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Zusammenfassung

Krebs gilt als haufigste Todesursache bei Krankheiten im Kinder- und Jugendalter in der
Europaischen Union und in den Vereinigten Staaten. Daher sind dringend eine préazise
Diagnostik und neue therapeutische Ansatze erforderlich, um den klinischen Verlauf
padiatrischer Krebspatienten zu  verbessern. Heutzutage bieten moderne
Sequenzierungstechnologien die Mdglichkeit molekulare Mechanismen und Eigenschaften
von Tumoren zu erforschen, was zu einem rasanten Wissenszuwachs im Feld der
padiatrischen Onkologie geflihrt hat. Schlisselfaktoren sind hierbei die Identifizierung und
Charakterisierung von krebsverursachenden Onkogenen, die es ermdglichen, eine
differenzierte molekulare und klinische Perspektive auf verschiedene Tumoreinheiten sowie
auf dem Wirkmechanismus basierende therapeutische Ansétze zu entwickeln. Im Rahmen
dieser Doktorarbeit wurde die molekulare und klinische Bedeutung des Onkogens FOXR2 in

padiatrischen Krebserkrankungen untersucht.

Im ersten Kapitel wird die klinische und mechanistische Funktion von FOXR2 in peripheren
Neuroblastomen beleuchtet. Diese weisen ein breites Spektrum an klinischen Verlaufen auf,
die von spontaner Regression bis hin zu aggressiver Ausbreitung des Tumors mit Todesfolge
reichen. Ein prazises Verstandnis der Mechanismen, die zur Tumorentstehung und
Ausbreitung fuihren, ist daher zur Risikostratifizierung und zielgerichteten Behandlung von
Neuroblastompatienten erforderlich. In dieser Studie wurden Genexpressions- und klinische
Daten von 1030 Neuroblastompatienten untersucht. Des Weiteren wurden die Auswirkungen
eines shRNA induzierten Knockdowns von FOXR2 in vitro sowie die mechanistische Rolle von
FOXR2 in Zelllinien und Patientenproben erforscht. Insgesamt wurde in 9% der
Neuroblastompatienten eine erhohte FOXR2 Expression detektiert. Diese Patienten zeigten in
den drei untersuchten Datensatzen einen schlechten klinischen Verlauf mit einer 10-Jahres
Gesamtuberlebensrate von 53% bis 59%. Daruber hinaus wurde gezeigt, dass die Expression
von FOXR2 Patienten mit schlechten Uberlebensraten identifiziert, unabhdngig von bereits
etablierten prognostischen Markern wie MYCN Amplifikation, INSS4, einem Diagnosealter von
Uber 18 Monaten oder Hochrisiko-Stadium. In vitro fuhrte der Knockdown von FOXR2 zu einer
verringerten Zellproliferation, Zelltod, Verlangsamung des Zellzyklus und zu einer geringeren
MYCN Proteinexpression, was die essentielle Rolle von FOXR2 fur die Ausbreitung des
Tumors unterstreicht. Des Weiteren wurde festgestellt, dass FOXR2 exprimierende und MYCN
amplifizierte Neuroblastome eine ahnliche transkriptionelle Signatur aufweisen, was auf einen
gemeinsamen tumortreibenden Mechanismus hinweist. Tatsachlich wurde in vitro gezeigt,
dass FOXR2 Protein an MYC und MYCN Protein bindet und es dadurch stabilisiert. Auch in



Patientenproben wurden stark erhohte MYCN Proteinmengen in FOXR2 exprimierenden
Neuroblastomen nachgewiesen. Diese Ergebnisse zeigen, dass der stabilisierende Einfluss
von FOXR2 auf MYCN eine Alternative zu MYCN Amplifikationen in Neuroblastomen darstellt.
Die Expression von FOXR2 definiert somit einen neuen und unabhangigen prognostischen
Faktor, der schlechte Gesamtiiberlebensraten bei Patienten mit Neuroblastom anzeigt und

verbessert die Risikostratifizierung dieser klinisch heterogenen Krebsart.

Im zweiten Kapitel wurden molekulare und klinische Charakteristika von Neuroblastomen des
zentralen Nervensystems mit FOXR2 Aktivierung (CNS NB-FOXR2) in Kollaborationen mit
Katja von Hoff et al. und Andrey Korshunov et al. beschrieben und analysiert. CNS NB-FOXR2
wurden erstmals im Rahmen einer molekularen Charakterisierung von institutionell
diagnostizierten primitiven neuroektodermalen Tumoren des zentralen Nervensystems (CNS-
PNET) von Sturm et al. beschrieben. Bei diesen handelt es sich um hoch aggressive und
wenig differenzierte embryonale Tumore mit zundchst vermutetem schlechten klinischen
Verlauf. Erste Analysen in kleineren Kohorten von re-evaluierten CNS-PNETs haben jedoch
gezeigt, dass der schlechte Kklinische Verlauf in vielen Fallen auf falschlich als CNS-PNET
klassifizierte hochgradige Gliome (HGG) zurtickzufuhren ist. Um die klinischen Charakteristika
von CNS NB-FOXR2 tiefer zu erforschen, wurden Gewebeproben und klinische Daten von
307 histologisch diagnostizierten CNS-PNET gesammelt und auf molekularer Ebene re-
evaluiert. In 36 von 307 Fallen wurden CNS NB-FOXR2 mittels DNA Methylierungsanalyse
klassifiziert. Diese Patienten wiesen eine giinstige 5-Jahres Gesamtiberlebensrate von 85%
auf. Im Gegensatz zu CNS NB-FOXR2 zeigten die Gesamtkohorte der CNS-PNET eine 5-
Jahres Gesamtuberlebensrate von nur 51 % auf, welche hauptsachlich auf die schlechte
Gesamtlberlebensrate von (molekular bestatigten) ETMR und HGG (24%, bzw. 25%)
zurlickgefihrt werden kann. Diese Ergebnisse ermdglichen somit eine differenzierte klinische
Betrachtung und unterstreichen die Notwendigkeit fir eine angepasste Behandlungsstrategie
fir CNS NB-FOXR2, die in der im Jahr 2021 veroffentlichten 5. Auflage der ,WHO classification
of tumors of the central nervous system“ gelistet sind. Im Rahmen einer weiteren Studie
wurden diagnostische Marker fir CNS NB-FOXR2 analysiert, um diese von morphologisch
ahnlichen Entitaten zu unterscheiden. Zu diesem Zweck wurden 84 CNS-PNET auf
molekularer Ebene mittels DNA Methylierungsanalyse re-evaluiert. Insgesamt konnten 20
CNS NB-FOXR2 in dieser Kohorte ausgemacht werden. Basierend auf
Genexpressionsanalysen wurden SOX10 und ANKRDS55 als spezifisch in CNS NB-FOXR2
exprimierte Gene identifiziert. Mittels immunohistochemischer Farbungen wurde die
Expression dieser Gene auf Proteinebene validiert. Daftir wurden 20 CNS NB-FOXR2 sowie

eine Vielzahl anderer padiatrischer CNS Tumore, welche die Morphologie von CNS-PNET



aufweisen konnen (einschlie3lich Ependymoma, ETMR, AT/RT und mehrere HGG),
immunohistochemisch evaluiert. Diese Vorgehensweise ergab, dass die kombinierte
Expression der Proteine SOX10 und ANKRD55 CNS NB-FOXR2 sehr prazise von

morphologisch dhnlichen Entitaten unterscheiden kann.

Zusammenfassend wurde im Rahmen dieser Doktorarbeit FOXR2 als unabhangiger
prognostischer Faktor in peripheren Neuroblastomen entdeckt, welcher mit einem ungunstigen
klinischen Verlauf assoziiert ist. Dartiber hinaus wurde erstmals die mechanistische Interaktion
von FOXR2 und MYCN beschrieben, welche die Stabilisierung des Hochrisiko-assoziierten
Onkogens MYCN zur Folge hat. Des Weiteren wurden klinische Charakteristika der kirzlich
erstmalig beschriebenen Tumorentitdt CNS NB-FOXR2 erfasst und diagnostische Marker
identifiziert, die CNS NB-FOXR2 von morphologisch &hnlichen Entitdten unterscheiden

kdnnen.






Summary

Cancer is the leading disease-related cause of death in children in the European Union and
the United States. Therefore, better diagnostics and novel therapeutic approaches are urgently
needed to improve the outcome of pediatric cancer patients. Advances in modern sequencing
technologies provided the basis for a substantial increase of knowledge, leading to the
molecular understanding of pediatric malignancies that we have today. The identification and
characterization of cancer-driving oncogenes is key to enable a differentiated molecular and
clinical view on tumor entities and to find specific therapeutic approaches that are based on
the mode of action. In this study, | investigated the molecular and clinical role of the oncogene

FOXR2 in pediatric cancer.

The first chapter sheds light on the clinical and mechanistic role of FOXR2 in peripheral
neuroblastoma. Since neuroblastoma shows a broad spectrum of clinical outcomes, ranging
from spontaneous tumor regression to disease related death, the understanding of
mechanisms that induce and drive the tumor is crucial for risk stratification and targeted
treatment of patients. | therefore investigated gene expression and clinical data of 1.030
neuroblastoma patients of three independent cohorts and studied the implications of silencing
FOXR2 expression in vitro. Furthermore, the mechanistic role of FOXR2 was analyzed in cell
lines and patient samples. In the total neuroblastoma cohort, FOXR2 expression was present
in 9% of neuroblastoma patients and turned out to be a prognostic factor indicating unfavorable
survival of patients with 10-year overall survival rates of 53% to 59%. Importantly, FOXR2
expression indicated poor survival independently from well-established prognostic markers
including MYCN amplification, INSS4, age at diagnosis above 18 months or high-risk stage. In
vitro, the knockdown of FOXR2 resulted in reduced cell proliferation, cell death, cell cycle arrest
and reduced MYCN protein levels, indicating the essential role of FOXR2 for tumor
progression. Furthermore, FOXR2 expressing neuroblastoma showed a high transcriptional
similarity to MYCN-amplified cases, suggesting a common mechanism driving the tumors. In
line with this, it was observed that FOXR2 protein binds and stabilizes MYC and MYCN protein
and in patient samples MYCN levels in FOXR2 mRNA expressing tumors are highly increased.
Overall, these results indicate that the stabilization mechanism of FOXR2 and MYCN represent
an alternative to MYCN amplifications in neuroblastoma leading to a similar transcriptional
signature indicative of an aggressive tumor. In line with this, FOXR2 identifies a novel and
independent prognostic factor in neuroblastoma indicating unfavorable clinical outcome and

improving risk stratification of this clinically highly heterogeneous tumor type.



In the second chapter, molecular and clinical characteristics of CNS neuroblastoma with
FOXR2 activation (CNS NB-FOXR2) were described and analyzed based on collaborations
with Katja von Hoff et al. and Andrey Korshunov et al. CNS NB-FOXR2 tumors were only
recently described by Sturm and colleagues and emerged from institutionally diagnosed CNS
primitive neuroectodermal tumors (PNET). CNS-PNET are highly aggressive and poorly
differentiated embryonal tumors with a poor outcome. However, first analyses in small cohorts
of molecularly re-evaluated CNS-PNET suggest that the poor outcome for this group of tumors
is mostly driven by misclassified high-grade gliomas (HGG). To further investigate the clinical
characteristics of CNS NB-FOXR2, tissue samples and clinical data of 307 histologically
diagnosed CNS-PNET were collected and molecularly re-evaluated. Out of 307 cases, 36
cases were classified as CNS NB-FOXR2 by means of DNA methylation profiling. These
patients clearly showed a favorable survival with a 5-year overall survival rate of 85%. In
contrast to CNS NB-FOXRZ2, the 5-year overall survival of the entire CNS-PNET cohort is 51%,
which can be attributed to the poor overall survival of ETMR and HGG (24% and 25%,
respectively) that were also molecularly identified in the CNS-PNET cohort. These results
provide a differentiated clinical view and point out the need for an adjusted treatment strategy
for CNS NB-FOXR2, now listed as a new distinct entity of embryonal tumors in the 2021 update
of the “WHO classification of tumors of the central nervous system”. In the context of an
additional collaborative effort, we aimed to identify immunohistochemical markers for CNS NB-
FOXR2 to clearly discriminate them from morphological mimics. Therefore, 84 CNS-PNET
cases were molecularly re-evaluated using DNA methylation profiling, resulting in the
identification of 20 CNS NB-FOXR2 in this cohort. Based on differential gene expression
analyses the expression of SOX10 and ANKRD55 was identified to discriminate CNS NB-
FOXR2 from histologically diagnosed CNS-PNET. By means of immunohistochemistry, these
results were validated on protein level, staining 20 CNS NB-FOXR2 and a variety of other
pediatric CNS tumors that can present CNS-PNET like morphologies, including amongst
others ependymoma , ETMR, AT/RT and several high-grade gliomas. Indeed, the combined
expression of SOX10 and ANKRD55 protein was found to clearly identify CNS NB-FOXR2

from morphological mimics.

Taken together, this study has shown that FOXR2 represents an independent prognostic factor
in peripheral neuroblastoma, identifying patients with unfavorable survival. Additionally, the
mechanistic interaction of FOXR2 and MYCN leading to a stabilization of the high-risk
associated oncogene MYCN was described for the first time. Moreover, in the context of this

study clinical characteristics of the novel brain tumor entity CNS NB-FOXR2 were revealed
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and diagnostic markers to distinguish CNS NB-FOXR2 from morphological mimics were
identified.
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Introduction

1 Introduction

1.1 Pediatric cancer

1.1.1 Overview

Cancer is not a single disease but a large group of diseases that can occur in almost any tissue
and at variable age (NIH, accessed 04.11.2021b). It originates from an uncontrolled
proliferation of cells and their ability to invade surrounding and/or distant organs or tissue
(WHO, accessed 04.11.2021). Cancer is a leading cause of death in children as well as in
adults, however in absolute numbers the incidence differs substantially due to the rarity of
childhood malignancies (Kattner et al., 2019). Children aged 0 to 19 years show an annual
incidence of 186.6 per 1 million in the United States (US), whereas the overall cancer incidence
in the US including adults is around 4424 per 1 million per year (NIH, accessed 04.11.20214a;
Ward et al., 2014). Furthermore, childhood and adult cancer often differ in their origins. Adult
malignancies mostly derive from adult epithelial tissues forming carcinomas, which account for
over 90% of tumors. In children only around 3.5% of cancers are carcinomas and malignancies
of the hematological system such as leukemia and lymphoma (40.9%), as well as tumors of
the developing central nervous system are most prevalent (20.2%) (Cooper, 2000; Grébner,
2017; Ma et al., 2018). Advances in molecular understanding of cancer based on modern next-
generation sequencing technologies further revealed that in contrast to adults the mutational
burden in pediatric cancer is clearly lower (Grébner et al., 2018; Ma et al., 2018). Instead of an
accumulation of mutational hits in adult malignancies, specific mutations in genes important
for a normal development or fusion genes, often defining a single driver for a tumor entity, are
commonly found in childhood cancer (Figure 1) (Behjati et al., 2021; Dupain et al., 2017).
Furthermore, epigenetic alterations also play a key role in many pediatric malignancies. Over
the last decade an increasing number of disease-causing epigenetic events, often induced by
gene alterations in epigenetic regulators or chromatin complexes, were identified (Bender et
al., 2013; Grobner et al., 2018; Panditharatna and Filbin, 2020; Schwartzentruber et al., 2012;
Sturm et al., 2012; Wu et al., 2012). The distinct DNA methylation patterns that are found in
pediatric cancer entities were utilized for a more precise classification of brain tumors. This
has also led to the discovery of a multitude of novel entities and subgroups, which are also
recognized in the 2021 WHO Classification of Tumors of the Central Nervous System (Capper
et al., 2018a; Capper et al., 2018b; Koelsche et al., 2021; Louis et al., 2021; Papanicolau-
Sengos and Aldape, 2021; Stefan M. Pfister et al., 2021, in press; Sturm et al., 2016).
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Overall, the molecular data and in vivo studies on the development of pediatric cancer suggest
that on a cellular level cancer in children is linked to dysregulated development, caused by
cells that are kept in a stem cell-like or progenitor-like state, thereby preventing differentiation
and favoring self-renewal of these cells (Figure 1) (Behjati et al., 2021; Cozzio et al., 2003;
Filbin and Monje, 2019; Funato et al., 2014; Li et al., 2005; Ng et al., 2015; Pathania et al.,
2017; Vitte et al., 2017).

Mutagen exposure

Cell division and aging Sourc_es of
Germline mutations
Adult
cancer
. cell
Fertilized
egg Mature cells Aged cells
Development (1 (1
O 000 ‘ 000
[ ) Postnatal life (Y )

Oncogenesis with Childhood
maturation block ’cancer cell

Figure 1: Childhood cancer is based on a dysfunctional development of maturing cells.

Childhood malignancies show a substantially lower mutational burden than adult cancers. Instead of mutational
accumulations guiding a mature cell into an adult cancer cell, in childhood cancer specific mutations preventing the
maturation of cells during development lead to oncogenesis. Figure modified from (Behjati et al., 2021).

1.1.2 Incidence and survival rates in pediatric cancer

In the US, the chance of developing cancer under the age of 15 is around 0.24% and under
the age of 20, around 0.35% of the population develop a malignancy (Ward et al., 2014). Which
type of cancer develops most frequently in these children and adolescents, however, varies by
age. Based on an estimate of newly diagnosed childhood and adolescent cancers in the US
for the year 2014 in the age group 0-14, the most common cancer types are acute lymphocytic
leukemia (ALL) and CNS tumors, which account for around 26% and 21% of cases,

respectively. These data are in line with the observations of the most recent cancer statistics
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report of the American Cancer Society (Siegel et al., 2021; Ward et al., 2014). Neuroblastoma
is found in 7% of cases in this age group, representing the most common extra-cranial solid
tumor in childhood (Figure 2) (Hwang et al., 2019; Newman et al., 2019; Ward et al., 2014).
Other frequently occurring malignancies in children below the age of 15 are Non-Hodgkin
lymphoma (6%), Wilms tumor (5%), bone tumors (4%), and Hodgkin lymphoma (4%). In
adolescent patients, aged between 15 and 19 years ALL occurs in 8% of patients, divergent
from the 26% of patients below 15 years. Moreover, neuroblastoma is only rarely being
diagnosed in adolescent patients (Gaspar et al., 2003; Louis and Shohet, 2015; Matthay, 1997,
Mossé et al., 2014). Instead Hodgkin lymphoma (15%), thyroid carcinoma (11%), CNS tumors
(10%), testicular germ cell tumors (8%), and Non-Hodgkin lymphoma (8%), are the most
commonly occurring malignancies (Figure 2) (Ward et al.,, 2014). These differences in
distribution from childhood to adolescent cancers are in many cases based on the

developmental state from which the cancer originated (Behjati et al., 2021).

Children (Ages 0-14) Adolescents (Ages 15-19)
Acute lymphocytic leukemia Hodgkin lymphoma
2,670 (26%) 800 (15%)
Brain and CNS Thyroid carcinoma
2,240 21%) 570 (11%)
Neuroblastoma* Brain and CNS
710 (7%) 540 (10%)
Non-Hodgkin lymphoma Testicular germ cell tumors
620 (6%) 430 (8%)
Wilms tumor Non-Hodgkin lymphoma
510 (5%) 420 (8%)
Acute myeloid leukemia Acute lymphocytic leukemia
500 (5%) 410 (8%)
Bone tumors' Bone tumors'’
450 (4%) 370 (7%)
Hodgkin lymphoma Melanoma
380 (4%) 310 (6%)
Rhabdomyosarcoma Acute myeloid leukemia
340 (3%) 230 (4%)
Retinoblastoma Ovarian germ cell tumors
280 (3%) 110 (2%)
All sites All sites
10,450 5,330

Figure 2: Cancer in childhood and adolescence.

Estimated percentage of new cases of childhood and adolescent cancers for the US in the year 2014 by the
American Cancer Society. Figure adapted from (Ward et al., 2014).
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In the European Union and the United States, cancer is the leading cause of disease-related
mortality in children (Filbin and Monje, 2019; Johnson et al., 2014; Kyu et al., 2018; Siegel et
al., 2021; Siegel et al., 2018). Only deaths caused by accidents occur more frequently in
children than cancer related deaths (Filbin and Monje, 2019; Kyu et al., 2018). Since 1975
childhood cancer death rates are declining by around 2.1% per year (Ward et al., 2014).
Generally, the 5-year overall survival in children in the US increased to a rate of 84% due to
improvements in treatment approaches and strategies (American_Cancer_Society, accessed
12.11.2021). still, for many entities improvements in survival rates have reached a plateau for
the past 20 years and the survival of patients can vary substantially in different cancer types
(Madanat-Harjuoja et al., 2014; Pollack et al., 2019; Siegel et al., 2021). Despite therapeutic
advances some childhood cancers still show low survival rates, including several pediatric
brain tumors, which account for most cancer-related pediatric deaths in the US (Figure 3)
(Siegel et al., 2019; Siegel et al., 2021; Siegel et al., 2020; Ward et al., 2014).

Acute lymphocytic leukemia (ALL)
Brain and ONS

Non Hodgkin lymphoma (NHL)
Bone and joint

—— Soft tissue including heart

4 - - -Kidney and renal pelvis

Hodgkin lymphoma (HL)

Rate per million

0
| | | | | I | |
1975 1980 1985 1990 1995 2000 2005 2010

Year of death

Figure 3: Death rates in types of childhood cancer.

Death rates in childhood cancer vary by cancer type and have decreased over the last decades. Figure adapted
from (Ward et al., 2014).
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1.1.3 Hallmarks of cancer

Tumorigenesis is a multistep process, involving the acquirement of six biological traits, which
were described by Hanahan and Weinberg in 2000 (Hanahan and Weinberg, 2000). These
proposed hallmarks of cancer include the evasion of growth suppressors, resistance to cell
death, activation of invasion and metastasis, induction of angiogenesis as well as the ability to
sustain proliferative signaling and to enable replicative immortality (Hanahan and Weinberg,
2000). In 2011, these biological capabilities were further extended by the ability to evade
immune destruction and the reprogramming of the energy metabolism, as described in
“Hallmarks in Cancer: The Next Generation” (Hanahan and Weinberg, 2011). Furthermore,
enabling characteristics, which underlie hallmarks of cancer were defined, namely “genome
instability and mutation” inducing genetic variability as well as “tumor-promoting inflammation”
(Hanahan and Weinberg, 2011). Key roles in the deregulation of cellular processes and
important regulators for hallmarks of cancer are tumor suppressor genes and oncogenes. The
term tumor suppressor gene defines regulatory genes that limit cell proliferation, prevent
unrestrained cell growth and therefore often show loss-of-function mutations in cancer (Aubrey
et al., 2016; Lee and Muller, 2010). Contrarily, oncogenes, such as Forkhead Box R2, which |
studied in the context of my PhD, comprise gain-of-function mutations inducing cell growth,

cell cycle progression and survival of cells (Hiubner, 2019; Lee and Muller, 2010).

1.1.4 FOXR2 in pediatric cancer

Forkhead Box R2 (FOXRZ2) belongs to the family of Forkhead Box transcription factors, which
are involved in various biological processes such as cell proliferation and differentiation as well
as transcriptional regulation and DNA repair (Katoh et al., 2013; Myatt and Lam, 2007). The
protein structure of all FOX family members is defined by the conserved forkhead box domain,
which is a DNA binding domain (Myatt and Lam, 2007). The FOXR2 gene, located on
chromosome Xp11.21 and the transcription factor FOXR2 were for the first time described and
characterized in the year 2004 by Katoh et al. (Katoh and Katoh, 2004a, c). FOXR2 shows a
high homology (57.7%) to FOXR1, a transcription factor also identified and characterized in
2004, and found to be expressed and linked to cell proliferation in a small subset of
neuroblastoma (Katoh and Katoh, 2004b; Santo et al., 2012). The function of FOXR?2 itself is
largely unknown, however, it has been frequently related to tumorigenesis, aberrant cell growth
or tumor progression (Koso et al., 2014; Li et al., 2016; Liu et al., 2017; Poh et al., 2019;
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Rahrmann et al., 2013; Schmitt-Hoffner et al., 2020). In contrast to healthy tissue where
FOXR2 is only expressed in testis (Proteinatlas, accessed 12.11.2021), it has been found to
be expressed in several tumor types, amongst them breast, colorectal, hepatocellular, ovarian
and prostate cancer (Li et al., 2018; Lu et al., 2017; Song et al., 2016; Wang et al., 2016; Xu
et al., 2017). Expression of FOXR2 in pediatric tumors is primarily detected in nearly all CNS
neuroblastomas with FOXR2 activation (CNS NB-FOXR2), a recently identified entity that was
described in 2016 in the context of a molecular re-evaluation of primitive neuroectodermal
tumors of the central nervous system (CNS-PNET) (Sturm et al., 2016). Furthermore, subsets
or single cases of medulloblastoma, pineoblastoma, glioblastoma and diffuse midline glioma
(DMG) also express FOXR2 (Koso et al., 2014; Liu et al., 2019; Liu et al., 2017). In addition,
in the context of this study, FOXR2 expression was observed in a clinically relevant subset of
neuroblastoma (Figure 4) (Schmitt-Hoffner et al., 2021). In subsets of other non-brain pediatric
tumors, FOXR2 expression was not identified, yet. Mechanistically, the FOXR2 protein was
found to bind to MYC and MYCN proteins, which are broadly implicated in the oncogenesis of
poorly differentiated and often aggressive cancers (Beckmann et al., 2019; Li et al., 2016; Vita
and Henriksson, 2006). The interaction between MYC and FOXR2 proteins results in a
stabilization of the short-lived MYC protein as has been shown in a human Schwann cell line
(Beckmann et al., 2019). In mice it was demonstrated that FOXR2 increases tumor growth and
thereby decreases survival (Beckmann et al., 2019). Furthermore, it has been shown that
FOXR2 induces the formation of CNS embryonal tumors in Trp53 deficient mice (Poh et al.,
2019). These results affirm the importance of FOXR2 as a proto-oncogene and make it a
promising therapeutic target to treat FOXR2-driven pediatric cancers. The molecular and
clinical characterization of FOXR2 activated pediatric tumors may therefore provide a platform
to improve our understanding of the mechanisms how FOXR2 drives tumor formation and to

enable a differentiated clinical view on these tumors.
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Subsets of pediatric brain cancer entities and a subset of neuroblastoma patients show mRNA expression of
FOXR2. In CNS NB-FOXR2 almost all cases show high expression levels of FOXR2. This figure was generated

Figure 4: Expression of FOXR2 mRNA in pediatric brain cancer and in peripheral neuroblastoma.
with the genomics analysis and visualization platform R2.
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2 Materials and Methods

Materials and Methods are based on and are in parts directly adopted from the following joint

publications:

Felix_Schmitt-Hoffner*, Sjoerd van Rijn*, Umut H. Toprak, Monika Mauermann, Felix

Rosemann, Anke Heit-Mondrzyk, Jens-Martin Hubner, Aylin Camgdz, Sabine Hartlieb, Stefan
M. Pfister, Kai-Oliver Henrich, Frank Westermann*, Marcel Kool*; “FOXR2 Stabilizes MYCN
Protein and Identifies Non-MYCN-Amplified Neuroblastoma Patients With Unfavorable
Outcome”, Journal of Clinical Oncology, 2021, DOI: 10.1200/JC0.20.02540

Felix Schmitt-Hoffner and Sjoerd van Rijn are shared first authors. Marcel Kool and Frank

Westermann are co-senior authors.

Katja von Hoff, Christine Haberler, Felix Schmitt-Hoffner, Elizabeth Schepke, Teresa de

Rojas, Sandra Jacobs, Michal Zapotocky, David Sumerauer, Marta Perek-Polnik, Christelle
Dufour, Dannis van Vuurden, Irene Slavc, Johannes Gojo, Jessica C. Pickles, Nicolas U.
Gerber, Maura Massimino, Maria Joao Gil-da-Costa, Miklos Garami, Ella Kumirova, Astrid
Sehested, David Scheie, Ofelia Cruz, Lucas Moreno, Jaeho Cho, Bernward Zeller, Niels
Bovenschen, Michael Grotzer, Daniel Alderete, Matija Snuderl, Olga Zheludkova, Andrey
Golanov, Konstantin Okonechnikov, Martin Mynarek, B. Ole Juhnke, Stefan Rutkowski, Ulrich
Schller, Barry Pizer, Barbara v. Zezschwitz, Robert Kwiecien, Maximilian Wechsung, Frank
Konietschke, Eugene |. Hwang, Dominik Sturm, Stefan M. Pfister, Andreas von Deimling,
Elisabeth J. Rushing, Marina Ryzhova, Peter Hauser, Maria tastowska, Pieter Wesseling,
Felice Giangaspero, Cynthia Hawkins, Dominique Figarella-Branger, Charles Eberhart, Peter
Burger, Marco Gessi, Andrey Korshunov, Tom S. Jacques, David Capper, Torsten Pietsch,
Marcel Kool; “Therapeutic implications of improved molecular diagnostics for rare CNS-

embryonal tumor entities — results of an international, retrospective study”;

Neuro-Oncology; 2021; https://doi.org/10.1093/neuonc/noab136

Andrey Korshunov, Konstantin Okonechnikov, Felix Schmitt-Hoffner, Marina Ryzhova, Felix

Sahm, Damian Stichel, Daniel Schrimpf, David E. Reuss, Philipp Sievers, Abigail Kora Suwala,

Ella Kumirova, Olga Zheludkova, Andrey Golanov, David T. W. Jones, Stefan M. Pfister,
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Marcel Kool, Andreas von Deimling; “Molecular analysis of pediatric CNS-PNET revealed
nosologic heterogeneity and potent diagnostic markers for CNS neuroblastoma with
FOXR2-activation”

Acta Neuropathologica Communications; 2021; https://doi.org/10.1186/s40478-021-01118-5

2.1 Materials and methods based on “FOXR2 Stabilizes MYCN
Protein and Identifies Non—MYCN-Amplified Neuroblastoma

Patients With Unfavorable Outcome”

2.1.1 Neuroblastoma cohorts

To investigate FOXR2 in neuroblastoma the R2 dataset “Tumor Neuroblastoma - SEQC - 498
- RPM - seqcnbl" was consulted, containing RNA-seq data on 498 primary neuroblastomas
(Su et al., 2014). The dataset includes full clinical annotation as well as annotations on INSS,
age, sex and high-risk status (Gene Expression Omnibus (GEO) accession gse62564).
Furthermore, a microarray dataset of 283 primary neuroblastomas with full clinical annotation
was consulted to confirm the findings: “Tumor Neuroblastoma Primary - NRC - 283 -
rma_sketch (bc) - huex10t” by the Neuroblastoma Research Consortium (NRC), which is
deposited under GEO ID: gse85047. The TARGET dataset containing primarily high-risk
neuroblastoma was consulted via R2 “Tumor Neuroblastoma TARGET - Asgharzadeh - 249 -
custom - huex10t” (Pugh et al., 2013). The dbGaP Study Accession ID is: phs000218.v22.p8.
All datasets were analyzed in the R2 platform for genomic data analysis and visualization
(http://r2.amc.nl).

2.1.2 Cell culture

HEK293T cells were cultivated in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (FCS). SK-N-AS and SK-N-FI were cultured in RPMI-1640 medium


https://doi.org/10.1186/s40478-021-01118-5

Materials and Methods

supplemented with 10% FCS. All cells were incubated at 37°C in a humidified incubator with
5% CO2.

2.1.3 Production of lentiviral vectors and generation of stable cell lines

shRNAs were used to knock down FOXR2 in SK-N-AS and SK-N-FI. Lentiviral transduction of
pLKO-TET-ON was used to establish stable cell lines (Wee et al., 2008; Wiederschain et al.,
2009) with the inducible FOXR2 shRNA insert 5-CTGGAAGAGCACCATTCATTA-3 and the
scrambled insert 5-CCTAAGGTTAAGTCGCCCTCG-3’, which was used as a control.
Lentivirus was produced in HEK293T cells by co-transfection of psPax2 and pMD2.G using
FugeneHD (Promega). The supernatant containing the lentivirus was filtered and transferred
to SK-N-AS and SK-N-FI. Successfully transfected cells were selected by 1ug/ml puromycin
and induced by 1lpg/ml doxycycline (Hubner et al., 2019). In accordance with the National
Institutes of Health Guidelines these experiments were performed under Biosafety Level 2
(BSL-2) conditions.

2.1.4 Quantitative RT-PCR

RNA isolation was conducted with the Maxwell® RSC instrument applying the simplyRNA
Tissue Kit according to the manufacturer’s protocol. Quantitative RT-PCR was performed
using the Power SYBR® Green RNA-to-CT™ 1-Step Kit (Applied Biosystems) according to
the manufacturer’s protocol. The expression fold change was determined according to the 2-
AAct method taking into account the housekeeping gene GAPDH and the difference between
scrambled and FOXR2 shRNA. Primers that were applied for quantitative RT-PCR are
specified in Table 1.

Table 1: Primers used for quantitative RT-PCR. Table from (Schmitt-Hoffner et al., 2021).

Target Direction  Sequence (5'-3')

GAPDH forward CAACAGCCTCAAGATCATCAG
GAPDH reverse ATGGACTGTGGTCATGAGTC
FOXR2 forward GACCCCAATATCCTGTGCCC
FOXR2 reverse GCTCAAAGTCACTGGGGGAA
MYCN forward GATGCACCCCCACAGAAGAA
MYCN reverse CTCCGAGTCAGAGTTTCGGG
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2.1.5 Cell viability

CellTiter-Glo® Luminescent Cell Viability Assay (Promega) was used to determine the viability
of SK-N-AS according to the manufacturer’s protocol. The viability of SK-N-FI was determined
using RealTime-Glo™ MT Cell Viability Assay (Promega). The cells were incubated with
RealTime-Glo dilution for 1h at 37°C before measuring. Directly after the measurement the
medium was replaced. SK-N-AS and SK-N-FI were seeded in 96 well plates at a seeding
density of 2000 and 1000 cells per well, respectively. The luminescent signal was measured

using the Mithras LB 940 microplate reader.

2.1.6 Cell cycle and cell death

The Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich) was applied to assess cell death
according to the manufacturer’s protocol. Flow cytometry using BD FACSCanto Il was used
for detection. For quantification of dead and live cells, the Propidium lodide (PI) positive cells
(quadrant 1 and 2) were compared to the PI negative cells (quadrant 3 and 4). Cellular DNA
content was stained by Pl and detected and quantified by flow cytometry for cell cycle analysis.
Cells were harvested, washed and resuspended in PBS at 4°C. Subsequently, the cells were
fixed in 70% ethanol and incubated at 4°C for 2h. After two further washing steps the cells
were resuspended in Pl staining solution (0.1% Triton X-100, 10 pg/ml Pl and 100 pg/mi
DNase-free RNAse) and incubated for 30 min at 37°C protected from light. Read out and
analysis were performed applying flow cytometry and FlowJo. The data of each sample is

based on a minimum of 10,000 events.

2.1.7 Western blot analysis

Cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) or 8 M Urea
containing phosphatase and protease inhibitors (Thermo Scientific). A bicinchoninic acid assay
(BCA) (Thermo Fisher Scientific) was performed to determine protein concentrations. Lysates
were separated using a 4-12% Bis-Tris gradient gel (Invitrogen) and transferred on a 0.2 pm
polyvinylidene difluoride (PVDF) membrane. To block the PVDF membrane, it was incubated
for 1h in 5% skim milk (Sigma-Aldrich) in Tris-buffered saline with Tween (TBS-T) solution.

Primary antibodies were incubated over night at 4°C. After washing, the secondary antibody
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was incubated at room temperature for 1h, followed by a further washing step. ECL prime
detection reagent or ECL detection reagent (GE Healthcare) were added onto the membrane
to detect chemiluminescence applying the Chemostar ECL Image (Intas Science Imaging).
Primary antibodies against FOXR2 (Sigma-Aldrich, HPA057358), MYCN (Sigma-Aldrich,
MABE333), MYC (abcam, ab32072), HA-tag (abcam, ab9110), R-actin (abcam, ab49900)
were used and detected by chemiluminescence via secondary goat anti-rabbit and goat anti-
mouse antibodies (Cell Signaling Technology) conjugated to horseradish peroxidase (HRP).

Western blots were quantified using ImageJ.

2.1.8 CHX assay

Cells were plated in 6-well plates and incubated with 300 ng/ul cyclohexamide (CHX, Sigma-
Aldrich) to stop translation. After Oh, 1h, 2h and 4h the cells were harvested. Protein levels
were analyzed by western blot as described above.

2.1.9 Co-immunoprecipitation

Cells were lysed in NETN lysis buffer. Lysates were centrifuged at 14,000 rpm for 10 min at
4°C. Lysates were precleared by adding 10 pl magnetic A/G beads and incubated of 1 h at
4°C. The beads were discarded and subsequently the precleared lysate was incubated with 2
pg antibody for 1h at 4°C. In the next step 25 ug magnetic beads were added. After three
washing steps, the lysate, containing beads and antibodies, was incubated over night at 4°C.
Subsequently, beads were washed and the target proteins were eluted using 40 pl elution
buffer. After boiling for 4 minutes, proteins were separated following the western blot protocol

described above.

2.1.10 Gene expression analysis

Gene expression profiles of doxycycline-induced and non-induced SK-N-AS and SK-N-FI with
FOXR2 shRNA as well as with scrambled shRNA were generated on Affymetrix GeneChips®
Human U133 Plus 2.0 arrays by the DKFZ Genomics and Proteomics Core Facility. Gene

expression profiles can be accessed in Gene Expression Omnibus under accession number
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GSE156092. CEL files were uploaded to the R2 platform (http://r2.amc.nl) for analysis and
visualization. The Gene Set Enrichment Analysis (GSEA) software (Liberzon et al., 2011;
Subramanian et al., 2005) was used to identify biological processes, which were associated
with the FOXR2 knockdown in SK-N-AS based on a background of 13,154 genes. Further
pathway analyses on increased and decreased functions in the FOXR2 knockdown cell lines
SK-N-AS and SK-N-FI were conducted through the Ingenuity Pathway Analysis (IPA) software
(QIAGEN Inc.).

2.1.11 Statistical analyses

Statistical comparison of FOXR2 levels between shRNA knockdown cell lines was assessed
by tow-tailed t-test. Genes that were significantly differentially expressed in SK-N-AS and SK-
N-FI after induction of the shRNA mediated FOXR2 knockdown were defined by ANOVA (p-
value < 0.05) and were corrected applying false discovery rate (FDR). For this analysis a
minimal highest expression value of 50 units and minimal expression difference value of 50
units were defined in R2. To determine the difference in distribution of FOXR2 cases over INSS
stages and to assess the distribution of TERT positive cases over the groups FOXR1, FOXR2,
MYC, MYCN and OTHER x2 analyses were performed. EFS and OS of the expression-based
groups were analyzed and statistically compared applying log-rank tests performed by R2.
SPSS was applied to perform multivariable Cox regression analyses in order to analyze the
expression of FOXR2 as a prognostic marker compared to other established risk factors
including INSS stage, MYCN amplification, age at diagnosis or high-risk status. The distribution
of these risk factors in each dataset is listed in Table 2. In general, p-values < 0.05 were

considered statistically significant.
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Table 2: Proportional distribution of risk factors and expression groups in the RNA-seq, NRC and TARGET dataset.
Table from (Schmitt-Hoffner et al., 2021).

RNA-seq dataset NRC dataset TARGET dataset Total

(n =498) (n=283) (n = 249) (n=1030)
Age at diagnosis
< 18 months 305 (61%) 145 (51%) 32 (13%) 482 (47%)
> 18 months 193 (39%) 133 (47%) 217 (87%) 543 (53%)
N/A 0 (0%) 5(2%) 0 (0%) 5 (0%)
MYCN status
amplified 92 (18%) 55 (19%) 68 (28%) 215 (21%)
non-amplified 401 (81%) 222 (79%) 175 (70%) 798 (77%)
N/A 5 (1%) 6 (2%) 6 (2%) 17 (2%)
INSS stage
1 121 (24%) 50 (18%) 30 (12%) 201 (20%)
2 78 (16%) 36 (13%) 0 (0%) 114 (11%)
3 63 (13%) 43 (15%) 1 (0%) 107 (10%)
4 183 (37%) 124 (44%) 216 (87%) 523 (51%)
4s 53 (10%) 27 (9%) 0 (0%) 80 (8%)
N/A 0 (0%) 3 (1%) 2 (1%) 5 (0%)
Risk group
non-high risk 318 (64%) 161 (57%) 30 (12%) 509 (50%)
high risk 175 (35%) 115 (41%) 217 (87%) 507 (49%)
N/A 5 (1%) 7 (2%) 2 (1%) 14 (1%)
Groups based on expression
FOXR1 7 (1%) 4 (1%) 1(0%) 12 (1%)
FOXR2 42 (8%) 17 (6%) 34 (14%) 93 (9%)
MyYC 16 (3%) 5(2%) 5 (2%) 26 (3%)
MYCN 92 (18%) 55 (20%) 63 (25%) 210 (20%)
OTHER 341 (70%) 202 (71%) 146 (59%) 689 (67%)
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2.2 Material and methods based on “Therapeutic implications of
improved molecular diagnostics for rare CNS-embryonal tumor

entities — results of an international, retrospective study”

2.2.1 Study design and participants

Within this retrospective, international study, tumor samples and clinical data of patients, which
were institutionally diagnosed with CNS-PNET, were collected and analyzed. In total twenty
national groups and institutions contributed to this study, which has been approved by the
ethics board of the coordinating institution as well as by the respective ethic boards of the
participating institutions. Only cases that were histologically diagnosed as CNS-PNET or
supratentorial PNET (cases diagnosed before the 2007 WHO classification of CNS tumors),
for which formalin-fixed paraffin-embedded (FFPE) material for molecular analyses was
available, were included in the cohort. For further clinical evaluation, additional 66 CNS NB-
FOXR2 cases with available DNA methylation data were added subsequently.

2.2.2 Histological and molecular re-evaluation

Histologically diagnosed CNS-PNET were molecularly re-evaluated using DNA methylation
data. The “Heidelberg brain tumor classifier v11b4” (www.molecularneuropathology.org) was
applied for classification based on entity specific DNA methylation pattern, as described in
previous studies (Capper et al., 2018a; Capper et al., 2018b). A Maxscore of above 0.9 given
by the classifier as well as clustering analyses by means of t-distributed stochastic neighbor
embedding (t-SNE) were used to determine the molecular entity of the histologically diagnosed
CNS-PNET cases. DNA methylation data was used to deduct copy number profiles applying
the conumee package v1.3.0 (Hovestadt and Zapatka, 2017).

2.2.3 Cohort description and clinical data

DNA of 307 histologically diagnosed CNS-PNET was submitted for DNA methylation profiling.
74 out of 307 CNS-PNET cases and 44 of the 66 additional CNS NB-FOXR2 patients have
been described already in previous studies (Holsten et al., 2021; Hwang et al., 2018; Lambo

et al., 2019b; Sturm et al., 2016). Patients of the cohort were diagnosed between 1988 and
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2017. Clinical data was available for 292 patients. 204 patients received treatment within or
according to clinical trials recruiting CNS-PNET patients (Aridgides et al., 2019; Dufour et al.,
2014; Fangusaro et al., 2008; Friedrich et al., 2013; Gerber et al., 2014; Hwang et al., 2018;
Massimino et al., 2006; Timmermann et al., 2006; von Hoff et al., 2009). Staging of the patients
was determined based on the Chang classification (Chang et al., 1969).

2.3 Material and methods based on “Molecular analysis of pediatric
CNS-PNET revealed nosologic heterogeneity and potent
diagnostic markers for CNS neuroblastoma with FOXR2-

activation”

2.3.1 Patient cohort

84 patients that were histologically diagnosed as CNS-PNET at the Burdenko Neurosurgical
Institute in Moscow as well as the gene expression profiling dataset “Tumor Brain (DKFZ-
publicy - Kool - 2482 - MAS5.0 - u133p2” available on the R2 platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.cgi) containing 14 CNS NB-FOXR2 were analyzed
within this study. The age of the patients diagnosed at the Burdenko Neurosurgical Institute in
Moscow ranged from 3 to 18 years and the patients were diagnosed between 01.01.2000 and
31.12.2016. Pineoblastoma (located in the pineal region) as well as atypical teratoid/rhabdoid
tumor (AT/RT) and embryonal tumors with multilayered rosettes (ETMR), identified by LIN28A
and INI1 immunohistochemistry (IHC), were excluded from the cohort.

2.3.2 DNA methylation array processing

Eighty-four FFPE tissue samples were available for DNA and RNA extraction. Using the
Maxwell system (Promega, USA), 84 DNA samples and 53 RNA samples could be extracted
with sufficient quality. The Illumina Human Methylation 450 k or 850 k/EPIC BeadChip array
was used to generate DNA methylation data as described previously (Capper et al., 2018b;
Korshunov et al., 2016; Pajtler et al., 2015; Reinhardt et al., 2019). Probes that are not
represented in the 450k array but in the EPIC array were removed to allow comparability of

the two arrays, resulting in 428,799 probes, which were processed and analyzed. The t-
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distributed stochastic neighbor embedding (t-SNE) plots were generated using Rtsne (Van der
Maaten and Hinton, 2008). The 84 cases were molecularly classified based on their
characteristic methylation pattern applying the “Heidelberg brain tumor classifier v11b4”
(www.molecularneuropathology.org). Maxscores of above 0.9 were defined as the lowest
threshold to identify a specific entity. Thirty-two out of eighty-four cases (38%) were already
included in previous studies (Capper et al., 2018a; Sturm et al., 2016).

2.3.3 RNA-sequencing and gene expression analyses

The NextSeq 500 sequencing system (lllumina) was used for RNA-sequencing of 53 samples
as described in previous studies (Korshunov et al., 2020; Stichel et al., 2019). The alignment
of reads as well as the elimination of samples with low quality was conducted as described
previously (Korshunov et al., 2020; Okonechnikov et al., 2016). Molecular analyses by means
of hierarchical clustering, principle component analysis (PCA) and t-SNE were performed
using the 250, 500 and 1000 most differentially expressed genes, identified applying the
DESeq 2 R package (adjusted p-value <0.05) based on log2 RPKM values (Love et al., 2014).
Additionally the Affymetrix dataset “Tumor Brain (DKFZ-public) - Kool - 2482 - MAS5.0 -
u133p2” containing 14 CNS NB-FOXR2 cases was consulted. R2 was used for data analyses
and the visualization of SOX10 and ANKRD55 gene expression of the distinct molecular

entities of this cohort (http://r2.amc.nl).

2.3.4 Immunohistochemistry

To validate findings based on the molecular analyses, 4 um sections of FFPE tumor tissue
were mounted on slides by drying it for 15 minutes at 80°C. Immunohistochemical stainings
were performed with a SOX10 monoclonal antibody (Thermo Fisher Scientific Inc.;
AB_2572892; clone 20B7) and an ANKRD55 polyclonal antibody (Novus Biological; NBP2-
14719). The automated immunostainer (Benchmark; Ventana XT) was applied to stain the
slides with the SOX10 antibody (dilution 1:100) and the ANKRD55 antibody (dilution 1:20).
Both antibodies were incubated at 37°C for 32 minutes. Staining intensities and numbers of
nuclear SOX10 and cytoplasmic ANKRD55 positive cells were accessed and staged into the
four categories: 1. Negative: no staining signal, 2. Low: 1-25% staining signal, 3. Moderate:

25-74% staining signal and 4. High: 75%-100% staining signal.
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3 First chapter: The role of FOXR2 in peripheral neuroblastoma

3.1 Introduction

3.1.1 An overview on neuroblastoma

Neuroblastoma is a malignant embryonal tumor, derived from the neural crest during the
development of the sympathetic nervous system (Johnsen et al., 2019). It occurs primarily in
early childhood, where neuroblastoma constitutes the most common solid cancer diagnosed
in children within their first year of life showing an incidence of 25 to 50 cases per million
(American_Cancer_Society, accessed 12.11.2021; Heck et al., 2009; Matthay et al., 2016;
Stiller and Parkin, 1992). The clinical outcome of neuroblastoma is highly variable and it
accounts for 15% of all cancer deaths in children between the age 0 and 14 years (Ganeshan
and Schor, 2011; Jiang et al., 2011; Swift et al., 2018). Most frequently neuroblastoma arises
from the abdominal ganglia along the spine (60%) and from the adrenal medulla (30%), but it
may also manifest in the sympathetic ganglia in the chest, pelvis as well as the head and neck
region (Louis and Shohet, 2015; Maris, 2010). In adolescence and especially in adulthood,
neuroblastoma is very rare and only 10% of neuroblastomas occur in children above 10 years
of age (Conter et al., 2014; London et al., 2005; Matthay et al., 2016).

3.1.2 Risk stratification in neuroblastoma

Neuroblastoma patients show a broad spectrum of clinical outcomes, which ranges from
spontaneous regression of the tumor to aggressive tumor progression and fatal outcome
(Brodeur and Bagatell, 2014; Matthay et al., 2016; Pinto et al., 2015; Tolbert and Matthay,
2018). As a consequence of this, low-risk neuroblastoma shows favorable 5-year overall
survival (OS) rates of above 95%, whereas high-risk neuroblastoma, which is primarily
diagnosed in patients that harbor MYCN-amplifications in their tumor and/or are diagnosed
after passing the age of 18 months in combination with INSS stage 4, show poor survival with
a 5-year OS of below 50% (Maris, 2010; Meany, 2019; Pinto et al., 2015; Zhang et al., 2015).
Over the last decades a variety of biological and clinical factors have been investigated aiming
to improve the risk stratification of neuroblastoma patients and to identify targeted approaches
to treat these patients. However, patient stratification between different countries and trials still
varies, which challenges the comparability and the conclusions drawn from international multi-

institutional collaborations. In order to establish an internationally concordant pretreatment risk
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stratification, the International Neuroblastoma Risk Group (INRG) classification system was
introduced in 2008, describing crucial risk factors in neuroblastoma based on which patients
are classified in very low, low, intermediate and high pretreatment risk groups (Figure 5)
(Ambros et al., 2009; Cohn et al., 2009; Monclair et al., 2009). These biological and clinical
factors include age at diagnosis, histology, grade of tumor differentiation, MYCN amplification
status, chromosome 11qg aberration status, tumor cell ploidy and INRG stage, which
comparably to the International Neuroblastoma Staging System (INSS) describes the disease
stage (Sokol and Desai, 2019). On top of that over the last years several additional factors
were identified that indicate a poor survival in neuroblastoma patients. These include
telomerase maintenance mechanisms (TMM) and segmental chromosome aberrations (SCA)
(Ackermann et al., 2018; Irwin et al., 2021). TMMs in neuroblastoma include alternative
lengthening of telomeres (ALT), which is correlated with ATRX mutations (Clynes et al., 2015;
Zeineldin et al., 2020), and the activation of telomerase reverse transcriptase (TERT), which
is induced either by transcriptional activation through MYCN or by TERT rearrangements
(Kramer, 2017; Mac et al., 2000; Peifer et al., 2015; Roderwieser et al., 2019; Stainczyk and
Westermann, 2021; Valentijn et al.,, 2015a). SCAs that are associated with unfavorable
outcome in neuroblastoma include chromosome 1p, 3p, 6qg, and 11q deletion and 17q gain
(Attiyeh et al., 2005; Depuydt et al., 2018; Schleiermacher et al., 2012; Spitz et al., 2003).
Other SCA, such as 1p and 11p deletion were more recently evaluated in the context of the
INRG classification system to improve risk stratification (Irwin et al., 2021). Identification and
evaluation of new prognostic factors that were first described in recent years indicates the
ongoing and dynamic process of improving risk stratification of patients in order to provide

target- and risk-adjusted clinical care.
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INRG Age Histologic Grade of Tumor 11q Pretreatment
Stage (months) Category Differentiation MYCN  Aberration Ploidy Risk Group
L1/L2 GN maturing; A Very low
GNB intermixed
L1 Any, except NA B Very low
GN maturing or -
GNB intermixed Amp K: High
L2 Any, except No D Low
<18 GN maturing or NA -
GNB intermixed Yes G Intermediate
No E Low
Differentiating NA 7
218 GNB nodular; ; z H Intermediate
neuroblastoma Poorly differentiated NA
or undifferentiated
Amp N High
M <18 NA Hyperdiploid F Low
<12 NA Diploid | Intermediate
12to <18 NA Diploid J Intermediate
<18 Amp O High
=218 P High
MS No C Very low
NA :
<18 Yes Q High
Amp R High

Figure 5: INRG pretreatment classification scheme.

The INRG stratification into pretreatment risk groups based on biological and clinical factors was presented in 2008
in order to establish a consensus approach for pretreatment risk stratification. Figure from (Cohn et al., 2009).

3.1.3 Aim of this study

The clinical course of neuroblastoma patients varies substantially. To clearly distinguish the
health risk of patients and to identify targets to treat neuroblastoma patients with specific
molecular characteristics, the identification of prognostic markers that improve risk stratification
and the understanding of mechanisms that cause oncogenesis and tumor progression in

neuroblastoma is key.

The aim of this study was to investigate the clinical relevance and the mechanistic role of
FOXR2 in neuroblastoma. Using three gene expression datasets that contained a total of 1030
neuroblastoma patients with full clinical annotation, a subset of neuroblastoma patients that
express FOXR2, an oncogene that was previously identified to be activated in other pediatric
cancers such as CNS NB-FOXR2 (Sturm et al., 2016), was identified. In this study, the clinical
characteristics of these neuroblastoma patients were analyzed and the interaction between
FOXR2 and MYCN was investigated in vitro and in patient samples to reveal the mechanism

that might drive FOXR2-activated neuroblastoma.
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3.2 Results

The Results (3.2) and Discussion (3.3) of the first chapter were published in the Journal of
Clinical Oncology (Schmitt-Hoffner et al., 2021) and are based on this publication. Content,
including figures, tables and text shown in this chapter was directly adopted or modified from
the publication.

Publication:

Felix_Schmitt-Hoffner*, Sjoerd van Rijn*, Umut H. Toprak, Monika Mauermann, Felix

Rosemann, Anke Heit-Mondrzyk, Jens-Martin Hubner, Aylin Camgdz, Sabine Hartlieb, Stefan
M. Pfister, Kai-Oliver Henrich, Frank Westermann*, Marcel Kool*; “FOXR2 Stabilizes MYCN
Protein and Identifies Non—-MYCN-Amplified Neuroblastoma Patients With Unfavorable
Outcome”, Journal of Clinical Oncology, 2021, DOI: 10.1200/JC0.20.02540

Felix Schmitt-Hoffner and Sjoerd van Rijn are co-first authors. Marcel Kool and Frank

Westermann are co-senior authors.

3.2.1 Expression of FOXR2 in peripheral neuroblastoma

In this study, a previously unreported subset of neuroblastoma expressing FOXR2 was
identified. In an RNA-seq cohort 8% (42 out of 498 cases) expressed this transcription factor
(Figure 6A). All other cases did not show or showed only minimal levels of FOXR2 expression
(Figure 6B). Interestingly, the expression of FOXR1, present in 1% (7 out of 498 cases) and
encoding a homologue of FOXR2 that was previously reported in a small fraction of
neuroblastomas (Katoh and Katoh, 2004c; Santo et al., 2012), as well as the expression of the
proto-oncogenes MYC and MYCN, present in 3% (14 out of 498 cases) and 18% (92 out of
498 cases), respectively, were all observed in an almost mutually exclusive fashion (Figure
6B). High expression levels in the MYCN group were driven by amplifications of the MYCN
gene in 98% (90 out of 92) of cases, which is a well established prognostic marker in
neuroblastoma. The 341 remaining cases in this cohort, referred to as “OTHER”, were defined
by the lack of FOXR2, FOXR1, MYC or MYCN expression. FOXR2 expression was also
analyzed in two non-overlapping neuroblastoma datasets based on Affymetrix gene

expression arrays (Pugh et al., 2013; Rajbhandari et al., 2018). Analyses of the Neuroblastoma

22



First chapter: The role of FOXR2 in peripheral neuroblastoma

Research Consortium (NRC) (n=283) as well as the TARGET series (n=249) revealed similar
findings: FOXR2 was expressed in 14% (34 out of 249) and 6% (17 out of 283) of cases,
respectively. In both the NRC and the TARGET datasets the expression of FOXR2 was again
almost mutually exclusive with the groups expressing FOXR1, MYC or MYCN (Figure 6C, D).
To analyze the distribution of the FOXR2-expressing group within the International
Neuroblastoma Staging System (INSS), the cases with available INSS information of the three
neuroblastoma datasets were combined (n=1025). The 90 cases (9%) of the combined cohort
that expressed FOXR2 were distributed over all INSS stages but showed a significant
enrichment in stage 3 and 4 when compared to stage 1, 2 and 4s (x?-test, p-value 0.001)
(Figure 6E). Overrepresentation of FOXR2 cases in more aggressive subtypes is in line with
the higher percentages of MYCN-amplified cases in INSS4 (Figure 6E), which is not seen for
the MYC- and FOXR1-expressing cases. Investigating the distribution of FOXR2-expressing
cases between risk groups | observed that they are present in the high-risk (10%, 52 out of

507 cases) as well as in the non high-risk (8%, 39 out of 509 cases) subset (Figure 6F).
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Figure 6: FOXR2 expression in a subset of neuroblastoma.

(A) Proportion of FOXR2, FOXR1, MYC and MYCN expression in the RNA-seq dataset. (B) Mutually exclusive
expression of FOXR2, FOXR1, MYC and MYCN in nearly all cases in the RNA-seq dataset. (C) Mutually exclusive
expression of FOXR2, FOXR1, MYC and MYCN in nearly all cases in the NRC dataset. (D) Mutually exclusive
expression of FOXR2, FOXR1, MYC and MYCN in nearly all cases in the TARGET dataset. (E) Distribution of
FOXR2, FOXR1, MYC and MYCN-expressing cases in the stages of the INSS. (F) Distribution of the molecular
groups in high-risk and non high-risk tumors. Figure modified from (Schmitt-Hoffner et al., 2021).
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3.2.2 FOXR2-expressing cases do not show ALT phenotype but increased

TERT expression

Besides MYCN-amplification, telomerase maintenance mechanisms like TERT-
rearrangements or ALT phenotype are further prognostic markers that were investigated in the
context of FOXR2 expression (Koneru et al., 2020; Peifer et al., 2015; Valentijn et al., 2015b;
Zeineldin et al., 2020). Status of the ALT phenotype was assessed via C-Circle assays
(Hartlieb et al., 2021). When analyzing cases with available ALT status (174/498 cases),
including 16 FOXR2-, 5 FOXR1-, 7 MYC-, 41 MYCN-expressing cases, and 105 OTHERs, it
was observed that none of the FOXR2- or FOXR1-expressing neuroblastomas showed an ALT
phenotype (Figure 7A). Furthermore, as previously reported, also the MYCN group did not
include any ALT cases (Zeineldin et al., 2020). In the MYC group, only two cases with an ALT
phenotype were observed (Figure 7A). Altogether, these data indicate that FOXR2 expression,
FOXRL1 expression, MYCN amplification, and largely MYC expression occurs in a mutually
exclusive fashion with an ALT phenotype in neuroblastoma. To investigate the distribution of
TERT activation in the different groups, a threshold of activated TERT expression was
determined. As previously shown, TERT expression in neuroblastoma can be induced by
MYCN or is activated by TERT rearrangements (Ackermann et al., 2018; Peifer et al., 2015).
Therefore, the lowest expression level of TERT among TERT-rearranged cases was identified
and used as a cut-off to annotate all TERT-activated cases. Based on these data, the FOXR2
group showed a significant enrichment of TERT-activated cases (x2-test, P<0.001) (Figure
7B). As expected this was also the case for the MYCN group (x2-test, P<0.001). The MYC,
FOXR1 and OTHER group showed less TERT-activated cases than expected by chance
(Figure 7B). In line with these findings high levels of TERT expression were observed in the
FOXR2 group whereas the overall TERT expression levels in the residual cases (MYCN group

excluded) was clearly lower (Figure 7C).
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Figure 7: TERT-expression is increased in the FOXR2 group.

(A) Oncoplot of ALT status, FOXR1, FOXR2, MYC, MYCN and TERT expression in the RNA-seq dataset. (B)
Distribution of TERT positive cases over the molecular groups. (C) TERT expression levels in cases expressing
high levels of FOXR2 and cases with low or absent levels of FOXR2. Figure modified from (Schmitt-Hoffner et al.,
2021).

3.2.3 FOXR2 expression identifies neuroblastoma patients with unfavorable

outcome independent from established prognostic factors

To identify clinical implications of FOXR2 in neuroblastoma, the clinical characteristics of the
FOXR2-expressing neuroblastomas were compared to the remaining groups that show
FOXR1, MYC, MYCN expression and all other neuroblastomas, not showing any of these
characteristics. Overall survival (OS) and event-free survival (EFS) curves in the RNA-seq
dataset indicated that the FOXR2 group has a 5-year and 10-year OS of 67% (95% CI of 49-
79) and 59% (95% CI of 38-75), respectively, and a 5- and 10-year EFS of 51% (95% CI of
35-65). This was in both cases significantly (P<0.01) reduced compared to the OTHER group
indicating a 5- and 10-year OS of 91% (95% CI of 87-93) and 88% (95% CI of 83-91),
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respectively, and a 5- and 10-year EFS of 74% (95% CI of 69-78) and 72% (95% CI of 67-77)
(Figure 8A). As expected also the MYCN group showed a significantly (P<0.001) worse
outcome when compared to the OTHER group, but also a significantly (P=0.002) worse
outcome than the FOXR2 group with a 5- and 10-year OS of 37% (95% CI of 26-48) and a 5-
and 10-year EFS of 29% (95% CI of 19-39) (Figure 8A). The small subset of patients with
FOXR1 expression showed a 5- and 10-year OS of 57% (95% CI of 17-84), which is similar to
the OS of the FOXR2 group (P=0.715). Primary neuroblastomas with elevated MYC
expression revealed a relatively good outcome compared to the previously mentioned groups
with a 5- and 10-year OS of 85% (95% CI of 52-96) (Figure 8A).

Consulting the independent NRC microarray dataset, similar findings to the RNA-seq dataset
were made, showing that the FOXR2-expressing subset (5- and 10-year OS 53% (95% CI of
25-74)) forms a group with a significantly (P<0.001) worse outcome than the OTHER group
(5-year OS 82% (95% CI of 74-87); 10-year OS 80% (95% CI of 71-86)) (Figure 8B).
Consistent with the RNA-seq dataset, the MYCN group also showed a worse patient outcome
than the FOXR2 group in the NRC dataset with a 5- and 10-year OS of 26% (95% CI of 14-
40) (Figure 8B). The third dataset investigated within this study (TARGET) was not used as a
reference for the overall survival analysis due to the high proportion of high-risk tumors, but

was investigated in the following analyses comparing exclusively high-risk subsets.
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Figure 8: Survival analyses of the FOXR2, FOXR1, MYC, MYCN and OTHER group.

(A) Overall and event-free survival of the distinct molecular groups in the RNA-seq dataset (n=498). (B) Overall and
event-free survival of the distinct molecular groups in the NRC dataset (n=267/n=266). The FOXR1 and the MYC
group were excluded due to low group numbers. Figure modified from (Schmitt-Hoffner et al., 2021).

Within the high-risk subsets of the RNA-seq, NRC and TARGET datasets the FOXR2 group
showed a very poor clinical outcome with a 5-year OS of 34% (95% CI of 11-60), 0% and 24%
(95% CI of 11-40), respectively (Figure 9A, B, C). The OS of the FOXR2 group in the RNA-
seq dataset was comparable and in the NRC and the TARGET dataset slightly worse but not
significantly different from the OS of the MYCN group (RNA-seq dataset P=0.971, NRC dataset
P=0.063, TARGET dataset P=0.172). When FOXR2-expressing cases were compared to the
OTHER group, they showed a significantly worse survival within the high-risk subsets of the
NRC and the TARGET datasets with P-values below 0.001 and a P-value of 0.052 for the
RNA-seq dataset (Figure 9A, B, C).
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Figure 9: Survival analysis in the high-risk subsets of the RNA-seq, NRC and the TARGET dataset.

(A) Overall and event-free survival of the distinct molecular groups in the high-risk subset of the RNA-seq dataset
(n=173). The FOXR1 group was excluded due to low numbers. (B) Overall and event-free survival of the distinct
molecular groups in the high-risk subset of the NRC dataset (n=113/n=112). The FOXR1 and MYC group were
excluded due to low numbers. (C) Overall and event-free survival of the distinct molecular groups in the high-risk
subset of the TARGET dataset (n=211). The FOXR1 and MYC group were excluded due to low numbers. Figure
modified from (Schmitt-Hoffner et al., 2021).
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The mutual exclusive manner of the FOXR2 group and neuroblastomas that show an ALT
phenotype allowed for a survival analysis comparing these two groups. Within the RNA-seq
subset with available ALT status the FOXR2 group and ALT positive cases showed a similar
5-year OS of 72% (95% CI of 41-88) for the FOXR2 group and 61% (95% CI of 25-84) for the
ALT group (Figure 10). Moreover, the EFS of the FOXR2 group and the established risk factor
ALT phenotype did not differ significantly (P=0.253) with a 5-year EFS of 47% (95% CI of 22-
69) for the FOXR2 group and 29% (95% ClI of 9-53) for the ALT group (Figure 10).
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Figure 10: Survival analyses of the ALT annotated subset of the RNA-seq dataset.

Overall and event-free survival of the FOXR2 group and cases with ALT phenotype in the ALT status annotated
subset of the RNA-seq dataset (n=173). The FOXR1 and the MYC group were excluded due to low numbers. Figure
modified from (Schmitt-Hoffner et al., 2021).

Based on the results of the survival analyses showing a poor outcome of the FOXR2 group
the clinical relevance of FOXR2 expression in neuroblastoma was evaluated and compared to
previously established risk factors by multivariable analyses. FOXR2 was found to be a
significant independent prognostic factor when compared to INSS4, age at diagnosis above
18 months and MYCN amplification associated with a hazard ratio of 2.5 (P=0.004) in the RNA-
seq dataset and 3.5 (P=0.003) in the NRC dataset (Figure 11A, B; Table 3). Strikingly, even
when comparing FOXR2 to the high-risk annotated cases of the RNA-seq dataset, defined by
patients that show a MYCN amplification and/or INSS4 in combination with an age at diagnosis
of above 18 months (Zhang et al., 2015), FOXR2 remained to be a significant independent
prognostic factor in both the RNA-seq (P=0.033) (Figure 11A) and in the NRC datasets
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(P=0.004) (Figure 11B). These results indicate that the expression of FOXR2 identifies patients
that would otherwise not have been identified as high-risk. Accordingly, FOXR2 expressing
cases in the non-high-risk subsets of the RNA-seq and the NRC datasets indicated a
significantly lower survival (P=0.012 in the NRC and P<0.001 in the RNA-seq dataset) than
cases without or very low FOXR2 expression (Figure 11C).

Performing multivariable analyses on a subset of the RNA-seq dataset for which information
on segmental chromosomal alterations (SCA) was available, FOXR2 was confirmed as a
prognostic factor when compared to previously described SCA related prognostic markers,
such as 11q deletion, 1p deletion, 3p deletion and 17q gain (Figure 11D). The TARGET dataset
was not evaluated due to the large proportion of high-risk tumors and its consequential bias

on the analyses.
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Figure 11: FOXR2 is a significant independent risk factor.

(A) Multivariable analyses comparing FOXR2 to the established risk factors MYCN amplification, age at diagnosis
above 18 months, INSS 4 and high-risk status in the RNA-seq dataset. (B) Multivariable analyses comparing
FOXR2 to established risk factors in the NRC dataset. (C) Overall and event-free survival analyses showing that
FOXR2 identifies patients with poorer outcome in the non high-risk subset of the RNA-seq and of the NRC dataset.
(D) Multivariable analyses comparing FOXR2 to the established risk factors MYCN amplification, 11q deletion and
segmental chromosome aberration (SCA) in the RNA-seq dataset. Figure modified from (Schmitt-Hoffner et al.,
2021).
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Table 3: Hazard ratios and 95% confidence intervals of the multivariable analyses on overall and event-
/progression-free survival in the RNA-seq and the NRC dataset. Table from (Schmitt-Hoffner et al., 2021).

Qverall survival Event/progression-free survival

Factor HR (95% CI) P-value HR (95% Cl) _ P-value
2 |INSS stage 4 3.4 (2.0-5.8) <0.001 24(1.7-34) <0.001
8 |Foxr2 2.5 (1.3-4.6) 0.004 1.6 (1.0-2.6)  0.049
S |Age>18months 3.2 (1.9-5.5) <0.001 1.8(1.3-2.6)  <0.001
o [MYCN amp. 4.3(2.8-6.7) <0.001 1.9 (14-2.8)  <0.001
[77]
< |high-risk status 21.6 (12.0-38.7) < 0.001 52(3.8-7.1)  <0.001
€ |FOXR2 1.8 (1.1-3.2) 0.033 1.6 (1.0-2.6)  0.04
INSS stage 4 6.0(2.9-12.2)  <0.001 3.3(2.0-56) <0.001
8 |FOXR2 3.5 (1.5-7.9) 0.003 2.0(0.9-45) 0.08
s [Age> 18 months 2.8 (1.5-5.3) <0.001 2.1(1.3-3.5)  0.003
8 |MYCN amp. 3.0 (1.8-4.9) < 0.001 2.2(1.4-3.4)  <0.001
(&)
€ |high-risk status 244 (11.0-54.1) < 0.001 7.9 (4.8-13.0) <0.001
FOXR2 3.2 (1.4-7.0) 0.004 2.1 (1.0-4.6) 0.061

3.2.4 Mechanism of FOXR2 activation in neuroblastoma

In CNS neuroblastoma with FOXR2 activation (CNS NB-FOXR?2) it was previously shown that
the activation of FOXR2 is caused by enhancer hijacking events where the entire FOXR2 gene
is fused to the promoter of a highly active gene that drives FOXR2 expression in these tumors.
However, in neuroblastoma, only one FOXR2-expressing case (out of 42) with a similar
intrachromosomal (chromosome X) gene fusion was identified. In this case, FOXR2 was fused
to USP9X, a gene that is highly expressed in neuroblastoma and, like FOXR2, located on the
p arm of chromosome X. For all other cases the mechanism of activation of FOXR2 remains

elusive.

3.2.5 FOXR2 knockdown in neuroblastoma cell lines results in decreased

proliferation

Two neuroblastoma cell lines, SK-N-AS and SK-N-FI, were selected to mechanistically
investigate the role of FOXR2 in neuroblastoma. Both cell lines express FOXR2, show no
MYCN amplification and express either MYCN (SK-N-FI) or MYC (SK-N-AS) at relatively low

levels. Using doxycycline-inducible shRNA constructs, a significant knockdown of FOXR2 both
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at the RNA and protein levels in both cell lines was induced (Figure 12A). Upon knockdown of
FOXR2 a significantly reduced cell growth in SK-N-AS and SK-N-FI was observed when
compared to mock shRNA (scrambled shRNA) transfected cells over a time course of 9 and
13 days, respectively (Figure 12B). To further analyze the consequences of the FOXR2
knockdown, transcription profiles of SK-N-AS and SK-N-FI cell lines with and without the
induction of the FOXR2 knockdown were generated. In SK-N-AS and SK-N-FI 4,886 and 1,829
significantly differentially expressed genes (p-value: 0.05, ANOVA, minimal highest
expression: 50 units, minimal expression difference: 50 units) were detected upon FOXR2
knockdown, respectively. Comparing these signatures of differentially expressed genes, an
overlap of 1,155 genes was identified, which includes around 63% and 24% of genes contained
in the signature of SK-N-FI and SK-N-AS, respectively (Figure 12C).
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Figure 12: Knockdown of FOXR2 results in decreased proliferation.

(A) Knockdown of FOXR2 in SK-N-AS and SK-N-FI on an mRNA and on a protein level. (B) Growth curves of SK-
N-AS and SK-N-FI after induction of the FOXR2 knockdown and the scrambled shRNA (control). (C) Venn-diagram
indicating the overlap of the knockdown signatures of SK-N-AS and SK-N-FI. Figure modified from (Schmitt-Hoffner
et al., 2021).

Gene Set Enrichment Analyses (GSEA) and Ingenuity Pathway Analyses (IPA) after FOXR2
knockdown showed that biological processes related to cell cycle and cell proliferation such as
“‘M-Phase” and “Cell survival” were downregulated in SK-N-AS as well as SK-N-FI, while
processes related to cellular death, such as “apoptosis” or “necrosis” were upregulated in both
cell lines upon FOXR2 knockdown (Figure 13A, B). Cell cycle and cell death analyses validated
the FOXR2 knockdown being associated with cell cycle arrest and increased cell death in SK-
N-AS and SK-N-FI (Figure 14A, B).
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Figure 13: Pathway analyses suggest oncogenic roles of FOXR2.

Pathway analysis upon FOXR2 knockdown in neuroblastoma cell lines shown by GSEA enrichment plots for SK-
N-AS (A) and by IPA in SK-N-AS and SK-N-FI (B). Figure from (Schmitt-Hoffner et al., 2021).
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Figure 14: FOXR2 knockdown is associated with cellular death and cell cycle arrest.

(A) Cell cycle analysis shows the percentage of SK-N-AS and SK-N-FI cells in G1, S and G2/M phase upon FOXR2
knockdown over time. (B) Dot plots show cell populations based on Pl and Annexin V stains (left). The bar chart
quantifies live (quadrant 3 and 4) and dead (quadrant 1 and 2) cells based in PI staining (right). Figure from (Schmitt-
Hoffner et al., 2021).
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3.2.6 Transcriptome analyses of FOXR2-expressing neuroblastoma reveals
similarities to the MYCN group

Since both the FOXR2 and MYCN groups show reduced survival, | investigated in the next
step whether these groups are related or transcriptionally distinct. First, when clustering all
cases by t-SNE based on gene expression data, the FOXR2 group did not cluster separately
from the other groups (Figure 15A). However, when the differentially expressed genes
between the FOXR2 and the OTHER group were analyzed (Suppl. table 1) and when the
resulting gene signature was applied on all other cases, the FOXR2 and the MYCN groups
cluster closely together. Furthermore, almost all genes from this signature were upregulated
in both of these groups, which was not the case for all other groups (Figure 15B).

Similar results, indicating the transcriptional similarity of the FOXR2 and the MYCN groups,
were generated when applying a previously described MYC(N) signature (Westermann et al.,
2008) to cluster the RNA-seq dataset (Figure 16A). Eventually, a MYC(N) activity score was
generated based on the previously described MYC(N) signature, which was then plotted
against the expression of FOXR2. In line with my previous findings almost all cases that
expressed FOXR2 showed a positive MYC(N) activity score, which in several cases was
comparable to the MYC(N) activity score of the MYCN group (Figure 16B). Overall, these
results show the transcriptional similarity of the FOXR2 and MYCN groups and suggest that
MYCN target genes are activated likewise in the FOXR2 group even though the mRNA

expression levels of MYCN itself are low in these tumors.
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Figure 15: The FOXR2 and the MYCN group are transcriptionally related.
(A) Gene expression based t-SNE analysis in the RNA-seq dataset. (B) Supervised hierarchical clustering of the

RNA-seq dataset based on a FOXR2 signature indicated similarities in gene activation of FOXR2 and MYCN. Figure
modified from (Schmitt-Hoffner et al., 2021).
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(A) Supervised hierarchical clustering of the RNA-seq dataset based on a MYC(N) signature indicated similarities
in gene activation of FOXR2 and MYCN. (B) The expression of FOXR2 is plotted against a MYC(N) activity score,
indicating a positive MYC(N) score for almost all FOXR2 cases. Figure modified from (Schmitt-Hoffner et al., 2021).
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3.2.7 MYCN and MYC is stabilized by FOXR2 on a protein level

Previously, it has been suggested that expression of FOXR2 stabilizes MYC protein levels in
a human Schwann cell line (Beckmann et al., 2019). However, it is unclear whether FOXR2
can also stabilize MYCN protein levels. Therefore, 293T cell lines with (i) co-expression of HA-
tagged FOXR2 with GFP, (ii) co-expression of MYCN with RFP, and (iii) co-expression of both
FOXR2 and MYCN were generated. Expression of FOXR2 and MYCN was validated by
fluorescence microscopy (Figure 17A). By means of Western blot analyses an increase in
signal intensity by around two fold was shown for MYCN protein levels when MYCN and
FOXR2 were both expressed in the cells compared to the cells exclusively expressing MYCN
(Figure 17B). Analysis by quantitative RT-PCR demonstrated that this effect was not the result
of elevated RNA expression levels of MYCN (Figure 17C). Performing co-immunoprecipitation
assays using an HA-specific antibody to pull down FOXR2-HA it was demonstrated that
FOXR2 binds to MYCN. Protein co-immunoprecipitation assays using a MYCN antibody to pull
down MYCN in turn confirmed binding to FOXR2 (Figure 17D). Since the expression of FOXR2
results in increased MYCN protein levels, it was hypothesized that the binding of FOXR2 might
result in stabilization of MYCN protein. Therefore, cycloheximide chase assays were
conducted, disabling cellular translation to analyze protein turnover and degradation of the
short-lived MYCN protein. When FOXR2 was co-expressed with MYCN, increased MYCN
protein levels were found (Figure 17E), indicating that indeed binding of FOXR2 to MYCN
results in increased stabilization of the MYCN protein. Using the FOXR2 knockdown cell line
SK-N-FI this findings was confirmed, since less MYCN protein was observed when FOXR2
was knocked down (Figure 17F). Moreover, the degradation of MYCN was tracked over time.
In both the FOXR2-overexpressing 293T cells as well as the FOXR2 knockdown
neuroblastoma cell line SK-N-FI, an increased MYCN protein degradation was observed over
a time course of 4h in the absence of FOXR2. On the other hand a stabilization of MYCN was
observed in the presence of FOXR2 (Figure 17E, F). Following the stabilization experiment of
FOXR2 and MYCN, it was further shown that the co-expression of FOXR2 and MYC in 293T
cells leads to similar results indicating that FOXR2 stabilizes MYC protein (Figure 17E).
Investigating the effect of MYC stabilization by FOXR2 in neuroblastoma, the knockdown of
FOXR2 in the neuroblastoma cell line SK-N-AS increased MYC degradation, whereas the
presence of FOXR2 resulted in increased MYC protein levels compared to the knockdown
(Figure 17F). Overall, these in vitro results indicate that FOXR2 stabilizes both MYC and

MYCN on protein level and emphasizes FOXR2’s critical function in neuroblastoma.
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Figure 17: FOXR2 binds and stabilizes MYCN on a protein level.

(A) Co-expression of FOXR2-GFP and MYCN-RFP in HEK 293T cells shown by confocal microscopy. Expression
of FOXR2, MYC and MYCN on a protein (B) and mRNA (C) level. (D) FOXR2 binds MYCN as shown by means of
immunoprecipitation. (E) CHX assays show that FOXR2 stabilizes MYCN and MYC in 293T cells. Western blot
bands intensities are quantified in the bar chart. (F) CHX assays show that FOXR2 stabilizes MYCN and MYC in
SK-N-AS and SK-N-FI. Western blot bands intensities are quantified in the bar chart. Experiments shown in (A),

(B), (C), (D), (E) were conducted by Sjoerd van Rijn. Figure modified from (Schmitt-Hoffner et al., 2021).
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To investigate if the in vitro findings on the stabilization mechanism of FOXR2 and MYCN
protein also apply to neuroblastoma patients, tissue samples were analyzed. Seven FOXR2-
activated tumors that based on RNA levels showed increased FOXR2 expression and minimal
MYCN expression were compared to three low-risk neuroblastoma tumors without FOXR2
expression and minimal MYCN expression levels and to three tumors that harbored a MYCN
amplification and showed no FOXR2 expression. Despite the minimal MYCN RNA expression,
five out of seven FOXR2-expressing cases showed high protein MYCN protein levels, which
was not observed in the low risk tumors (Figure 18). Strikingly, NF2 and NF3, both belonging
to the FOXR2-expressing cases, showed MYCN protein levels comparable to the cases with
MYCN amplification (Figure 18). Only two of the FOXR2 samples showed low or no MYCN
protein. By means of Western blot analysis, protein levels of FOXR2 could only be detected in
two out of the seven FOXR2 mRNA expressing cases due to low signal intensities (Figure 18).
Interestingly, these two cases also showed very high MYCN protein levels, which in line with
my previous findings suggests that MYCN protein is high in the presence of FOXR2. Overall,
these findings in vitro and in neuroblastoma tissue indicate that MYCN protein is stabilized by
FOXR2, revealing a novel and clinically relevant stabilization mechanism in neuroblastoma

patients.
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Figure 18: FOXR2-expressing neuroblastoma show high MYCN protein levels.

MYCN protein is high in five out of seven cases that express FOXR2 mRNA. Figure modified from (Schmitt-Hoffner
et al., 2021).
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3.3 Discussion

This study revealed the expression of FOXR2 in neuroblastoma as a novel independent
prognostic marker that indicates unfavorable survival of patients. Furthermore, an alternative
mechanism to confer high MYCN protein levels, next to MYCN amplification, was identified,
namely the stabilization of MYCN by FOXR2 at the protein level.

FOXR2 was previously identified to play a critical oncogenic role in subsets of specific adult
and pediatric cancer types (Koso et al., 2014; Li et al., 2018; Liu et al., 2019; Lu et al., 2017,
Sturm et al., 2016; Wang et al., 2016; Xu et al., 2017). For the first time in this study, a subset
of FOXR2-expressing neuroblastomas was identified, which is mutually exclusive from a
neuroblastoma subset expressing FOXR1, encoding a homologue of FOXR2 (Santo et al.,
2012). Furthermore, almost no overlap is found to subsets expressing high levels of MYCN
and MYC, which themselves form separate groups (Westermann et al., 2008). In line with
findings in breast cancer and endometrial adenocarcinoma, FOXR2-activated neuroblastoma
identifies a group of patients with an unfavorable clinical outcome (Deng et al., 2017; Song et
al., 2016). Previously identified molecular markers indicating an unfavorable outcome for
neuroblastoma patients, including amplified MYCN, TERT rearrangements and ALT
phenotype, were found to be distinct markers rarely overlapping (Ikegaki et al., 2019; Peifer et
al., 2015; Valentijn et al., 2015b; Zeineldin et al., 2020). Cases with elevated TERT expression,
however, were enriched in the FOXR2-expressing group. It is known that transcriptional
activation of TERT in neuroblastoma can be induced either by genomic rearrangements or as
a transcriptional target of MYCN (Mac et al., 2000; Peifer et al., 2015). The increased TERT
expression in FOXR2 tumors is thus most likely a direct consequence of the increased MYCN
protein levels in these tumors. Increased TERT expression is on the other hand known to
predict unfavorable clinical outcome in high-risk neuroblastoma (Koneru et al., 2020), which
was also observed for the FOXR2-activated group showing a 10-year OS of 59%, significantly
reduced compared to a 10-year OS of 88% in the OTHER group that does not express FOXR2,
MYCN, MYC or FOXR1. An enrichment of FOXR2-expressing patients in INSS stage 3 and 4,
indicating intermediate and high-risk neuroblastoma, further affirms the unfavorable outcome
of FOXR2-activated neuroblastoma. Comparable to the FOXR2 group, similar findings were
made on the clinical outcome in the smaller neuroblastoma group (n=7) with activation of
FOXR1 (10-year OS 57%), which encodes a homologue of FOXR2, that was previously shown
to substitute MYC-driven proliferation and that is negatively correlated to cell cycle arrest and
cell death (Santo et al., 2012). Patients with elevated MYC expression showed a comparably

good overall survival in the RNA-seq dataset. Previous investigations by Zimmerman et al. and
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Wang et al. (Wang et al.,, 2015; Zimmerman et al., 2018) found that MYC expression is
associated with unfavorable survival, however these studies considered either only high-risk
patients (Zimmerman et al., 2018) or analyzed MYC protein levels (Wang et al., 2015), which
is not directly comparable to the mRNA expression based MYC group described in this study.

As mentioned previously there are well-established prognostic factors in neuroblastoma that
identify patients with a poor survival. These risk factors include MYCN amplification, age at
diagnosis above 18 months, INSS stage 4 (equivalent to INRG stage M), 11q aberration and
several others (Pinto et al., 2015; Zhang et al., 2015). To investigate the clinical relevance of
FOXR2 expression in neuroblastoma as a prognostic marker for risk stratification multivariable
analyses demonstrated that FOXR2 expression forms a significant risk factor that independent
from established prognostic markers indicates poor patient survival. Interestingly, FOXR2 was
found to still represent a significant and independent risk factor when compared to a pre-
defined high-risk subset, indicating that FOXR2 expression marks a yet unidentified subset of
patients with poor survival not covered by the high-risk group. Affirmed by univariate analyses
that showed a significantly lower survival of FOXR2-expressing patients in non high-risk
subsets of the RNA-seq and NRC cohort, my results suggest that these patients with a poor
survival are currently not being identified by established prognostic markers as patients with
increased risk, which underlines the importance of FOXR2 as a biomarker for risk stratification.
Since risk stratification, primarily in patients with an unfavorable histology, INSS stage 3 and
age at diagnosis above 18 months can differ depending on the country where the study was
conducted, FOXR2 might play an important role to distinguish intermediate and high-risk
patients. To conduct a final evaluation of FOXR2 expression in risk groups, further sub-

classification of the non high-risk group into low- and intermediate-risk group will be necessary.

The clinical data presented in the RNA-seq dataset is in most cases based on the NB97 and
the NB2004 treatment studies (420 out of 498 patients). To ensure survival analyses based on
homogeneous data in the pooled trials the treatment studies were compared. It was observed
that survival rates in both studies were highly similar in the RNA-seq dataset and that in both
trials FOXR2-expressing patients showed a similarly poor survival (data not shown).
Furthermore, differences in induction or consolidation treatment arms did result in comparable
responses in high-risk patients of the RNA-seq data (Berthold et al., 2020). These observations
suggest that the prognostic value of FOXR2 expression is not biased by a specific treatment

protocol within the analyzed dataset.
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Mechanistically, it was shown that in line with findings in NSCL, breast, hepatocellular and
prostate cancer cell lines, the knockdown of FOXR2 decreases cell proliferation also in
neuroblastoma cell lines (Li et al., 2016; Wang et al., 2016; Xu et al., 2017; Xu et al., 2019).
Supporting the crucial oncogenic role of FOXR2 in neuroblastoma, the FOXR2 knockdown
changes the gene expression signature to a less aggressive one based on predictions of the
pathway analysis tools GSEA and IPA, which was validated by in vitro experiments on cell
cycle and cell death in FOXR2 knockdown cell lines. Comparing the transcriptional profiles of
the FOXR2 and the MYCN groups based on differentially expressed genes of the FOXR2 vs.
OTHER group, MYCN-activated neuroblastomas strongly resembled the FOXR2 cases.
Furthermore, FOXR2-activated cases transcriptionally resembled the MYCN group when
applying the MYC(N) signature, which was confirmed by a high MYC(N) signature score
assigned to the majority of FOXR2-expressing cases. In line with these findings, already in
2008 and in 2012 a non-MYCN-amplified group of neuroblastoma with activated MYCN
expression signature, showing low MYCN expression but high nuclear MYCN levels was
identified by (Westermann et al., 2008) and (Valentijn et al., 2012), which could potentially
overlap with the FOXR2 group identified in the current study. Interestingly, brain tumors like
CNS NB-FOXRZ2, glioblastoma and medulloblastoma that express FOXR2 also had a positive
MYC(N) signature, suggesting that FOXR2 may have a similar role in stabilizing MYC(N)

proteins in these tumors as well.

These observations at the transcriptional level indicate a similar oncogenic mechanism in the
FOXR2 and MYCN group. Indeed, MYCN as well as MYC is stabilized by FOXR2 on a protein
level in neuroblastoma cell lines and | demonstrated in neuroblastoma tissue with low MYCN
RNA levels that MYCN protein is increased in the presence of FOXR2. Preventing the short-
lived MYCN protein from degradation, these results suggest that neuroblastoma with FOXR2
expression remain in the proliferative cell state by increased MYCN protein levels (Huang and
Weiss, 2013; Zhang et al., 2016). The mechanistic study as well as the gene signatures of the
FOXR2 and MYCN group therefore indicate that the stabilization of MYCN by FOXR2 is an
alternative mechanism to MYCN amplification in neuroblastoma resulting in high MYCN protein

levels and leading to an unfavorable outcome in patients (Figure 19).

Since also a subset of non high-risk neuroblastoma was observed with FOXR2 activation and
since the FOXR2 group overall shows a better outcome than the MYCN group, | speculate that
for some FOXR2-activated neuroblastomas further mechanisms besides MYCN stabilization

may play a role. While this study provides insights into the mechanistic relation of FOXR2 and
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MYCN, the function of FOXR2, e.g. as a transcription factor, needs to be addressed in further
studies.

The current study has several limitations that have to be considered when interpreting the
presented data. The clinical analyses and evaluation of FOXR2-expression as a prognostic
marker are based on three independent cohorts of retrospective nature. This might lead to
potential confounding, e.g. related to a selection bias or variable treatment of patients. To
compensate for these potential shortcomings associated with the retrospective character of
the evaluated datasets three independent cohorts were analyzed, which contained clinical
information for a total of 1011 patients. Furthermore, the NB97 and NB2004 trials in the RNA-
seq dataset were compared to demonstrate the high similarity and comparability of treatments.
Moreover, this study was limited by the available annotations for the three cohorts. To conduct
a precise risk stratification further information on ALT status, TERT rearrangements, histologic
category, grade of tumor differentiation and ploidy would be necessary. Finally, since only
around 9% of neuroblastoma express elevated FOXR2 mRNA levels, the clinical data available
for the FOXR2 group is limited. By investigating the three independent datasets a relatively
high number of in total 90 FOXR2 expressing cases were analyzed, but for further prospective
studies that would be needed to investigate the FOXR2 group in a cohort of uniformly treated
patients classified as non high-risk, presumably an international collaboration would be

required.

Taken together, this study reveals FOXR2 expression as a novel prognostic marker that
indicates an unfavorable survival in a subset of around 9% of neuroblastoma. Furthermore, a
stabilization mechanism of MYCN was identified that leads to high MYCN protein levels, which
very likely is correlated with the poor overall and event-free survival of patients in the FOXR2
group and which provides crucial knowledge for targeted therapies of neuroblastoma patients
with FOXR2 expression.
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Figure 19: Stabilization of MYCN by FOXR2 might function as an alternative mechanism to MYCN-
amplifications.

Based on the findings of this study tumors with FOXR2 expression show a similar gene signature as MYCN-

amplified tumors by a stabilization mechanism of FOXR2 and MYCN that alternatively to MYCN amplifications leads
to high MYCN protein levels in neuroblastoma.
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4 Second chapter. Molecular and clinical characterization of
CNS NB-FOXR2

4.1 Introduction

4.1.1 Molecular re-evaluation of CNS-PNET

The classification of cancer types into biologically meaningful classes plays a key role for the
treatment stratification of cancer patients. Histopathological characteristics of tumor classes
have been exploited as a primary source for many decades to diagnose pediatric brain tumor
entities (Armstrong and Giangaspero, 2003; Kleihues and Sobin, 2000; Pfister et al., 2009).
Advances in modern sequencing methods, however, have substantially improved the
classification and characterization of pediatric brain tumor entities and has led to a significant
increase in newly identified distinct tumor entities and the identification of entity-specific
therapeutic targets (Cacciotti et al., 2020; Capper et al., 2018a; Gajjar et al., 2014; Grébner,
2017; Guerreiro Stucklin et al., 2018; Koelsche et al., 2021; Pajtler et al., 2015; Perez and
Capper, 2020; Sturm et al., 2016). Hence, in the updated 2021 WHO Classification of Tumors
of the Central Nervous System, molecular characteristics play an increasingly important role
and many novel pediatric brain tumor entities and subgroups are introduced, which were often
identified primarily based on DNA methylation profiling (Gritsch et al., 2021; Louis et al., 2021).
Amongst these newly introduced entities is CNS neuroblastoma with FOXR2 activation (CNS
NB-FOXR2), which was identified by Sturm et al. in 2016 as a fraction of institutionally
diagnosed primitive neuroectodermal tumors of the central nervous system (CNS-PNET)
(Louis et al., 2021; Sturm et al., 2016). CNS-PNETs were described in the 2007 WHO
Classification of Tumors of the Central Nervous System as a heterogeneous group of
embryonal tumors that arise primarily during childhood or adolescence (Louis et al., 2007).
Histologically, they are predominantly defined by small and poorly differentiated cells, but in
parts they show a propensity for histological characteristics diverging into neuronal or glial
differentiation phenotypes, (Louis et al., 2007; Sturm et al., 2016; Vogel and Fuller, 2003). The
clinical outcome of CNS-PNET patients was thought to be generally poor and 5-year overall
survival rates of 50% were observed (Lester et al., 2014; Massimino et al., 2013; Peris-Bonet
et al., 2006; Schwalbe et al., 2013b). Importantly, however, several studies have now shown
that CNS-PNETSs represent a variety of different molecular entities (Danielsson et al., 2015;
Picard et al., 2012; Schwalbe et al., 2013b), which resulted in the removal of the term CNS-
PNET from the 2016 update of the WHO Classification of Tumors of the Central Nervous

System (Louis et al., 2007; Louis et al., 2016). Underlining the need for an improved molecular
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classification and more differentiated therapeutic approaches, also the clinical outcome of
patients with CNS-PNETs was shown to be highly heterogeneous in retrospectively re-
evaluated CNS-PNET cohorts and that poor outcome of CNS-PNETs might be mainly caused
by misclassification of high grade gliomas (HGG) (Hwang et al., 2018). A comprehensive study
by Sturm et al., revealed by means of DNA methylation profiling that a high percentage
(196/323; 61%) of CNS-PNETSs can be molecularly re-classified into established pediatric brain
tumor entities such as embryonal tumors with multilayered rosettes (ETMR), HGG,
ependymomas, or atypical teratoid/rhabdoid tumors (ATRT) (Figure 20). Furthermore, novel
molecular entities emerged from the molecular classification of this CNS-PNET cohort (77/323,;
24%), including CNS tumors with BCOR internal tandem duplication (former CNS HGNET-
BCOR) and Astroblastoma, MN1 altered (former CNS-HNGET-MN1) and the previously
mentioned CNS NB-FOXR2, which are all represented in the updated 2021 WHO
Classification of Tumors of the Central Nervous System (Louis et al., 2021; Sturm et al., 2016).
Overall, this indicates the importance of using molecular classification methods to identify
biologically and clinically meaningful entities. Further molecular and clinical characterization is
needed, especially for these newly described entities to identify specific therapeutic targets

and to enable a differentiated clinical view on these tumors.
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Figure 20: DNA methylation profiling based classification of institutionally diagnosed CNS-PNET.

By means of DNA methylation profiling, institutionally diagnosed CNS-PNETs were molecularly classified into
established and novel pediatric brain tumor entities. Figure from (Sturm et al., 2016).

4.1.2 CNS NB-FOXR2

CNS NB-FOXR2 were initially described by Sturm and colleagues in 2016 and due to the rarity
of this entity the molecular and clinical characterization has since then been ongoing (Sturm
et al., 2016). It is estimated that approximately 10% of previously diagnosed CNS-PNET are
comprised of CNS NB-FOXR2 (Hwang et al., 2018; Sturm et al., 2016). CNS NB-FOXR2 are
embryonal tumors that primarily occur in childhood, slightly enriched in female patients (Sturm
et al., 2016). Histologically, this entity is characterized by poorly differentiated, round to oval

cells with a high nuclear to cytoplasmic ratio, resembling histological characteristics of CNS-
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PNET (Lastowska et al., 2020; Sturm et al., 2016). CNS NB-FOXR2 are exclusively found in
supratentorial regions of the brain, typically located in the cerebral hemispheres (Furuta et al.,
2020; Sturm et al., 2016). Almost all CNS NB-FOXR2 show a gain of chromosome 1qg and in
approximately half of the cases a loss of chromosome 16q (Sturm et al., 2016). Furthermore,
the activation of the FOXR2 gene is observed in almost all cases, typically caused by inter- or
intrachromosomal rearrangements that lead to fusions between the FOXR2 gene and different
gene partners (Sturm et al., 2016). This leads to the high expression levels of FOXR2, which
are likely facilitated by promotors of active genes (Sturm et al., 2016). By in-vivo experiments
it has been demonstrated that the expression of FOXR2 can under specific conditions lead to
tumorigenesis, however, the FOXR2-related function and the mechanism that drives these
tumors still needs to be investigated (Poh et al., 2019). Clinical observations in small cohorts
suggest that patients with CNS NB-FOXR2 have a favorable clinical outcome but further
clinical analyses in datasets with larger patient numbers and molecularly classified CNS NB-
FOXR2 cases are needed to get a differentiated clinical view on this entity (Hwang et al., 2018;
Lastowska et al., 2020; Sturm et al., 2016).

4.1.3 Aim of this study

CNS NB-FOXR2 is a novel molecular pediatric brain tumor entity that was identified in a
fraction of historically diagnosed CNS-PNETs. They were molecularly characterized and
clinical characteristics were described for single patients and small cohorts. Yet, the molecular
re-evaluation of further histologically diagnosed CNS-PNET cohorts is needed to identify
additional molecular characteristics and to validate initial findings. Moreover, clinical analyses
of CNS NB-FOXR2 in large cohorts are needed to analyze treatment response and patient
survival of this new molecular entity. The aim of this study was the molecular and clinical
characterization of CNS NB-FOXRZ2. Therefore, the so far largest clinical cohort of CNS NB-
FOXR2 was collected and analyzed. Furthermore, CNS NB-FOXR2 were molecularly

analyzed in order to identify diagnostic markers for this new entity.
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4.2 Results

The molecular and clinical characterization of CNS NB-FOXR2 was conducted in two joint
projects with Katja von Hoff et al. and with Andrey Korshunov et al. The Results (4.2) and
Discussion (4.3) of the second chapter are based on collaborative publications together with
Katja von Hoff et al. and Andrey Korshunov et al. (Korshunov et al., 2021; von Hoff et al.,
2021). Katja von Hoff et al. collected the cases and data for the CNS-PNET cohort and
performed the clinical analyses. | performed the molecular re-evaluation of the CNS-PNET
cohort, analyzed molecular and patient characteristics and provided figures. Andrey
Korshunov et al. analyzed the CNS-PNET cohort and the RNA-seq dataset. In parallel, |
analyzed the Affymetrix dataset and provided figures. Our collaborative findings were validated
by stainings performed by Andrey Korshunov et al. Some content, including figures, tables and

text that is shown in this chapter was directly adopted or modified from these publications.
Publications:

“Therapeutic implications of improved molecular diagnostics for rare CNS-embryonal

tumor entities — results of an international, retrospective study”

Katja von Hoff, Christine Haberler, Felix Schmitt-Hoffner, Elizabeth Schepke, Teresa de

Rojas, Sandra Jacobs, Michal Zapotocky, David Sumerauer, Marta Perek-Polnik, Christelle
Dufour, Dannis van Vuurden, Irene Slavc, Johannes Gojo, Jessica C. Pickles, Nicolas U.
Gerber, Maura Massimino, Maria Joao Gil-da-Costa, Miklos Garami, Ella Kumirova, Astrid
Sehested, David Scheie, Ofelia Cruz, Lucas Moreno, Jaeho Cho, Bernward Zeller, Niels
Bovenschen, Michael Grotzer, Daniel Alderete, Matija Snuderl, Olga Zheludkova, Andrey
Golanov, Konstantin Okonechnikov, Martin Mynarek, B. Ole Juhnke, Stefan Rutkowski, Ulrich
Schuller, Barry Pizer, Barbara v. Zezschwitz, Robert Kwiecien, Maximilian Wechsung, Frank
Konietschke, Eugene |. Hwang, Dominik Sturm, Stefan M. Pfister, Andreas von Deimling,
Elisabeth J. Rushing, Marina Ryzhova, Peter Hauser, Maria tastowska, Pieter Wesseling,
Felice Giangaspero, Cynthia Hawkins, Dominique Figarella-Branger, Charles Eberhart, Peter
Burger, Marco Gessi, Andrey Korshunov, Tom S. Jacques, David Capper, Torsten Pietsch,

Marcel Kool;

Neuro-Oncology; 2021; https://doi.org/10.1093/neuonc/noab136

“Molecular analysis of pediatric CNS-PNET revealed nosologic heterogeneity and

potent diagnostic markers for CNS neuroblastoma with FOXR2-activation”
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Andrey Korshunov, Konstantin Okonechnikov, Felix Schmitt-Hoffner, Marina Ryzhova, Felix

Sahm, Damian Stichel, Daniel Schrimpf, David E. Reuss, Philipp Sievers, Abigail Kora Suwala,
Ella Kumirova, Olga Zheludkova, Andrey Golanov, David T. W. Jones, Stefan M. Pfister,
Marcel Kool, Andreas von Deimling;

Acta Neuropathologica Communications; 2021; https://doi.org/10.1186/s40478-021-01118-5

4.2.1 Methylation-based characterization of the CNS-PNET cohort

The molecular re-classification of CNS-PNET cohorts and early analyses of small series with
clinical data suggested that the poor outcome is largely driven by misclassification of HGG
(Hwang et al., 2018; Sturm et al., 2016). To further investigate the clinical outcome of CNS
NB-FOXR2 and other entities that were histologically classified and treated as CNS-PNET,
307 institutionally diagnosed CNS-PNET samples with clinical data were collected and
molecularly analyzed (von Hoff et al., 2021). DNA methylation profiling differentiated the cohort
into five major groups: 12% (36) CNS NB-FOXR2, 19% (58) ETMRs, 18% (57) HGG, 22% (89)
Others and 22% (67) cases, which were unclassifiable by DNA methylation analysis (Figure
21B). Methylation based t-SNE analysis of the re-evaluation cohort (n=307) and 66 additional
CNS NB-FOXR2 cases (Figure 21A), added based on their methylation profiles matching CNS
NB-FOXR2, showed that CNS NB-FOXR2 as well as ETMR form two distinct clusters from the
remaining groups, namely Other, HGG and unclassifiable cases (Figure 21C). Based on the
methylation classifier it was observed that the Other group primarily included Ependymoma
(mostly of the RELA subtype (23)), atypical teratoid/rhabdoid tumor (mostly of subclass SHH
(10)), Pineoblastoma (mostly classified as group B (7)), CNS HGNET-BCOR (6), CNS EFT-
CIC (6) and pleomorphic xanthoastrocytoma (5) and the HGG group mostly included HGG not
otherwise specified (19), Glioblastoma IDH wild-type H3.3 G34 mutant (10), infantile
hemispheric glioma (7), diffuse midline glioma H3 K27M mutant (6) and glioblastoma, IDH
wildtype subclass midline (6) (Figure 21D).
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Figure 21: Classification of the CNS-PNET cohort based on methylation data.

(A) Cohort overview of 307 cases of the CNS-PNET re-evaluation cohort and additional 66 CNS NB-FOXR2, (B)
Methylation data based classification of the CNS-PNET cohort. (C) t-SNE analysis of the combined cohort based
on methylation profiles. (D) Allocation of the HGG and OTHER group into molecular entities and subgroups. This
figure was jointly generated with the authors and is taken from the collaborative publication (von Hoff et al., 2021).
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4.2.2 Molecular and patient characteristics of CNS NB-FOXR2

In line with previous findings (Sturm et al., 2016) in smaller datasets of CNS NB-FOXR2, in the
combined molecular cohort of in total 102 CNS-NB-FOXR2 cases a slight bias to female
gender (56 out of 102) and an age range of 1 to 20 years with an median age at diagnosis of
5 years was observed (Figure 22A, B). Data on the location of the tumor, available for 87
cases, clearly indicated that CNS NB-FOXR2 occur exclusively supratentorially with a majority
of cases located in the frontal and the temporal lobe (Figure 22C). Copy number profiles, which
were generated based on DNA methylation data showed a characteristic gain of chromosome
19 in 94% of cases and further frequent gains of chromosome 3q (21%), 8p (21%), 8p (28%)
and 17q (49%). The most prominent loss was observed in chromosome 16q in 56% of cases
but also chromosome 3p (34%), 6q (24%), and 10q (25%), showed relatively frequent losses
in the CNS NB-FOXR2 cohort (Figure 22D).

A B C

Sex distribution in Age distribution in

CNS NB-FOXR2 (n = 102) CNS NB-FOXR2 (n = 89) Location of primary tumor, CNS NB-FOXR2 (n = 87)

Frontal/parietal  parietal lobe
Parietal
occipital

Supratentorial  Basal ganglia pParietal lobe Frontal lobe
30 Frontal lobe N |

A J\f J
20 Y
U\ s\ o 2/ /‘ <
10 <7 N \\ Frontal/
< = PO\ temporal
5 Thalamus { ) Occipital lobe = —
0 - --__ Sellar / yh L\\ TempcvalV

——— — — — —— — region  pons Y

Count
o

Temporal/
parietal

Brainstem Occipital lobe

erebellum
Sl O s e A

e \ \Spmai cord_—1
Age [Years]

Copy number profiles-CNS NB-FOXR2 (n=102)

100% l— T T -y = TEEgeg "E==~ === -
80% | I I I

|

(=2 =5

—

mloss Balanced mGain

Figure 22: Molecular and patient characteristics of CNS NB-FOXR2.

(A) Gender distribution of 102 CNS NB-FOXR2 cases. (B) Age distribution of 89 CNS NB-FOXR2 cases. (C) Tumor
location in different brain regions of 87 CNS NB-FOXR2 cases. (D) Copy number profiles of 102 CNS NB-FOXR2
cases showing frequent chromosomal gains and losses. This figure was jointly generated with the authors and is
taken from the collaborative publication (von Hoff et al., 2021).
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4.2.3 Survival analyses of CNS NB-FOXR2 in comparison to other entities

originally classified as CNS-PNET

Analyzing 247/307 CNS-PNET cases for which full clinical data was available, showed 5-year
OS rates of 51% and 5-year PFS rates of 40%, which is in line with previous CNS-PNET
cohorts (Figure 23A, B). In contrast to the relatively poor survival of the CNS-PNETSs as a
mixed bag, the 33 cases classified as CNS NB-FOXR2 showed high survival rates with a 5-
year OS survival of 86% and a 5-year PFS of 69% (Figure 23C, D). Extending the clinical
cohort by an additional 30 CNS NB-FOXR2 samples identified by methylation profiling
confirmed the relatively good prognosis of CNS NB-FOXR2 patients, with a 5-year OS of 85%
and a 5-year PFS of 57% in the extended cohort and a 5-year OS of 85% and a 5-year PFS
of 63% for the entire CNS NB-FOXR2 cohort (n = 63). As previously concluded, the low overall
survival in the CNS-PNET cohort can in large parts be attributed to CNS-PNETSs reclassified
as embryonal tumors with multilayered rosettes (ETMR; 49/247) or high grade gliomas (HGG;
44/274), which showed 5-year OS rates of 24% and 25% and 5 year PFS rates of 18% and
22%, respectively (Figure 23C, D). OS and PFS analyses of initial staging did not result in
significant differences between metastatic disease (M+), localized disease with complete
resection (MORO) and localized disease with incomplete or unknown resection (MOR+/MORX)
(Figure 23E, F). Overall, these findings demonstrate the clinical importance of molecular

diagnostics and clearly indicate a relatively favorable outcome of CNS NB-FOXR2.
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Figure 23: Survival analyses of molecular groups with a focus on CNS NB-FOXR2.

(A) Overall and progression-free survival of CNS-PNET re-evaluation cohort. (B) Overall and progression-free
survival of the five distinct groups CNS NB-FOXR2, ETMR, HGG, OTHER and unclassifiable cases. (C) Overall
and progression-free survival of CNS NB-FOXR2 by initial staging. This Figure was jointly generated with the
authors, and is taken from the collaborative publication (von Hoff et al., 2021).
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4.2.4 Diagnostic markers for CNS NB-FOXR2

As described in 4.2.1 the standard identification method of CNS NB-FOXR2 is based on
molecular analyses including DNA methylation profiling. However immunohistochemical
markers, representing an alternative in case methylation profiling is not available or material is
very limited, were so far not described for this entity. To discriminate CNS NB-FOXR2 from
morphological mimics represented by neoplasms that are microscopically poorly differentiated,
characterized by small cells with an oval or round nucleus and a high nuclear-cytoplasmic ratio
(Figure 24), a cohort of 84 pediatric brain tumors that were histologically diagnosed as CNS-

PNET was investigated.

Figure 24: Histopathological analyses of CNS-PNET.

Molecularly distinct entities show similar histopathological characteristics. Figure from collaborative publication,
generated by Korshunov et al. (Korshunov et al., 2021).

For molecular characterization DNA methylation profiles were investigated by t-SNE analysis.
Using a reference dataset of around 68.500 tumors representing various tumor entities, 84
preselected CNS-PNET cases that matched to four established methylation based entities
were observed: 20 (24%) cases were identified as CNS NB-FOXR2, 22 (26%) Glioblastoma
IDH wild-type subtype H3.3 G34 mutant (GBM-G34), 18 (21%) Glioblastoma IDH wild-type
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subtype MYCN (GBM-MYCN) as well as 24 (29%) Ependymoma with RELA:C110rf95 fusion
(EPN-RELA) (Figure 25A, B). Significant histopathological differences between the molecularly
defined entities were not observed (Figure 24).
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Figure 25: Methylation data based classification of CNS-PNET cohort.

(A) Reference dataset of around 68.500 cases containing EPN-RELA, GBM-MYCN, GBM-G34 and CNS NB-
FOXR2 displayed by methylation profile based t-SNE clustering. (B) t-SNE analysis of the 84 CNS-PNET cases.
Figure modified from collaborative publication, generated by Korshunov et al. (Korshunov et al., 2021).

Transcriptome analyses based on 53 samples, 13 of them CNS NB-FOXR2, 12 GBM-MYCN,
8 GBM-34 and 20 EPN-RELA, showed by means of unsupervised hierarchical clustering,
principal component analysis (PCA) and t-SNE analysis that CNS NB-FOXR2 tumors cluster
distinctly from EPN-RELA, GBM-MYCN and GBM-G34 tumors based on the top 500
differentially expressed genes (Figure 26A, B, C). This also holds true for the EPN-RELA,
whereas GBM-MYCN and GBM-G34 indicated a transcriptionally more similar group indicated
by the proximity of the two clusters (Figure 26B, C).
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Figure 26: Transcriptomic analyses of EPN-RELA, GBM-MYCN, GBM-G34 and CNS NB-FOXR2.

(A) Unsupervised hierarchical clustering based on gene expression data of the four distinct entities. Principle
component analysis (PCA) (B) and t-SNE analysis (C) based on top 500 most differentially expressed genes. Figure
from collaborative publication, generated by Korshunov et al. (Korshunov et al., 2021).

Investigating the RNA-seq data of the CNS-PNET cohort for potential marker genes, the 30
most differentially expressed genes of CNS NB-FOXR2 compared to the other entities were
analyzed. CNS NB-FOXR2 exclusively expressed high levels of FOXR2 and SOX10 (Figure
27A, B). In line with the expected mechanism driving EPN-RELA and GBM-MYCN these
entities expressed high levels of RELA and MYCN, respectively. Performing differential gene
expression analyses on the independent Affymetrix gene expression dataset consisting of 14
CNS NB-FOXR2 and other brain tumor entities occurring in institutionally diagnosed CNS-
PNETSs, including glioblastoma, ependymoma, atypical teratoid rhabdoid tumor (ATRT),
embryonal tumor with multilayered rosettes (ETMR) and three further recently identified
entities originating from CNS-PNETs (Sturm et al., 2016), SOX10 expression was also
identified to be highly expressed in CNS NB-FOXR2 when compared to the other entities,
confirming the findings of the RNA-seq dataset (Figure 27C).
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Figure 27: Identification of marker genes for CNS NB-FOXR2 based on expression data.

(A) Analysis of differentially expressed genes between the distinct molecular groups. (B) Expression levels of
FOXR2, SOX10, MYCN and RELA in the four molecular groups. (C) Expression analysis of SOX10 in the Affymetrix
dataset comparing several CNS-PNET derived entities. This figure was jointly generated with the authors and is
modified from the collaborative publication (Korshunov et al., 2021).
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To establish a reliable immunohistochemical marker for CNS NB-FOXR2 tumors, the 84 CNS-
PNET samples and additional 263 pediatric high-grade CNS tumors showing a variety of
molecular diagnoses were stained with a SOX10 antibody. All (100%) of the CNS NB-FOXR2
cases showed a high proportion of cells with intense nuclear SOX10 expression (>75%),
whereas EPN-RELA, GBM-MYCN and GBM-G34 as well as embryonal tumors like ETMR,
ATRT or the recently identified Astroblatoma, MN1 altered (former CNS HGNET-MN1), CNS
tumors with BCOR ITD (former CNS HGNET-BCOR) and CNS Ewing sarcoma family tumor
with CIC alteration (CNS EFT-CIC) were SOX10 negative (Figure 28; Table 4). Hence, SOX10
identifies a diagnostic marker to distinguish CNS NB-FOXR2 from almost all other

histologically diagnosed CNS-PNET with the exception of single cases of malignant gliomas.

GBM_MYCN

EPN_RELA

ETMR

Figure 28:S0OX10 as a immunohistochemical marker for CNS NB-FOXR2.

SOX10 IHC of entities with CNS-PNET like histologies. Figure from collaborative publication, generated by
Korshunov et al. (Korshunov et al., 2021).
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Table 4: Percentage of entities with a potential CNS-PNET like histology that show no, low, intermediate or high
signal intensity for SOX10 IHC. Table from collaborative publication, generated by Korshunov et al. (Korshunov et
al., 2021).

Tumor entity >75% 25-74% 1-24%  Negative
CNS neuroblastoma with FOXRZ2 activation (n = 20) 100% 0 0 0
Pediatric glioblastoma with G34 mutation (n = 25) 0 0 0 100%
Pediatric glioblastoma; MYCN (n = 20) 0 0 0 100%
Supratentorial ependymoma; RELA fusion (n = 40) 0 0 0 100%
Diffuse midline glioma, H3 K27-altered (n = 30) 0 40% 30% 30%
Pediatric glioblastoma, RTKI (pGBM_MID; n = 30) 25% 35% 20% 20%
Pediatric glioblastoma, RTKIII (n = 12) 0 0 0 100%
Adult glioblastoma, IDH-wildtype (n = 40) 0 20% 40% 40%
Adult glioblastoma; IDH-mutant (n = 20) 10% 30% 40% 20%
Anaplastic oligodendroglioma, IDH-mutant (n = 20) 10% 40% 30% 20%
Embryonal tumor with multilayered rosettes (n = 30) 0 0 0 100%
Atypical teratoid/rhabdoid tumor (n = 20) 0 0 0 100%
CNS neuroepithelial tumor; MN1-altered (n = 18) 0 0 0 100%
CNS neuroepithelial tumor; BCOR-altered (n = 8) 0 0 0 100%
CNS neuroepithelial tumor; CIC-altered (n = 5) 0 0 0 100%
Intracranial Ewing sarcoma (n =4) 0 0 0 100%
Diffuse leptomeningeal glioneuronal tumor (n = 5) 0 0 0 100%

Since some malignant gliomas showed SOX10 expression (Table 4) and in order to reliably
distinguish CNS NB-FOXR2 also from these cases, differential gene expression analysis was
performed between these groups. Top hits included ANKRD55, OBSCN and GPC3 (Figure
29A, B). Since ANKRD55 was also identified as a promising marker when consulting the
Affymetrix dataset (Figure 29C), this candidate was investigated by means of IHC. CNS NB-
FOXR2 showed a clear ANKRD55 signal in all 20 cases, whereas all other cases with the
exception of ETMR showed no ANKRD55 signal (Figure 29D, Table 5). Hence, the combined
expression of SOX10 and ANKRD55 precisely discriminates CNS NB-FOXR2 from other

morphologically similar hemispheric CNS neoplasms.
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Figure 29: ANKRD55 is a marker to distinguish CNS NB-FOXR2 from GBM-MID.

(A) Differential expression analysis of CNS NB-FOXR2 and GBM-MID. (B) Expression levels of ANKRD55 in CNS
NB-FOXR2, HGG-MYCN. HGG-G34, GBM-MID and EPN-RELA. (C) Expression levels of ANKRDS55 in several
entities molecularly classified from former CNS-PNET. (D) ANKRD55 IHC on CNS NB-FOXR2 and HGG-MID. This
figure was jointly generated with the authors and is modified from the collaborative publication (Korshunov et al.,
2021).
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Table 5: Percentage of entities with a potential CNS-PNET like histology that show no, low, intermediate or high
signal intensity for ANKRD55 IHC. Table from collaborative publication, generated by Korshunov et al. (Korshunov
et al., 2021).

Tumor entity >75% 25-74% 1-24% Negative
CNS neuroblastoma with FOXRZ2 activation (n = 20) 100% 0 0 0
Pediatric glioblastoma with G34 mutation (n = 25) 0 0 0 100%
Pediatric glioblastoma; MYCN (n = 20) 0 0 0 100%
Supratentorial ependymoma; RELA fusion (n = 40) 0 0 0 100%
Diffuse midline glioma, H3 K27-altered (n = 30) 0 0 0 100%
Pediatric glioblastoma, RTKI (pGBM_MID; n = 30) 0 0 0 100%
Pediatric glioblastoma, RTKIIl (n = 12) 0 0 0 100%
Adult glioblastoma, IDH-wildtype (n = 40) 0 0 0 100%
Adult glioblastoma; IDH-mutant (n = 20) 0 0 0 100%
Anaplastic oligodendroglioma, IDH-mutant (n = 20) 0 0 0 100%
Embryonal tumor with multilayered rosettes (n = 30) 0 0 30% 70%
Atypical teratoid/rhabdoid tumor (n = 20) 0 0 0 100%
CNS neuroepithelial tumor; MN1-altered (n = 18) 0 0 0 100%
CNS neuroepithelial tumor; BCOR-altered (n = 8) 0 0 0 100%
CNS neuroepithelial tumor; CIC-altered (n = 5) 0 0 0 100%
Intracranial Ewing sarcoma (n = 4) 0 0 0 100%
Diffuse leptomeningeal glioneuronal tumor (n = 5) 0 0 0 100%
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4.3 Discussion

Historical cohorts of CNS-PNET are molecularly and clinically highly heterogeneous. They
were therefore molecularly re-classified by Sturm et al. in 2016 into several established and
four new entities, amongst them CNS NB-FOXR2 (Sturm et al., 2016). In the context of this
thesis, two studies were conducted (Korshunov et al., 2021; von Hoff et al., 2021) where CNS-
PNET cohorts were re-evaluated by methylation data based classification. Identified molecular
entities were clinically and molecularly characterized with a focus on CNS NB-FOXRZ2. In 307
CNS-PNET cases of the von Hoff cohort a representation of 12% CNS NB-FOXR2, 19%
ETMR, 18% HGG and 29% of other entities not covered by the previous groups, including
mainly ependymoma, ATRT, pineoblastoma and medulloblastoma were identified (von Hoff et
al.,, 2021). Within the Korshunov cohort 84 histologically diagnosed CNS-PNET were
molecularly analyzed and re-classified into 24% CNS NB-FOXR2, 26% glioblastoma H3.3 G34
mutant, 29% glioblastoma MYCN and 29% ependymoma RELA (Korshunov et al., 2021).
Astroblastoma, MN1 altered (former CNS HGNET-MN1), CNS tumors with BCOR internal
tandem duplication (former CNS HGNET-BCOR) as well as CNS EFT-CIC were not detected
in this cohort. Furthermore, no ETMR, ATRT or pineoblastoma were identified since cases
showing positive LIN28A or lack of INI1 staining in tumor cells as well as tumors of the pineal

region were excluded from the cohort.

In line with previous studies the distribution of molecular entities in the two cohorts
demonstrated that a high proportion of CNS-PNET cannot be considered embryonal tumors
since only around 24% of the Korshunov cohort and around 41% of the von Hoff cohort,
including mainly CNS NB-FOXR2, ETMR and smaller subsets of ATRT, pineoblastoma and
medulloblastoma, are thought to have an embryonal origin (Hwang et al., 2018; Schwalbe et
al.,, 2013a; Sturm et al., 2016). Other tumors classified as HGG and ependymoma are all
considered to have a glial origin (Jiang and Uhrbom, 2012; Kristensen et al., 2019; Poppleton
and Gilbertson, 2007). The description of patient characteristics of the identified CNS NB-
FOXR2 revealed characteristic features such as the exclusively supratentorial location of the
tumors, a median age of 5 years and a slight bias to female patients, which is relevant for
diagnosis and differs from other embryonal tumors such as ETMR that show a younger patient
age and highly variable tumor location (Lambo et al., 2019a; von Hoff et al., 2021; Wang et al.,
2018). Furthermore, a gain of chromosome 1q in almost all cases, a loss of chromosome 16q
as well as a gain of chromosome 17q is highly characteristic for CNS NB-FOXR2, which was
not only reported in the studies described here but also by previous publications (Chiang and
Ellison, 2017; Sturm et al., 2016).
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At this stage, the gold standard for identifying CNS NB-FOXR2 and various other pediatric
cancer types may be DNA methylation analysis (Capper et al., 2018a; Capper et al., 2018b;
Korshunov et al.,, 2016; Pajtler et al., 2015; Reinhardt et al., 2019; Sturm et al., 2016).
Institutions without access to this technology, however, rely on specific immunohistochemical
markers to identify the constantly increasing number of pediatric brain tumor entities. Several
entities, including glioblastoma H3.3 G34 mutant or ependymoma RELA can be identified
using established antibodies against H3.3 G34 or p65-RelA and L1CAM (Gessi et al., 2019),
however no specific immunohistochemical identification for CNS NB-FOXR2 was possible so
far. Hence, gene expression data was generated for 53 CNS-PNET of the Korshunov cohort,
including 13 CNS NB-FOXR2 cases. The four identified molecular entities showed distinct
transcriptional signatures, especially for the CNS NB-FOXR2 and ependymoma RELA, which
allowed for the investigation of marker genes by differential gene expression analyses. SOX10
and ANKRD55 were identified as promising candidates highly expressed almost exclusively in
CNS NB-FOXR2. Conducting this analysis in an independent Affymetrix gene expression
dataset containing a variety of entities that can potentially be diagnosed as CNS-PNET, SOX10
was again identified as a top hit and also ANKRD55 was found to be exclusively expressed in
CNS NB-FOXR2 and ETMR. SRY-Box Transcription Factor 10 (SOX10) is essential for the
development of various neural crest derived cells and is highly expressed in melanomas and
Schwann cells tumors (Bannykh et al., 2006; Miettinen et al., 2015). For Ankyrin Repeat
Domain-Containing Protein 55 (ANKRD55) the biological function has not yet been identified,
however, SNPs in the ANKRD55 gene were associated with a risk for multiple sclerosis (James
et al., 2018; Ugidos et al., 2019). Furthermore, recent data suggests a role in forming multi-
protein complexes and influencing mitosis, but the presence of ANKRD55 in pediatric brain
tumors has not been systematically investigated, yet (James et al., 2018; Ugidos et al., 2019).
By means of immunohistochemical analyses using commercially available antibodies against
SOX10 and ANKRD55 these potential CNS NB-FOXR2 markers were investigated. ANKRD55
was detected exclusively in CNS NB-FOXR2 and ETMR by IHC and SOX10 was found in all
CNS NB-FOXR2 but also in some malignant gliomas. Therefore, SOX10 IHC can be applied
to distinguish CNS NB-FOXR2 from other embryonal tumors. For discrimination of this entity
from other histologically diagnosed CNS-PNET/morphological mimics, including small subsets
of malignant glioma, immunopositivity for SOX10 and ANKRD55 represents a specific
diagnostic marker for CNS NB-FOXR2.

The importance of clearly identifying CNS NB-FOXR2 becomes patrticularly relevant when
taking into account findings related to their clinical outcome. Within CNS-PNET that show a

highly heterogeneous but overall very poor survival of patients (Davidson et al., 2011; Hwang
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et al., 2018; Picard et al., 2012; Stensvold et al., 2017; Sturm et al., 2016), we observed in the
so far largest cohort of clinically analyzed CNS NB-FOXR2 that these patients have a favorable
overall survival (5-year OS of 85%). These observations are in line with previous reports in
smaller cohorts (Hwang et al., 2018; Lastowska et al., 2020; Sturm et al., 2016; von Hoff et al.,
2018). The overall poor patient outcome in CNS-PNET is clearly associated to CNS-PNET
subsets that were molecularly classified as either high-grade glioma or ETMR, showing 5-year
OS rates of 25% and 24%, respectively. These results underline the need of differentiated
therapeutic approaches to treat the molecularly re-evaluated subsets of CNS-PNET.
Prospective clinical trials will be necessary to investigate a potential de-escalation of treatment,
which is currently conducted according to relatively aggressive CNS-PNET protocols
(Fangusaro et al., 2008; Friedrich et al., 2013; Gerber et al., 2014; Geyer et al., 2005;

Massimino et al., 2013).

Since CNS NB-FOXR2 is a rare disease, presumably an international collaboration would be
required to conduct a prospective clinical trial. Within this context, the diagnostic algorithm for
immunohistochemical identification of CNS NB-FOXR2 could be confirmed as well
Furthermore, a long-term follow-up of a prospective trial will be relevant due to late relapses
that were observed in CNS NB-FOXR2.

Altogether, the clinical and molecular characterization of CNS NB-FOXR2, which was
conducted on historically diagnosed CNS-PNET that were molecularly re-evaluated, revealed
diagnostic markers, namely SOX10 and ANKRD55, to immunohistochemically identify CNS
NB-FOXR2. Moreover, the analyses demonstrated that CNS NB-FOXR2 patients have a
relatively favorable outcome, which has a high clinical relevance in the context of the
aggressively treated CNS-PNET and that prospective trials are necessary to identify a
differentiated therapeutic approach to treat this distinct entity.
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5 Concluding discussion and outlook

In the first chapter (3), this study revealed the clinical and mechanistic role of FOXR2 in
peripheral neuroblastoma and in the second chapter (4) the recently identified entity CNS NB-
FOXR2 was molecularly and clinically characterized. FOXR2 expression in peripheral
neuroblastoma was for the first time described as a prognostic risk factor and the findings on
the stabilization of the most prominent risk factor in neuroblastoma, MYCN, by FOXR2 sheds
light on an alternative mechanism driving these tumors. Furthermore, this study has shown
that the recently described entity of CNS NB-FOXR2 have a relatively favorable outcome,
which is in stark contrast to the poor survival of CNS-PNETs under which most CNS NB-
FOXR2 tumors were previously histologically diagnosed (Sturm et al., 2016). To enable the
identification of CNS NB-FOXR2 from CNS-PNETs also for centers without access to
molecular classification tools such as DNA methylation profiling, an immunohistochemical
algorithm was developed that allows for specific identification of CNS NB-FOXR2 by SOX10
and ANRKD55 staining.

Interestingly, in CNS NB-FOXR2 and in the subset of peripheral neuroblastoma with FOXR2
expression divergent clinical outcomes were observed, with 5-year OS rates of 85% and 67%,
respectively. Factors that determine how prone different tumors are to the stabilization of MYC
or MYCN might play a role. Based on the literature that has previously related FOXR2 to the
survival of patients, FOXR2 is in all cases, including breast cancer, endometrial
adenocarcinoma and ovarian cancer (Deng et al., 2017; Li et al., 2018; Song et al., 2016),
associated with a poor clinical outcome. What causes the poor outcome and what might lead
to differences in CNS NB-FOXR2 is currently being investigated. From preliminary
investigations it is known that not only FOXR2-expressing neuroblastoma but also FOXR2-
expressing subsets of other pediatric malignancies such as glioblastoma, medulloblastoma
and CNS NB-FOXR2 are associated with a MYC(N) signature (Westermann et al., 2008),
which might indicate increased MYC/MYCN protein levels also in these entities. To investigate
the role of FOXR2 in these entities, a deeper understanding on MYC/MYCN protein levels in
various pediatric cancer types with and without FOXR2 expression and knowledge on the
precise mechanism of MYC/MYCN stabilization is therefore needed. The stabilization of MYC
or MYCN is besides FOXR2 also mediated by further proteins and the stabilization is observed
in other malignancies as well. In T-cell leukemia Aurora B kinase (AURKB) phosphorylates
MYC at serine 62 (S62) and thereby stabilizes the protein (Jiang et al., 2020; Malempati et al.,
2006) and in neuroblastoma Aurora A kinase (AURKA) binds and stabilizes MYCN (Otto et al.,
2009). During its lifecycle, MYC/MYCN undergoes different phosphorylation states that initially
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lead to a stabilization via phosphorylation of S62. In a subsequent step, the phosphorylation
of Threonine 58 (T58) targets MYC/MYCN for proteasomal degradation via FBW7 ubiquitin
ligase (Gustafson and Weiss, 2010; Junttila and Westermarck, 2008; Laurenti et al., 2009;
Welcker et al., 2004). Therefore, the precise investigation of the interaction between FOXR2
and MYC/MYCN is needed, since depending on the MYC/MYCN phosphorylation state that
FOXR2 binds to, other tumor specific interaction partners involved in the MYC/MYCN lifecycle
might play a role. Moreover, preliminary results in mice suggest an important role of FOXR2
per se in tumorigenesis since the expression of FOXR2 in neural stem cells (NSCs) injected
into the mouse brain leads to the formation of tumors, which naive NSCs are not capable of.
In addition, it was observed that tumors were even more aggressive when NSCs expressing
both FOXR2 and MYC/MYCN were injected into mice. To identify genes which are directly
activated by the transcription factor FOXR2, and to compare these to genes activated by MYC
and MYCN, ChlIP sequencing is currently being conducted for FOXR2, MYC and MYCN using
these tumor tissues from mice to identify the genomic binding sites for the three transcription
factors. This approach may provide more insight on what drives FOXR2 activated tumors and
how this correlates to tumors driven by MYC and MYCN. Together with the molecular analysis
of the FOXR2-expressing pediatric brain tumors it may help to understand further functions of
FOXR2 besides the stabilization of MYC/MYCN in these tumors. Findings of this study on the
prognostic value of FOXR2 expression in neuroblastoma may further be investigated in the
context of prospective clinical trials to further improve risk stratification of this clinically
heterogeneous tumor. Furthermore, the mechanistic interaction of FOXR2 and MYCN, which
was revealed in this study, may in the future be exploited to identify therapeutic approaches,
specifically targeting the stabilization or downstream effects of MYCN. This was already
previously done in MYCN-amplified neuroblastoma and could therefore be highly efficient also
in the FOXR2 group due to the high MYCN protein levels (Barone et al., 2013; Huang and
Weiss, 2013). Furthermore, FOXR2 is not expressed in healthy tissue except for testis, but
represents a strong marker for subsets of several cancer types, which makes FOXR2 itself a
promising target of intervention with little on target associated side effects. Since FOXR2 is a
transcription factor, which were historically viewed as “undruggable”, novel approaches such
as proteolysis targeting chimaeras (PROTACs) may be an option to specifically target FOXR2
(Bushweller, 2019).

Overall, based on these ongoing investigations | aim to shed light on oncogenic mechanisms
and functions of FOXR2 in pediatric cancer, which enables the identification of targets to

identify novel and more specific treatment strategies for FOXR2 driven pediatric tumors.
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7 Supplementary data

Suppl. table 1: FOXR2 signature based on the top100 differentially expressed genes of the FOXR2 and OTHER
group in the RNA-seq dataset. Table from (Schmitt-Hoffner et al., 2021).
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