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Introduction. Glioblastoma multiforme (GBM; World
Health Organization astrocytoma grade IV) is the most
frequent and most malignant primary brain tumor in
adults. Despite multimodal therapy, all such tumors
practically recur during the course of therapy, causing
a median survival of only 14.6 months in patients with
newly diagnosed GBM. The present study was aimed
at examining the expression of the DNA repair protein
AlkB homolog 2 (ALKBH2) in human GBM and deter-
mining whether it could promote resistance to temozolo-
mide chemotherapy.
Methods. ALKBH2 expression in GBM cell lines and
in human GBM was determined by quantitative real-
time PCR (qRT-PCR) and gene expression analysis,
respectively. Drug sensitivity was assessed in GBM cells
overexpressing ALKBH2 and in cells in which ALKBH2
expression was silenced by small-interfering (si)RNA.
ALKBH2 expression following activation of the
p53 pathway was examined by western blotting and
qRT-PCR.
Results. ALKBH2 was abundantly expressed in estab-
lished GBM cell lines and human GBM, and temozolo-
mide exposure increased cellular ALKBH2 expression
levels. Overexpression of ALKBH2 in the U87 and
U251 GBM cell lines enhanced resistance to the methyl-
ating agents temozolomide and methyl methanesulfo-
nate but not to the nonmethylating agent doxorubicin.
Conversely, siRNA-mediated knockdown of ALKBH2
increased sensitivity of GBM cells to temozolomide

and methyl methanesulfonate but not to doxorubicin
or cisplatin. Nongenotoxic activation of the p53
pathway by the selective murine double minute 2 antag-
onist nutlin-3 caused a significant decrease in cellular
ALKBH2 transcription levels.
Conclusion. Our findings identify ALKBH2 as a novel
mediator of temozolomide resistance in human GBM
cells. Furthermore, we place ALKBH2 into a new cellu-
lar context by showing its regulation by the p53
pathway.
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G
lioblastoma multiforme (GBM; World Health
Organization astrocytoma grade IV) is the most
common primary brain tumor in adults. It repre-

sents a highly invasive, proliferative, and aggressive
cancer type for which no cure is presently available.
Resistance to postoperative radio- and chemotherapy is
the main cause of treatment failure in patients with
GBM. In patients with newly diagnosed disease, the ad-
dition of concomitant and adjuvant temozolomide che-
motherapy to postoperative fractionated radiotherapy
has recently been shown to increase median survival as
well as 2- and 5-year survival rates compared with radio-
therapy alone.1,2 During the course of therapy, however,
radio- and chemoresistance typically become evident
through local tumor recurrence. As a result, only 1 in
4 GBM patients survives 2 years from diagnosis
despite aggressive multimodal treatment.1 To improve
this poor prognosis, there is a critical need to uncover
the molecular basis for the low sensitivity of GBM to
chemotherapy.
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Temozolomide is a prodrug spontaneously con-
verted at physiological pH to its active metabolite
5-(3-methyltriazen-1-yl)imidazole-4-carboxamide, which
creates cytotoxic methyl adducts in nitrogen and
oxygen atoms in DNA bases.3 However, several inde-
pendent DNA repair mechanisms, which normally safe-
guard genome integrity, can facilitate drug resistance
and cancer cell survival by removing chemotherapy-induced
DNA adducts. For instance, O6-methylguanine ad-
ducts are substrates for the ubiquitous DNA repair
protein O6-methylguanine-DNA methyltransferase
(MGMT), whereas the frequent N3-methyladenine and
N7-methylguanine adducts are repaired by the base exci-
sion repair system in cooperation with poly(ADP-ribose)
polymerase–1.4,5 Thus, the anticancer efficacy of temo-
zolomide is highly influenced by cellular DNA repair ca-
pacity. Antagonizing specific DNA repair proteins in
GBM may prove a promising therapeutic strategy to in-
crease temozolomide cytotoxicity and prolong patient
survival.

The DNA repair protein human AlkB homolog 2
(ALKBH2) is an oxidative demethylase capable of directly
reversing the N1-methyladenine and N3-methylcytosine
base lesions in double- and single-stranded DNA.6

Although these lesions are considered weakly mutagenic,
they are thought to be highly cytotoxic due to their
ability to disturb DNA replication. ALKBH2 is solely ex-
pressed in the cell nucleus, where it localizes mainly to rep-
lication foci during the S phase of the cell cycle through
interaction with proliferating cell nuclear antigen
(PCNA) via an ALKBH2 PCNA-interacting motif.6,7 It
has therefore been suggested that ALKBH2 may have a
role in DNA repair close to the replication fork.8

Embryonal fibroblasts from gene-targeted mice deficient
in ALKBH2 have been shown to be incapable of repairing
N1-methyladenine in DNA after methyl methanesulfonate
treatment.9 As a result, ALKBH2-deficient cells were
more sensitive to methyl methansesulfonate exposure
than wild type (wt) cells, indicating that ALKBH2 has a
functionally important role in the cellular defense
against methylating agents. Since N1-methyladenine and
N3-methylcytosine are thought to be induced predomi-
nantly during the S phase of the cell cycle, the cytotoxic
effect of these lesions could be expected to be substantial
if left unrepaired in rapid proliferating cells such as
cancer cells. However, it is currently unknown to what
extent ALKBH2 is expressed in GBM cells and human
GBM and whether it can promote resistance to the clini-
cally potent drug temozolomide.

In this work, we report that ALKBH2 is highly ex-
pressed in GBM cells and human GBM compared with
nontumoral human brain (NHB) and that temozolomide
exposure may further increase transcription levels of
ALKBH2. Moreover, we show that overexpression of
ALKBH2 enhances cellular resistance to temozolomide
and methyl methanesulfonate but has no effect on
cellular sensitivity to nonmethylating agents. We show
that silencing of ALKBH2 activity increases cellular
sensitivity to both temozolomide and methyl methane-
sulfonate, suggesting that a high level of ALKBH2
expression could be an important mediator of

chemoresistance in human GBM. We also show that
nongenotoxic activation of the p53 pathway leads to a
substantial downregulation of ALKBH2 at both
mRNA and protein levels in GBM cells.

Materials and Methods

Cell Culture and Reagents

The human GBM cell lines A172 (Massachusetts
Institute of Technology), CCF-STTG1 (Cleveland
Clinic Foundation), D37 (Duke University Medical
Center), GaMg (University of Bergen), HF66 (Henry
Ford Hospital), LN18, LN229 (Centre Hospitalier
Universitaire Vaudois, Switzerland), T98 (Stanford
University), U87, U118, and U251 (University of
Uppsala) were cultured in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal bovine
serum, L-glutamine, nonessential amino acids, and anti-
biotics (100 U/mL penicillin, 100 U/mL streptomycin,
and 5 × 10–3 mg/mL plasmocin). All cell lines were
maintained at 378C in a 5% CO2-humidified atmo-
sphere. The authentication of the cell lines was con-
firmed by short tandem repeat genomic profiling.
Methyl methanesulfonate was purchased from Sigma.
Temozolomide (Tocris Bioscience) was dissolved in
dimethyl sulfoxide (DMSO) to obtain a 100 mM stock
solution. Doxorubicin (Pharmacia & Upjohn) was dis-
solved in sterile water to obtain a 1 mM stock solution.
The proteasome inhibitor MG132 (Calbiochem) and the
murine double minute 2 (MDM2) antagonist nutlin-3
(Calbiochem) were dissolved in DMSO to obtain
42 mM stock solutions. All stock solutions were kept
as small aliquots in a freezer at –208C and further
diluted in growth medium before addition to each cell
culture experiment.

Total RNA Extraction and Quantitative Real-time PCR

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen). Human brain reference total RNA was
purchased from Ambion. Synthesis of cDNA and
quantitative real-time PCR (qRT-PCR) were performed
as described previously.10 The following primer pairs
were used: ALKBH2, forward 5′-GCTGGGCT
GACCTACACATT-3′ and reverse 5′-TGCCGGAAGA
CAAAGTCTCT-3′; MGMT, forward 5′-CTGGAGCTG
TCTGGTTGTGA-3′ and reverse 5′-CTGGTGAACGA
CTCTTGCTG-3′; 18S, forward 5′-CGGCTACCACAT
CCAAGGAA-3′ and reverse 5′-GCTGGAATTACCGCG
GCT-3′.

Generation of Stable ALKBH2-Overexpressing GBM
Cell Lines

ALKBH2 cDNA expressing pDEST26 vector was pur-
chased from imaGenes. Plasmid DNA was isolated
with the Wizard Plus SV Minipreps DNA Purification
System (Promega) as instructed by the manufacturer.
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We transfected 1 × 105 GBM cells with �2 mg plasmid
DNA in a 6-well plate using FuGENE HD transfection
reagent (Roche Applied Science) according to the manu-
facturer’s instructions. Antibiotic selection of transfect-
ed cells was performed with 300 mg/mL geneticin
(Invitrogen). Geneticin-resistant colonies were subse-
quently screened for established ALKBH2 overexpres-
sion by western blot.

Protein Extraction and Western Blot Analysis

Cells were rinsed in phosphate buffered saline, lysed
in a buffer (pH 7.2) containing 20 mM 3-(N-
morpholino)propanesulfonic acid, 5 mM EDTA, 2 mM
ethylene glycol tetraacetic acid, 30 mM NaF, 0.5%
Triton-X, 40 mM b-glycerophosphate, 20 mM Na-
pyrophosphate, 1 mM Na-orthovanadate, 3 mM benza-
midine, 5 mM pepstatin, 10 mM leupeptin, and 1 mM
phenylmethylsulfonyl fluoride and repeatedly sonicated
using Sonics Vibra Cell (Cole-Parmer Instruments).
Total protein lysates were centrifuged at 10 000 g for
15 min, and the resulting supernatant was used. Total
protein extracts were electrophoresed using NuPage
Bis-Tris 4%–12% precast gels (Invitrogen). The remain-
ing procedure was carried out as described previously.10

The following primary antibodies were used: mouse
monoclonal anti-ALKBH2 (A8228; Sigma), rabbit poly-
clonal anti–b-actin (ab8227; Abcam), mouse monoclonal
anti-MDM2 (OP46; Calbiochem), mouse monoclonal
anti-p21 (556431; BD Pharmingen), and rabbit polyclon-
al anti–p53 upregulated modulator of apoptosis (PUMA)
(#4976; Cell Signaling Technology). The secondary anti-
bodies goat anti-mouse immunoglobulin (Ig)G–horserad-
ish peroxidase (HRP) (sc-2005) and goat anti-rabbit
IgG-HRP (IM0831) were from Santa Cruz Biotech-
nology and Beckman Coulter, respectively.

Cell Viability and Clonogenicity Assays

We seeded 3 × 103 cells in 100 mL growth medium in
each well of a 96-well plate. The growth medium was
removed the following day and replaced with new
medium containing 500–2000 mM temozolomide,
100–400 mM methyl methanesulfonate, or 0.5–3 mM
doxorubicin. Control cells received drug vehicle only.
After 96 h, 20 mL of CellTiter 96 AQueous One
Solution Cell Proliferation Assay (MTS assay,
Promega) was added to each well for 1 hr before absor-
bance at 490 nm was recorded on a 96-well plate reader.
The absorbance for wells containing only growth
medium was subtracted to adjust for background absor-
bance. Each drug concentration was assayed in quadru-
plicate, and each experiment was repeated at least twice.
Clonogenic survival assays were performed by seeding
300 cells in each well in 6-well plates. Cells were
treated with 1500 mM temozolomide, 300 mM methyl
methanesulfonate, or 2 mM doxorubicin for 24 h
before the growth medium was replaced with fresh
drug-free medium, and cells were left to proliferate for
10 days. Colonies were then fixed with 6% glutaraldehyde,

stained with 0.5% crystal violet, and counted. Only col-
onies counting more than 50 cells were included.

Flow Cytometric Analyses

DNA synthesis as a measure of cellular proliferation was
determined by assessing incorporation of the thymidine
analog 5-ethynyl-2′-deoxyuridine (Edu) into genomic
DNA using the Click-IT Edu Alexa Fluor 647 flow
cytometry kit (Invitrogen). Cells were labeled with
10 mM Edu for 1 h, fixed in 4% paraformaldehyde,
and stained according to the manufacturer’s instruc-
tions. In addition, cells were stained with propidium
iodide to determine DNA content and cell cycle phase
distribution. Cells were analyzed on a C6 flow cytometer
(Accuri Cytometers), and the acquired data were ana-
lyzed using FlowJo software version 7.6.3 (Tree Star).

ALKBH2-Targeted Small-interfering RNA Transfection

Cells were seeded to 50%–60% confluency in a 6-well
plate. Small-interfering (si)RNA transfections were per-
formed the following day under serum-free conditions
using Oligofectamine Reagent (Invitrogen) according
to the manufacturer’s instructions with minor modifica-
tions. Cells were harvested 72 h after transfection, and
ALKBH2 knockdown was verified by western blotting.
Three distinct siRNA sequences (Ambion) against
ALKBH2 were used. A negative control siRNA was in-
cluded in all transfection experiments. All siRNAs were
used at a final concentration of 20 nM. The sequences
were: siRNA#1, sense 5′-GAAUCUGACUUUUCGUA
AAtt-3′ and antisense 5′-UUUACGAAAAGUCAGAUU
Cac-3′; siRNA#2, sense 5′-GUCUUCCCGUGAGAAA
GAAtt-3′ and antisense 5′-UUCUUUCUCACGGGAA
GACtg-3′; siRNA#3, sense 5′-GCACCGAGAUGAUG
AAAGAtt-3′ and antisense 5′-UCUUUCAUCAUCUCG
GUGCtc-3′.

Statistical Analyses

Data are presented as mean + SEMs of 3 independent
experiments. Statistical analyses were carried out using
a two-tailed Student’s t-test assuming equal variances.
P , .05 was considered statistically significant.

Results

ALKBH2 Is Abundantly Expressed in Established GBM
Cell Lines and Human GBM

ALKBH2 is ubiquitously expressed in a wide range of
normal human tissues, with peak levels in the testis
and pancreas.11 However, to what extent ALKBH2 is
expressed in human cancer cells in general is at present
largely elusive. To determine whether GBM cells
express ALKBH2, we initially screened a panel of 11 es-
tablished GBM cell lines using qRT-PCR. As shown in
Fig. 1A, apart from the D37 cell line, ALKBH2 was
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abundantly expressed, with mRNA expression levels 2-
to 4-fold higher compared with NHB. We subsequently
analyzed ALKBH2 mRNA expression levels in an inde-
pendent recently published gene expression data set con-
sisting of 4 NHB samples and 73 newly diagnosed
GBM.12 Interestingly, ALKBH2 expression was signifi-
cantly upregulated in human GBM by �2-fold compared
with NHB (Fig. 1B; P ¼ .001). Thus, our findings identify
increased ALKBH2 expression as a novel feature of estab-
lished GBM cell lines and human GBM.

Because ALKBH2 mRNA expression covered a con-
tinuum from high to low in our panel of GBM cell
lines, we next examined whether there was any correla-
tion between ALKBH2 expression levels and temozolo-
mide sensitivity. We selected the 3 cell lines U87,
A172, and D37 to represent high, intermediate, and
low levels, respectively, of ALKBH2 mRNA expression.
None of these cell lines expressed any MGMT as deter-
mined by qRT-PCR (data not shown). Interestingly, we
observed an inverse relationship between ALKBH2 ex-
pression levels and temozolomide sensitivity in these
cell lines (Fig. 1C). In contrast, there was no correlation
between ALKBH2 mRNA expression levels and temozo-
lomide sensitivity in the MGMT-proficient cell lines
GaMg, HF66, and T98. Taken together, these data
suggest that ALKBH2 mRNA expression levels inversely
correlate with temozolomide sensitivity in MGMT-
deficient GBM cell lines. Because cellular exposure to che-
motherapeutic drugs may provoke a DNA damage re-
sponse, we treated the 6 different GBM cell lines in
Fig. 1C with their respective half-maximal inhibitory con-
centration (IC50) dosage of temozolomide for 24 h and
quantified levels of ALKBH2 induction by qRT-PCR.
As shown in Fig. 1D, ALKBH2 levels increased �2-fold
in all the cell lines following 24 h of temozolomide expo-
sure. However, we did not observe any significant associ-
ation between the induced levels of ALKBH2 and the
corresponding baseline expression levels, but ALKBH2
expression was most induced in the MGMT-proficient
cell lines HF66 and T98. In contrast, MGMT expression
levels did not significantly change in GaMg, HF66, or
T98 cells during temozolomide exposure, as determined
by qRT-PCR (data not shown).

ALKBH2 Overexpression Promotes Temozolomide
Resistance in GBM Cells

To investigate the potential functional significance of
ALKBH2 upregulation in GBM cells, we stably overex-
pressed ALKBH2 in the U87 and U251 GBM cell lines.
Two independent clones overexpressing ALKBH2 were
selected from each cell line for subsequent experiments
(Fig. 2A). Because the cytotoxicity of chemotherapeutic
drugs is highly dependent on the cellular proliferation
rate, we first examined whether ALKBH2 overexpres-
sion influenced cell proliferation by measuring Edu in-
corporation in the ALKBH2-overexpressing clones and
in their respective geneticin-resistant controls. As
shown in Supplementary Fig. 1A and B, no significant
difference in the size of the S-phase population was ob-
served between ALKBH2-overexpressing cells and their

corresponding control cells in either cell line, indicating
that elevated ALKBH2 levels do not alter cell prolifera-
tion. We then treated the cell lines with increasing
doses of temozolomide, methyl methanesulfonate, or
doxorubicin for 96 h before assessing drug-induced
cytotoxicity using the MTS cell proliferation assay.
ALKBH2-overexpressing U87 and U251 cells displayed
significantly increased resistance to both temozolomide
and methyl methanesulfonate chemotherapy compared
with corresponding control cells (Fig. 2B and C). In con-
trast, ALKBH2 overexpression did not increase cellular
resistance to doxorubicin treatment (Fig. 2B and C), sug-
gesting that increased ALKBH2 activity mediates drug re-
sistance predominantly to methylating agents. To further
substantiate these findings, we performed clonogenic sur-
vival assays using ALKBH2-overexpressing U251 cells
and their corresponding geniticin-resistant controls.
After temozolomide or methyl methanesulfonate treat-
ment, ALKBH2-overexpressing cells displayed signifi-
cantly higher levels of clonogenic survival compared
with control cells, confirming that increased ALKBH2 ex-
pression protects against methylating agent–induced cyto-
toxicity (Fig. 2D). Taken together, these data demonstrate
that ALKBH2 overexpression does not alter cell prolifera-
tion but increases resistance to temozolomide and methyl
methanesulfonate in GBM cells.

Suppression of ALKBH2 Activity by SiRNA
Transfection Sensitizes GBM Cells to Temozolomide

To further demonstrate the functional role of ALKBH2
in temozolomide resistance, we next silenced ALKBH2
expression in the human GBM cell lines GaMg (MGMT
proficient) and U87 (MGMT deficient). ALKBH2 protein
expression was efficiently suppressed when these cells
were transfected with ALKBH2-targeted siRNAs, while a
nontargeting siRNA yielded no effect on ALKBH2 expres-
sion levels (Fig. 3A). In contrast, siRNA-mediated suppres-
sion of ALKBH2 had no impact on cellular MGMT
expression levels (Supplementary Fig. 2). Cells were
treated with temozolomide, methyl methanesulfonate, or
doxorubicin for 72 h after siRNA transfection, and cell vi-
ability was determined using the MTS cell proliferation
assay. Knockdown of ALKBH2 using either sequence #1
or sequence #3 significantly sensitized GaMg and U87
cells to temozolomide and methyl methanesulfonate che-
motherapy compared with control transfectants (Fig. 3B
and C). In contrast, ALKBH2 silencing had no effect on
cellular response to either doxorubicin (Fig. 3B and C) or
the nonmethylating DNA-damaging agent cisplatin (data
not shown), further substantiating ALKBH2 as a mediator
of methylating-agent resistance. These results suggest that
ALKBH2 expression may compromise temozolomide-
induced cytotoxicity and that silencing of ALKBH2 ex-
pression accordingly increases cellular temozolomide
susceptibility.

Nongenotoxic Activation of the p53 Pathway
Downregulates ALKBH2 Expression Levels

The tumor suppressor p53 acts as a sequence-specific
transcription factor that regulates the expression of a
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broad range of genes (encoding both proteins and
microRNAs) involved in diverse cellular processes, in-
cluding DNA repair. Having shown that ALKBH2
could contribute to temozolomide resistance, we subse-
quently examined whether activation of the p53
pathway would alter the expression levels of ALKBH2
in GBM cells. The CCF-STTG1 GBM cell line harbors
an amplification of the MDM2 gene on chromosome 12
that results in functional abrogation of the p53
pathway.13 Sequencing of the TP53 gene in CCF-STTG1
cells did not reveal any mutations (data not shown),
which is consistent with the notion that MDM2 amplifica-
tion and p53 mutation are mutually exclusive events.14 To
investigate the effect of p53 activation on cellular
ALKBH2 levels, we treated CCF-STTG1 cells with in-
creasing concentrations of the selective MDM2 antagonist
nutlin-3 for 24 h. Nutlin-3 effectively disrupts the p53/
MDM2 interaction, stabilizes p53, and activates the p53
pathway without the need for upstream signaling events
such as DNA damage.15 In agreement with activation of

a functional p53 pathway, nutlin-3 treatment led to in-
creased protein levels of p53 and its bona fide targets
MDM2, p21, and PUMA in a dose-dependent manner
(Fig. 4A). In addition, nutlin-3 induced a prominent cell
cycle arrest in the G1 and G2/M phases, which is consis-
tent with previous observations (Fig. 4B).16 Interestingly,
ALKBH2 levels diminished accordingly during nutlin-3
exposure, suggesting that increased p53 signaling may
suppress ALKBH2 (Fig. 4A and C). CCF-STTG1 cells
were then cotreated with nutlin-3 and the proteasome in-
hibitor MG132 to investigate whether decreased
ALKBH2 levels were due to increased protein degrada-
tion. However, as shown in Fig. 4C, MG132 exposure
failed to significantly restore ALKBH2 protein levels
during nutlin-3 therapy. To see whether p53 activation de-
creased ALKBH2 at the transcriptional level, we quanti-
fied ALKBH2 mRNA using qRT-PCR following
nutlin-3 treatment in CCF-STTG1 cells. We found that
ALKBH2 mRNA levels were increasingly repressed with
increasing nutlin-3 concentration (Fig. 4D), indicating

Fig. 1. ALKBH2 expression in GBM cells and human GBM. (A) ALKBH2 mRNA expression in a panel of 11 DNA fingerprinted GBM cell lines

compared with NHB determined by qRT-PCR. (B) ALKBH2 gene expression (Affymetrix probe 225625_at) in 4 NHB samples and in 73 newly

diagnosed GBM obtained from a previously published data set.12 Recurrent GBM was excluded in the analysis. **P , .01. (C) Correlation

between ALKBH2 mRNA expression levels and temozolomide sensitivity in MGMT-deficient (U87, A172, and D37) and MGMT-proficient

(GaMg, HF66, and T98) GBM cell lines. *P , .05, **P , .01. (D) Levels of ALKBH2 induction in GBM cell lines with distinct baseline

ALKBH2 expression and MGMT status were quantified by qRT-PCR following 24 h of temozolomide (TMZ) exposure with each cell line’s

corresponding half-maximal inhibitory concentration (IC50) dosage. The increase in ALKBH2 mRNA in cells receiving temozolomide was

calculated relative to corresponding control cells treated with drug vehicle (DMSO) only. **P , .01.
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that decreased ALKBH2 levels were due to transcriptional
downregulation rather than increased protein degrada-
tion. To further validate these findings, we treated U87
and U251 GBM cells, which express wt and mutant
p53, respectively, with nutlin-3 for 24 h. In agreement
with our results in the CCF-STTG1 cell line, nutlin-3 treat-
ment increased the protein levels of p53 and its transcrip-
tional targets MDM2, p21, and PUMA in U87 cells but
not in U251 cells (Fig. 4E). Importantly, ALKBH2

expression levels after nutlin-3 exposure declined exclu-
sively in U87 cells (Fig. 4E), indicating that wt-p53 expres-
sion is an absolute requirement for nutlin-mediated
repression of ALKBH2. Moreover, ALKBH2 mRNA
levels were significantly decreased in U87 but not in
U251 cells after nutlin-3 therapy (Fig. 4F). Taken together,
these data indicate that nongenotoxic activation of wt-p53
by the MDM2 antagonist nutlin-3 represses ALKBH2
transcription levels in human GBM cells.

Fig. 2. ALKBH2 overexpression increases resistance to methylating agents. (A) Clones stably overexpressing ALKBH2 were established by

transfection of U87 and U251 cells with a His-tagged plasmid encoding ALKBH2. The upper band in the western blot represents the

His-tagged plasmid, whereas the lower band represents endogenous ALKBH2 expression. (B) U87 and (C) U251 ALKBH2-overexpressing

clones and their respective controls were treated with temozolomide (TMZ), methyl methanesulfonate (MMS), or doxorubicin (DOX) for

96 h before drug-induced cytotoxicity was determined using an MTS assay. Cell viability (%) was calculated relative to corresponding

control cells receiving drug vehicle only. The results shown were obtained using U87 clone #1 and U251 clone #1. Equally significant

data were obtained using U87 clone #2 and U251 clone #2 (data not shown). *P , .05, **P , .01. (E) Colony formation assay using

U251 ALKBH2-overexpressing cells and their respective controls. *P , .05, **P , .01.
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Discussion

Resistance to temozolomide chemotherapy is a major
therapeutic challenge in the clinical management of
GBM. Epigenetic silencing of the MGMT gene in
tumor cells by promoter hypermethylation is currently
considered the most reliable predictor of response to
temozolomide in patients with newly diagnosed GBM.
However, around half of all GBM patients harbor an
unmethylated MGMT tumor promoter.17 As a result,
these patients demonstrate less survival benefit from
the addition of concomitant and adjuvant temozolomide
chemotherapy to standard radiotherapy.18 Thus, there is
a need to identify additional mediators of temozolomide
resistance in human GBM and to decide whether these
mechanisms may serve as novel therapeutic targets in
concert with conventional modalities such as radio-
and chemotherapy. Our data show that the DNA
repair protein ALKBH2 is highly expressed in GBM
cells and in human GBM compared with NHB and
that temozolomide exposure may further increase
ALKBH2 transcription levels. A similar finding has been
reported in a small panel of pediatric brain tumors in
which ALKBH2 mRNA expression was found to be en-
hanced compared with NHB samples.19 In contrast,

ALKBH2 was frequently downregulated in biopsies
from gastric carcinomas compared with adjacent non-
neoplastic mucosa, suggesting that loss of ALKBH2
expression might contribute to malignant transformation
of the gastric mucosa, perhaps due to impaired DNA
repair function.20 These conflicting observations may
imply that ALKBH2 is regulated differently in different
tissues and their corresponding tumors, but further
in-depth studies are needed to address this.

In this work, we have identified the DNA repair
protein ALKBH2 as a novel mechanism of temozolomide
resistance in human GBM cells. In contrast, altered
ALKBH2 expression levels did not influence cellular re-
sponse to the nonmethylating agents doxorubicin and cis-
platin. This indicates that ALKBH2 acts as a mediator of
methylating-agent resistance, which is in line with its enzy-
matic property as an oxidative demethylase. The previously
reported crystal structure of the ALKBH2–double-stranded
DNA complex provides the structural basis for designing
small-molecule inhibitors of ALKBH2-mediated DNA
repair.21 Our results showing the role of ALKBH2 in
temozolomide resistance provide a rationale for the
future development of ALKBH2 inhibitors in order to
improve the efficacy of temozolomide chemotherapy in
patients with GBM. To address whether increased

Fig. 3. Silencing of ALKBH2 expression increases cellular susceptibility to methylating agents. (A) GaMg and U87 cells were transfected with

3 distinct ALKBH2-targeted siRNA sequences, and ALKBH2 knockdown was verified by western blotting 72 h after transfection. A negative

control siRNA was included in all experiments. (B) GaMg and (C) U87 cells were transfected with siRNA sequence #1 or #3 or a negative

control and treated with temozolomide (TMZ), methyl methanesulfonate (MMS), or doxorubicin (DOX) for 72 h before drug-induced

cytotoxicity was assessed using an MTS assay. Cell viability (%) was calculated relative to corresponding control cells receiving drug

vehicle only. *P , .05, **P , .01.
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ALKBH2 expression was associated with poor outcome
in newly diagnosed GBM, we analyzed 2 independent
recently published gene expression data sets in which
46 and 35 patients were treated with radiation and temo-
zolomide, respectively.12,22 However, we could not
detect any statistically significant association between
ALKBH2 expression at time of diagnosis and outcome
in either of the 2 cohorts (P ¼ .26 and P ¼ .18, respective-
ly). This could be due to the low sample size or the fact
that ALKBH2 expression at time of diagnosis does not
necessarily reflect the expression levels achieved during

the course of therapy, since we have shown that
ALKBH2 is induced by temozolomide, whereas activa-
tion of wt-p53 can repress ALKBH2 transcription.

At present, 9 human AlkB homologs have been id-
entified, and their biological properties as well as their
potential roles in cancer are rapidly beginning to be un-
covered. Lentivirus-mediated overexpression of ALKBH2
in gastric cancer cell lines has recently been reported to
cause decreased proliferation, increased apoptosis, and
cell cycle arrest in the G1 phase due to increased p16
and p21 levels.20 Moreover, ALKBH2 knockdown in

Fig. 4. Nongenotoxic activation of the p53 pathway by nutlin-3 downregulates ALKBH2 expression. (A) CCF-STTG1 cells were treated with

the MDM2 antagonist nutlin-3 (0–8 mM) for 24 h before cell lysates were collected for western blotting. (B) Cell cycle profiles of

CCF-STTG1 cells treated with either drug vehicle (DMSO) alone or 8 mM nutlin-3 for 24 h were determined by Edu labeling and flow

cytometry. Cells in each phase were calculated from the flow cytograms and expressed as percentage of the total cell population. (C)

Western blotting of CCF-STTG1 cells treated with drug vehicle, 8 mM nutlin-3, 25 mM MG132, or both for 24 h. (D) ALKBH2 mRNA

levels determined by qRT-PCR in CCF-STTG1 cells treated with 0–8 mM nutlin-3 for 24 h. (E) U87 and U251 cells were treated with

drug vehicle or 8 mM nutlin-3 for 24 h before cell lysates were collected for western blotting. (F) ALKBH2 mRNA levels determined by

qRT-PCR in U87 and U251 cells treated with drug vehicle or 8 mM nutlin-3 for 24 h.
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the overexpressing cells accelerated cellular proliferation
compared with control transfectants, indicating that loss
of ALKBH2 expression promotes gastric cancer cell
growth. ALKBH2 expression has previously been impli-
cated in resistance to photodynamic therapy (PDT) in
U87 GBM cells.23 SiRNA-mediated knockdown of
ALKBH2 was accordingly reported to increase the effi-
cacy of PDT, making the investigators speculate that
PDT could induce DNA base lesions that could be sub-
strates for ALKBH2-mediated repair. However,
whether this is the exact mechanism behind these find-
ings remains elusive. Among the other ALKBH proteins,
ALKBH3, which differs from ALKBH2 in its cellular lo-
calization as well as in its substrate specificity, is highly
expressed in prostate, lung, and rectal carcinomas.24–

26 In addition, ALKBH8 has been implicated in the pro-
gression of urothelial carcinomas.27 Our results demon-
strating the role of ALKBH2 in temozolomide resistance
in human GBM cells add further insight into the contin-
uously expanding knowledge of the ALKBH family of
proteins.

The tumor suppressor p53 is a sequence-specific tran-
scription factor that upon cellular stress such as DNA
damage, oncogene activation, and hypoxia transacti-
vates a broad range of genes whose products are in-
volved in DNA repair, cell cycle arrest, cellular
senescence, and apoptosis. In addition, p53 influences
other cellular processes such as cellular metabolism,28

stem cell development,29 and microRNA regulation.30

In normal, unstressed cells, p53 activity is kept tightly
suppressed by the MDM2 oncoprotein, which in turn
is transcriptionally upregulated by p53 itself, thereby es-
tablishing a negative feedback loop. We found that
ALKBH2 downregulation following p53 activation oc-
curred at the transcriptional level, indicating that an
active p53 pathway may suppress ALKBH2 transcrip-
tion levels in human GBM cells. Interestingly, p53 has
been known to transcriptionally repress, through both
direct and indirect mechanisms, a large number of
genes involved in different cellular processes such as ap-
optosis, cell cycle and cell growth, cell fate and develop-
ment, DNA replication and repair, and metabolism,
among others.31 Increased ALKBH2 levels following
DNA damage have previously been correlated with in-
creased binding of p53 to the ALKBH2 gene promoter,
indicating that p53 may stimulate ALKBH2 transcrip-
tion levels.23 Taken together with our findings, this
might suggest that p53 can regulate ALKBH2 transcrip-
tion differently depending on the cellular context, that is,

whether genotoxic damage is present or not. Further
studies are, however, needed to establish this as well as
the exact mechanism behind p53-mediated transcriptional
repression of ALKBH2. Because the majority of GBM
cases express wt-p53,14 it is conceivable that nutlin-
mediated p53 activation in these tumors could increase
temozolomide sensitivity not only by increasing the tran-
scription of pro-apoptotic genes such as PUMA and
bcl-2–associated X protein, but also by downregulating
proteins such as ALKBH2 that would otherwise
promote temozolomide resistance.

In conclusion, we have shown that ALKBH2 is highly
expressed in GBM cells and in human GBM. Moreover,
this study is, to our best knowledge, the first to implicate
the DNA repair protein ALKBH2 in GBM drug resis-
tance. Thus, our findings provide a rationale for antago-
nizing ALKBH2 activity—for instance, through small-
molecule inhibitors—in order to increase temozolomide
efficacy in GBM cells. Future studies should explore
larger gene expression data sets to determine whether
ALKBH2 expression levels in GBM have any clinical prog-
nostic and/or predictive value. Moreover, the ALKBH2
expression levels in other temozolomide-resistant
cancers, such as malignant melanomas, and the potential
therapeutic significance of p53-mediated hABH2 repres-
sion should be explored.
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Supplementary material is available online at Neuro-
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