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Abstract: Tumor Treating Fields (TTFields) were incorporated into the treatment of glioblastoma, the
most malignant brain tumor, after showing an effect on progression-free and overall survival in a
phase III clinical trial. The combination of TTFields and an antimitotic drug might further improve
this approach. Here, we tested the combination of TTFields with AZD1152, an Aurora B kinase
inhibitor, in primary cultures of newly diagnosed (ndGBM) and recurrent glioblastoma (rGBM).
AZD1152 concentration was titrated for each cell line and 5–30 nM were used alone or in addition to
TTFields (1.6 V/cm RMS; 200 kHz) applied for 72 h using the inovitro™ system. Cell morphological
changes were visualized by conventional and confocal laser microscopy. The cytotoxic effects were
determined by cell viability assays. Primary cultures of ndGBM and rGBM varied in p53 mutational
status; ploidy; EGFR expression and MGMT-promoter methylation status. Nevertheless; in all
primary cultures; a significant cytotoxic effect was found following TTFields treatment alone and in
all but one, a significant effect after treatment with AZD1152 alone was also observed. Moreover, in
all primary cultures the combined treatment had the most pronounced cytotoxic effect in parallel
with morphological changes. The combined treatment of TTFields and AZD1152 led to a significant
reduction in the number of ndGBM and rGBM cells compared to each treatment alone. Further
evaluation of this approach, which has to be considered as a proof of concept, is warranted, before
entering into early clinical trials.

Keywords: glioblastoma; TTFields; Aurora B kinase; AZD1152; primary cultures

1. Introduction

Glioblastoma (GBM) is the most devastating primary malignancy of the central ner-
vous system in adults. Current standard treatment consists of maximal and safe surgical re-
section followed by loco-regional radiotherapy (RT) with concomitant daily temozolomide
(TMZ) chemotherapy, and then maintenance treatment with TMZ for 6 to 12 months [1].
Tumor Treating Fields (TTFields) are an anticancer modality that disrupt critical processes
in cancer cells, including cell division, by delivering low-intensity, intermediate-frequency
(200 kHz for GBM) alternating electric fields [2–4]. In a phase III clinical trial (EF-14, Clini-
calTrials.gov identifier NCT00916409), the efficacy of TTFields used with TMZ maintenance
treatment after maximal safe resection and chemo-radiation therapy for patients with newly
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diagnosed GBM (ndGBM) was reported. Median overall survival (OS) from randomization
in the intent-to-treat population was 20.9 months versus 16.0 months for the TTFields-TMZ
group and the TMZ–alone group, respectively, with a hazard ratio of 0.63 (95% CI, 0.53–0.76;
p < 0.001). The significant improvement in OS was seen across all patient subgroups re-
gardless of age, extent of resection, performance status, gender, geography or promoter
methylation status of O6-methylguanine-DNA methyltransferase (MGMT) gene encoding
a ubiquitous nuclear enzyme involved in the repair of alkylated DNA [5]. In contrast, the
phase III clinical trial EF-11 (ClinicalTrials.gov identifier NCT00379470) investigated the
effect of TTFields application as the sole therapy for recurrent GBM (rGBM) compared to
the physician’s choice of chemotherapy. Although a significant prolongation of overall
survival was not observed, non-inferiority of the treatment-arm was demonstrated [6].
Nevertheless, the benefit of TTFields treatment outweighed the benefit of chemotherapy,
due to a comparable survival and improved quality of life of the patients [7].

The anti-tumor effect of TTFields is not yet fully understood. One model is based on
the principle that TTFields exert directional forces on polar microtubules and interfere with
the assembly of the normal mitotic spindle. Such interference with microtubule dynamics
results in abnormal spindle formation and subsequent mitotic arrest or delay. As a result,
cells die while in mitotic arrest or progress to cell division [4]. This can lead to the formation
of either normal or abnormal aneuploid progeny. The formation of tetraploid cells can
occur due to mitotic exit through slippage or as a result of improper cell division. Abnormal
daughter cells either die in the subsequent interphase, undergo a permanent arrest, or
proliferate through additional rounds of mitosis where they will be subjected to further
TTFields assault [2]. Another model is based on the effects of TTFields on membrane
potential and ion channels. Li et al. recently showed in a theoretical study that the effect of
TTFields on thermal energy, and thus elevated Brownian motion, is larger than the effect
on tubulin dimer orientation. In addition, they calculated that the dielectric forces also do
not have a net-effect as commonly thought, because these forces are counteracted by Stokes
forces. Alternatively, they suggest that cell membrane potential is elevated over 10% of the
resting cell state and that this effects ion channels and membrane pumps, resulting in an
influx of Ca2+ into the cell, which in turn affects microtubule polymerization [8].

A promising approach to enhance the efficiency of TTFields is the use of drugs, which
synergistically act together with TTFields and prolong metaphase-anaphase transition and
telophase. In particular, an extended period in metaphase and during cytokinesis most
likely increases DNA damage and subsequent events, leading to mitotic catastrophe and
apoptosis of tumor cells. In this regard, inhibitors or drugs interfering with components of
the chromosomal passenger complex (CPC), in particular affecting Aurora B kinase [9], are
prime candidates for combinatorial use with TTFields. The CPC is of central importance
for mitosis as a regulator of chromosome division and cytokinesis. In addition to the
enzymatic component Aurora B kinase, it consists of the three regulatory and targeting
components: Survivin, Borealin, and inner centromeric protein (INCENP). Aurora B kinase
activity is critically involved in correcting syntelic microtubule-kinetochore connections
and therefore guarantees bi-orientation of sister chromatids to opposing spindle poles
before the onset of anaphase [10,11]. Therefore, inhibition of Aurora B kinase leads to
defective mitosis, polyploidy, and finally to mitotic catastrophe [12]. AZD1152-HQPA
(barasertib) is a highly selective Aurora B kinase inhibitor [13] with efficacy on a wide
variety of tumor entities, including acute myeloid leukemia, advanced solid tumors, and
diffuse large B-cell lymphoma, which has already been investigated and validated in phase
I and II studies [14–16]. Furthermore, in vitro and in vivo studies showed that AZD1152
caused polyploidy and non-apoptotic cell death in glioma cell lines regardless of their p53
status [17–19]. This is beneficial because the p53 status of GBM patients is closely related
to disease progression and survival during chemoradiotherapy [20,21]. Although, there
had been evidence that the p53/p73 status might be important for the type of cellular
response to selective Aurora B inhibition, we have shown that together with its essential
role in the execution of cytokinesis, Aurora B, in cooperation with its partners of the CPC,
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safeguards segregation and chromosomal integrity independently of p53 mutational status
and therefore is critical for the survival of cells [19].

In the present study, we investigate whether the combination of TTFields with the
chemical Aurora B kinase inhibitor AZD1152 enhances the anti-tumor effect on glioblastoma
cells by additionally inhibiting cytokinesis. To evaluate the efficiency of this combined
treatment, both established long-term glioblastoma cell lines U87-MG and p53-deficient
U87-MGshp53, as well as primary cultures of ndGBM and rGBM, are used.

2. Results

2.1. Treatment of U87-MG and U87-MGshp53 with AZD1152 and TTFields Increases Cell Death

To examine whether enhanced anti-tumor effects occur independently of p53 when
AZD1152 and TTFields are combined, we initially used the p53 wild-type, long-term-established
glioma cell line U87-MG and its stable p53-deficient counterpart U87-MGshp53. U87-MG proved
to be highly sensitive to treatment with AZD1152 alone with a half-maximal inhibitory con-
centration (IC50) around 25 nM (Figure 1A). Response to TTFields application alone (200 kHz,
1.6 V/cm RMS) for 72 h led to a reduction in cell number of 49.0% (±2.8%), similar to previous
reports. The p53-deficient U87-MGshp53 cell line was less sensitive to treatment with AZD1152
than the p53 wild-type U87-MG cell line, with an IC50 around 50 nM. Similarly, TTFields applica-
tion alone resulted in a slightly lower cell number reduction of 40.5% (±10.6%) in U87-MGshp53

compared to p53 wild-type U87-MG. The combined treatment of TTFields and AZD1152 led
to a reduction in the number of U87-MG and U87-MGshp53 cells relative to treatment with
AZD1152 alone (Figure 1A, and Supplementary Figure S1). Although there is a difference
between U87 and U87-MGshp53 cell lines we performed a test of significance but could not
substantiate a statistically significant difference, either for the single treatment with AZD1152 or
in combination with TTFields.

Furthermore, cell morphological changes were observed with increasing AZD1152 con-
centration in both cell lines. These were intensified when AZD1152 and TTFields were
combined (Figure 1B). Microscopy images of U87-MG and U87-MGshp53 cells stained with
crystal violet after treatment revealed a slight increase in the number of multinuclear cells
following TTFields application (Figure 1B, first row). A higher prevalence of multinuclear
cells (marked by black arrows) was observed in U87-MG and U87-MGshp53 cells exposed to
TTFields and low concentration of AZD1152 (25 nM) compared to cells treated with AZD1152
(25 nM) alone (Figure 1B, second row). Cells treated with TTFields and higher doses of
AZD1152 (50–100 nM) demonstrated increased rates of pyknosis (marked by blue arrows)
(Figure 1B, third and fourth rows; enlarged views are provided in Supplementary Figure S2).

2.2. Established Primary Glioblastoma Cultures Show Different Sensitivity to AZD1152

To verify the enhanced anti-tumor effects of concomitant treatment with AZD1152
and TTFields observed in U87-MG and U87-MGshp53 in a more clinically relevant model,
primary glioblastoma cultures were used. For this purpose, primary ndGBM and rGBM
cell cultures were established from fresh tumor tissue from patients. As tumor tissue from
patients with rGBM was pretreated with alkylating chemotherapy (temozolomide) and
radiotherapy, the cytotoxic effect of additional therapy with Aurora B kinase inhibition and
TTFields on these primary cultures might be different from those of ndGBMs. Therefore, we
not only established primary cultures from ndGBM patients but from rGBM patients as well
and treated them identically. Tumor tissues were thoroughly analyzed at the Department
of Neuropathology, University Hospital Carl Gustav Carus, TU Dresden according to the
current World Health Organization (WHO) classification system at the day of surgery, and
reconfirmed according to current criteria of the version from 2021. The Ki-67 proliferation
index varied between 5% and 60%. Furthermore, the glial origin of the tumors was
confirmed by identification of glial fibrillary acid protein (GFAP) by immunohistochemistry.
Moreover, all tumors had no mutation of IDH1 R132H locus. In addition, both of the ndGBM
and one of the rGBM tumors (HT16360-1) are MGMT promoter methylated (Table 1A). The
established primary glioblastoma cultures were further characterized and verified before
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treatment (Table 1B). All primary glioblastoma cultures showed 91.2–99.3% expression of
the cancer cell marker CD44, which is overexpressed in GBM [22], and 6.8–61.6% expression
of GFAP, which is expressed by astrocytes and in astrocytic brain tumors [23]. Furthermore,
ndGBM culture HT12347 and rGBM culture HT16360-1 overexpressed EGFR (78.4% and
73.2%), which occurs in approximately 60% of glioblastoma patients [24]. The ndGBM
culture HT18584 and rGBM culture HT16360-1 showed an increased expression of ErbB2
(95.9% and 76.3%), which like EGFR belongs to the ErbB family of receptor tyrosine kinases.
In addition, p53 status was determined, with ndGBM cultures found to be p53 mutant and
rGBM cultures found to be p53 wild-type.
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Figure 1. Cytotoxic effect in established cell lines. Increased efficacy of the concomitant treatment of
AZD1152 and TTFields in U87-MG and U87-MGshp53 cells. Both glioma cell lines were treated with
various AZD1152 concentrations and TTFields (200 kHz, 1.6 V/cm RMS) for 72 h. (A) The number of
cells was determined at the end of treatment and is expressed as percentage of control. Data represent
mean± SD (N = 3 for AZD1152 and the line of TTFields + AZD is based on 2 independent experiments
with 8 repeats for each concentration). For better comparison, data from both cell lines together
are presented in Supplementary Figure S1. (B) Formation of multinuclear and pyknotic cells was
detected under inverted microscope after staining with crystal violet. Black arrows mark multinuclear
cells and blue arrows mark pyknotic cells. The size scale in the control group corresponds to 50 µm.
Enlarged views are presented in Supplementary Figure S2.
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Table 1. Characterization of cell cultures. Glioblastoma tissue pathology and immunophenotyping
of established primary glioblastoma cultures. (A) Histological findings of the glioblastoma tissue
were performed in the Department of Neuropathology of the University Hospital Carl Gustav Carus,
TU Dresden. (B) Expression of CD44, GFAP, EGFR and ErbB2 was determined by flow cytometry
from generated primary glioblastoma cultures (N = 3). Furthermore, the p53 mutation status of these
primary cultures was identified by PCR.

(A)
Histological Findings HT12347 HT18584 HT16360-1 HT18816 HT18328-3

Proliferation index
(Ki-67) 15% <5–40% 10–60% <5–20% 10–45%

GFAP ++ ++ + ++ +
IDH status IDH wt IDH wt IDH wt IDH wt IDH wt

MGMT promotor status Methylated Methylated Methylated Unmethylated Unmethylated
Diagnosis ndGBM ndGBM rGBM rGBM rGBM

(B)
Immunopheno-Typing HT12347 HT18584 HT16360-1 HT18816 HT18328-3

CD44 99.0% ± 0.9% 91.2% ± 8.0% 99.1% ± 0.8% 98.8% ± 0.4% 99.3% ± 0.1%
GFAP 19.9% ± 12.0% 51.5% ± 8.9% 13.6% ± 1.8% 6.8% ± 4.4% 61.6% ± 7.2%
EGFR 78.4% ± 18.1% 33.5% ± 8.3% 73.2% ± 15.3% 20.8% ± 19.0% 56.2% ± 8.1%
ErbB2 53.7% ± 1.6% 95.9% ± 0.8% 76.3% ± 8.4% 21.9% ± 5.3% 30.6% ± 9.6%

p53 mutation status
Point mutation

in exon 8
AS 275: C→ F

Point mutation
in exon 6

AS 208: D→ V

No mutation
in exon 5–9

No mutation
in exon 5–9

No mutation
in exon 5–9

Initially, the response of primary glioblastoma cultures to treatment with AZD1152
alone was investigated. Cells showed variable sensitivity to AZD1152 treatment regardless
of their p53 status or whether they were established from ndGBM or rGBM samples.
(Figure 2A). While HT18584 (ndGBM, p53mut) and HT18816 (rGBM, p53wt) cells exhibited
high sensitivity with IC50 around 14 nM and 18 nM, HT16360-1 (rGBM, p53wt) and HT12347
(ndGBM, p53mut), cells were less sensitive with IC50 around 50 nM and 75 nM. The IC50
of HT18328-3 (rGBM, p53wt) was in the middle range of 30 nM. Moreover, increasing
AZD1152 concentrations led to only minor changes or a slight decrease in p53 in p53
mutant ndGBM cultures HT12347 (20 nM: 1.1×, 50 nM: 0.9×) and HT18584 (20 nM 0.6×,
50 nM: 0.8×) (Figure 2B). However, p53 wild-type rGBM cultures showed either increased
accumulation (HT16360-1, 30 nM: 2.4×, 100 nM: 3.2×) or no p53 expression (HT18816 and
HT18328-3) at all.

2.3. AZD1152 Increases TTFields-Induced Cytotoxic Effects in ndGBM and rGBM
Primary Cultures

To investigate enhanced anti-tumor effects of combined treatment with AZD1152 and
TTFields of primary glioblastoma cultures, cell viability assays were performed (Figure 3).
Thereby, primary glioblastoma cultures and U87-MG responded similarly to TTFields treat-
ment alone (200 kHz) with a reduction in cell number to a median of 49.6–58.8%. An exception
was HT18584 (ndGBM, p53mut), which was much more resistant with a median reduction in
cell number to only 79.2% (47.1–94.3%). Furthermore, HT18328-3 (rGBM, p53wt) exhibited
high variability in cell reduction from 14.6% to 88.3% (median 56.7%). Therefore, for these two
primary glioblastoma cultures, AZD1152 concentrations were chosen that reduced cell count
to a median of 50% living cells (HT18584 (ndGBM, p53mut): 49.8% with 20 nM AZD1152;
HT18328-3 (rGBM, p53wt): 52.5% with 15 nM AZD1152). For the other primary glioblastoma
cultures and U87-MG, AZD1152 concentrations were used that resulted in a reduction in
cell number to a median of 75% (68.3–80.6%) of living cells. These low effective doses of
AZD1152 were selected with consideration for potential clinical translation to reduce the risk
of toxicity, as AZD1152 was associated with frequent adverse events, including myelotoxicity,
in clinical studies [14,15]. Moreover, it was expected that in combination with TTFields even
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low effective doses of AZD1152 lead to increased cytotoxic effects. Compared to TTFields
treatment alone, combined treatment of AZD1152 and TTFields resulted in significantly en-
hanced anti-tumor effects with a median reduction in cell number in U87-MG cells of 57.8%
to 40.4% (Mann–Whitney U test, p < 0.01) as well as in all primary glioblastoma cultures
(59.6–79.2% to 26.9–44.1%, Mann–Whitney U test) regardless of their p53 status or whether
they were established from ndGBM or rGBM tissue samples, although further studies are
needed to elucidate the exact involvement of the p53 pathway and the effect of the well-known
heterogeneous molecular composition of glioblastoma.
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Figure 2. Sensitivity towards AZD1152. Treatment of primary glioblastoma cultures with increasing
AZD1152 concentrations results in varying degrees of cell viability and different p53 responses.
(A) Cells were treated with AZD1152 (5–75 nM) for 72 h and subsequently their viability was
determined by flow cytometry using propidium iodide. Data represent mean ± SD (N = 9). (B) p53
expression was detected by immunoblotting upon treatment with different AZD1152 concentrations
for 72 h, at which approximately 75% and 40% of cells survived, respectively (N = 2). Equal loading
was confirmed using a GAPDH antibody. Band intensity of p53 was normalized to those of GAPDH
and compared to control.
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Figure 3. Cytotoxic effect of concomitant treatment. AZD1152 plus TTFields increase cell death.
Boxplots show cell counts of U87-MG and primary glioblastoma cultures normalized to control after
treatment with AZD1152 alone, TTFields alone, and the concomitant use of AZD1152 and TTFields
for 72 h. Data represent median, minimum, maximum, first quartile, third quartile and ◦ outlier
(N ≥ 12). * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. AZD1152 plus TTFields Reinforce Morphological Changes in ndGBM and rGBM
Primary Cultures

In addition to the enhanced anti-tumor effects of concomitant treatment with TTFields
and AZD1152 relative to each treatment alone, increased cell morphological changes were
also observed in confocal laser-scanning microscopic images (Figure 4). HT18584 (ndGBM,
p53mut), HT16360-1 (rGBM, p53wt) and HT18816 (rGBM, p53wt) exhibited slight increases
in the number of multinuclear cells following AZD1152 treatment (Figure 4, second col-
umn). This was also observed in HT12347 (ndGBM, p53mut), HT18584 (ndGBM, p53mut)
and HT18816 (rGBM, p53wt) following TTFields application (Figure 4, third column). A
higher prevalence of multinuclear cells was detected in all primary glioblastoma cultures
exposed to AZD1152 and TTFields compared to cells treated with TTFields or AZD1152
alone (Figure 4; quantification shown in Supplementary Figure S3 and enlargements for
AZD1152 only and TTFields only treatment, respectively, in Supplementary Figure S4).
Thereby, HT18584 (ndGBM, p53mut), HT16360-1 (rGBM, p53wt) and HT18328-3 (rGBM,
p53wt) showed particularly large cell nuclei. Concomitant treatment further resulted in an
increase in cell size, especially in HT12347 (ndGBM, p53mut), HT16360-1 (rGBM, p53wt)
and HT18328-3 (rGBM, p53wt).
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2.5. AZD1152 plus TTFields Increase Polyploidy in U87-MG, ndGBMs and Partially in rGBMs

Since treatment with TTFields and the Aurora B kinase inhibitor AZD1152 leads to
impaired mitosis and polyploidy, the DNA content was further examined using propidium
iodide staining of treated U87-MG and primary glioblastoma cell cultures (Figure 5). In
U87-MG and the ndGBM cell cultures HT12347 (ndGBM, p53mut) and HT18584 (ndGBM,
p53mut), concomitant treatment of AZD1152 and TTFields significantly increased the
percentage of cells with DNA content of 4n and >4n in comparison to control or TTFields
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treatment alone, while the percentage of cells with 2n DNA content significantly decreased.
Similar effects were observed with AZD1152 treatment alone compared to the control. In
contrast, the rGBM cell cultures showed some characteristics: HT16360-1 (rGBM, p53wt)
and HT18328-3 (rGBM, p53wt) had a very low proportion of cells with a DNA content of
2n in the untreated state (HT16360-1: 6.4% ± 1.7%; HT18328-3: 10.1% ± 2.2%), indicating
that these are predominantly tetraploid cell cultures. In HT18328-3 (rGBM, p53wt), the
concomitant treatment of AZD1152 and TTFields significantly increased the proportion
of cells with DNA content of >4n (48.5% ± 4.1%) compared with control (28.4% ± 2.4%,
p < 0.001) and TTFields treatment alone (36.6% ± 6.0%, p < 0.001), while the fraction of cells
with 4n DNA content significantly decreased (45.5% ± 3.4% vs. 61.4% ± 2.3% and 53.5%
± 6.2%, p < 0.01). For HT16360-1 (rGBM, p53wt), similar significant effects were observed
only with combination treatment (4n: 46.6% ± 5.5%; >4n: 45.3% ± 7.5%) compared with
control (4n: 53.5% ± 4.1%, p < 0.001; >4n: 37.2% ± 3.6%, p < 0.05), but not compared with
TTFields treatment alone (4n: 48.2% ± 9.0%; >4n: 40.5% ± 7.2%). HT18816 (rGBM, p53wt),
in turn, exhibited a very stable DNA content of 2n, both with the single treatments (5 nM
AZD1152: 79.0% ± 2.4%; TTFields: 77.5% ± 2.4%) and with the concomitant treatment
(76.9% ± 6.1%).
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Figure 5. Effect on ploidy. Low concentrations of AZD1152 increase TTFields-induced polyploidy
in U87-MG, ndGBMs and partially in rGBMs. Cells were treated with AZD1152 alone, TTFields
alone, and AZD1152 plus TTFields for 72 h. DNA content was determined by flow cytometry using
propidium iodide. (A) Representative flow cytometric analysis of HT18584 (ndGBM, p53mut) are
shown. (B) Data represent mean percentage of cells with DNA content of 2n, 4n and >4n for each
treatment (N ≥ 4). * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion

The aim of this study was to investigate the preclinical efficacy of the concomitant treatment
of TTFields and Aurora B kinase inhibition by AZD1152 in glioblastoma cells. We demonstrated
that in the established long-term GBM cell lines, U87-MG and U87-MGshp53,, and, importantly,
in primary cultures from ndGBM and rGBM tissue samples, the cytotoxic effect of TTFields
plus AZD1152 was significantly higher than the effect of each treatment alone.

In addition to surgery, radiation- and chemotherapy, treatment with electric fields, is
increasingly incorporated into cancer therapy [25,26]. The EF-14 trial (ClinicalTrials.gov
identifier NCT00916409) demonstrated that using TTFields in addition to adjuvant TMZ
chemotherapy after combined chemo-radiation for ndGBM patients led to a significant
prolongation of overall survival and double the rate of two-year survivors [27]. However,
there is still a need to improve glioblastoma treatment, as nine out of ten patients do not
survive five years past diagnosis [25].

In addition to varying the start and duration of TTFields treatment, which is being
tested in ongoing clinical trials (EUDAMED-No. CIV-18-08-025247 and ClinicalTrials.gov
identifier NCT03705351), identifying substances that might enhance the effects of TTFields
on mitotic cells is an attractive strategy to improve treatment. Early in vitro data have
shown that adding TTFields to anti-mitotic agents such as paclitaxel significantly reduces
the median effective dose of the chemotherapy. Consequently, paclitaxel concomitant with
TTFields was translated to clinical trials as a promising signal for safety and efficacy was
seen [28] and evaluated in a phase II clinical trial for pancreatic cancer [29].

Aurora kinases are critical enzymes in the process of chromosomal segregation and
cytokinesis in every cell type. Overexpression of Aurora kinases A and B is associated
with malignant cell growth in various solid tissues and in myeloid cells, and can lead to
acute myeloid leukemia (AML) [30,31]. Therefore, Aurora kinases are an ideal target for
oncotherapy aiming at the selective inhibition of single kinase expression or function [32].

In gliomas, an overexpression of Aurora B kinase is associated with giant and mult-
inucleated cells [17,33]. Inhibition of Aurora B kinase, in turn, results in a dysregulated
connection between kinetochore and microtubule during mitosis, affecting the orientation
of sister chromatids to opposite spindle poles and disrupting cytokinesis [19]. Inhibition
of the CPC may lead to polyploidy, mitotic arrest, and cell death [34–36]. Xenograft ex-
periments in mouse models have shown a tumor reduction after AZD1152 treatment in
colon-, lung-, and hematological cancer [37]. Alafate et al. have identified Aurora B kinase
as a therapeutic target in temozolomide resistant glioblastoma cells [38]. Clinical trials
revealed that treatment with the selective Aurora B kinase inhibitor AZD1152 in patients
with advanced solid tumors or AML was associated with an improved progression-free
survival [39–41]. Frequent adverse events were myelotoxicity, particularly neutropenia,
stomatitis, and mucositis [14,15,42]. To reduce the frequency and severity of associated
toxicities, a lower effective dose of AZD1152 is desirable, which might be achieved by
adding TTFields to AZD1152 treatment. Our data support the potential effectiveness of
this approach; however, this finding and any impact on toxicities requires confirmation in a
clinical setting.

For in vitro experiments with leukemia, colon- or lung-carcinoma cell lines, a wide
range of AZD1152 concentrations (3–5300 nM) was defined as the half-maximal inhibitory
concentration [34,43]. In our experiments, as we expected an augmented or, ideally, an
additive or even synergistic effect, we needed to define an AZD1152 concentration high
enough to render a cytotoxic effect while leaving enough cells alive to detect the potential
effect of adding TTFields. For proof of principle, we started our experiments with the
established cell lines U87-MG and U87-MGshp53, as our group has shown previously that
selective Aurora B kinase inhibition leads to polyploidy and non-apoptotic cell death
independent of p53 [19], while others have shown an interaction between Aurora kinase
expression and p53 status [44]. For U87-MG, we determined an IC50 of 25 nM AZD1152,
whereas U87-MGshp53 was less sensitive with an IC50 of 50 nM AZD1152. However, the
combined treatment of AZD1152 and TTFields not only led to a reduction in the number of
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U87-MG and U87-MGshp53 cells but also to enhanced morphological changes, such as an
increased number of cells with multiple nuclei, compared to each treatment alone.

For the treatment of primary GBM cultures, titration experiments were performed to
identify the most suitable AZD1152 dose for each. IC50 was in the range between 14 nM and
75 nM AZD1152. However, a low effective dose of AZD1152 between 5 nM and 30 nM was
selected because the use of low doses of the drug allows a better evaluation of concomitant
treatment with TTFields. With regard to a possible clinical trial, based on the high efficacy of
the combined treatment of TTFields with AZD1152, lower doses of Aurora B kinase inhibitor
could be used, which would be associated with a reduced risk of toxicities.

Furthermore, we searched for mutations in exon 5–9 of the TP53 gene and evaluated
p53 expression in our ndGBM and rGBM cultures by western blot analysis. We identified
TP53 C275F mutation, which lies within the DNA-binding domain of the TP53 protein [45].
C275F has been identified in the scientific literature [46–48] but has not been biochemically
characterized, therefore its effect on TP53 protein function is unknown. Furthermore, we
detected TP53 D208V mutation. To the best of our knowledge, there are no data about the
TP53 D208V mutation, or its biochemical function, respectively. Various p53 statuses were
identified with mutations in exons 6 and 8, respectively, of the TP53 gene in ndGBM and
loss of p53 expression in two out of three rGBM cultures. The reason for that needs to be
determined. In a previous study, we have shown that p53 accumulates in U87 cells [19].
This was also shown for the human colon carcinoma cell line HCT-116 by others [49].
The p53 protein decrease seems to be the result of other yet to be determined effects.
One possible mechanism may be an amplification and overexpression of the negative p53
regulator MDM2, which occurs only in p53 wild-type GBM cells and leads to increased
degradation of p53 [50]. In HT16360-1 (rGBM, p53wt), no mutation was found in the
analyzed hot-spot areas and p53 expression was detected, which is in line with the strong
EGFR and ErbB2 expression and polyploid state of that culture, suggesting an alternative
route of malignization. TP53 regulates the postmitotic checkpoint after Aurora B inhibition.
It might be speculated that an increase in HT16360-1 (rGBM, p53wt) cell line AZD1152
concentration leads to an increase in DNA damage. Increasing the number of p53 keeps
cells in checkpoint arrest for a longer period of time, allowing damages to be repaired and
cells to respond to AZD1152 to a lesser extent. Regardless of p53 status, we demonstrated a
pronounced cytotoxic effect in all five primary glioblastoma cultures after treatment with
TTFields and a low effective dose of AZD1152, supporting our data from the analysis of
U87-MG and U87-MGshp53 cells.

Interestingly, the primary rGBM culture HT18816 (rGBM, p53wt), which like all rGBM
cultures had been pretreated by radiation and temozolomide-based chemotherapy, had
a high proportion of diploid cells (76.5% ± 3.0%), while HT16360-1 (rGBM, p53wt) and
HT18328-3 (rGBM, p53wt) had an average of only 6.4–10.1% of diploid cells. This cannot be
explained by the MGMT methylation status. HT18816 (rGBM, p53wt) might be protected
by its unmethylated MGMT promoter against the destabilizing effect of alkylating TMZ
treatment, while HT16360-1 (rGBM, p53wt) is MGMT-methylated and thus polyploid. How-
ever, HT18328-3 (rGBM, p53wt) is MGMT-unmethylated and polyploid, suggesting that
the observed ploidy is independent of the MGMT-status in those primary rGBM cultures.
Treatment with either AZD1152 or TTFields, or both, led to only a minor increase in ploidy
in primary cultures of rGBM compared to those of ndGBM. However, the cytotoxic effect
observed in all three primary rGBM cultures was comparable with each other, suggesting
that cellular instability due to polyploidy might not be the only reason for the observed
cytotoxic effect.

Further studies are needed to elucidate the underlying molecular pathways associated
with our observed effects of a concomitant treatment with AZD1152 and TTFields on glioma
cells. Recently, our group reported that AZD1152 treatment leads to a mitotic catastrophe
and cell death via a caspase-3 independent pathway, irrespective of the p53 status of the cell.
Knowing that TTFields induces several modes of cell death such as immunogenic death,
autophagy, necroptosis, and others (reviewed by Tanzhu et al. [51]), which are not yet fully
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understood, we only can assume which molecular cascades are affected by a combination
treatment with a drug also affecting cytokinesis.

In view of the wide variety of genetic defects found in GBM, the number of primary
cultures analyzed in our study might be too small to allow for a generalized statement.

We consider our study to be a proof of principle for the hypothesis that Aurora B
kinase inhibition, together with TTFields, could be effective in glioblastoma treatment, and
potentially also allow for dose-reduced concentrations of the inhibitor. However, we do
not know whether the Aurora B kinase inhibitor sufficiently penetrates the blood–brain
barrier, particularly in combination with TTFields, where local pharmacokinetics might
be altered. This should be investigated in subsequent animal studies. In addition, further
experiments using glioblastoma stem cell organoids as recently shown for the combination
of a Mammalian Target of Rapamycin (mTOR) inhibitor and TTFields might validate our
findings [52].

4. Materials and Methods
4.1. Cell Culture

The permanent glioma cell line U87-MG was authenticated by single nucleotide
polymorphism (SNP) characterization (Multiplexion GmbH, Heidelberg, Germany). Its
stable p53-deficient counterpart U87-MGshp53 was generated by transduction with the
retroviral small hairpin (sh)RNA vector pRVH1-shp53-Hygro and has been described
previously [36]. The use and further molecular analysis of primary cultures of ndGBM and
rGBM from patients was approved by the local ethical committee (#EK 323122008) of the
Medical Faculty Carl Gustav Carus, TU Dresden. After obtaining oral and written consent,
primary glioblastoma cultures HT12347, HT18584, HT16360-1, HT18816 and HT18328-3
were prepared by using the Brain Tumor Dissociation Kit (P) (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). All cell lines were cultivated in DMEM, containing 4.5 g/L
glucose supplemented with 10% v/v heat-inactivated FBS, 10 mM HEPES, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin (all from Life Technologies, Carlsbad, CA, USA) at
37 ◦C and 5% CO2 in a humidified incubator. U87-MGshp53 cells were maintained under
selection with 400 mg/mL geneticin.

4.2. Analysis of Genomic p53 Mutations

Mutational analysis of coding regions of p53 known to contain the DNA-binding
domain and the hot spot mutation sites in exon 5–9 has been described previously [53].
Amplification of exons 5, 6, 7 and 8/9 were performed by Phusion DNA polymerase. PCR
products were subsequently purified using the GeneJET PCR Purification Kit (Thermo
Fisher Scientific, Waltham, MA, USA) and sequenced by Microsynth AG, Balgach, Switzer-
land. Sequencing data were compared with sequence of wild-type p53 using ApE—A
Plasmid Editor v2.0.47 (University of Utah, Salt Lake, UT, USA).

4.3. Treatment Schemes

For treatment with TTFields alone or in combination, the inovitro™ system (Novocure®,
Root, Switzerland) was used as described previously [2]. The inovitro™ system comprises a
TTFields generator and base plate containing eight ceramic dishes per plate. Next, 5 × 104

glioblastoma cells were plated in triplicate on 22 mm round, poly-L-lysine coated coverslips,
which were placed inside the ceramic dishes. Following overnight incubation, the dishes
were filled with 2 mL medium. TTFields (1.6 V/cm RMS, 200 kHz) were applied for 72 h,
where the orientation of the TTFields was switched 90◦ every 1 s, thus covering many of the
orientation axes of cell divisions, as previously described by Kirson et al. [4]. Medium was
changed every 24 h. For titration of AZD1152-HQPA (AbMole BioScience, Houston, TX, USA)
or the combined treatment with TTFields, AZD1152 was added to the medium after overnight
incubation of plated cells at concentrations of 5-100 nM. Treatment was applied for 72 h, with
medium changes, including fresh addition of AZD1152 every 24 h.
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4.4. Cell Viability Assays

Subsequently, inhibition of cell growth was quantitatively analyzed based on cell
counting after propidium iodide (PI; Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
staining, using flow cytometer EC800 (Sony Biotechnology, San Jose, CA, USA) or MAC-
SQuant Analyzer 10 (Miltenyi Biotec).

4.5. Flow Cytometry

For immunophenotyping of generated primary glioblastoma cultures, cells were
stained with anti-CD44-VioBlue, anti-EGFR-APC, and anti-ErbB2 (CD340)-PE (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and with anti-GFAP-PE (Miltenyi Biotec)
using the Inside Stain Kit (Miltenyi Biotec) according to the manufacturer’s instructions.
Appropriate isotype controls were included in each measurement. For analysis of DNA
content, treated glioblastoma cells were fixed with 70% ice-cold ethanol overnight and
stained for 30 min with PI (1:50, Invitrogen, Waltham, MA, USA) in PBS containing 0.5%
BSA. Stained cells were measured by MACSQuant Analyzer 10 flow cytometer (Miltenyi
Biotec) and analyzed by FlowJo software version 10.6.2 (FlowJo, Vancouver, BC, Canada).

4.6. Western Blot Analysis

Untreated and AZD1152-treated primary glioblastoma cells were lysed in lysis buffer
(10 mM Tris-HCl, pH 8.0; 140 mM NaCl; 1% Triton X-100; 1×Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA)). Then, 50 µg protein/lane
were subjected to SDS-PAGE under reducing conditions and blotted on PVDF membrane
using semidry Western Blotting. After blocking the PVDF membrane with 5% BSA, p53 was
detected using a monoclonal rabbit anti-human p53 (7F5) antibody (1:1000, Cell Signaling,
Danvers, MA, USA), followed by HRP-conjugated anti rabbit IgG secondary antibody
(1:1000; Dako, Hamburg, Germany). To demonstrate equal loading, PVDF membranes
were subsequently stained using an HRP-conjugated anti-GAPDH (0411) antibody (1:200;
Santa Cruz, Dallas, TX, USA). Visual capturing of proteins was performed by Luminata
Forte Western HRP substrate (Merck Millipore, Burlington, MA, USA) and G:Box Chemi
XX9 (Syngene, Cambridge, UK). Data were analyzed by Fiji software (ImageJ 1.53c, National
Institutes of Health, Bethesda, MD, USA).

4.7. Light and Confocal Laser Scanning Microscopy

To detect morphological changes, treated U87-MG and U87-MGshp53 cells in compar-
ison to untreated cells were fixed with 100% methanol, stained with 0.5% crystal violet
(Sigma-Aldrich, St. Louis, MO, USA), and analyzed by an inverted light microscope (Nikon
eclipse TS100, Nikon, Tokio, Japan).

Treated glioblastoma cells were fixed using 4% paraformaldehyde in PBS. Subse-
quently, cell membranes or cytoskeleton were stained with Alexa Fluor 647 conjugated
Wheat Germ Agglutinin (WGA; 1:200, Life Technologies, Carlsbad, CA, USA) or anti α-
tubulin antibody (1:500, Sigma-Aldrich, St. Louis, MO, USA), respectively, followed by
a secondary anti-mouse IgG-FITC antibody (1:200, Jackson ImmunoResearch, Ely, UK)
according to the manufacturer’s protocols. DNA was stained using Hoechst 33342 (1:50,000,
Invitrogen). The coverslips were placed upside down in a drop of Vectashield mounting
medium (Vector Laboratories, Burlingame, CA, USA) on a microscope slide. The images
were captured by a confocal laser scanning microscope (Leica SP5, Leica, Wetzlar, Germany)
and analyzed by Fiji software (ImageJ 1.53c, National Institutes of Health, USA).

4.8. Quantification of Multinuclear Cells

The plugin “Cell Counter” of the Fiji software (ImageJ 1.53c, National Institute of
Health, USA) was used to count cell nuclei in 4–7 confocal laser-scanning-microscope
pictures per preparation.
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4.9. Statistical Analysis

Data are expressed as mean ± SD, and the statistical significance of differences was
assessed using GraphPad Prism 6 (GraphPad Software, Boston, MA, USA) or IBM SPSS
Statistics 25 (IBM, Armonk, NY, USA). Differences between groups were compared using the
Mann–Whitney U test, and were considered significant at values of * p < 0.05, ** p < 0.01, and
*** p < 0.001. All experiments were performed in triplicates and repeated at least two times.

5. Conclusions

We demonstrated that treatment with selective Aurora B kinase inhibition by AZD1152
and TTFields has a more pronounced cytotoxic effect than either treatment alone, not only
in ndGBM but also in rGBM cells. This is encouraging, even just for the treatment of rGBM,
as effective treatments are still a long way off.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24055016/s1.

Author Contributions: Conceptualization, D.K. and S.M.; Data curation, A.H. and W.J.; Formal
analysis, P.B., D.L. and S.M.; Funding acquisition, D.K. and A.T.; Investigation, P.B., D.L., R.S.S.,
K.G., Y.P. and K.R.; Methodology, W.J. and K.R.; Project administration, D.K., A.T., M.G. and S.M.;
Resources, A.T.; Supervision, A.H., W.J., A.T. and M.G.; Validation, S.M.; Writing—original draft, D.K.
and S.M.; Writing—review & editing, P.B., D.L., A.H., W.J., R.S.S., K.G., Y.P., K.R., A.T. and M.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The inovitro™ system was provided by the Novocure® company.

Institutional Review Board Statement: The use and further molecular analysis of primary cultures
of ndGBM and rGBM from patients was approved by the local ethical committee (#EK 323122008) of
the Medical Faculty Carl Gustav Carus, TU Dresden.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data presented in this study are available in the current
manuscript and the supplementary material. Further provisional data are provided on request from
the corresponding author.

Acknowledgments: We would like to thank Rosa S. Schneidermann for here continuous and accurate
contribution to the project and her support of the team.

Conflicts of Interest: D.K. has received consultant fees and travel reimbursement from Novocure®.
P.B., D.L., A.H., W.J., K.R., A.T. and S.M. have no conflicts of interest to declare. R.S.S., K.G., Y.P. and
M.G. are employees of Novocure®.

References
1. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,

U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996.
[CrossRef]

2. Giladi, M.; Schneiderman, R.S.; Voloshin, T.; Porat, Y.; Munster, M.; Blat, R.; Sherbo, S.; Bomzon, Z.; Urman, N.; Itzhaki, A.; et al.
Mitotic Spindle Disruption by Alternating Electric Fields Leads to Improper Chromosome Segregation and Mitotic Catastrophe
in Cancer Cells. Sci. Rep. 2015, 5, 18046. [CrossRef]

3. Kirson, E.D.; Dbaly, V.; Tovarys, F.; Vymazal, J.; Soustiel, J.F.; Itzhaki, A.; Mordechovich, D.; Steinberg-Shapira, S.; Gurvich, Z.;
Schneiderman, R.; et al. Alternating electric fields arrest cell proliferation in animal tumor models and human brain tumors. Proc.
Natl. Acad. Sci. USA 2007, 104, 10152–10157. [CrossRef]

4. Kirson, E.D.; Gurvich, Z.; Schneiderman, R.; Dekel, E.; Itzhaki, A.; Wasserman, Y.; Schatzberger, R.; Palti, Y. Disruption of cancer
cell replication by alternating electric fields. Cancer Res. 2004, 64, 3288–3295. [CrossRef] [PubMed]

5. Stupp, R.; Hegi, M.E.; Idbaih, A.; Steinberg, D.M.; Lhermitte, B.; Read, W.; Toms, S.A.; Barnett, G.H.; Nicholas, G.; Kim, C.-Y.; et al.
Abstract CT007: Tumor treating fields added to standard chemotherapy in newly diagnosed glioblastoma (GBM): Final results of
a randomized, multi-center, phase III trial. Cancer Res. 2017, 77, CT007. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24055016/s1
https://www.mdpi.com/article/10.3390/ijms24055016/s1
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1038/srep18046
http://doi.org/10.1073/pnas.0702916104
http://doi.org/10.1158/0008-5472.CAN-04-0083
http://www.ncbi.nlm.nih.gov/pubmed/15126372
http://doi.org/10.1158/1538-7445.AM2017-CT007


Int. J. Mol. Sci. 2023, 24, 5016 15 of 17

6. Stupp, R.; Wong, E.T.; Kanner, A.A.; Steinberg, D.; Engelhard, H.; Heidecke, V.; Kirson, E.D.; Taillibert, S.; Liebermann, F.; Dbaly,
V.; et al. NovoTTF-100A versus physician’s choice chemotherapy in recurrent glioblastoma: A randomised phase III trial of a
novel treatment modality. Eur. J. Cancer 2012, 48, 2192–2202. [CrossRef]

7. Burri, S.H.; Gondi, V.; Brown, P.D.; Mehta, M.P. The Evolving Role of Tumor Treating Fields in Managing Glioblastoma: Guide for
Oncologists. Am. J. Clin. Oncol. 2018, 41, 191–196. [CrossRef]

8. Li, X.; Yang, F.; Rubinsky, B. A Theoretical Study on the Biophysical Mechanisms by Which Tumor Treating Fields Affect Tumor
Cells During Mitosis. IEEE Trans. Biomed. Eng. 2020, 67, 2594–2602. [CrossRef]

9. Carmena, M. Abscission checkpoint control: Stuck in the middle with Aurora B. Open Biol. 2012, 2, 120095. [CrossRef] [PubMed]
10. Liu, D.; Vader, G.; Vromans, M.J.; Lampson, M.A.; Lens, S.M. Sensing chromosome bi-orientation by spatial separation of aurora

B kinase from kinetochore substrates. Science 2009, 323, 1350–1353. [CrossRef] [PubMed]
11. Salimian, K.J.; Ballister, E.R.; Smoak, E.M.; Wood, S.; Panchenko, T.; Lampson, M.A.; Black, B.E. Feedback control in sensing

chromosome biorientation by the Aurora B kinase. Curr. Biol. 2011, 21, 1158–1165. [CrossRef] [PubMed]
12. Kumari, G.; Ulrich, T.; Krause, M.; Finkernagel, F.; Gaubatz, S. Induction of p21CIP1 protein and cell cycle arrest after inhibition

of Aurora B kinase is attributed to aneuploidy and reactive oxygen species. J. Biol. Chem. 2014, 289, 16072–16084. [CrossRef]
[PubMed]

13. Lok, W.; Klein, R.Q.; Saif, M.W. Aurora kinase inhibitors as anti-cancer therapy. Anticancer. Drugs 2010, 21, 339–350. [CrossRef]
[PubMed]

14. Dennis, M.; Davies, M.; Oliver, S.; D’Souza, R.; Pike, L.; Stockman, P. Phase I study of the Aurora B kinase inhibitor barasertib
(AZD1152) to assess the pharmacokinetics, metabolism and excretion in patients with acute myeloid leukemia. Cancer Chemother.
Pharm. 2012, 70, 461–469. [CrossRef] [PubMed]

15. Schwartz, G.K.; Carvajal, R.D.; Midgley, R.; Rodig, S.J.; Stockman, P.K.; Ataman, O.; Wilson, D.; Das, S.; Shapiro, G.I. Phase I
study of barasertib (AZD1152), a selective inhibitor of Aurora B kinase, in patients with advanced solid tumors. Investig. New
Drugs 2013, 31, 370–380. [CrossRef]

16. Collins, G.P.; Eyre, T.A.; Linton, K.M.; Radford, J.; Vallance, G.D.; Soilleux, E.; Hatton, C. A phase II trial of AZD1152 in
relapsed/refractory diffuse large B-cell lymphoma. Br. J. Haematol. 2015, 170, 886–890. [CrossRef]

17. Tsuno, T.; Natsume, A.; Katsumata, S.; Mizuno, M.; Fujita, M.; Osawa, H.; Nakahara, N.; Wakabayashi, T.; Satoh, Y.; Inagaki,
M.; et al. Inhibition of Aurora-B function increases formation of multinucleated cells in p53 gene deficient cells and enhances
anti-tumor effect of temozolomide in human glioma cells. J. Neurooncol. 2007, 83, 249–258. [CrossRef]

18. Diaz, R.J.; Golbourn, B.; Shekarforoush, M.; Smith, C.A.; Rutka, J.T. Aurora kinase B/C inhibition impairs malignant glioma
growth in vivo. J. Neurooncol. 2012, 108, 349–360. [CrossRef]

19. Wiedemuth, R.; Klink, B.; Fujiwara, M.; Schrock, E.; Tatsuka, M.; Schackert, G.; Temme, A. Janus face-like effects of Aurora B
inhibition: Antitumoral mode of action versus induction of aneuploid progeny. Carcinogenesis 2016, 37, 993–1003. [CrossRef]

20. Bieging, K.T.; Mello, S.S.; Attardi, L.D. Unravelling mechanisms of p53-mediated tumour suppression. Nat. Rev. Cancer 2014, 14,
359–370. [CrossRef]

21. Li, S.; Zhang, W.; Chen, B.; Jiang, T.; Wang, Z. Prognostic and predictive value of p53 in low MGMT expressing glioblastoma
treated with surgery, radiation and adjuvant temozolomide chemotherapy. Neurol. Res. 2010, 32, 690–694. [CrossRef]

22. Kaaijk, P.; Troost, D.; Morsink, F.; Keehnen, R.M.; Leenstra, S.; Bosch, D.A.; Pals, S.T. Expression of CD44 splice variants in human
primary brain tumors. J. Neurooncol. 1995, 26, 185–190. [CrossRef]

23. Wang, J.; Wang, M.L.; Wang, C.H.; Sun, S.Y.; Zhang, H.B.; Jiang, Y.Y.; Xu, Q.W.; Wang, Y.; Gu, S.X. A novel functional polymorphism
of GFAP decrease glioblastoma susceptibility through inhibiting the binding of miR-139. Aging 2018, 10, 988–999. [CrossRef]
[PubMed]

24. Brennan, C.W.; Verhaak, R.G.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.; Chakravarty, D.; Sanborn, J.Z.;
Berman, S.H.; et al. The somatic genomic landscape of glioblastoma. Cell 2013, 155, 462–477. [CrossRef] [PubMed]

25. Tan, A.C.; Ashley, D.M.; Lopez, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art
and future directions. CA Cancer J. Clin. 2020, 70, 299–312. [CrossRef] [PubMed]

26. Ghiaseddin, A.P.; Shin, D.; Melnick, K.; Tran, D.D. Tumor Treating Fields in the Management of Patients with Malignant Gliomas.
Curr. Treat. Options Oncol. 2020, 21, 76. [CrossRef]

27. Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma: A Randomized Clinical Trial. JAMA 2017, 318, 2306–2316. [CrossRef] [PubMed]

28. Vergote, I.; von Moos, R.; Manso, L.; Van Nieuwenhuysen, E.; Concin, N.; Sessa, C. Tumor Treating Fields in combination with
paclitaxel in recurrent ovarian carcinoma: Results of the INNOVATE pilot study. Gynecol. Oncol. 2018, 150, 471–477. [CrossRef]

29. Rivera, F.; Benavides, M.; Gallego, J.; Guillen-Ponce, C.; Lopez-Martin, J.; Kung, M. Tumor treating fields in combination with
gemcitabine or gemcitabine plus nab-paclitaxel in pancreatic cancer: Results of the PANOVA phase 2 study. Pancreatology 2019,
19, 64–72. [CrossRef]

http://doi.org/10.1016/j.ejca.2012.04.011
http://doi.org/10.1097/COC.0000000000000395
http://doi.org/10.1109/TBME.2020.2965883
http://doi.org/10.1098/rsob.120095
http://www.ncbi.nlm.nih.gov/pubmed/22870391
http://doi.org/10.1126/science.1167000
http://www.ncbi.nlm.nih.gov/pubmed/19150808
http://doi.org/10.1016/j.cub.2011.06.015
http://www.ncbi.nlm.nih.gov/pubmed/21723127
http://doi.org/10.1074/jbc.M114.555060
http://www.ncbi.nlm.nih.gov/pubmed/24782314
http://doi.org/10.1097/CAD.0b013e3283350dd1
http://www.ncbi.nlm.nih.gov/pubmed/20016367
http://doi.org/10.1007/s00280-012-1939-2
http://www.ncbi.nlm.nih.gov/pubmed/22864876
http://doi.org/10.1007/s10637-012-9825-7
http://doi.org/10.1111/bjh.13333
http://doi.org/10.1007/s11060-007-9335-1
http://doi.org/10.1007/s11060-012-0835-2
http://doi.org/10.1093/carcin/bgw083
http://doi.org/10.1038/nrc3711
http://doi.org/10.1179/016164109X12478302362536
http://doi.org/10.1007/BF01052621
http://doi.org/10.18632/aging.101442
http://www.ncbi.nlm.nih.gov/pubmed/29746255
http://doi.org/10.1016/j.cell.2013.09.034
http://www.ncbi.nlm.nih.gov/pubmed/24120142
http://doi.org/10.3322/caac.21613
http://www.ncbi.nlm.nih.gov/pubmed/32478924
http://doi.org/10.1007/s11864-020-00773-5
http://doi.org/10.1001/jama.2017.18718
http://www.ncbi.nlm.nih.gov/pubmed/29260225
http://doi.org/10.1016/j.ygyno.2018.07.018
http://doi.org/10.1016/j.pan.2018.10.004


Int. J. Mol. Sci. 2023, 24, 5016 16 of 17

30. Lucena-Araujo, A.R.; de Oliveira, F.M.; Leite-Cueva, S.D.; dos Santos, G.A.; Falcao, R.P.; Rego, E.M. High expression of AURKA
and AURKB is associated with unfavorable cytogenetic abnormalities and high white blood cell count in patients with acute
myeloid leukemia. Leuk. Res. 2011, 35, 260–264. [CrossRef]

31. Inamdar, K.V.; O’Brien, S.; Sen, S.; Keating, M.; Nguyen, M.H.; Wang, X.; Fernandez, M.; Thomazy, V.; Medeiros, L.J.; Bueso-
Ramos, C.E. Aurora-A kinase nuclear expression in chronic lymphocytic leukemia. Mod. Pathol. 2008, 21, 1428–1435. [CrossRef]
[PubMed]

32. Girdler, F.; Gascoigne, K.E.; Eyers, P.A.; Hartmuth, S.; Crafter, C.; Foote, K.M.; Keen, N.J.; Taylor, S.S. Validating Aurora B as an
anti-cancer drug target. J. Cell Sci. 2006, 119, 3664–3675. [CrossRef]

33. Fujita, M.; Mizuno, M.; Nagasaka, T.; Wakabayashi, T.; Maeda, K.; Ishii, D.; Arima, T.; Kawajiri, A.; Inagaki, M.; Yoshida, J.
Aurora-B dysfunction of multinucleated giant cells in glioma detected by site-specific phosphorylated antibodies. J. Neurosurg.
2004, 101, 1012–1017. [CrossRef] [PubMed]

34. Yamauchi, T.; Uzui, K.; Shigemi, H.; Negoro, E.; Yoshida, A.; Ueda, T. Aurora B inhibitor barasertib and cytarabine exert a
greater-than-additive cytotoxicity in acute myeloid leukemia cells. Cancer Sci. 2013, 104, 926–933. [CrossRef] [PubMed]

35. Helfrich, B.A.; Kim, J.; Gao, D.; Chan, D.C.; Zhang, Z.; Tan, A.C.; Bunn, P.A., Jr. Barasertib (AZD1152), a Small Molecule Aurora B
Inhibitor, Inhibits the Growth of SCLC Cell Lines In Vitro and In Vivo. Mol. Cancer Ther. 2016, 15, 2314–2322. [CrossRef]

36. Wiedemuth, R.; Klink, B.; Topfer, K.; Schrock, E.; Schackert, G.; Tatsuka, M.; Temme, A. Survivin safeguards chromosome numbers
and protects from aneuploidy independently from p53. Mol. Cancer 2014, 13, 107. [CrossRef]

37. Wilkinson, R.W.; Odedra, R.; Heaton, S.P.; Wedge, S.R.; Keen, N.J.; Crafter, C.; Foster, J.R.; Brady, M.C.; Bigley, A.; Brown, E.; et al.
AZD1152, a selective inhibitor of Aurora B kinase, inhibits human tumor xenograft growth by inducing apoptosis. Clin. Cancer
Res. 2007, 13, 3682–3688. [CrossRef]

38. Alafate, W.; Wang, M.; Zuo, J.; Wu, W.; Sun, L.; Liu, C.; Xie, W.; Wang, J. Targeting Aurora kinase B attenuates chemoresistance in
glioblastoma via a synergistic manner with temozolomide. Pathol. Res. Pract. 2019, 215, 152617. [CrossRef]

39. Kantarjian, H.M.; Sekeres, M.A.; Ribrag, V.; Rousselot, P.; Garcia-Manero, G.; Jabbour, E.J.; Owen, K.; Stockman, P.K.; Oliver, S.D.
Phase I study assessing the safety and tolerability of barasertib (AZD1152) with low-dose cytosine arabinoside in elderly patients
with AML. Clin. Lymphoma Myeloma Leuk. 2013, 13, 559–567. [CrossRef]

40. Lowenberg, B.; Muus, P.; Ossenkoppele, G.; Rousselot, P.; Cahn, J.Y.; Ifrah, N.; Martinelli, G.; Amadori, S.; Berman, E.; Sonneveld,
P.; et al. Phase 1/2 study to assess the safety, efficacy, and pharmacokinetics of barasertib (AZD1152) in patients with advanced
acute myeloid leukemia. Blood 2011, 118, 6030–6036. [CrossRef]

41. Boss, D.S.; Witteveen, P.O.; van der Sar, J.; Lolkema, M.P.; Voest, E.E.; Stockman, P.K.; Ataman, O.; Wilson, D.; Das, S.; Schellens,
J.H. Clinical evaluation of AZD1152, an i.v. inhibitor of Aurora B kinase, in patients with solid malignant tumors. Ann. Oncol.
2011, 22, 431–437. [CrossRef] [PubMed]

42. Kantarjian, H.M.; Martinelli, G.; Jabbour, E.J.; Quintas-Cardama, A.; Ando, K.; Bay, J.O.; Wei, A.; Gropper, S.; Papayannidis, C.;
Owen, K.; et al. Stage I of a phase 2 study assessing the efficacy, safety, and tolerability of barasertib (AZD1152) versus low-dose
cytosine arabinoside in elderly patients with acute myeloid leukemia. Cancer 2013, 119, 2611–2619. [CrossRef] [PubMed]

43. Alferez, D.G.; Goodlad, R.A.; Odedra, R.; Sini, P.; Crafter, C.; Ryan, A.J.; Wedge, S.R.; Wright, N.A.; Anderson, E.; Wilkinson,
R.W. Inhibition of Aurora-B kinase activity confers antitumor efficacy in preclinical mouse models of early and advanced
gastrointestinal neoplasia. Int. J. Oncol. 2012, 41, 1475–1485. [CrossRef] [PubMed]

44. Gully, C.P.; Velazquez-Torres, G.; Shin, J.H.; Fuentes-Mattei, E.; Wang, E.; Carlock, C.; Chen, J.; Rothenberg, D.; Adams, H.P.; Choi,
H.H.; et al. Aurora B kinase phosphorylates and instigates degradation of p53. Proc. Natl. Acad. Sci. USA 2012, 109, E1513–E1522.
[CrossRef] [PubMed]

45. Varna, M.; Bousquet, G.; Plassa, L.F.; Bertheau, P.; Janin, A. TP53 status and response to treatment in breast cancers. J. Biomed.
Biotechnol. 2011, 2011, 284584. [CrossRef]

46. Kucab, J.E.; van Steeg, H.; Luijten, M.; Schmeiser, H.H.; White, P.A.; Phillips, D.H.; Arlt, V.M. TP53 mutations induced by BPDE in
Xpa-WT and Xpa-Null human TP53 knock-in (Hupki) mouse embryo fibroblasts. Mutat. Res. 2015, 773, 48–62. [CrossRef]

47. Sawada, G.; Niida, A.; Uchi, R.; Hirata, H.; Shimamura, T.; Suzuki, Y.; Shiraishi, Y.; Chiba, K.; Imoto, S.; Takahashi, Y.; et al.
Genomic Landscape of Esophageal Squamous Cell Carcinoma in a Japanese Population. Gastroenterology 2016, 150, 1171–1182.
[CrossRef]

48. Muller, K.E.; Marotti, J.D.; de Abreu, F.B.; Peterson, J.D.; Miller, T.W.; Chamberlin, M.D.; Tsongalis, G.J.; Tafe, L.J. Targeted
next-generation sequencing detects a high frequency of potentially actionable mutations in metastatic breast cancers. Exp. Mol.
Pathol. 2016, 100, 421–425. [CrossRef]

49. Nair, J.S.; Ho, A.L.; Tse, A.N.; Coward, J.; Cheema, H.; Ambrosini, G.; Keen, N.; Schwartz, G.K. Aurora B kinase regulates the
postmitotic endoreduplication checkpoint via phosphorylation of the retinoblastoma protein at serine 780. Mol. Biol. Cell 2009, 20,
2218–2228. [CrossRef]

50. Zhang, Y.; Dube, C.; Gibert, M., Jr.; Cruickshanks, N.; Wang, B.; Coughlan, M.; Yang, Y.; Setiady, I.; Deveau, C.; Saoud, K.; et al.
The p53 Pathway in Glioblastoma. Cancers 2018, 10, 297. [CrossRef]

51. Tanzhu, G.; Chen, L.; Xiao, G.; Shi, W.; Peng, H.; Chen, D.; Zhou, R. The schemes, mechanisms and molecular pathway changes of
Tumor Treating Fields (TTFields) alone or in combination with radiotherapy and chemotherapy. Cell Death Discov. 2022, 8, 416.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.leukres.2010.07.034
http://doi.org/10.1038/modpathol.2008.173
http://www.ncbi.nlm.nih.gov/pubmed/18931650
http://doi.org/10.1242/jcs.03145
http://doi.org/10.3171/jns.2004.101.6.1012
http://www.ncbi.nlm.nih.gov/pubmed/15597762
http://doi.org/10.1111/cas.12164
http://www.ncbi.nlm.nih.gov/pubmed/23557198
http://doi.org/10.1158/1535-7163.MCT-16-0298
http://doi.org/10.1186/1476-4598-13-107
http://doi.org/10.1158/1078-0432.CCR-06-2979
http://doi.org/10.1016/j.prp.2019.152617
http://doi.org/10.1016/j.clml.2013.03.019
http://doi.org/10.1182/blood-2011-07-366930
http://doi.org/10.1093/annonc/mdq344
http://www.ncbi.nlm.nih.gov/pubmed/20924078
http://doi.org/10.1002/cncr.28113
http://www.ncbi.nlm.nih.gov/pubmed/23605952
http://doi.org/10.3892/ijo.2012.1580
http://www.ncbi.nlm.nih.gov/pubmed/22858681
http://doi.org/10.1073/pnas.1110287109
http://www.ncbi.nlm.nih.gov/pubmed/22611192
http://doi.org/10.1155/2011/284584
http://doi.org/10.1016/j.mrfmmm.2015.01.013
http://doi.org/10.1053/j.gastro.2016.01.035
http://doi.org/10.1016/j.yexmp.2016.04.002
http://doi.org/10.1091/mbc.e08-08-0885
http://doi.org/10.3390/cancers10090297
http://doi.org/10.1038/s41420-022-01206-y
http://www.ncbi.nlm.nih.gov/pubmed/36220835


Int. J. Mol. Sci. 2023, 24, 5016 17 of 17

52. Vargas-Toscano, A.; Nickel, A.C.; Li, G.; Kamp, M.A.; Muhammad, S.; Leprivier, G.; Fritsche, E.; Barker, R.A.; Sabel, M.; Steiger,
H.J.; et al. Rapalink-1 Targets Glioblastoma Stem Cells and Acts Synergistically with Tumor Treating Fields to Reduce Resistance
against Temozolomide. Cancers 2020, 12, 3859. [CrossRef] [PubMed]

53. Temme, A.; Geiger, K.D.; Wiedemuth, R.; Conseur, K.; Pietsch, T.; Felsberg, J.; Reifenberger, G.; Tatsuka, M.; Hagel, C.; Westphal,
M.; et al. Giant cell glioblastoma is associated with altered aurora b expression and concomitant p53 mutation. J. Neuropathol. Exp.
Neurol. 2010, 69, 632–642. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/cancers12123859
http://www.ncbi.nlm.nih.gov/pubmed/33371210
http://doi.org/10.1097/NEN.0b013e3181e4c06e
http://www.ncbi.nlm.nih.gov/pubmed/20467329

	Introduction 
	Results 
	Treatment of U87-MG and U87-MGshp53 with AZD1152 and TTFields Increases Cell Death 
	Established Primary Glioblastoma Cultures Show Different Sensitivity to AZD1152 
	AZD1152 Increases TTFields-Induced Cytotoxic Effects in ndGBM and rGBM Primary Cultures 
	AZD1152 plus TTFields Reinforce Morphological Changes in ndGBM and rGBM Primary Cultures 
	AZD1152 plus TTFields Increase Polyploidy in U87-MG, ndGBMs and Partially in rGBMs 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Analysis of Genomic p53 Mutations 
	Treatment Schemes 
	Cell Viability Assays 
	Flow Cytometry 
	Western Blot Analysis 
	Light and Confocal Laser Scanning Microscopy 
	Quantification of Multinuclear Cells 
	Statistical Analysis 

	Conclusions 
	References

