
ORIGINAL PAPER

Inhibition of histone deacetylases sensitizes glioblastoma
cells to lomustine

Mikkel Staberg1 & Signe Regner Michaelsen1
& Rikke Darling Rasmussen2

&

Mette Villingshøj1 & Hans Skovgaard Poulsen1
& Petra Hamerlik2

Accepted: 4 October 2016 /Published online: 20 October 2016
# International Society for Cellular Oncology 2016

Abstract
Purpose Glioblastoma (GBM) ranks among the deadliest
solid cancers worldwide and its prognosis has remained
dismal, despite the use of aggressive chemo-irradiation
treatment regimens. Limited drug delivery into the brain
parenchyma and frequent resistance to currently available
therapies are problems that call for a prompt development
of novel therapeutic strategies. While only displaying modest
efficacies as mono-therapy in pre-clinical settings, histone
deacetylase inhibitors (HDACi) have shown promising sensitiz-
ing effects to a number of cytotoxic agents. Here, we sought to
investigate the sensitizing effect of the HDACi trichostatin A
(TSA) to the alkylating agent lomustine (CCNU), which is used
in the clinic for the treatment of GBM.
Methods Twelve primary GBM cell cultures grown as
neurospheres were used in this study, as well as one
established GBM-derived cell line (U87 MG). Histone
deacetylase (HDAC) expression levels were determined using
quantitative real-time PCR and Western blotting. The efficacy
of either CCNU alone or its combination with TSA was
assessed using various assays, i.e., cell viability assays
(MTT), cell cycle assays (flow cytometry, FACS), double-

strand DNA break (DSB) quantification assays (microscopy/
immunofluorescence) and expression profiling assays of pro-
teins involved in apoptosis and cell stress (Western blotting
and protein array).
Results We found that the HDAC1, 3 and 6 expression levels
were significantly increased in GBM samples compared to
non-neoplastic brain control samples. Additionally, we found
that pre-treatment of GBM cells with TSA resulted in an en-
hancement of their sensitivity to CCNU, possibly via the ac-
cumulation of DSBs, decreased cell proliferation and viability
rates, and an increased apoptotic rate.
Conclusion From our data we conclude that the combined
administration of TSA and CCNU eradicates GBM cells with
a higher efficacy than either drug alone, thereby opening a
novel avenue for the treatment of GBM.
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1 Introduction

Glioblastoma (GBM) is the most prevalent and aggres-
sive brain tumor in adults with an average survival rate
of approximately 15 months, despite maximal therapeu-
tic intervention [1]. A high degree of heterogeneity, a
robust vasculature, as well as enduring resistance to
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current therapies are among the most prevalent hall-
marks of GBM [2].

DNA methylation and histone modifications are com-
mon epigenetic changes that play central roles in many
cellular processes, including proliferation, survival, an-
giogenesis , invasion and different ia t ion [3–6].
Functional interplays between histone acetyltransferases
(HATs) and histone deacetylases (HDACs) regulate the
chromatin state (relaxation and condensation, respective-
ly) and its accessibility to DNA repair proteins upon
induction of DNA damage [3, 7]. Epigenetic deregula-
tion has long been suggested to play a role in
gliomagenesis [8]. Class I HDACs have been found to
be associated with the occurrence of de-differentiated,
locally advanced and strongly proliferating tumors [9,
10], whereas class II HDACs have been found to be
directly involved in tumorigenesis [11]. In the past, sev-
eral HDAC inhibitors (HDACi) have been developed
and US FDA-approved, such as vorinostat and
romidepsin for the treatment of refractory cutaneous T-
cell lymphoma [12]. Trichostatin A (TSA) is a pan-
HDACi targeting class I/II HDACs and has been shown
to sensitize GBM cells to radiation by inducing cell
cycle arrest and differentiation [13–15].

GBMs are genetically highly unstable and exhibit a
constitutive activation of DNA damage response path-
ways essential for their survival [16]. Based on this
notion, agents preventing the repair of DNA damage
in conjunction with chemo-irradiation have been devel-
oped for the treatment of GBM patients. One of these
agents, lomustine (CCNU) is a highly lipid-soluble
DNA alkylator that crosses the blood–brain barrier and
has been shown to target proliferating GBM cells both
in vitro and in vivo [17, 18]. It was also found, how-
ever, that CCNU treatment alone yielded only a modest
improvement in GBM patient survival [19–21]. Thus,
we hypothesized that pre-treatment of GBM cells with
a HDACi (TSA) would result in chromatin restructuring
and, thus, a limited access of the DNA repair machinery
to DNA damage induced by CCNU, thereby increasing
its therapeutic efficacy.

Here, we show that GBM cells exhibit elevated
HDAC1, HDAC3 and HDAC6 expression levels com-
pared to non-neoplastic brain tissues. Combined treat-
ment of GBM cells with TSA and CCNU proved more
efficient in impairing cell cycle progression and cell
viability compared to either drug alone, which may at
least in part be due to a reduced DNA repair capacity
and a higher apoptotic rate. Our data indicate that the
therapeutic efficacy of CCNU may be improved by co-
administration of TSA, which warrants further pre-
clinical evaluation of this combinational approach in
the management of GBM.

2 Materials and methods

2.1 Primary cell cultures and reagents

GBM cell lines 017 (CPH017p4), 036 (CPH036p6), 047
(CPH047p3m1) and 048 (CPH048p6) have been de-
scribed before [22]. GBM cell lines 4121 (GBM03),
IN84 (GBM02), Xeus, T91, T115, IN326, 1587 and
1966 were obtained from The Danish Cancer Society
Research Center and have also been described before
[23, 24]. The GBM-derived cell line U87 MG (HTB-14)
was purchased from the ATCC (VA, USA). For the
in vi tro studies GBM cells were maintained in
Neurobasal®-A medium supplemented with N2, B27,
bFGF (10 ng/ml), EGF (10 ng/ml), L-glutamine, penicil-
lin (50 U/ml) and streptomycin (50 μg/ml) (Invitrogen,
Taastrup, Denmark), and incubated in cell culture flasks
in an incubator with 5 % CO2 at 37 °C. Twice a week
fresh medium was added and spheres were dissociated at
every passage. For the experiments, cells were dissociat-
ed , coun ted us ing a Nuc leoCoun te r® NC-200
(Chemometec, Allerod, Denmark), seeded in media with
supplements and treated with trichostatin A (TSA),
lomustine (CCNU) or a combination of these agents
(Sigma-Aldrich, CA, USA). As a control, cells were treat-
ed with equal concentrations of DMSO.

2.2 Patient tissues

Tumor tissues were obtained from GBM patients during
initial surgery at Rigshospitalet, Denmark with written
consent. The tumor tissues were used according to the
Declaration of Helsinki and the Danish legislation.
Tumors were diagnosed as GBM according to the
WHO 2000/2007 guidelines, and the use of patient-
derived tissues was approved by the Danish Data
Protection Agency (2006-41-6979) and the Scientific
Ethical Committee for Copenhagen and Frederiksberg
(KF-01-327718). At the Danish Cancer Society
Research Center tissues for the generation of cell cul-
tures were obtained in agreement with the Danish
Ethical Committee guidelines and in all cases informed
consent was obtained from the patients the day before
surgery.

2.3 In silico analysis

For survival and HDAC expression analyses in normal
brain tissues compared to gliomas (WHO grade II, III
and IV) the Repository for Molecular Brain Neoplasia
Data (Rembrandt) data set was used, available at the
GlioVis website (http://gliovis.bioinfo.cnio.es/).
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2.4 Western blotting

For the inhibitor studies, cells were pre-treated with TSA for
6 h followed by treatment with CCNU for an additional 24 h
and harvested. Whole cell protein lysates were prepared from
cell pellets by sonication in ice-cold modified RIPA buffer
(50 mM Tris–HCl [pH 7.4], 1 % NP40, 0.25 % Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented
with protease and phosphatase inhibitor mixtures II and III
(Millipore, Copenhagen, Denmark). Tissue protein lysates
were extracted in the same buffer using a TissueLyser
(Qiagen) and protein concentrations were determined using
a BCA assay (Pierce Biotechnology, Rockford, IL). Next,
the proteins were separated in 4–12 % NuPAGE Bis-Tris gels
(Invitrogen) and electro-blotted onto nitrocellulose mem-
branes (Invitrogen). Subsequently, the membranes were
blocked for 1 h at room temperature (RT) and incubated with
primary antibodies in 5 % non-fat milk overnight (ON) at 4 °C
followed by incubation with horseradish peroxidase (HRP)
conjugated secondary antibodies for 1 h at RT. Finally, the
blots were developed using a SuperSignal West Dura
Extended Duration Substrate (Pierce Biotechnology) after
which the protein bands were captured using a Biospectrum
Imaging System (UVP, Upland, CA, USA). The primary an-
tibodies used are listed in Supplementary Table S1.

2.5 MTT assay

Cell viabilities were measured using a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay (Sigma-Aldrich). To this end, GBM cells were
dissociated and seeded at a density of 2 × 104 cells per
well in 96-well plates and incubated ON. After this, the
cells were pre-treated with TSA for 24 h followed by
the addition of CCNU and incubated for another 72 h.
After this treatment, 20 μl (5 mg/ml) MTT solution was
added to each well and incubated for 4 h followed by
the addition of 100 μl solubilization buffer (10 % SDS,
0.03 M HCl). The next day the absorbance was mea-
sured at 570 nm with 690 nm as background reference
using a Synergy2 microplate reader in conjunction with
Gen5, Microplate Data Collection and Analysis
Software (Biotek, Winooski, VT, USA). Each experi-
ment was performed in three replicate wells and repeat-
ed independently at least three times.

2.6 Quantitative real-time PCR

Total RNA was extracted from GBM spheres and cell
pellets using a QIAshredder and RNeasy Mini kit
(Qiagen). Total RNA from tumor tissue samples was
extracted using TRIzol®Reagent (Gibco) and a Qiagen
TissueLyser prior to purification using a RNeasy Mini

kit. For cDNA synthesis and quantitative real-time PCR
(qRT-PCR) amplif icat ions a Superscr iptTM III
Platinum® Two Step qRT-PCR kit with SYBR® Green
(Invitrogen) was used. Gene expression levels were
quantified using a comparative Ct method and normal-
ized to the expression of three genes (TOP1, EIF4A2
and CYC1) included in the human geNorm house-
keeping gene selection kit (Primerdesign, Southampton,
UK). The primers used for qRT-PCR were: HDAC3
forward: 5′-TAG ACA AGG ACT GAG ATT GCC-3′;
HDAC3 reverse: 5′-GTG TTA GGG AGC CAG AGC
C-3′; HDAC1 forward: 5′-GGT CCA AAT GCA GGC
GAT TCC T-3′; HDAC1 reverse: 5′-TCG GAG AAC
TCT TCC TCA CAG G-3′; HDAC4 forward: 5′-AGG
TGA AGC AGG AGC CCA TTG A-3′, HDAC4 re-
verse: 5′-GGT AGT TCC TCA GCT GGT GGA T-3′,
HDAC6 forward: 5′-GCC TCA ATC ACT GAG ACC
ATC C-3′; HDAC6 reverse: 5′-GGT GCC TTC TTG
GTG ACC AAC T-3 ′ (TAG Copenhagen A/S,
Denmark). The gene expression levels were related to
those in normal brain (NB) obtained from Clontech
(Takara), USA, cat. # 80151 and Ambion, USA, cat. #
7962 or normal human astrocytes (NHA) obtained from
Lonza, Switzerland, cat. # CC-2565.

2.7 Immunofluorescence imaging

GBM cells (2 × 105 per condition) were seeded on cov-
erslips pre-coated with Geltrex™ LDEV-Free Reduced
Growth Factor Basement Membrane Matrix (Thermo
Fisher Scientific). The next day, the cells were pre-
treated with TSA for 6 h followed by treatment with
CCNU for another 24 h. Next, the cells were washed
in PBS, fixed in 4 % paraformaldehyde and immuno-
stained using an anti-γH2AX Ser139 antibody (1:1000,
Millipore # 05–636). Secondary detection was carried
out using an Alexa Fluor 488 goat anti-mouse IgG
(Invitrogen) and the nuclei of the cells were counter-
stained with DAPI. Imaging was performed on a Zeiss
LSM 700 Confocal Microscope and quantification was
performed using a ScanR screening station (Olympus)
by acquiring 100 non-overlapping images for each treat-
ment condition. A minimum of 1000 cells was assessed
and processed using the ScanR analysis software tool
(Olympus). Each experiment was repeated independently
at least two times.

2.8 Cell cycle analysis

For cell cycle analysis, GBM cells (2 × 105 per well) were
seeded in 6-well plates and incubated ON. The next day, the
cells were pre-treated with TSA for 6 h, followed by treatment
with CCNU for another 24 h. During the last 20–60 min of
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this treatment, the cells were pulse-labelled with 10 μM 5-
ethynyl-2′-deoxyuridine (EdU), after which the cells were col-
lected and fixed in 4 % paraformaldehyde. Next, the cells
were subjected to flow cytometry staining using a
Click-iT EdU Alexa Flour 647 Flow Cytometry Assay
Kit (Invitrogen) following the manufacturer’s instruc-
tions. Flow images were acquired on a FACS Verse
Cell Sorter (BD Biosciences) and the data were ana-
lyzed using FlowJo software. Single cells were analyzed

by gating out doublets and quantified as cells in the G1,
S, or G2/M phase of the cell cycle. For each condition,
10.000 events were acquired and each experiment was
repeated independently at least three times.

2.9 Mitotic index analysis

In order to assess cells arrested in mitosis we performed
flow cytometry of cells positive for phospho-histone H3

Fig. 1 Increased HDAC expression in GBM. aGBM cell panel and normal
human astrocytes (NHA) assessed for HDAC1, HDAC3, HDAC4, HDAC6,
acetylated histone H3 and total histone H3 expression byWestern blotting. b
Patient-derived cell cultures and (c) patient tissues assessed for HDAC1,
HDAC3, HDAC4 and HDAC6 expression relative to NHA or normal brain

(NB), respectively, by qRT-PCR. d U87, 047 and NHA cells treated with
0.5μMTSA for 24 h assessed for acetylated histone H3 and total histone H3
expression usingWestern blotting. GAPDHwas used as a loading control for
the Western blots

Fig. 2 Differential inhibitory effects of TSA and CCNU on GBM cell
viability. GBM cells (017, 036, 4121) were treated with increasing
concentrations of a CCNU and b TSA for 72 h after which cell

viabilities were assessed by MTT assay. c GI50 values calculated for
each cell line treated with CCNU or TSA as indicated. Data are
presented as mean ± SEM (n = 2)
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Ser10 staining (i.e., cells in mitosis). GBM cells
(2 × 105 per well) were seeded in 6-well plates and in-
cubated ON. The next day, the cells were pre-treated
with TSA for 6 h, followed by treatment with CCNU
for another 24 h. Twelve hours before the end of this
treatment, the cells were administered either nocadazole

or DMSO. Next, the cells were collected, fixed in 4 %
paraformaldehyde, stained for p-histone H3 Ser10 (Cell
Signaling, #3377) and counterstained with Hoechst.
Finally, images were acquired on a FACS Verse Cell
Sorter (BD Biosciences) and the data were analyzed
using FlowJo software.

Fig. 3 TSA and CCNU treatment results in enhanced induction of DNA
double stranded breaks. GBM cells (017, 036, 4121) were treatedwith the
indicated GI50-derived concentrations of CCNU, TSA or its combination
and subjected to immunofluorescence analyses. The cells were stained
with an anti-γH2AX Ser139 antibody and counterstained with DAPI. a
Representative images showing γH2AX staining in 036 cells treated
with DMSO (control), TSA, CCNU or its combination. b Quantified

total γH2AX intensities and c γH2AX foci counts obtained from 100
non-overlapping images in GBM cells treated with TSA, CCNU or its
combination, relative to control (DMSO; black bar) treated cells. The
γH2AX foci count could not be quantified in 017 cells due to both intense
and diffuse signals in these cells. Data are presented as mean ± SEM
(n = 2 for 017 and n = 3 for 036 and 4121 cells). * p < 0.05, ** p < 0.01
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2.10 Cell stress and apoptosis protein array

GBM cells (0.5–1.0 x 106 per condition) were pre-
treated with TSA for 6 h, followed by treatment with
CCNU for another 24 h. Next, the cells were harvested
and lysed in a PathScan Sandwich ELISA Lysis Buffer

(Cell Signaling Technology, MA, USA). The protein
concentrations of the cell lysates were determined using
a BCA assay. Subsequently, the cell lysates were trans-
ferred to a Pathscan Stress and Apoptosis Signaling
Antibody Array Kit (Cell Signaling Technology) for
the evaluation of 18 proteins involved in cell stress
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and apoptosis. In short, cell lysates were diluted to 0.4–
0.8 μg/μl and applied to a nitrocellulose-coated glass
slide with primary antibodies and incubated for 2 h.
Next, the slide was washed and incubated with a detec-
tion antibody cocktail for 1 h. Subsequently, the slide
was washed and incubated 30 min with a HRP-
con juga ted secondary an t ibody af te r which a
LumiGLO/Pe rox i d e so l u t i on (Ce l l S i gna l i ng
Technology) was added. Finally, the slide was devel-
oped using a Biospectrum Imaging System (UVP) and
the signal intensities of each spot (protein) were mea-
sured using an UVP system, normalized to intern α-
tubulin levels and set relative to control (DMSO) treat-
ment. Each experiment was performed on duplicate
spots and repeated independently at least two times.

2.11 Statistics

Data are expressed as mean ± standard deviation (SD) or stan-
dard error of mean (SEM). Statistical analyses were performed
using a two-tailed Student’s t-test. The software used for sta-
tistics and the generation of figures was Graphpad Prism 6.0
for windows (GraphPad, San Diego, CA, USA).

3 Results

3.1 HDAC 1, 3 and 6 are overexpressed in GBM

First, we sought to assess the expression of representative
members of class I (HDAC1 and HDAC3) and class II
(HDAC4 and HDAC6) HDACs in both GBM cells and
non-neoplastic brain control cells (normal human astro-
cytes, NHA). We found that the expression of HDAC1,

3 and 6 were slightly and variably increased in GBM cells
compared to NHA cells at both the protein (Fig. 1a) and
the mRNA (Fig. 1b) level. In contrast, we found that the
expression of HDAC4 was not increased in most of the
GBM cells tested. Next, we set out to confirm our find-
ings using a panel of primary GBM tissue samples, and
found that the expression levels of HDAC1 and HDAC3
were markedly increased compared to those in normal
brain tissues (Supplementary Fig. S1). These findings
were substantiated by qRT-PCR-based expression analy-
ses of HDAC1, 3, 4 and 6 in matched normal patient-
derived tissue samples (Fig. 1c). Due to the limited sam-
ple size, we decided to subsequently validate our findings
in silico using the REMBRANDT glioma dataset avail-
able through a GlioVis online application. Again, we
found an increased HDAC1, 3 and 6 expression in GBM
samples compared to non-neoplastic brain samples
(Supplementary Fig. S2a). In addition, we found that the
HDAC1 and 3 expression levels correlated with WHO
tumor grades, with highest expression levels in GBM
samples (Supplementary Fig. S2b). Additional Kaplan-
Meier survival curve analyses revealed that HDAC3 ex-
pression is associated with a poor survival of GBM pa-
tients (Supplementary Fig. S2c).

3.2 GBM cells display differential sensitivities to TSA
and CCNU

TSA, an inhibitor of class I and class II HDACs, has previ-
ously been shown to induce cell cycle arrest and apoptosis in
GBM cells in vitro [13, 25]. To confirm its potency, we vali-
dated the induction of histone H3 acetylation by 0.5 μM TSA
in both GBM (U87, 047) and NHA cells (Fig. 1d).
Subsequently, we evaluated the sensitivity of three pre-
selected GBM cell lines (017; 036; 4121) to TSA and
CCNU alone. We found that the 017, 036 and 4121 cells
exhibited different sensitivities to CCNU, with GI50 values
of 8, 67 and 119 μM, respectively (Fig. 2a,c). Interestingly,
we found that the GBM cell lines exhibited similar sensitivi-
ties to TSA, with GI50 values ranging from 0.65 to 1.19 μM
(Fig. 2b,c). Moreover, we confirmed that a TSA concentration
corresponding to the observed GI50 values (0.5–1.0 μM) was
sufficient to induce acetylation of histone H3 and cleavage of
caspase-3 in our model cell lines (Supplementary Fig. S3).

3.3 Combined TSA-CCNU treatment results in enhanced
induction of DNA damage and apoptosis, and a reduction
in survival of GBM cells

Targeting HDACs has previously been shown to impair the
capacity of cancer cells to repair DNA damage incurred by
exogenous stimuli [23, 26]. Here, we evaluated the capacity of
GBM cells to repair DNA damage using γH2AX (foci count

�Fig. 4 TSA and CCNU treatment results in apoptosis through the
activation of pro-apoptotic proteins. GBM cells (017, 036, 4121) were
treated with CCNU, TSA or its combination, harvested and submitted to
protein array andWestern blot analyses. a Representative image showing
the levels of 18 phosphorylated proteins involved in cell stress and
apoptosis, evaluated by array hybridization in 017 cells. Three major
pro-apoptotic proteins (pBad, cleaved PARP and cleaved caspase-3) are
marked 1, 2 and 3. b Quantitative analysis of the protein arrays showing
fold differences in protein levels in cells treated with TSA, CCNU or its
combination. The concentrations used of TSA and CCNU correspond to
the designated concentrations in theWestern blots under c. The quantified
values were normalized to internal α-tubulin levels and set relative to the
control (DMSO). Data are presented as mean ± SEM (n = 2 for 036 and
n = 3 for 017 and 4121 cells). c GBM cell lysates submitted to Western
blotting using anti-pChk1 (Ser345), anti-total Chk1, anti-pChk2 (T68),
anti-total Chk2, anti-cleaved caspase-3, anti-total caspase-3, anti-cleaved/
anti-total PARP and anti-acetylated histone H3 antibodies. GAPDH
serves as loading control. d Semi-quantification of densitometry of
cleaved PARP and cleaved caspase-3 levels deduced from Western
blotting. The quantified expression levels were normalized to internal
GAPDH levels and set relative to control (DMSO) levels. Data are
presented as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001
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and total intensity measurement) as a surrogate marker for
DSBs [27]. GBM cells were treated with either TSA, CCNU
or its combination (TSA+CCNU) at concentrations corre-
sponding to their GI50 values. We found that single-agent
treatment with either TSA or CCNU led to increased
γH2AX foci counts and intensities compared to the respective
untreated baseline levels (Fig. 3 and Supplementary Fig. S4).
Importantly, we found that this effect was enhanced upon
combined treatment with both TSA and CCNU (Fig. 3 and
Supplementary Fig. S4). Additional results from a 18 protein
array screen (Fig. 4a,b and Supplementary Table S2) revealed
that the treatment effects on DSBs correlated with significant
inductions of pro-apoptotic proteins, including phosphorylat-
ed Bad (pBad), cleaved PARP (cl.PARP) and cleaved caspase-
3 (cl.Caspase-3). These results were further substantiated by
independent Western blotting experiments conducted in the
017, 036 and 4121 cell lines (Fig. 4c,d) as well as in three
other GBM cell lines (Supplementary Fig. S5). Despite the
above mentioned combinatory effect on DNA damage induc-
tion, we failed to observe any enhanced activation of the Chk1
or Chk2 kinases upon TSA-CCNU treatment (Fig. 4c and
Supplementary Fig. S5). Importantly, we found that the induc-
tion of apoptosis was associated with a decreased cell viability
(Fig. 5a) for which a clear TSA-CCNU combinatory effect
was observed compared to either drug alone. Subsequent cell
cycle analyses (Fig. 5b, Supplementary Fig. S6 and S7) re-
vealed that both TSA and CCNU treatment led to a reduction
in actively proliferating cells (EdU-positive, S phase cells),
which was further enhanced upon a combined TSA-CCNU
administration. Taken together, we conclude that our results
show an enhanced effect of a combined TSA and CCNU
treatment on the induction of DNA damage and apoptosis,
as well as on the reduction of survival of GBM cells, probably
caused by an impaired capacity to repair DNA damage lead-
ing to an increased apoptotic rate.

4 Discussion

GBM is among the deadliest of solid tumors for which cur-
rently available post-operative therapies (chemo-irradiation)
offer only palliation [28]. Therefore, there is an urgent need
for novel (targeted) therapies, which significantly improve
GBM patient survival and abrogate commonly observed re-
currences. Despite promising results from in vitro studies,
mono-HDAC inhibitor (HDACi) therapies have only exhibit-
ed limited efficacies in clinical settings, and pre-clinical stud-
ies have encouraged the use of HDACi in combination with
other anti-cancer drugs. HDACs have been found to be upreg-
ulated in various solid tumors and to play key roles in onco-
genesis [10, 12]. Additionally, it has been found that in a
number of malignancies such as prostate [29], colorectal
[30], breast [31], lung [32], liver [33] and gastric [34] cancer,

the expression of individual HDACs is inversely correlated
with disease-free and overall survival rates, and is associated
with a poor prognosis [12].

Based on aberrant activation of DNA damage responses in
malignant gliomas [16, 23, 35] and marked resistances to
DNA damaging therapies, it has been suggested that HDACi
may be used as sensitizers to DNA damaging agents in GBM
[36–38]. Moreover, the HDACi TSA has been found to sen-
sitize GBM cells to ionizing radiation [15]. Hence, we hypoth-
esized that TSA treatment may sensitize GBM cells to the
alkylating agent CCNU by chromatin remodeling [39] leading
to an impaired accessibility to DNA repair proteins.

A number of previous studies reported elevated expression
levels of HDAC4 and HDAC6 in brain tumors [40, 41]. Here,
we found that HDAC1, 3 and 6 are upregulated in GBM cells
and in primary patient tissues compared to non-neoplastic
brain controls at both the mRNA and protein levels. Despite
the overall higher HDAC expression levels, we observed
hyper-acetylation of histone H3 in GBM cells compared to
normal human astrocytes. This phenomenon has previously
also been observed by others [23, 41] and has been attributed
to a significantly higher transcriptional activity commonly ob-
served in GBM cells [41]. Our in silico analyses were consis-
tent with our experimental findings and revealed increased
expression levels of HDAC1, 3 and 6 in GBMs compared to
non-neoplastic brain tissues and an inverse correlation of
HDAC3 mRNA expression with GBM patient survival.
Overall, these data indicate that both class I and class II
HDACs are commonly overexpressed in GBMs and play im-
portant roles in the pathogenesis of these tumors.

We found that our GBM cell cultures displayed variable
degrees of sensitivity to CCNU treatment, with GI50 values
ranging from 8 to 119 μM, while the sensitivity to TSA treat-
ment was rather consistent (GI50; 0.5 to 1.0 μM). The differ-
ential sensitivity of GBM cells to CCNU may be attributed to
cell-specific resistance mechanisms such as high expression
levels of multidrug resistance proteins and/or slow cell cycle
kinetics. Indeed, our unpublished results revealed significant-
ly longer cell doubling times in 017 and 036 cells compared to
4121 cells (data not shown).

TSA has previously been shown to induce apoptosis
through caspase-3 activation and induction of the pro-
apoptotic protein Bad [42, 43]. Our findings indicate that both
TSA and CCNU alone can upregulate the expression of sev-
eral intrinsic pro-apoptotic proteins (including Bad, PARP,
caspase-3 and caspase-7) and that upon TSA-CCNU combi-
nation treatment this effect is enhanced, suggesting a more
profound induction of apoptosis. Increased apoptosis was
found to be associated with decreased cell viability.
Intriguingly, besides a reduction in S phase cells (commonly
observed upon combination treatment in all GBM cell lines
used in our study), we did not observe a uniform response
with respect to G1 or G2/M cell cycle arrest. These different
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responses in cell cycle dynamics and checkpoint activation
may be attributed to inherent cell-specific characteristics such
as p53 status (wild-type versus mutated) or expression of other
cell cycle regulating proteins (i.e., cyclins, cyclin-dependent
kinases etc.). To assess whether GBM cells arrest at the G1 or
G2/M checkpoint upon CCNU and TSA treatment, we
employed FACS analysis in conjunction with p-histone
H3Ser10, a mitotic index (MI) marker, after nocodazole
(NOC) treatment, which normally blocks cells in the G2/M
phase. We did, however, not observe any increase in MI upon
NOC treatment neither in single-agent nor in combo-agent
treated GBM cells. This indicates that the cells either arrest
at G1 (017 cells) and do not enter the S phase or, alternatively,
die via apoptosis induction at the G2/M phase prior to cell

division (036 and 4121 cells). Previously, it has been shown
that both TSA and CCNU treatment can reduce the number of
actively proliferating cells, a phenotype often accompanied by
G2/M cell cycle phase arrest [25, 44, 45]. Cornago et al. re-
ported that HDACi can impair G2 checkpoint activation and,
thereby, promote premature entry of GBM cells into mitosis
(i.e., before DNA damage is repaired), resulting in cell death
via a process called mitotic catastrophe [46].

Depletion of HDAC1-3 has been shown to sensitize tumor
cells to DNA damaging agents as a result of a reduction in
DNA damage repair capacity [47, 48]. HDACi leads to hyper-
acetylation of histones resulting in loose, transcriptionally ac-
tive chromatin, making the DNA more prone to damage by
additional agents such as CCNU. Indeed, we found that the

Fig. 5 TSA and CCNU treatment results in reduced cell viability and
impairs cell cycle progression. a GBM cells (017, 036, 4121) were
pre-treated with TSA for 24 h followed by administration of CCNU for
another 72 h after which cell viabilities were measured by MTT assay.
The results are shown relative (%) to control (DMSO; black bar) treated

cells and presented asmean ± SEM (n = 3). bGBMcells (017, 036, 4121)
were pre-treated with TSA for 6 h followed by administration of CCNU
for another 24 h, fixed and submitted to FACS-based cell cycle analyses.
Quantified cell cycle distributions (% G1, S, G2/M) are presented as
mean ± SEM (n ≥ 3), * p < 0.05, ** p < 0.01
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co-administration of TSA and CCNU resulted in increased
γH2AX foci formation and intensity compared to either of
the drugs alone. The combined treatment in 017 cells resulted
in intense and diffuse γH2AX signals, indicative of apoptosis
[49, 50]. Our findings are consistent with previously pub-
lished data showing enhanced γH2AX induction in
erythroleukemic cells when TSA treatment was combined
with ionizing radiation [36]. Moreover, it has been reported
that the HDACi SAHA can cause a delay in DNA damage
repair after radiation treatment [51] and sensitize GBM cells to
PARP inhibition in GBM [23], breast cancer [52], prostate
cancer [53] and ovarian cancer [54].

Currently, no HDACi has been US FDA approved for the
treatment of GBM as mono-therapy, but several clinical trials
are underway investigating HDACi in combination with other
cytotoxic drugs such as temozolomide, bevacizumab and/or
radiation therapy in GBM (https://clinicaltrials.gov).
Considering the number of ongoing clinical trials and the
finding that transformed cells are more sensitive to HDACi
treatment than normal cells [55], there is a rationale for a
combinational targeted approach using HDACi.

In summary, we found a higher efficacy of a combined
treatment of GBM cells with TSA and CCNU compared to
either of the drugs alone. Our data further indicate that this
efficacy is due to an impaired DNA repair capacity, which
subsequently leads to cell death via apoptosis. We conclude
that our findings and those of others [13, 23, 26, 36, 38, 43,
46] warrant a further pre-clinical investigation and a thorough
evaluation of combined HDACi applications for the treatment
of GBM.
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