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Abstract
Patients suffering from glioblastoma have a dismal prognosis, indicating the need for new therapeutic targets. Here
we provide evidence that the DNA damage kinase HIPK2
and its negative regulatory E3-ubiquitin ligase SIAH1 are
critical factors controlling temozolomide-induced cell
death. We show that HIPK2 downregulation (HIPK2kd)
signiﬁcantly reduces the level of apoptosis. This was not
the case in glioblastoma cells expressing the repair protein
MGMT, suggesting that the primary DNA lesion responsible
for triggering HIPK2-mediated apoptosis is O6-methylguanine.
Upon temozolomide treatment, p53 becomes phosphorylated whereby HIPK2kd had impact exclusively on ser46,
but not ser15. Searching for the transcriptional target of
p-p53ser46, we identiﬁed the death receptor FAS (CD95,
APO-1) being involved. Thus, the expression of FAS was
attenuated following HIPK2kd, supporting the conclusion
that HIPK2 regulates temozolomide-induced apoptosis via
p-p53ser46-driven FAS expression. This was substantiated

Introduction
Malignant brain tumors, notably the most common and
aggressive form glioblastoma multiforme, remain to date a therapeutic challenge. Therapy includes resection followed by radiotherapy and concomitant and adjuvant chemotherapy with temozolomide (TMZ). Even with this therapy regimen, the patient is
faced with a bad prognosis, as the median length of survival of
patients diagnosed with this cancer is 9.7–14.6 months (1, 2).
Elucidation of the molecular pathways involved in the therapeutic
response may identify possible targets for intervention, or at least
lead to better predictors of outcome.
The ﬁrst-line therapeutic drug, TMZ, is a methylating agent that
targets, like other methylating anticancer drugs such as dacarbazine, procarbazine, and streptozotocin, nucleophilic centers in
the DNA (3). Oral TMZ enters the systemic circulation and then
crosses the blood–brain barrier. It enters the cells by diffusion and
hydrolyses to 3-methyl-(triazen-1-yl)imidazole-4-carboxamide
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in chromatin-immunoprecipitation experiments, in which
p-p53ser46 binding to the Fas promotor was regulated by
HIPK2. Other pro-apoptotic proteins such as PUMA,
NOXA, BAX, and PTEN were not affected in HIPK2kd, and
also double-strand breaks following temozolomide remained unaffected. We further show that downregulation of
the HIPK2 inactivator SIAH1 signiﬁcantly ameliorates
temozolomide-induced apoptosis, suggesting that the
ATM/ATR target SIAH1 together with HIPK2 plays a proapoptotic role in glioma cells exhibiting p53wt status. A
database analysis revealed that SIAH1, but not SIAH2, is
signiﬁcantly overexpressed in glioblastomas.
Implications: The identiﬁcation of a novel apoptotic
pathway triggered by the temozolomide-induced DNA
damage O6-methylguanine supports the role of p53 in the
decision between survival and death and suggests SIAH1
and HIPK2 as new therapeutic targets.

(MTIC). MTIC further decomposes to 4-amino-5-imidazole carboxamide generating methyl diazonium ions. These methylate
DNA at multiple sites of which O6-methylguanine (O6MeG) is the
clinically relevant killing lesion (4–6). O6MeG is repaired by
O6-methylguanine-DNA methyltransferase (MGMT) in a suicide
repair reaction that restores guanine, but inactivates the repair
protein itself (7). The resistance of glioblastoma cells to TMZ and,
consequently, the resistance of tumors in this therapeutic situation
is therefore dependent on the amount of MGMT they express (8).
The expression of MGMT is governed by epigenetic modiﬁcation
of CpG islands in its promotor (9). Methylation in these CpG
islands silences the MGMT gene, which has been shown to be
prognostic for glioblastoma therapy outcome (10, 11).
A key question in understanding the mechanism of TMZ (and
other methylating anticancer drugs) is how the small (and mutagenic) DNA damage O6MeG triggers cell death. There is compelling evidence that O6MeG lesions induced by TMZ are converted
into DNA double-strand breaks (DSB) in a replication and mismatch repair (MMR) dependent manner (12–14). These DSBs
activate the DNA damage response (DDR), which in turn trigger
the stabilization of p53 and the p53-dependent transcriptional
upregulation of several pro- and anti-apoptotic genes, including
the death receptor FAS (alias CD95, APO-1; refs. 15, 16). In
contrast, in p53-mutated cancer cells the mitochondrial pathway
becomes activated, which is however less effective in inducing
apoptosis and therefore requires higher DNA damage
levels (15, 16). The pro-apoptotic effect of p53 in glioma cells
is counteracted by the p53-p21–dependent prosurvival pathway
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through cell-cycle arrest in G2–M and presumably also upregulation of DNA repair (15–17). As the majority of glioblastomas
retain functional p53 (18), the cellular responses triggered by this
tumor suppressor protein are crucial in understanding of how
glioblastoma cells respond to therapy.
Although appropriate studies are lacking for glioblastoma, the
cell fate determining functions of p53 appear to be regulated by
different posttranslational modiﬁcations of p53, leading to different promoter selectivity of this transcription factor (19). Thus,
it has been shown that phosphorylation of p53 at serine 15
(p53ser15) by ATM and ATR (20) and serine 20 by the checkpoint
kinases CHK1 and CHK2 (21) is vital for p53 stabilization, its
transcriptional activation and binding, for example, to the promoter of p21 (22), whereas phosphorylation of p53 at serine 46
(p53ser46) triggers transactivation of pro-apoptotic target genes
like p53AIP1 (23) or PTEN (24). Phosphorylation of p53 at Ser46
is not a direct consequence of checkpoint kinases (ATM, ATR,
CHK1, CHK2), but is rather mediated by the homeodomain interacting protein kinase 2 (HIPK2), which was demonstrated being
a new player in the DDR (25, 26). Thus, it has been shown in cells
exposed to ultraviolet light, ionizing radiation (27), doxorubicin (28), and cisplatin (29) that p53 is a substrate of HIPK2
yielding p53ser46. The upstream activators of HIPK2 are the DDR
kinases ATM (27, 30) and ATR (31), which phosphorylate the E3
ubiquitin-protein ligase seven in absentia homolog 1 (SIAH1),
which was shown to interact with HIPK2 causing its degradation (31). Thus, upon SIAH1 phosphorylation, HIPK2 becomes
stabilized and activated. Although the ATM/ATR–SIAH1–HIPK2
pathway has been well characterized (19, 32), it is still unclear
whether it is a speciﬁc response evoked in only some cell types and
upon treatment with speciﬁc genotoxins and whether it becomes
activated also in brain cancer cells, for which data are lacking. It is
also unknown whether the HIPK2 pathway gets activated by
alkylating agents, like TMZ and chloroethylnitrosoureas, which
are ﬁrst- and second-line drugs in glioblastoma therapy. Also the
questions as to the type of DNA damage that triggers the response
and the HIKP2 stimulated pro-apoptotic functions in glioblastoma cells have not yet been addressed. Because alkylating agents are
not only used in brain cancer therapy, the data bear important
implications also for other tumor entities treated with alkylating
therapeutics.
In this study, we examined the inﬂuence of HIPK2 and its
inhibitor, SIAH1, on the resistance of glioblastoma cells to the
methylating agent TMZ and the chloroethylating nitrosourea
lomustine (CCNU). The data show that HIPK2 ameliorates TMZ,
but not CCNU-induced apoptosis. Furthermore, we show that the
DNA lesion O6MeG, which gives rise to MMR-mediated DSB (14)
leading to ATR/ATM activation (33), stimulates HIPK2 and phosphorylation of p53 at serine 46. This augments binding of p53 to
the FAS (CD95/Apo-1) promoter, transcription of the gene, and
activation of the apoptosis pathway. We further show that glioblastomas frequently overexpress the HIPK2 inhibitor SIAH1. In
these tumors, the HIPK2 function is anticipated to be limited. We
experimentally supported this hypothesis by knockdown of
SIAH1, which caused HIPK2 accumulation and consequently
sensitization of glioblastoma cells to TMZ-induced apoptosis.
Because HIPK2 selectively affected the apoptotic response and
its downregulation had no impact on TMZ-induced senescence
and autophagy, our ﬁndings identiﬁed this kinase as a key
regulator in the decision between survival and death through
apoptosis in glioblastoma cells. Collectively, the data lend com-

1130 Mol Cancer Res; 17(5) May 2019

pelling support for a role of SIAH1 and the HIPK2-p53ser46
driven apoptotic pathway in TMZ-induced cell death and identiﬁed them as new therapeutic targets in malignant glioma
therapy.

Materials and Methods
Cell lines and culture conditions
The human glioblastoma cell line LN-229 (RRID:CVCL_0393)
was purchased from ATCC, the human glioma lines U87MG
(RRID:CVCL_0022) and LN-308 (RRID:CVCL_0394) were from
the laboratory of Prof. M. Weller (Molecular Neurooncology,
University of Zurich, Switzerland), rechecked and described in
our previous work (15, 16). Upon receipt, all cell lines were
ampliﬁed for cryopreservation in liquid-N2 and freshly thawed
cell stocks were used for every battery of tests. LN-229, U87MG,
LN-308, and the LN-229 line stably transfected with human
MGMT cDNA (34) were cultured in DMEM supplemented with
10% FBS (Gibco; Life Technologies, Thermo Fisher Scientiﬁc).
Cells were routinely checked for mycoplasma contamination and
maintained at 37 C in a humidiﬁed 5% CO2 atmosphere.
Generation of dominant-negative FADD and MGMT expressing
cells, siRNA and transfection
The generation and maintenance of LN-229 cells stably overexpressing MGMT (LN-229MGMT) has been described previously (35). For the generation of LN-229 cells that stably overexpress
and a dominant-negative form of FADD (DN-FADD), LN229 cells
were transfected with the plasmid pcDNA3-DN-FADD (36) using
the Effectene Transfection Kit (Qiagen). G418-resistant clones
were picked, expanded, and tested for expression by Western blot
analysis. Positive clones were routinely cultured in medium
containing 0.75 mg/mL G418 (Sigma-Aldrich), which was omitted during the experiments.
For RNAi-mediated knockdown of HIPK2, siRNAs with the
following sequences were used: siHIPK2-1 (50 -CCAGGTGAACATGACGACAGA-30 ) and siHIPK2-2 (50 -AAGCGTCGGGTGAATATGTAT-30 ) were from Qiagen. For knockdown of SIAH1 and
SIAH2, siRNA for SIAH1 was from Dharmacon custom siRNA
(GATAGGAACACGCAAGCAA) and SIAH2 siRNA was from
Dharmacon siGenome SMARTpool. For knockdown of DcR1,
siRNA (sc-40235) was from Santa Cruz Biotechnology, Inc. The
siRNA was transfected into glioma cells using the Lipofectamine
RNAimax Reagent (Thermo Fisher Scientiﬁc) according to the
manufacturer's protocol. The negative control siRNA was from
Qiagen.
Drugs and drug treatment
TMZ (from Dr. Geoff Margison, The University of Manchester,
Manchester, UK) stocks were dissolved in DMSO (Carl Roth
GmbH), diluted in two parts sterile dH2O to a concentration of
35 mmol/L, aliquoted and stored at 80 C until use. CCNU
(lomustine; Sigma-Aldrich) was dissolved in absolute ethanol to a
stock concentration of 10 mmol/L, aliquoted and stored at
80 C. The MGMT inhibitor O6-benzylguanine (O6BG; SigmaAldrich) was dissolved in DMSO to a stock concentration of 10
mmol/L, aliquoted and stored at 20 C. One hour before the
addition of TMZ or CCNU, MGMT was inhibited by 10 mmol/L
O6BG in order to negate any contribution of MGMT to the cellular
responses to these drugs. The p53 inhibitor, piﬁthrin-a (SigmaAldrich) was dissolved in DMSO to a ﬁnal stock solution of
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30 mmol/L, aliquoted and stored at 80  C. For the inhibition of
p53, piﬁthrin-a (20 mmol/L) was added to the medium 24 hours
after TMZ exposure.
Colony survival assay
LN-229, LN-229MGMT and the corresponding HIPK2
knockdown cells were plated onto 6 cm petri dishes at appropriate cell numbers to form at least 100 surviving colonies.
Attached cells were exposed to increasing concentrations of
TMZ or CCNU, left in the incubator for approximately two
weeks, colonies were ﬁxed with acetic acid:methanol:H2O
(1:1:8) and stained with a staining solution (1.25% Giemsa
and 0.125% violet crystal). Colonies containing more than
50 cells were scored, colony numbers were adjusted for the
cell line's plating efﬁciency and the surviving fractions were
plotted on the graphs.
Apoptosis determination by ﬂow cytometry
For the determination of apoptosis induced by TMZ or CCNU
in LN-229, LN-229MGMT, LN-308, LN-229DN-FADD and
U87MG, the annexin V/propidium iodide (PI) assay coupled
with ﬂow cytometry analysis was used. Following knockdown of
either HIPK2, SIAH1, SIAH2 or DcR1, TMZ or CCNU treatment
and post-incubation at 37 C, the samples were collected, unﬁxed
cells were labeled with annexin V-FITC (Miltenyi Biotec GmbH)
according to the manufacturer's instructions and stained with 1
mg/mL PI (Sigma-Aldrich) before data acquisition by a FACS
Canto II ﬂow cytometer (Becton Dickinson GmbH). Annexin V
positive cells were classiﬁed as apoptotic whereas annexin V
and PI double-positive cells were classiﬁed as necrotic/lateapoptotic. The data were analyzed using the BD FACSDiva
software.
Immunoﬂuorescence microscopy
LN-229 and LN-229 knockdown for HIPK2, for gH2AX
and phosphorylated p53 at serine 15 (p-p53ser15) foci, or
LN-229, for FAS-L expression, were plated onto glass microscope cover slips. Following exposure to 50 mmol/L TMZ and
either 120 hours incubation for gH2AX and p-p53ser15 foci or
72 hours for FAS-L expression, cells were ﬁxed in either ice
cold (20 C) methanol:acetone (7:3) for 9 minutes at 20 C
for gH2AX and p-p53ser15 foci or 1% formaldehyde for
30 minutes for FAS-L expression. The ﬁrst antibodies used
were anti-gH2AX (ser139, #9718s) and anti-phospho-p53
(ser15, #9284s) from Cell Signaling Technology and antiFAS-L (F37720) from Transduction Labs. The second antibodies, coupled to Alexa Fluor 488, were from Invitrogen
(Thermo Fisher Scientiﬁc). DNA was counterstained with
1 mmol/L TO-PRO-3 (Invitrogen). Slides were mounted in
Vectashield antifade mounting medium (Vector Laboratories).
Microphotographs were acquired by laser scanning microscopy (LSM710; Carl Zeiss MicroImaging).
Preparation of protein extracts and Western blot analysis
Protein extracts were prepared as previously described (15).
Protein concentration was determined by the Bradford method (37). Following separation of proteins by SDS-PAGE and
transfer to nitrocellulose membranes, the following antibodies
were used: Anti-b-actin, anti-HSP90, anti-p53, anti-FAS, anti-BAX,
anti-ERK2, and anti-DcR1, all from Santa Cruz Biotechnology,
anti-phospho-p53(S15), anti-phospho-p53(S46), anti-PTEN,
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anti-PUMA all from Cell Signaling Technology, anti-NOXA and
anti-FADD from Calbiochem (Merck/Millipore), anti-MGMT
from Chemicon International Inc., and anti-HIPK2, which are
privately-produced antibodies already reported on (31). Proteins
were detected by the Odyssey 9120 Infrared Imaging System
(Li-Cor Biosciences). All Western blots were repeated several
times, and representative blots are shown.
Real-time PCR
RNA from cultured LN-229 and LN-229 HIPK2 knockdown
cells was isolated using the Direct-zolTM RNA MiniPrep (Zymo
Research) Kit. RNA was transcribed into complementary DNA
using the Verso cDNA Kit (Thermo Scientiﬁc). The PCR was
conducted with the SYBR GreenER qPCR SuperMix and a MyIQ
Thermal Cycler (Bio-Rad). HIPK2-up: 50 -AGGAAGAGTAAGCAGCACCAG-30 , HIPK2-low: 50 -TGCTGATGGTGATGACACTGA-30 ;
FAS-up: 50 -TTATCTGATGTTGACTTGAGTAA-30 , FAS-low: 50 -GGCTTCATTGACACCATT-30 ; PTEN-up: 50 -TGCTAACGATCTCTTTGATGATG-30 , PTEN-low: 50 -CTACCGCCAAGTCCAGAG-30 ;
BBC3-up: 50 -TTCAGTTTCTCATTGTTAC-30 , BBC3-low: 50 -TAAGGATGGAAAGTGTAG-30 ; PMAIP1-up: 50 -CCAACAGGAACACATTGAAT-30 , PMAIP1-low: 50 -TCTTCGGTCACTACACAAC-30 ; BAXup: 50 -CAGAAGGCACTAATCAAG-30 , BAX-low: 50 -ATCAGATGTGGTCTATAATG-30 ; ACTINB-up: 50 -GCTACGAGCTGCCTGACG-30 , ACTINB-low: 50 -GGCTGGAAGAGTGCCTCA-30 ; GAPDHup: 50 -CCCCTCTGGAAAGCTGTGGCGTGAT-30 , GAPDH-low:
50 -GGTGGAAGAGTCGGAGTTGCTGTTGA-30 .
Chromatin immune-precipitation and promoter binding
experiments
Cells were ﬁxed with 1% formaldehyde for 10 minutes at room
temperature and ﬁxation was stopped by adding glycine
(125 mmol/L). Cells were lysed in lysis buffer (5 mmol/L PIPES
pH 8.0, 85 mmol/L KCl, 0.5% NP40, 1 protease inhibitor) for
10 minutes at 4 C. The nuclei were suspended in ice-cold nuclear
lysis buffer (50 mmol/L Tris-HCl pH 8.0, 10 mmol/L EDTA, 0.8%
SDS, 1 protease inhibitor) for 10 minutes on ice. The samples
were sonicated (20  30 seconds), lysates were centrifuged, and
the supernatants were collected and precleaned by ChIP-Grade
Protein G Magnetic Beads (Cell Signaling Technology; 9006S) in
dilution buffer (10 mmol/L Tris-HCl pH 8.0, 0.5 mmol/L EGTA,
140 mmol/L NaCl, 0.1% Na-deoxycholate, 1% triton X-100, 1
protease inhibitor) for 1 hour at 4 C. The precleaned lysates were
aliquoted equally and incubated with p-p53ser46 antibody (Becton Dickinson) overnight at 4 C. Saturated protein G magnetic
beads were added into each sample and incubated for 2 hours at
4 C. The beads were washed with TSE I (10 mmol/L Tris-HCl
pH 8.0, 1 mmol/L EDTA, 0.5 mmol/L EGTA, 140 mmol/L NaCl,
0.1% SDS, 1% triton X-100), TSE II (20 mmol/L Tris-HCl pH 8.0,
2 mmol/L EDTA, 500 mmol/L NaCl, 0.1% SDS, 1% triton X-100),
buffer LiCl (10 mmol/L Tris-HCl pH 8.0, 1 mmol/L EDTA, 0.25 M
LiCl, 0.5% Na-deoxycholate, 0.5% NP40), and buffer TE
(10 mmol/L Tris-HCl pH 8.0, 1 mmol/L EDTA) sequentially. The
binding components were eluted in 1% SDS and 0.1 M NaHCO3
and reverse cross-linkage was performed at 65 C overnight. DNA
was extracted using the PCR Puriﬁcation Kit (Qiagen; 28106).
Real-time PCR was performed to detect relative enrichment of
the protein on indicated genes. The primer used are FAS-R -up:
50 -TGAAGCGGAAGTCTGGGAAG-30 , FAS-R-low: 50 -GACCTTTGGCTTGGCTTGTC-30 .
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Caspase activity assays
Caspase-3, caspase-8, and caspase-9 activity in LN-229 and
LN-229 HIPK2 knockdown cells following TMZ exposure were
determined by colourimetric activity assays from Abcam plc,
ab39401 for caspase-3, ab39700 for caspase-8, and ab65608 for
caspase-9, according to the manufacturer's protocol.
Microarray dataset
A microarray dataset describing the differences in gene expression
between samples obtained from 23 patients suffering from epilepsy,
42 patients suffering from grade II oligodendroglioma and astrocytoma, 31 patients suffering from grade III oligodendroglioma and
astrocytoma, and 81 patients suffering from grade IV glioblastoma
was downloaded from ArrayExpress (https:/www.ebi.ac.uk/arrayex
press). This dataset, namely E-GEOD-4290, was reported on in
ref. 38. The intensity values for SIAH1 (NM_003031), SIAH2
(NM_005067), and HIPK2 (NM_022740) were extracted from the
dataset and plotted in the graph.
Senescence-associated b-galactosidase staining
Senescence in LN-229 and LN-229 HIPK2 knockdown
cells were quantiﬁed by senescence-associated b-galactosidase
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Figure 1.
HIPK2 contributes to the phosphorylation of p53 at serine
46 in glioblastoma cells upon TMZ exposure. A, Western
blot analysis of siRNA-mediated knockdown of HIPK2 in
LN229 cells measured 96 hours after treatment with
50 mmol/L TMZ. Two siRNAs that target different
sequences of HIPK2 mRNA was used and nontargeting
siRNA was used for control. b-Actin was used as loading
control. B, Western blot analysis of HIPK2 and total p53
protein. C, Western blot analysis of phosphorylated p53 at
serine 15 and serine 46 upon HIPK2 knockdown. Cells were
harvested 96 hours after 50 mmol/L TMZ. Control samples
were transfected with nontargeting siRNA. HSP90 and
b-actin were used as loading control. R.E. means relative
expression compared to the control. D, Left,
representative pictures of foci formed by phosphorylated
p53ser15 in LN229 cells following 50 mmol/L TMZ exposure
and HIPK2 knockdown. Right, quantiﬁcation of foci formed
by phosphorylated p53 at serine 15 in LN229 cells following
50 mmol/L TMZ exposure and HIPK2 knockdown. Data
from two independent experiments were collected and up
to 360 cells have been counted per measure point and
experiment. The difference between untreated and TMZ
treated was highly signiﬁcant (P < 0.0001), whereas the
difference between non-siRNA and HIPK2-siRNA treated
was statistically not signiﬁcant.

(SA-b-gal) staining according to a previously published protocol (39). Positive blue cells and negative cells were quantiﬁed
using an Axiover 35 light microscope from Zeiss.
Statistical analysis
For statistical analysis, the unpaired two-tailed t test or the oneway ANOVA test was performed using GraphPad Prism version 3
software. P-values 0.05 were considered to be signiﬁcant and
were marked with asterisks in the graphs.

Results
TMZ induces HIPK2, which mediates TMZ-induced
phosphorylation of p53 at serine 46
To determine the possible role of HIPK2 in glioblastoma cell
death upon TMZ treatment, the conditions for its knockdown had
to be established. To this end, LN-229 cells were exposed to TMZ
and the amount of HIPK2 was monitored by Western blot
analysis. HIPK2 was expressed in LN-229 cells and upon TMZ
exposure, the protein level of HIPK2 increased indicating that
TMZ induces HIPK2 accumulation (Fig. 1A), presumably through
HIPK2 stabilization as described previously for DNA damaging
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clearly induced by TMZ, but not affected by HIPK2 downregulation (Fig. 1D). These data show that, upon TMZ exposure, HIPK2 plays a role in the phosphorylation of p53 at serine
46, while not affecting the stabilization of p53 nor its phosphorylation at serine 15.
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HIPK2 stimulates apoptosis triggered by the TMZ-induced DNA lesion
O6-MeG in glioblastoma cells. A, Colony survival assay of LN229 and
LN229 transfected with MGMT (LN229MGMT) exposed to the
indicated concentrations of TMZ upon HIPK2 knockdown (left).
Western blot analysis of MGMT protein expression in LN229 and
LN229MGMT (right). HSP90 was used as loading control. B,
Apoptosis and (C) necrosis induced by TMZ in LN229 and
LN229MGMT cells in the control and following HIPK2 knockdown,
measured 144 hours after TMZ treatment. Apoptosis is the annexinV
positive fraction, necrosis the annexinV/PI positive fraction, % of
total population. The control samples were transfected with
nontargeting siRNA. Signiﬁcance levels (P values) <0.005 are marked
as   and <0.001 as    .
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Figure 3.
HIPK2 promotes TMZ-induced apoptosis in a p53-dependent manner, without effecting TMZ-induced DSB formation. A, gH2AX foci quantiﬁed by ﬂuorescence
microscopy in LN229 cells exposed to 50 mmol/L TMZ upon HIPK2 knockdown. Left, representative pictures show TMZ-induced gH2AX foci in white and nuclear
staining in blue. Right, quantiﬁcation of gH2AX foci per cell. Data from two independent experiments were collected and up to 157 cells were counted per
measure point and experiment. The difference between untreated and TMZ treatment was highly signiﬁcant (P < 0.0001), whereas the difference between nonsiRNA and HIPK2-siRNA treated was statistically not signiﬁcant. B, Apoptosis induced by 50 mmol/L TMZ in LN308 cells upon HIPK2 knockdown. C, Inhibition of
p53 by piﬁthrin-a (PFTa) in LN229 cells upon 50 mmol/L TMZ exposure and HIPK2 knockdown. Assay was performed 144 hours after TMZ exposure. P values of
<0.001 are marked as    . All control samples were transfected with nontargeting (scrabled) siRNA.

O6-chloroethylguanine adducts (42). Collectively, the data show
that HIPK2 sensitizes glioma cells to the TMZ-induced DNA
lesion O6MeG by stimulating apoptosis.
HIPK2 causes glioblastoma cell sensitization to TMZ-induced
apoptosis in a p53-dependent manner
HIPK2 is a kinase that is activated by the DDR, downstream
from ATM and ATR (27, 31). To exclude the possibility that the
downregulation of HIPK2 has an impact on DNA damage detection and the activation of the DDR, notably in the presence of
DSBs, we quantiﬁed the extent of gH2AX foci formation. Upon
treatment with 50 mmol/L TMZ, LN-229 cells contained an
average number of about 40 gH2AX foci, which did not significantly change following HIPK2 knockdown (Fig. 3A). This indicates that HIPK2 has no impact on DSB formation upon TMZ, but
works downstream in the DDR.
Because HIPK2 was shown to target p53 (26), its role in TMZinduced apoptosis was assessed next. If the sensitization to TMZinduced apoptosis by HIPK2 is dependent on p53, then glioma
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cells that lack p53 should not differ in their apoptosis response
upon HIPK2 knockdown. This was indeed the case, as the p53 null
LN-308 cell line did not differ in the TMZ-induced apoptosis
response following HIPK2 knockdown compared with the control (Fig. 3B). To substantiate the p53-dependent action of HIPK2
in the sensitization of glioblastoma cells to TMZ, p53 was inhibited with piﬁthrin-a in LN-229 cells. Inhibition of p53 protected
LN-229 cells from TMZ-induced apoptosis (Fig. 3C), showing that
p53 stimulates apoptosis induced by TMZ. Simultaneously inhibiting p53 and knocking down HIPK2 had no additional effects
on TMZ-induced apoptosis compared with p53 inhibition or
HIPK2 knockdown on their own (Fig. 3C). These data support
the notion that HIPK2-mediated apoptosis following TMZ in
glioblastoma cells is dependent on p53.
HIPK2 stimulates the expression of death receptor FAS upon
TMZ exposure
Having shown that HIPK2 sensitizes glioblastoma cells in a
p53-dependent manner upon TMZ, we addressed the question
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whether HIPK2 activates a speciﬁc p53-dependent apoptosis
pathway. As shown in Fig. 1B, downregulation of HIPK2 had an
impact on TMZ-induced p-p53ser46, which is thought to regulate
pro-apoptotic genes. Therefore, we set out to determine the
expression level of a set of genes involved in apoptosis. As shown
in Fig. 4A, HIPK2 knockdown caused a signiﬁcant reduction in
HIPK2 mRNA (as expected) and, concomitantly, the level of TMZinduced FAS (alias CD95/APO1) mRNA. For PTEN, BBC3
(PUMA), PMAIP1 (NOXA), and BAX, HIPK2 knockdown had no
effect on mRNA level in nontreated and TMZ-treated cells. These
results suggest the death receptor FAS as main target of p-p53ser46
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that becomes activated by TMZ-induced DNA lesions. This notion
was conﬁrmed by Western blot experiments, which showed that
FAS is clearly upregulated following treatment with TMZ and this
upregulation was abrogated by HIPK2 knockdown (Fig. 4B, left).
In addition, there was a slight effect on PTEN expression, whereas
the protein levels of PUMA, NOXA, and BAX remained unaffected
following TMZ when HIPK2 was downregulated (Fig. 4B). The
regulation of FAS through HIPK2 via the p53 pathway was further
substantiated in chromatin immunoprecipitation (ChIP) experiments. The results showed that following TMZ treatment, binding
of p53 to a p53 consensus sequence in the FAS promoter was
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substantially enhanced (Fig. 4C). Collectively, these results indicate a critical role for HIPK2 in regulating p53-driven Fas expression in response to TMZ treatment.
HIPK2 stimulates TMZ-induced apoptosis in a death receptordependent manner
As HIPK2 knockdown abolished the expression of the p53
target gene FAS, the function of this death receptor upon TMZ
exposure of glioblastoma cells was examined in more detail. To
this end, the inﬂuence of HIPK2 knockdown on TMZ triggered
caspase activity was determined. Upon exposure of LN-229 cells
to TMZ, caspase-8 and caspase-3, but not signiﬁcantly caspase-9
(for which a high variability was observed), became activated
(Fig. 5A), indicating that TMZ triggers the death receptor-depen-
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dent apoptosis pathway, which is in line with previous published
ﬁndings (15). HIPK2 knockdown decreased both the activation
of caspase-8 and -3 following TMZ, supporting a role for HIPK2
in the stimulation of TMZ-induced death receptor activation.
Next, the question of whether TMZ is able to induce the
expression of FAS ligand (FAS-L) was addressed. Upon exposure
of LN-229 cells to TMZ, the cells exhibited a robust increase in
FAS-L levels (Fig. 5B). In addition, LN-229 cells were created that
are defective in the activation of death receptor downstream
signaling. This was accomplished by stably overexpressing a
truncated, dominant-negative form of FADD (DN-FADD) in
LN-229 cells (Fig. 5C, left). Expression of DN-FADD protected
LN-229 cells from TMZ-induced apoptosis (Fig. 5C, right), further
supporting the role of the death receptor in TMZ-induced
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inﬂuence of SIAH1 on TMZ-induced apoptosis was determined
by downregulation of SIAH1, SIAH2, or both. As shown in Fig. 7A,
TMZ treatment gave rise to HIPK2 stabilization, which was
enhanced upon SIAH1 (siSIAH1) or SIAH1 together with SIAH2
(siSIAH1&2) knockdown, but not when only SIAH2 (siSIAH2)
was downregulated. Accordingly, TMZ-induced apoptosis was
signiﬁcantly enhanced when SIAH1 or SIAH1&SIAH 2 were
knocked down (Fig. 7B). Sensitization was not observed for
SIAH2 knockdown (Fig. 7B). The data support the notion that
SIAH1, but not SIAH2, plays a critical role in cell death regulation
in TMZ-treated glioblastoma cells.
Overall, the data provide compelling evidence that HIPK2 and
its inhibitor, SIAH1, are involved in the complex scenario regulating the sensitivity of glioblastoma cells to TMZ. This leads to the
question of how HIPK2 and SIAH1/2 are expressed in gliomas. An
in silico search for expression levels revealed that HIPK2 is
expressed in glioblastoma multiforme in situ at about the same
level as in normal brain and low-grade gliomas. The same is true
for SIAH2. In contrast, SIAH1 is frequently overexpressed in
gliomas, notably in glioblastoma multiforme (Fig. 7C). In view
of the inhibitor function of SIAH1 on HIPK2, the data bear
signiﬁcant implications as tumors with high SIAH1 are predicted
to have a low response on TMZ treatment.

TMZ (100 µmol/L)
Figure 6.
Role of DcR1 in the HIPK2-mediated killing response. A, Western blot analysis
of DcR1 protein levels after 50 mmol/L TMZ exposure, DcR1, HIPK2, and DcR1
and HIPK2 knockdown in U87MG cells. I.F. induction factor. b-Actin was used
as loading control. B, Induction of apoptosis in U87MG cells after 50 mmol/L
TMZ exposure, DcR1, HIPK2, and DcR1 and HIPK2 knockdown. Control
samples were transfected with nontargeting siRNA.

apoptosis. Knockdown of HIPK2 had no inﬂuence on apoptosis
in the DN-FADD expressing cells, showing that HIPK2 is unable
to sensitize glioblastoma cells if death receptor signaling is
nonfunctional.
The p53-dependent activation of the death receptor by
TMZ (15) was shown to be counteracted by simultaneous
NF-kB–dependent activation of the decoy receptor DcR1 (43).
Theoretically, DcR1 knockdown should sensitize glioma cells
to TMZ-induced apoptosis whereas simultaneous knockdown of
DcR1 and HIPK2 should still lead to resistance. This was, in fact,
the case as knockdown of DcR1 in U87MG glioma cells (shown
in Fig. 6A) leads to sensitization, knockdown of HIPK2 to resistance and simultaneous knockdown of DcR1 and HIPK2 still
resulted in resistance, i.e. signiﬁcantly lowering the TMZ-induced
apoptosis frequency (Fig. 6B). Of note, U87MG showed the
same phenotype following HIPK2 knockdown and TMZ treatment as LN-229 cells, supporting the role of HIPK2 in wild-type
p53-expressing glioma cells. Collectively, the data lend support
for HIPK2 stimulating apoptosis by targeting p53 to the promoter
of FAS in TMZ-treated cells.
The role of SIAH1 in HIPK2 activation in glioblastoma cells
following TMZ treatment
Key player in the regulation of HIPK2 stabilization is the E3
ubiquitin-protein ligase SIAH1 (31). For UV light it has been
shown that following phosphorylation by ATM/ATR, SIAH1 is
released from HIPK2 and HIPK2 protein accumulates. For SIAH2
similar data are not available. In view of this scenario, the
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Discussion
This work was aimed at assessing the role of HIPK2 (25, 26) and
its negative regulating E3 ubiquitin ligases SIAH1 and
SIAH2 (31, 44) in the regulation of apoptosis triggered by the
speciﬁc alkylation damage O6MeG. This DNA adduct is induced
by methylating anticancer drugs such as TMZ, which is the ﬁrstline therapeutic for the treatment of high-grade malignant gliomas. Like other SN1 methylating agents (including dacarbazine,
procarbazine streptozotozine, and a plethora of environmental
and endogenous carcinogens), TMZ induces a broad spectrum of
DNA lesions that can be grouped in O- and N-alkylations.
Although produced in small amounts (5% of total alkylation
products), O6MeG is responsible for the majority of killing effects
if TMZ is administered at low dose, that is <100 mmol/L, which is
relevant in the therapeutic setting (3).
TMZ at dose levels below 100 mmol/L (here we used
maximally 50 mmol/L) induces in glioblastoma cells mainly
apoptosis, barely necrosis. The pathway of O6MeG triggered
apoptosis has been elucidated in detail (15). It can be split up
into three sections, an upstream genotoxic, a signaling and a
downstream execution pathway. Upstream is characterized by
the transformation of O6MeG lesions into DSBs. It is generally
accepted that this requires DNA replication and MMR operating
on O6MeG/T mismatches (45). It was shown that MMR generates, following removal of thymine on O6MeG/T mismatches,
long stretches of single-stranded DNA (46), which strongly
interfere with DNA replication in the second replication cycle
giving rise to transient and, if not properly repaired, persistent
DSBs (47). The block in replication, resulting from futile MMR
cycles, and DSBs resulting from the collapse of replication
forks, are key activators of the downstream DDR pathway
evoked by the primary lesion O6MeG (48, 49).
In the O6MeG triggered DDR following TMZ treatment, ATR
and CHK1 activation plays a key role, followed later on by ATM/
CHK2 activation, which is likely a secondary event triggered by
non-repaired DSBs at replication forks (33). Both ATR and ATM
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Figure 7.
Impact of SIAH1 on HIPK2 in TMZ-induced apoptosis and expression of SIAH and HIPK2 in human gliomas. A, Western blot analysis of HIPK2 in LN229 cells 72
hours after 50 mmol/L TMZ exposure, knocked-down for SIAH1, SIAH2, or SIAH1 and SIAH2. HSP90 was used as loading control. I.F. relative expression compared
with nontargeting siRNA only. B, Apoptosis levels 144 hours after 50 mmol/L TMZ exposure of LN229 cells knocked-down for SIAH1, SIAH2, or SIAH1 and SIAH2.
C, Using a public available microarray database, the expression of HIPK2 (NM_022740), SIAH1 (NM_003031), and SIAH2 (NM_005067) was analyzed in brain
tissue from 23 epilepsy patients as well as tumor tissue from 45 grade II oligodendroglioma and astrocytoma patients, 12 grade III oligodendroglioma patients, 19
grade III astrocytoma, and 81 glioblastoma (grade IV) patients. P values <0.05 are marked as  , <0.005 as   , and <0.001 as   .

phosphorylate p53 at serine 15, leading to its stabilization
(20, 50) and transcriptional activation of target genes such as
p21 (22). The protective effect of the p53-dependent cell-cycle
arrest observed in glioma cells exposed to TMZ (17) can therefore be traced back to the activation of ATR and ATM (33).
Parallel to this protective effect, p53 was identiﬁed as transcriptional activator of the death receptor FAS (alias CD95/APO1;
ref. 51), which stimulates DNA damage-triggered apoptosis (15).
This may explain the ﬁnding that p53wt glioblastoma cells are
more sensitive to TMZ, responding with a higher yield of
apoptosis compared with glioblastoma cells mutated for p53,
which utilize the less effective mitochondrial pathway (15). Of
note, we observed that downregulation of HIPK2 had no signiﬁcant impact on the level of gH2AX foci following TMZ
treatment, supporting the notion that the proapoptotic effect
of HIPK2 is mediated by TMZ-activated downstream functions.
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In view of the dichotomic character of p53, we wished to
know in more detail how p53 is able to make the decision
between survival and death. Unlike p53ser15 (and p53ser20
resulting from CHK1 and CHK2 activation), the phosphorylation of p53 at ser46 is solely mediated by the kinase
HIPK2 (26). This DDR enzyme is localized in the nucleus (52)
and, under normal conditions (i.e., without genotoxic stress),
inactivated by the E3 ubiquitin-protein ligase SIAH1 (32).
Upon DNA damage, SIAH1 becomes phosphorylated by ATM
or ATR, which results in its dissociation from HIPK2 and,
therefore, HIPK2 accumulates in the nucleus (31). HIPK2 in
turn phosphorylates p53 at ser46, thus stimulating its transactivating activity. This was shown to be the case for cells
exposed to ultraviolet light (25, 26), ionizing radiation (27),
cisplatin (29), and the topoisomerase inhibitor doxorubicin (53). Here, we demonstrate for the ﬁrst time that the SN1
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methylating agent TMZ is able to trigger this pathway. Following
TMZ treatment, the level of HIPK2 was found to be enhanced.
Importantly, this was attenuated in the presence of ATM inhibitor and completely abrogated upon posttreatment with an ATR
inhibitor (Supplementary Fig. S3), which is in line with the
notion that ATR/ATM are the upstream kinases triggering this
response. It also supports our previous ﬁnding that TMZ activates preferentially the ATR–CHK1 pathway (33). Furthermore
we were able to identify the critical DNA damage triggering this
response, O6MeG, as MGMT expressing isogenic cells, in which
O6MeG is repaired, do not show HIPK2 activation and p53ser46
phosphorylation. They also do not show HIPK2 stabilization
(Supplementary Fig. S3). Obviously, O6MeG is a highly effective
inducer of the ATR/ATM–SIAH1–HIPK2 pathway, which is
remarkable as TMZ, like other SN1 methylating agents, induces
at least 12 different DNA lesions, with the minor lesion O6MeG
being so effective in evoking the DDR and killing cells (48). We
should note that the major N-alkylation lesions also bear cytotoxic potential, but this is only the case if O6MeG is completely
removed by MGMT and a sufﬁcient amount of N-alkylations
were induced that are not fully repaired by base excision repair.
In this case, cells need to be treated with much higher doses of
TMZ than used in this study.
We also demonstrate that upon TMZ treatment, HIPK2 is the
only kinase phosphorylating p53 at serine 46 since HIPK2
knockdown completely abrogated this response. p-p53ser46
was previously demonstrated to transcriptionally activate several pro-apoptotic target genes, including PTEN (24) and
NOXA (54). However, we did not ﬁnd an effect of HIPK2
knockdown on the upregulation of these genes, nor on BBC3
(PUMA) and BAX in TMZ-treated p53wt glioblastoma cells.
Another transcriptional target of p53 is the death receptor
FAS (55, 56), which has been shown to be induced by TMZ
in a p53-dependent manner (15). The expression of FAS mRNA
and protein was enhanced following O6MeG induction and
reduced if HIPK2 was knocked down. At the same time, the
TMZ-induced level of apoptosis was signiﬁcantly reduced,
suggesting that the HIPK2/p-p53ser46/FAS pathway is decisively involved in TMZ-induced apoptosis. This was further
substantiated by blocking the FAS pathway through DN-FADD
expression, which abrogated the HIPK2-driven apoptotic
response. Under the treatment conditions (dose range up to
50 mmol/L TMZ) necrosis was only marginally induced, which
indicates that O6MeG triggered apoptosis plays a major role in
cell death induction. Of note, in p53wt glioblastoma cells
lower doses of TMZ were required than in p53mt cells for
inducing a given apoptosis level, because p53mt cells utilize
the less effective mitochondrial pathway (15). We should also
note that TMZ-induced senescence, which requires ATR/ATM
activation (57), was not impaired by HIPK2 knockdown indicating HIPK2 is not involved in the activation of the TMZ-induced
senescence pathway.
Downregulation of either SIAH1, SIAH2, or both SIAH1&2
revealed that SIAH1, but not SIAH2, is the principle regulator of
HIPK2 in glioma cells exposed to TMZ. It is striking that gliomas
frequently overexpress SIAH1, as revealed by our in silico analysis.
Therefore, it is conceivable that the fraction of tumors exhibiting a
high SIAH1 level is impaired in activating the apoptotic death
pathway. Based on these ﬁndings, it is reasonable to hypothesize
that downregulation, or pharmacologic inhibition, of SIAH1 has a
positive impact on therapy with TMZ.
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It is important to note that modulation of the HIPK2 pathway had no signiﬁcant impact on the killing response of
glioma cells to CCNU, which is sometimes used concomitantly
with TMZ or as second-line therapeutic. CCNU induces
O6-chloroethylguanine and secondary interstrand crosslinks
(ICL), which are highly cytotoxic lesions through blocking
transcription and replication (42). It thus appears that ICL do
not trigger the HIPK2 pathway as efﬁciently as O6MeG/MMRderived lesions do.
In summary, our data revealed a new DDR pathway triggered
by the cytotoxic (and mutagenic) DNA lesion O6MeG. Taking
into account previously published data (33, 47), we propose
that secondary lesions resulting from the processing of O6MeG
trigger the activation of ATR and, as a secondary event ATM,
which phosphorylate SIAH1. This results in HIPK2 stabilization
and its kinase activation, p53ser46 phosphorylation, and stimulation of the apoptotic FAS pathway. These ﬁndings bear
therapeutic implications, paving the way for new strategies in
fostering death functions and blocking survival traits in tumor
cells. This concept can clearly be extended to other methylating
anticancer drugs such as dacarbazine (DTIC), procarbazine, and
streptozotocin, which act on molecular level in the same way as
TMZ and are being used in the therapy of other cancers such as
malignant melanoma, Hodgkin lymphoma, and islet-cell carcinoma (7, 49). Moreover, O6MeG is not only an important
clinically relevant DNA damage as it can also be produced by
methylating environmental and food-borne carcinogens such as
N-nitrosodimethylamine, for which it is considered to be a
critical mutagenic and carcinogenic lesion (49, 58). Therefore,
the identiﬁcation of the SIAH1/HIPK2/p53ser46 axis triggered
by O6MeG is not only important for cancer therapy. It also has
far-reaching implications for cancer prevention because cells
harboring mutagenic and carcinogenic O6MeG lesions may
selectively be removed through this death pathway.
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