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INTRODUCTION

Meningiomas are the most frequent intracranial tumours in adults,
which can grow at intraspinal or different intracranial locations.® The
majority of meningiomas occur intracranially, where meningiomas at

the convexity or skull base can be observed.

Natalie Waldt! |
Frank Angenstein® |
Elmar Kirches! |

Christoph Kesseler! |
Cordula Scherlach® |

Josephine Liebich?! |
l. Erol Sandalcioglu® |
Christian Mawrin?

Abstract

Aims: Meningiomas are the most frequent primary brain tumours. Recently, knowledge
about the molecular drivers underlying aggressive meningiomas has been expanded. A
hotspot mutation in the AKT1 gene (AKT1E*”X), which is found in meningiomas at the
convexity and especially at the skull base, has been associated with earlier tumour
recurrence.

Methods: Here, we analysed the effects of the AKT15Y7X mutation and treatment
response to the Akt inhibitor AZD5363 in transgenic meningioma cell clones and mouse
xenografts modelling convexity or skull base meningiomas.

Results: We show that the AKTEY7K mutation significantly enhances meningioma cell
proliferation and colony size in vitro, resulting in significantly shortened survival times of

157K xenografts. Treatment of mutant cells or

mice carrying convexity or skull base AKT
xenografts (150 mg/kg/d) with AZD5363 revealed a significant decrease in cell prolifera-
tion and colony size and a prolongation of mouse survival. Western blots revealed
activation of AKT1 kinase (phosphorylation at Ser273 and Thr308) by the E17K muta-
tion in human meningioma samples and in our in vitro and in vivo models.

Conclusions: Our data suggest that AKT15Y7X mutated meningiomas are a promising

selective target for AZD5363.

KEYWORDS
AKT1, meningioma, targeted therapy

Approximately 80% of meningiomas are benign WHO grade |
tumours,? but a fraction (~15-20%) show aggressive biology with
brain infiltration, reduced progression-free survival and impaired over-
all survival.>* These meningiomas, classified as atypical meningiomas
WHO grade |l or the rarer anaplastic meningiomas WHO grade Il
(1-4%), can pose a treatment challenge.
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While about 50% of sporadic meningiomas are characterised by
alterations in the tumour suppressor gene NF2,>¢ the molecular basis
of non-NF2 meningiomas has been characterised recently in detail
(reviewed in”). Among several recurrent mutations seen in non-NF2
meningiomas are mutations in the genes SMO and AKT1 and are
found in meningiomas with preferential growth at the skull base.®?
Up to 28% of skull base meningiomas harbour hotspot mutations in
the SMO gene,’® while the hotspot mutation in the AKT1 gene
(AKT1EY7¥) is found in 9-30% of convexity or skull base meningiomas,
respectively. 1013

In many cancers, the phosphatidylinositol 3-kinase/protein kinase
B (PIBK-AKT/PKB) signalling pathway is frequently activated by
somatic mutations.'* The PKB isoform AKT1 is a serine/threonine
protein-kinase and a major downstream target of growth factor recep-
tors and PI3K. A point mutation (G — A) at nucleotide 49 of the AKT1
sequence results in a substitution of glutamic acid by lysine at codon
17 (E17K). This amino acid substitution leads to a conformational
change in the Pleckstrin homology domain (PHD) of the protein, alter-
ing its localisation form the cytoplasm to the plasma membrane. This
results in a constitutive activation of the AKT1 kinase and therefore
the activation of mTOR and ERK1/2 signalling pathways.*®

The AKT1EYX hotspot mutation is most frequently detected in
meningiomas, followed by breast, endometrium and skin cancer.'%”
In meningioma, the mutation has been associated with earlier tumour
recurrence on the one hand!®!? but also more favourable prognosis
than NF2-altered meningiomas.’® However, given the fact that che-
motherapy or targeted therapy of meningiomas has been unsuccessful
so far,}? there is a need to develop additional treatment options for
patients suffering from aggressive or recurrent meningioma.”

Recently, a case report has described successful treatment of a
metastatic AKT1E7“-mutated meningioma by using AZD5363.2°
AZD5363 (Capivasertib) specifically targets the AKT signalling path-

157K mutation. 2122

way, predominantly tumours harbouring the AKT
Recent clinical studies (phase | and Il) have suggested promising
results with AZD5363 as monotherapy or combination therapy in
breast cancer.?®> We had previously shown that AKT15*7X mutant
meningiomas show activation of the PIBK/mTOR signalling path-
way.!! Thus, AKT1EY7X mutant meningiomas seem to represent an
attractive target for AZD5363.

Here, we show that AKT1 7K meningioma cells are more aggres-
sive than AKTWT meningioma cells. Furthermore, we present data that
cells harbouring the mutation are more susceptible to AZD5363 treat-
ment in vitro and in vivo, providing a preclinical basis for future clinical

studies to treat aggressive meningioma.

MATERIALS AND METHODS
Patient meningioma samples
Human meningioma tumour samples (N = 6) were obtained from

patients after surgery at the Otto von Guericke University,

Magdeburg.

Key Points

¢ Meningioma cells with overexpression of the AKT1E7K
mutation have increased proliferation potential compared
to meningioma cells overexpressing AKT1"t,

1 E17K

e Mice with orthotopic xenografts of AKT mutated

meningioma cells have reduced overall survival compared

with mice carrying AKT1",

e The AKT inhibitor AZD5363 shows superior effects on
AKT1EY7% meningioma cells compared to AKT1*%! cells

in vitro and in vivo.

Tissue sampling was approved by the local institutional review
board (IRB). Tumour tissues were immediately frozen in liquid nitro-
gen and stored at —80°C until protein extraction for western blot
analysis. Tumour samples were classified according to the 2016 WHO
classification of brain tumours.?* Mutational status of all six tumours
was assessed by targeted Sanger sequencing as reported previously.!!
The three wild-type AKT1 tumours were WHO grade | meningiomas
(two transitional, one meningothelial), matching with the three
AKT1EY% tumours (two transitional, one meningothelial WHO grade |

tumours).

Cell lines and cultivation conditions

The malignant meningioma cell line IOMM-Lee was obtained as
described before (Pachow et al, 2013). The cells had originally been
derived from the intraosseous part of a malignant meningioma WHO
grade lll of a 61-year-old male, were able to grow as xenografts in
mice, to metastasise and expressed the mesenchymal tumour marker
vimentin.?> They possess a complex karyotype and were later found
to contain a rare deletion of the tumour suppressor CDKN2A, which
we confirmed by next generation sequencing (NGS) to be a homozy-
gous loss (own unpublished data).2® Normal expression of merlin was
observed and no NF2 gene losses or mutations detected, as well as no
‘non-NF2 mutations’ in recently discussed meningeal oncogenes
(including AKT1), except for the rare TERT C228T promoter mutation.
All these features were in accordance with our own Western blot and
NGS characterisation of IOMM-Lee, suggesting that CDKN2A loss and
TERT promoter mutation may be relevant drivers already present in
genetically unmodified IOMM-Lee cells. The cell line CH157-MN-
LucNeo was kindly provided by Rachael E. Vaubel, Mayo Clinic,
Rochester, MN, USA. The cells had been originally derived from the
meningioma of 41-year-old female, without further classification or
histologic description of the original meningioma.?” Although a com-
plex karyotype, the high number of CNVs and the presence of the
C228T TERT promoter mutation in these cells are strong hints
towards a malignant or at least higher grade origin, the precise menin-

gioma type of origin must still be regarded as unknown. The cells
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exhibited chromosome 22 losses, covering the NF2 region and likely
represent a high grade meningioma line, in which this tumour suppres-
sor is affected.?® SF4068 cells were provided by Frank Bohmer

).28 They had been originally obtained in the

(University Jena, Germany.
group of Anita Lal (San Francisco) from a benign meningioma (WHO
grade ), which had not been further characterised in the report.?’ To
yield a stable cell culture from a low grade meningioma, the primary
cells had been retrovirally transfected with human telomerase and the
papilloma oncogenes E6/E7.

Cell lines were maintained in high glucose Dulbecco’s modified
Eagle (DMEM) medium (PAN Biotech, Aidenbach, Germany) sup-
plemented with 10% fetal bovine serum (FBS; PAN Biotech,
Aidenbach, Germany) and 100 U/ml penicillin/100 pg/ml streptomy-
cin (PAN Biotech, Aidenbach, Germany) at 37°C, 5% CO.,.

Generation of transgenic cells

HEK293T cells (DSMZ, Braunschweig) were transfected using
FuGene® HD transfection reagent (Promega, Mannheim, Germany)
with pLV[Exp]-Bsd-EF1A > hAKT1[NM_005163.2] and pLV[Exp]-Bsd-
EF1A > [hAKT1[NM_005163.2]*(E17K) (VectorBuilder) in combina-
tion with lentiviral packaging plasmid mix pC-Pack 2 (Cellecta) as
reported.>® Both plasmids contain the same lentiviral vector back-
bone. Supernatants were harvested after 24 h and 48 h, filtered and
used for infection of IOMM-Lee cells. Infected cells were finally

selected with Blasticidin (Corning).

Western blotting

Human meningioma tissues or cells were lysed in lysis buffer con-
taining 10-mM Tris-HCI, 150-mM NacCl, 50-mM NaF, 1-mM EDTA,
1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, supplemented with
sodium vanadate, dithiothreitol (DTT) and protease inhibitor cocktail.
The protein samples were separated on SDS polyacrylamide gel and
transferred to a nitrocellulose membrane (GE Healthcare Life Sci-
ences, Germany). After blocking, the membranes were incubated with
following primary antibodies: AKT1 (Cell Signaling, Frankfurt am Main,
Germany), Phospho-AKT1 (T308 and S473; Santa Cruz, Dallas, TX,
USA) and B-actin (Sigma-Aldrich, St. Louis, MO, USA) as a loading con-
trol at 4°C overnight. Upon washing the membranes, protein expres-
sion was visualised using horseradish peroxidase (HRP)-conjugated
secondary antibody (Cell Signaling, Frankfurt am Main, Germany) and
the chemiluminescent substrate (Millipore, Billerica, MA, USA). For
quantification of human samples, the intensity of detected bands was

calculated using Kodak 1D3.6 software.

Trypan blue staining

To measure the survival of different tumour cells following drug treat-
ment, we seeded 8000 cells/well in a standard 48-well plate and

allowed the cells to settle down for 24 h. Next steps the media were
removed, and the corresponding drug added. After 3 days incubation,
the cells were washed, trypsinised and counted in a Neubauer cell
chamber (Superior Marienfeld, Germany) with a depth of 0.1 mm and
0.0025 mm? squares. Drug-treated cells were normalised to solvent
(DMSOQO) untreated ones. Cells were diluted 1:1 with a solution (0.4%)
of trypan blue to exclude dead cells and counted with the help of a

Carl Zeiss Axiovert 40 CFL microscope.

5-Bromo-2’-deoxyuridine (BrdU) labelling and
detection

To assess cell proliferation, the Cell Proliferation ELISA (BrdU) from
Roche Applied Sciences (Mannheim, Germany) was used. Two thou-
sand cells were seeded per well of a 96-well plate (Sarstedt,
Numbrecht, Germany) and incubated at 37°C, 5% CO,. After 24 h,
the cells were stained according to manufacturer’s instructions, using
an incubation time with BrdU of 16 h for DNA labelling. Colour

development was analysed using a Tecan-Reader (Infinite 200).

Colony forming assay and in vitro drug treatment

To analyse colony formation, 10,000 cells were seeded in 10-ml cul-
ture medium onto 10 cm culture dishes (TPP, Switzerland). After
5 days of cultivation, the cells were washed with phosphate buffered
saline (PBS; PAN Biotech, Aidenbach, Germany) and stained with
0.5% crystal violet solution containing 20% methanol for 15 min. The
colony sizes (colony area) were determined with the help of Carl Zeiss
Axiovert 40 CFL microscope, Carl Zeiss AxioVision Rel. 4.8 software
and ImageJ software.

For drug treatment, the added cells were allowed to attach for
24 h. After removing the media, an appropriate drug treatment was
performed. The sizes of treated colonies were normalised to those of
an untreated reference.

AZD5363 treatment

For in vitro assays, we used a final concentration of 2uM AZD5363
(Capivasertib; Selleck Chemicals, Houston, TX, USA) dissolved in
DMSO. For in vivo mouse experiments, AZD5365 was kindly pro-
vided by AstraZeneca, London, UK. Three days after tumour inocula-
tion mice were treated daily with 150 mg AZD5363 (dissolved in 30%
Captisol) per kg mouse weight dispensed by gavage in two separate

doses (every 12 h). The control mice received only 30% Captisol.

Subcutaneous mouse model

Animal experiments in all models were done in accordance with the

regulations of animal protection. Animal experiments had been
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approved by the responsible authority (Landesverwaltungsamt
Sachsen-Anhalt, permission # 42502-2-1459 Uni MD). Fifteen 8- to
10-week-old nude mice (Swiss Nude, Charles River) were injected
subcutaneously on both sides with 3 x 10° IOMM-Lee cells in 100-pl
PBS/Matrigel (1:1). The tumour volume (V) was estimated by mea-
surement (calliper rule) of two perpendicular axes (a, b) according to
the formula V = /6 x a x b? (a>b).3* The tumour growth was moni-
tored until the tumour reached a size of 1.5 cm in one of the perpen-
dicular axes. This was the time point when animals had to be killed
according to criteria of animal protection. After killing the mice,
tumours and lungs were resected and embedded in paraffin for

immunohistochemistry.

Convexity mouse model

Swiss Nude (Charles River, France) mice (at least 8 weeks old) were
taken for intracranial injection of IOMM-Lee cells.>! Mice were
anaesthetised intraperitoneally with Rompun (Bayer Vital GmbH
Leverkusen, Germany)/Ketamine (Bremer Pharma GmbH, Warburg,
Germany) mixture and fixed in the stereotactic head frame. The head
skin was cut longitudinally. Two holes were drilled 2 mm anterior of
the bregma and 1.5 mm left and right from the sagittal suture. Using a
Hamilton syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland),
2.5 x 10° cells in 2.5-ul phosphate-buffered saline (PBS; PAN Biotech,
Aidenbach, Germany) were applied 1 mm deep in each hole. The skin

was finally sealed with Histoacryl (B Braun Surgical, S.A., Rubi, Spain).

Skull base mouse model

Swiss Nude were taken for intracranial injection of IOMM-Lee cells.
Mice were anaesthetised intraperitoneally with Rompun (Bayer Vital
GmbH Leverkusen, Germany)/Ketamine (Bremer Pharma GmbH, War-
burg, Germany) mixture and fixed in the stereotactic head frame. The
head skin was cut longitudinally. A single hole was drilled 1.5 mm
anterior of the bregma and 2 mm on the right side from the sagittal
suture and 0.5 x 10° transfected IOMM-Lee cells (AKT1“' or
AKT1E175) in 0.5-ul PBS were deposited above the skull base bone
(about 7.5 mm in depth).%°

Mouse MRI

MRI was performed on a Bruker BioSpec 94/20 USR scanner at 9.4 T
(free bore of 20 cm) equipped with a B-GA12S (440 mT/m) gradient
system. A 1H MRI CryoProbeTM 2 element array kit for mice (Bruker
BioSpin MRI GmbH, Ettlingen, Germany) was used for signal recep-
tion. Heating was provided from the ventral side and heart rate, and
breathing rate was monitored during the entire experiment. High-
resolution T2-weighted anatomical images were acquired using a
RARE sequence (Hennig et al, 1986) with the following parameters:
TR: 4185 ms; TEeff: 33 ms; RARE factor: 8; field of view:

20 x 20 mm; matrix: 256 x 256 (results in an in plane resolution of
78.1 x 78.1 um); slice thickness 500 pm; averages: 2; total scanning

time 4 min 28 s.

Statistics

Statistical analysis was performed using GraphPad Prism 7.03 soft-
ware. Statistical significance was determined using Mann-Whitney
U test in all in vitro experiments. For the analysis of pulmonary metas-
tases in the subcutaneous mouse model, we used Fisher’s exact test.
Kaplan-Meier survival curves were analysed via log-rank (Mantel-
Cox) test. Significance was assumed for p < 0.05. Error bars represent
standard deviation (SD).

RESULTS

AZD5363 inhibits meningioma cell growth and
clonogenicity

The effects of AZD5363 on meningioma cells have not been studied
so far. Therefore, we analysed three meningioma cell lines (IOMM-
Lee and CHI157 derived from malignant meningiomas,26 SF4068
derived from a grade | meningioma®?) following AZD5363 treatment.
As shown in Figure 1A, all tested cell lines exhibited a similar (~50%)
and highly significant reduction in viable cells, grown during a fixed
time interval, as compared with the corresponding solvent (DMSO)
controls. In addition, the sizes of colonies from cells seeded in low
density decreased moderately but highly significantly in malignant and
benign meningioma cells, if treated with AZD5363 (Figure 1B).

Meningioma cells overexpressing AKT157X show a
higher proliferation rate in vitro and respond to
AZD5363 treatment

For the analysis of AKT1E'7K-related biological features in meningi-
oma cells, we generated pairs of cell clones with overexpression of
either AKT1"' or AKT1EY7K as previously reported.®® Figure 2A
shows comparable expression levels of AKT1 in two independent,
Blasticidin (Bsd) selected pairs of IOMM-Lee cell clones, expressing
the wt or mutant variant. Overexpression of a control vector,
expressing solely a short non-coding RNA from an identical pro-
moter, did not affect AKT1 levels compared with naive IOMM cells
(not shown). Cells harbouring the AKT1 E17K mutation were
characterised by increased cell proliferation (BrdU assay, Figure 2B)
and formation of larger colonies (Figure 2C). Moreover, if cells are
grown under serum restriction, the proliferative advantage of mutant
cells as compared with wild type becomes more pronounced. This is
in line with previous findings that the mutation causes a constitutive
activation of AKT1, which remains active even in the absence of

serum.>33
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FIGURE 1 Meningioma cell line response to AZD5363 treatment. (A) Different naive meningioma cells (malignant lines: IOMM-Lee and
CHI157; benign meningioma cell line SF4068) display significant reduction of viable cells after treatment with the AKT1 inhibitor AZD5363
(**p < 0.01; ***p < 0.001). (B) Anchorage-independent growth of IOMM-Lee and SF4068 cells is impaired by AZD5363 treatment (***p < 0.001)

Next, we treated pairs of IOMM-Lee cell clones with AZD5363
and found that cell growth over a given time interval (Figure 2D) was
strongly reduced by the drug, similarly in both wild-type and mutant
IOMM-Lee cells, when compared with DMSO controls. The efficacy
of the drug was also reflected in lower mean colony sizes after treat-
ment (Figure 2E), but this did not reach significance.

Mice with transplanted IOMM-Lee AKT1E17K cells
show a decreased survival period compared with mice
transplanted with IOMM-Lee AKT1"" cells

In the first mouse model, we transplanted AKT1"* or AKT1 E17K cells
into the flank region of nude mice and measured the development of
tumour size and lung metastases. As shown in Figure 3A, after
21 days, mice harbouring AKT1E17K had bigger tumours than mice
with AKT1"! cells (p < 0.05), and the frequency of lung metastases
(Figure 3B) was increased (not significant), suggesting a more aggres-
sive in vivo phenotype of AKT1EYK meningioma cells, despite the
usage of an already aggressive malignant parental meningioma line for

construction of the model.

Next, we used an orthotopic convexity meningioma model®! to
monitor intracranial growth of engineered meningioma cells.
Figure 3C shows that mice harbouring AKT15Y7K cells had a short-
ened survival time (a). Moreover, treatment with AZD5363 had no
effect in mice with the AKT1"* tumours (b) but lead to a significant
prolongation of survival (p < 0.01) in mice harbouring AKT1E¥7K
tumours (c).

Because AKT1%7K.mutated meningiomas are preferentially
found at the skull base,>’ we wondered whether AZD5363 could
be effective in this tumour location. Using our recently developed
orthotopic skull base meningioma model*® we treated mice with
the same regime as for the convexity model (Figure 3D) and
observed a more pronounced negative effect of the AKT1EY7K
mutation on overall mouse survival (p <0.05) (a), in accordance
with the results obtained from the convexity model. A partial
accordance between both models was also observed with respect
to AZD5363 efficacy, which was seen only for mutant skull base
tumours, although it reached no statistical significance (c).
Interestingly, we observed that AZD5363 seemed to have even a
negative impact on AKT™' tumours grown at the skull base
(p < 0.01).
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FIGURE 2 Generation and in vitro characterisation of IOMM-Lee cells overexpressing either wild-type AKT1 or AKT1EY7K (A) We isolated
several transfected cell clones, which exhibited enhanced expression of the kinase AKT1 as compared with naive (non-transfected) IOMM-Lee
cells. In order to measure specifically effects of the mutation, we took care to select pairs of them without (wt) or with the E17K mutation, but
expressing AKT1 protein at comparable levels (designated #3 and #11). They were used in subsequent studies. (B, C) Both proliferation and
colony size are increased in AKT1EY7K cells (*p < 0.05; ***p < 0.001). (D) Both cell pairs of IOMM-Lee cells are characterised by significant
reduction in viable cells after AZD5363 treatment (*p < 0.05; **p < 0.01). (E) Both AKT1"* and AKT157 cells are susceptible to AZD5363
treatment in the colony formation assay (not significant)
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FIGURE 3 Invivo characterisation of AKT1wt or AKT15Y7KX |IOMM-Lee meningioma cells. (A) Subcutaneous tumour cell growth in Swiss-nude
mice shows greater tumour size with AKT1E17¥ cells (p < 0.05) and a higher frequency of lung metastases (B) (not significant). (C) Orthotopic
xenograft growth in the convexity meningioma model shows impaired survival (p = 0.105) in mice with AKT1E17K cells (a). Treatment with
AZD5363 did not show any effect in mice with AKT1** tumours (b) but significantly (p = 0.009) increased survival in mice harbouring AKT1E17K
xenografts and AZD5363 treatment (c). (D) Orthotopic meningioma xenografts at the skull base are characterised by significant reduction

(v = 0.038) of survival for AKT1E17K xenografts (a) and a tendency for a prolonged survival with AZD5363 treatment (c) (p = 0.09). Surprisingly,
treatment of mice harbouring AKT1" xenografts with AZD5363 reduced the overall survival (b) (p = 0.006). (E) Analysis of tumour size by small
animal MRI reveals larger skull base meningiomas with AKT1E17K compared with AKT1" tumours (not significant)
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The mutation AKT157X mediates enhanced
phosphorylation of T308 and S473 in human
meningioma samples and meningioma cells

The autonomous growth-factor-independent activity of the kinase
AKT1 carrying the hotspot missense mutation can be expected to
result in an enhanced phosphorylation of ATK1 at residues S473 and
T308.34 Enhanced phosphorylation at both sites (p < 0.05) was indeed

157X mutant human

observed by densitometric analysis in AKT
meningioma tissue samples of WHO grade | as compared with AKT1*
tumours (Figure 4A).

Interestingly, despite the malignant character of the parental
IOMM-Lee cell line used for the construction of our transgenic cell
clones, the same upregulation of pAkt at S473 and T308 was seen in
cells overexpressing AKT1 517K (Figure 4B). Moreover, it appeared that
treatment of meningioma cells itself results in enhanced phosphoryla-
tion at both sites independent of the mutation.

By analysing xenograft tumours grown in mice, we could confirm
that immunoexpression of phosphorylated Akt at S473 and T308 was
stronger in AKT1EY7K xenograft tumours and following AZD5363
treatment (Figure 4C,D).

DISCUSSION

Constitutive activation of mutant AKT1 causes
enhanced meningioma cell aggressiveness

Treatment of aggressive meningiomas where standard treatment
options such as surgery and radiotherapy have been exhausted, is still
challenging. There is an urgent need to identify new treatment
options based on recurrent somatic mutations in meningiomas.®®
Recent molecular characterisation has revealed a group of meningio-
mas with preferential growth at the skull base and a hotspot somatic
mutation in the AKT1 gene (AKT15%7X). Here, we show that the muta-
tion increases cell growth of meningioma cells in vitro, but also
increases tumour aggressiveness in mouse xenograft models of con-
vexity and skull base meningioma, leading to moderately decreased
survival times. This was even more remarkable, when considering the
circumstance that a malignant meningioma cell line had to be used for
creation of the various models, because only the malignant cell line
enabled sufficiently fast growing xenografts. AKT1 mutations, like
most other currently known recurrent genetic alterations in meningio-
mas, are thought to be only mild drivers of tumourigenesis and occur
mostly in tumours of WHO grade |, which constitute by far the largest
fraction of human meningiomas.

Previous data had already suggested that meningioma patients

187K mutation are prone to earlier

with tumours harbouring the AKT
tumour recurrence.’®!! Our results in meningioma cells, which
strongly suggest a higher aggressiveness mediated by the E17K muta-
tion, are well in accordance with the reported enhancement of prolif-

3

eration, cell survival and accelerated cellular invasion.3¢"#° Increased

aggressiveness of meningioma cells in the present study is likely to be

a result of enhanced AKT1 signalling, which was accompanied in our
model cells and in analysed human meningioma tissues by an
increased phosphorylation of Ser273 and Thr308. Phosphorylation at
these sites had been described earlier to lead to a constitutive activa-
tion of AKT1, for example, in carcinoma cells, which persists after
growth factor withdrawal.®® We had observed by immunohistochemi-
cal staining that AKT1EY7“-mutated meningiomas have increased
activity of the mTOR-S6K axis,*? providing a plausible downstream
target for the enhanced AKT1 activity due to the mutation.

The mutant AKT1 had already been associated earlier with
enhanced migratory, invasive and metastatic properties of epithelial
cells,*® which may further be in accordance with the increase in lung
metastases by the E17K mutation of meningioma cells observed in
our subcutaneous xenograft model. While lung metastasis are excep-

157X mutated

tionally rare in meningiomas, a case report of an AKT
meningioma with lung metastases suggested that treatment with the

inhibitor AZD5363 was able to control the disease.?°

Treatment options with AZD5363

Due to the lack of established chemotherapy options for high-grade
or recurrent meningiomas, the development of new strategies of phar-
maceutical intervention is required.’”*' New approaches should be
mainly targeted therapies, directed towards known receptors, signal-
ling routes or enzymes, playing a role in meningiomas. Recent
sequencing data may partially illuminate the path to that goal.

Somatic mutations in the PISK/AKT pathway provide reasonable
targets in various cancers.!* In meningiomas, the PI3K/AKT signalling
is activated, mainly by PDGF receptor tyrosine kinase (RTK) activa-
tion.*?*2 Especially high-grade meningiomas show immunohistochem-
ical evidence for activation of this signalling pathway.** However, the
treatment of recurrent or aggressive meningiomas with RTK inhibitors
such as Sunitinib or Erlotinib has delivered only modest results. >4
Downstream targets, such as mTORC1, which are activated in

4749 can be effectively treated in mouse models,3! but

meningiomas,
clinical studies have been unsuccessful.®! Therefore, it seems to be
more reasonable to target PI3K signalling components upstream of
mTORC1.

In light of the frequent activation of the PDGFR/PI3K/AKT/
mTORC1 pathway by the AKT1 mutation E17K in meningiomas par-
ticularly those located at the skull base,*' and the positive effects
reported for a single case,2° it was reasonable to explore AZD5363 as
a kinase inhibitor for AKT1E7“-mutated meningiomas. In the present
study, the drug exhibited efficacy at all levels in vitro and at a dosage
of 150 mg/kg/d in a mouse xenograft model in vivo. Indeed, a phase |
study of the drug in advanced cancers®? (NCT01226316) has already
delivered encouraging data in humans. Our preclinical models may
point towards therapeutic efficacy in human meningiomas. Moreover,
because meningiomas at the skull base can sometimes pose a chal-
lenge for the neurosurgeon,®® AZD5363 might add an additional
treatment option, especially in light of the positive effect seen in mice

with E17K-mutated tumour xenografts located at the skull base.
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FIGURE 4 AKT1 7% mutated meningiomas and meningioma cells are characterised by increased AKT phosphorylation at Ser473 and
Thr308 sites. (A) Human WHO grade | meningioma samples with AKT1E17K mutation have significantly increased $473 and T308 phosphorylation
compared with wild-type tumours. (B) Phosphorylation of both sites is enhanced by treatment with AZD5363 in cells with the AKT1E17K
mutation. This indicates that even in the mutated kinase, the inhibitor can lead to a hyperphosphorylated, but inactive protein, as suggested as a
general concept for ATP competitive inhibitors in non-mutated AKT isoforms. (C, D) According to visual inspection of stained tissue slices,
explanted tumours grown in mice (skull base) are characterised by enhanced immunoexpression of both S473 and T308 phosphorylated forms, if
carrying the E17K mutation. The difference between genotypes, as well as the moderate effect of AZD5363 treatment of mice (as compared with
the solvent Captisol) did not reach statistical significance, if corresponding signal intensities were quantified

Although not necessarily expected, one might have argued for a
potential difference in the responsiveness of convexity and skull base
meningiomas, due to the differential embryologic origin of these two
meningeal areas.>*

In our in vitro experiments, the drug exhibited an effect not only
in IOMM cells with mutant AKT1, but also towards non-mutated
AKT1, while the effect towards the latter cells was not strongly

supported by an increased survival of animals. The in vitro observa-
tions were not surprising given the fact that the inhibitor also effec-
tively targets all (non-mutated) isoforms of the kinase, that is, AKT1,
AKT2 and AKT3. At first sight, the enhanced phosphorylation of both
regulatory residues of AKT1 (S473 and T308) under AZD5363
(Figure 4B) may appear astonishing. However, the phenomenon is

known since long, for example, from various carcinoma cells.?? It can
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be explained by the circumstance that AZD5363, like all ATP competi-
tive AKT inhibitors, binds to the APT site, thereby generating a
hyperphosphorylated, but inactive kinase.>® Despite our encouraging
experiments with meningioma cells, expanded xenograft experiments,
eventually with genetically edited cells expressing the normal intrinsic
levels of the kinase, will be required prior to the inclusion of meningio-
mas without this specific activating mutation in clinical trials.

There may be some concerns regarding established protocols for
radiotherapy, for example, in case of high-grade meningiomas,
because the E17K mutation of AKT1 is suspected to generate a partial
radio-resistance, based on cell culture data, by increasing the repair
rate of double strand breaks in the DNA.>%°7 Therefore, AZD5363
may be of special interest in this setting, because AKT kinase inhibi-
tion partially restored radio-sensitivity. This may be an aspect worth
of future analysis, for example, by a clonogenic assays similar to our
colony formation assay or by agarose embedding.

Taken together, our in vitro and in vivo data provide evidence
that treatment with AZD5363 might be an additional option for
patients suffering from recurrent or otherwise aggressive AKT1E17%-
mutated meningiomas at the convexity and skull base, which should

be explored in future clinical studies.
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