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Meningeooma on yleisin keski-ikdisten primaarinen aivokasvain, joka kehittyy keskimmaisen
aivokalvon, eli lukinkalvon soluista. Suurin osa kasvaimista on pienia satunnaisldydoksia, mutta
myo6s kookkaampia kasvaimia l16ydetaan potilaan hakeutuessa tutkimuksiin kasvaimen painaessa
hermoja ja aiheuttaen oireita. Monet kasvaimista voidaan poistaa leikkauksella, mutta tdman
epaonnistuessa tai ollessa mahdotonta sadetys on talla hetkellda ainut hoitokeino. Vaikka kasvain
onnistutaan poistamaan kokonaan, noin 20 % meningeoomista uusiutuu. Naiden uusiutuvien ja
aggressiivisten kasvainten ennuste on selkeasti huonompi.

Maailman terveysjarjestd6 WHO luokittelee meningeoomakasvaimet vakavuusasteen mukaisesti
kolmeen gradukseen ja edelleen 15 histologiseen alatyyppiin. Luokittelu koki uudistuksen vuonna
2016, jolloin kasvaimen genotyyppi nostettiin suositeltavaksi parametriksi histologisen fenotyypin
rinnalle. Uudistuksen tarkoitus on selkeyttaa ja lisata objektiivisuutta aivokasvainten diagnooseihin.
Taman uudistetun luokittelun mukaan 9 alatyypeistd kuuluu gradus | -luokkaan, jotka ovat
hyvanlaatuisia ja hitaasti kasvavia, 3 alatyyppid aivokudokseen tunkeuvien gradus II-
kasvainluokkaan ja loput 3 huonoennusteisten kasvainten gradus Il -luokkaan.

Tama  opinnaytetyd on kirjallisuuskatsaus,  joka kasitelee uuden sukupolven
sekvensointimenetelmillda saavutettuja meningeooman molekulaarisen profiloinnin tutkimustuloksia
kolmesta eri nakékulmasta. Tietyt mutaatiot vaikuttavat lukinkalvon soluista kehittyvan kasvaimen
kliinispatologisiin piirteisiin, esimerkiksi sijaintiin ja vaikuttavat ennusteeseen.
Kirjallisuuskatsauksessa |6ydetyt tutkimustulokset esitetdan kolmessa taulukossa. Ensimmainen
taulukko esittada toistuvat geenimutaatiot kussakin histologisessa alatyypissa. Toiseen taulukkoon
on puolestaan keratty tulokset samojen mutatoituneiden geenien ohjaavasta vaikutuksesta
kasvaimen anatomiseen sijaintiin. Tassa keskeiseksi tulokseksi voidaan todeta hyvanlaatuisten
kasvaimien sijoittuminen etummaiseen kallonpohjaan, kun taas korkeamman graduksen kasvaimet
tyypillisesti sijoittuvat isojen aivojen yla- tai sivupinnoille. Opinnaytetydssa avataan myos yksittaisten
geenimutaatioiden vaikutusta kasvaimen ennusteeseen. Kolmantena tuloksena Kaplan—Meier
kuvaajalla esitetaan NF2-, DMD- ja TERT-mutaatioiden negatiivinen vaikutus kasvaimen
etenemiseen kuluvaan aikaan (PFS) seka potilaan selviytymisaikaan (OS).

Vaikka lahes kaikista histologisista alatyypeista on l16ydetty spesifisia mutaatioita, 5 %:ssa tutkituista
kasvaimista I0ydetaan toistaiseksi tunnistamattomia muutoksia. Naiden aseman selvittaminen on
valttamatontd kattavan profiloinnin mahdollistamiseksi. Tutkimusten tavoitteena on sairauden
ennustetta parantavien personalisoitujen Iladkkeiden kehittdminen kasvaimen genotyypin
mukaisesti. Tama todenndkodisesti mahdollistuu Iahitulevaisuudessa osaltaan molekulaarisen
profiloinnin tulosten ansiosta, minka tadhan asti merkittavimpia tutkimustuloksia tama opinnaytetyo
tarkastelee.

Avainsanat: Meningeooma, molekulaarinen profilointi, mutaatiot, kliinispatologiset piirteet, PFS ja
OsS.

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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Meningioma is the most common tumour of central nervous system in adults which originates from
intracranial meningothelial arachnoid cap cells. Most meningiomas are small incidental findings but
larger ones are often detected after patient’s observations of gradually increasing intracranial
pressure which often causes headaches and seizures. The majority of meningiomas (about 80%)
can be removed surgically. If the achieved surgical resection is incomplete or unfeasible,
stereotactic radiosurgery (SRS) and fractioned radiotherapy (FRT) are also alternative treatment
options. Moreover, even when complete surgical removal (i.e. extirpation) of the tumour is achieved,
~20% of patients have an aggressive recurring or progressing tumour, which causes morbidity and
even mortality, and may require retreatment.

Meningiomas have heterogenetic morphology and the World Health Organization (WHO) classifies
these tumours according to severity to three grade and further to 15 diverse subtypes. This
classification went through significant changes in 2016, when WHO instructed inclusion of molecular
pathology into the definition of tumour entities. The purpose of this improvement is to increase the
level of objectivity in brain tumour diagnostics. The revised WHO 2016 CNS classification
categorizes 9 meningioma variants as benign grade | tumours while 3 variants are categorized as
more aggressively growing grade Il meningiomas (so called atypical meningiomas) and 3 other
aggressively and invasively growing variants as grade Ill meningiomas (so called malignant
meningiomas).

This bachelor thesis is a literature review which concerns results of performed molecular profiling of
meningioma made by next generation sequencing from three different viewpoints. Arachnoid cap
cells seem to harbour certain causative mutations which have a clear effect on clinicopathological
features e.g. localization and can predict progression of developing meningioma. Results of
accomplished literature review are presented in three tables. The first table shows association
between these specific recurrent mutated genes and histological subtype of meningioma listed by
WHO grades. The second table presents founded results of association between anatomical position
and repetitive mutations in meningioma. The main result in general was the location of
histopathologically benign grade | tumours in the anterior or medial cranial base whereas
meningiomas graded as Il or Ill seem to develop in convexities. This thesis also concerns less
studied subject compared to above presented topics: the effect on the recurrent gene mutations in
meningiomas to the progression free survival (PFS) and overall survival (OS) of patients.
Consequently, the third graph demonstrates the effect of mutated NF2, DMD and TERT genes to
the PFS and OS of patients presented by Kaplan—Meier estimates.

Even though almost all histological subtypes of meningioma harbour known specific mutations, so
far unrecognizable alterations are discovered from 5 % of evaluated meningiomas. The clarification
of their status is necessary to enable extensive and informative profiling of meningiomas. Therefore,
the main ambition of current studies is the development of personalized medicines according to
genotype of meningiomas. This is potentially conceivable even in near future, thanks to results from
performed molecular profiling of meningioma which main findings are presented in this thesis.
Keywords: “meningioma”, “
and “0S”.

molecular classification”, “mutations”, “clinicopathological features”, PFS”
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1. INTRODUCTION

Meningioma is the most typical primary brain tumour in adults (Sun et al. 2015). Most meningiomas
are benign and grow slowly and small meningiomas are commonly found as incidental findings
sometimes not found until at autopsy (Riemenschneider et al. 2006). When the meningioma grows
to a sufficient size, it will eventually compress the adjacent brain and cause increase in the
intracranial pressure due to increase in intracranial volume. While compression or mass effect on
the adjacent brain typically causes focal neurological deficits or epileptic seizures, gradually
increasing intracranial pressure is typically associated with larger tumours which often causes
headaches, nausea, decreased visual acquity and eventually decreased level of consciousness.
Symptoms alternate along location and size of the tumour. (Riemenschneider et al. 2006)

About 90% of meningiomas originate from intracranial meningothelial arachnoid cap cells. These
form the arachnoid villi and the outer layer of arachnoid mater. The first mentioned is responsible for
formulating cerebrospinal fluid. (Mawrin and Perry 2010) The remaining 10% of meningiomas are
located in the meningeal covers of spinal cord (Preusser et al. 2018).

Prior research has shown that meningiomas detected in adulthood affect more often women, with a
female to male ratio of approximately 2:1. At the same time, atypical meningiomas seem to found
more commonly in males. (Brokinkel et al. 2017) Despite this, the potential effect of sex hormones,
for example the possible impact of progesterone activation has not been demonstrated yet
(Riemenschneider et al. 2006). Median age of the reported patients has typically been between 50—
60 years, but the incidence among young adolescents is increasing, and at the moment
meningiomas represent about 16% of all intracranial tumours in patients of 15-39 years of age
(Preusser et al. 2018).

Diagnosis and grading of meningioma is based on criteria defined by World Health Organization.
These criteria went through significant changes in 2016, when WHO created instructions for how
CNS tumour diagnostics should be conducted in this era of adjacent molecular diagnostics.
Previously tumour diagnostics have been based on histology but now WHO included molecular
analysis into the diagnostic definition of many tumour entities. The earlier WHO grading without these
molecular aspects has not entirely captured the potential for meningioma progression and
recurrence. (Karsy et al. 2018) Another significant change in 2016 WHO classification is the insertion
of brain invasion as adequate requirement for diagnosis of atypical meningioma (Louis et al. 2016).
The majority of meningiomas (approximately 80%) can be removed surgically (Preusser et al. 2018).
The most significant prognostic factor for meningioma is the extent of resection that can be achieved
which is evaluated by the Simpson grading scale. Incomplete resection presents the most extensive

risk for meningioma regrowth and ~20% of patients have an aggressive recurring or progressing



tumour, which causes substantial morbidity and increased mortality. (Preusser et al. 2018) Other
treatment options for meningiomas are stereotactic radiosurgery (SRS), fractioned radiotherapy
(FRT) and observation using serial surveillance neuroimaging (Proctor et al. 2018).

In recent years, many subtypes of meningioma have been found to associate with specific mutations
underlying the development of the disease. The amount of these known molecular alterations has
increased to the point that the subtype of >85% of meningiomas can be classified using them. In
addition molecular characterization of tumour subtypes have revealed genetic hot spots, that affect
clinicopathological features, such as localization and can predict meningioma progression. (Preusser
et al. 2018) Despite this, for the time this knowledge has not yet changed surgical decision-making
(Karsy et al. 2018). In addition to the potential of guiding aggressiveness of surgical treatment,
molecular classification of meningioma could enable designing of novel clinical trials which assign
patients to corresponding targeted agents based on genetic subtypes of the tumours (Nigim et al.
2018). Along with more accurate prognosis definition and more rationale recurrence-risk based
surgical resection, through development of a medical therapy approach the molecular classification
of meningiomas can be a crucial step towards the development of personalized management and

medicine of meningiomas.

2. MATERIALS & METHODS

Andor and Pubmed -databases were used in this literature review. A query from databases was
conducted using searches for “meningioma and (mutations or molecular classification)”. Approved
sources were chosen on grounds of need of contemporary information from three desired viewpoints
following restrictions on number of permitted sources of university thesis. Main ambition was to
compose topical and comprehensive view of current results of meningioma’s molecular profiling.
Due to amount of conducted studies which concerned same viewpoints chosen to this thesis, 13/24
of approved sources are review articles. The chosen review articles present results of performed
molecular profiling or are overviews of revised WHO 2016 classification.

The remaining articles (11/24) are original papers and concern results of conducted genetic
sequencing of meningioma tumours. After 2016 updated WHO criteria for meningioma grading, topic
has been under specific investigation. 18/24 of accepted articles for this thesis are published less
than five years ago. The remaining articles (6/24) were accepted on account of their interesting
viewpoints which prepare the ground for more recent studies.

The desired results are presented in three tables: the first table summarizes certain meningioma

subtype-specific causative mutations listed by WHO grades. The second table presents causative



mutations that affect localization of meningioma. The third graph presents Kaplan-Meir estimates of
A) progression free survival (PFS) and B) overall survival (OS) of meningioma patients with mutated
NF2, DMD and TERT genes. Progression free survival describes survival without progression of the
disease whereas overall survival compares the number of patients who had died / not. PFS and OS
are, however, measurements for estimating severity of the disease, mortality of patients and can be
adjusted e.g. to evaluation of efficiency of a new treatment. The three chosen genes were the only
ones with conducted studies with opportunity to prudent comparison.

Meningiomas have heterogenous morphology and WHO outlines 15 different subtypes classified as
grade |, Il and Il according to severity of the disease (presented in table 1). 9 of these variants
compose grade | tumours and grades Il and lll, known as atypical and malignant meningiomas, both
consist of 3 variants. (Proctor et al. 2018) Grade | meningiomas are the most frequent, representing
80 % of meningioma tumours. These benign meningiomas grow at slow rate and signify low 5-year
recurrence rate after surgery depending on extent of resection. (Proctor et al. 2018; Preusser et al.
2018) 10-18% of meningiomas are classified as grade Il meningiomas and are characterized by
brain invasion. Other criteria for grade |l meningioma diagnosis is having a mitotic count of 4-19
events per 10 power fields or showing 23 of 5 morphologic criteria, including high cellularity, sheeting
(loss of whorling or fascicular architecture), small cells (high nuclear/cytoplasmic ratio), prominent
nucleoli and spontaneous necrosis. (Proctor et al. 2018) The remaining grade Il meningiomas (2—
4%) are called as malignant meningiomas. Features of this diagnosis consists of >20 mitotic events
per 10 high power fields and showing brain invasion and necrosis and loss of cellular architecture
that reminds meningioma (sarcomatous or carcinomatous). The existence of rhabdoid cells or

papillary features is also a criterion for malignant meningioma diagnosis. (Proctor et al. 2018)

3. RESULTS

Table 1 presents from literature founded correspondence between 15 noted subtypes of meningioma
and associated mutations listed by WHO grades. These have revealed as genetic hot spots that
affect clinicopathological features, such as localization and can predict meningioma progression.
Table 2 presents repetitive founded mutations which affect anatomical position of meningioma. As
seen in last column of table 2, variations on site of tumour development seems to be mainly
restricted. Lastly, figures 1A and 1B present Kaplan—Meier estimates for progression free survival
(PFS) and overall survival (OS) of meningioma patients with mutations in NF2, DMD and TERT

promoter.



Table 1 Recurrently founded causative mutations in subtypes of meningioma listed by WHO grades.

NF2

AKT1 TRAF7

KLF4 PIK3CA

POLR2A BAP1 SMARCE1

SMO TERT

Grade |

Meningothelial

Fibroblastic

Transitional

Psammomatous

Angiomatous

Microcystic

Secretory

Lymphoplasma-

cyterich

Metaplastic

Grade Il

Chordoid

Clear cell

Atypical

Grade lll

Papillary

Rhabdoid

Anaplastic

Numbers in the table indicate the source of information. According to 1 = Proctor et al. (2018); 2 =
Preusser et al. (2018); 3 = Nigim et al. (2018).

Table 2 The effect on mutations to meningiomas anatomical location.

Anatomical Mutated gene Mutated site / More precise / other Reference
location of tumour type of mutation alternative location
Several point Lateral/posterior cranial (Proctor et al.
NF2 mutations / loss of base, spinal cord 2018; Preusser et
chromosome 22 al. 2018)
Convexity SMARCBA1 Several mutations Co-occurring with NF2 (Preusser et al.
2018)
TERT C228T, C250T Cranial base (Nigim et al. 2018)
BAP1 Several mutations Cranial base (Nigim et al. 2018)
Several point Anterior midline cranial (Preusser et al.
TRAF7 mutations in WD40 base 2018; Karsy et al.
domains 2018)
AKT1 E17K Anterior midline cranial (Preusser et al.
Cranial base base 2018; Karsy et al.
2018)
K409Q Sphenoid wing / midline (Preusser et al.
KLF4 cranial base 2018; Karsy et al.
2018)
SMO L412F, W535L Anterior midline cranial (Preusser et al.
base / convexity 2018; Clark et al.
2016)




H1047R Anterior / middle cranial (Preusser et al.
PIK3CA base 2018; Karsy et al.
2018)

Cranial base POLR2A Q403K, deletion in Tuberculum sellae (Proctor et al.
L438 H439 2018; Nigim et al.
2018)

Spinal cord SMARCE1 Several mutations Posterior fossa (Proctor et al.
2018; Nigim et al.
2018)

Kaplan—Meier estimates describing progression-free survival (PFS) of
patients with mutated DMD, NF2 and TERT promoter

100%

80%

Mutated DMD
60%

Mutated NF2
40%

20% 4
0% I_|—

0 20 40 60 80 100
Progression free survival (months)

Mutated TERT

Proportion without progression

Figure 1A. PFS of meningioma patients with specific mutation according to Loewenstern et al.
(2019), Juratli et al. (2018) & Biczok et al. (2018)

Kaplan—Meier estimates describing overall survival (OS) of patients with
mutated DMD, NF2 and TERT promoter

100% L|
L
o 80% |
£ L Mutated
s | DMD
a 60% Mutated
s NF2
£ 40% Mutated
8_ TERT
o
o 20%
0%
0 20 40 60 80 100 120 140

Overall survival (months)

Figure 1B. OS of meningioma patients with specific mutation according to Loewenstern et al.
(2019) & Juratli et al. (2018)
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4. DISCUSSION

4.1 Mutations in subtypes of meningioma listed by WHO grade

Meningiomas characteristically harbour less copy-number modifications than several other tumours
of adulthood. As example, only small portion of grade | meningiomas harbour complex genomic
rearrangements, like chromothripsis. However, larger rates of copy-number alterations and
karyotypic abnormalities are detected in atypical and malignant meningiomas. (Preusser et al. 2018)
Though a lot of information is discovered about underlying mutations in the development of the
meningioma, the current data shows still unsolved category comprised of 5% of meningiomas as

presented in figure 2.

AKT1

12% KLF4 PIK3CA

Figure 2. Proportions of the genetic subtypes of meningioma according to Proctor et al. (2018).
Edited from https://www-sciencedirect-
com.libproxy.tuni.fi/science/article/pii/S187887501831800X?via%3Dihub, accessed online March
8, 2020.

4.1.1 Grade | meningiomas

Meningothelial, fibrous, and transitional meningiomas are the most frequent subtypes of grade |
meningioma (Mawrin and Perry 2010). Causative mutations associated with specific meningioma
subtype are presented in table 1. Meningiomas with mutated TRAF7, AKT1 and KLF4 genes have
recurrently showed distinct from meningiomas with NF2 or SMO mutations which do not seem to co-
occur. Consequently, as figure 3 represents, there seems to be 3 genomic subclasses of
meningiomas with their heterogeneous features: 1) NF2, 2) TRAF7 and 3) SMO-mutated. (Karsy et
al. 2018) POLR2A gene is presented in this thesis as an example of in the figure 3 presented "other”
-group. POLR2A seems to have influence on development of meningothelial meningioma.


https://www-sciencedirect-com.libproxy.tuni.fi/science/article/pii/S187887501831800X?via%3Dihub
https://www-sciencedirect-com.libproxy.tuni.fi/science/article/pii/S187887501831800X?via%3Dihub
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Since the extensive incidence of NF2 mutations in meningioma, it is reasonable to divide this
discussion into two parts: NF2 mutations in grade | meningioma will be discussed in the first chapter.

The second chapter describes non-NF2 mutations in meningiomas.

Figure 3. Three molecular subclasses of meningioma according to (Abedalthagafi et al. 2016).
Mutated TRAF7, AKT1, KLF4 and PIK3CA genes are recurrently founded distinct from meningiomas
with NF2 or SMO mutations.

4.1.1.1 Subset of mutated NF2 in grade | meningiomas

Neurofibromin 2 (NF2) mutations have been observed in 40-60% of all sporadic meningiomas in all
pathological grades (Proctor et al. 2018). In addition, chromosomal alterations are more recurrent in
meningiomas with NF2 mutation when comparing to meningiomas with NF2-wildtype (Preusser et
al. 2018). Inactivation with two-hit mechanism is frequently identified in meningioma specimens; NF2
gene is interfered in one allele and chromosome 22 is partly or completely lost in the second allele
(Preusser et al. 2018). The loss of chromosome 22g12.2 can be observed in 40%—-80% of sporadic
meningiomas which associated or not with varying NF2 mutations is the most repetitive cytogenetic
event in meningiomas (Karsy et al. 2018). This indicates that these alterations seem to play
significant role in meningioma development (Domingues et al. 2015). The remarkable link between
meningioma and NF2 gene was initially discovered in patients with neurofibromatosis 2 disease (NF2
disease) and the loss of NF2 gene is identified as the main reason of this disorder (Mawrin and Perry
2010). 50%—-75% of patients develop meningioma in NF2 disease (Proctor et al. 2018).

The product of NF2 is merlin protein that contributes leptomeningeal cell proliferation, cytoskeletal
dynamics and motility. In addition, merlin takes part in negative regulating of mammalian target of
rapamycin complex 1 (mTORC1) and positive regulation of the kinase activity of mTORC2. This
suggests that merlin is important activator of mMTOR (mammalian target of rapamycin) pathway.
(Preusser et al. 2018) These aspects indicate that NF2 mutation may be the driving force behind
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epithelial-mesenchymal transition (EMT) of mutated cells which might lead to development of
meningioma.

Recent studies have reported NF2 mutations in grade | meningioma occurring in transitional and
fibrous meningiomas as presented in table 1 (Domingues et al. 2015). Either meningothelial or
histologically by glandular metaplasia characterised secretory subtype do not seem to harbour NF2

alterations (Riemenschneider et al. 2006).

4.1.1.2 Subset of non-NF2 mutated grade | meningiomas

Recent studies concerning non-NF2 mutated meningiomas report mutations in TNF receptor-
associated factor 7 (TRAF7) gene often co-occurring with mutated AKT1, KLF4, or PIK3CA
(Abedalthagafi et al. 2016). The protein of TRAF7 acts as a proapoptotic E3 ubiquitin ligase and is
discovered in ~25% of all meningiomas. TRAF7 is multidomain protein that affects several signalling
pathways by selectively tagging proteins for degradation. TRAF7 affects to the wide class of co-
protein targets e.g. transcription controller NF-kB, antiapoptotic protein c-FLIP and TNF pathway
regulating mitogen-activated kinase MEKK3. (Clark et al. 2014; Karsy et al. 2018) In a study
conducted by Clark et al. 67 of the 72 TRAF7 mutations all map to the WD40 domains which have
remarkable function in cell cycle control, signal transduction and apoptosis. This study evidently
highlights the relevance of TRAF7 inactivity in meningioma development by harassing regulation of
apoptosis and communication between cells and extracellular space.

TRAF7 mutation commonly co-occurs with mutated murine thymoma viral oncogene homolog 1
(AKT1). Co-mutation of AKT1 and TRAF7 has founded from 60% of meningiomas with mutated
AKT1. AKT1 itself has founded mutated in 7%—12% of benign tumours, but is rare or almost absent
in higher-grade meningiomas. (Proctor et al. 2018) AKT1 has dissimilar gene expression patterns in
comparison with meningiomas with NF2 mutation. Clark et al. verified causative AKT1 mutation in
meningioma specimens by immunochemistry using specific antibody for this alteration in 2014.
E17K mutation in AKT1 is repetitive and significant oncogenic hot spot which accelerates the
PI3K/AKT signaling and promotes proliferation and meningioma growth (Nigim et al. 2018).
Oncogenic potential of E17K-mutation was noticed for the first time when mutated cells were seen
to create colonies in soft agar and to induce leukemia in mice which cannot be initiated by wildtype
-AKT1 alone (Preusser et al. 2018).

Regardless of remarkable proportion of AKT1 and TRAF7 co-mutations in meningioma, TRAF7
mutations co-occur more with mutations in Kruppel-like factor 4 (KLF4) (Paramasivam et al. 2019).
KLF4 is mutated up to 50 % of NF2-wildtype meningiomas. KLF4 act as transcription factor and its
K409Q region is present in 1 of 3 zinc finger DNA binding sites, that causes that mutations of this
site potentially alter either the mechanism this transcription factor interacts with DNA or the target

sequences it binds. (Proctor et al. 2018) In the first zinc finger domain lies K409Q region, a significant
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hot spot, which is located exactly in the DNA-binding motif that makes direct contact in the major
groove of DNA. Approximately 12% of grade | meningiomas present mutations in KLF4 K409Q.
(Preusser et al. 2018)

KLF4 has another important role in inducing pluripotency; it is one of four genes that jointly induce
reprogramming differentiated somatic cells back into pluripotent stem cells (Clark et al. 2014).
According to Clark et al. deletion in this KLF4 DNA binding domain induces self-renewal in
hematopoetic cells and amplifies this by blocking differentiation. For so far unclear reason, the
inactivity of this gene leads to development of meningioma. Particularly, the KLF4 K409Q and
TRAF7 co-mutations seem to be driving forces in development of secretory meningioma. (Proctor et
al. 2018) The guiding effect of KLF4 K409Q mutations to the development of meningioma is not fully
clarified, but the influence of the loss in KLF4 function is crystal clear. However, to harness this
information into clinical applications, KLF4 needs to be more investigated.

The third gene co-occurring with TRAF7 is phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit (PIK3CA). PIK3CA has founded altered in 7% of grade | NF2-wildtype meningiomas.
(Preusser et al. 2018) Abedalthagafi et al. (2016) were the first showing that mutated PIK3CA often
co-occurred with alterations in TRAF7, excluding NF2, AKT1, and SMO mutations. Meningiomas
with lesions in PIK3CA have presented to progress into more aggressive meningiomas. The study
set a stage for categorizing an extensive portion of meningiomas by studying PIK3CA mutation
patterns in the context of other genetic subgroups. According to same study, PIK3CA mutations are
incidental findings from primary meningiomas and affect women. (Abedalthagafi et al. 2016)

The product of PIK3CA is protein kinase PI3K which mutated leads to constant activation and
phosphorylation of PIBK/AKT/mTOR signaling pathway that participates in protein synthesis and
proliferation of many cancers. This pathway is promoting meningioma growth also when targeted by
mutated AKT1. (Karsy et al. 2018) However, it seems clear that PI3K/AKT/mTOR signaling pathway
has significant role in development of meningioma. Consequently, molecules in this pathway should
be more precisely researched with a view to personalized therapies.

The third genomic subclass is comprised of SMO-altered meningiomas. In literature, these SMO
mutations are repeatedly reported to be distinct from other genomic subclasses. For example,
Abedalthagafi et al. (2016) used high-resolution array-comparative genomic hybridization to
characterize copy-number changes in 150 meningiomas. The results observed that SMO mutated
tumours were exclusive with alterations in TRAF7, KLF4, AKT1, PIK3CA, and NF2. Similar findings
did Clark et al. (2014) which noted that 8 samples of 11 with SMO mutations were exclusive of
mutations in same genes.

SMO mutations are observed in 5,5% of benign meningiomas and is affected by two hotspot
mutations: Leu412Phe and Trp535Leu, earlier mentioned presented at a much higher prevalence
(Preusser et al. 2018). Study from Clark et al. (2014) found recurrent Leu412Phe alterations in 7

samples of 11 with mutated SMO gene. Same study founded previously mentioned Trp535Leu
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mutation in SMO and is reported to result in activation of Hedgehog signaling in basal cell carcinoma.
This pathway participates in regulation of signaling, maintenance and cell proliferation. (Proctor et
al. 2018) As presented in table 1, SMO mutations have founded also from atypical meningiomas,
which may be a hint of the strong guidance of Hedgehog pathway and its possible relevance of
progression into poorer diagnosis.

Last but not least, a study conducted by Clark et al. (2016) exposed the relevance of RNA
polymerase Il subunit A (POLR2A) mutations in meningiomas. POLR2A was mutated in 6% of grade
| tumours exclusively and it seems to occur particularly in meningothelial subtype of meningioma.
The alterations in POLR2A appears to be distinct subclass from prior presented genomic subclasses.
The function of POLR2A is to affect interaction of DNA polymerase with transcription factor 2B during
the pre-initiation complex and is suspected to take an active part in alteration of gene expression
which leads to meningioma. (Clark et al. 2016) Further studies have indicated that POLR2A modifies
highly evolutionarily conserved WNT signaling pathways and other significant transcription factors
(Karsy et al. 2018). Altered WNT pathways may disturb paracrinic signaling between neighbour cells,
which over the time isolates the affected cell from its surroundings. This isolation of cells may lead

to development of meningioma.

4.1.2 Mutations in grade Il meningiomas

There are only few mutations behind development of meningiomas, but the few existing alterations
are significant and result in growth of the meningioma (Karsy et al. 2018). As example, a study from
Brastianos et al. (2013) reported 3,3% as the median somatic copy-number alteration (SCNA) rate
in the median meningioma, which is up to 10 times less than in the median cancer. However, higher
meningioma grades Il or Ill are linked with the presence of increased rates of copy-number
alterations and karyotypic abnormalities (Preusser et al. 2018). To underline, Clark et al. (2014)
reported notably more large-scale chromosomal abnormalities in meningiomas classified as higher-
grade compared to benign meningiomas (6.9 versus 1.7 events per specimen) and founded also an
elevated rate of NF2 alterations. As presented in this thesis, the most recurrent cytogenetic event in
higher-grade meningiomas is monosomy 22/deletion of 22q associated or not with mutated NF2
gene. This prognosticates that NF2 alteration often indicates higher WHO grade and more probable
tumour recurrence and more genomic abnormalities. (Proctor et al. 2018) By far, NF2 mutation
or/and monosomy/del(q22) have been suggested to occur at the early stages of disease. In the later
phase occurred additional mutations associated with mutated NF2 or/and monosomy/del(g22) are
founded in relatively high frequencies in more aggressive meningiomas. (Domingues et al. 2015)
The co-occurring mutations that are suspected to affect meningiomas progression to more severe

grade, will be discussed in this chapter.
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Study from Clark et al. (2016) reported SMARCB1 mutations co-occurring with NF2 mutation in
meningiomas. This renders the possibility whether this mutated SMARCB1 could accelerate the
growth of tumour cells. SMARCB1 mutations exist in approximately 5% of meningioma but
interestingly, these alterations are less risky for causing recurrence than NF2 mutations solely. The
meningioma with mutated SMARCE1 is associated with development of clear cell histologic subtype
in spinal cord and sometimes in cranium. (Proctor et al. 2018) Due to unusually clear co-occurring
of mutated NF2 and SMARCB1, alterations appear as potential target for future therapies.

The promoter region of TERT encodes for the protein telomerase reverse transcriptase (TERT) and
was recognized as affecting factor in development of meningiomas by Koelsche et al. (2013).
Following studies have discovered TERT mutations associated with worse outcome in patients with
brain invasive meningiomas. In addition, increased level of telomerase reverse transcriptase has
been recognized in aggressive meningiomas. (Juratli et al. 2018) Mutated TERT has also been
detected in many other cancers, e.g. in melanoma, glioma and bladder cancer (Preusser et al. 2018).
Paramasivam et al. studied the role of TERT activation in meningioma development in a
retrospective study with meningioma specimens from 252 patients in 2019. In addition to
accelerating TERT promoter mutations and TERT fusions, copy number gain of the TERT locus was
founded as possible secondary mechanism causing TERT activation and meningioma growth. TERT
status was also reported unrelated to telomerase expression or telomere length. Activating TERT
promoter mutations are frequent in higher-grade meningiomas and TERT promoter mutations
decrease PFS of meningioma patients. (Paramasivam et al. 2019) These findings demonstrate that
TERT may be remarkable factor dividing higher grade tumours and its guiding effect and specific

mechanisms should be more investigated.

4.1.3 Mutations in grade Ill meningiomas

2-4% of meningioma tumours are classified as grade lll (malignant) meningiomas which consist of
3 different subtypes. In addition to higher amount of mitotic events, grade Ill meningiomas show
necrosis, features of rhabdoid or papillary cells and brain invasion. (Proctor et al. 2018)

The co-occurrence of NF2 and DMD has been reported in several studies recent years. Meninges
express the biggest known gene, DMD, that encodes dystrophin protein. DMD acts as important
factor in regulation of cell motility and cell proliferation in response to extracellular signals and
interacts also with adherens junctions. The dystrophin protein stabilizes and remodels cytoskeleton
of the cells by linking actin and intermediate filaments and other components of cytoskeleton to the
transmembrane dystroglycan complex. (Juratli et al. 2018)

Paramasivam et al. (2019) conducted a study from suspected NF2 and DMD co-occurrence. 11/12
samples with DMD mutation were reported harbour earlier described NF2 “double hits”. Moreover,

association in structural variations (SVs) between NF2 and DMD mutations were characterized.
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DMD expression was reported higher in those methylation subgroups which often harbour NF2
mutations than in the subgroup that usually lacks these alterations. Analysis of both NF2-wildtype
and NF2 mutant samples resulted that DMD is one of the most highly upregulated genes in subgroup
with NF2 mutation. Regardless of these prominent results of the role of DMD in higher grade
meningiomas, the study admitted that due to big size of DMD (2.22 Mb) might cause so called
“‘passenger effect” which may be meaningless in meningioma progression. This might to true due to
proximity to fragile sites on chromosome X. (Paramasivam et al. 2019) Consequently, given data
doesn’t offer certain answer to the question of relevance of DMD alterations in meningioma. This
indicated high expression might be also associated with an open chromatin status with liability to
unselective mutations. For these reasons, more research is needed to clarify whether and in which
way mutated DMD participates in development and aggressiveness of meningioma. DMD may act
as advancing marker towards future therapies. (Paramasivam et al. 2019)

Specifically, older studies underline the role of metallopeptidase inhibitor 3 (TIMP3) in higher grade
meningiomas. TIMP3 seems to have two significant functions: firstly, it encodes a protein that inhibits
matrix metalloproteinases (MMPs) and secondly TIMP3 appears to act as tumour suppressor. In
vitro studies have presented that overexpression of TIMP3 induces apoptosis and suppresses
tumour growth. (He et al. 2013) Respectively, hypermethylation of TIMP3 at loci 22q12 leads to
transcriptional downregulation which has identified to promote aggressive, high-grade meningioma
(Domingues et al. 2015). As example, hypermethylation of TIMP3 promoter was founded in one
study 67% of anaplastic meningiomas, while only 22% of atypical and 17% of benign meningiomas
contained TIMP3 mutations (Mawrin and Perry 2010).

Similarly with TIMP3, especially the older literature highlights p53 and MEG3 as remarkable genes
related to progression into higher grade meningioma. p53 is active in controlling cell cycle and
proteins of this p53 pathway, p14ARF and TP53, regulate the transition from the G1/S-phase
checkpoint. p14ARF protein binds to the MDM2 oncogene and degrades its regulator protein. This
prevents the degradation of p53 and cell cycle is allowed to continue resulting in accelerated cell
proliferation. Inactivating hypermutations in this p14ARF and p53 pathway have been presented to
occur frequently in human brain tumours. (He et al. 2013) What comes to MEG3, studies have shown
that normal arachnoidal cells highly express MEG3 RNA while malignant meningiomas recurrently
show more MEG3 methylation. (He et al. 2013)

BAP1 act as tumour suppressor which encodes highly conserved nuclear localizing ubiquitin
carboxyl-terminal hydrolase -protein. BAP1 mutations are frequently findings (>50%) from patients
with histologically rhabdoid meningioma. Identification of role of BAP1 in meningioma was a
significant discovery which now separates higher-grade meningiomas into aggressive and less-
aggressive genetic subgroups. (Preusser et al. 2018) The finding is remarkable, because the loss of

BAP1 protein expression indicates early tumour recurrence (Juratli et al. 2018).
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Due to seemingly clear link between BAP1 and rhabdoid meningioma subtype, patients with the
diagnosis could be confirmed by immunohistochemistry which may be a promising tool for risk
stratification (Preusser et al. 2018). Nevertheless, currently there is no treatment available (Proctor

et al. 2018). Further research could enable novel personalized therapies in the future.

4.2 Mutations affecting anatomical position of meningioma

Diverse histological subtypes of meningioma evolve in specific anatomical positions. It has
suspected that these dissimilarities in certain tumour locations may be due to dissimilarities in
embryonic development. For instance, convexity meninges originate from the neural crest whereas
meninges at the cranial base evolve from the mesoderm. (Preusser et al. 2018) Grade of malignancy
might be associated with localization of meningioma. The proportion of higher-grade meningiomas
at the convexity or with parasagittal location is much higher than that at the cranial base, where
grade | meningiomas dominate. (Preusser et al. 2018)

Multiple genomic alterations have been demonstrated to impact on the location of meningiomas.
Most meningiomas in the convexities, posterior skull base or in the spinal cord show NF2 mutations
and/or chr22 loss (Proctor et al. 2018). Studies have also shown that tumours in the convexities are
not only likely to have NF2/chr22 loss mutations but also these are prone to gain alterations
(Domingues et al. 2015). Genomic alterations in SMARCB1 in chromosome 22 are recurrently
findings from convexity-located meningiomas. The loci of SMARCB1 is close to localization of NF2
gene and studies have confirmed their co-occurrence (Preusser et al. 2018). Other repeatedly
founded alteration is in TERT-promoter which can be detected in both NF2 and non-NF2 mutated
meningiomas. Consequently, mutated TERT can be verified in meningiomas elsewhere than NF2-
typical sites. BAP1 alterations in rhabloid meningiomas, harbour various mutations and are found
mainly from convexities. This finding is quite rare. (Nigim et al. 2018)

Meningiomas in the cranial base harbour many well-known genetic alterations: mutations in TRAF7,
AKT1, KLF4, PIK3CA, SMO and POLR2A presented in table 2 are repetitive findings. The location
of TRAF7 is strongly influenced by coexisting AKT1, KLF4 or PIK3CA alteration and this co-existence
mostly dictates prognosis and the specific location (Proctor et al. 2018). SMO alterations are
remarkable enriched in skull base meningiomas; Preusser et al. (2018) reported that 28% of tumours
of this location had mutated SMO gene. POLR2A is also considerable alteration in cranial base
meningiomas, representing 6% of 775 meningiomas examined in this same 2018 research.
SMARCE1 mutation is linked to the progression to more aggressive clear cell subtype located in
spinal cord. Meningiomas with alterations in SMARCE1 repeatedly show loss-of-function mutations.
(Preusser et al. 2018) According to Preusser et al. for now SMARCE1 mutation seems to be the only
predominant factor guiding development of spinal meningioma (10%) which makes its guiding effect

interesting target for clinical possibilities.
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4.3 Effect of mutations on the PFS and OS of meningioma

It has acknowledged for a long time that benign meningiomas are more typical among in women
while males have typically more aggressive meningiomas with worse prognosis. To gain evidence
of gender’s influence to the prognosis of the disease, Juratli et al. performed in 2018 a detailed copy
number analysis of the sex chromosomes from altogether 24 meningioma patients, comprised of 14
male and 10 women. 64% of male patients were reported somatic Y chromosome loss, while 33.3%
of female patients had a somatic loss of one or both arms of the X chromosome. (Juratli et al. 2018)
However, it is not possible to generalize these results due to small sample size, but the results
reinforce conception of the potential role of sex chromosomes in development of the tumours.
According Juratli et al. Y chromosome may contain to date uncharted genes that might drive the
disease to more aggressive course.

Among both genders, 50-90 % of grade Il and Ill meningiomas recur after surgical resection and
are classified as progressive/recurring meningiomas (Juratli et al. 2018). Grade Il meningiomas have
a relatively high recurrence rate because up to 40 % of the tumours recurs in 5 years. The prognosis
is even worse with grade Ill meningiomas: the 5 year progression free survival (PFS) is only 10 %.
(Ressel et al. 2019) Unlike could propound, brain invasion in higher-grade meningiomas doesn’t
mean tumour recurrence or progression for sure: these have shown poor correlation in past studies
(Proctor et al. 2018). In addition to this, Mawrin and Perry presented in 2010 that also grade |
meningiomas have potential for recurring even the tumour had been nearly completely surgically
operated. This consideration combined with the differences in recurrence rates with higher-grade
meningiomas points out that there seems to be variable genetic markers which direct progression of
meningioma into more aggressive course, regardless of the current WHO classification.

Various tumours with aggressive biology classified as higher-grade meningiomas lack explanation
for their progression (Juratli et al. 2018). In past years, in graphs 1A and 1B presented DMD, NF2
and TERT promoter have revealed as genetic alterations which might drive to worse prognosis of

the meningiomas (Juratli et al. 2018; Loewenstern et al. 2019; Biczok et al. 2018).

4.3.1 Progression free survival (PFS)

In the research from Loewenstern et al. (2019) primary NF2-mutated tumours recurred in a mean of
14.5 months relative to 19.6 months with NF2-wildtype meningiomas. Decreased PFS in grade | and
Il meningiomas have recently detected to be associated with NF2-mutations, but it has to
acknowledge that all NF2 mutant meningiomas are not progressive. This prognosticates that NF2
mutation may harbour additional genetic alterations which might be required for progression.

(Loewenstern et al. 2019; Juratli et al. 2018) Two candidates for accelerating mutated genes are
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DMD and TERT promoter which seem to co-occur with NF2 and are recurrently recognized in
aggressive meningiomas (Paramasivam et al. 2019; Proctor et al. 2018). As presented in Kaplan—
Meier estimate of PFS (figure 1A), TERT- and DMD mutations seem to decrease PFS of meningioma
patients exclusive of NF2 or by-occurrence. Because lack of exact information of these genetic
associations, the further studies are needed to investigate these causative mutations which might
have a larger role in driving recurrence (Loewenstern et al. 2019).

According to study from Juratli et al. (2018) inactivation of DMD seems to be often observed in
progressive higher-grade meningiomas than the control cohort comprised of benign or non-
progressive grade |l meningiomas. DMD inactivation was reported as associated with worse clinical
outcome in patients: PFS of the patients with DMD inactivation was shorter than with patients with
active form of gene [1.6 years, 95% CI 1.1-2.2 vs. 2.6 years, 95% Cl 2.3-2.8, p=0.038, Juratli et
al. (2018)] As previously discussed, DMD is one of the genes suspected as mutated to provoke NF2-
mutated tumour to progressive meningioma. Despite this, Juratli et al. found also that DMD deletion
is not merely a proxy for NF2 status: it was not associated with outcome 8.8 years in the NF2 wild-
type cohort (95% CI 6.1—11.5 years) vs. 10.1 years in NF2-mutant patients (95% CIl 5.3—14.8 years).
This states that DMD seems also have own independent role in meningioma progression.
Compared to mutations in DMD, TERT mutations are more typically detected in progressive and
high-grade meningioma and about 80% of TERT promoter mutations co-occur with mutated NF2
(Proctor et al. 2018). In the research conducted by Biczok et al. median PFS in patients with TERT
mutation was 27 months (range 2-136 months). Even classifying, median PFS in grade Il
meningiomas with mutated TERT was 31 months (range 2—136 months) and 13 months (range 2—
67 months) for grade Ill meningiomas. TERT promoter mutation prognosticated the worst outcome
with a PFS of 12.5 months (range 7—38 months) compared to those patients with TERT wild type
with a PFS of 27 months (range 2—-136 months). (Biczok et al. 2018) This presented in figure 1A
demonstrates that according to current information TERT promoter mutation seems to predict worse

outcome compared the patients with mutated DMD or NF2.

4.3.2 Overall survival (OS)

Loewenstern et al. (2019) conducted an analysis of driver mutations in primary and recurrent
meningiomas. The reported OS of meningioma patients with NF2-mutation is shown in figure 1B.
The median follow-up time in the study was over 4 years after initial resection. In analysis of mortality
risk, the present analysis did not uncover an association with any driver mutation with survival,
including presence of an NF2 mutation. Larger amount in cohort of patients with a longer follow-up
time might have revealed genetic associations with mortality risk. Patients presenting with a severely
symptomatic meningioma tend to have poorer outcomes post-resection, including a potential

increased risk for mortality. (Loewenstern et al. 2019) Prior research has detected CDK2NA
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mutations to decreased survival in anaplastic meningioma. This altered CDK2NA could be potential
target for further investigations. (Loewenstern et al. 2019)

Figure 1B presents comparable results of the influence of the DMD and TERT promoter mutations
to OS of meningioma patients according to Juratli et al. (2018). Patients with meningiomas with DMD
mutation were reported a shorter overall survival (OS) comparing to the patients with DMD-wildtype.
[5.1 years (95% CI 1.3-9.0) vs. median not reached (95% CI 2.9—not reached, p =0.006)] (Juratli et
al. 2018) TERT promoter mutations also seem to lead to the decreased OS in higher grade
meningioma. Juratli et al. reported patients with TERT alterations clearly worse OS (5.1 years, 95%
Cl 3.1-7.2) compared to patients with wildtype of TERT (18.5 years, 95% Cl 14.6-22.4, p <0.001)
TERT promoter seems to cause the worst clinical outcome both in PFS and OS, as expected. The
strong influence of this alteration seems guide accelerated cell growth and lead to severe disease
with under 20% OS after 7 years (figure 1B, Juratli et al. 2018). The further studies of these

alterations might lead to new strategies against aggressive meningiomas.

5. CONCLUSIONS

In recent years, next generation sequencing has revealed the genetic heterogeneity of meningioma.
Certain meningioma subtype specific mutations have detected to promote development of
meningiomas (presented in table 1). Also other mutations, e.g. SMARCB1 and DMD, seem to co-
occur with NF2. There are still a lot of questions left without answer and hopefully this awareness
drives more focused study of uncertainties which will eventually lead to new diagnostical parameters.
In addition to the fact that mutations affect location of tumours (presented in table 2), a possible
embryonic-like cancer stem cell of origin has recognized as another feature which gives hint of the
genomic subclass of meningioma.

Currently, the resection and radiation have been the only treatments in meningioma. However,
individuals with meningiomas in surgically inaccessible areas, having metastatic, recurrent or
progressive meningiomas are candidates for clinical trials due to redundant traditional therapies in
such cases (Preusser et al. 2018). Figure 4 presents some of the most significant signaling pathways
related to pathogenesis of meningiomas. For instance, The Ras-Raf-MEK-MAPK/ERK, JAK-STAT3
and mTOR signaling pathways with their target molecules are considered as potential targets of
treatment (Domingues et al. 2015). Growth factor inhibitors for example of VEGFR and PDGFR (e.g.
Sunitinib and Vatalanib) are studied inhibit tumour growth through interfering tumour vascularization.

Another studied subject is recombinant interferon-a, which has reported to inhibit the growth of
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meningioma cells in vitro. (Nigim et al. 2018) Despite this, the further studies are necessary due to

failing to show an adequate benefit. (Nigim et al. 2018)
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Figure 4. Significant elements in some of the most relevant signaling pathways involved in the

pathogenesis of meningiomas according to Domingues et al. (2015)

A seemingly clear trend for meningiomas of all pathological grades has been having more
hypermethylated loci than genetically somatic mutated loci, which underlines the role of methylation
in early meningioma tumorigenesis (He et al. 2013). He et al. stated in 2013 that this may indicate
that DNA methylation occurs before phenotypical changes and that aberrant methylation may be a
harbinger of later malignant transformation and recurrence. This indicates that meningioma
classification by methylation patterns might show more precise prediction of patient outcome than
current WHO grading presented in this thesis.

Currently, NF2, DMD and TERT have suspected to guide into more aggressive course of disease
(figures 1A & 1B), but factors behind recurrence and progression of meningioma are not completely
understood. To study more these accelerating genetic alterations, long-lasting genomic analyses are
needed due to varying alterations in genomic spots of meningiomas during treatment (Juratli et al.
2018). In some large centers the diagnoses are already made by combined phenotypic—genotypic
methods and the growing availability of immunohistochemical techniques suggest that these might
be standardized maybe even in the near future (Louis et al. 2016). It is likely that these genomic
findings affect to the next round of CNS WHO classification which probably further incorporates

methylation patterns in categorization of tumours of the central nervous system.
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