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1. Introduction

Central nervous system (CNS) tumors comprise a wide spectrum of entities that differ in
many regards including molecular genetics, cellular composition and growth kinetics,
parameters that are critically affecting the clinical symptoms and course of the disease
(Louis et al., 2021) and epileptic seizures are a frequent symptom. A group of
heterogeneous glial and glioneuronal tumors has been referred to as long-term epilepsy-
associated tumors (LEATS; (Luyken et al., 2004)). They are characterized by a variety of
neoplasms with distinct histologic features including astro-, oligodendroglial and
glioneuronal neoplasms and account for a significant fraction of childhood brain tumors
(Aghajan et al. 2016; Aguilera et al. 2016). Among the LEAT series, gangliogliomas (GGs)
represent the most common neoplasms (Blimcke et al., 2016; Blimcke et al., 2017).

1.1. Gangliogliomas

GGs are glioneuronal neoplasms, which constitute not only the highest abundant LEATSs
but also the most frequently encountered neoplasms in patients with focal,
pharmacoresistant temporal lobe epilepsy (Blimcke et al., 2016; Blumcke et al., 2017;
Wolf et al., 1994). GGs occur mostly in children and young adults with their mean
prevalence at the age of 12 years (Dudley et al., 2015; Zhang et al., 2008). They have an
incidence of only 1 - 3 % of all pediatric CNS tumors (Blimcke & Wiestler, 2002; Louis et
al., 2016). Although they can arise in different localizations, they are preferentially located
within the temporal lobe (Zentner et al., 1994).

Generally, GGs are following a benign biological course subcategorized by the World
Health Organization (WHO) as grade |. Less commonly, GGs (1 - 3 %) can acquire
malignant features and give rise to anaplastic gangliogliomas (aGGs), which are classified
as WHO grade Il (Luyken et al., 2004; Wolf et al., 1994).

1.1.1. Neuropathology of GGs

Histologically, GGs are characterized by a biphasic pattern composed of an admixture of
neoplastic astroglial and dysmorphic neuronal elements (Hirose et al., 1997). Dysmorphic
ganglionic elements are enlarged cells of irregular shapes with frequent bi- and



multinucleation, a large nucleolus and condensed Nissl substance in the soma (Fig. 1,
(Blimcke & Wiestler, 2002)). These dysmorphic neurons are placed in a disorganized
manner and they are sustained and entrapped within an astroglial matrix (Fig. 1). The glial
component of the tumor may be variable in appearance and represents the neoplastic
fraction of GGs (Blimcke & Wiestler, 2002; Luyken et al., 2004). Perivascular lymphocytic
cuffs and parenchymal plasma cells are also often present in these tumors (Luyken et al.,
2004).

Immunohistochemically, dysmorphic cell elements are strongly positive for microtubule-
associated protein 2 (MAP2), neurofilament protein and show peri-somatic accumulation
of synaptophysin. The glial component of the tumors strongly binds antibodies against the
glial fibrillary acidic protein (GFAP; Fig. 1, (Hirose et al., 1997; Luyken et al., 2004; Wolf
et al., 1994)).

Human GG
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Fig. 1. Immunohistochemical images of human GG. Hematoxylin and eosin (HE) staining depicts
the histology/architecture within human GG tissue. Arrow points to a dysmorphic neuron with an
enlarged cytoplasm and binucleation (upper left panel). Immunohistochemical reactions with
antibodies against MAP2 antigen reveals dysmorphic neurons positive for this antigen (arrows,
upper right panel). Representative image from human GGs with immunostaining against
synaptophysin exhibit perisomatic reactivity (lower left panel). Image from human GGs stained
with antibodies against GFAP reveal the presence of an astrocytic fibrillary matrix around the
neuronal component (lower right panel). Human tissue samples were obtained from patients
undergoing neurosurgery in Bonn Medical Center. Scale bar, 25 um.

1.1.2. Molecular pathology of GGs

Mutant BRAFY6%F represents the most common genetic alteration in GGs (Chappé et al.,
2013; Dougherty et al., 2010; Schindler et al., 2011). BRAF is a serine-threonine protein
kinase that belongs to the mitogen-activated protein kinase (MAPK) signaling pathway.
This pathway is responsible for signal transmission from the cell surface to the nucleus
leading to gene expression changes related to tumor growth, differentiation, proliferation
and angiogenesis. Indeed, the most common mutation affecting this gene is a missense
sequence alteration at the exon 15 leading to a substitution from valine to glutamic acid
at the residue 600 of the protein (V600E). This mutation is located within a loop enriched
with glycine, which normally is responsible for suppressing BRAF activity. V60OE leads to
a constitutive increase in the kinase domain activity of the protein and continuous
activation of the signaling cascade, which ultimately contributes to uncontrolled cell
proliferation, survival and oncogenesis (Davies et al., 2002; Ritterhouse & Barletta, 2015;
Wan et al., 2004).

BRAFY%%°E has been described in a large variety of tumors. The mutation was initially
encountered in human melanomas (Davies et al., 2002) and during the last years it has
been detected in different types of CNS tumors. So far, the presence of BRAF6%F has
not been found to have an extensive impact on key clinical parameters in GG patients
with a certain limitation of the small sample size of the cohorts under study (Pekmezci et
al., 2018).

Koelsche and colleagues immunohistochemically detected BRAFV89°E preferentially in
neuronal elements as well as only concomitantly in the glial cell fraction of GGs. Whereas

BRAFV60E.mediated activation of the MAPK pathway has immediate implications for
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neoplastic glial proliferation in GGs (Koelsche et al., 2013), the significance of the

acquisition of dysmorphic neuronal features remains enigmatic.

Large dysmorphic neurons represent also a cytological hallmark of focal cortical
dysplasias (FCD) type 2 (Taylor et al., 1971; Thom et al., 2005). FCDs type 2 belong to
the spectrum of mTORo-pathies (Koh et al.,, 2018), which defines a group of
neurodevelopmental pathologies with alterations affecting the phosphatidylinositol-3-
kinase-Akt-mammalian mechanistic target of rapamycin (PI3K/Akt/mTOR) pathway.

The PI3K/Akt/mTOR signaling pathway regulates cell survival under stress conditions.
Several receptor tyrosine kinases involved in the detection of extracellular stimuli can
further activate PI3K, which translocates to the membrane and integrate signals from the
extracellular space (Sanchez-Alegria et al., 2018). PI3K activation triggers the recruitment
of several proteins to the membrane, including Akt. The translocation of Akt to the plasma
membrane causes the phosphorylation of residues located in its kinase domain leading to
protein activation (Alessi et al., 1997; Sarbassov et al., 2005). Akt activation leads to
further activation of mTOR, which is a serine/threonine protein kinase involved in the
regulation of cell survival, proliferation, apoptosis and autophagy(Alayev & Holz, 2013;
Laplante & Sabatini, 2009). Its function depends on the activation of several downstream
proteins including the ribosomal protein S6 (S6), which is involved in the translation of
mRNA (Thomas et al., 1982). Ultimately, an aberrant increase in the pathway activity
leads to alterations in cell growth and proliferation. In fact, diagnostic of mTORo-pathies
is regularly performed with immunohistochemical analysis for S6 phosphorylation (Aronica
et al., 2007; Baulac, 2016; Crino et al., 2010).

Boer and colleagues documented PI3K/Akt/mTOR pathway activation in human GGs
(Boer et al., 2010). Moreover, in a large series of human GGs, BRAF"%%F has been
suggested to be significantly associated with the presence of pS6, as evidence of mTOR
pathway activation in dysmorphic neurons (Prabowo et al., 2014). The mTOR upstream
protein Akt is a critical mediator in this pathway and its phosphorylation has also been
found in the neuronal component of GGs (Schick et al., 2007).

Mutated BRAF in GGs has been hypothesized to induce mTOR hyperactivation mediated
by crosstalk with MAPK pathway (Blimcke et al., 2016; Samadani et al., 2007). However,
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Koh and colleagues developed an epileptogenic glioneuronal neoplasm model by
expression of a mutant BRAF in murine embryonic cells and they did not observe an
increase in pS6 levels in this model. Accordingly, mTOR inhibition with Rapamycin did not
exert anti-convulsive effects in these mutant epileptic mice (Koh et al., 2018). Thus, the

potential role of mMTOR pathway activation in GG pathogenesis remains unclear.
1.1.3. Unresolved impact of TP53 in the development of malignant GG variants

Even though GGs generally have a benign clinal course (Thom et al., 2012), occasionally
anaplastic (a)GGs (WHO grade Ill) occur. They represent 1-3 % of GGs (Luyken et al.
2004; Wolf et al. 1994). aGGs are highly associated with epileptic seizures and the tumor
progression worsens their refractory status (Zanello et al., 2017). They are characterized
by aggressive biological behavior and represent onco- and epileptological challenges
(Blimcke & Wiestler, 2002; Kalyan-Raman & Olivero, 1987; Lang et al., 1993; Louis et
al., 2016; Pallud et al., 2013; Russell & Rubinstein, 1962).

Histologically, these are characterized by prominent malignant features in the astroglial
component with the presence of mitotic activity, cellular atypia, necrosis and
microvascular proliferation (Louis et al., 2007, 2016). The correlation of histological
anaplasia with clinical outcome parameters is limited so far (Kalyan-Raman & Olivero,
1987; Lang et al., 1993; Luyken et al., 2004), potentially due to only a small case series
of aGGs.

BRAFV6%° was found in 3/6 neoplasms in a small series of aGGs (Schindler et al., 2011)
and alterations affecting TP53 have been reported in anaplastic GG variants (Hayashi et
al., 2001; Pandita et al., 2007). TP53 encodes a transcription factor, which acts as a tumor
suppressor by promoting cell cycle arrest, senescence and apoptosis to avoid
uncontrolled propagation of cells with damaged DNA. In fact, this protein is known as
‘guardian of the genome’ (Lane, 1992) and is the most commonly altered tumor

suppressor gene in human cancer (Hollstein et al., 1991; Kastenhuber & Lowe, 2017).

Individual aGG cases had an abnormal accumulation of the TP53 protein in the astrocytic
component of tumors (Suzuki et al., 2010) and it was reported in concert with the presence

of proliferation-related antigen Ki67-labelled cells (Zanello et al., 2017). Some of the few
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existing studies and reports also showed that the presence of TP53 mutation has been
found in recurrent malignant neoplasms emerging from primary GGs with an absence of
TP53 alterations (Hayashi et al., 2001; Kim et al., 2003). However, these descriptive data
leave the detailed pathogenetic significance of functional TP53 loss for the acquisition of
malignant features of GGs to be studied in detail.

1.2. Pathogenetic concepts of GG tumorigenesis

As mentioned above, GGs are histopathologically characterized by an admixture of
neoplastic glial and dysmorphic neuronal elements, which has prompted to different
potential ontogenetic concepts. 1. Mutant BRAFV8°E protein was detected particularly in
neuronal cells and concomitantly within the glial cell fraction (Koelsche et al., 2013).
Moreover, the expression of the stem cell marker CD34, which in healthy conditions is
only expressed during development, is very frequent in GGs (Blimcke et al., 1999;
Blimcke & Wiestler, 2002; Deb et al., 2006). These findings support a ‘clonal’ origin, in
which both ganglionic and glial cells emerge immediately from a common neural precursor
(Fig. 2). 2. The second concept predicts that GGs originate from a developmentally
compromised or dysmorphic precursor lesion followed by an independent neoplastic
transformation of the glial fraction (Thom et al., 2012). The finding of a somatic mutation
in the tuberous sclerosis complex 2 (TSC2) gene restricted to the glial population of an
individual GG has been in line with this pathogenetic concept (Becker et al., 2001).
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CLONAL ORIGIN POLYCLONAL ORIGIN
Neural precursor Neural precursor

| /N
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Dysplastic neuron Neoplastic astroglia Dysplastic neuron Neoplastic astroglia
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Fig. 2. Schematic representation of the two theories concerning the origin of GGs. Clonal origin
supports the idea that GGs arise from a neural precursor altered during development by a single
oncogenic event, which acquires the potential of giving rise to dysmorphic neurons and neoplastic
astroglia. In contrast, the polyclonal origin supports the existence of two different mutagenic events
targeting different cell populations and thereby sustaining that dysmorphic ganglion and neoplastic
astroglial cells derive from different precursor cells.

1.3. Epileptological aspects of GGs

GGs represent the most common tumor entity in patients with focal chronic
pharmacoresistant epilepsy (Blimcke & Wiestler, 2002; Morris et al., 1993; Wolf et al.,
1994). Pharmacological treatment against epilepsy in patients with GGs only seldomly
results in seizure-free outcomes and surgical removal of the tumor is the only clinical

option.

Previous studies have demonstrated outstanding control of epilepsy after resection of the
tumor and between 70 - 90% of the patients have shown seizure-free after surgery. These
studies focused on patients with benign GG tumors and with a history of long-term
seizures (Haddad et al., 1992; Hu et al., 2012; Luyken et al., 2004; Nishio et al., 2001;
Schramm et al., 2001). Surgical removal of GG from patients with a shorter history of

epilepsy was proved to lead to even better outcomes (Aronica et al., 2001).
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However, resection of the tumor tissue is not directly correlated with seizure control and
instead, examination and removal of epileptic tissue are necessary for these patients
(Giulioni et al., 2006; Haddad et al., 1992; Im et al., 2002). This aspect further supports
the epileptic potential of the peritumoral region (Englot et al., 2012; Giulioni et al., 2006).
In this context, cortical dysplasias, which are characterized by abnormal organization of
the cortical structures and associated with epilepsy, have been detected in some cases
in adjacent areas of GGs (Prayson & Gales, 2015; Saad et al., 2008).

Therefore, further examination of extensive tissue areas around the tumor lesion may be
required. For instance, Sommer and colleagues demonstrated that the surgical resection
of GG by using a higher sensitive magnetic resonance imaging system led to complete

resection of the lesion and an improvement in seizure outcome (Sommer et al., 2015).

Surgical resection of benign GGs results in different seizure outcomes than removal of
malignant GGs and a correlation between anaplastic GG and incomplete tumor resection
has been shown (Im et al., 2002). In these cases, therapy with radiation after surgery
represents a treatment option (Rumana & Valadka, 1998; Silver et al., 1991; Sutton et al.,
1983).

Therefore, distinct underlying mechanisms might depend on tumor malignancy. Recent
mouse model data suggested that GG neuronal components immediately contribute to
hyperexcitability (Koh et al., 2018). Particularly, data obtained from human epilepsy-
associated tumor biopsies emphasizes the relevance of the peritumoral area for
epileptogenicity (Pallud et al., 2013; Pallud et al., 2014; Wolf et al., 1996).

1.4. Immunological aspects of GGs

Human GG biopsies reveal considerable immune cell infiltration. The presence of
perivascular lymphocytic cuffs is a hallmark of these neoplasms and
microglia/macrophages and T lymphocytes have been detected in human GG specimens
(Lieberman et al., 2019). Differentially regulated inflammation-related microRNAs have
also been reported in GGs as well as peritumoral regions harboring epileptogenic potential
suggesting an active involvement of inflammatory responses in the generation and/or

modulation of seizure activity (Prabowo et al., 2015). Moreover, microglial activation in
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GGs has been correlated with subsequent epilepsy duration and seizure frequency
(Aronica et al., 2005).

However, the mechanisms by which immune cells are related to epileptic seizures are still
elusive. In other pathologies related to epilepsy, several cytokines have been proposed to
play a role in this link. For instance, abundant levels of interleukin 1 beta (lI-13) have been

found before seizure onset (Gorter et al., 2006).

Recently, a special focus has been given to the inflammatory mediator C-c motif ligand 2
(CCL2) as a mediator of neuronal hyperexcitability. Pharmacological interference of CCL2
reduced seizure activity in an animal model of mesial temporal lobe epilepsy (Cerri et al.,
2016). Interestingly, CCL2 gene has been found strongly augmented in human GGs
(Aronica et al., 2008). In addition, neural stem cells harboring constitutively BRAF activity
showed the potential of recruiting microglia via CCL2 (Chen et al., 2019) and the blockage
of BRAFVY6%E |ed to reduced levels of Cc/2 in a melanoma mouse model (Knight et al.,
2013).

In concert, these findings underline the need for further studies to assess the composition
and recruitment of immune cells and their association with neuronal hyperexcitability in
GGs.
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1.5. Aims

The overall goal of the present study is to gain novel insights in the molecular
pathogenesis of GGs by systematically using a transgenic mouse model approach.
Intraventricular in utero electroporation allows the generation of developmental brain
tumor models in mice (Goz et al., 2020; Koh et al., 2018). By applying a similar strategy,
the present work aims at understanding the following aspects:

1. Scrutinize whether Akt/mTOR-signaling mediated through constitutively
phosphorylated Akt-kinase (pAkt) would impact cell biological and neuropathological

characteristics of BRAFV%-positive glioneuronal tumors.

2. Characterize the impact of a loss of Trp53 on the neuropathological as well as

phenotypic manifestation of developmental brain tumors harboring BRAF"690F,

3. Assess the effect of Akt/mTOR activation as well as Trpb3-loss on the

electrophysiological properties of BRAF6%E-positive glioneuronal tumors.

Overall, the present study this study aims to give knowledge on new molecular and
functional aspects of developmental brain tumors. In vitro and in vivo biological

experiments were performed in order to address those research concerns.
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2. Material and methods

2.1. Experimental models and patient samples
2.1.1. Animals

Mice with a hybrid background (BL6.129-CD1) were used for all experiments described in
the current project. Mice with a CD1 background were purchased from Charles River
(Strain code: #008462) and B6.129P2-Trp53™8m/J mice were obtained from Jackson
Laboratories (Stock No: #008462). To increase the IUE efficiency, B6.129P2-Trp53im16m/J
male mice were bred with CD1 female mice 14 days before the IUE operation. The
offspring (BL6.129-CD1 hybrid mice) animals were injected at embryonic day (E) 14 in
order to induce brain tumors. To assess the malignancy of the mouse phenotype, the body
weight was used as a criterion; mice were considered to exhibit a malignant phenotype
as soon as they lost 20 % of their body weight and, in accordance, sacrificed. Mice without
showing any malignant phenotype sign were not sacrificed until the age of 110 days. All
animals that were not successfully electroporated were not included in the analysis. All
experiments from this study were conducted according to the guidelines of the European
Union and the University of Bonn Medical Center Animal Care Committee.

2.1.2. Human samples

Human samples were used under patient consent, who gave the agreement about the
use of brain tissue for additional studies. Human BRAF"6%-positive brain slices (3 GGs
and 3 PLNTYs) were obtained from resections of the University of Bonn Medical Center
Neurosurgery Program. All the experiments were performed in accordance with the
Declaration of Helsinki and approved by the Ethics Committee of the University of Bonn
Medical Center.

2.2. Cloning

The sequences of all transgenes required for this project were cloned between two
PiggyBac (PB) terminal repeats in the general donor PB plasmid (Wellcome Trust Sanger
Institute; Cambridge, UK). First, the UbC promoter from the initial PB plasmid was
replaced by the CAG (CMV early enhancer/chicken B actin) promoter and a multiple
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cloning site (MCS; 5’-agcttagatctcccgggaccggt-3’) was added to the 3’end of the promoter
to further clone the transgenes of interest. Second, a fragment containing the mCherry-

T2A sequence was amplified.

Table 1 contains information about the DNA plasmids and Table 2 lists the sequence of

the primers used for DNA amplification.

Table 1. List of plasmids obtained from collaborators or purchased from a company

Plasmid name Reference Manufacturer

Dr. David Jones —
German Cancer

BRAFV60E_kinase domain N/A Research Center,
Heidelberg

pCDH-CMV-mCherry-T2A-Puro Cat #72264 Addgene

myr-Akt1-pUSEamp Cat #17245 Addgene

AAV-GFP/Cre Cat #49056 Addgene

pCAG-Brainbow3.0 Cat #45176 Addgene

piRFP Cat #31857 Addgene

Table 2. Sequences of the forward and reverse primers used for cloning

PCR Direction  Primer 5°-3'sequence Enzyme Vector
fragment
CAG-MCS fw gcgctcgagtcattagttcatage Xhol pB-CAG-MCS

ccatatatgg
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gcgggatccaccggtcceggga

CAG-MCS rv gatctaagcttgccaaaatgatga BamHI  pB-CAG-MCS
gacagcacaa

mCherry fw  9cgggatceatgglgageaadg  go oy hB.CAG-mCherry
gcgaggagce

mCherry rv geggaaticctagaageeetigta EcoRl pB-CAG-mCherry

cagctc

mCherry- fw gcgaagcttiggaccaggaatggt PB-CAG-
VEOOE indlll mCherry-
BRAF gagcaagggcgagg BRAFV600E
) pB-CAG-
Corelte v 90002aMloglagacaguatat Egomy  meheny-
BRAFVGOOE
myrAkt fw gcgggatccatggggagcagcea BamHI  CAG-myrAkt
(pAkt) agagcaa
myrAkt gcggaattcggcetgtgecactgg i
(pAKt) rv ctgagt EcoRI CAG-myrAkt
mCherry- fw gcgaagcttggaccaggaatggt HindlIl pB-CAG-
pAkt gagcaagggcgagg mCherry-pAkt
mCherry- v gcggaattcggcetgtgecactgg ECoR] pB-CAG-

pAkt ctga mCherry-pAkt
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gcgaagcttatggccaatttactg . pB-CAG-Cre-
Cre fw accgtac Hindll mCherry
gcgcccgggggaageggagag
ggcagaggaagtcttctaacatg ) Ara.
Cre-(2A) rv cggtgacgtggaggagaatccc  Smal PB-CAG-Cre
mCherry
ggccctgatcgecatcttccagca
ggc
VEOOE gcgaccggtgaccatggacttga pB-CAG-
BRAF fw ttagagaccaagg Agel BRAFV600E
cggaattcgtggacaggaaac B-CAG-
BRAF V600E iy gcggcat gtggacagg EcoRI ERAFVGOOE
DAkt fw ?a?:tigCttgaccatggggtgtat Hinlll pB-CAG-pAkt
pAkt rv gt"ggagaa“cggdgtgccadgg EcoRl  pB-CAG-pAkt
Cre fw gggg;gcdtatggccaamadg Hindlll  pB-CAG-Cre
gcggaattccgcagggecggga
) ttctcctccacgtcaccgceatgtta ) )
Cre-(2A) v gaagacttcctctgccctctececgct EcoRl PB-CAG-Cre
tccatcgccatcttccagcag
iRFP713 fw  lcatlllggcaagettatggetgaa oy bR CAG-RFP4s

ggatccgtcg



22

tcatggatccaccggttcactcttc

IRFP713 v catcacgccgatct Agel PE-CAG-RFPr1s
Brainbow fw cacagaatccaagtcggaact g?aﬁﬁgw
Brainbow rv ttctcccggtcagcetgact g?aﬁﬁgw

2.3. Intraventricular in utero electroporation

Mice were mated in a coordinated manner for one day, designated as EO. All the embryos
were electroporated at E14 in order to target cortical progenitor cells from cortical layer
[I/1Il and IV. Isoflurane inhalation was employed in order to anesthetize the pregnant
female mice during the whole procedure. 30 min before starting the surgical operation,
Buprenorphin (0.05 mg/kg) and Ketoprofen (5 mg/kg) were injected subcutaneously. The
DNA solution was prepared at a final concentration of 1.5 ug/ul and further mixed with
1mg/ml Fast Green FCF to visualize the injected solution in the ventricles. A midline
abdominal incision was performed on the female mice, and after uterus exposure, the
DNA solution was injected into the lateral ventricle of each embryo with the use of a glass
capillary pipette and expelled by pressure with a microinjector. A triple-paddle electrode
was placed on the head of the embryos and five electric pulses of 45 V were delivered
using the CUY21 SC Square Wave Electroporator. Following intrauterine surgery, the
incision was closed by sewing the muscle and stitching the skin. After surgery, female

mice were subcutaneously injected for three days with Ketoprofen (5 mg/kg).
2.4. Histology and immunochemistry

For histological analysis, hematoxylin and eosin (HE) staining was always performed on
4 ym tissue sections derived from formalin-fixed paraffin-embedded (FFPE) tissue blocks,

The brain slices were deparaffinized with a decreasing gradient of ethanol and incubated
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5 min in hematoxylin. After rinsing slices for 10 min in water in order to wash out the
hematoxylin, sections were immersed in eosin solution for 2 min, followed by 1 min in 100

% ethanol, 2 min in isopropanol (2 times) and 1 min xylene (2 times).

For immunochemical studies, both FFPE-slices as well as free-floating slices were used.
For 4 ym FFPE-slices, sections were deparaffinized and incubated with 10 mM citrate
buffer in a microwave for 6 min (2 times) for antigen retrieval. After washing slices in water
for 1 min, incubation in 1 % H20 for 30 min was performed to quench the peroxidase
activity. To block and minimize unspecific antibody binding, a blocking solution composed
of 5 % normal goat serum (NGS) in phosphate-buffered saline (PBS) was used. After
blocking for 30 min at 25 °C, slices were incubated with the corresponding primary
antibodies for 30 min at 4 °C. After washing with PBS, brain sections were treated with
biotinylated anti-mouse or anti-rabbit secondary antibodies, which were finally detected
by using a Vectastain kit and diaminobenzidine (DAB) staining, followed by a

counterstaining with hematoxylin.

For the immunofluorescence analysis of free-floating slices, first mice were decapitated,
and the brains were quickly removed and sectioned by using a vibratome. The resulting
slices were fixed with 4 % formaldehyde overnight at 4 °C. A washing step with PBS was
performed and slices were incubated in a blocking solution containing 0.1 % Triton-X,
0.1 % Tween-100 and 2 % Bovine serum albumin (BSA) in PBS for 1 h at 25 °C prior to
overnight incubation with the corresponding primary antibodies (Table 3). After washing
with PBS, sections were incubated with an Alexa Fluor-conjugated antibody diluted in the
blocking solution for 2 h at 25 °C. DAPI (1:00) staining for 20 min at RT was used to

visualize the cell nuclei. All slices were finally mounted in Mowiol.

Table 3. Primary antibodies used for the immunohistochemical studies.

Antibody Species Reference Manufacturer Dilution
GFAP mouse G3893 Sigma Aldrich 1:500
Ki67 rabbit 16667 Abcam 1:50

MAP2 rabbit 188002 Synaptic Systems 1:200
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NeuN mouse MAB377 Millipore 1:500
Synapsin 1 mouse 106011 Synaptic Systems 1:200
Iba1 rabbit 019-19741 Wako 1:1000

2.5. Fluorescent microscopy and imaging

The visualization and subsequent imaging of fluorescently labeled brain sections was
performed by using Confocal Microscope Nikon Eclipse. For the brain slices expressing
the brainbow construct, GFP (Ex: 488 nm/ Em: 500-550 nm) and RFP (Ex: 561 nm/ Em:
570-620 nm) channels were simultaneously used to discern the color-coded cell clones.
Z-stack images were acquired at 1 ym intervals.

The sections stained either with HE or though DAB (1 pm thick) were imaged with the
Mirax Scan digital microscope slide scanner. Higher magnification images from
representative regions were taken with the Case Viewer 2.3 Software after a detailed

visualization of the tumor lesions.
2.6. Quantitative assessment from immunolabeled slices

To quantify the number of cells positive for pS6 and Ki67 from immunolabeled brain slices,
the following quantitative analysis was used. First, the tumor region was located within the
slice and by using the light microscope pictures were taken from several tumor regions
comprising areas of 9.4 mm?. ImageJ software was used to assess the resulting images
and the Cell Counter Plugin was used to quantify labeled (L) and non-labeled (NL) cells
according to the presence or absence of the proteins by the tumor cells. The cells from
blood vessels or from their walls were excluded from the analysis. Once the number of
positive and negative cells within the tumor was quantified, the labeling index (LI) was
obtained by dividing the L cells by the total number of cells (L+NL).

2.7. Near-infrared in vivo imaging

Mice |U-electroporated with CAG-iRFP together with the vectors coding for the respective
oncogenes were in vivo monitored at postnatal day 10, 20 and 45. Mice received a
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subcutaneous injection of Buprenovet (5 mg/kg) 30 min before the surgery and were
anesthetized by inhalation with isoflurane for induction and maintenance during the whole
imaging. Previous experiments performed in the lab reported that the signal emitted from
the iRFP’'® cannot be visualized through the brown skin of CD1/BL6 animals. Therefore,
the skin from the head was cut in order to expose the skull. The Pearl Impulse Small
Animal Imagining System (LI-COR) was used as the imaging device and the fluorescent
signals were collected and further quantified by using the Image Studio Lite Quantification
Software. The skin from the head was immediately sewed and animals were put back in
their respective cages.

2.8. Multielectrode array (MEA) application on acute brain slices
2.8.1. Preparation of acute slices

Tumor mice were decapitated after having been deeply anesthetized by isoflurane
inhalation. The brains were quickly removed and immersed in ice-cold carbogen-bubbled
cutting solution. Brains were subsequently glued on the vibratom tray and further sliced
(300 um). After cutting the whole brain, all the slices were carefully transferred to an
interphase chamber containing carbogen-bubbled cutting solution placed in a water bath
at 35 °C and incubated for 30 min. Tumor brain slices were then transferred into an
interphase chamber containing carbogen-bubbled artificial cerebrospinal fluid (aCSF) and
incubated for at least 1 h at room temperature in the dark. The resulting acute brain slices
were used for the recording. Transference of the slices was in all cases performed by
using glass Pasteur pipettes to reduce the tissue damage. The cutting solution contained
(in mM) 87 NaCl, 2.5 KCl, 1.25 NaH2PQOs, 7 MgClz, 0.5 CaClz, 25 NaHCOs3, 25 D-glucose
and 75 sucrose. The aCSF solution contained (in mM) 124 NaCl, 3 KCI, 1.25 NaH2POg, 2
MgCl,, 2 CaCly, 26 NaHCO3 and 10 D-glucose. The pH of the cutting and the aCSF

solutions was adjusted while the liquid was carbogen-bubbled.
2.8.2. MEA recordings and data analyses

Brain slices were carefully placed onto a 64-electrode MEA well from a 6-well plate by
using a needle. A fluorescent microscope was used to visualize and further locate the

slices according to the fluorescence-expressing tumor tissue on the electrodes. For all the
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slices, the tissue was placed so that all electrodes were covered with both fluorescent-
tumor and non-fluorescent tissue. After placing the slices, a platinum grid was settled on
the top of the slices to maintain them fixed onto the electrode surface. For the whole
recording time, slices were incubated in aCSF oxygenated with carbogen in the MEA
device. AxIS software was employed to record the spontaneous activity of the slices for
15 min. After that, pictures from the tumor brain slices were taken with an inverted
microscope in order to further correlate the brain slice location with the activity.

The analysis of the spontaneous activity was based on the number of spikes per electrode
according to the categories. Electrodes were first classified according to the region of the
slice they were in direct contact to: Tumor IUE (electrodes in contact with tissue emitting
fluorescence, Peri-lUE (electrodes adjacent to the Tumor IUE showing, in some cases,
sparse fluorescence) and non-lUE Surrounding tissue (electrodes with absence of
fluorescent expression). The number of spikes per category was quantified by dividing the
sum of the number of spikes from the category-related electrodes by the number of the
total electrodes in the specific category. The fraction of spikes per category was quantified
by normalizing the number of spikes per category within the same slice. We, therefore,
excluded the slices which did not contain one of the categories. A threshold of 6x standard
deviation of the baseline was set with the AxIS Software for the detection of the spike
signal.

2.9. Bulk RNA sequencing from tissue
2.9.1. RNA extraction and sequencing

RNA was isolated from the brain tissue of BRAFV6%F/pAkt tumor animals at P110 and
BRAFV62%[pAkt/ Trp53KC at P40. Total RNAs from tumor and control tissue were isolated
using the RNeasy Micro kit following the manufacturer’s instructions and finally diluted in
RNAse free water. The quality and concentration of the final RNA solution was measured
by using a Nanodrop spectrophotometer and the Qubit RNA HS Assay Kit by using the
Qubit 2.0 Fluorometer. RNA was subsequently transcribed to cDNA. After cDNA
amplification, libraries for lllumina were prepared using QuantSeq 3'mRNA-Seq Library
Preparation Kit. In order to ensure an equimolar ratio between samples, the TapeStation
2200 was used to measure them. Finally, the sequencing was performed by the HiSeq
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2500 sequencer with 1x50 bp single-end reads and a depth of 10 millions reads per
sample (see Fig. 3).

Control  Tumor

ATCGCTAGT
CGCTAGCTA
CGTACGATC
CTAGGATCC
TAGCATCTT

cDNA Library Sequencing

Brain slicing Microdissecting RNA cDNA I .
amplification preparation

Fig. 3. Schematic workflow of RNA sequencing procedure. Brain tissue (from both control and
tumor) is microdissected according to fluorescent expression. RNA isolation is followed by reverse
transcription to generate cDNA, which is amplified. After library preparation, cDNA is sequenced.

2.9.2. Bioinformatic analysis

After RNA sequencing, the reads were mapped to the GRCm38/mm10 mouse genome
using the STAR aligner v2.4.0.1 (Dobin et al., 2013) following the quality control and
trimming. The alignment using the ENSEMBL transcript annotation files and
featureCounts v.1.5.3 (Liao et al., 2014) were used to create the matrix containing the
number of read counts per single gene. All genes with a low number of reads were
excluded and the count matrix was normalized. A Linux-based computer system was used
to perform all NGS bioinformatic analysis. The following R/Bioconductor packages were
used: (1) Rsubread (Liao et al., 2013) for alignment and quantification of RNA sequencing
reads, (2) edgeR (Robinson. et al., 2010) for differential expression analysis and (3)
limma (Ritchie et al., 2015) for analysis of gene expression data. The differential gene
expression analysis was performed with total number of 17.511 genes and the normalized
data were used for fitting linear models. All genes with false discovery rate (FDR) less
than 0.05 were considered differential expressed and a principal component analysis
(PCA) was generated on them in order to visualize transcriptomic relationships within and
between tumor and control samples in a two-dimension-based graph. Heat maps were

generated from the normalized counts per gene.



28

2.10. Statistical analysis

Statistical tests applied to the experiments were performed by using GraphPrism software
on the original values. In all cases, the mean of the values was plotted as + SEM. For
differential gene expression comparing tumor and control samples, FDR < 0.05 was used
to find the respective up and downregulated genes for bulk RNA-seq. Concerning the
quantitative analysis of pS6 and Ki67 within the tumor region, the labeling index (LI) was
compared across tumor models by using One-Way ANOVA followed by Bonferroni’s
Multiple Comparison Test. In the case of survival analysis, the Log-Rank test statistical
analysis was applied to the Kaplan-Meier survival curves. Data visualization was
performed with GraphPrism, Igor 64 and R Studio.
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3. Results
3.1. Neuropathological spectrum of 1-, 2- and 3-hit tumors neoplasms

As an attempt to generate neuroepithelial-like murine brain neoplasms, the intraventricular
in utero electroporation (IUE) approach was used to transfect neural progenitors in vivo
(Kolk et al., 2011; lo Turco et al., 2009). After uterus exposure at embryonic day 14 (E14),
the plasmid DNA solution is injected into the lateral ventricle of the embryonic brain and
the subsequent application of an electric shock allows the DNA to penetrate the cell

cytoplasm of the neurogenic population (Fig. 4).

Pregnant E14 e DNA
Trp53exP1xP mouse DNA injection electroporation

Fig. 4. IUE technical approach. Schematic drawing illustrating the IUE technique. Following uterus
exposure at embryonic day 14 (E14), the DNA is injected directly into the lateral ventricle and 5
electrical pulses with an intensity of 40V and a length of 50 ms are applied. Data shown in this
figure contributed to Supplementary Figure 1 in Cases-Cunillera et al., 2022.

To avoid the loss of the plasmids during cell division, IUE was further combined with the
piggyBac (PB) transposon system, which allows the insertion of the transgenes into the
mouse genome and results in a stable expression through the radial glial progenitor cell
lineage (lo Turco et al., 2009; Siddigi et al., 2014). This system consists of a donor
plasmid, coding for the gene of interest flanked by two piggyBac terminal repeats (PB-TR)
and a helper plasmid expressing the transposase, which recognizes the TR and integrates

the transgene into the genome.
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3.1.1. Histological characterization of developmental murine brain tumors harboring
BRAF V609 with and without mTOR activation.

In order to study systematically the status of mMTOR pathway activation in BRAF"600F
positive tumors, initially human GGs characterized by a glioneuronal phenotype (Fig. 5A,
upper panels), as well as PLNTYs with an oligodendrocyte-like major component were
analyzed (Fig. 5A, lower panels).

Together with BRAFV69%E  activation of the Akt/mTOR signaling pathway has been
detected in GGs. As a surrogate marker, the downstream mTOR pathway pS6 protein
component was analyzed by immunohistochemistry; the results confirmed the previously
reported pS6 activation in human GGs (Fig. 5A, right upper panel) (Becker et al., 2006;
Boer et al., 2010). In contrast, pS6 was almost absent in human PLNTYs (Fig. 5A, right
lower panel). In order to test for potential effects of PIBK/mTOR pathway activation in
concert with BRAF69¢ systematically in a mouse model, BRAFV69 and pAkt piggyBac
transgenes under the control of the robust and constitutively active cytomegalovirus early
enhancer/chicken B actin (CAG) promoter (PB-CAG-BRAFV6%E) were co-IU-
electroporated together with the piggyBac transposase (pBase; N = 5). To keep track of
the targeted cells, the sequence coding for the red fluorescent protein mCherry was
integrated into the piggyBac donor transposons (Fig. 5B). The further histological analysis
of these brains (P110) showed the presence of neoplasms. In contrast, the control animals
|U-electroporated with mCherry alone did not show any histological malformation (data
not shown). The resulting tumors (further referred to as BRAF"6%F/pAkt or 2-hit model)
resembled human GGs and were characterized by (1) large dysmorphic neurons,
sometimes binucleated, intermingled within (2) a neoplastic astroglial fibrillary matrix (Fig.
5C, upper panel).

To evaluate whether the IUE at E14 of only BRAFY6%F would be sufficient to trigger tumor
development (Fig. 5B), a histological assessment of brains was carried out at P110 and
the corresponding analysis revealed the presence of circumscribed lesions, further
designated as BRAF6%F or 1-hit model (n = 8). Even though BRAFV69% alone failed to
induce lesions with characteristic neuropathological features of glioneuronal tumors, it

triggered the development of neoplasms composed of oligoid-like cells, recapitulating
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features of PLNTYs (Fig. 5C, lower panel). Of note, mice IU-electroporated with only pAkt
(n = 6) did not show any signs of tumorigenesis at P110.

For both BRAFV69%E/pAkt- and BRAFV6%E.induced neoplasms, the activation of the
Akt/mTOR signaling pathway within the tumor area was verified by performing
immunohistochemistry against pS6. Whereas BRAF69%/pAkt tumor cells showed a
strong expression of pS6 (Fig. 5D, upper panel), pS6 was barely encountered within
BRAFV5%%._induced lesion (Fig. 5D, lower panel). The number of pS6 positive cells among
the 1U-electroporated cell population was significantly higher in BRAFV69%/pAkt tumors
compared to the tumors induced with only BRAF'6%F (Fig. 5E). Additionally, the activation
of the MAPK signaling cascade in BRAF"6%E/pAkt tumors was assessed. For this
purpose, the levels of ERK1/2 phosphorylation were quantified from protein lysates
extracted from BRAFV0%/pAkt and control microdissected brain tissue at P70 (n = 3). The
western blot results showed significantly higher levels of pMEK1/2/MEK in
BRAFV6%9%/pAkt tumor compared to control tissue (Fig. 5F and G).

In parallel, the combinatorial effects of pAkt and BRAFV6%°F transgene expression were
tested with western blot against the downstream mTOR components pS6 and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) in neuroblastoma NS20Y cells.
The subsequent quantification showed a higher increase of phosphorylation at both
S235/6 and S240/4 residues of the S6 protein in BRAFY6%F/pAkt-transfected cells
compared control cells, only transfected with mCherry (n = 4 per group; Fig. 5H). In
contrast, transfection of BRAF6%%F glone was not sufficient to induce an increase in pS6
protein levels. The levels of p4E-BP1/4E-BP1 were also assessed and activation was not
observed after transfection of neither BRAFV5%% nor BRAF"%%°¢/pAkt (Fig. 5H). These
results suggest that both pathways cooperate in the activation of the Akt/mTOR signaling

pathway causing downstream activation of S6.

To verify the potential of BRAFY6%F to activate the MAPK pathway in vitro, Western blot
analysis for downstream effector proteins of MAPK signaling pathway was performed after
transfection with control, BRAFV6%%F or pAkt. The subsequent quantification revealed that

the cells transfected with BRAFY6%F manifested a significant increase in the
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pBRAF/BRAF, pERK1/2/ERK1/2 and pMEK1/2/MEK1/2 protein levels, compared to
control- and pAkt-transfected cells (n = 5; Fig. 5l).
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Fig. 5. Evaluation of mMTOR pathway activation in human GG samples and verification of the pAkt
capability of activating the downstream mTOR pathway. (A) Hematoxylin and eosin (HE) staining
(left panels) of human GG (upper panel) and human PLNTY (lower panel) brain slices. Human
GG exhibits large dysmorphic neurons (arrow) within a neoplastic glial component and PLNTY is
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composed of oligoid-like cells. Staining against pS6 (right panels) of human GG (upper panel) and
human PLNTY (lower panel) brain slices. Arrows point to strong pS6 immunolabeled cells within
BRAF%%E[pAkt (upper panel). Scale bar, 100 um. (B) Schematic representation of the donor
plasmids used for IUE: PB-CAG-BRAFY®%F and —pAkt (further referred to as BRAF°f/pAkt) and
PB-CAG-BRAFY5%E (further named as BRAF"%"%) as well as the piggyBac transposase (CMV-
pBase). In order to keep track of the |U-electroporated cells, the donor plasmid also contains a
red fluorescent protein (mCherry) sequence separated from the transgenes by a T2A fragment.
(C) Representative HE-stained sections from BRAF"°%€/pAkt (upper panel) and BRAF"®%% (lower
panel) induced neoplasms. Scale bar, 25 ym. (D) Immunohistochemistry of the pS6 epitope in
BRAF%%E and BRAF'®%%/pAkt tissue. Arrows point an |U-electroporated cell positive for pS6 in
BRAF%%E[pAkt tumor (n = 5, each). Scale bar, 25 ym. (E) Quantitative analysis of pS6-labeled
cells among |U-electroporated population. Note the higher amount of pS6 positive cells in
BRAF"%%E[pAkt, compared to BRAF"°%¢ neoplasms. (F) Western blot analysis of pERK1/2 and
ERK1/2 protein levels from control and BRAF“F/pAkt tissue. (G) Quantification of
pPERK1/2/ERK1/2 protein levels in control and BRAF"°%¢/pAkt conditions. Two-tailed unpaired t-
test. (H) Protein level quantification of pS6(S235/6)/S6, pS6(S240/4)/S6 and pE4-BP1/4E-BP1
from NS20Y cells after transfection with Control, BRAF"®°%€ and BRAF'®°%/pAkt detected by
western blot analysis (n = 4). The left panel shows the corresponding immunoblots. (1) Bar graphs
showing the protein levels of pPBRAF/BRAF, pERK1/2/ERK1/2 and pMEK1/2/MEK1/2 (n = 5). The
left panel shows the representative immunoblots. Normalization against B-Actin protein levels was
used as a loading control. Data are represented as mean + SEM. One-Way ANOVA followed by
Tukey’s multiple comparison test, *p < 0.05; **p < 0.01. Data shown in this figure were modified
from Cases-Cunillera et al., 2022.

3.1.2. Immunohistochemical analysis of BRAF"6% and BRAF"6%%%/pAkt neoplasms

The tissue composition of BRAFY6%F/pAkt- and BRAFY6%E.induced neoplasms was
further characterized by immunofluorescence. The induced neoplasms were co-stained
against the MAP2 and GFAP to visualize the neuronal and glial components, respectively.
While the staining of BRAFV5%%/pAkt tumors highlighted enlarged dysmorphic MAP2-
positive cells placed in a dense astroglial matrix immunopositive for GFAP, BRAFV600F
tumors were composed of oligoid-like MAP2-labelled cells and a sparser astrocytic
component with reactive features (Fig. 6A). As an attempt to further determine the
involvement of the glial population in the tumorigenic process of both induced neoplasms,
the tumor tissue was stained with antibodies against mCherry (a marker for IU-
electroporated cells) and GFAP. Consistent with the glioneuronal features shown by
BRAFV6%°E[pAkt, the results exhibited colocalization between mCherry and GFAP only in
BRAFV6%°E[pAkt- and not in BRAFY6%E- induced tumors (Fig. 6B). Furthermore, the
proliferation-related antigen Ki67 in BRAFY6%F tumors did not co-label with GFAP in |U-
electroporated cells (visualized by mCherry expression), indicating that Ki67-/GFAP-
positive cells in these tumors rather represent reactive astrocytes than glial tumor cells
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(Fig. 6C). In contrast, some |U-electroporated cells positive for GFAP as well as Ki67 were
found in BRAFV%%%/pAkt neoplasms, suggesting a neoplastic nature of the glial
component (Fig. 6C). Finally, the immunofluorescent analysis of the neuron-specific
nuclear protein (NeuN; Fig. 6D) and oligodendrocyte transcription factor 2 (Olig2)
revealed colocalization with mCherry-lU-electroporated cells in BRAFV6%%5/pAkt tumors.
In contrast, mCherry-positive BRAFV59% cells only showed positivity for Olig2 (Fig. 6E).
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Fig. 6. Immunochemistry of BRAF"®5/pAkt and BRAF"°F neoplasms stained for GFAP, MAP2,
NeuN and Olig2. (A) Double staining against GFAP and MAP2. Arrows point to large neurons
positive for MAP2 in BRAF°/pAkt neoplasms. Scale bar, 25 um. (B) Co-staining against GFAP
and mCherry of tumor slices. Note that the GFAP immunolabeling of mCherry-positive 1U-
electroporated cells is exclusively found in BRAF"®%6/pAkt neoplasms (arrows; upper panels).
Scale bar, 25 ym (C) Staining for Ki67, mCherry and GFAP. Note the presence of astrocytes
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positive for Ki67 and mCherry (arrows) restricted to the BRAF°%/pAkt tumor variant. Scale bar,
25 pym. (D) Double immunohistochemical reaction with NeuN and mCherry-positive 1U-
electroporated cells within BRAF®%% and BRAF"%°¢/pAkt. Colocalization of NeuN and mCherry-
positive cells only in BRAFV®%/pAkt induced tumor cells. Scale bar, 25 um (E) Assessment of
expression of Olig2 and mCherry proteins showing the presence of IU-electroporated cells positive
for Olig2. Scale bar, 25 ym. Data shown in this figure were modified from Cases-Cunillera et al.,
2022.

Overall, these results give further evidence that BRAF"6%F expression in neural precursor
cells triggers PLNTY-like tumors in mice, while the generation of GG-like neoplasms only
occurs when BRAFV9% s expressed concomitantly with activation of the Pi3K/mTOR

signaling cascade.

3.1.3. Neuropathological characteristics of tumors induced by BRAFY6%E  pAkt and Trp53
knockout

Even though GGs are normally indolent tumors, a small percentage of them can undergo
malignant transformation (Luyken et al., 2004; Miller et al., 1993; Selvanathan et al., 2011;
Wolf et al., 1994). The resulting tumors (WHO grade Ill) are known as anaplastic GGs
(aGGs) and generally the glial component is characterized by astrocytes with malignant
features (Louis et al., 2016). Due to the low number of cases, the literature is very poor
and inadequately documented. This makes their molecular as well as clinical
understanding extremely challenging. According to previous studies from human samples,
aGGs have been associated with alterations affecting the tumor suppressor gene TP53
(Hayashi et al., 2001; Pandita et al., 2007). Therefore, as an attempt to test the influence
of Trp53 loss on the malignant phenotype of mouse GGs, Trp53°*/°XF mice were |U-
electroporated with plasmids encoding BRAFV5% pAkt and Cre-recombinase at E14
(Fig. 7A). The injection of Cre into Trp53/x7oxF Jiving cells triggers the genomic deletion
of Trp53.

The histopathological analysis of the resulting brains at P30 (further referred as
BRAFV62%[pAkt/ Trp53K° or 3-hit model) revealed the presence of diffuse neoplasms with
a high potential of invasion and proliferation, assessed by immunolabeling against Ki67
(Fig. 7B). The resulting tumors were composed of a high proportion of dysmorphic
neurons, with sometimes bi- or even multi-nucleation, intermingled within a highly dense

neoplastic glial component (Fig. 7C). The immunostaining against the neuronal-specific
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marker synapsin | (Synl) revealed the presence of giant |U-electroporated neurons
(visualized by mCherry fluorescent marker; Fig. 7D). Furthermore, co-labeling between
GFAP and Ki67 was found in IU-electroporated cells, indicating a tumorigenic role of the

glial component (Fig. 7E).
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Fig. 7. Immunohistological characterization of BRAF®°%/pAkt/ Trp53%°C neoplasms. (A) Scheme
of the piggyBac donor plasmids used for IUE of Trp53°*"*F mice: PB-CAG-BRAFY®°€ _pAkt and
Cre. Injection of Cre in Trp53°*"°F mice leads to Trp53 knockout (Trp534°). mCherry sequence
is integrated into all plasmids to track the injected cells. Genomic integration of the DNA
sequences is facilitated by the co-IUE with the piggyBac transposase (pBase). (B) Representative
hematoxylin and eosin (HE; left panel) and Ki67 (right panel) stainings of BRAF"®°%¢/pAkt/ Trp53%°
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brain sections. The black arrows indicate the invasive margin of the neoplasm. Scale bar, 500 ym
(C) Higher magnification image from A of the neoplasm evidences a high number of dysmorphic
neurons (white arrows), with sometimes binucleation (white arrow), placed within a dense
astroglial component. Scale bar, 25 ym. (D) Staining against Synl shows a positive signal around
the cell bodies of the neuronal component, which is composed of large and sometimes bi or multi-
nucleated neurons. Scale bar, 25 ym. (E) Double immunostaining against the astroglial-like
marker GFAP and the proliferation-related antigen Ki67 evidences a highly proliferative/neoplastic
glial component in BRAF"°%€/pAkt/ Trp53%° tumors (white arrow). Scale bar, 25 ym. Data shown
in this figure were modified from Cases-Cunillera et al., 2022.

3.2. In vivo growth monitoring of the 1-, 2- and 3-hit tumor models

The results described above demonstrate that the present molecular alterations involving
BRAFV60%E  activation of Akt and Trp53 knockout lead to a histopathologically distinct
tumor model. To determine whether this phenomenon is reflected in vivo, the survival data
of the different mouse models were collected and further analyzed. A weight loss of 20 %
was selected as the main criteria for sacrificing the animals. The analysis of the survival
of BRAFV6%°F mice showed that mice survived until P100 without any sign of malignancy
(n = 8; Fig. 8A). The additional activation of the Akt/mTOR signaling cascade to the
BRAFV600E (BRAFV699E/pAkt) did not worsen the phenotype of these animals and reflected
a benign biological behavior (n = 9; Fig. 8A). However, in line with the
pleomorphic/aberrant histological features shown by BRAFV60%/pAkt/Trp53KC, the
addition of a Trp53 loss did impact the phenotype of the mice with the overall survival rate
being at 0 % at the age of P70 (n = 19; Fig. 8A). Moreover, the malignant phenotypical
profile correlated with the proliferation potential of these tumors, quantified by the
percentage of Ki67 immunoreactive cells (Fig. 8B). While BRAFV5%F and BRAF"69¢/pAkt
tumors displayed a Ki67 labeling index lower than 5 %, the quantification of Ki67-
immunolabeled cells in BRAFY6%F/pAkt/Trp53XC tumors revealed a Ki67-based

proliferation index of almost 50 % (Fig. 8C).
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Fig. 8. Survival kinetics of tumor harboring mice and neoplasm intrinsic proliferation. (A) Survival
rates of BRAF'°%E BRAF®%f/pAkt and BRAF®/pAkt/Trp534° tumor mice. Kaplan-Meier
survival curve showing the survival times of BRAFY%  BRAF"E/pAkt and
BRAFY®%%[pAkt/ Trp53*° (P110) tumor mice. Log-rank test, p < 0.0001. (B) Representative images
of brain sections from the different tumor models stained against the proliferation-related antigen
Ki67. Scale bar, 25 um. (C) Quantification of Ki67 immunoreactive index (n = 3 - 5 different animals
with n = 10 micrographs per group). Data are represented as mean + SEM. One-way ANOVA
followed by Tukey’s multiple comparison test, ****p < 0.0001. Data shown in this figure contributed
to Figure 4 in Cases-Cunillera et al., 2022.

The tumor growth dynamics of the distinct tumor models were then explored to get more
information on their growth patterns. While the Ki67 labeling index gives information on
the tumor behavior at the last stage, it does not provide data on the growth kinetics over
time. Therefore, a plasmid coding for a near-infrared fluorescent protein (iRFP’'3; (Richie
et al., 2017)) was co-lU-electroporated together with the plasmids encoding for the
oncogenes to generate tumors harboring an in vivo reporter protein. The imaging of the
signal from tumor brains expressing iIRFP was performed at P10, P20 and P45.
Interestingly, BRAF"%%F and BRAF"6%/pAkt tumors showed different growing patterns at
earlier time points. While iRFP signal did not detect any premature growth of BRAFV600E
tumor, suggesting exhaustion already at P10 (Fig. 9A and D), BRAFV5%%%/pAkt tumors
preserved a growing capability until P20 by showing a significant increase of the iRFP-
derived signal compared to P10 (Fig. 9B, and E). Intriguingly, the iRFP-based signal from
BRAFV6%%/pAkt tumors was reduced at P45, which could be reasoned by a possible loss
of tumor cells at this time point. This aspect would agree in favor of a lack of growth

potential by these tumors.

Finally, the iRFP signal from BRAF"6%F/pAkt/ Trp53XC tumor cells increased until P45 (Fig.
9C and F) reflecting its high growth potential.
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P10 P20 P45

Fig. 9. In vivo growth kinetics of murine 1-, 2- and 3-hit tumor models. (A-C) In vivo iRFP signal
from BRAFY®YE (A), BRAF"®%€/pAkt (B) and BRAF"°¢/pAkt/Tp534° (C) mouse brains detected
at P10, P20, and P45 (color bar - total fluorescence efficiency in pseudo-color). (D-F)
Quantification of iRFP signals from the tumor brains. Regions of interest (ROIs) were defined
above the tumor region and the fluorescence intensity was defined in arbitrary units (a.u.). One-
way ANOVA followed by Tukey’s multiple comparisons test; * p < 0.05; ** p < 0.01; n =4 — 6 per
group. Data shown in this figure contributed to Figure 4 in Cases-Cunillera et al., 2022.
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3.3. Clonality aspects of BRAF6%F/pAkt/ Trp53XC tumors analyzed by genetic multicolor

fluorescence imaging

The glioneuronal architecture of GGs triggered a discussion about the origin of these
neoplasms. It is not fully understood whether they develop (7) from a precursor cell with
the capability of generating both neuronal and glial components or (2) from alterations
affecting neurons and glial cells separately. Thus, as an attempt to clarify the nature of
these neoplasms, a multicolor reporter was I|U-electroporated in the
BRAFV62%[pAkt/ Trp53K° tumor model. The lineage tracer Brainbow was used as a tool to
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study the clonal growing and spread of these neoplasms. Brainbow cassette relies on a
Cre/loxP stochastic recombination of distinct fluorescent proteins, and it has been shown
to specifically label a cell population which develops from the same progenitor with the
same fluorescent color combination as their parental cell (Cai et al., 2013; Livet et al.,
2007).

First, the Brainbow 3.0 cassette was cloned into the piggyBac vector under the control of
the CAG constitute promoter (Fig. 10A). To simplify the microscopic visualization of the
Brainbow protein-derived colors, the Brainbow-expressing cells were always imaged for
green fluorescent protein (GPF) and red fluorescent protein (RFP) expression. The
functionality of the Brainbow system was then tested by HEK 297 cell transfection. The
single transfection of the Brainbow plasmid in HEK 297 cells exclusively led to GFP-
labeled cells, while the co-transfection with the Cre transposase elicited the additional
presence of RFP-positive cells (Fig. 10B). Moreover, Brainbow-expressing plasmid was
also IU-electroporated in mice at E14 and the further analysis of the brain sections
confirmed the multicolor labeling upon Cre injection (Fig. 10C).

After verifying the functionality of the plasmid, the Brainbow system was applied to the
BRAFV6°%[pAkt/ Trp53K° animal model. For this purpose, the Brainbow construct was co-
IU-electroporated together with the oncogenes. To assess the fluorescence derived from
the Brainbow proteins, the sequence encoding for mCherry protein was removed from the
oncogene plasmids (Fig. 10A). The analysis of the resulting brains (E21) showed the
presence of distinct clones labeled in distinct fluorescent colors. Some groups of tumor
cells expressed only RFP or GFP, but cell populations expressing a mixture of both
fluorescent proteins were also present (Fig. 11A), probably as a result of the fast clonal
expansion of the tumor. The glioneuronal assessment in one specific clone was done with
staining against GFAP (glial-specific) and NeuN (neuronal-specific) markers. The results
showed that cells immunolabeled either with GFAP or NeuN were present within the same
brainbow-derived clone (Fig. 11B), leading to the conclusion that these tumors can grow
in a clonal manner from one single precursor cell giving rise to dysmorphic neurons and

neoplastic astrocytes.
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Fig. 10. Brainbow-derived fluorescent assessment with and without the presence of Cre
transposase expression. (A) Schematic diagram of the DNA constructs encoding the Brainbow
system for Control and BRAF"%°%¢/pAkt/Trp53*°. (B) Images from HEK 287 cells transfected with
the Brainbow cassette with and without Cre transfection. While the transfection of Brainbow alone
leads to the presence of only GFP-labeled cells, upon Cre transfection both GFP- and RFP-
labeled cells are visualized. Scare bar, 100 um. (C) Overview of the cortical area at P20 of a
mouse brain IU-electroporated at E14 with Brainbow and Cre. Note that the presence of Cre allows
the stochastic recombination of the fluorescent proteins leading to different color-labeled clones.
Scale bar, 100 ym. Data shown in this figure were modified from Cases-Cunillera et al., 2022.
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Fig. 11. Images from BRAF"®°%/pAkt/ Trp53° tumors expressing Brainbow multicolor tracer. (A)
BRAF%%E|pAkt/ Trp534° brain sections expressing the fluorescent proteins derived from the
Brainbow construct (n = 5). Note the presence of different clones visualized by the GFP and RFP
channels. Overview of a representative tumor brain slice (left panel; scale bar, 100 uym). Higher
magnification images from the left panel (white squares) of the corresponding clones positive for
GFP (1), RFP (2) and a combination of both colors (3) (right and lower panels; scale bar, 25 uym).
(B) Stainings against NeuN and GFAP of BRAF"°%/pAkt/ Trp53*°/Brainbow brain slices within a
clone positive for RFP. Scale bars, 25 ym. Data shown in this figure contributed to Figure 3 in
Cases-Cunillera et al., 2022.

3.4. Excitability aspects of the GG mouse models

3.4.1. Quantification of extracellular activity from acute brain slices in a spatial-dependent

manner

Multielectrode array (MEA) enables the recording of extracellular activity. Even though it
was designed for neuronal cultures, its application has been translated also to human and
murine brain slices (Dossi et al., 2014; Reinartz et al., 2014). For the application of this
technical approach, the neuronal activity was assessed in a location-dependent manner
from control, BRAFV0%E BRAFV69E/pAkt and BRAFV%5/pAkt/ Trp53KC brain sections (n
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=7 — 21, from 3 to 6 mouse brains per group). Acute brain slices (300 um) were placed
onto a 64-electrode grid in a MEA plate with either artificial cerebrospinal fluid (aCSF) or
with a solution favoring network activity (aCSF with low Mg?* high K*). The region of the
tumor was visualized and imaged on the electrodes by the fluorescent signal in order to
subsequently correlate it with the neuronal activity. As a control, the same experimental
approach was applied to brains expressing mCherry alone. Each electrode was classified
according to the distribution of the fluorescent tissue into three categories: (7) IUE Tumor
core (area with mCherry-positive tumor cells), (2) Peri-IUE (tumor border) and (3) Non-
fluorescent tissue (pre-existing brain tissue; Fig. 12A). Tumor slices were stained with HE
to prove that the presence of the fluorescent signal corresponded to the location of the
tumor lesion (Fig. 12B). The extracellular activity of the brain slices was recorded from 64
different positions (Fig. 12C) for 15 min and the number of spikes were quantified per
electrode for each category.
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Fig. 12. Spontaneous neuronal activity from murine GG brain slices with MEA system. (A)
Schematic diagram depicting the workflow used for MEA recording from acute brain slices. After
isolating the mouse brain, the brain slices were cut to 300 ym and placed onto the 64-electrode
grid in the MEA plate by visualizing the fluorescent signal. Neuronal spontaneous activity was
recorded for 15 min. The electrodes were further classified into (1) IUE Tumor core (electrodes
interacting with tissue expressing fluorescent protein), (2) Peri-lUE (electrodes in contact with
tissue adjacent to fluorescent signal) and (3) Non-Fluorescent (electrodes in contact with tissue
without any fluorescence expression). (B) Overview image of a tumor brain slice expressing
fluorescent signal (left panel). White stripe lines show the borders of the regions defining the three
categories. The right panel shows the corresponding HE-stained section. Scale bar, 500 ym. (C)
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Representative fluorescent signal from a tumor brain slice located on the MEA grid consisting of
64 electrodes (left panel). Extracellular voltage signal traces were recorded by each of the
electrodes highlighted according to their category (right panel). Data shown in this figure
contributed to Figure 6 in Cases-Cunillera et al., 2022.

3.4.2. Inter-model differences in neural spontaneous activity across different
developmental brain tumors harboring BRAF699F

The analysis of the average number of spikes per electrode from brain slices incubated in
aCSF showed that while the control slices exhibited a homogenous firing non-dependent
on the category, the electrical activity of tumor slices showed differences among
categories (Fig. 13A). Since the resulting spike traces of tumor slices showed the same
pattern as the control (Fig. 13B), we rule out the notion of potential interference in the

neural activity firing from the tumor lesion.

Some similarities among the tumor models were observed with the tumor core being the
most silenced region for all induced neoplasms compared to the peri-tumoral and
surrounding tissue (Fig. 13C). Moreover, the frequency of the neuronal activity in the peri-
tumoral and surrounding tissue was equivalent to the control levels for all tumor groups
(Fig. 13C). However, differences between tumor variants were identified regarding the
contribution to the number of spikes by each category. While BRAFY6%E and
BRAFV6%[pAkt/ Trp53K° tumor core-derived neuronal activity was almost absent and
differed significantly in the number of spikes/electrode from the control group, no
significant change was detected between the tumor core of BRAFV6%/pAkt and control

groups (Fig. 13C).

In parallel, the same analysis was performed after potentiating the neuronal activity of
brain slices with aCSF solution with low Mg?* and high K*. Interestingly, only the activity
from the control IUE core region could be increased, without the possibility to potentiate
the neural activity for any of the tumor cores (Fig. 13D). Interestingly, in the peri-tumoral
area only the neuronal activity of BRAFY6%%€/pAkt neoplasms could be potentiated, in
contrast to BRAFY6%%F and BRAFV9%%/pAkt/ Trp53XC peri-tumoral regions, which appeared
to remain almost silenced. A potentiation within the non-lUE tissue was observed for all

the tumor models indistinctly from control (Fig. 13D).
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Fig. 13. Category-dependent inter-model comparison of the number of spikes/electrode. (A)
Average of the number of spikes/electrode over time for BRAF®%F (n = 7), BRAF"®%/pAkt (n =
21), BRAF%%[pAkt/ Tp53%° (n = 21) and control (n = 14) brain slices colored according to category
(red for IUE Tumor core; yellow for peri-lUE and blue for Non-fluorescent). Spontaneous neural
activity was measured for 15 min from slices incubated in aCSF. Time bin = 10 sec. Biological
replicates; 3 — 6 mice per group. (B) Representative traces of spontaneous neuronal activity of
slices incubated in aCSF (80 usec) for each tumor group and control and for all categories. Of
note, the spikes from tumoral slices have the same pattern as the control. (C) Bar graph showing
the inter-model comparison of the total number of spikes per electrode averaged for all slices
incubated in aCSF during 15 min. While the neuronal activity of the BRAFY®°F and
BRAF%%E|pAkt/ Tp53%C tumor cores appeared significantly reduced compared to control,
BRAF%%E[pAkt did not show a statistical change. (D) Quantification of the averaged number of
spikes/electrode from tumor and control brain slices incubated with aCSF (low Mg?*, high K*). Of
note, high increase in neuronal activity for BRAF"®°*/pAkt and control compared to BRAF"%%¢
and BRAF*E/pAkt/ Tp53° groups. Data are represented as mean + SEM. One-way ANOVA was
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followed by Tukey’s multiple comparison test. **p < 0.01. Data shown in this figure contributed to
Figure 6 in Cases-Cunillera et al., 2022.

3.5. Comprehensive transcriptomic analysis of BRAFV6%%/pAkt- and
BRAF V609 pAkt/ Tp53XC-induced tumors

The following work section focuses on the expression profiles in BRAFY6%F/pAkt and
BRAFV6%E[pAkt/ Tp53XC tumors by bulk RNA sequencing (RNA-seq). The tumor tissue
was compared to respective control tissue matched for grey and white matter dissociated
from the same mouse brains. Out of 294 DEGs in BRAF"¢%F/pAkt compared to control (n
= 4 per group; P110; Fig. 14A), 290 genes were found to be upregulated. Of note, in line
with the neoplastic features shown by the astrocytes in this tumor model, Gfap mRNA was
highly abundant in the tumors. The RNA-seq analysis of gene expression between
BRAFV62%[pAkt/ Tp53XC tumors and corresponding controls (n = 4 per group; P40; Fig.
14B) identified a high number of genes to be differentially expressed (3141 genes were
augmented and 2700 genes were reduced).

Furthermore, in line with the fact that both tumor models share histological features
characteristic of human GGs, in BRAFV59%E/pAkt and BRAF6%%¢/pAkt/ Tp53XC° tumors, 255
genes were found to overlap in both samples and only 39 differentially expressed genes
were unique for BRAF6%E/pAkt tumors (Fig. 14C). As shown before, both tumors have a
distinct biological behavior. Concomitantly, the principal component analysis (PCA) of the
RNA-seq data revealed a clear transcriptomic separation according to the underlying
genetic alterations (Fig. 14D).
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Fig. 14. Transcriptomic assessment of BRAF®F and BRAF"®%%/pAkt tumor tissue with bulk RNA
sequencing. (A, B) Volcano plot representation of the gene expression levels according to log
fold change (Log2FC; x-axis) and adjusted p-value (False Discovery Rate, FDR; y-axis) for (A)
BRAF°%EpAkt and (B) BRAFV%|pAkt/ Tp53%C. Of note, BRAF'®°%/pAkt tumor tissue shows a
lower number of differentially expressed genes (n = 294) compared to BRAF"°%¢/pAkt/ Tp53X° (n
= §776). The differential gene expression between tumor and control tissue (ctrl) was analyzed
from the same brain. Each dot represents one gene colored according to the FDR; in red,
differentially expressed genes (DEGs; FDR < 0.05) and in black, genes that are not differentially
expressed (FDR > 0.05). Blue circles indicate a selection of significantly increased or decreased
genes playing an important role in the process of tumorigenesis. (C) Venn diagram representation
displays the DEGs shared between BRAF“€/pAkt and BRAF"°%¢/pAkt/Tp53X°. Note the high
proportion of DEGs (255 out of 294) in BRAF"°%€/pAkt overlapping with BRAF"®%%/pAkt/ Tp53°.
(D) Principal component analysis (PCA) visualization distinguishes BRAF'®%f/pAkt and
BRAF"%%E[pAkt/ Tp534C tumor samples from each other. Data shown in this figure were modified
from Cases-Cunillera et al., 2022.
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Fig. 15. Differential expresison of synaptic-related receptors and channels in
BRAF%%E|pAkt/ Tp534°, compared to BRAF"®%6/pAkt and control. Heatmap visualizations of
expression levels of genes coding for sodium channels (B), metabotropic glutamate receptors (C),
potassium channels (D), calcium channels (E), GABAergic receptors (F), ionotropic glutamate
receptors (G) and potassium channels (H) in control (ctrl), BRAF"%F/pAkt and
BRAF%%E[pAkt/ Tp53XC groups. Each row represents the mean of FPKM values for a group of
genes (A) or the individual genes (B-G). Gene expression level is color-coded from light red (low
expression) to dark red (high expression).

Next, the levels of expression of synaptic-related genes were assessed and further
classified into channel and receptor families (metabotropic glutamate receptors, calcium
channels, GABAergic receptors, sodium channels, ionotropic glutamate receptors and
potassium channels). The subsequent results showed that the levels of a high number of
channels and receptors were reduced in BRAFY6%F/pAkt/Trp53XC, compared to
BRAFV6%°E[pAkt and control (Fig. 15A). In line with a more active neuronal network within
the BRAF6%/pAkt tumor, most of the genes showed more similar expression levels to

control. The analysis of the individual gene expression for each ion channel and
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neurotransmitter receptor transcripts showed some sets of genes being reduced in
BRAFV0%[pAkt/Trp53K°  while other genes remain unchanged, compared to
BRAFV6%%E[pAkt and control (Fig. 15B-G). BRAFV69%/pAkt tumors showed a ‘synapse-
related’ transcriptomic signature with higher similarity levels to control brain tissue
compared to BRAFY60%/pAkt/ Trp53KC tumors.

A -Log10(FDR) of GO-terms

upregulated in
BRAFV%E[pAkt/ Trp53K©

20 40 60 80 100

L
immune system process
defense response
regulation of cell adhesion
regulation of cell proliferation
inflammatory response
cell migration
cell motility
chemotaxis
developmental process
regulation of cell death
extracellular matrix organization
cell adhesion
regulation of apoptotic process
regulation of angiogenesis
regulation of cell differentiation

B -Log10(FDR) of GO-terms
downregulated in
BRAFVe%E[pAkt/ Trp53K°

0 20 30 40

modulation of chemical synaptic transmission
regulation of trans-synaptic signaling

synaptic signaling

regulation of membrane potential

regulation of ion transmembrane transport
regulation of calcium ion-dependent exocytosis
regulation of neurotransmitter secretion
regulation of synaptic vesicle transport
regulation of neurogenesis

inorganic ion transmembrane transport
regulation of excitatory postsynaptic potential
axonogenesis

potassium ion transport

regulation of glutamate receptor signaling pathway
sodium ion transmembrane transporter activity

Fig. 16. Gene Ontology (GO) terms from differentially expressed genes in BRAF"°%°¢/pAkt/ Trp53<°
compared to control. GO terms of the upregulated (A) and downregulated (B) genes in
BRAF%%E|pAkt/ Trp534°, compared to control cells. Differential gene expression was defined by
FDR < 0.05.

The high number of differential expressed genes reflects the more undifferentiated cellular
phenotype of BRAFVS9%5/pAkt/ Tp53K° tumors compared to control tissue. To obtain
detailed insights into the expression profile of these tumors a subsequent gene ontology
(GO) analysis was carried out. Whereas transcripts with a strong expression in
BRAFVS%E[pAkt/ Tp53XC tumor tissue were related to (innate) immune processes,
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proliferation and migration (Fig. 16A), reflecting the involvement of astroglial and
microglial cells, gene transcripts with functional roles in synaptic signaling and plasticity,
neurotransmission and ion-flux were strongly reduced in BRAFY6%F/pAkt/ Tp53XC tumor
tissue (Fig. 16B).

3.6. Immunohistochemical analysis of microglia cells in 2-, and 3-hit mouse GGs

The results of the RNA-seq experiments point to a robust level of immunological activation
in the analyzed tumors that may resemble microglial cells. In order to determine more in
detail the cells conferring the relevant expression signatures, immunohistochemical

analyses were conducted next.

Immunohistochemical staining against the microglial-specific marker Iba1 showed a very
strong labeling reaction within the tumor region of both BRAFY6%E/pAkt and
BRAF V6% [pAkt/ Trp53K° tumors (Fig. 17), compared to control, leading to the conclusion
that both these tumors are very immunogenic. Of note, the microglial cell component was
very heterogeneous regarding its morphology and size, suggesting that distinct states of
activation and differentiation are present within the same immune cell type.

Control

Iba1
~
.

Fig. 17. Representative images from Iba1-stained brain sections. Images from control,
BRAF"%%E|pAkt and BRAF“€/pAkt/Tp53<° stained against Iba1, a microglia-specific marker.
Scale bar, 25 pym.
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4. Discussion

The present study has applied in vivo model approaches in order to test systematically
the role of BRAFV%E so far only descriptively reported in human epilepsy associated
tumors including GGs (Chappé et al., 2013; Dougherty et al., 2010; Schindler et al., 2011)
and PLNTYs (Huse et al.,, 2017) in concert with additional key molecular alterations
reported in human epilepsy associated tumor biopsies and of unresolved pathological
significance. The newly generated developmental tumor models were further applied for
gaining novel insights into the detailed cellular composition and the functional states of
cell components as well as phenotypic characteristics, by which the different emerging
neoplasms manifest, and the interplay of the tumor and peritumoral compartments with
respect to excitability.

4.1. BRAFV60%t gcts cellular and molecular context-dependent in developmental brain

tumorigenesis

The present data demonstrated that BRAF'5%F expressed together with pAkt at E14
resulted in adult mouse tumors that recapitulated strikingly characteristic
neuropathological features of human GGs. In contrast, Koh and colleagues claimed that
the expression of BRAFY%37E (the murine equivalent of BRAFY6%F) during embryonic
stages was sufficient for the emergence of glioneuronal neoplasms with GG features. In
our present study, neoplasms that were induced only with BRAF6%%F resembled
neuropathological features of a minority of GGs, mostly characterized by irregularly
oriented but not largely dysmorphic neurons and a rather neurocytic than true glial
neoplastic component. These tumors were within the neuropathological spectrum, but

they resembled the characteristic oligoid features of PLNTY's in adult mice.

This discrepancy may be due to the fact that Koh and colleagues used the murine
equivalent BRAF®37E to induce tumors. The true effect of both mutant variants may not
be strain-specific but may have slightly different activating effects which may explain part
of the discrepancy. However, they also described rather aberrantly shaped than true
dysmorphic neurons. This is in line with results presented in this study showing that
expression of BRAFV69% alone triggered neoplasms lacking dysmorphic neuronal cells.
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Another reason for these contradictory findings could rely on the particular modalities of
induction of mutant BRAF in embryonal mouse brains. Koh and colleagues used IUE of a
plasmid encoding for Cre transposase in a mouse model that carried Braf knock-in allele,
leading to the production of the V637E mutant BRAF protein. In the present study, DNA
carrying BRAFV59% is injected directly into the neural precursors and does not depend on
the protein production of the Cre transposase. Therefore, the effect of the mutated BRAF-
variant may manifest within a slightly different developmental time-window than occur in

the present model leading to substantial consequences on the resulting tumors.

In fact, the cellular architecture and the biological behavior of brain tumors induced in mice
based on BRAF%%F may be strongly dependent on the targeted neural cell population
and the induction protocol. In vivo retroviral somatic gene transfer into neonatal mouse
neural cells demonstrated that ectopic expression of the activated BRAF kinase domain
was sufficient to induce pilocytic astrocytomas in mice (Table 4, (Gronych et al., 2011)).
Another study demonstrated that BRAFV%F expression during embryonic stages under
the control of GLAST or Nestin promoters triggered glioneuronal tumors with somewhat
different neuropathological features compared to tumors arising from our reported
experimental strategy (Table 4, (Goz et al., 2020)). Furthermore, Robinson and
colleagues showed that viral inoculation of activated BRAF alone into the brain of newborn
mice induced tumorigenesis. However, in combination with an activated Akt variant,
tumors harboring BRAF"%%F were highly pleomorphic, and contained a large spectrum of
cells with different morphology recapitulating features of glioblastoma multiforme (GBM;
Table 4, (Robinson et al., 2010)). Intriguingly, the present data suggested that BRAFV600E
together with pAkt introduced into neural precursor populations at E14 with IUE generated
benign neoplasms most closely resembling GGs. Thus, the distinct cell population
subjected to activated MAPK and Akt/mTOR signaling is critical for both,
neuropathological appearance and malignancy of the emerging tumors. The outlined data
may be in line with the concept that the more differentiated the cells hit by BRAFV69°F the

less benign the developing neoplasms are.



Table 4. Overview of existing animal models for BRAF°%F _positive tumors. Summary of tumor
characteristics and biological behavior of murine tumor models triggered by IUE by distinct
oncogene combination involving BRAFY°%€ pAkt and Trp53-loss (first half of the table). Overview

of existing current literature related to animal models triggered by the expression of BRA

FV600E

(second half of the table). Data shown in this figure contributed to Supplementary Table 1 in
Cases-Cunillera et al., 2022.
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As pointed above, our data showed that the ectopic expression of BRAFV69°F alone in
paraventricular neural precursors induced neoplasms with histological features of human
PLNTYs. Huse and colleagues reported the term “polymorphous low-grade
neuroepithelial tumor of the young” (PLNTY) for the first time in 2017 and it refered to a
subgroup of epileptogenic developmental brain tumors mainly characterized by an
oligodendroglioma-like cellular composition, alterations affecting BRAF and CD34
immunoreactivity (Huse et al., 2017). Immunohistochemically, mouse tumors induced with
only BRAF®%E resembled the oligoid-like features characteristics of human PLNTYs. The
activation status of the Akt/mTOR pathway in human PLNTYs has not been examined in
detail. The lack of pS6 in distinct human PLNTYs positive for BRAFV6%°F was verified with
immunohistochemistry in the present study. Moreover, as concluded by previous reports
and our cases, strong immunoreactivity for CD34 is a striking hallmark observed in human
PLNTYs. In fact, BRAFV5%% -induced neoplasms showed a strong immunopositivity for
CD34 (data not shown).

These data underline the role of PI3K-pathway activation as a significant modulatory
alteration for the effects of BRAF'6%%F on developmental brain tumorigenesis.

4.2. The functional role of mMTOR pathway activation in BRAF"6%c_positive brain tumors

Based on the present observations, BRAF"¢%F alone harbored the potential of triggering
neoplasia in mice, but the resulting tumors lacked dysmorphic neuronal elements. pS6
expression has been described in human BRAF6%F positive GGs (Prabowo et al., 2014).
Concomitantly, higher activation of the mTOR signaling pathway has been reported in a
larger percentage of neurons in GGs compared to control tissue (Boer et al., 2010).
Moreover, synchronous activation of the MAPK cascade protein ERK1/2 together with Akt
led to potentiation of mMTOR activation in GG cells (Rak et al., 2013).

Aspects of the crosstalk between MAPK and mTOR signaling pathways in the
pathogenesis of low-grade tumors have been previously investigated. In fact, activation of
the mTOR pathway has been examined in the context of pediatric sporadic gliomas
harboring activated BRAF fusion protein (referred to as KIAA1549:BRAF). Kaul and
colleagues showed that fusion BRAF triggers S6 phosphorylation in neural stem cells.
Moreover, they found mTOR hyperactivation in human tissue samples from pilocytic
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astrocytomas positive for KIAA1549:BRAF mutation (Kaul et al., 2012). The present data
implied that PI3K-pathway activation in combination with BRAFV59°% in neural precursors
is a key precondition for the emergence of dysmorphic neurons. On a molecular level, in
vitro analyses confirmed that neural cells co-transfected with BRAF6%F and pAkt, but not
BRAFV6%°E alone, had a significant increase in S6 phosphorylation levels. Intriguingly,
neither BRAFV59%F nor BRAF6%/pAkt expression triggered phosphorylation/activation of
the downstream protein 4E-BP1 (Fig. 18).

As further evidence of the crosstalk between both signaling pathways, Roux and
colleagues described an mTOR-independent activation of S6 via the MAPK signaling
pathway. While the mTOR downstream protein ribosomal S6 kinase (S6K) could
phosphorylate S6 at both S235/6 and S240/4 residues, the ERK1/2 downstream protein
ribosomal S6 kinase (RSK) exclusively phosphorylated S6 at S235/6 (Roux et al., 2007).
In the present study, the activation of S6 was functionally assessed at both sites leading
to the result that expression of pAkt was required in combination with BRAFV69%F to trigger
phosphorylation at both residues (Fig. 18). Indeed, both sites were found to be
phosphorylated in human GGs positive for BRAFY6%%F (Prabowo et al., 2014). Thus, in the
present system BRAFY9%F alone lacked the potential of activating S6. This is in
accordance with the data published by Koh and colleagues showing that developmental
brain tumor models positive for mutant BRAF did not show increased levels of S6

phosphorylation (Koh et al., 2018).

In fact, high levels of pS6 levels at both S235/6 and S240/4 residues were detected in
maturing neurons with cytomegaly and dendrite hypertrophy (Iffland et al., 2018; Sokolov
et al., 2018). Of note, Sokolov and colleagues demonstrated that the cell growth of cortical
neurons and augmented dendritic complexity was mediated by IUE-mediated
overexpression of Rheb, which is an activator of mTOR pathway and is regulated by Akt
protein. This increase in mTOR pathway was observed together with phosphorylation of
S6 (Sokolov et al., 2018). Other reports showed that an increase of pS6 phosphorylation
triggered by Rheb-dependent mTOR activation led to neurogenesis defects and abnormal

synaptic function (Hsieh et al., 2016; Lafourcade et al., 2013).
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Together with the present results, these data highlight the influence of the PI3K/Akt/mTOR
pathway activation via phosphorylation of S6 protein on the regulation of neuronal
phenotype during development
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Fig. 18. Summary of functional crosstalk between MAPK and Akt/mTOR signaling pathways in
neuronal cells transfected with either BRAF°% or BRAF'®°%/pAkt of data from results section
3.1.1. (A) Transfection of BRAF'%%¢ triggers activation of MEK1/2 and ERK1/2 in vitro. (B)
Neuronal cells co-transfected with BRAF"°%¢ and pAkt show high S6 phosphorylation levels at
S235/6 and S240/4. Activated/phosphorylated proteins are depicted in green. Non-active/non-
phosphorylated proteins are shown in grey. Data shown in this figure contributed to
Supplementary Figure 5 in Cases-Cunillera et al., 2022.

The observation that ‘2-hit’ manipulations used in the present study led to tumors reflecting
characteristic human GGs may also have clinically relevant aspects. BRAFV%9% in human
GGs may not be the only relevant genetic alteration in human GGs (Prabowo et al., 2014)
but so far undetected mutations with effects on PIS3K/mTOR-pathway signaling may be of
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relevance. Concerning potential future alternative therapy strategies for GGs, not only for
potential BRAFV89°E_targeting compounds but also mTOR antagonists may be considered.

4.3. Role of TP53 alteration in the emergence of aGGs

The genetic and molecular profile associated with the rare malignant progression of GGs
is not well clarified yet. Some reports have described an association between TP53
dysregulation and malignant progression of GG. However, the TP53 mutational status in
human GGs has been discussed controversially.

The present experiments clearly demonstrated the possibility to elicit experimental murine
neoplasms that are neuropathologically virtually indistinguishable from human anaplastic
GGs (WHO grade lll) based on Trp53 suppression in the glial cell component as key

molecular alteration.

However, in the present system Trp53 loss represents an initial driver mutation in the
generation of neoplasms with malignant GG features and thus the system does not
completely reflect the mechanisms underlying the emergence of human malignant GGs.
In humans, TP53 mutation (specifically in exons 5 - 8) has been mainly found in recurring
malignant tumors emerging from primary GGs (WHO grade 1), lacking TP53 alterations.
These data indicated that mutant TP53 may not be an initial trigger of the human GG
(Hayashi et al., 2001). In line with these data, another case report also showed that loss
of heterozygosity affecting the TP53 gene was only detected in the dedifferentiated GG
tissue, but not in the benign and well-differentiated primary GG (Kim et al., 2003).

Furthermore, characterization of benign and malignant tissue from the same GG samples
demonstrated that a mutation within the exons 5 — 8 of the TP53 gene was only present
within malignant regions of GG tissue accompanied by an increase of TP53
immunoreactivity only in these areas. This further suggests that this alteration is not
required for the initial formation, but rather involved in the progression to anaplastic
variants (Pandita et al., 2007). Another study reported the presence of TP53 protein
accumulation specifically in the anaplastic component of the tumor with lack of genetic
mutations within the exons 4 - 10 of the gene, suggesting the existence of additional
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alterations affecting TP53 protein (Suzuki et al., 2002). A recent study demonstrated the
presence of TP53 mutation in a WHO grade | GG (Wang et al., 2016).

In the present study, the loss of Trp53 was induced as an initial genetic driver together
with the expression of BRAFV6%°F and pAkt, and therefore does not strictly recapitulate the
human scenario in which the additional TP53 dysregulation appears to be a secondary
alteration associated with tumor relapse and progression. The pathogenetic effect of
Trp53 loss during tumor progression may need to be studied with a conditional-controlled

system in the present murine tumor models.
4.4. Genetic profile as a determinant of GG tumor growth kinetics and biological behavior

Growth dynamics on tumors arising during development remain still elusive. Tumors
induced in mice by only BRAFV59%% exhibited a very benign biological behavior as the
tumor growth was already exhausted at P10. Interestingly, even though we did not find
differences in overall survival between BRAFVY6%F and BRAFV69°E/pAkt tumors, we
showed that activation of mTOR on BRAFV6%% GG tumors influenced the tumor growth
dynamics in mice by triggering early tumor growth. This is not surprising considering that
PIBK/mTOR pathway activation induces protein translation and cell growth, with a critical
role during brain development (Crino, 2016). In fact, activation of PI3K/Akt/mTOR pathway
has been associated with an increase in cell size and tumor proliferation in GGs (Boer et
al., 2010).

Prior studies have investigated the role of mTOR pathway activation in the formation of
pediatric brain tumors by using neural stem cells. Alterations in the mTOR pathway
function resulted in a reduction of neural stem cell growth, inhibition of astrocyte
differentiation and a reduction of gliogenesis (Cloétta et al., 2013). These data indicated
that mTOR activation influenced cell growth in a stemness situation. Moreover, Kaul and
colleagues showed that activation of mTOR induced proliferation of neural stem cells
harboring mutant KIAA1549:BRAF mutation (Kaul et al., 2012).

These data could well support the in vivo results showing that the additional activation of
mTOR in embryonic cells harboring BRAF69 led to a premature increase in tumor

growth. Tumor-specific immunohistological features could explain this occurrence. The
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highly dense glial component in BRAFV%%%/pAkt was defined as tumorigenic since the
oncogenic hits were expressed by these cells. In contrast, the astrocytic cells in BRAFV60F
showed reactive features and the presence of BRAFV5%F in GFAP-positive cells was
almost absent. In this context, the distinct glial nature present in both tumors may partially
explain the different growth kinetics.

Despite this distinction in the tumor kinetics at the early stages of tumor development,
both BRAFV69F and BRAFV9°E/pAkt tumors showed low proliferative potential, as shown
by Ki67 immunoreactive index. As a matter of fact, Huse and colleagues demonstrated
that Ki67-positive cells in human PLNTY tumors were almost absent (Huse et al., 2017)
and the Ki67 labeling index has been found to be around 1 % in human GGs (Blimcke &
Wiestler, 2002; Wolf et al., 1994). However, taking into account that cells from the tumor
microenvironment (TME) such as immune cells are also able to proliferate, the Ki67
labeling index within the tumor cell population may be even lower and thus requires a

deeper examination.

Malignant transformation of GGs is a rare phenomenon, and our present data
corroborated the critical relevance of an additional functional loss of the Trp53 protein for
the poor biological behavior of BRAFY6%F/pAkt tumors. It has been reported that the
proliferation of the glial but not neuronal cell elements triggers the malignant progression
of human GGs (Russell & Rubinstein). Our immunohistochemical results showed that
BRAFV6%[pAkt/ Trp53K° harbored a very dense astroglial component with proliferative
potential, suggesting the capability of this cell type of diffusing and migrating to healthy

brain tissue.

The malignant biological behavior and invasive growth characteristic shown by
BRAFVS%[pAkt/ Trp53K° tumors were reflected by its transcriptomic signature. The
present data showed a strong enrichment of genes associated with cell proliferation, cell
adhesion and extracellular matrix, reflecting the invasive potential of these neoplasms.
Radiological examination demonstrated that human aGGs lack well-circumscribed
characteristics and presented severe mass effects leading to fundamental alterations in

peritumoral regions, such as edemas (Terrier et al., 2017).
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Additionally, the presence of necrotic areas has been described in human aGGs and have
been considered a requirement for the classification of GG tumor as anaplastic (Demarchi
et al.,, 2011; Terrier et al., 2017). The histological analysis of BRAF"6%%/pAkt/ Trp53K©
tumors also revealed numerous areas of necrosis (data not shown). Furthermore, another
criterion used for the classification of human aGG is the presence of microvascular
proliferation (Demarchi et al., 2011; Pekmezci et al., 2018; Zanello et al., 2017). These
data fit very well with the present results showing an increase in the expression of genes
related to angiogenesis in BRAFVS0%5/pAkt/Trp53KC tumor tissue. In general, both

histopathological hallmarks are strongly associated with fast-growing tumors.

Furthermore, immune-related genes appeared overrepresented in
BRAFVS%[pAkt/ Trp53KC tumors. Interestingly, the differential gene expression led to a
GO-term profile of BRAFV69%5/pAkt/Trp53X° tumors with strong similarities to human
tumors with a mesenchymal profile (Verhaak et al., 2010). This term refers to a subtype
of GBM with a high potential of invasion, strong inflammatory reaction, high levels of
necrosis, angiogenesis and hypoxia, and generally resistance to therapy. One of the main
determinants implicated in the mesenchymal differentiation of brain tumors is the NF-kb
transcription factor, which is strongly involved in the regulation of genes related to the
immune system, cell survival, proliferation and differentiation. Indeed, results from the
present RNA-seq analysis showed a significant abundance of Nfkb1 in
BRAF V6% [pAkt/ Trp53K° tumors, compared to control counterparts (data not shown) and

thus underlines a high grade of similarity to a specific malignant glioma subtype.
4.5. Clonality implications for the pathogenesis of GGs

There has been an intense debate about whether the dysmorphic neuronal and the
neoplastic glial components of GGs derive from one common neural precursor (clonal
origin) versus a scenario, in which the tumors develop from a dysmorphic lesion by an
independent neoplastic transformation of the glial component (polyclonal origin; (Pandita
et al., 2007; Zhu et al., 1997); Fig. 2).

Targeting a single neural cell population at E14 with oncogenic hits resulted in brain
tumors in adult mice that neuropathologically revealed a prominent dysmorphic ganglionic
component admixed to only a sparse fraction of highly differentiated astroglial cells. These
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results indicated the emergence of these neoplasms from only one common neural
precursor cell population located at the periventricular matrix that has the potential of
giving rise to dysmorphic neurons and neoplastic astroglia according to the clonal model
(Fig. 2). This pathogenetic scenario is well in line with data from human GGs showing
BRAFV6%% expression in dysmorphic neuronal as well as neoplastic glial GG elements
(Koelsche et al., 2013).

The ‘Brainbow’-approach-based experiments of the present study showed that a clone
derived from a single neural precursor cell in BRAF6%F/pAkt/ Trp53X° tumors contained
both, dysmorphic neurons and neoplastic astroglia indicating that individual GGs
represent genetically rather homogeneous but cellularly strongly diverse neoplasms,
which is in fundamental contrast to e.g. diffuse gliomas consisting of a cellular population
with strong cytological similarities, whereas genetically these cells are rather unstable and
thus heterogeneous.

4.6. Excitability aspects of the 1-, 2- and 3-hit GG models

Our data demonstrated a lack of intratumoral hyperexcitability in BRAF'6%%F as well as
BRAFV60%[pAkt/ Trp53KC tumors. Only the tumor core of BRAFY6%%5/pAkt harbored the
potential of eliciting spontaneous activity at a comparable level to the preexisting cortex.
However, the tissue composition of the control cortex was found to be very distinct from
the BRAFV69°E/pAkt tumors. As pointed out above, BRAFY6%%%/pAkt tumors were
composed of large dysmorphic neurons entrapped within an astroglial fibrillary matrix.
Thus, the similar level of spike frequency observed by these two samples represents an

intriguing result.

A recent study showed that expression of BRAFV59%¢ in radial glial progenitors changed
electrophysiological properties of pyramidal neurons, which acquired a highly unusual
spiking phenotype(Goz et al., 2020). The intrinsic neuronal excitability triggered by
BRAFV6%E was also reported in the study published by Koh and colleagues. They
observed high spike frequencies and increased seizure activity in cortical cells expressing
mutant BRAF'%E (Koh et al., 2018). These considerations suggest that the highly

abundant astroglial component in BRAFV6%°F/pAkt may cover the hyperexcitability patterns
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derived from BRAFV69° neurons in the tumor core, leading to an ultimate spike frequency
similar to the control cortex.

Also, after favoring the spike activity with a solution containing low Mg?* and high K*, the
activity derived from BRAF"69%E/pAkt tumors was by far the highest compared to the other
models in the peritumoral region, suggesting a potential of these tumors to propagate
activity to surrounding areas. These considerations prompt the following potential
scenario: A preserved BRAFVS9%5/pAkt intratumoral spike activity together with the
potential to elevate spontaneous activity in surrounding preexisting tissue may trigger
higher spike responses.

The almost silenced neuronal activity observed in BRAF6%F/pAkt/ Trp53XC and BRAFY600F
tumor cores correlates with the presence of a high fraction of glial cell elements in both
models. The high number of cells positive for oligodendroglial markers in BRAF99°¢ and
a large fraction of astroglial elements with proliferative potential within
BRAFY6%E[pAkt/ Trp53XC tumors could explain this outcome.

Moreover, at the transcriptomic level, BRAF%%F/pAkt/ Trp53X° revealed a fundamental
reduction of synapse-related gene expression, including potassium and calcium channels
as well as GABA receptors. Indeed, dysregulation of inhibitory neurotransmission has
been already described within areas adjacent to gliomas (Pallud et al., 2014). Thus, the
massively disrupted tissue architecture characterized by a reduction in the expression of
neuronal-specific genes by the BRAFV6%F/pAkt/Trp53XC tumor may explain the lack of

neuronal activity as well.

Interestingly, after incubating the slices with aCSF containing low Mg?* and high K*, none
of the tumor cores showed an increase in neuronal activity. The lack of potentiation of
neuronal activity by external factors is indicative of a loss of cell functionality and a
disruption of the network cytoarchitecture in the BRAF6%°F and BRAF"6%%¢/pAkt/ Trp53K©
neoplasms, and also a compromise performance by BRAF"6%%%/pAkt tumor core.

Overall, these data point to the fact that cellular composition may determine neuronal
activity patterns. However, other factors may contribute to increased neuronal

hyperexcitability and these aspects will need to be further identified.
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4.7. Immunogenic characteristics of mouse GGs - potential impact on neuronal

excitability

The dynamic interaction between tumor cells and the TME is highly related to the
pathogenesis and biological behavior of neoplasms. Understanding the underlying
mechanisms behind their interplay is critical. The immune cells within the TME play a
critical role in tumorigenesis. In human GGs, high levels of inflammation with the presence
of lymphocytic infiltration have been described as a common feature (Haddad et al., 1992;
Smith et al., 1992), and have been found in 70 % of the cases (Dahiya et al., 2013).

4.7.1. Changes in microglial morphology in 2- and 3-hit models as a potential mechanism

leading to neuronal network alteration

Both genetically controlled BRAF"6%F/pAkt and BRAF69¢/pAkt/ Trp53%° tumor models
harbored a high number of microglial cells. Aronica and colleagues demonstrated
microglial activation in human GGs associated with chronic epilepsy and found a
correlation between the density of activated microglia and epilepsy duration (Aronica et
al., 2005). Immunological factors are suggested to play a role in the emergence of
epilepsy-related brain tumors, but whether immune infiltration is directly correlated to

seizure activity in these neoplasms is still not known.

The present data displayed a dramatic change in the morphology of microglial cells within
the BRAFV5°%E/pAkt and BRAF V%5 /pAkt/ Trp53KC tumors in comparison to control tissue.
Previous studies have already described changes in microglial shape upon brain injury
and a resulting potential alteration of the neuronal network has been suggested. During
brain development microglial cells were observed in close contact with neurons and were
probed to have a key role in remodeling synaptic processes via phagocytosis to ultimately
maintain the CNS homeostasis (Bialas & Stevens, 2013; Nimmerjahn et al., 2005; Schafer
et al., 2012; Sierra et al., 2010). Upon a brain insult, microglia cells were shown to have
the capability to activate and change the morphology, potentially affecting their interaction
with neurons and thereby altering the activity of the neuronal network (Gorter et al., 2006;
Liu et al., 2018; Morin-Brureau et al., 2018; Sosunov et al., 2012).
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The change in the shape of microglial cells observed within BRAFY6%F/pAkt and
BRAFV6%E[pAkt/ Trp53XC° tumors may suggest a noninflammatory contribution of microglial
cells via morphological changes leading to alterations in the neuron-microglia
communications and thereby determining neuronal activity patterns. These aspects will
need to be explored further in detail.

4.7.2. Association between mTOR pathway activation, immune response and seizure
activity in GGs

Both 2- and 3-hit mouse models were generated by activation of Akt/mTOR signaling
pathway, which has been shown to represent a strong stimulus of innate and adaptive
immunity (Thomson et al., 2009). In human GGs, pS6 expression and the presence of
lymphocyte vascular cuffs were shown to be positively correlated (Prabowo et al., 2014).
Interestingly, several studies demonstrated the strong influence of mTOR pathway on T-
cell activation and differentiation through modulation of cellular metabolism (reviewed in
(Powell et al., 2012)).

Strong evidence associated activation of the mTOR pathway with increased seizure
activity in human TSC disorder characterized by hyperactivation of the mTOR signaling
pathway (Crino, 2016). An increased mTOR activation has also been reported to
determine seizure frequency in experimental models for TSC and focal cortical dysplasia
(Crino, 2016; Nguyen et al., 2019). Thus, the immune cell infiltrates following mTOR

activation may represent a factor contributing to seizure activity in GGs.
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4.8. Conclusions

PI3K pathway activity levels and Trp53-loss critically shape neuropathological
characteristics, biological behavior, and the electrical activity patterns of BRAFY600E.
induced tumors. Thus, analyzing the status of mTOR pathway signaling as well as TP53-
loss/inactivating mutation in BRAF'6%%.-positive human brain tumors may represent
reasonable components to be included in diagnostic panels in the future. The animal
models presented in this study may be well suited to analyze the effects of new
oncological drugs preclinically.
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5. Abstract

Background: Developmental, biologically benign brain tumors associated with epilepsy
represent a highly heterogeneous group of neoplasms and include glioneuronal and glial
entities. Gangliogliomas (GGs) are most abundant in this group. BRAF%%F is highly
frequent in GGs and activation of mMTOR cascade signaling has been reported. Occasional
malignant GG variants harbor mutated TP53. The improved understanding of the genetic
basis and molecular alterations of developmental epilepsy-associated brain tumors in
concert with the availability of new transgenic techniques and large-scale omics
approaches allows the integrated analyses of pathomechanisms of these neoplasms

systematically in novel mouse models.

Aims: Thus, the present study aims to (7) develop and characterize in vivo tumor models
for GGs recapitulating glioneuronal- and epilepsy-associated features, (2) understand
their subsequent histogenesis and cellular composition, and (3) gain knowledge on
mechanisms associated with altered excitability.

Results: The present data show that co-electroporation of the constitutively active Akt
and mutant BRAFV59%F transgenes in mouse neural precursors is required to induce low-
grade glioneuronal tumors, resembling histopathological features of human GGs including
strong microglial infiltrates. These neoplasms arise clonally from a single precursor
population, still capable to develop both neuronal and glial cells. Interestingly, the
presence of only one transgene does not lead to GG development. Moreover, Trp53
deletion in this model leads to high-grade glioneuronal tumors with a more severe clinical
outcome. Purely glial tumors resembling polymorphous low-grade neuroepithelial tumors
of the young (PLNTYs) emerge from only BRAFV6%E, Spontaneous spike evaluation
reflected the highest intrinsic activity potential by tumors harboring both BRAFV6%% and

mTOR activation.

Conclusion: The combinatorial genetic architecture of BRAF"6%F induced developmental
brain tumors with PI3K/Akt/mTOR signaling and Trp53-loss determines not only the
neuropathological characteristics but also key biological as well as functional features with
implication for improving the clinical management of affected patients.
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