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Abstract: Glioblastoma is the most common and aggressive primary brain tumor. Multiple genetic
and epigenetic alterations in several major signaling pathways—including the phosphoinositide
3-kinases (PI3K)/AKT/mTOR and the Raf/MEK/ERK pathway—could be found. We therefore
aimed to investigate the biological and molecular effects of small-molecule kinase inhibitors that may
interfere with those pathways. For this purpose, patient-derived glioblastoma cells were challenged
with dactolisib, ipatasertib, MK-2206, regorafenib, or trametinib. To determine the effects of the
small-molecule kinase inhibitors, assays of cell proliferation and apoptosis and immunoblot analyses
were performed. To further investigate the effects of ipatasertib on organotypic brain slices harboring
glioblastoma cells, the tumor growth was estimated. In addition, the network activity in brain slices
was assessed by electrophysiological field potential recordings. Multi-kinase inhibitor regorafenib and
both MK-2206 and dactolisib were very effective in all preclinical tumor models, while with respect to
trametinib, two cell lines were found to be highly resistant. Only in HROG05 cells, ipatasertib showed
anti-tumoral effects in vitro and in organotypic brain slices. Additionally, ipatasertib diminished
synchronous network activity in organotypic brain slices. Overall, our data suggest that ipatasertib
was only effective in selected tumor models, while especially regorafenib and MK-2206 presented a
uniform response pattern.

Keywords: glioblastoma; low-passage glioblastoma cell lines; ipatasertib; MK-2206; dactolisib;
trametinib; regorafenib; organotypic brain slice cultures

1. Introduction

Glioblastoma (WHO grade IV glioma) is the most common malignant tumor in the
central nervous system and has one of the worst survival prognoses of all tumor diseases [1].
Most of the glioblastomas arise de novo as primary tumors, whereas a small number is
secondary derived from less-malignant precursor lesions. Gliomagenesis is accompanied
by a multitude of genetic and epigenetic alterations leading to different molecular subtypes
of the disease [2,3].

Genes encoding for members of the phosphatidylinositol-3-kinase (PI3K)/AKT/ mam-
malian target of rapamycin (mTOR) pathway are often found to be affected by tumorigenic
alterations [4,5]. While PI3K gain-of-function mutations were detected in 25% of patients
suffering from glioblastoma, the main negative regulator of the PI3K/AKT/mTOR pathway,
the phosphatase and tensin homolog (PTEN), is deleted or affected by loss-of-function mu-
tations in 40% of the cases. In addition, mutations are also found in the mitogen-activated
protein kinase (MAPK) pathway. Brennan et al. (2013) detected RAS mutations in 1% of
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the cases and BRAF mutations in 2% [4], while upstream receptor tyrosine kinases (RTK)
such as the epidermal growth factor (EGF) receptor were overexpressed or mutated in
more than half of the investigated tumor samples [4]. The high prevalence of genetic
changes in both signaling pathways singles them out as potential therapeutic targets of
small-molecule kinase inhibitors (SMI). Both single-kinase and multi-kinase inhibitors have
attracted attention and were tested in the present study.

With respect to the PI3K/AKT/mTOR pathway, the dual PI3K/mTOR inhibitor dac-
tolisib attenuated tumor progression in animal models of glioma [6,7], and the allosteric
AKT inhibitor MK-2206 presented antitumoral effects in vitro [8,9]. Regarding the MAPK
signaling pathway, inhibition of mitogen-activated protein kinase kinase (MEK) by trame-
tinib contributed to mitigating effects on glioblastoma cell growth in preclinical models [10]
and was used in combination with dabrafenib in a clinical trial treating glioblastoma with
BRAFV600E mutations [11]. Clinical trials including regorafenib, another multi-kinase in-
hibitor (B-RAF, receptor tyrosine kinases (e.g., VEGFR, PDGFR, KIT) with antitumoral
effects in preclinical studies [12,13], showed that the SMI may contribute to a survival
benefit in recurrent glioblastoma [14–16], while a small clinical study based on six patients
had a less beneficial outcome [17].

Another SMI is ipatasertib, a novel ATP-competitive AKT inhibitor, whose effects on
glioblastoma cells have hardly been studied so far [18,19]. However, encouraging results
were published in other solid tumors. In patients suffering from metastatic castration-
resistant prostate cancer, ipatasertib was used in a chemotherapy regimen that contributed
to a better tumor control in a patient cohort with an overall poor prognosis [20]. With
respect to inoperable locally advanced triple-negative breast cancer, addition of ipatasertib
to paclitaxel could help to prolong survival [21].

In the past, successful therapy of SMI in preclinical models of glioblastoma could not
often be transferred to human studies [22,23]. It is believed that various mechanisms, such
as a poor blood–brain/brain-tumor barrier permeability of the SMI and the development
of resistance to a targeted therapy due to chronic administration, led to the generally
disappointing results in clinical trials, which in the end limited the benefit of these targeted
drugs in glioblastoma [24,25]. Therefore, the design of SMI is continuously improved
to overcome defense mechanisms of the blood–brain/brain-tumor barriers in a sufficient
extent, and in addition, agents that weaken tight junctions could improve the bioavailability
of the SMI [25].

One possibility to improve the outcome could consist of personalized medicine therapy
approaches [26]. Selecting patients who are potentially more likely to benefit from a therapy
with SMI could result in a significant contribution to chemotherapy regimens for this cohort
while avoiding unnecessary side effects for patients who are less likely to benefit. For
this purpose, patient-derived tumor cells are increasingly acknowledged as a feasible
tool to study the susceptibility to chemotherapeutics in vitro that interfere with signaling
pathways [27–29]. In the current study, we took advantage of low-passage patient-derived
glioblastoma cells [30]. As previously shown, these glioblastoma models were able to be
used to study drug effects in preclinical and translational research [31–33].

Here, we systematically examined the effects of ipatasertib on patient-derived glioblas-
toma cells and additionally compared the results with four other SMIs addressing targets in
the PI3K/AKT/mTOR and MAPK signaling pathway with different mechanisms of action.
Furthermore, to investigate the impact of ipatasertib on the interaction of glioblastoma cells
with the tumor-surrounding brain parenchyma, organotypic brain slices were established.

2. Materials and Methods
2.1. Patient-Derived Glioblastoma Cell Lines

In this study, four glioblastoma (WHO grade IV) low-passage cell lines were used as
biological tumor model. All procedures were approved by the Ethics Committee of the
Rostock University Medical Center (reference ID: A 2009/34) in accordance with generally
accepted guidelines for the use of human material. Tumors were obtained from surgery,
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with informed written patient consent. The establishment of the glioblastoma cell lines
(referred to as HROG cell lines) from primary brain tumor specimens and molecular
characterization was described in detail in Mullins et al., 2013 [30]. Glioblastoma cell lines
HROG02, HROG15, and HROG24 were established from untreated primary tumors, while
the HROG05 cell line was obtained from a relapsed primary glioblastoma (Table 1).

Table 1. Patient-derived glioblastoma models.

Tumor ID Gender/Age Mutations Tumor Species (Origin)

HROG02 M/68 TP53 R248Q Primary glioblastoma

HROG05 F/60 KRAS G12D
PTEN P169S/del 212–229 Relapsed primary glioblastoma

HROG15 M/56 TP53 R273H
PTEN S170N Primary glioblastoma

HROG24 F/73 TP53 R273C
PTEN exon 3 del/spliced Primary glioblastoma

All cell lines were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture
F-12 (DMEM/F12; from PAN Biotech, Aidenbach, Germany) with 10% fetal calf serum
(FCS, Bio&SELL, Feucht, Germany). Culturing the cells was performed at 37 ◦C in a 5%
CO2 humidified atmosphere. All experiments were performed with ≤50 cell passages. At
constant intervals, cell culture supernatants were tested for mycoplasma contamination
employing MycoSPY®-PCR Mycoplasma Test Kit (Biontex, Munich, Germany).

2.2. Small-Molecule Kinase Inhibitors

All five small-molecule kinase inhibitors (SMI) were purchased from Selleck Chemi-
cals (Houston, TX, USA) and, except for dactolisib (Dimethylformamide), were solved in
dimethyl sulfoxide (DMSO) and stored at −80 ◦C for further use. In the culturing experi-
ments, solvent volume fraction never exceeded 0.6%. A scheme illustrating the molecular
targets of MK-2206 (allosteric AKT inhibitor), ipatasertib (ATP-competitive AKT inhibitor),
dactolisib (PI3K/mTOR inhibitor), regorafenib (multi-kinase inhibitor), and MEK inhibitor
trametinib is given in Supplementary Figure S1.

2.3. Quantification of DNA Synthesis

To analyze effects of the SMI on DNA synthesis, a 5-bromo-2′-deoxyuridine (BrdU)
incorporation assay kit (Roche Diagnostics GmbH, Mannheim, Germany) was used. There-
fore, the cells were seeded in 96-half-area microplates at equal seeding densities
(1 × 103 cells/well) and allowed to adhere overnight in complete culture medium. On the
following day, the culture medium was substituted with medium supplemented with the
SMI at the indicated doses (Figure 1). After an incubation period of 32 h, BrdU labeling was
initiated by adding labeling solution at a final concentration of 10 µM. Another 16 h later,
labeling was stopped, and BrdU uptake was measured according to the manufacturer’s
instructions using a GloMax-Multi Detection System (Promega, Madison, WI, USA).

2.4. Caspase 3/7 Activation Assay

To gauge the effects of SMI on cell death by apoptosis, caspase 3/7 activity as surrogate
marker was measured in a cell-based assay based on the luminogenic substrate Z-DEVD-
aminoluciferin with a tetrapeptide sequence specific for caspase-3/7. Therefore, cells were
seeded in 96-well plates (3 × 103 cells/well) in complete culture medium. On the next
day, either an inhibitor or the solvent was added at the indicated doses (Figure 2), and the
incubation was continued for an additional period of 6 h. Afterwards, caspase activity
was measured following the instructions of the manufacturer (Promega). Briefly, the cell
culture plates were removed from the incubator, and the luminogenic substrate was added.
Assay plates were incubated at 22 ◦C for 1 h before recording the luminescence with a
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GloMax microplate reader. For the generation of caspase 3/7-positive control cultures, cells
were treated with 1 µM staurosporine (Sigma-Aldrich, Taufkirchen, Germany) for 2 h, and
caspase activity was determined as described above (Supplementary Figure S2).
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Figure 1. Effects of SMI on cell proliferation of glioblastoma cell lines. Patient-derived low-passage
glioblastoma cell lines (HROG02, HROG05, HROG15, and HROG24) growing in 96-well half-area
microplates were treated with (A) dactolisib, (B) ipatasertib, (C) MK-2206, (D) regorafenib, and
(E) trametinib or solvent for 48 h, before DNA synthesis was measured with a BrdU incorporation
assay. One hundred percent BrdU incorporation corresponds to cells cultured with the solvent only.
Data are presented as mean ± SEM (n ≥ 12 separate cultures); * p < 0.05 versus control cultures
(Kruskal–Wallis test with post hoc Dunn’s test).
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Figure 2. Effects of SMI on caspase 3/7 activity of glioblastoma cell lines. Glioblastoma cells were
challenged with (A) dactolisib, (B) ipatasertib, (C) MK-2206, (D) regorafenib, (E) trametinib, or solvent
control for 6 h. Afterwards, the cells were subjected to caspase 3/7 enzyme activity quantification.
Data are presented as mean ± SEM (n ≥ 8 separate cultures for caspase activity assay); * p < 0.05
versus control cultures (Kruskal–Wallis test with post hoc Dunn’s test).

2.5. Immunoblotting

Glioblastoma cells were seeded in 12-well plates (3 × 104 cells/well) in a complete
culture medium. After two days, the cells were treated with SMI for 6 h. Then, protein
extracts were prepared and subjected to immunoblot analysis as described before [34].
To receive total cellular protein, boiling lysis buffer (2% sodium dodecyl sulphate (SDS),
10% glycerol, 5 mM ethylenediaminetetraacetic acid (pH 8.0), 62.5 mM Tris-HCl (pH 6.8),
0.01% 3,3′,5,5′-tetrabromophenolsulfonphthalein, and 5% 2-mercaptoethanol) was added
directly to the cell monolayer. Cellular proteins received from equal numbers of cells were
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separated by 10% SDS-polyacrylamide gel electrophoresis and blotted onto polyvinyli-
dene fluoride (PVDF) membrane. Afterwards, membranes were blocked for 1 h using
blocking buffer (10 mM Na2HPO4, 137 mM NaCl, 2 mM KH2PO4, 2.68 mM KCl, 0.05%
Tween® 20 (pH 7.4), and 2% bovine serum albumin (Carl Roth, Karlsruhe, Germany),
before primary antibodies were added, and incubation continued overnight at 4 ◦C. All
primary antibodies were from New England BioLabs (Frankfurt, Germany) unless specified
otherwise: anti-phospho-AKT (P-AKT; #4060), anti-AKT protein (#4691), anti-phospho-
ERK1/2 (P-ERK1/2) (#4370), anti-GAPDH (#2118), and anti-ERK1/2 (Abcam, Cambridge,
UK; ab184699). The blots were developed using LI-COR reagents for an Odyssey Infrared
Imaging System. The signal intensities of the investigated proteins were quantified by
means of the Odyssey® software 3.16 (LI-COR Biotechnology, Lincoln, NE, USA) and
Image Studio Lite software 5.0 (LI-COR Biotechnology). Signals obtained for P-AKT, AKT
protein, P-ERK1/2, and total ERK1/2 proteins were normalized for loading differences by
calculating the ratio to GAPDH (total cellular protein). In a second step, signal intensities
of P-AKT and P-ERK1/2 were normalized to total AKT and total ERK1/2 protein, respec-
tively. Sample blots for each cell line and all inhibitors used in this study are presented in
Supplementary Figures S3 and S4. Scans of entire PVDF membranes containing HROG24
lysates are shown in Supplementary Figure S7.

2.6. Organotypic Brain Slice Preparation

To establish cultures of organotypic brain slices, Fischer 344 rats (Charles River,
Sulzfeld, Germany) were used as donors. All procedures were conducted according
to national and international guidelines on the ethical use of animals (European Council
Directive 86/609/EEC, approval of local authority LALLF (7221.3-2.4-006/12). All efforts
were made to minimize animal suffering and to reduce the number of animals used. The
animals were housed under environmentally controlled conditions (12 h light/dark cycles,
lights switched on from 6 a.m. to 6 p.m., and 40–60% relative humidity).

Rats at the age of 6–8 days were deeply anesthetized by isoflurane inhalation (AbbVie,
North Chicago, IL, USA) and decapitated. The brain was quickly removed and transferred
into chilled and oxygenated (95% O2/5% CO2) dissection solution containing (in mmol/L)
87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 10 D-glucose, and
75 sucrose adjusted to pH 7.4 with an osmolarity of 326–328 mosmol/l H2O. Next, the cere-
bellum was removed, and the brain was sectioned (350 µm coronal slices) on a vibratome
(Integraslice 7550 MM, Campden Instruments Ltd., Loughborough, UK) in chilled and
oxygenated artificial cerebrospinal fluid (aCSF). ACSF contained (in mmol/L): 124 NaCl,
26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, and 10 D-glucose adjusted to
pH 7.4 with an osmolarity of 304–312 mosmol/L H2O. After preparation, slices were trans-
ferred onto Millicell, 6-well cell culture inserts (0.4 µm pore size, Merck Millipore) and
cultured in slice culture medium (composed of 49% MEM with GlutaMAX (ThermoFisher
Scientific, Waltham, MA, USA), 1% penicillin/streptomycin (PAN Biotech), 12.5% Basal
Medium Eagle (BME), 12% FCS, and 0.5% glucose) as described [35].

2.7. HROG05 Glioblastoma on Organotypic Brain Slices

To distinguish tumor cells from the surrounding tissue of the brain slices, HROG05
cells were stained with carboxyfluorescein diacetate succinimidyl ester (CFDA) by employ-
ing Vybrant™ CFDA SE Cell Tracer Kit (ThermoFisher Scientific, Waltham, MA, USA). For
this purpose, subconfluently growing HROG05 cells were incubated for 5 min in 10 µM
CFDA solution (based on 10 mM stock solution diluted in phosphate-buffered saline), and
afterwards, tumor cells were cultured for additional 24–72 h in complete culture medium.
On the day of organotypic brain slice preparation, HROG05 cells were harvested, and
4 × 103 cells/1 µL were placed onto the slices in cortical areas.

To analyze the effects of ipatasertib on HROG05 tumor growth and neuronal network
activity, culture medium containing the AKT inhibitor or vehicle (DMSO) was replaced
daily. Tumor size was estimated by quantification of the area of CFDA-bearing cells on
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the slices at 517 nm by laser-scanning microscopy (Leica DMI 6000, Wetzlar, Germany)
employing Leica Application Suite (v. 2.0.0.13332) software (Leica, Wetzlar, Germany).

2.8. Field Potential Recordings

For electrophysiological recordings, slices were transferred into an interface chamber
(BSC-HT, Harvard Apparatus, Holliston, MA, USA) maintained at 32 ◦C (TC-10, npi elec-
tronic GmbH, Tamm, Germany) and superfused with aCSF (perfusion rate of 2–3 mL/min).
Under visual control, aCSF-filled glass micropipette field potential electrodes (Ag/AgCl
with a resistance of approx. 2–5 MΩ) were placed 500–1000 µm from HROG05 glioblas-
toma above in neocortical layers. Field potentials were amplified, filtered at 1 kHz by
an EXT-10–2F (npi electronic GmbH), and digitized using a Micro1401 analog-to-digital
converter (Cambridge Electronic Design, Cambridge, UK) run by the Signal 2.16 software
(Cambridge Electronic Design).

To evoke spontaneous rhythmic network activity in the brain slices, the slices were
exposed to a well-established solution based on aCSF with 8 mM KCl, 0 mM MgCl2, and
5 µM gabazine (Tocris, Bristol, UK) [36]. Spontaneous rhythmic discharges were defined as
field potential changes with an amplitude ≥2× noise amplitude. The frequency of these
potentials was determined for the last 10 min after 2 h of exposure to the exhibition solution.

In initial pilot experiments, the network activity of slices without HROG05 tumors
was estimated up to 14 days after slice preparation by quantifying spontaneous network
deflections. The network activity rapidly decreased from day 1 to day 3 but afterwards
remained relatively stable until day 10 (Supplementary Figure S5). We found a weak
but significant correlation of days in culture and network deflections (n = 128; Pearson
correlation coefficient was −0.435; p < 0.001). Therefore, for the experiments including
HROG05 cells, the experimental period was limited up to seven days after slice preparation.

2.9. Statistical Analysis

Statistical analysis was performed with SigmaPlot 13.0. Experimental results are
presented as mean ± standard error of the mean (SEM) for the indicated number of
experiments. Mean group differences were tested for significance using the nonparametric
Kruskal–Wallis test before for multiple comparisons; subgroups were tested with post
hoc Dunn’s test. Comparisons of two independent groups were performed with a Mann–
Whitney U test. To analyze effects of ipatasertib on organotypic brain slices, a three-way
ANOVA followed by a Bonferroni t-test was performed. A two-way ANOVA followed
by a Bonferroni t-test was conducted to test effects of ipatasertib on cell proliferation. A
significance level of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Effects on Glioblastoma Cell Growth of SMI Targeting Key Players of the PI3K/AKT/mTOR
and MAPK Pathways

To study the antitumor efficacy of SMI that interfere in the PI3K/AKT/mTOR and
MAPK signaling pathways, four low-passage cell lines of glioblastoma were employed.
First, glioblastoma cells were exposed to different doses of multi-kinase inhibitor dactolisib
(PI3K, mTOR), pan-AKT inhibitors ipatasertib and MK-2206, multi-kinase inhibitor re-
gorafenib (e.g., various receptor tyrosine kinases, B-RAF), or MEK inhibitor trametinib,
respectively. Cell proliferation was assessed by measuring the incorporation of BrdU into
newly synthesized DNA (presented in alphabetical order in Figure 1). Inhibitor doses
ranged from therapeutic to supra-therapeutic levels in patients’ sera as reported else-
where [37–41]. Based on these data half-maximal effective concentration of all five tested
inhibitors were calculated (Table 2).



Life 2022, 12, 1258 8 of 18

Table 2. Potency of SMI based on BrdU incorporation assay (EC50).

Dactolisib
(nM)

Ipatasertib
(µM)

MK-2206
(µM)

Regorafenib
(µM)

Trametinib
(nM)

HROG02 72.8 28.3 5.2 25.7 #
HROG05 68.6 1.7 4.6 13.7 72.1
HROG15 117.1 # 7.1 13.5 631.4
HROG24 24.1 26.9 5.8 17.2 62.6

# no inhibitory effects on BrdU incorporation under experimental conditions.

Inhibitory effects of dactolisib on cell proliferation were detected in all glioblastoma
cell lines, with HROG24 (EC50 = 24.1 nM) as the most sensitive to treatment in vitro model
(Figure 1A; Table 2). As for the other three cell lines, EC50 values of 72.8–117.1 nM were
determined. The AKT inhibitor MK-2206 attenuated DNA synthesis in all four glioblastoma
cell lines with similar efficiency (EC50 = 4.6–7.1 µM, Figure 1C, Table 2).

In contrast, anti-proliferative effects of ipatasertib in low doses were primarily detected
in HROG05 cell cultures (EC50 =1.7 µM), whereas that in HROG02 and HROG24 cells
(EC50 = 28.4 µM and 26.9 µM, respectively) were less susceptible (Figure 1B, Table 2). Only
at a high dose of ipatasertib (30 µM), DNA synthesis in HROG15 was found to be reduced,
but no EC50 with the selected doses could be estimated. Furthermore, a two-way ANOVA
(factor1: cell line, i.e., HROG02, HROG05, HROG15, and HROG24; factor 2: dose of
ipatasertib, i.e., 0–30 µM) with Bonferroni post hoc test revealed that the proliferation of
HROG05 glioblastoma cells was significantly more impaired by ipatasertib than in all other
cell lines (p < 0.05; two-way ANOVA followed by Bonferroni t-test).

With respect to the SMI that interfere with key players of the MAPK pathway, rego-
rafenib mediated similar inhibitory effects on all cell lines (EC50 = 13.5–25.7 µM; Figure 1D,
Table 2). The MEK inhibitor trametinib reduced proliferation of HROG05 and HROG24
cells at low concentrations (EC50 = 72.1 nM and 62.6 nM, respectively), while the two other
cell lines HROG02 and HROG15 were less susceptible (Figure 1E, Table 2).

3.2. Induction of Cell Death by SMI

Next, we investigated whether anti-proliferative effects on the glioblastoma cells were
associated with cell death by apoptosis. As a surrogate marker for apoptosis, enzyme activ-
ity of caspases 3 and 7 was determined. Therefore, for each inhibitor, two concentrations
(based on the BrdU incorporation data) were selected. As shown in Figure 2A, dactolisib
slightly but significantly increased caspase 3/7 activity at 100 nM in HROG02 and HROG05,
whereas HROG15 and HROG24 were unaffected at the selected doses. Both AKT inhibitors
significantly increased caspase activity in all four cell lines (Figure 2B,C). After incubation
with regorafenib, only in HROG15, an increase in caspase 3/7 activity was determined
(Figure 2D). As shown in Figure 2E, in HROG05 and HROG15 an increased caspase ac-
tivity was found after incubation with trametinib, whereas HROG02 and HROG24 were
unaffected (Figure 2E).

3.3. Effects of SMI on PI3K/AKT/mTOR and MAPK Signaling in Glioblastoma Cells

We next studied how the investigated SMI affected the phosphorylation of AKT
and ERK1/2 in HROG02, HROG05, HROG15, and HROG24 cells. For each cell line,
representative immunoblots are shown in Supplementary Figures S3 and S4, while the
quantitative effects of all five SMI are presented in Figures 3 and 4.
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Figure 3. Quantitative analysis of the effects of dactolisib, ipatasertib and MK-2206 on signal transduc-
tion in HROG cell lines. The effects of (A1,A2) dactolisib, (B1,B2) ipatasertib, and (C1,C2) MK-2206
on fluorescence signal intensities of phosphoproteins (P-AKT and P-ERK1/2, respectively) and
corresponding total proteins in HROG02, HROG05, HROG15, and HROG24 cells were quantified.
Subsequently, the ratios P-AKT/AKT protein and P-ERK/ERK protein were determined. Data of
5–7 independent experiments were used to calculate mean values ± SEM, * p < 0.05 versus control
cultures (Mann–Whitney U test).

In agreement with the biological efficacy, dactolisib diminished AKT phosphorylation
in a dose-dependent manner (Figure 3(A1)), whereas MK-2206 to a large extent abolished
the Phospho-AKT level (Figure 3(C1)). No effects on Phospho-ERK1/2 level following
exposure to dactolisib or MK-2206 were detected (Figure 3(A2,C2)). In marked contrast,
ipatasertib significantly increased phosphorylation of AKT on residue serine 473 in all four
cell lines (Figure 3(B1)), which reflects the mechanism of action of the ATP-competitive
inhibitor [42]. This could be seen as an indicator that ipatasertib successfully bound to
AKT, which is associated with its biological effects on cell proliferation and apoptosis.
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Furthermore, in HROG15 cells, Phospho-ERK1/2 levels were elevated after treatment with
ipatasertib Figure 3(B2).

Life 2022, 12, x FOR PEER REVIEW 10 of 18 
 

 

In agreement with the biological efficacy, dactolisib diminished AKT 
phosphorylation in a dose-dependent manner (Figure 3(A1)), whereas MK-2206 to a large 
extent abolished the Phospho-AKT level (Figure 3(C1)). No effects on Phospho-ERK1/2 
level following exposure to dactolisib or MK-2206 were detected (Figure 3(A2,C2)). In 
marked contrast, ipatasertib significantly increased phosphorylation of AKT on residue 
serine 473 in all four cell lines (Figure 3(B1)), which reflects the mechanism of action of the 
ATP-competitive inhibitor [42]. This could be seen as an indicator that ipatasertib 
successfully bound to AKT, which is associated with its biological effects on cell 
proliferation and apoptosis. Furthermore, in HROG15 cells, Phospho-ERK1/2 levels were 
elevated after treatment with ipatasertib Figure 3(B2). 

Multi-kinase inhibitor regorafenib attenuated phospho-ERK1/2 level in all cell lines 
in a dose-dependent manner (Figure 4(A2)). With respect to the PI3K/AKT/mTOR 
pathways, no effect on phosphorylation of AKT was detected except in HROG15 cell 
cultures that presented an attenuated phosphorylation of the kinase (Figure 4(A1)). As a 
highly specific MEK1/2 inhibitor, trametinib abolished ERK1/2 phosphorylation (Figure 
4(B2)). At the same time, there was an increase in the phospho-AKT level in all cell lines 
in a significant (HROG02, HROG05, and HROG24) and non-significant (HROG15) 
manner (Figure 4(B1)). 

 
Figure 4. Effects of regorafenib and trametinib on signal transduction in HROG cell lines. The effects 
of (A1,A2) regorafenib and (B1,B2) trametinib on phosphoprotein levels of AKT and ERK1/2 and 

0

20

40

60

80

100

120

0 10 30 0 10 30 0 10 30 0 10 30

HROG02 HROG05 HROG15 HROG24

P-
ER

K/
ER

K 
(%

 co
nt

ro
l)

0

40

80

120

160

0 10 30 0 10 30 0 10 30 0 10 30

HROG02 HROG05 HROG15 HROG24

P-
AK

T/
AK

T 
(%

 co
nt

ro
l)

0

20

40

60

80

100

120

0 1 3 0 1 3 0 1 3 0 1 3

HROG02 HROG05 HROG15 HROG24

P-
ER

K/
ER

K 
(%

 co
nt

ro
l)

A1

B1

regorafenib
(µM)

trametinib
(µM)

regorafenib

trametinib

*
*

*

*

* *

* *

A2

B2

* * * *

*
*

*

*

0

50

100

150

200

250

0 1 3 0 1 3 0 1 3 0 1 3

HROG02 HROG05 HROG15 HROG24

P-
AK

T/
AK

T 
(%

 co
nt

ro
l)

*
*

* *

Figure 4. Effects of regorafenib and trametinib on signal transduction in HROG cell lines. The effects
of (A1,A2) regorafenib and (B1,B2) trametinib on phosphoprotein levels of AKT and ERK1/2 and
corresponding total proteins in HROG02, HROG05, HROG15, and HROG24 cells were quantified.
Subsequently, the ratios P-AKT/AKT protein and P-ERK/ERK protein were determined. Data of
5–7 independent experiments were used to calculate mean values ± SEM, * p < 0.05 versus control
cultures (Mann–Whitney U test).

Multi-kinase inhibitor regorafenib attenuated phospho-ERK1/2 level in all cell lines in
a dose-dependent manner (Figure 4(A2)). With respect to the PI3K/AKT/mTOR pathways,
no effect on phosphorylation of AKT was detected except in HROG15 cell cultures that
presented an attenuated phosphorylation of the kinase (Figure 4(A1)). As a highly specific
MEK1/2 inhibitor, trametinib abolished ERK1/2 phosphorylation (Figure 4(B2)). At the
same time, there was an increase in the phospho-AKT level in all cell lines in a significant
(HROG02, HROG05, and HROG24) and non-significant (HROG15) manner (Figure 4(B1)).

3.4. Ipatasertib Attenuates HROG05 Glioblastoma Growth on Organotypic Brain Slices

Since ipatasertib presented a great potential to inhibit proliferation of HROG05
glioblastoma cells in vitro, we next focused on the question whether these effects could be
translated to a co-culture model of glioblastoma cells growing on organotypic brain slices,
a viable model between cell culture studies and in vivo animal studies with orthotopic



Life 2022, 12, 1258 11 of 18

growing tumors [35,43]. Based on preliminary experiments, slices were analyzed up to
7 days after preparation, as in vital slices, this period was found to be robust to detect
sufficient synaptic activity within the cortical network (Supplementary Figure S5).

With respect to tumor growth, untreated HROG05 glioblastoma expanded onto organ-
otypic brain slices up to 149.6 ± 9.8% on day 7 in comparison to the tumor area of day 1
(Figure 5A,B), while the addition of ipatasertib (3 µM) into the culture medium attenuated
the growth of HROG24 tumor down to 52.9 ± 3.5% during the same period. To test effects
of ipatasertib on the slices themselves, propidium iodide uptake of the cells as surrogate
marker for membrane integrity and cell death was estimated. The selected dose of 3 µM of
the AKT inhibitor had no effect on propidium iodide uptake (Supplementary Figure S6).
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6–8 days were prepared, and 4 × 103 HROG05 cells were placed onto the slices on day of preparation. In
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addition, slices w/o HROG05 glioblastoma cells were prepared for control studies. The next day,
vehicle or ipatasertib (3 µM) were added to culture medium and renewed in a daily routine. (A) Repre-
sentative overlay photographs based on bright-field and fluorescence images of slices bearing HROG
glioblastoma ± ipatasertib (3 µM) illustrate HROG05 cell growth (scale bar = 1 mm). (B) Quan-
tification of HROG05 tumor size. Data represent mean values ± SEM as percent of day 1 (= start
of ipatasertib treatment) to estimate the effects of solvent (DMSO) or SMI on each slice separately,
n = 11–12 number of slices per group, * p < 0.05 versus day 1 tumor size (Kruskal–Wallis test followed
by post hoc analysis (Dunn’s test)). (C) The slices were exposed to aCSF with 8 mM KCl, 0 mM
Mg2+, and 5 mM gabazine, and field potential recordings were performed in surrounding cortical
area. A sample trace of field potential recordings of day 3 is presented. Dots above sample trace
indicate network deflections that were used for quantitative analysis. (D) Quantification of network
deflections of the last 10 min after 2 h incubation in aCSF with 8 mM KCl, 0 mM Mg2+, and 5 mM
gabazine. The data are presented as percent of network deflections of vehicle-treated slices for
each day, n = 13–30 number of measurements, * p < 0.05 versus control cultures of the same day
(Kruskal–Wallis test followed by post hoc Dunn’s test).

Furthermore, we investigated the impact of (a) HROG05 glioblastoma and (b) the
treatment with ipatasertib on the network activity. To this purpose, spontaneous rhythmic
network discharges in slices exposed to aCSF with 8 mM KCl, 0 mM MgCl2, and 5 µM
gabazine were quantified. As shown in pilot experiments, the number of network dis-
charges decreased over the course of the cultivation period (Supplementary Figure S5B).
This was also evident for the DMSO control group (n = 67; Pearson correlation coefficient
for factor day and network deflections: −0.75, p < 0.001). Therefore, to analyze the ef-
fects of glioblastoma and exposure to ipatasertib, network deflections were normalized to
vehicle-treated cultures of the same day (Figure 5C,D).

On day 1 and day 3, slices with ipatasertib (w/ or w/o HROG05) presented with a
lower amount of network deflections than slices w/HROG05 of the same day, whereas
on day 7, network discharges were attenuated by ipatasertib in comparison to slices with
tumor cells only (p < 0.05, Kruskal–Wallis test with post hoc Dunn’s test).

Additionally, a three-way ANOVA (factor day, i.e., 1, 3, and 7, factor treatment,
i.e., ipatasertib versus vehicle control, and factor HROG05 glioblastoma versus slices w/o
tumor cells) with Bonferroni post hoc t-test revealed that the AKT inhibitor diminished
network deflections regardless of the absence or presence of glioblastoma cells (p < 0.001).
As expected, a daily decrease in the network activity could be observed. The presence of
HROG05 cells increased overall network activity in comparison to slices without tumor
cells (p = 0.01). Noteworthy, the effect of ipatasertib was not significantly correlated to the
day of measurement (p = 0.356).

4. Discussion

Despite intensive efforts during the last decades by experimental and clinical groups,
survival of patients diagnosed with glioblastoma is often limited to a few months. Since
the establishment of temozolomide as an add-on to radiotherapy, no other drug could be
identified as part of a standard chemotherapy regimen. Due to the frequency of alterations
in the PI3K/AKT/mTOR and MAPK signaling pathways, SMI that target key players in
the pathway may contribute to a survival benefit for selected patients at this point [24,44].

The allosteric AKT inhibitor MK-2206 was found to mediate antitumoral effects on per-
manent cell lines [8,9,45,46]. Indeed, we also found an overall uniform response to MK-2206
in all patient-derived cell lines in a dose range comparable to published references [8,46].
Interestingly, Djuzenova et al. (2019) showed that glioblastoma cells could be sensitized
to an irradiation regimen with complementary MK-2206 medication, but this seemed to
be limited to PTEN-wildtype tumor cells [9]. Moreover, Savill et al. (2022) showed that
acquired resistance to MK-2206 can be overcome with complementary ipatasertib [47].
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Unlike MK-2206, the dual PI3K/mTOR inhibitor dactolisib presented with a less
uniform response pattern with respect to cell proliferation. In contrast to ipatasertib and
MK-2206, this compound led only at high concentrations to a mild but significant induction
of apoptosis. Notably, Shi et al., (2018) found a proportion of 20% of the glioblastoma cells
underwent apoptosis, but at the same time, a huge proportion of the cells was arrested at the
G0/G1 phase of cell cycle [6]. In prostate and breast cancer cells expressing PTEN-wildtype,
dactolisib induced cell death, while cells with loss-of-function mutations or deletions of
PTEN were much more resistant [48,49]. In our study, there was no correlation between
PTEN status and response to dactolisib.

The multi-kinase inhibitor regorafenib effectively abolished glioblastoma cell growth
at concentrations in the range of 10–30 µM, leading to similar EC50 in all cell lines. Interest-
ingly, in comparison to astrocytes, permanent glioblastoma cell lines were found to be much
more susceptible to a regorafenib treatment in vitro [13]. While U87 cells had an IC50 of
17 µM and U251 an IC50 of 12 µM, in human astrocytes (NHA), at clinically relevant doses,
no IC50 was determined [13]. Our data indicate that apoptosis is not the principal mecha-
nism of action in the tested glioblastoma models. Instead, overactivation of autophagy via
stabilization of phosphoserine aminotransferase 1 (PSAT1) may contribute to the antitu-
moral effect of regorafenib [13]. However, results presented by Chiang et al., (2022) showed
a proapoptotic profile of the SMI [50]. Of all SMI that were investigated, regorafenib was
the only drug that currently had contributed to first promising results in the treatment of
glioblastoma. In patients suffering from recurrent glioblastoma, a randomized phase II trial
(named REGOMA) revealed that a therapy based on the multi-kinase inhibitor led to a pro-
longed progression-free period and an overall longer survival [14]. A subsequent analysis
identified biomarkers that were associated with response to regorafenib, which may help
to select patients that could benefit most from the SMI [51]. Eventually, a phase III study is
required to finally assess the efficacy of regorafenib in therapy regimens of glioblastoma.

In three of four glioblastoma cell lines, we found antitumoral effects of the MEK
inhibitor trametinib. In line with previous studies, our investigation came out with compa-
rable EC50 values [10,52,53]. Currently, trametinib was used in combination with dabrafenib
(B-Raf inhibitor) in glioma harboring BRAFV600E mutation [11,54–57]. BRAFV600E alter-
ations rarely occur in glioblastoma, but for this specific patient cohort, the targeted therapy
could be potentially beneficial. While the case studies reported mixed results of the combi-
nation regimen in different types of brain cancer, the ROAR study focusing on high-grade
glioma is currently under investigation [11].

For the first time, we showed that the AKT inhibitor ipatasertib attenuated patient-
derived glioblastoma cell growth in vitro and in a co-culture model on organotypic brain
slices. In all investigated HROG cell lines, incubation with ipatasertib led to cell death via
apoptosis. In colorectal cancer cells, Sun et al., (2018) found that the apoptosome-mediated
intrinsic way of apoptosis was an important mechanism of action of ipatasertib [58]. This is
in line with our findings that caspases 3 and 7, which are downstream of caspase 9 in the
cascade of caspases, were found to be highly activated after AKT inhibitor treatment. In
agreement with the molecular mechanism of ATP-competitive AKT inhibitors [42,59], the
treatment of the cells with ipatasertib led to an increase in the phosphorylation level of the
kinase to lock the enzyme in an activated but non-functional state.

Remarkably, HROG05 was found to be highly susceptible to ipatasertib, while the
other cell lines were only affected at high, supra-therapeutic concentrations of this AKT
inhibitor. HROG05 cells are the only patient-derived glioblastoma model in our study
that harbors a mutation in the protooncogene KRAS (G12D), a G protein that drives the
activation of downstream pathways. A G12D mutation was associated with an impaired
hydrolysis of GTP to GDP on the G protein, which ended in a constitutive activation of
KRAS [60]. One may speculate that inhibition of the PI3K/AKT/mTOR pathway may
particularly also affect the KRAS-driven MAPK pathway, as both pathways are linked via
crosstalk [61]. However, exposure of the HROG cells to MK-2206 resulted in a uniform
response pattern to the allosteric inhibitor.
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Another finding was that ipatasertib diminished the network activity in organotypic
brain slices independently of the presence of glioblastoma cells. It can be assumed that the
synchronous network discharges are dependent on glutamatergic synaptic transmission.
The influx of Na+ and Ca2+ via ionotropic glutamate receptors contributes to the generation
of excitatory postsynaptic potentials, and eventually the generation of action potentials (via
voltage-dependent sodium channels) in post-synaptic neurons. Therefore, glutamate recep-
tor antagonists were established as effective drugs to treat glioma-associated epilepsy [62].
In addition, the PI3K/AKT/mTOR pathway was identified as a molecular target to control
spontaneous seizure in a preclinical model of epilepsy [63]. Kim et al. found a correlation
of GluA1 (an AMPA receptor subunit) expression and seizure control after AKT inhibition.
As symptomatic hyperexcitability in the form of tumor-associated epilepsy is frequently
reported in patients with glioblastoma [64], the additional attenuating effect of ipatasertib
on the network activity may be of clinical relevance in an add-on chemotherapy setting.
Our data indicate that ipatasertib may be worth testing in further in vivo studies and
probably also in clinical trials. However, a limiting factor for a persistent effectiveness of
a targeted therapy is acquired resistance to the SMI. Recently, it was demonstrated that
acquired resistance to ipatasertib could be overcome with the addition of Moloney-murine
leukemia virus (PIM) kinase inhibitors, as it was demonstrated that PIM kinases are highly
involved in the resistance to ATP-competitive AKT inhibitors like ipatasertib [47].

In our study, we used organotypic brain slices as a co-culture model to investigate the
impact of ipatasertib not only on the tumor cells themselves but also on the glioblastoma-
surrounding tissue. With respect to the 3R principle (replacement, reduction, and refine-
ment), organotypic brain slices can be a valuable link between cell culture experiments
(2D/3D) and animal tumor model. However, several disadvantages, such as the exclusion
of the immune system and a relative short maximal observation period (1–3 weeks), limit
the usefulness of this in vitro model [34,65].

Overall, our study sheds light on the effects of inhibitors that interfere with the mostly
affected signaling pathways in glioblastoma. While especially the multi-kinase inhibitor
regorafenib and both MK-2206 and dactolisib were very effective in all preclinical tumor
models, ipatasertib showed fewer beneficial effects. Our data indicate that potentially only
a subset of patients may benefit from a therapy including ipatasertib. Therefore, further
in vivo studies based on orthotopically growing glioblastoma cells should address different
mutation patterns and additionally should not disregard the anti-excitatory potential
of ipatasertib.

5. Conclusions

In conclusion, in patient-derived cell lines of glioblastoma, we demonstrated for the
first time that ipatasertib exhibits anti-tumoral effects in vitro and in a co-culture model
of organotypic brain slices. Here, HROG05, a glioblastoma model harboring a KRAS
mutation, turned out to be highly susceptible, while other cell lines were resistant to low
concentrations of the AKT inhibitor. Our data on four additional SMI support previous
findings on glioblastoma cells in vitro and in vivo. Importantly, ipatasertib had no pro-
apoptotic effect on healthy brain parenchyma but attenuated the activity of the neuronal
network in the brain slices.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12081258/s1, Figure S1: Small-molecule kinase inhibitors
address targets within the MAPK and PI3K/AKT/mTOR pathway and receptor tyrosine kinases;
Figure S2: Effects of staurosporine on caspase 3/7 activity in glioblastoma cells; Figure S3: Effects of
dactolisib, ipatasertib and MK-2206 on the phosphorylation of AKT and ERK1/2 in glioblastoma cell
lines; Figure S4: Effects of regorafenib and trametinib on the phosphorylation of AKT and ERK1/2 in
glioblastoma cell lines; Figure S5: Characterization of organotypic brain slices; Figure S6: Effect of
ipatasertib on organotypic brain slices of Fischer 344 rats; Figure S7: Sample PVDF membranes of
SMI effects on AKT and ERK1/2 activation in HROG24 cell cultures; Table S1: Signal intensities from
protein bands quantified in immunoblot analyses; Table S2: Signal intensities from protein bands
quantified in immunoblot analyses.
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