment and patient care.  

Acknowledgements

This work was supported in part by a grant from the Sydney Driscoll Neuroscience 

Foundation (SDNF) and the University of Central  Lancashire.   The authors would 

also like to thank Dr Leroy Shervington for his critical reviewing of the manuscript.

References

[1] L. Wang, Q. Wei, L.E. Wang, K.D. Aldape, Y. Cao, M.F. Okcu, K.R. Hess, R. El-

Zein,  M.R.  Gilbert,  S.Y.  Woo,  S.S.  Prabhu,  G.N.  Fuller,  M.L.  Bondy,  Survival 

prediction  in  patients  with  glioblastoma  multiforme  by  human  telomerase  genetic 

variation, J. Clin. Oncol. 24 (2006) 1627-1632.

[2] L.T. Yin, Y.J. Fu, Q.L. Xu, J. Yang, Z.L. Liu, A.H. Liang, X.J. Fan, C.G. Xu, 

Potential biochemical therapy of glioma cancer, Biochem. Biophys. Res. Commun. 

362 (2007) 225-229. 

11



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[3]  C.E.  Fadul,  P.Y.  Wen,  L.  Kim,  J.J.  Olson,  Cytotoxic  chemotherapeutic 

management of newly diagnosed glioblastoma multiforme J. Neurooncol. 89 (2008) 

339-357.

[4] C.A. Graham, T.F. Cloughesy,  Brain tumor treatment:  chemotherapy and other 

new developments, Semin. Oncol. Nurs. 20 (2004) 260-272.

[5] H. Ohgaki, P. Kleihues, Genetic pathways to primary and secondary glioblastoma, 

Am. J. Pathol. 170 (2007) 1445-1453.

[6]  P.  Kleihues,  W.K.  Cavenee,  World  Health  Organisation  Classification  of 

Tumours.  Pathology and genetics  of tumours  of the nervous system,  IARC Press, 

Lyon Washington USA, 2000. 

[7]  M.E. Hegi, A. Murat, W.L. Lambiv, R. Stupp, Brain tumors: molecular biology 

and targeted therapies, Ann.Oncol. 17 (2006) 191-197.

[8]  P.  Kleihues,  H.  Ohgaki,  Genetics  of  glioma progression  and the  definition  of 

primary and secondary glioblastoma. Brain Pathol. 7 (1997) 1131-1136.

[9]  H.  Ohgaki,  P.  Dessen,  B.Jourde,  S.Horstmann,  T.Nishikawa,  P.L.Di  Patre, 

C.Burkhard,  D.Schuler,  N.M.Probst-Hensch,  P.C.Maiorka,  N.Baeza,  P.Pisani, 

12



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Y.Yonekawa,  M.G.Yasargil,  U.M.Lutolf,  P.Kleihues,  Genetic  pathways  to 

glioblastoma: a population-based study, Cancer Res. 64 (2004) 6892-6899.

[10] M. Esteller,  J.  Garcia-Foncillas,  E.  Andion, S.N. Goodman,  O.F. Hidalgo,  V. 

Vanaclocha, S.B. Baylin, J.G. Herman, Inactivation of the DNA-repair gene MGMT 

and the clinical response of gliomas to alkylating agents, N. Engl. J. Med. 343 (2000) 

1350-1354.

[11] J.F. Parkinson, H.R. Wheeler, A. Clarkson, C.A. McKenzie, M.T. Biggs, N.S. 

Little, R.J. Cook, M. Messina, B.G. Robinson, K.L. McDonald, Variation of O(6)-

methylguanine-DNA  methyltransferase  (MGMT)  promoter  methylation  in  serial 

samples in glioblastoma, J. Neurooncol. 87 (2008) 71-78.

[12]  T.C. Johannessen, R. Bjerkvig, B.B. Tysnes, DNA repair and cancer stem-like 

cells--potential partners in glioma drug resistance? Cancer Treat. Rev. 34 (2008) 558-

567.

[13] L. Liu, S.L. Gerson, Targeted modulation of MGMT: clinical implications, Clin. 

Cancer Res. 12 (2006) 328-331.

[14]  S.L.Gerson, MGMT: its role in cancer aetiology and cancer therapeutics Nat. 

Rev. Cancer 4 (2004) 296-307.

[15]  Q.  Fang,  S.  Kanugula,  A.E.  Pegg,  Function  of  domains  of  human  O6-

alkylguanine-DNA alkyltransferase Biochemistry, 44 (2005) 15396-15405.

13



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[16]  D.S.  Daniels,  J.A.  Tainer,  Conserved  structural  motifs  governing  the 

stoichiometric repair of alkylated DNA by O(6)-alkylguanine-DNA alkyltransferase, 

Mutat. Res. 460 (2000) 151-163.

[17] M.E. Hegi, A.C. Diserens, S. Godard, P.Y. Dietrich, L. Regli, S. Ostermann, P. 

Otten, M.G. Van, T.N. de, R. Stupp, Clinical trial substantiates the predictive value of 

O-6-methylguanine-DNA  methyltransferase  promoter  methylation  in  glioblastoma 

patients treated with temozolomide, Clin. Cancer Res. 10 (2004) 1871-1874.

[18] S.L. Gerson, Clinical relevance of MGMT in the treatment of cancer, J. Clin. 

Oncol. 20 (2002) 2388-2399.

[19] V.P. Collins, C.D. James, Gene and chromosomal alterations associated with the 

development of human gliomas, FASEB J. 7 (1993) 926-930.

[20] M. Esteller, S.R. Hamilton, P.C. Burger, S.B. Baylin, J.G. Herman, Inactivation 

of  the  DNA  repair  gene  O6-methylguanine-DNA  methyltransferase  by  promoter 

hypermethylation is a common event in primary human neoplasia, Cancer Res. 59 

(1999) 793-797.

[21]  J.E.Wibley,  A.E.Pegg,  P.C.Moody,  Crystal  structure  of  the  human  O(6)-

alkylguanine-DNA alkyltransferase Nucleic Acids Res. 28, (2000) 393-401.

14



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[22] N. Levin, I. Lavon, B. Zelikovitsh, D. Fuchs, F. Bokstein, Y. Fellig, T. Siegal, 

Progressive low-grade oligodendrogliomas: response to temozolomide and correlation 

between  genetic  profile  and  O6-methylguanine  DNA  methyltransferase  protein 

expression, Cancer 106 (2006) 1759-1765.

[23] A. Sabharwal, M.R. Middleton, Exploiting the role of O6-methylguanine-DNA-

methyltransferase (MGMT) in cancer therapy, Curr. Opin. Pharmacol. 6 (2006) 355-

363.

[24] S. Madhusudan, M.R. Middleton, The emerging role of DNA repair proteins as 

predictive, prognostic and therapeutic targets in cancer, Cancer Treat. Rev. 31 (2005) 

603-617.

[25]  J.A.  Quinn,  J.  Pluda,  M.E.  Dolan,  S.  Delaney,  R.  Kaplan,  J.N.  Rich,  A.H. 

Friedman,  D.A. Reardon, J.H. Sampson,  O.M. Colvin,  M.M. Haglund, A.E. Pegg, 

R.C. Moschel, R.E. McLendon, J.M. Provenzale, S. Gururangan, S. Tourt-Uhlig, J.E. 

Herndon,  D.D.  Bigner,  H.S.  Friedman,  Phase  II  trial  of  carmustine  plus  O(6)-

benzylguanine  for  patients  with  nitrosourea-resistant  recurrent  or  progressive 

malignant glioma, J. Clin. Oncol. 20 (2002) 2277-2283.

[26]  T.B.  McMurry,  MGMT  inhibitors--The  Trinity  College-Paterson  Institute 

experience, a chemist's perception DNA Repair, (Amst) 6 (2007) 1161-1169.

[27] M.E. Hegi, L. Liu, J.G. Herman, R. Stupp, W. Wick, M. Weller, M.P. Mehta, 

M.R. Gilbert, Correlation of O6-methylguanine methyltransferase (MGMT) promoter 

15



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

methylation with clinical outcomes in glioblastoma and clinical strategies to modulate 

MGMT activity, J. Clin. Oncol. 26 (2008) 4189-4199.

[28]  R.  Patel,  L.  Shervington,  R.  Lea,  A.  Shervington,  Epigenetic  silencing  of 

telomerase and a non-alkylating agent as a novel therapeutic  approach for glioma, 

Brain Res. 1188 (2008) 173-181.

[29]  S.  Tanaka,  J.  Akimoto,  I.  Kobayashi,  H.  Oka,  H.  Ujiie,  Individual  adjuvant 

therapy for malignant gliomas based on O6-methylguanine-DNA methyltransferase 

messenger  RNA  quantitation  by  real-time  reverse-transcription  polymerase  chain-

reaction, Oncol. Rep. 20 (2008) 165-171.

[30] K. Sasai, M. Nodagashira, H. Nishihara, E. Aoyanagi, L. Wang, M. Katoh, J. 

Murata, Y. Ozaki, T. Ito, S. Fujimoto, S. Kaneko, K. Nagashima, S. Tanaka, Careful 

exclusion  of  non-neoplastic  brain  components  is  required  for  an  appropriate 

evaluation  of  O6-methylguanine-DNA  methyltransferase  status  in  glioma: 

relationship between immunohistochemistry and methylation analysis, Am. J. Surg. 

Pathol. 32 (2008) 1220-1227.

[31] C.B. Harley, S.W.Sherwood, Telomerase, checkpoints and cancer, Cancer Surv. 

29 (1997) 263-284. 

16



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[32]  R.R.  Reddel,  The  role  of  senescence  and  immortalization  in  carcinogenesis 

Carcinogenesis 21, (2000) 477-484.

[33]  S.K.  Dessain,  H.  Yu,  R.R.  Reddel,  R.L.  Beijersbergen,  R.A.  Weinberg, 

Methylation of the human telomerase gene CpG island, Cancer Res. 60 (2000) 537-

541.

[34]  I.  Guilleret,  J.  Benhattar,  Demethylation  of  the  human  telomerase  catalytic 

subunit (hTERT) gene promoter reduced hTERT expression and telomerase activity 

and shortened telomeres, Exp. Cell Res. 289 (2003) 326-334.

[35]  C.A.  De,  L.  Lacroix,  C.Douarre,  N.Temime-Smaali,  C.Trentesaux,  J.F.Riou, 

J.L.Mergny, Targeting telomeres and telomerase Biochimie 90, (2008) 131-155.

[36] A.D. Moorhouse, S. Haider, M. Gunaratnam, D. Munnur, S. Neidle, J.E. Moses, 

Targeting  telomerase  and  telomeres:  a  click  chemistry  approach  towards  highly 

selective G-quadruplex ligands, Mol. Biosyst. 4 (2008) 629-642.

[37] L.A. Langford, M.A. Piatyszek, R. Xu, S.C. Schold, Jr., J. W.Shay, Telomerase 

activity in human brain tumours, Lancet 346 (1995) 1267-1268.

17



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[38]  A.  Shervington,  R.  Patel,  C.  Lu,  N.  Cruickshanks,  R.  Lea,  G.  Roberts,  T. 

Dawson, L. Shervington, Telomerase subunits expression variation between biopsy 

samples and cell lines derived from malignant glioma, Brain Res. 1134 (2007) 45-52.

[39] A. Shervington, R. Patel, Differential hTERT mRNA processing between young 

and older glioma patients, FEBS Lett. 582 (2008) 1707-1710.

[40]  K.  Harada,  K.  Kurisu,  H.  Tahara,  E.  Tahara,  T.  Ide,  E.  Tahara,  Telomerase 

activity  in  primary  and secondary  glioblastomas  multiforme  as  a  novel  molecular 

tumor marker, J. Neurosurg. 93 (2000) 618-625.

[41] D.M. Feldser, C.W. Greider, Short telomeres limit tumor progression in vivo by 

inducing senescence, Cancer Cell 11 (2007) 461-469.

[42] Y.J. Chen, V. Hakin-Smith, M. Teo, G.E. Xinarianos, D.A. Jellinek, T. Carroll, 

D.  McDowell,  M.R.  MacFarlane,  R.  Boet,  B.C.  Baguley,  A.W.  Braithwaite,  R.R. 

Reddel,  J.A.  Royds,  Association  of  mutant  TP53  with  alternative  lengthening  of 

telomeres and favorable prognosis in glioma, Cancer Res. 66 (2006) 6473-6476. 

18



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[43] J.S. Dome, C.A. Bockhold, S. M.Li, S.D. Baker, D.M. Green, E.J. Perlman, D.A. 

Hill, N.E. Breslow, High telomerase RNA expression level is an adverse prognostic 

factor for favorable-histology Wilms' tumor, J. Clin. Oncol. 23 (2005) 9138-9145.

[44] R. Gertler, R. Rosenberg, D. Stricker, J. Friederichs, A. Hoos, M. Werner, K. 

Ulm, B. Holzmann, H. Nekarda, J.R. Siewert, Telomere length and human telomerase 

reverse  transcriptase  expression  as  markers  for  progression  and  prognosis  of 

colorectal carcinoma, J. Clin. Oncol. 22 (2004) 1807-1814.

[45] T. Komata, T. Kanzawa, Y. Kondo, S. Kondo, Telomerase as a therapeutic target 

for malignant gliomas, Oncogene 21 (2002) 656-663.

[46] G.C. Gellert, Z.G. Dikmen, W.E. Wright, S. Gryaznov, J.W. Shay, Effects of a 

novel telomerase inhibitor, GRN163L, in human breast cancer Breast Cancer, Res. 

Treat. 96 (2006) 73-81.

[47]  J.W.  Shay,  W.N.  Keith,  Targeting  telomerase  for  cancer  therapeutics,  Br.  J. 

Cancer 98 (2008) 677-683.

[48] M. Vietor, S. Winter, P. Groscurth, U. Naumann, M. Weller, On the significance 

of telomerase activity in human malignant glioma cells, Eur. J. Pharmacol. 407 (2000) 

27-37.

19



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[49]  B.K.  Kleinschmidt-DeMasters,  L.C.  Evans,  J.B.  Bobak,  D.  Lopez-Uribe,  D. 

Hopper,  A.L.  Shroyer,  K.R.  Shroyer,  Quantitative  telomerase  expression  in 

glioblastomas  shows  regional  variation  and  down-regulation  with  therapy  but  no 

correlation with patient outcome, Hum. Pathol. 31 (2000) 905-913.

[50] C.H. Kim, J.H. Cheong, K.H. Bak, J.M. Kim, S.J. Oh, Prognostic implication of 

telomerase activity in patients with brain tumors, J. Korean Med. Sci. 21 (2006) 126-

130.

[51] T.  Ishibashi,  S.J.  Lippard,  Telomere loss in cells  treated with cisplatin,  Proc. 

Natl. Acad. Sci. U.S.A 95 (1998) 4219-4223.

[52] A. Shervington, V. Pawar, S. Menon, D. Thakkar, R. Patel, The sensitization of 

glioma cells to cisplatin and tamoxifen by the use of catechin, Mol. Biol. Rep. (2008).

[53] C.H. Kim, J.S. Yoon, H.J. Sohn, C.K. Kim, S.Y. Paik, Y.K. Hong, T.G. Kim, 

Direct vaccination with pseudotype baculovirus expressing murine telomerase induces 

anti-tumor immunity comparable with RNA-electroporated dendritic cells in a murine 

glioma model, Cancer Lett. 250 (2007) 276-283.

[54] A. Tchirkov, C. Rolhion, J.L. Kemeny, B. Irthum, S. Puget, T. Khalil, O. Chinot, 

F.  Kwiatkowski,  B.  Perissel,  P.  Vago,  P.  Verrelle,  Clinical  implications  of 

quantitative real-time RT-PCR analysis of hTERT gene expression in human gliomas, 

Br. J. Cancer 88 (2003) 516-520.

20



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[55]  H.  Ito,  H.  Aoki,  F.  Kuhnel,  Y.  Kondo,  S.  Kubicka,  T.  Wirth,  E.  Iwado,  A. 

Iwamaru, K. Fujiwara, K.R. Hess, F.F. Lang, R. Sawaya, S. Kondo, Autophagic cell 

death of malignant glioma cells induced by a conditionally replicating adenovirus, J. 

Natl. Cancer Inst. 98 (2006) 625-636.

[56] K. Masutomi, R. Possemato, J.M. Wong, J.L. Currier, Z. Tothova, J.B. Manola, 

S.  Ganesan,  P.M.  Lansdorp,  K.  Collins,  W.C.  Hahn,  The  telomerase  reverse 

transcriptase regulates chromatin state and DNA damage responses, Proc. Natl. Acad. 

Sci. U.S.A 102 (2005) 8222-8227.

[57] A. Shervington, R.Patel, Silencing DNA Methyltransferase (DNMT) Enhances 

Glioma Chemosensitivity, Oligonucleotides. 18 (2008) 365-374.

[58] U. Tabori, V. Wong, J. Ma, M. Shago, N. Alon, J. Rutka, E. Bouffet, U. Bartels, 

D. Malkin, C. Hawkins, Telomere maintenance and dysfunction predict recurrence in 

paediatric ependymoma, Br. J. Cancer 99 (2008) 1129-1135.

21



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Fig. 1 Genetic pathways in the evolution of primary and secondary gliomas (adapted 

and revised from [7-9]).

Fig. 2 MGMT at work. MGMT scans double-stranded DNA for alkylation at the O6 

position of guanine and covalently transfers it to its active-site cysteine, inactivating 

the MGMT and restoring the guanine to normal (adapted from [14] Gerson, 2004).  
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