
Abstract. Background/Aim: Temozolomide (TMZ) induces
prolonged arrest of human glioma cells in the G2/M phase
and inhibition of the G2 checkpoint intensifies the effect of
TMZ. These findings suggest that the G2 checkpoint is linked
to DNA repair mechanisms. Materials and Methods: To
clarify the mechanism of TMZ resistance, we established
TMZ-resistant (TR) clones by serial treatment of U87MG
cells with TMZ. We evaluated TMZ-induced cell cycle arrest
and the effect of various G2 checkpoint inhibitors. Results:
We observed that longer exposure (over 6 months) to TMZ
enriched the proportion of TR clones that underwent only
minimal G2 arrest following TMZ treatment compared to
short exposure (4 months) to TMZ. Expression of MSH6 was
reduced in these clones. None of the G2 checkpoint inhibitors
could resensitize TR clones to TMZ. Conclusion: Longer drug
treatment may induce resistance of cells to DNA damaging
agent(s) by means of mismatch repair modification.

Temozolomide, a DNA alkylating agent, is the main
chemotherapeutic agent in the management of glioblastoma.
TMZ creates a methyl adduct at the O6 position of guanine
in DNA (1, 2). Although O6-methylguanine itself does not
cause serious DNA damage, the presence of O6-
methylguanine in cells with insufficient activity of O6-
methylguanine-DNA methyltransferase (MGMT) causes
guanine/thymine (GT) mismatch during DNA replication (3).
GT mismatches are recognized by the DNA mismatch repair
system (MMR), which removes thymine. However, as long
as O6-methylguanine exists, thymine is continuously
incorporated into the pairing side, the GT mismatches are not

eliminated, and thymine removal is repeated. TMZ
administration causes the barren cycle to repeat, which leads
to eventual ATP depletion and DNA double strand breaks,
which in turn lead to cytotoxicity (4). 

Previous studies have shown that the most prominent event
in glioma cells exposed to TMZ is prolonged G2 phase cell
cycle arrest (5-7), and we have previously reported that the G2
checkpoint inhibitors, including the chk1 inhibitor and the
cyclin-dependent kinase 1 (cdk1; cdc2) inhibitor, blocked
TMZ-induced G2 arrest leading to an increase in cell death (8,
9). These results suggest the linkage between TMZ-induced
cell cycle regulation and DNA repair, although little is known
about how DNA repair is mediated through G2 checkpoint
activation. Furthermore, we have also previously published that
Akt, which promotes cell survival and is commonly activated
in many neoplasms including glioblastoma, inhibits both TMZ-
induced G2 arrest and cell death (10). These results suggest a
complex interaction of the G2 checkpoint and other pathways.

MGMT is a well-known resistance mechanism because it
removes methyl adduct from O6-methylguanine, the main
cause of TMZ-induced cytotoxicity (11). However, a number
of glioblastomas show methylation in the promoter region of
MGMT, which leads to a decrease in MGMT expression (12-
15). Considering that even glioblastomas with decreased
MGMT expression come to acquire resistance to TMZ (16),
it becomes necessary to clarify the mechanism of TMZ
resistance caused by factors other than MGMT.

In this study, we aimed to clarify the mechanism of TMZ
resistance in glioblastomas with low MGMT expression to
address this problem. We established TMZ- resistant cell
clones from human glioblastoma U87MG cells, and analyzed
TMZ-induced cell cycle arrest, expression of the proteins
related with drug sensitivity, and the effect of various G2
checkpoint inhibitors.

Materials and Methods

Cell culture and drug administration. The human glioblastoma cell
line U87MG was cultured in Dulbecco’s Modified Eagle Medium
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with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA, USA) at 37˚C and 5% CO2. The cultures were seeded for over
2 days before drug treatment.

Drugs and treatment. TMZ (FUJIFILM Wako Chemicals, Osaka,
Japan), rabusertib (RS), and MK-8776 (MK) (Sellek Chemicals,
Houston, TX, USA) were dissolved in dimethyl sulfoxide (DMSO)
(FUJIFILM Wako Chemicals, Osaka, Japan). Flavopiridol (FP) was
supplied by the Drug Synthesis & Chemistry Branch, Developmental
Therapeutics Program, Division of Cancer Treatment and Diagnosis,
National Cancer Institute, and was dissolved in DMSO.

Unsynchronized cells were treated with TMZ (100 μM) for 3 h,
washed with culture medium, and collected subsequently in a
subconfluent state. In the colony formation efficiency assay, cells
were treated with TMZ [50 μM or 100 μM, 3 h], FP [50 nM, 3 days
(d)], MK (500 nM, 3 d), or RS (250 nM, 3 d). FP, RS, and MK were
also dosed in combination with TMZ.

Cell cycle phase evaluation. Cells attached to culture dishes were
trypsinized at each time point and collected together with the cells
floating in the media. Then, cells were washed with phosphate-
buffered saline (PBS), fixed with 70% (v/v) ethanol, and if needed,
stored at −20˚C for a maximum of 2 weeks. Cells were then washed
with PBS once and incubated with PBS-containing 40 μg/ml
propidium iodide (Sigma-Aldrich, St Louis, MO, USA) and 200
μg/ml RNase A (Sigma-Aldrich) at 20℃ in the dark for one hour.
The stained nuclei were analyzed using the Becton Dickinson
FACScan (San Jose, CA, USA) or Beckman Caulter Gallios (Brea,
CA, USA).

Western blot. Preparation of protein extracts and western blots was
performed as previously described (5). The membranes onto which
proteins were transferred and blocked were labeled with MGMT
(Kamiya Biomedical Co., Tukwila, WA, USA), α tubulin, cdc2,
MSH2, and MSH6 (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), β actin, chk1, chk2, phosphorylated chk1 (p-chk1),
phosphorylated chk2 (p-chk2), phosphorylated cdc2 (p-cdc2) (Cell
Signaling Technology, Danvers, MA, USA) antibodies, which were
identified using an enhanced chemiluminescence detection system.

Colony formation efficiency. Cells were seeded at 500 cells/well in
6-well culture plates. After overnight culture, cells were treated with
each drug (TMZ, FP, RS, or MK) in the conditions stated above and
allowed to form colonies in culture medium with no drug. Fifteen
days after drug exposure, cells were stained with methylene blue
and colonies with more than 50 cells were counted. We performed
at least three independent experiments.

Statistical analysis. We used the Mann-Whitney U-test to assess
colony formation efficiency.

Results

G2 cell cycle checkpoint was not activated by TMZ treatment
in human glioma clones selected after long-term repetitive
exposure to the drug. To investigate the mechanism through
which TMZ-treated cells acquire resistance to TMZ, U87MG
cell were treated with TMZ for 3 h at gradually increasing
concentrations (10 μM → 25 μM → 50 μM → 100 μM →

200 μM) every 2 weeks, and survived cells were maintained
with repetitive TMZ administration at 200 μM/2 weeks.
After 4 months of treatment, the surviving colonies were
selected as TMZ-resistant (TR) clones (TR1-9). These clones
were confirmed for their proliferation activity in the presence
of TMZ by colony formation efficiency (Figure 1a). FACS
analysis showed that TMZ induced G2 arrest transiently in
some clones, whereas no cell cycle phase arrest was
observed in others, which suggested that the response to
TMZ varied among the resistant cell clones selected though
the same treatment (Figure 1b). Based on this observation,
we hypothesized that longer exposure to TMZ may result in
a more uniform response of TRs to TMZ. We harvested TRs
from another U87MG culture after repeated TMZ exposure
for a long period of time (over 6 months). All of them
(TR11, TR14, TR17, and TR20) showed no cell cycle arrest
in response to TMZ (Figure 1c). The colony formation
efficiency assay confirmed that all TMZ–induced G2-arrest-
resistant clones acquired high TMZ resistance (Figure 1d).
Phosphorylation of G2 checkpoint proteins chk1 and chk2 in
response to DNA damage increases the phosphorylated form
of cdc2 and inhibits exit of cells from the G2 phase (17-27).
Treatment of U87MG cells with 100 μM TMZ resulted in
increased expression of p-chk1 (Ser345), p-chk2 (Thr 68),
and p-cdc2 (Tyr15). However, treatment of TRs without
TMZ-induced G2 arrest (TR11, TR14, TR17, and TR20),
with 100 μM TMZ had no effect on the expression of p-chk1
(Ser345), p-chk2 (Thr 68), and p-cdc2 (Tyr15), which have
previously been shown to be key events in TMZ-induced G2
arrest (Figure 2a).The total levels of expression of these
proteins was not affected (Figure 2b). All these clones did
not show detectable levels of the MGMT expression,
suggesting acquired resistance was not a consequence of
increased MGMT activity (Figure 3, upper panel). As a
control for MGMT expression, we used the human
glioblastoma cell line SF767, which expresses MGMT (11).
However, expression of MSH2 and MSH6, major proteins in
MMR activation, after the formation of G:T genomic DNA
mismatch, was decreased in TR11, TR14, TR17, and TR20
compared with their parental U87MG cells suggesting that
MMR dysfunction led the cells to acquire TMZ resistance
(Figure 3, lower panel).

G2 checkpoint inhibitors did not resensitize TMZ resistance
clones to TMZ. We have previously reported that the cdk
inhibitor FP enhanced TMZ-induced cell death through the
inhibition of cdc2 (cdk1) in the U87MG cells (9). FP also
restored TMZ sensitivity in U87MG-derived TMZ-resistant
clones that showed cdc2 phosphorylation in response to
TMZ treatment and could overcome TMZ-resistance induced
by Akt hyperactivity (9). However, TRs established in this
study (TR11, TR14, TR17, and TR20) did not show increase
in cdc2 phosphorylation as mentioned. In these clones, FP
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Figure 1. Confirmation of TMZ resistance in TR-clones, and cell cycle analyzation of U87MG and TR clones after TMZ treatment. a. Colony
formation efficiency of U87MG and TMZ-resistant cell lines (TR1-9). Cells were treated with TMZ at 100-300 μM for 3 h. b. The resistant cell lines
confirmed in Figure 1a were treated with TMZ (100 μM, 3 h), and cells were collected on days 1, 2, 3, and 5 after TMZ treatment, to analyze the
cell cycle. c. Four TMZ-resistant cell lines (TR11, TR14, TR17, and TR20) that were generated by repetitive TMZ administration over a long period
of time (over 6 months) were treated with TMZ (100 μM, 3 h), and cells were collected 3 days after TMZ treatment to analyze cell cycle. d. Colony
formation efficiency of U87MG and TMZ-resistant cell lines (TR11, TR14, TR17, and TR20). Cells were treated with TMZ at 50 μM or 100 μM for
3 h. The data from the groups treated with 50 μM TMZ were obtained from 12 independent experiments, and those with 100 μM TMZ were obtained
from 3 independent experiments. The values represent the mean±standard deviation obtained from three independent experiments. 



did not potentiate TMZ toxicity. Thus, the effect of the cdk
inhibitor depended on the activity of cdc2 (Figure 4).

Next, we examined the effect of two different chk1
inhibitors, MK and RS, because a staurosporine derivative
(UCN-01), which inhibits chk1, enhanced TMZ toxicity in
human glioma cells (8). To exclude that their activity was
due to effects other than those of the chk1 inhibitor, we first
treated U87MG cells with MK or RS at different
concentrations, up to over 100-fold of their IC50 (MK 3 nM,
RS 7 nM) in combination with TMZ, and the lowest
concentration at which an antitumor effect was observed by
colony formation efficiency assay was chosen in the
following experiments. Because the cells exposed to MK or
RS, which could induce cell cycle arrest, required long term
observation, the colony-formation efficiency assay was an

appropriate method to study cell survival and suitable drug
concentration. Our results showed that the chk1 inhibitors
did not enhance the suppressive effect of TMZ in TR11,
TR14, TR17, and TR20 clones (Figure 5). Combined with
the FP experiments, the G2 checkpoint inhibitor could not
resensitize TR clones obtained after repeated long-term
TMZ treatment.

Discussion

We have reported that MMR activation caused by TMZ
treatment leads to G2 arrest glioma cells through chk1, and
TMZ activity is enhanced by inhibiting the G2 checkpoint
and forcing cells to escape G2 arrest (5-9). However, in the
TR clones that acquired strong resistance to TMZ, TMZ-
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Figure 2. Western blot analysis of G2 checkpoint proteins. a. Western blot analysis of p-chk1, p-chk2, and p-cdc2 levels in U87MG and TMZ–
induced G2/M-arrest-resistant cell lines (TR11, TR14, TR17, and TR20). For analysis of p-chk1, p-chk2, and p-cdc2, cells were collected on days
0, 1, and 2 after TMZ treatment. b. Western blot analysis of chk1, chk2, cdc2 levels in U87MG and TMZ–induced G2/M-arrest-resistant cell lines
(TR11, TR14, TR17, and TR20).



induced G2 arrest mediated through chk1 and chk2 was not
observed, and the expression of MSH2 and MSH6 was
significantly decreased in comparison with the parental
U87MG cells, suggesting that the MMR dysfunction was a
key factor in the acquisition of TMZ resistance. Our results

agree with a previous study reporting that recurrent glioma
after TMZ treatment commonly carries MSH6 abnormality
(28-31). Taken together, a decrease in MSH6 expression due
to continuous TMZ use in glioblastoma could be a common
event in both cell cultures and tumors.
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Figure 3. Western blot analysis of MGMT in U87MG and TMZ–induced G2/M-arrest-resistant cell lines (TR11, TR14, TR17, and TR20), using the SF767
cell line as a control (upper panel), and of MSH2 and MSH6 in U87MG and TMZ-resistant cell lines (TR11, TR14, TR17, and TR20) (lower panel). 

Figure 4. Colony formation efficiency of TMZ–induced G2/M-arrest-resistant cell lines (TR11, TR14, TR17, and TR20) treated with TMZ alone or in
combination with FP. The resistant cell lines were treated with TMZ (100 μM, 3 h), FP (50 nM, 3 days), or TMZ (100 μM, 3 h) + FP (50 nM, 3 days).
In the groups treated with TMZ alone, the ratios to untreated groups are shown; and in those treated with TMZ + FP, the ratios to groups treated with
FP alone are shown. The data were obtained from three independent experiments and the values represent the mean±standard deviation obtained from
the three experiments. There was no statistically significant difference between the groups treated with TMZ and those treated with TMZ + FP.



We found there were two main types of cells which
could survive after TMZ treatment; those with transient
TMZ-induced G2 arrest and those with no cell cycle phase
arrest. Unlike the former type of TRs, as reported in our
previous study (9), the latter was not resensitized to TMZ

by the cdk inhibitor. Although both types were generated
by the same method, using the same parental cell line
(U87MG), different mechanisms of TMZ resistance were
involved. TRs in which the cdk inhibitor affects TMZ
resistance exhibited transient G2 arrest and increased
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Figure 5. Colony formation efficiency of TMZ–induced G2/M-arrest-resistant cell lines (TR11, TR14, TR17, and TR20) treated with TMZ alone or
in combination with chk1 inhibitor (RS or MK; a and b, respectively). The resistant cell lines were treated with TMZ (50 μM, 3 h), chk1 inhibitor
(3 days), or TMZ (50 μM, 3 h) + chk1 inhibitor (3 days). In the groups treated with TMZ alone, the ratios to untreated groups are shown, and in
those treated with TMZ + chk1 inhibitor, the ratios to groups treated with chk1 inhibitor alone are shown. The data were obtained from three
independent experiments, and the values represent the mean±standard deviation from the three experiments. There were no statistically significant
differences between the groups treated with TMZ and those treated with TMZ + chk1 inhibitor.



phosphorylated-cdc2 to some degree in response to TMZ,
whereas TRs without G2 arrest did not exhibit an increase
in phosphorylated-cdc2. This suggests that TMZ resistance
is more advanced in clones obtained after prolonged TMZ
treatment. Long-term exposure to TMZ may induce strong
TMZ resistance without G2 arrest, both in cell lines as well
as in clinical cases. Since a number of TMZ-resistance
mechanisms has been shown (28-39) in basic research
studies and clinical trials, detailed studies are needed to
investigate the multiple mechanisms of TMZ resistance
with respect to differences in genetic tumor backgrounds
and treatment regimens.

Neither of the G2 checkpoint inhibitors analyzed in this
study could reverse TMZ resistance in MMR dysfunctional
clones. In the TMZ-resistant cell lines in which MMR
dysfunction emerged due to long-term TMZ exposure, GT
mismatches following the formation of O6-methylguanine
are considered not cytotoxicity, and reversing resistance
through MMR is likely to be difficult. Considering the
possibility that the longer the period of TMZ exposure, the
stronger the TMZ resistance becomes as the mechanism of
resistance changes, the optimization of chemotherapy for
MMR-functioning tumors (i.e. those at an earlier stage
after initial therapy) may be required to improve the
therapy for glioma, which could develop and lose the
MMR function (and acquire resistance against DNA
damaging agents). 

Today, standard treatments for recurrent malignant
glioma are not well defined and TMZ re-challenge is
sometimes selected as a treatment for recurrence. A
previous study has reported that the presence of an MGMT-
promoter methylation is the main factor for the
effectiveness of TMZ re-challenge (40). Based on this
study, it is also important to consider the previous
administration period of TMZ and the expression of MMR
to predict the efficacy of TMZ re-challenge. However,
although TMZ-resistant clones in this study acquired
resistance by continuous exposure to TMZ, there are
reports that TMZ re-challenge is more effective when the
TMZ withdrawal period is long (40, 41). These reports
suggest the possibility of changes in TMZ resistance by
TMZ withdrawal and further research is warranted.

In conclusion, a longer drug treatment could induce the
development of cells highly resistant to TMZ by means of
MMR modification. For clinical management of
glioblastomas using TMZ as main chemotherapeutic agent,
it might be important to develop a new approach to
intensify treatment before the tumor develops MMR
deficiency. In other words, to improve treatment
effectiveness, it may be useful to optimize chemotherapy
for primary tumors, rather than to try to improve treatment
effectiveness for tumors that have acquired strong TMZ
resistance. 

Conflicts of Interest
Yuichi Hirose has received a commercial research grant from
Astellas, Boehringer Ingelheim, Eizai, Chugai Pharmaceuticals,
Daiichi Sankyo, Nippon Kayaku, Otsuka Pharmaceuticals, Pfeizer
and Takeda Pharmaceuticals, and received a speaker honorarium
from Eizai, Chugai Pharmaceuticals and Kowa Company. The other
Authors declare that they have no conflict of interest.

Authors’ Contributions 
KY and YH: Designed the study. KY and KN: Performed the
experiments. KY and SO: Analyzed the data. KY and YH: Wrote
the paper.

Acknowledgements
The Authors would like to thank Mrs. Fujiko Sueishi and Mrs.
Tomoko Suzuki for technical support. This work was supported in
part by grants from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (JSPS KAKENHI no. 17K10876). 

References
1 D’Atri S, Piccioni D, Castellano A, Tuorto V, Franchi A, Lu K,

Christiansen N, Frankel S, Rustum YM, Papa G, Mandelli F and
Bonmassar E: Chemosensitivity to triazene compounds and O6-
alkylguanine-DNA alkyltransferase levels: studies with blasts of
leukaemic patients. Ann Oncol 6: 389-393, 1995. PMID:
7619755. DOI: 10.1093/oxfordjournals.annonc.a059189

2 Denny BJ, Wheelhouse RT, Stevens MF, Tsang LL and Slack
JA: NMR and molecular modeling investigation of the
mechanism of activation of the antitumor drug temozolomide
and its interaction with DNA. Biochemistry 33: 9045-9051,
1994. PMID: 8049205. DOI: 10.1021/bi00197a003

3 Karran P and Marinus MG: Mismatch correction at O6-
methylguanine residues in E. coli DNA. Nature 296: 868-869,
1982. PMID: 7040986. DOI: 10.1038/296868a0

4 Karran P and Bignami M: DNA damage tolerance, mismatch
repair and genomic instability. BioEssays 16: 833-839, 1994.
PMID: 7840761. DOI: 10.1002/bies.950161110

5 Hirose Y, Berger MS and Pieper RO: p53 effects both the duration
of G2/M arrest and the fate of temozolomide-treated human
glioblastoma cells. Cancer Res 61: 1957-1963, 2001. PMID:
11280752.

6 Hirose Y, Katayama M, Stokoe D, Haas-Kogan DA, Berger MS
and Pieper RO: The p38 mitogen-activated protein kinase
pathway links the DNA mismatch repair system to the G2
checkpoint and to resistance to chemotherapeutic DNA-
metylating agents. Mol Cell Biol 23: 8306-8315, 2003. PMID:
14585987. DOI: 10.1128/mcb.23.22.8306-8315.2003

7 Hirose Y, Katayama M, Berger MS and Pieper RO: Cooperative
function of Chk1 and p38 pathways in activating G2 arrest
following exposure to temozolomide. J Neurosurg 100: 1060-
1065, 2004. PMID: 15200121. DOI: 10.3171/jns.2004.100.6.1060

8 Hirose Y, Berger MS and Pieper RO: Abrogation of the Chk1-
mediated G(2) checkpoint pathway potentiates temozolomide-
induced toxicity in a p53-independent manner in human
glioblastoma cells. Cancer Res 61: 5843-5849, 2001. PMID:
11479224.

Yamashiro et al: Human Glioma Cells Acquire Temozolomide Resistance Via Mismatch Repair Dysfunction

1321



9 Hayashi T, Adachi K, Ohba S and Hirose Y: The Cdk inhibitor
FP enhances temozolomide-induced cytotoxicity in human
glioma cells. J Neurooncol 115: 169-178, 2013. PMID:
23943501. DOI: 10.1007/s11060-013-1220-5

10 Hirose Y, Katayama M, Mirzoeva OK, Berger MS and Pieper RO:
Akt activation suppresses Chk2-mediated, methylating agent-
induced G2 arrest and protects from temozolomide-induced mitotic
catastrophe and cellular senescence. Cancer Res 65: 4861-4869,
2005. PMID: 15930307. DOI: 10.1158/0008-5472.CAN-04-2633

11 Hirose Y, Kreklau EL, Erickson LC, Berger MS and Pieper RO:
Delayed repletion of O6-methylguanine-DNA methyltransferase
resulting in failure to protect the human glioblastoma cell line
SF767 from temozolomide-induced cytotoxicity. J Neurosurg 98:
591-598, 2003. PMID: 12650433. DOI: 10.3171/jns.2003.98.3.0591

12 Bello MJ, Alonso ME, Amiñoso C, Anselmo NP, Arjona D,
Gonzalez-Gomez P, Lopez-Marin I, de Campos JM, Gutierrez
M, Isla A, Kusak ME, Lassaletta L, Sarasa JL, Vaquero J,
Casartelli C and Rey JA: Hypermethylation of the DNA repair
gene MGMT: association with TP53 G:C to A:T transitions in a
series of 469 nervous system tumors. Mutat Res 554: 23-32,
2004. PMID: 15450401. DOI: 10.1016/j.mrfmmm.2004.02.011

13 Kamiryo T, Tada K, Shiraishi S, Shinojima N, Kochi M and
Ushio Y: Correlation between promoter hypermethylation of the
O6-methylguanine-deoxyribonucleic acid methyltransferase
gene and prognosis in patients with high-grade astrocytic
tumors treated with surgery, radiotherapy, and 1-(4-amino-2-
methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitrosourea-
based chemotherapy. Neurosurgery 54: 349-357; discussion
357, 2004. PMID: 14744281. DOI: 10.1227/01.neu.0000
103422.51382.99

14 Nakamura M, Watanabe T, Yonekawa Y, Kleihues P and Ohgaki
H: Promoter methylation of the DNA repair gene MGMT in
astrocytomas is frequently associated with G:C --> A:T mutations
of the TP53 tumor suppressor gene. Carcinogenesis 22: 1715-
1719, 2001. PMID: 11577014. DOI: 10.1093/carcin/22.10.1715

15 Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N,
Weller M, Kros JM, Hainfellner JA, Mason W, Mariani L,
Bromberg JE, Hau P, Mirimanoff RO, Cairncross JG, Janzer RC
and Stupp R: MGMT gene silencing and benefit from
temozolomide in glioblastoma. N Engl J Med 352: 997-1003,
2005. PMID: 15758010. DOI: 10.1056/NEJMoa043331

16 Jiapaer S, Furuta T, Tanaka S, Kitabayashi T and Nakada M:
Potential strategies overcoming the temozolomide resistance for
glioblastoma. Neurol Med Chir (Tokyo) 58: 405-421, 2018.
PMID: 30249919. DOI: 10.2176/nmc.ra.2018-0141

17 Atherton-Fessler S, Liu F, Gabrielli B, Lee MS, Peng CY and
Piwnica-Worms H: Cell cycle regulation of the p34cdc2
inhibitory kinases. Mol Biol Cell 5: 989-1001, 1994. PMID:
7841526. DOI: 10.1091/mbc.5.9.989

18 Chan TA, Hermeking H, Lengauer C, Kinzler KW and
Vogelstein B: 14-3-3Sigma is required to prevent mitotic
catastrophe after DNA damage. Nature 401: 616-620, 1999.
PMID: 10524633. DOI: 10.1038/44188

19 Furnari B, Rhind N and Russell P: Cdc25 mitotic inducer
targeted by chk1 DNA damage checkpoint kinase. Science 277:
1495-1497, 1997. PMID: 9278510. DOI: 10.1126/science.
277.5331.1495

20 Gu Y, Rosenblatt J and Morgan DO: Cell cycle regulation of
CDK2 activity by phosphorylation of Thr160 and Tyr15. EMBO
J 11: 3995-4005, 1992. PMID: 1396589.

21 King RW, Jackson PK and Kirschner MW: Mitosis in transition.
Cell 79: 563-71, 1994. PMID: 7954823. DOI: 10.1016/0092-
8674(94)90542-8

22 Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K,
Luo G, Carattini-Rivera S, DeMayo F, Bradley A, Donehower
LA and Elledge SJ: Chk1 is an essential kinase that is regulated
by Atr and required for the G(2)/M DNA damage checkpoint.
Genes Dev 14: 1448-1459, 2000. PMID: 10859164.

23 Matsuoka S, Huang M and Elledge SJ: Linkage of ATM to cell
cycle regulation by the Chk2 protein kinase. Science 282: 1893-
1897, 1998. PMID: 9836640. DOI: 10.1126/science.282.5395.1893

24 Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS and Piwnica-
Worms H: Mitotic and G2 checkpoint control: regulation of 14-
3-3 protein binding by phosphorylation of Cdc25C on serine-
216. Science 277: 1501-1505, 1997. PMID: 9278512. DOI:
10.1126/science.277.5331.1501

25 Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piwnica-
Worms H and Elledge SJ: Conservation of the Chk1 checkpoint
pathway in mammals: linkage of DNA damage to Cdk regulation
through Cdc25. Science 277: 1497-1501, 1997. PMID: 9278511.
DOI: 10.1126/science.277.5331.1497

26 Yin MB, Guo B, Vanhoefer U, Azrak RG, Minderman H, Frank
C, Wrzosek C, Slocum HK and Rustum YM: Characterization
of protein kinase chk1 essential for the cell cycle checkpoint
after exposure of human head and neck carcinoma A253 cells to
a novel topoisomerase I inhibitor BNP1350. Mol Pharmacol 57:
453-459, 2000. PMID: 10692484. DOI: 10.1124/mol.57.3.453

27 Zeng Y, Forbes KC, Wu Z, Moreno S, Piwnica-Worms H and
Enoch T: Replication checkpoint requires phosphorylation of the
phosphatase Cdc25 by Cds1 or Chk1. Nature 395: 507-510,
1998. PMID: 9774107. DOI: 10.1038/26766

28 Yip S, Miao J, Cahill DP, Iafrate AJ, Aldape K, Nutt CL and
Louis DN: MSH6 mutations arise in glioblastomas during
temozolomide therapy and mediate temozolomide resistance.
Clin Cancer Res 15: 4622-4629, 2009. PMID: 19584161. DOI:
10.1158/1078-0432.CCR-08-3012

29 Atkins RJ, Ng W, Stylli SS, Hovens CM and Kaye AH: Repair
mechanisms help glioblastoma resist treatment. J Clin Neurosci 22:
14-20, 2015. PMID: 25444993. DOI: 10.1016/j.jocn.2014.09.003

30 Gil Del Alcazar CR, Todorova PK, Habib AA, Mukherjee B and
Burma S: Augmented HR repair mediates acquired temozolomide
resistance in glioblastoma. Mol Cancer Res 14: 928-940, 2016.
PMID: 27358111. DOI: 10.1158/1541-7786.MCR-16-0125

31 Erasimus H, Gobin M, Niclou S and Van Dyck E: DNA repair
mechanisms and their clinical impact in glioblastoma. Mutat Res
Rev Mutat Res 769: 19-35, 2016. PMID: 27543314. DOI:
10.1016/j.mrrev.2016.05.005

32 Yan Y, Xu Z, Dai S, Qian L, Sun L and Gong Z: Targeting
autophagy to sensitive glioma to temozolomide treatment. J Exp
Clin Cancer Res 35: 23, 2016. PMID: 26830677. DOI:
10.1186/s13046-016-0303-5

33 Nakada M, Furuta T, Hayashi Y, Minamoto T and Hamada J:
The strategy for enhancing temozolomide against malignant
glioma. Front Oncol 2: 98, 2012. PMID: 22912934. DOI:
10.3389/fonc.2012.00098

34 Messaoudi K, Clavreul A and Lagarce F: Toward an effective
strategy in glioblastoma treatment. Part I: resistance mechanisms
and strategies to overcome resistance of glioblastoma to
temozolomide. Drug Discov Today 20: 899-905, 2015. PMID:
25744176. DOI: 10.1016/j.drudis.2015.02.011

ANTICANCER RESEARCH 40: 1315-1323 (2020)

1322



35 Nagel ZD, Kitange GJ, Gupta SK, Joughin BA, Chaim IA,
Mazzucato P, Lauffenburger DA, Sarkaria JN and Samson LD:
DNA repair capacity in multiple pathways predicts chemoresistance
in glioblastoma multiforme. Cancer Res 77: 198-206, 2017. PMID:
27793847. DOI: 10.1158/0008-5472.CAN-16-1151

36 Hombach-Klonisch S, Mehrpour M, Shojaei S, Harlos C, Pitz
M, Hamai A, Siemianowicz K, Likus W, Wiechec E, Toyota BD,
Hoshyar R, Seyfoori A, Sepehri Z, Ande SR, Khadem F, Akbari
M, Gorman AM, Samali A, Klonisch T and Ghavami S:
Glioblastoma and chemoresistance to alkylating agents:
involvement of apoptosis, autophagy, and unfolded protein
response. Pharmacol Ther 184: 13-41, 2018. PMID: 29080702.
DOI: 10.1016/j.pharmthera.2017.10.017

37 Yamada R and Nakano I: Glioma stem cells: their role in
chemoresistance. World Neurosurg 77: 237-240, 2012. PMID:
22501017. DOI: 10.1016/j.wneu.2012.01.004

38 Jung TY, Jung S, Moon KS, Kim IY, Kang SS, Kim YH, Park
CS and Lee KH: Changes of the O6-methylguanine-DNA
methyltransferase promoter methylation and MGMT protein
expression after adjuvant treatment in glioblastoma. Oncol Rep
23: 1269-1276, 2010. PMID: 20372840. DOI: 10.3892/
or_00000760

39 Li S, Wang L, Hu Y and Sheng R: Autophagy regulators as
potential cancer therapeutic agents: A review. Curr Top Med
Chem 15: 720-744, 2015. PMID: 25732790. DOI: 10.2174/
1568026615666150302105343

40 Weller M, Tabatabai G, Kästner B,  Felsberg J, Steinbach JP,
Wick A, Schnell O, Hau P, Herrlinger U, Sabel MC, Wirsching
HG, Ketter R, Bähr O, Platten M, Tonn JC, Schlegel U, Marosi
C, Goldbrunner R, Stupp R, Homicsko K, Pichler J, Nikkhah G,
Meixensberger J, Vajkoczy P, Kollias S, Hüsing J, Reifenberger
G and Wick W; DIRECTOR Study Group.: MGMT promoter
methylation is a strong prognostic biomarker for benefit from
dose-intensified temozolomide rechallenge in progressive
glioblastoma: The DIRECTOR Trial. Clin Cancer Res 21: 2057-
2064, 2015. PMID: 25655102. DOI: 10.1158/1078-0432.CCR-
14-2737

41 Franceschi E, Lamberti G, Visani M, Paccapelo A, Mura A,
Tallini G, Pession A, De Biase D, Minichillo S, Tosoni A, Di
Battista M, Cubeddu A, Bartolini S and Brandes AA:
Temozolomide rechallenge in recurrent glioblastoma: when is it
useful? Future Oncol 14: 1063-1069, 2018. PMID: 29741106.
DOI: 10.2217/fon-2017-0681

Received February 3, 2020
Revised February 10, 2020

Accepted February 11, 2020

Yamashiro et al: Human Glioma Cells Acquire Temozolomide Resistance Via Mismatch Repair Dysfunction

1323


