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Abstract
Glioblastoma (GBM) is an incurable brain tumour with dismal prognosis as
the median survival for aﬄicted patients is only 8 months. Aberrations of
epigenetic processes, which govern gene expression, are involved in cancer,
but these epigenetic mechanisms are reversible and can potentially be
corrected by treatment. One epigenetic mark, DNA methylation, can also be
used for tumour classiﬁcation. �e aim of this thesis was to 1) establish a
representative model system of paediatric GBM and use it to identify new
epigenetic treatment targets, and 2) proﬁle the epigenetic heterogeneity in
adult and paediatric brain tumours and its eﬀect on methylation-based
classiﬁcation.
Patient-derived cancer stem cell (CSC) lines were established in paper I from
paediatric GBM, and the cells retained the methylation pattern of the
originating tumours. �e CSC were injected into mice orthotopically in paper
II and formed GBM tumours similar to the patient tumours. �e survival of
the injected mice correlated signiﬁcantly with the survival of the patients, and
the model thus reﬂects the clinical course of the patients. In paper III, we
performed a CRISPR knockout screen with an epigenetic library and
identiﬁed several novel genes as essential for the growth of CSC. Paper IV
demonstrated that multiple methylation subclasses coexist within adult GBM,
and that the methylation status of the clinically used biomarker MGMT also
varied. In contrast, the subclasses were stable across space and time in
paediatric brain tumours in paper V.
In conclusion, we showed that intratumour methylation heterogeneity is a
feature of adult GBM and should be considered for methylation-based
biomarkers and classiﬁcation. �e classiﬁcation was however homogeneous
within paediatric brain tumours, which is promising as it is in clinical use for
this patient group. We also established a representative in vitro and in vivo
model system of CSC derived from paediatric GBM. With this model system,
we identiﬁed candidate genes as tumour drivers and potential therapeutic
targets in paediatric GBM.
Keywords
Cancer stem cell, glioblastoma, paediatric, methylation, heterogeneity,
CRISPR

Sammanfattning på svenska
Hjärntumörer, dvs. cancer i hjärnan, drabbar 100 barn i Sverige årligen och är
den cancertyp som orsakar ﬂest dödsfall hos barn. Vi behöver därför mer
kunskap om tumörerna för att komma fram till bättre behandlingar. I
delarbete I-II etablerade vi därför ett modellsystem av cancerstamceller
(CSC) från hjärntumörer hos barn. CSC är speciella cancerceller som tros vara
de som orsakar cancern. Vi visade i delarbete I-II att vi kan odla CSC på labb
på ett sådant sätt att de är väldigt lika den tumören som de kommer ifrån, och
cellerna ger även upphov till liknande tumörer när de injiceras i möss.
Cellerna utgör således ett representativt modellsystem för hjärntumörer hos
barn.
I delarbete III använde vi vårt modellsystem av CSC i kombination med
gensaxen CRISPR. Vi klippte sönder 1200 gener i CSC med CRISPR och ville
hitta de sönderklippta gener som ledde till att cellerna dog eller växte sämre.
Vi identiﬁerade ﬂera sådana gener som tidigare inte varit kända som viktiga i
hjärntumörer. Vi validerade ﬂera gener och testade en inhibitor (för att stänga
av en gen) med lovande resultat, vilket på sikt kan innebära bättre
behandlingar.
För att ge patienter rätt behandling krävs en korrekt diagnos av tumören.
Diagnos sätts framförallt baserat på hur tumören ser ut i mikroskop, men
mycket kan inte ses utan tumörcellernas DNA behöver också undersökas. En
förändring i tumörer gäller deras metylering. Metylering innebär att en
metylgrupp (CH3; kol med tre väten) ﬁnns på vissa ställen på DNA-molekylen
och baserat på metyleringsmönstret kan tumörerna diagnosticeras bättre. I
delarbete IV studerade vi hjärntumörer hos vuxna och konstaterade att
metyleringsmönstret skiljde sig åt på olika ställen inom samma tumör och
klassades som olika diagnostiska undergrupper. Eftersom metylering är ett av
de verktyg som används för att ställa diagnos på barn med hjärntumörer
veriﬁerades i delarbete V att samma diagnos gavs på olika ställen inom
samma hjärntumör hos barn.
Sammanfattningsvis har denna avhandling 1) utrett hur metyleringsmönstret
skiljer sig inom hjärntumörer och hur det påverkar diagnos, 2) tagit fram
modellsystem för hjärntumörer hos barn och 3) identiﬁerat viktiga gener för
tillväxt av CSC. Behandling skulle kunna riktas mot dessa gener/proteiner och
kan på sikt potentiellt leda till att barn med hjärncancer lever längre.
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Introduction
Cancer
Cancer is a complex, dynamic and heterogeneous disease with genetic alterations
such as mutations and chromosomal copy-number alterations (CNAs), but also
epigenetic alterations. Shared traits/capabilities across cancer types have been
summarised into eight core hallmarks of cancers, two emerging hallmarks and
four enabling characteristics1-3. Among the core hallmarks are several capabilities
regarding sustained proliferation, resisting apoptosis, evading growth suppressors
and the immune system. �e characteristics enabling these capabilities include
genome instability and nonmutational epigenetic reprogramming (further
discussed in Epigenetics chapter). �ese two are also involved in the update of
Knudson’s two-hit hypothesis stating that two hits, through either mutation or
epigenetic silencing, is required to inactivate a tumour suppressor gene and enable
tumour initiation4,5. Additional hallmarks of cancer have been added since the ﬁrst
edition was published in 2000, highlighting the intricate complexity of cancer and
our increased understanding of it.

Childhood cancer
�e frequency of cancer increases with age in adults and cancer generally arises
due to a lifetime of accumulated mutations and genetic alterations, sometimes
linked to environmental risk factors and life style choices (e.g. smoking as risk
factor for lung cancer)6-9. Children on the other hand have a limited time span to
accumulate genetic alterations, and childhood tumours consequently have much
fewer mutations and CNAs compared to adult tumours (Fig. 1)10,11. Certain
childhood cancers such as the brain tumour pilocytic astrocytoma have very
“silent” genomes with no, or very few, genetic alterations11. �e mutations found
in paediatric tumours are in general also diﬀerent from adulthood cancer,
frequently targeting genes involved in epigenetic and developmental regulation1214
. Further, the same cancer type diﬀers substantially when it presents in adults
compared to children, e.g. the brain tumour glioblastoma (GBM) and acute
myeloid leukaemia15-17. �e types of cancers also vary between the age groups;
cancer in the breast, prostate, lung and colon are the most common in adults while
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leukaemia, central nervous system (CNS; the brain and spinal cord) tumours and
lymphomas are the most prevalent in children7. Some cancer types (e.g.
neuroblastoma) are almost unique to childhood and occur at speciﬁc age
intervals18,19. �e compiled ﬁndings indicate that there are diﬀerent mechanisms
for tumourigenesis in adult versus childhood cancer. Almost 10% of all childhood
cancer can be explained by a mutation in a cancer predisposition gene (e.g. TP53)
in the germ line11,20,21, but the cause in the remaining cases is largely unknown. �e
low level of mutations (but frequent in epigenetic pathways) combined with the
uniqueness of certain tumour types in childhood suggest a developmental window
for paediatric cancer driven by epigenetic deregulation14,22-24 as further outlined in
the Epigenetics chapter.

Figure 1. Cancer in adults vs children. Cancer differs in adults (left) and children
(right) regarding incidence, the most common cancer types, cause (e.g. smoking in lung
cancer in adults vs germ line mutations in children), genetic copy-number alterations
(CNAs) and mutations.

Paediatric cancer epidemiology
�e most common type of childhood cancer is leukemia (28%), followed by CNS
tumours (27%), which causes the most cancer-related deaths in children7,25.
Childhood cancer is fortunately relatively rare (incidence 18 per 100,000; 350
children yearly in Sweden), and survival rates have increased signiﬁcantly during
the last four decades from 58 to 86%7,26, largely due to the introduction of
multimodal treatment (surgery, chemotherapy and radiotherapy). However, the
prognosis varies substantially by cancer type, and progress has stalled for highgrade tumours, leaving cancer as the second most common cause of death for
children in developed countries7. Further, childhood cancer survivors frequently
suﬀer from side eﬀects from the treatment in the form of learning deﬁcits, severe
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or disabling chronic health conditions and psychosocial issues27,28. Novel therapies
speciﬁcally targeting the cancer cells are therefore needed to improve survival rate
and decrease the severe side eﬀects for survivors of childhood cancer.

CNS tumours
CNS tumours are very diverse with more than 100 diagnoses of varying
aggressiveness spanning from benign tumours to lethal7,29. �e tumours are
classiﬁed through a combination of histopathology and molecular diagnostics,
including mutation status and deoxyribonucleic acid (DNA) methylation29. �ey
are also graded according to the CNS World Health Organisation (WHO) scale of
1-4, with 4 denoting the most malignant/aggressive tumours29. Some of the most
common categories of CNS tumours include gliomas (arising from glial cells),
embryonal tumours (childhood tumour medulloblastoma is one of the most
common in this category), and meningiomas (arising from the meninges, which is
a membrane surrounding the brain and spinal cord)29,30. �is thesis will mainly
focus on the aggressive tumour form GBM in children (paper I-III) and adults
(paper IV), whereas paper V includes various childhood CNS tumours e.g.
medulloblastoma and ependymoma. �e following sections provide an overview
of the most common diagnoses and treatments in brain tumours in children and
adults, with a focus on GBM and how it diﬀers in children vs adults.

Paediatric brain cancer diagnoses
CNS tumours in children is a heterogeneous group regarding diagnoses, locations,
prognosis and it is also worth noting the large age span of this patient group and
corresponding biological diﬀerences between an infant and a child about to turn
18 years. Consequently, certain tumours are more frequent in older vs younger
children, e.g. the incidence of tumours of the pituitary (predominately nonmalignant) increases with age in children, whereas medulloblastoma and gliomas
decrease with age in this patient group25. �e most common types of brain cancer
in children overall are pilocytic astrocytomas (glioma grade 1), other gliomas,
followed by embryonal tumours, of which medulloblastomas are the most
frequent25. CNS tumours usually arise in the cerebellum (e.g. medulloblastoma
and pilocytic astrocytoma), brain stem (e.g. diﬀuse intrinsic pontine glioma;
DIPG) and the pituitary and chraniopharyngeal ducts (chraniopharyngeoma)25.
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Depending on the tumour type and its location, the children present with
symptoms such as headache, nausea/vomiting, hydrocephalus, fatigue, seizure,
vision impairment, balance issues and delayed development31.
�e diﬀerences between adult and childhood cancer exist also within CNS
tumours, starting with the overall frequency where CNS tumours constitute
approximately 1% of cancers in adults and, as stated above, almost 30% of
paediatric cancers7,25. �e main diagnosis in this thesis, GBM, diﬀer signiﬁcantly
between the age groups in terms of frequency (14% of CNS tumours in adults and
3% in children)25, amount of mutations and CNAs, as well as the type of mutations.
�e dismal prognosis is unfortunately similar in all age groups. Adult GBM has
more mutations and CNAs, while around 20% of paediatric GBM show minimal
number of CNAs10,11,15. �ese diﬀerences were recognized in the current 2021 CNS
WHO classiﬁcation where diﬀuse gliomas are now divided into “adult-type” and
“paediatric-type” gliomas29. It should be noted that the diagnosis GBM is not used
for paediatric patients as of the WHO 2021 classiﬁcation as they are now divided
into one of the four types of paediatric-type high-grade gliomas29. �ey are
stratiﬁed based on their location and mutation status of histone 3, which is a
mutation unique to childhood tumours14,29,32 (further discussed in Cancer
epigenomics below). Papers I and II were published prior to the 2021 classiﬁcation
and thus use the old naming convention of GBM, as does the majority of the
referenced studies herein. �ese tumours will therefore be referred to as GBM
throughout this thesis. Similarly, tumours referred to as DIPG here are termed
Diﬀuse midline glioma H3, K27 altered according to the WHO 2021
classiﬁcation29,33.
In addition to the paediatric-type diﬀuse high-grade gliomas, there is also a
corresponding paediatric-type diﬀuse low-grade glioma category with expected
better prognosis. In contrast to the diﬀuse and inﬁltrative growth pattern in these
categories, there is also a family termed circumscribed astrocytic gliomas
containing tumours with well-deﬁned boundaries. �is category includes pilocytic
astrocytoma, the most common brain tumour in children (15% of cases), which is
a slow-growing grade 1 tumour with a 5-year survival of 97%25.
Medulloblastoma, a tumour arising from remaining embryonic cells in the brain,
can occur at any age (including young adulthood in rare cases), but is most
common in younger children25. It is an aggressive grade 4 tumour with an overall
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5-year survival of 65-70%25,34. Fifteen years ago, medulloblastoma was
subclassiﬁed solely based on histological features (e.g. large cell, desmoplastic)35.
Since then, molecular subgroups of clinical and biological relevance have been
identiﬁed based on transcriptional36 and methylation proﬁling37-39 and included in
the WHO classiﬁcation29 currently containing four molecular subgroups; wingless
(WNT)-activated, Sonic hedgehog (SHH)-activated and TP53-wildtype, SHHactivated and TP53-mutant, and non-WNT/non-SHH (commonly referred to as
Group 3 and 4 where the driver genes are unknown). �e SHH-activated
medulloblastoma have a mutation in a germline predisposition gene (TP53,
PTCH1 etcetera) in around 20% of cases11. It should be mentioned that further
subtypes within the four subgroups have also been identiﬁed through methylation
proﬁling, e.g. eight subtypes within the non-WNT/non-SHH category40.
Ependymoma is a type of glioma arising from ependymal cells lining the
ventricles. �e previous WHO classiﬁcation from 2016 included 7 subgroups33,
mainly deﬁned through histology, but they showed poor correlation with tumour
grade and patient outcome41. �e classiﬁcation has therefore undergone a major
transformation in terms of clinically and biologically relevant subgroups identiﬁed
e.g. through DNA methylation proﬁling42,43. �e overall 5-year survival for
ependymoma is almost 80%25, but identiﬁed subtypes range between 50 and
95%44. In the current WHO 2021 classiﬁcation, ependymoma are divided based
on an integrated assessment of location (e.g. posterior fossa and spinal), molecular
markers (MYCN ampliﬁcation, ZFTA or YAP1 fusion genes) and histological
features into 10 subgroups (grade 1-3)29,43.

Paediatric brain cancer treatment and side eﬀects
�e treatment is largely dependent on the tumour type, its location and the age of
the patient. Very young children are for instance not treated with radiotherapy to
avoid damage to the developing brain. For low-grade tumours such as pilocytic
astrocytoma, complete resection of the tumour may be the only treatment needed.
Follow-up MRI scans monitor if the tumour grows and additional treatment in the
form of chemotherapy and radiation (for older children) or chemotherapy alone
(younger children) is then added45. Pilocytic astrocytoma has a 5-year survival of
97% for children, which is in stark contrast to GBM with a 5-year survival of 16%
in children25. �ere is no clear consensus on the optimal treatment for paediatric
GBM, but the standard treatment regimen for adults is commonly used. It consists
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of gross total resection (which may be diﬃcult to achieve depending on the tumour
location and the inﬁltrative nature of GBM), radiotherapy and chemotherapy
(temozolomide; TMZ)46,47. Additional chemotherapies have also been added on
top of this treatment in the adjuvant setting; e.g. bevacizumab on its own48, or
together with irinotecan49 or lomustine50.
Chemotherapy such as TMZ treatment cause toxic side eﬀects including
nausea/vomiting, haematologic toxicity (e.g. thrombocytopenia, lymphopenia),
and neuropathy (nerve damage), which can manifest as numbness, pain, tingling
and balance issues47,49,51. As survival for children with brain tumours have
improved (5-year survival 76%25), the long-term side eﬀects from treatment have
come into focus. Childhood brain tumour survivors have subsequently been shown
to have deﬁcits in memory, processing speed and attention span52,53. �e deﬁcits
in learning also lead to a decrease in intelligence, lowered academic achievements
and higher risk of unemployment54-56. Younger age at diagnosis is also associated
with more severe side eﬀects52,57. Further, the children also have social deﬁcits58
and higher incidence of depression, anxiety and behavioral issues compared to
their peers59. Radiotherapy is considered to have the highest risk of causing
neurological deﬁcits57, but children treated with surgery alone (without
chemo/radiotherapy) also have deﬁcits in intelligence and adaptive behavior60.

Adult brain cancer diagnoses and treatment
�e most common malignant brain tumour in adults is GBM (a diﬀuse glioma
grade 4), representing almost half of the malignant tumours and 14% of all CNS
tumours25, and, as described above, the disease diﬀers markedly between children
and adults. Among the non-malignant tumours, almost half are meningioma and
it comprises almost 40% of all brain tumours25. GBM commonly arise in the
cerebral hemispheres in a single lobe (particularly the frontal or temporal lobe) or
multiple lobes, and patients usually present with symptoms such as headache,
neurological deﬁcits, cognitive disorders, seizures and nausea/vomiting61. Median
age at diagnosis is 65 years25 and the risk of GBM increases with older age62.
�e adult-type diﬀuse gliomas are diagnosed mainly based on isocitrate
dehydrogenase 1 and 2 (IDH1, IDH2) mutations, which are most prevalent in
lower-grade gliomas, whereas GBM is IDH-wildtype63. �e IDH enzymes are
crucial for metabolic pathways including Kreb’s cycle, and IDH mutation leads to
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neomorphic activity (novel molecular function) and subsequent alterations in the
cellular metabolism and epigenetic pattern (see description on CIMP in Cancer
epigenomics)64. IDH mutated glioma patients are generally younger and have a
better prognosis compared to IDH-wildtype gliomas (GBM), which has a 5-year
survival of less than 5%25.
Standard treatment for adult GBM is based on maximal safe tumour resection,
followed by concomitant and adjuvant chemotherapy (TMZ) and radiotherapy
resulting in a median survival of 15 months46. Patients with a methylated O6methylguanine-DNA methyltransferase (MGMT) gene promoter (further
described in Methylation-based biomarkers) has been shown to respond better to
TMZ treatment65. �e standard treatment of GBM has unfortunately not advanced
since the introduction of TMZ in 2005 despite intense research eﬀorts and several
clinical trials. �e exception is a clinical study with tumour-treating electrical
ﬁelds, which in combination with standard treatment prolonged median overall
survival with almost 5 months66.

Tumour heterogeneity and cancer stem cells
Cancer is a heterogeneous disease with large diﬀerences between cancer types,
but also within tumours. �e cancer cells within a tumour diﬀer in terms of
mutations, CNAs, gene expression, epigenetic alterations, diﬀerentiation state,
signals from the tumour microenvironment, and response to therapy67-70.
Intratumour heterogeneity in adult GBM is well-described on genetic and
transcriptional levels71-73, but how the epigenetic machinery diﬀers within tumours
is less investigated, which paper IV sought to address. Regional spatial
heterogeneity in paediatric GBM and DIPG has been shown regarding
histopathology (e.g. low-grade and high-grade components), diverging subclones,
transcriptome, CNAs and mutations74-76.
�ere are two proposed models for tumour heterogeneity in cancer; the stochastic
model and the cancer stem cell (CSC) model (Fig 2). �e stochastic model (also
called clonal evolution) is based on a normal cell acquiring neoplastic
genetic/epigenetic alterations that provide a growth advantage. Over time, this cell
acquires further alterations due to genetic instability, and thus generates
subpopulations/tumour clones77. �e clone with the best growth advantage will
dominate the population until new alterations leading to additional growth
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advantages take over. In contrast, the CSC model (also called hierarchical model)
states that only a small subpopulation of cells, the CSC, are capable of selfrenewal and tumourigenesis and they give rise to diﬀerentiated tumour cells in a
hierarchical manner78,79. A CSC has been deﬁned as “a cell within a tumour that
possess the capacity to self-renew and to cause the heterogeneous lineages of
cancer cells that comprise the tumour”80. It means that CSC should be capable of
self-renewal, diﬀerentiation, express stem cell markers, and form tumours upon
transplantation in vivo.

Figure 2. Stochastic and cancer stem cell model. A) According to the stochastic model,
any non-cancer cell can acquire a growth advantage and neoplastic properties through
genetic/epigenetic alterations. The tumour cell generates subclones and they in turn
gain further advantageous alterations and expand until another clone takes over the
population, thus resulting in a heterogeneous tumour. B) The cancer stem cell (CSC)
model states that only a small subpopulation of cells, the CSC, can initiate a tumour. The
CSC are capable of self-renewal and differentiation, and give rise to a heterogeneous
tumour with cells at varying differentiation stages.

�e existence of CSC has been demonstrated in several tumours, including GBM8184
, where they are also referred to as glioma stem cells. �ey can also be called
tumour initiating cells, cancer progenitor cells or cancer stem-like cells.
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Regardless of the name, these cells are resistant to chemo and radiation therapy
and are therefore believed to be a driver in tumour growth and tumour recurrence8587
. Suggested factors contributing to their resistance are their plasticity, slow
proliferation rate and ability to enter a quiescent state, thus escaping therapies
targeting dividing cells or speciﬁc cell states88. �e origin of CSC is unclear and
speculations place the origin as de-diﬀerentiated mature cells, progenitor cells or
tissue-speciﬁc stem cells89. CSC from the brain has been suggested to originate
from neural stem cells (NSC) in the subventricular zone90.

Cancer model systems
Pre-clinical model systems of cancer are vital to elucidate the mechanisms
underlying tumourigenesis, and for developing and evaluating novel treatments.
One of the most common model systems is in vitro cell cultures derived from
tumours, going back to 1951 when the ﬁrst cancer cell line (HeLa) was established
from a patient with ovarian cancer91. Cells with the ability to proliferate
indeﬁnitely have subsequently been derived from most tumour types. �ese socalled traditional cell lines are available to researchers worldwide through cell
repositories (e.g. American Type Culture Collection; ATCC). However,
traditional cell lines adapt to an artiﬁcial environment in cell medium containing
serum and accumulate genetic alterations in culture over decades of cell culture
up to a point where they do not resemble the tumour of origin92-94. Traditional
tumour cell lines have in fact been shown to be more similar to each other,
regardless of tumour type, than to the tumours they were derived from and
supposedly model92,95. Consequently, their validity as a representative model
system is questioned. Further, the lack of clinical data (e.g. survival) precludes
correlations between results in the cell lines and clinical parameters.
In contrast to traditional cell lines, there are serum-free patient-derived primary
cell lines, where the cells are used in relatively early passages. �ey are more
similar to the patient tumour than the traditional serum-cultured cell lines, and as
such constitute a representative model system96. In recent years, it has therefore
been a transition towards primary cells and “personalized medicine” to increase
the chances that results from cell-based experiments are transferable to the cancer
in situ and hopefully to the beneﬁt of the patients. �e following sections present
an overview of in vitro and in vivo mouse model systems for paediatric and adult
GBM.
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In vitro glioblastoma model systems
�e traditional adult and paediatric GBM cell lines (e.g. U87, U251, KNS-42) are
cultured with serum, which induces astrocytic diﬀerentiation of GBM stem cells
and depletion of tumour-initiating cells (CSC)96-99. In contrast, serum-free
adherent cultures of adult glioma stem cells (CSC) have successfully been
established by multiple groups and the cells accurately represent the originating
tumours96,100-102. Adult GBM cell lines are therefore common whereas childhood
GBM cell lines are rare97, and we established the ﬁrst serum-free paediatric GBM
culture in 2017 (paper I)103. Subsequent cell cultures are scarce, but Brabetz et al.
employed a similar protocol as ours to establish serum-free paediatric GBM cell
lines104. Another group used a diﬀerent approach where they ﬁrst transplanted
freshly dissociated tumour cells into mice and then derived serum-free GBM
cultures from the xenograft tumours105. Regarding DIPG, another paediatric highgrade glioma, serum-free cultures have been established as tumour spheres106.

In vivo glioblastoma model systems
Animal models are another important pre-clinical model system as they allow for
interaction of the tumour microenvironment, signaling from other cell types and
overall a systemic model more representative of cancer compared to in vitro
culture in a plastic dish. Mouse models of adult GBM mainly consist of
subcutaneous or orthotopic transplantation of tumour tissue, freshly dissociated
tumour cells or cultured cells107. Xenograft models of serum-free adult GBM cells
initiate tumours with invasive growth patterns characteristic of human GBM
whereas transplanted traditional cell lines (e.g. U87) lack such features99,100,102,108.
Paediatric in vivo models are less common, but we also observed an invasive
growth pattern and similarity to the patient tumour upon orthotopic transplantation
of our paediatric GBM cells109 (paper II). Other paediatric CNS tumour in vivo
models are generally based on implantation of freshly dissociated tumour cells
(never cultured), but also report that the xenograft tumours are histologically
similar to the patient tumour104,105.
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Epigenetics
�e term epigenetics was coined by Conrad H. Waddington already in 1942
referring to cell diﬀerentiation and development that was not related to changes in
the genotype110. Epigenetics has later been deﬁned as the “molecular factors and
processes around DNA that are mitotically stable and regulate genome activity
independent of DNA sequence”111. �e DNA sequence is the same in all cells
within an individual, thus epigenetics regulates which genes that are expressed in
various cell types leading to the diverse cell phenotypes in the body. It is therefore
logical that epigenetics plays a fundamental role during embryogenesis,
development, X-chromosome inactivation, aging, cell growth, cell diﬀerentiation
etcetera, and aberrations in the epigenetic machinery have been linked to several
diseases including cancer112 (described further in Cancer epigenomics).
�e epigenetic machinery consists of three main mechanisms; histone
modiﬁcations, non-coding ribonucleic acid (RNA) and DNA methylation (Fig. 3).
Histones are the proteins that fold and package the DNA into chromatin.
Duplicates of the four histone proteins H3, H4, H2A and H2B form an octamer,
around which a 147 base pair (bp) DNA segment is wrapped to form a
nucleosome113. Histone modiﬁcations, including methylation, phosphorylation and
acetylation, occur on the histone tails (a protrusion from the core histone), and the
modiﬁcations alter the chromatin structure, which can aﬀect gene expression114.
Non-coding RNA is, as the name implies, not translated into a protein, but are
nonetheless able to regulate gene expression through chromatin modulation and
binding115,116.
Figure 3. The epigenetic
machinery. The three main
epigenetic mechanisms are noncoding RNA, DNA methylation
and histone modifications. DNA
methylation consists of the
addition of a methyl group to a
cytosine in a CpG site (cytosine
followed by guanine). Histones
are the proteins which fold and
package the DNA. Histone
modifications (illustrated as
coloured circles) occur on the
histone tails.
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DNA methylation
�e third epigenetic mechanism, and the most studied, is DNA methylation, which
was ﬁrst described as early as the 1940s117. DNA methylation consists of the
addition of a methyl group (CH3) to the carbon on the ﬁfth position in a cytosine,
which almost exclusively occurs on a so-called CpG site (cytosine-phosphateguanine; i.e. a cytosine DNA base followed by a guanine base)118. �e reaction is
catalysed by a family of DNA methyltransferases (DNMTs). �ey methylate the
cytosine in the CpG site by transferring a methyl group from the methylation
donor S-adenosyl methionine (SAM; Fig. 4)119,120. DNMT1 maintains already
established methylation patterns whereas DNMT3 carries out de novo
methylation121,122. Due to their role, DNMTs are referred to as methylation writers,
and they are complemented by methylation erasers and readers. �e removal of
methylation can be either passive or active, through several proposed mechanisms,
one of which is catalysed by the methylation erasers ten-eleven translocation
(TET) enzymes123-125. �e methylation readers recognise the methylation, bind to
it and mediate the eﬀect through additional factors to repress transcription126,127.
Mutation of the methylation reader MeCP2 has been shown to cause Rett
syndrome (severe mental retardation)128 whereas knockout of the methylation
writer DNMT1 leads to the termination of embryos129, highlighting the importance
of these enzymes.

Figure 4. CpG methylation. DNA methylation mainly occurs at CpG sites (cytosine
followed by guanine). A methyl group (carbon with three hydrogen; CH3) is transferred
from S-adenosyl methionine (SAM) by DNA methyltransferases (DNMT) to the carbon
(C) at the fifth position of cytosine to form methylated cytosine (5-methylcytosine).
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�e human genome contains almost 30 million CpG sites and the majority are
methylated in human somatic cells130. A region with many CpG sites in close
proximity is termed a CpG island131. �e regions next to the CpG islands has been
deﬁned as shores (<2 kb away), followed by shelves (2-4 kb away) and then the
Open Sea, with the frequency of CpG sites decreasing with distance from the CpG
island132 (Fig. 5A). CpG islands are the most studied as they are frequently located
in gene promoter regions, with more than half of mammalian gene promoters
being associated with a CpG island133. DNA methylation has been shown to
regulate gene expression through the methylation state of the promoter region; an
unmethylated promoter allows for gene expression whereas a hypermethylated
promoter silences gene transcription130,134 (Fig. 5B-C). �is regulation of gene
expression is critical e.g. in embryogenesis, imprinting, development and cell
diﬀerentiation120,135,136.

Figure 5. DNA methylation and gene expression. A) CpG sites are most frequent at
CpG islands (CGI) and more sparse further away in the shores, shelves and the OpenSea.
B) DNA methylation in the CGI can regulate gene expression where a methylated CGI
represses gene expression and C) an unmethylated CGI allows for gene expression.

Cancer epigenomics
�e 2022 updated revision of the Hallmarks of Cancer included deregulated
epigenetics as an enabling characteristic of cancer3. �e epigenetic pattern is
widely altered in cancer where several epigenetic factors work together in
synchrony to modify the packaging of the chromatin137-139. �e chromatin structure
alters the accessibility of the DNA, which in turn modulates the gene expression140-
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. Epigenetic alterations are however reversible and can, in theory, be treated to
revert or diﬀerentiate cancer cells into a non-neoplastic cell state. Several
“epigenetic drugs” have been approved by the US Food and Drug Administration
(FDA), including the DNMT inhibitors 5-azacytidine and decitabine, and the
histone deacetylase inhibitors vorinostat and valproic acid. Several clinical trials
are currently ongoing to evaluate epigenetic drugs in paediatric brain tumours143.
�e following sections will focus on the most common histone mutations and
methylation aberrations in cancer, particularly in brain tumours, and its utility for
tumour classiﬁcation.
142

Global hypomethylation, mostly occurring in repetitive regions, is a universal
feature of solid cancers, leading to chromosomal instability and increased
mutation frequency144-146. �e mechanisms that induce these changes are unknown,
but studies suggest that the alterations occur early in tumour development147 and
are present in normal tissue prior to tumourigenesis148-150. �ere are also speciﬁc
alterations promoting tumourigenesis through hypomethylation (i.e. activation) of
oncogenes and hypermethylation (silencing) of tumour suppressor genes134,151.
Epigenetic silencing has been proposed to act as one of the hits5 in Knudson’s twohit hypothesis4. A genome-wide hypermethylation of CpG islands was dubbed the
CpG island methylator phenotype (CIMP), when it was ﬁrst described in
colorectal cancer more than twenty years ago152. Ten years later (2010), it was
shown in a subset of adult gliomas of low-grade (glioma CIMP; G-CIMP), with a
very strong association to IDH1 mutation, the molecular marker used for
stratifying adult glioma diagnoses153,154.
Paediatric tumours, including CNS tumours, have fewer mutations than adult
tumours, suggesting a particular importance of deregulated epigenetics in
childhood cancer10,11. �e IDH1 mutations commonly occurring in younger adults
with lower-grade gliomas are rarely observed in paediatric glioma16. However,
driver mutations in histone H3.3 (H3F3A or HIST1H3B/C) and the chromatin
remodelling genes ATRX (α-thalassemia mental retardation X-linked) and DAXX
(death-domain associated protein) have been identiﬁed in almost half of
paediatric GBM and up to 80% of DIPG14,32. �e mutations cause an amino acid
substitution (K27M or G34R) on the histone tail, which lead to widespread
changes in gene expression and epigenetic aberrations, e.g. through DNA
methylation, speciﬁc for the location and mutation14,16,155,156. �e H3 mutation state
(in genes H3F3A or HIST1H3B/C) and type of mutation (K27 or G34) has been
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incorporated in the current WHO 2021 classiﬁcation of paediatric-type diﬀuse
high-grade gliomas29 and can be identiﬁed through methylation-based tumour
classiﬁers. Interestingly, the histone mutations are speciﬁc to children and young
adults, mainly within GBM and DIPG14, but has less frequently also been observed
in low-grade gliomas157,158 . It suggests that the defect chromatin pattern, induced
by the histone mutation, is a driver of tumourigenesis for this age group.

Methylation-based tumour classiﬁers
�e characteristic methylation pattern, reﬂecting the cell of origin and cancer
has proven useful in tumour classiﬁcation and
alterations159,
16,155,160-162
. Unlike the standard histopathological evaluations,
subclassiﬁcation
which suﬀer from inter- and intra-observer variability41,163, methylation-based
proﬁling provides an unbiased diagnosis that can be used as a complement to
histopathology. Methylation proﬁling has also identiﬁed novel biologically and
clinically relevant tumour subgroups where the medulloblastoma and
ependymoma subgroups (as described above)42,164,165 are included in the latest
edition of the CNS WHO classiﬁcation29,33. In light of this progress, multiple
methylation-based tumour classiﬁers have been developed over the last few years.
One classiﬁer diagnosed metastases of unknown primary origin by matching its
methylation pattern to the cancer type with most similar proﬁle166. Several
classiﬁers speciﬁc for CNS tumour have also been developed by multiple
groups155,160,167. �e most widely used is the Molecular Neuropathology (MNP)
classiﬁer by Capper et al.155, which is also used clinically for paediatric brain
tumours in several countries, including Sweden168-170.

Methylation-based biomarkers
In addition to methylation classiﬁers, there are also methylation-based biomarkers,
where MGMT is the most well-known and in clinical use for treatment decision in
elderly GBM patients171. MGMT codes for a DNA repair enzyme that counteracts
the alkylating TMZ treatment172. Patients with an active MGMT promoter
(unmethylated) therefore have no beneﬁt of TMZ treatment, and are given
radiation only as treatment, while patients with a silenced (methylated) MGMT
promoter receive TMZ in addition to radiotherapy65,171,173.
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Additional methylation-based biomarkers, not in clinical use, is G-CIMP where
adult glioma patients with G-CIMP have a better prognosis compared to patients
without G-CIMP153. Another suggested biomarker is age-estimators based on the
methylation-proﬁle174-176. Several such “epigenetic clocks” have been developed
and age acceleration (higher methylation age than chronological age) has been
shown to occur in cancer and to vary across GBM subtypes174,175. We did a study
on paediatric brain tumours and found that the age acceleration was subtypespeciﬁc for ependymoma, medulloblastoma, glioma and atypical teratoid rhabdoid
tumours (ATRT)177. For three of these tumour types, the subtype with highest
acceleration corresponded to the worst prognosis suggesting the potential use of
methylation age as a prognostic biomarker in childhood CNS tumours.
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Genome engineering
Genome engineering allows for speciﬁc alterations in the genome, and the ﬁrst
method, zink-ﬁnger nucleases (ZFN), was developed in 1996178 and followed by
transcription activator-like eﬀector (TALE) nucleases (TALEN) in 2010179. �ese
methods are time-consuming as protein engineering is needed to alter the DNAbinding modules and target another genomic locus. �e newest genome
engineering technique is called clustered regularly interspaced short palindromic
repeats (CRISPR). It is originally part of the bacterial immune system, but was
repurposed 2012 for genome engineering in mammalian cells180-182. It was rapidly
applied in basic life science, clinical trials to cure heritable diseases, agriculture to
create resistant crops, and research on COVID-19 detection183-187. Only eight years
after their landmark paper180, Emmanuelle Charpentier and Jennifer Doudna were
awarded the Nobel Prize 2020 for their development of CRISPR as a gene-editing
tool.

CRISPR-Cas9 mechanism of action
As mentioned, CRISPR is part of the adaptive immune system in many bacteria
and works by cleaving (destroying) foreign genetic elements (bacteriophages,
plasmids)188-190. �e CRISPR locus consists of a CRISPR array, CRISPR
associated (Cas) genes and trans-activating CRISPR RNA (tracrRNA)191,192. �e
CRISPR array contains repetitive sequences interspaced by short non-repetitive
sequences called spacers, which is a piece of DNA from a past intruder (e.g.
bacteriophages) and DNA from new intruders is also incorporated into the
CRISPR array188,193. �e incorporated DNA is next to a protospacer adjacent motif
(PAM) site (NGG) in the intruder’s genome194,195. �e spacers are transcribed into
CRISPR RNA (crRNA) and anneals to the tracrRNA and this cr:tracrRNA duplex
forms a complex with Cas9 (CRISPR associated protein 9) and guides it to cleave
the foreign DNA (spacer) with a double strand break occurring 3 bp from the PAM
site180,196.
�e CRISPR system has subsequently been modiﬁed for editing in mammalian
genomes180-182. A guide RNA (gRNA) including 20 nucleotides (corresponding to
crRNA) is designed to be complementary to the targeted DNA sequence (the
“spacer”) in the genome, making it easy to alter the targeting site. �is sequence
must however be directly adjacent to a PAM site (NGG for Cas9). �e gRNA
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(crRNA:tracrRNA) forms a complex with the nuclease Cas9, and induces a double
strand break at the DNA sequence complementary to the gRNA180. �e DNA break
is repaired by the cell mainly through error-prone non-homologous end joining
(NHEJ), which frequently creates gene-disrupting mutations in the form of small
insertions/deletions (indel) leading to loss of protein (gene knockout; Fig. 6)197-199.
CRISPR can also be used for epigenome editing where dead Cas9 (dCas9; inactive
Cas9 mutant) forms a DNA guiding system with a gRNA200. dCas9 is fused to
various eﬀector domains (KRAB, DNMT3a etc.) for e.g. transcriptional regulation,
DNA methylation, demethylation and histone residue modiﬁcation at the target
location200,201.

Figure 6. CRISPR-Cas9 knockout. The Cas9 nuclease and gRNA forms a complex and
binds to the DNA that is complementary to the 20 nucleotide long crRNA portion of the
gRNA. Note that the crRNA is next to a protospacer adjacent motif (PAM site; NGG for
Cas9). The Cas9 nuclease induces a double strand break between the 3rd and 4th bp
from the PAM site. The DNA break is repaired by the error-prone repair mechanism nonhomologous end joining (NHEJ), which can repair the DNA correctly, but frequently
creates small insertions/deletions or frameshifts which can lead to gene knockout.

CRISPR editing eﬃciency and oﬀ-target eﬀects
�e eﬃciency of the CRISPR edit is aﬀected by the form of the CRISPR
components (plasmid, mRNA, protein), method of transfection (lipofection,
nucleofection/electroporation, lentivirus), the sequence of the gRNA and the
ﬁdelity of the nuclease202-204. Delivering the Cas9:gRNA complex as a formed
ribonucleoprotein (RNP) have proven to result in less oﬀ-target eﬀects (described
below) and be more eﬃcient than plasmids, mRNA and lentivirus, with indel
formation in 80-90% of the transfected cells204,205.
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DNA cleavage, and subsequent indel formation, at other genomic loci than the
intended target is referred to as oﬀ-target eﬀects206. �ey can occur at locations
with similar DNA sequence as the intended target with up to ﬁve mismatches, or
with alternative PAM sites (NAG instead of NGG)207-209. Oﬀ-target eﬀects are
therefore a concern for CRISPR-based genome editing, particularly for in vivo
therapeutic applications186.

CRISPR in cancer research
CRISPR enables research on all hallmarks of cancer210 and a wide range of
CRISPR-based methods, editing the genome and epigenome, has therefore been
applied in cancer research187,200,201. �is section will mainly describe CRISPRbased gene knockout in cancer, with a particular focus on GBM. One of the most
common uses of CRISPR is to identify genetic dependencies for cancer cells (i.e.
genes essential for cancer cell growth/ﬁtness), which has mostly been done by
pooled genome-wide knockout screens with lentivirus transductions211-214.
Genome-wide pan-cancer CRISPR knockout screens have been performed in
more than one thousand cancer cell lines, mainly through the cancer dependency
map (DEPMAP)214-216, and project Score213,217. �ese massive screens have
identiﬁed dependency genes in separate tumour types and pan-cancer. However,
the screens were performed on traditional cell lines cultured in serum. Screens on
patient-derived serum-free adult GBM cultures100 have been done and they
detected tumour drivers outside the networks commonly altered in GBM218, and
identiﬁed stemness regulators as essential219. Very few knockout screens have
been performed on paediatric cell lines, which is needed given the molecular
diﬀerences between childhood and adult cancer10,11. �e exception is paediatric
DEPMAP216 with 82 paediatric cell lines, but all were traditional lines and none of
them were derived from GBM.
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Aims
�e overall goal of this thesis was to develop representative model systems of
paediatric GBM, and to determine the eﬀect of intratumour epigenetic
heterogeneity in adult and paediatric brain tumours on methylation-based
classiﬁers. An accurate diagnosis and subtyping of the tumour is essential for
providing an appropriate treatment regimen, and we therefore aimed to investigate
how heterogeneity within tumours aﬀects DNA methylation-based diagnostics,
which is used clinically for all childhood brain tumours and challenging cases of
adult brain tumours. Even with a correct diagnosis and treatment, patients with
high-grade brain tumours such as GBM share a very poor prognosis in all age
groups. Treatment failure is partly caused by CSC, which are resistant to
chemotherapy and radiation and of particular interest to study. However,
remarkable molecular diﬀerences exist in adult vs childhood GBM, necessitating
dedicated model systems and studies on each age group. We therefore also aimed
to establish an accurate model system of paediatric GBM to generate knowledge
on CSC and tumour progression and identify novel epigenetic tumour drivers and
targets for treatment. �is could lead to more speciﬁc treatments that prolongs
survival and decreases side eﬀects for children with GBM.

�e speciﬁc aims were to:
Paper I&II: Establish a representative patient-derived in vitro (paper I) and in
vivo (paper II) CSC model system for paediatric GBM to enable functional studies
Paper III: Identify epigenetic treatment targets in the CSC derived from
paediatric GBM
Paper IV&V: Proﬁle the methylation intratumour heterogeneity in adult (paper
IV) and paediatric (paper V) brain tumours, and evaluate implications for DNA
methylation-based classiﬁcation
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Materials and methods
�e main methods used in this thesis are described below. �e reader is referred
to the method sections in paper I-V for detailed descriptions on additional
techniques.

Patients and samples (paper I-V)
Patient inclusion and sample collection was approved by the Regional Ethical
Review Board in Gothenburg (Dnr. 604-12) and carried out in accordance with the
relevant regulations and guidelines. Tumour tissue was collected from patients
undergoing CNS tumour resection at Sahlgrenska University Hospital after signed
informed consent from the patients, or from the parents of paediatric patients. For
paper IV and V, we collected spatially separated samples from each tumour and
for paper I, we received tissue from a single location. Imprints were made of all
tumour samples and the tissue was frozen in liquid nitrogen, for subsequent lowtemperature storage and extraction of DNA/RNA, or brought to the lab in PBS
(Phosphate-Buﬀered Saline) for cell isolation and subsequent cell culture (see
below). For paper V, we also included patients with paired primary and relapse
tumours from a Swedish national methylation study (Dnr: 604-12, T1162-16). �e
tumour tissue for these samples were received as formalin-ﬁxed paraﬃnembedded (FFPE).

Cell isolation and cell culture (paper I-III)
�e tumour tissue was mechanically and enzymatically dissociated into single
cells, which were cultured adherently on laminin-coated plastics in a serum-free
NSC media (containing for example N2 and B27), thus promoting stem cell
features, supplemented with epidermal growth factor (EGF), as previously
described100. EGF is added to the media as studies have shown it necessary for
stem cell maintenance and self-renewal220. Seven cell lines from paediatric highgrade gliomas were established and used in this thesis. Six of the cell lines are
described in paper I, but updated nomenclature as stated in parenthesis below, is
used in this thesis; BPC-A7 (GU-pBT-7), BPC-B0 (GU-pBT-10), BPC-B5 (GU-
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pBT-15), BPC-B9 (GU-pBT-19), BPC-C3 (GU-pBT-23) and BPC-C8 (GU-pBT28). �e seventh cell line, GU-pBT-58, was established, as described above after
the publication of paper I from a 3-year old girl with DIPG.
�e cells were cultured in a humidiﬁed incubator at 37°C and 7% CO2. Media was
changed every 3-4 days and the cells were passaged with Accutase typically once
a week with a split ratio of 1:2-1:7 depending on the cell line. All cell lines were
regularly tested for mycoplasma contamination (Euroﬁns Genomics, Ebersberg,
Germany), and the patient identity of the samples was veriﬁed with short tandem
repeats proﬁling (IdentiCell, Aarhus University Hospital, Denmark). �e
established cell lines could be cultured adherently for at least 30 passages without
major alterations (see paper I).
As non-cancer control cells in paper III, we used two foetal NSC lines, FT-3465
and FT-3477, derived according to previously established protocols221,222. �e NSC
lines were cultured under the same conditions as the CSC described above, except
that ﬁbroblast growth factor (FGF) was also added to the media as it has been
shown necessary, in combination with EGF, to isolate NSC220,223.

CRISPR (paper III)
We performed a CRISPR knockout screen to identify genes essential for CSC
growth in paper III. CSC were lentivirally transduced and selected for stable Cas9
expression with blasticidin. A lentiviral CRISPR-Cas9 knockout screen with a
chromatin remodelling/epigenetic library containing 1 200 genes203 and four
gRNA/gene was thereafter performed in duplicates. Model-based Analysis of
Genome-wide CRISPR Knockouts (MAGeCK)224 was performed comparing the
read counts for each gRNA at the end-point (6 weeks) to the input library, and
ranking the genes based on the log fold change and the number of concordant
gRNA. �e transductions and MAGeCK analysis were performed at SciLife
CRISPR Functional Genomics (Stockholm, Sweden). False-positive hits were
excluded by removing gRNA with multiple matches in the genome or located in
regions where the CSC had CNAs225,226, and based on lack of gene expression in
RNA-sequencing data of the unedited CSC. Hit calling was based on top 250
ranking and three concordant gRNA (out of the four) in both duplicates.
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For validation of the CRISPR screen, we used nucleofection (4D-Nucleofector™,
Lonza, Basel, Switzerland) to introduce the CRISPR components into the cells as
RNP complexes of the Cas9 and gRNA (duplex of crRNA:tracrRNA; IDT,
Coralville, USA)204,205. After knockout, the cells were analysed for cell conﬂuence
in a live-analysis system, cultured for one month, and counted at each split. DNA
cleavage at the intended target was veriﬁed by ICE (Inference of CRISPR Edits)227
analysis approximately 10 days after knockout. To evaluate potential oﬀ-target
eﬀects we also performed ICE analysis on two of the top predicted oﬀ-target sites
for the gRNA.

In vivo experiments in mice (paper I-II)
�e mouse experiments were approved by the animal ethics committee in
Gothenburg (Dnr. 10-2015) and conducted according to guidelines from the
Swedish National Board for Laboratory Animals. Brieﬂy, 100 000 cells were
injected into the frontal cortex of immunocompromised CIEA-NOG mice, as
previously described100. �e mice were monitored and weighed weekly, and were
euthanized upon neurological symptoms and/or a 20% weight loss. �e mouse
brain was removed, ﬁxated and embedded in paraﬃn prior to sectioning and
histological analysis.

In vivo experiments in zebrafish (paper I)
Zebraﬁsh experiments included 1) injection of RFP-labelled cells into the
ventricles of zebraﬁsh embryos and visualisation of tumour growth with confocal
imaging, and 2) injection of unlabelled cells intranasally into adult zebraﬁsh to
create a survival-curve (Dnr. 6-2015; animal ethics committee in Gothenburg).

Histology (paper I, II, IV, V)
Fresh-frozen tumour tissue from mouse brains (paper I and II) and spatially
separated regions of the tumours from paper IV were ﬁxated in
paraformaldehyde/formaldehyde at 4°C overnight, embedded in paraﬃn and cut
into 5 µm sections prior to de-paraﬃnisation. �ese sections, as well as imprints
of fresh tumour tissue (paper I and V), were counterstained with Mayer´s
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hematoxylin and eosin. �e paired temporal tumour samples in paper V had been
FFPE-processed by the regional pathology departments. Sections immediately
prior to and after the sections used for DNA extraction (and subsequently DNA
methylation analysis) were used for histology. Tumour cell content was thereafter
evaluated for all samples described above by a specialist in clinical
neuropathology.

Immunohistochemistry (paper I-II)
Immunohistochemistry was performed in paper I and II on sections of
xenotransplanted mouse brains using a human-speciﬁc antibody against NESTIN
to allow for detection of the injected CSC and its progeny, and the proliferation
marker Ki67. �e stainings were performed with a Vecta Stain Kit (Vector
laboratories, Burlingame, USA).

Immunocytochemistry (paper I and III)
Analyses of in vitro cultured cells included 5-ethynyl-2-deoxyuridine (EdU)
incorporation, to measure proliferation, and immunocytochemistry. EdU was
added to the cells 24 hours prior to ﬁxation with 4% paraformaldehyde. For
immunocytochemistry, the cells were ﬁrst permeabilised with PBS-Triton (0.1%)
to enable the antibodies to enter through the cell membrane, then blocked with
goat serum to prevent unspeciﬁc binding, and subsequently incubated with the
primary antibody binding to the protein of interest. Primary antibodies used in this
thesis (paper I and III) were the stem cell/neural progenitor markers NESTIN,
VIMENTIN and SOX2 (sex determining region Y)-box 2); diﬀerentiation markers
GFAP (glial ﬁbrillary acidic protein), MAP2 (micro-tubule associated protein 2)
and OLIG2 (oligodendrocyte transcription factor 2). �e cells were thereafter
incubated with a secondary antibody, targeted against the species of the primary
antibody thus binding to it. �e secondary antibody was also conjugated to an
Alexa ﬂuorophore allowing for detection of the protein targeted with the primary
antibody. DAPI (4’,6-diamidino-2-phenylindole) was used as a nuclear
counterstain for all cells. �e Operetta (PerkinElmer, Waltham, USA) was used
for image capture, image analysis and automated cell quantiﬁcation.
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DNA methylation analysis (paper I, II, IV, V)
DNA was extracted from tumour tissue, cell pellets or FFPE tissue and thereafter
bisulﬁte modiﬁed (Zymo, Orange, USA). Bisulﬁte modiﬁcation converts
unmethylated cytocines into uracil, whereas methylated cytosines are unaltered,
thus allowing for subsequent distinction of methylated vs unmethylated cytosines.
DNA extracted from FFPE samples is frequently degraded and unsuitable for
array-based processes228-230. �e bisulﬁte-modiﬁed DNA from FFPE samples was
therefore restored/repaired using the Inﬁnium FFPE restore kit (Illumina, San
Diego, USA) prior to array processing.
DNA methylation was measured for all samples with Inﬁnium BeadChip arrays
(Illumina) evaluating >450 000 (450K array) or 850 000 CpG sites (EPIC array)
respectively. �e human genome contains in total almost 30 million CpG sites130,
and the CpG sites selected on the arrays include CpG islands, open sea, gene
promoter, intergenic regions, enhancers etcetera231. For each CpG site on the
methylation array, there are beads, which emit diﬀerent colours (red and green)
depending on the methylation state of the loci. We chose methylation arrays since
they are the most common in the ﬁeld, there exists many publically available
datasets and packages, and most important, the clinically used tumour classiﬁer is
based on this array155.
�e raw DNA methylation data from the arrays was processed using the statistical
software R (https://r-project.org) with the R package ChAMP232. �e methylation
levels were calculated as β-values:

𝛽𝛽𝛽𝛽 =

max(𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ )
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ ) + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑦𝑦𝑦𝑦𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ ) + 𝛼𝛼𝛼𝛼

where α is a constant to avoid a small denominator. β ranges between 0,
completely unmethylated, and 1, completely methylated.
�e methylation data was thereafter normalised using the minﬁ233 and ChAMP232
packages. CpG sites located on sex chromosomes, single nucleotide
polymorphism sites, aligning to multiple sites or probes with missing values were
ﬁltered away. Diﬀerentially methylated positions (DMP) were identiﬁed as sites
with a Δβ ≥ 0.3 (paper IV and V) between two samples. In paper I and II, we also
looked at major methylation changes, i.e. a switch from methylated to
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unmethylated or vice versa, and for that purpose used a threshold of Δβ ≥ 0.51, as
deﬁned previously234,235.
CNAs were inferred from the methylation array data using the conumee
package236. Methylation-based classiﬁcation and subclassiﬁcation of the samples
were done on the array data using the MethPed classiﬁer167 (paper I and II) and the
MNP classiﬁer155 (paper IV and V). MNP classiﬁer version 11.b4 was used in paper
IV and the new 12.5 version in paper V. Version 11.b4 classiﬁes the samples ﬁrst
into a methylation class and then into a subclass. Version 12.5 classiﬁes the
samples ﬁrst into a methylation superfamily, then a family, followed by the class
and subclass. �e classiﬁcations are given a calibrated score (ranging between 0
and 1) reﬂecting the conﬁdence in the classiﬁcation155. Version 11.b4 had a
recommended threshold of calibrated score ≥0.9 for the methylation class, and
subclass calibrated score ≥0.5, whereas 12.5 employs ≥0.9 at all levels. Scores
below the threshold can still be useful, but require an integrated assessment168.
�e Horvath methylation age estimator174,175,177 was used in paper IV and it is based
on the methylation values of 353 CpG sites. �e Horvath methylation clock was
trained on cancer and normal tissue from children and adults and modelled to
reﬂect the chronological age.

Statistical methods (paper I-V)
Pearson correlation was used to determine the linear association of two variables,
ranging from -1 to 1. Student’s t-test was used to determine if the means of two
variables diﬀered signiﬁcantly. If nothing else is stated, a p-value of <0.05 was
considered signiﬁcant. Bonferroni or Benjamini-Hochberg correction was applied
for multiple testing. Kaplan-Meier analysis was used in paper II to visualize the
proportion of injected animals alive and the time-points for their
deaths/euthanisation. Hierarchical clustering was used on methylation data as it
groups the most similar samples into a cluster based on a distance metric of their
methylation values. �e hierarchical algorithm continuously merges the two
closest clusters and visualises the results in a dendrogram.
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Results and discussion
Paper I: Stem cell cultures derived from paediatric
brain tumours accurately model the originating
tumours
�e prognosis for children with GBM is devastating25 and functional studies are
desperately needed to improve the understanding of the cellular and molecular
pathogenesis, and to develop new therapies. Unfortunately, well-characterised
model systems for paediatric brain tumours are scarce, and utilising model
systems for adult brain tumours is unsuitable given the molecular diﬀerences (as
discussed above) between adult and paediatric brain tumours11,14,16,237. �e aim of
paper I was therefore to establish a stable in vitro cell culture system that closely
resembles the originating paediatric GBM tumours.
We successfully established cell lines from six paediatric GBM tumours and
showed that the cells were proliferative for at least 30 passages, expressed NSC
markers (Fig. 7A), could grow as neurospheres, responded to diﬀerentiation cues,
and initiated tumours upon injection into mice (Fig. 7B). �is suggests that the
cells are in fact CSC according to the criteria set forth by the American
Association of Cancer Research80. �e cells largely retained the CNAs and point
mutations of the tumour and displayed a high similarity in DNA methylation
pattern to its originating tumour (Fig. 7C). In fact, less than 3% of the investigated
CpG sites changed methylation state (unmethylated to methylated or vice versa)
in the cells compared to the originating tumour.
�at the cells are representative of the originating tumour is key for all functional
studies, and one of the major advantages of patient-derived cells over traditional
cell lines. Traditional cell lines have often been cultured for decades in serum and
may no longer represent the tumour they were derived from82,92,96. In a worst-case
scenario, they may not actually be the tumour type of interest due to a mix-up, as
was the case with the adult GBM cell line U87238. Our culture system is serumfree and the addition of serum induced diﬀerentiation. It should be mentioned that,
similar to the adult setting, cell lines cannot be established from all GBM102,239.
�e reason why is not completely understood, but it has been shown that adult
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GBM patients from which a cell line could be established, had shorter survival
than those where a cell line could not be established102, suggesting that the culture
conditions are more suitable for aggressive tumours. Lower-grade tumours cannot
be established either under the conditions we used, possibly because of a lack of
a CSC population or due to their less aggressive nature.
To summarize, the established cell lines fulﬁlled the criteria of CSC and were
similar to the originating tumours in terms of methylation pattern and genomic
aberrations. We thus concluded that we have a robust model system of CSC where
the cells accurately represent the tumours they were derived from.

Figure 7. Characteristics of established cell lines. A) The cells are proliferative
(visualised with EdU incorporation), express stem cell and neural stem cell markers
(NESTIN, SOX2 and VIMENTIN), and B) initiate brain tumours upon orthotopical
transplantation into mice. Brown colour is staining by a human-specific antibody for
NESTIN. C) Unsupervised clustering of the β-values of the top 5% variable methylation
sites clusters all cell lines together with their originating tumour, thus demonstrating
their similarity. The colour of the samples denote their patient identity. The figures are
from Paper I.
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Paper II: Cell line-based mouse model mirrors the
clinical course of the patient
In paper II we wanted to further characterise the tumours that formed in mice after
injection by the three CSC lines described in paper I. We injected three additional
CSC lines and all six were evaluated for tumour formation in mice and compared
to the originating patient tumour and the in vitro cell line. At the time, this was the
ﬁrst cell line-based xenograft mouse model of paediatric GBM. Other described
models injected tumour tissue or freshly dissociated cells rather than cultured
adherent cells. By injecting tumour tissue there is a variability between mice in
the same group and reported engraftment rates were 31% (8 of 26)104, 67% (2 of
3)240 or even complete failure (0%)241. We therefore transplanted cultured CSC in
relatively low passages (~passage 10), and all six CSC lines formed tumours in
mice with an engraftment rate of 97% (29/30 mice), which far supersedes the
models based on injection of tumour tissue or dissociated tumour cells.
�e survival time of the injected mice varied between the cell lines, but
importantly, was similar for replicate mice injected with the same cell line (Fig.
8A), demonstrating a repeatability and homogeneous growth. All tumours in the
mice were classiﬁed as GBM by the methylation-based classiﬁer MethPed167. �e
methylation pattern in the xenografts was very similar to both the injected CSC
and the originating patient tumours (Fig. 8B) as very few DMPs were observed.
�e CSC thus retain their methylation proﬁle in vivo. Similarly, few de novo
CNAs in the xenograft tumours compared to the injected CSC were identiﬁed,
suggesting that the genome is mostly stable.
�e formed tumours were evaluated by histology and shown to be very inﬁltrative,
and presented similarities to the original patient tumours. Interestingly, the
survival time of the mice injected with CSC correlated signiﬁcantly to the survival
time of the patients from whom the CSC were derived (Fig. 8C). �is shows that
the mouse model mirrors the clinical course of the patient and is therefore a
representative model for evaluating new treatments. It is a major advantage
compared to previously published models and by injecting cells rather than tumour
tissue, we obtained a high engraftment-rate and homogeneous replicates without
needing to passage mice to maintain the model. �is is in line with the ethical
animal 3R guidelines of reducing, reﬁning and replacing the use of animals.
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Figure 8. Mouse model mirrors the clinical course of patients. A) Kaplan-Meier
survival curve of the injected mice (5 per cell line). B) The xenograft tumour (X) retained
the methylation pattern of the injected cell line (denoted C) and the originating patient
tumour (T). C) The mean survival of the mice correlated significantly with the survival
of the patients from whom the cells were derived. The figures are from Paper II.

No model is perfect and disadvantages of this model include that it is based on
injecting in vitro cultured cells, which, as described above, is also a great
advantage. However, it limits the model to tumours from which cell lines can be
derived and that is not the case for all, particularly not lower-grade. Further,
immunodeﬁcient mice are used to allow for the injection of human material, thus
precluding analyses of the immune system. Another drawback is the diﬃculty in
following tumour growth in real time and MRI was not successful in detecting the
tumour formation, likely due to the inﬁltrative nature of GBM. �is obstacle could
be overcome with e.g. luciferase labelling of the cells prior to injection, enabling
in vivo imaging during the experiment, likely allowing for shorter experiments.
Despite the limitations, which apply to most paediatric GBM mouse models, we
have created an in vivo model where established cell lines are injected
orthotopically with a very high engraftment rate (97%). �e xenograft tumour is
representative of the patient tumour and mirrors the clinical course of the patient.

32

ANNA W ENGER

Paper III: CRISPR knockout screen identifies
essential genes in paediatric cancer stem cells
�e prognosis for high-grade tumours such as GBM is poor and there is no
consensus on treatment for these patients7,25. New treatments are thus needed to
improve survival and reduce the severe side eﬀects to the still developing brain
that the current treatments (surgery, radiation and chemotherapy) inﬂict27,242,243.
�e aim of this project was therefore to identify new treatment targets in paediatric
GBM by performing a CRISPR-Cas9 knockout screen on our patient-derived CSC
with an epigenetic/chromatin modiﬁer library. A genome-wide screen was, at the
time, considered to require too many cells to be feasible for our patient-derived
system. We therefore selected a focused epigenetic/chromatin modiﬁer library
given the importance of epigenetic deregulation in childhood cancer10,14,22,237.
�e results from the knockout screen showed that the screen robustly identiﬁed
the positive controls and previously known essential genes. Comparisons to
previous data sets with knockout screens213 were then made to identify novel genes
in GBM that are potentially sparing for normal cells. We thus excluded some of
the top hits as they were well-known and predicted to be essential in normal cells
as well. �e ideal target for therapy would be a gene (protein) essential only for
the cancer cells (including the CSC), but not for healthy normal cells, which would
then be spared by the treatment.
After exclusion, we selected a handful of hits for individual validation in the CSC
through nucleofection of RNPs. Knockout through this procedure yielded high
cleavage eﬃciencies similar to previously reported244,245. �e individual knockout
of the genes signiﬁcantly decreased the cell growth (proliferation and viability) of
the CSC, in concordance with the screen results. Importantly, we also veriﬁed that
there were no oﬀ-target eﬀects. �e choice of RNPs202,204,205, and gRNA designed
to minimize oﬀ-target eﬀects203 likely contributed.
�e genes were also knocked out in NSC with less eﬀect, indicating that the genes
are more important for the growth of CSC. �is demonstrated that the genes are
essential for CSC growth and potential treatment targets. One of the genes had a
commercially available inhibitor, which we employed on the CSC and it killed
virtually all cells after only a few days. We therefore suggest that the validated
genes should be further evaluated as treatment targets in paediatric GBM.
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Paper IV: Intratumour methylation heterogeneity is a
feature of adult glioblastoma
Intratumour heterogeneity in GBM tumours on a transcriptomic and genomic level
is well-documented71-73. We therefore aimed to determine whether it also exists on
the epigenetic level, and if this aﬀects DNA methylation-based classiﬁcation and
biomarkers. We therefore sampled spatially separated biopsies from 12 adult GBM
patients, processed the samples on DNA methylation arrays and used the MNP
DNA methylation classiﬁer v11b4155 to obtain diagnoses and subclasses, as well as
analysed the number of DMPs within tumours. Inter- and intra-observer bias
regarding classiﬁcation based on histology is an issue163, whereas an unbiased
diagnosis can be obtained from the methylation-based classiﬁer. Methylation
classiﬁcation is already now included in the current CNS WHO 2021
classiﬁcation29 for certain tumours (e.g. subgrouping of medulloblastoma), and
used clinically for paediatric CNS patients in several countries168-170. Its diagnostic
value in adult CNS tumours, particularly for tumours with unusual histology or
inconclusive molecular proﬁle, has also been demonstrated246.
All samples in this study were classiﬁed as GBM by the methylation classiﬁer, but
the GBM subclass diﬀered within ﬁve out of 12 tumours (Fig. 9A). A subsequent
study later reported four of 27 adult GBM with subclass heterogeneity247. �e
results from the MNP classiﬁer suggest that biopsies from diﬀerent GBM tumours
can be more similar to each other (based on the CpG sites deﬁning the subclasses),
as they have the same subclass, compared to biopsies from the same tumour (that
have another subclass). It is possible that the observed intratumour subclass switch
is a sign that further reﬁnement of the subclasses is needed. We recently analysed
another cohort of GBM samples with the newest MNP classiﬁer version (v12.5)
with the same thresholds as above and detected three out of 10 GBM tumours with
intratumour subclass heterogeneity, indicating that heterogeneity is the cause of
the subclass switch (or that additional reﬁnements are needed). It should also be
noted that the GBM subclasses are not clinically used today and have no impact
on treatment decision, but it is plausible that they will be in the future, in which
case the subclass heterogeneity should be addressed.
We also noted a high number of CpG sites that diﬀered in methylation values
(Δβ>0.3) within the GBM tumours; on average 17 000 sites (range: 500-51 000;
Fig. 9B). �is can be compared to meningioma CNS grade I tumours, which only
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had on average 110 sites (range: 90-130) that diﬀered intratumourally. �is further
shows the intratumour heterogeneity in GBM regarding the methylation pattern.
One aspect to take into account when comparing diﬀerent regions of a tumour is
that the tumour cell content can vary and as a result aﬀect the methylation pattern.
We therefore had all samples evaluated for histology by a specialist in
neuropathology and excluded samples with <70% tumour cell content. Also, we
estimated the tumour cell content based on the methylation values and used it to
deconvolute the methylation data accounting for tumour purity. �e obtained
results were similar as described above, suggesting that diﬀerences in tumour
purity was not driving the observed heterogeneity.

Figure 9. Intratumour methylation heterogeneity in adult glioblastoma. A)
Multiple methylation subclasses exist within adult glioblastoma (GBM) according to the
MNP methylation-based classifier. B). Many CpG sites are differentially methylated
(DMP) within the GBM tumours (average 17 000) whereas almost no DMP exist within
the low-grade meningioma (MNG; average 110). The figures are from Paper IV.

�e alterations within GBM tumours were signiﬁcantly enriched in open sea
regions (CpG sites located >4kb from a CpG island) and reduced mainly in CpG
islands, but the alterations did not seem to occur in speciﬁc sites in these regions.
One of the genes that were aﬀected in GBM was MGMT (1 of 12 patients), which
is used clinically for treatment allocation in elderly GBM patients. �is means that
patients could receive a diﬀerent treatment depending on the region of the tumour
that was sampled, and thus warrants further studies. We conclude that intratumour
DNA methylation heterogeneity is a feature of adult GBM, and the observed
heterogeneity needs to be considered for future clinical use of methylation-based
biomarkers and subclasses.
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Paper V: Methylation alterations in paediatric brain
tumours do not affect methylation-based classification
Given our ﬁndings of intratumour heterogeneity and multiple subclasses in adult
GBM in paper IV, we asked whether the same was true in the paediatric setting.
We included patients operated for a CNS tumour and sampled tumour tissue from
multiple spatially separated regions. We also included paired primary and relapse
samples to assess temporal heterogeneity. All samples were classiﬁed with the
MNP methylation-based classiﬁer v12.5155. Unlike the results in paper IV, the
methylation subclass was homogeneous in our cohort of paediatric brain tumours,
both in the spatial and temporal setting. �us, we found no risk for sampling bias,
but further studies with larger cohorts and additional diagnoses are required.
However, the results are reassuring since methylation proﬁling is used clinically
for paediatric brain tumour in several countries168-170.
Even though the subclassiﬁcation was homogeneous, some methylation
alterations (DMPs) occurred both spatially and temporally in the tumours. �e
alterations were more frequent in higher-grade tumours, and increased with longer
times between the primary and relapse tumour. �is could be because the tumour
had longer time to gain alterations. High-grade tumours generally acquire more
CNAs and it is therefore unsurprising that the same is true for methylation
alterations. �e alterations were not shared between the patients, and mainly
located in OpenSea regions (as seen in paper IV also), suggesting that the
methylation changes occur at random CpG sites. �e methylation alterations could
potentially be viewed as “passenger” alterations, which more easily occur in less
conserved regions (OpenSea) compared to CpG islands that are more conserved.
�ese alterations are nonetheless of interest to characterise as they could alter a
methylation biomarker, e.g. MGMT as seen in the adult setting (paper IV), or the
methylation subclass if enough of the deﬁning CpG sites are altered and with large
enough changes in methylation value. �is was, however, not the case in the
paediatric CNS tumours in our study, suggesting a robust classiﬁer, and it is likely
assisted by the high threshold required for a successful classiﬁcation by this
version. Samples not reaching the threshold may still be valid, but an integrated
assessment of the methylation classiﬁcation, histology, CNAs and the pathological
anatomical diagnosis is necessary to establish if the classiﬁcation is
plausible29,168,246. In conclusion, methylation classiﬁcation and subclassiﬁcation
are homogeneous in paediatric brain tumours spatially and temporally.
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Concluding remarks and future
perspective
Pre-clinical model systems for childhood cancer
Over the last decade, through various molecular analyses, it has become apparent
that paediatric tumours diﬀer substantially from their adult counterparts10,11,16, and
that dedicated research on this patient group is required. As a result, childhood
cancer research has increased, e.g. through �e Innovative �erapies for Children
with Cancer (ITCC) consortium248-250 aiming to develop novel therapies, precision
medicine through the INFORM (INdividualised therapy FOr Relapsed
Malignancies)251,252 and paediatric MATCH (Molecular Analysis for �erapeutic
CHoice)253 studies, and identiﬁcation of genetic dependencies in childhood
cancers (paediatric DEPMAP)216.
Very few inhibitors make it all the way through clinical trials into clinical use and
beneﬁt of childhood cancer patients. One of the main reasons is the lack of
representative model systems, leading to pre-clinical research in traditional serumcultured cell lines that do not accurately model the disease. Further, many
paediatric tumours (e.g. GBM) are rare and enrolment into clinical trials is
therefore a challenge. Both of these issues highlight the importance of
international collaboration/clinical trials and the pressing need for model systems
representative of the paediatric cancer biology. In paper I and II, we therefore
established a patient-derived in vitro and in vivo model system of paediatric GBM.
Importantly, the cells accurately represented the patient tumour they were derived
from. Injection of the cultured cells orthotopically into mice yielded a high
engraftment-rate (97%), and the xenograft tumours were similar to the patient
tumours in terms of histology, methylation pattern and survival.
Model systems used in future research will likely move away from the traditional
cell lines in beneﬁt of primary patient-derived models. Further, cell models
cultured on 3D scaﬀolds, as spheroids or organoids254-256 will likely increase in
popularity. �ey provide a more accurate model of the complexity of an organ and
cell-cell interaction compared to the artiﬁcial two-dimensional environment of
adherent cell culture. For brain tumours in particular, there is a great need of
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modelling the blood-brain barrier as it limits the delivery of therapeutic substances
to the brain. In vitro models based on biomaterials and 3D printing has been
suggested as well as mouse models257, where so called “humanized mouse
models” are gaining traction. �is model is based on engraftment of human tumour
cells and immune cells in an immunodeﬁcient animal, which gains a subset of the
human immune system258. �is model is not without its challenges259, but holds
great potential for future in vivo cancer models.

CRISPR screens to identify essential genes in cancers
�e CRISPR community has grown tremendously since its discovery in 2012180
and now, it has won the Nobel Prize (2020) and grown into a well-known and
crucial method in life science184,187. �ere is an ever-growing number of new
CRISPR-based methods, for instance base editing260,261, removing the need for a
double-stranded cut in the DNA, and modulation of epigenetic features
(methylation, demethylation etcetera) through dCas9200,201. �ere are also several
ongoing clinical trials in human cancers in e.g. lymphoma and leukaemia with
transfusion of ex vivo CRISPR-edited T cells (ClinicalTrials.gov identiﬁer:
NCT05066165 and NCT04035434). Clinical trials have also been performed where
the CRISPR edit occurs in the human body185. Even though the initial reports of
massive oﬀ-target eﬀects at random locations back in 2018 were false and later
retracted262-267, questions and ethical concerns still remain regarding oﬀ-target
eﬀects in humans186 and need to be further investigated.
�e large-scale knockout screens performed in cancer cells is an excellent example
of the utility of CRISPR in basic science to identify dependency genes in various
cancers213,215,216. Unfortunately, these screens have mainly used traditional cell
lines cultured in serum. Our knockout screen in paper III, however, used our cell
cultures (established in paper I) representative of the patient tumour. We identiﬁed
many novel genes essential for the growth of CSC in paediatric GBM, and
validated several by individual knockout. We conclude that these genes are novel
treatment targets in childhood GBM and should be further investigated for clinical
use.
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Methylation profiling for improved diagnostics
Deregulated epigenetics was included as an emerging hallmark of cancer in the
2022 revision3, highlighting its involvement in cancer. �is thesis has incorporated
deregulated epigenetics in all ﬁve papers. Paper I-II used it to verify the
similarities of the established cell lines/mouse models to the patient tumour. Paper
III employed an epigenetic/chromatin modiﬁer library for the knockout screen.
Finally, paper IV-V, focused on the diagnostic properties of methylation-based
classiﬁcation.
Methylation-based classiﬁcation has proven more accurate than histopathological
analysis, allowing for further stratiﬁcation into subclasses (e.g. within
medulloblastoma and ependymoma), and discovering novel tumour
entities42,155,165. It has subsequently been integrated in diagnostics for all paediatric
brain tumours, and for challenging cases of adult brain tumours in several
countries29,168,170,246. In paper IV, we concluded that there is a high intratumour
methylation heterogeneity in adult GBM with multiple methylation subclasses
residing within the same tumour and diﬀering MGMT status. While these
subclasses, as of now, are not involved in treatment decisions, the MGMT
methylation status is and needs to be considered. �e strict cut-oﬀ at 9%
methylation for unmethylated vs methylated MGMT has been questioned268,269,
and a large meta-analysis provided no strong evidence regarding the optimal
level270. Further, it is plausible to imagine a future where GBM subclasses (in their
current form or remade/reﬁned) are introduced clinically, in which case the
subclass heterogeneity needs to be addressed.
Paper V showed that, unlike the adult GBM in paper IV, paediatric brain tumours
had homogeneous methylation-based subclassiﬁcation, both spatially, within the
same tumour, and temporally (primary vs relapse tumour). However, methylation
alterations did occur and they increased over time and in more aggressive tumours.
�e alterations were enriched in regions not aﬃliated with genes and far from CpG
islands, suggesting that they occur in less conserved regions. We concluded that
these alterations did not aﬀect the methylation-based classiﬁcation in paediatric
brain tumours. �is is essential since methylation proﬁling is already used
clinically for diagnosis in multiple countries, including Sweden, and more will
follow. �e clinical use will likely expand to routinely include adult brain tumours
as well. Subsequent updates of the classiﬁer will probably contain novel tumour
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entities and subclasses, and even expansion to other tumour types (e.g. a sarcoma
classiﬁer exists already271).
Over the last few decades, the severity of the treatment-induced side eﬀects on
paediatric brain tumour survivors have become apparent and increased the focus
on quality of life after treatment, not survival at any cost. �e identiﬁcation of
molecular methylation-based subgroups within e.g. medulloblastoma and
ependymoma, as described above, provides the opportunity of tailoring the
treatment based on the prognosis. Subgroups with poor prognosis can be given
aggressive treatment whereas subgroups with good prognosis can receive less
aggressive treatment and reduce the side eﬀects.
Another advancement in the ﬁeld would be a classiﬁer using cell-free DNA
(cfDNA) from liquid biopsies (e.g. serum, cerebrospinal ﬂuid, urine). cfDNA is
extracellular DNA released from cells (tumour and normal cells) into body ﬂuids,
where cfDNA has been shown to reﬂect the tumour genome it was shed from272275
. A “liquid biopsy” classiﬁer would thus allow for non-invasive classiﬁcation of
tumours, whereas today’s classiﬁers require a tissue sample (obtained through
tumour resection or biopsy). Hence, cfDNA could be used for diagnostic purposes
also for inoperable patients, and to follow the disease progression. �ere has been
development towards such classiﬁers that were reported to successfully
distinguish gliomas from other tumour types276-278 and determine the
medulloblastoma subgroup279, based on the cfDNA methylation proﬁle. �ese are
promising ﬁrst steps and will be interesting to follow over the next few years.
Overall, this thesis provides a small piece to the puzzle of the workings of
deregulated epigenetics and CSC in brain tumours, bringing us closer to the goal
of improved diagnostics and cancer treatment for patients with brain tumours.

40

ANNA W ENGER

Acknowledgement
Many people have been there for me along the way and helped me directly or
indirectly. First, I would like to thank my main supervisor Helena Carén, for more
things than I can express in words on this page. �anks for being THE BEST (!!!)
mentor, supervisor and role model I could have asked for! �ank you for all
scientiﬁc discussions, conversations, career advice, lessons on academia and grant
writing. �anks for making me your PhD student, believing in me and for
everything you have taught me. I will truly miss having you as my supervisor.
I am grateful to my co-supervisor Asgeir Jakola for clinical input, genuine
interest, help with my projects and this thesis, scientiﬁc discussions and extremely
speedy replies to my emails regardless of the day and time they were sent.
�anks to my co-supervisor Teresia Kling for endless discussions (scientiﬁc and
otherwise), help with analyses, feedback on manuscripts and thesis, moral support,
coﬀee breaks and countless pancake “meetings” at Lunchen!
I want to thank all patients that donated tissue to our research and the brain
surgeons at Operation5. �ank you especially to the surgeons Magnus Tisell
and Daniel Nilsson for excellent collaboration, information about upcoming
surgeries and always being helpful. A big shout out to all the wonderful nurses
(past and present) at Operation5 who went above and beyond to help me when
I collected tumour tissue from surgery and always with a smile. �ank you so
much Johanna, Mona, Lotta, Karolina, Ursula, Elisabeth, Jane, Mia and all
others. I would also like to thank Magnus Sabel, Birgitta Lannering, �omas
Olsson Bontell, Sándor Dósa, Claes Nordborg and Petronella Kettunen for
their research contributions. A big thank you for administrative support to past
and present research coordinators at Queen Silvia Children’s Hospital; Karin
Fritzson, Anna Brunnegård, and Inga-Lill Haj.
Jenna Persson and Bernhard Schmierer at SciLife CRISPR Functional
Genomics unit were very helpful and provided crucial support to Paper III, and
for that, I am grateful. Special thanks to Jenna for patiently answering my
CRISPR questions.

A C K N OW L ED G E ME NT

41

I would like to thank all former and present members of the Helena Carén group
for help, support and company over the years. To the present members; Sandra,
for being the absolute sunshine of the group, and always helping me out and
having my back. �anks for nice collaboration, all our talks, laughs, and your
friendship; this is the way! Ida, for bringing new energy into the group and help
with experiments. Maja, for questions on my manuscripts and help around the
lab. Katja, for your never-ending enthusiasm, optimism, and valuable clinical
point of view to the group and my projects. Elizabeth, for nice collaboration,
clinical input and conversations. Of the former members I want to thank in
particular; Elin Storm, for laughter and care for my wellbeing. Angelo, for your
curiosity and our nerdy conversations at the lab late at nights. Kirstine, my
favourite Dane, for the laughs and visits over the years. Susanna, for all our
laughter, jokes and conversations, thanks for making workdays fun, for always
ﬁnding a way to make me feel better (often by feeding me Kinder Maxi), for taking
care of me and helping me out in the lab, and for being my friend!
�e Sahlgrenska Center for Cancer Research has been a second home to me over
the last eight years and I would like to thank everyone there! A special thanks to:
My oﬃce mates through the years; Nina (are we still on for your 60th birthday?),
Maryam and Delila, thank you for all the fun conversations and discussions and
for making me laugh countless times! Karin Larsson, for always asking how I
am (and caring about the answer). �erese Carlsson, for help and many nice
conversations and shared laughter (sorry for disturbing you with my frequent
hand-washing! I blame the pandemic though). Schoultz! For nice talks and much
laughter. Ellen Johansson, thanks for dragging me from the oﬃce many late
evenings and nice walking company and conversations on the way home. Soheila,
the best “frenemy” ever! �anks for all the laughs from our “feud”. Malin
Hagberg �ulin and Anna Linder, for nice company at the lab during weekends
and late evenings. Mattias, Elin Forsberg, Daniel, Junko, Birgitta, Anna,
Mohamed and many others for lots of nice conversations over the years! Also, a
special thanks to Ulrika, Yael and Azbija for smoothly handling matters at SCCR
for the rest of us.
I also want to thank my friends from outside of work for all the good times. In
particular; Axelia and Evelina, for distracting me from work, sorting out my
priorities, and sticking with me after all this time; always. Looking forward to
more travels and general silliness! Hanne, my oldest friend, thanks for countless

42

ANNA W ENGER

adventures, laughs and mishaps! I am lucky to have you as a friend since day one
of my life. Emelie, for coﬀee breaks, walks, conversations and hide and seek with
Elsa.
My parents, Maud and Tommy, for unconditional love and support and for
always, no matter what, putting my siblings and me ﬁrst. Nothing in life is more
certain to me than the fact that I can always count on you two to be there for me;
I love you. To my siblings, Tobias, Joakim, Stina and Lukas; Vi är verkligen en
“knasig ﬂock”, but I love that about us. �anks for being there and for making me
laugh. To my grandmother Gunnel, for support, countless interesting and
entertaining stories and for being a source of inspiration to me.
Sebastian, you make everything in my life better. �anks for making me laugh,
making me happy, turning me into a better person, supporting me in everything
that I do, opening my eyes to new things, and for loving me. I cannot tell you how
much that (and you!) mean to me. I love you.

A C K N OW L ED G E ME NT

43

44

ANNA W ENGER

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;
100(1):57-70.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011; 144(5):646-674.
Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer discovery.
2022; 12(1):31-46.
Knudson AG, Jr. Mutation and cancer: statistical study of
retinoblastoma. Proceedings of the National Academy of Sciences of the
United States of America. 1971; 68(4):820-823.
Jones PA, Laird PW. Cancer epigenetics comes of age. Nature genetics.
1999; 21(2):163-167.
Islami F, Goding Sauer A, Miller KD, et al. Proportion and number of
cancer cases and deaths attributable to potentially modifiable risk factors
in the United States. CA: a cancer journal for clinicians. 2018; 68(1):3154.
Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA:
a cancer journal for clinicians. 2021; 71(1):7-33.
Tomasetti C, Li L, Vogelstein B. Stem cell divisions, somatic mutations,
cancer etiology, and cancer prevention. Science (New York, N.Y.). 2017;
355(6331):1330-1334.
Milholland B, Auton A, Suh Y, Vijg J. Age-related somatic mutations in
the cancer genome. Oncotarget. 2015; 6(28):24627-24635.
Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of mutational
processes in human cancer. Nature. 2013; 500(7463):415-421.
Gröbner SN, Worst BC, Weischenfeldt J, et al. The landscape of genomic
alterations across childhood cancers. Nature. 2018; 555(7696):321-327.
Huether R, Dong L, Chen X, et al. The landscape of somatic mutations
in epigenetic regulators across 1,000 paediatric cancer genomes. Nature
communications. 2014; 5:3630.
Ma X, Liu Y, Liu Y, et al. Pan-cancer genome and transcriptome analyses
of 1,699 paediatric leukaemias and solid tumours. Nature. 2018;
555(7696):371-376.
Schwartzentruber J, Korshunov A, Liu XY, et al. Driver mutations in
histone H3.3 and chromatin remodelling genes in paediatric
glioblastoma. Nature. 2012; 482(7384):226-231.
Paugh BS, Qu C, Jones C, et al. Integrated molecular genetic profiling of
pediatric high-grade gliomas reveals key differences with the adult
disease. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology. 2010; 28(18):3061-3068.

REFERENCES

45

16.
17.
18.

19.

20.
21.
22.
23.
24.
25.

26.
27.
28.
29.

46

Sturm D, Witt H, Hovestadt V, et al. Hotspot mutations in H3F3A and
IDH1 define distinct epigenetic and biological subgroups of
glioblastoma. Cancer cell. 2012; 22(4):425-437.
Chaudhury S, O'Connor C, Cañete A, et al. Age-specific biological and
molecular profiling distinguishes paediatric from adult acute myeloid
leukaemias. Nature communications. 2018; 9(1):5280.
London WB, Castleberry RP, Matthay KK, et al. Evidence for an age
cutoff greater than 365 days for neuroblastoma risk group stratification
in the Children's Oncology Group. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology. 2005;
23(27):6459-6465.
Yan P, Qi F, Bian L, et al. Comparison of Incidence and Outcomes of
Neuroblastoma in Children, Adolescents, and Adults in the United
States: A Surveillance, Epidemiology, and End Results (SEER) Program
Population Study. Medical science monitor : international medical
journal of experimental and clinical research. 2020; 26:e927218.
Zhang J, Walsh MF, Wu G, et al. Germline Mutations in Predisposition
Genes in Pediatric Cancer. The New England journal of medicine. 2015;
373(24):2336-2346.
Fiala EM, Jayakumaran G, Mauguen A, et al. Prospective pan-cancer
germline testing using MSK-IMPACT informs clinical translation in 751
patients with pediatric solid tumors. Nature cancer. 2021; 2:357-365.
Filbin M, Monje M. Developmental origins and emerging therapeutic
opportunities for childhood cancer. Nature medicine. 2019; 25(3):367376.
Behjati S, Gilbertson RJ, Pfister SM. Maturation Block in Childhood
Cancer. Cancer discovery. 2021; 11(3):542-544.
Panditharatna E, Filbin MG. The growing role of epigenetics in
childhood cancers. Current opinion in pediatrics. 2020; 32(1):67-75.
Ostrom QT, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS.
CBTRUS Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2014-2018. Neurooncology. 2021; 23(Supplement_3):iii1-iii105.
Surveillance Research Program NCI. SEER*Explorer: An interactive
website
for
SEER
cancer
statistics
2021;
https://seer.cancer.gov/explorer/. Accessed March 29, 2022.
Oeffinger KC, Mertens AC, Sklar CA, et al. Chronic health conditions in
adult survivors of childhood cancer. The New England journal of
medicine. 2006; 355(15):1572-1582.
Robison LL, Hudson MM. Survivors of childhood and adolescent cancer:
life-long risks and responsibilities. Nature reviews. Cancer. 2014;
14(1):61-70.
Louis DN, Perry A, Wesseling P, et al. The 2021 WHO Classification of
Tumors of the Central Nervous System: a summary. Neuro-oncology.
2021; 23(8):1231-1251.

ANNA W ENGER

30.

31.
32.
33.
34.
35.
36.
37.

38.

39.
40.
41.

42.
43.

Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS.
CBTRUS Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2013-2017. Neurooncology. 2020; 22(12 Suppl 2):iv1-iv96.
Lanphear J, Sarnaik S. Presenting symptoms of pediatric brain tumors
diagnosed in the emergency department. Pediatric emergency care.
2014; 30(2):77-80.
Wu G, Broniscer A, McEachron TA, et al. Somatic histone H3 alterations
in pediatric diffuse intrinsic pontine gliomas and non-brainstem
glioblastomas. Nature genetics. 2012; 44(3):251-253.
Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization Classification of Tumors of the Central Nervous System: a
summary. Acta neuropathologica. 2016; 131(6):803-820.
Cavalli FMG, Remke M, Rampasek L, et al. Intertumoral Heterogeneity
within Medulloblastoma Subgroups. Cancer cell. 2017; 31(6):737754.e736.
Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classification
of tumours of the central nervous system. Acta neuropathologica. 2007;
114(2):97-109.
Pomeroy SL, Tamayo P, Gaasenbeek M, et al. Prediction of central
nervous system embryonal tumour outcome based on gene expression.
Nature. 2002; 415(6870):436-442.
Cho YJ, Tsherniak A, Tamayo P, et al. Integrative genomic analysis of
medulloblastoma identifies a molecular subgroup that drives poor
clinical outcome. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2011; 29(11):1424-1430.
Northcott PA, Korshunov A, Witt H, et al. Medulloblastoma comprises
four distinct molecular variants. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology. 2011;
29(11):1408-1414.
Taylor MD, Northcott PA, Korshunov A, et al. Molecular subgroups of
medulloblastoma: the current consensus. Acta neuropathologica. 2012;
123(4):465-472.
Sharma T, Schwalbe EC, Williamson D, et al. Second-generation
molecular subgrouping of medulloblastoma: an international metaanalysis of Group 3 and Group 4 subtypes. Acta neuropathologica. 2019.
Ellison DW, Kocak M, Figarella-Branger D, et al. Histopathological
grading of pediatric ependymoma: reproducibility and clinical relevance
in European trial cohorts. Journal of negative results in biomedicine.
2011; 10:7.
Pajtler KW, Witt H, Sill M, et al. Molecular Classification of Ependymal
Tumors across All CNS Compartments, Histopathological Grades, and
Age Groups. Cancer cell. 2015; 27(5):728-743.
Ellison DW, Aldape KD, Capper D, et al. cIMPACT-NOW update 7:
advancing the molecular classification of ependymal tumors. Brain
pathology (Zurich, Switzerland). 2020; 30(5):863-866.

REFERENCES

47

44.
45.
46.
47.
48.

49.

50.

51.

52.

53.
54.

55.

48

Pajtler KW, Wen J, Sill M, et al. Molecular heterogeneity and CXorf67
alterations in posterior fossa group A (PFA) ependymomas. Acta
neuropathologica. 2018; 136(2):211-226.
de Blank P, Bandopadhayay P, Haas-Kogan D, Fouladi M, Fangusaro J.
Management of pediatric low-grade glioma. Current opinion in
pediatrics. 2019; 31(1):21-27.
Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. The New
England journal of medicine. 2005; 352(10):987-996.
Cohen KJ, Pollack IF, Zhou T, et al. Temozolomide in the treatment of
high-grade gliomas in children: a report from the Children's Oncology
Group. Neuro-oncology. 2011; 13(3):317-323.
Mackay A, Burford A, Molinari V, et al. Molecular, Pathological,
Radiological, and Immune Profiling of Non-brainstem Pediatric HighGrade Glioma from the HERBY Phase II Randomized Trial. Cancer cell.
2018; 33(5):829-842.e825.
Crotty EE, Leary SES, Geyer JR, et al. Children with DIPG and highgrade glioma treated with temozolomide, irinotecan, and bevacizumab:
the Seattle Children's Hospital experience. Journal of neuro-oncology.
2020; 148(3):607-617.
Jakacki RI, Cohen KJ, Buxton A, et al. Phase 2 study of concurrent
radiotherapy and temozolomide followed by temozolomide and
lomustine in the treatment of children with high-grade glioma: a report
of the Children's Oncology Group ACNS0423 study. Neuro-oncology.
2016; 18(10):1442-1450.
Bartels U, Baruchel S, Carret AS, et al. The use and effectiveness of
temozolomide in children with central nervous system tumours: a survey
from the Canadian Paediatric Brain Tumour Consortium. Current
oncology (Toronto, Ont.). 2011; 18(1):e19-24.
Palmer SL, Armstrong C, Onar-Thomas A, et al. Processing speed,
attention, and working memory after treatment for medulloblastoma: an
international, prospective, and longitudinal study. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology.
2013; 31(28):3494-3500.
Chevignard M, Câmara-Costa H, Doz F, Dellatolas G. Core deficits and
quality of survival after childhood medulloblastoma: a review. Neurooncology practice. 2017; 4(2):82-97.
Palmer SL, Goloubeva O, Reddick WE, et al. Patterns of intellectual
development among survivors of pediatric medulloblastoma: a
longitudinal analysis. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology. 2001; 19(8):2302-2308.
Stavinoha PL, Askins MA, Powell SK, Pillay Smiley N, Robert RS.
Neurocognitive and Psychosocial Outcomes in Pediatric Brain Tumor
Survivors. Bioengineering (Basel, Switzerland). 2018; 5(3).

ANNA W ENGER

56.
57.

58.

59.

60.

61.
62.
63.
64.
65.
66.

67.

68.

Reddick WE, White HA, Glass JO, et al. Developmental model relating
white matter volume to neurocognitive deficits in pediatric brain tumor
survivors. Cancer. 2003; 97(10):2512-2519.
de Ruiter MA, van Mourik R, Schouten-van Meeteren AY, Grootenhuis
MA, Oosterlaan J. Neurocognitive consequences of a paediatric brain
tumour and its treatment: a meta-analysis. Developmental medicine and
child neurology. 2013; 55(5):408-417.
Emond A, Edwards L, Peacock S, Norman C, Evangeli M. Social
competence in children and young people treated for a brain tumour.
Supportive care in cancer : official journal of the Multinational
Association of Supportive Care in Cancer. 2016; 24(11):4587-4595.
Shah SS, Dellarole A, Peterson EC, et al. Long-term psychiatric
outcomes in pediatric brain tumor survivors. Child's nervous system :
ChNS : official journal of the International Society for Pediatric
Neurosurgery. 2015; 31(5):653-663.
Ris MD, Beebe DW, Armstrong FD, et al. Cognitive and adaptive
outcome in extracerebellar low-grade brain tumors in children: a report
from the Children's Oncology Group. Journal of clinical oncology :
official journal of the American Society of Clinical Oncology. 2008;
26(29):4765-4770.
Fekete B, Werlenius K, Örndal C, Rydenhag B. Prognostic factors for
glioblastoma patients--a clinical population-based study. Acta
neurologica Scandinavica. 2016; 133(6):434-441.
Li K, Lu D, Guo Y, et al. Trends and patterns of incidence of diffuse
glioma in adults in the United States, 1973-2014. Cancer medicine. 2018;
7(10):5281-5290.
Yan H, Parsons DW, Jin G, et al. IDH1 and IDH2 mutations in gliomas.
The New England journal of medicine. 2009; 360(8):765-773.
Han S, Liu Y, Cai SJ, et al. IDH mutation in glioma: molecular
mechanisms and potential therapeutic targets. British journal of cancer.
2020; 122(11):1580-1589.
Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing and
benefit from temozolomide in glioblastoma. The New England journal of
medicine. 2005; 352(10):997-1003.
Stupp R, Taillibert S, Kanner A, et al. Effect of Tumor-Treating Fields
Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone
on Survival in Patients With Glioblastoma: A Randomized Clinical Trial.
Jama. 2017; 318(23):2306-2316.
Segerman A, Niklasson M, Haglund C, et al. Clonal Variation in Drug
and Radiation Response among Glioma-Initiating Cells Is Linked to
Proneural-Mesenchymal Transition. Cell reports. 2016; 17(11):29943009.
Lan X, Jorg DJ, Cavalli FMG, et al. Fate mapping of human glioblastoma
reveals an invariant stem cell hierarchy. Nature. 2017; 549(7671):227232.

REFERENCES

49

69.
70.
71.

72.

73.
74.

75.

76.
77.
78.
79.
80.
81.
82.
83.

50

Lee JK, Wang J, Sa JK, et al. Spatiotemporal genomic architecture
informs precision oncology in glioblastoma. Nature genetics. 2017;
49(4):594-599.
Marusyk A, Almendro V, Polyak K. Intra-tumour heterogeneity: a
looking glass for cancer? Nature reviews. Cancer. 2012; 12(5):323-334.
Verhaak RG, Hoadley KA, Purdom E, et al. Integrated genomic analysis
identifies clinically relevant subtypes of glioblastoma characterized by
abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer cell. 2010;
17(1):98-110.
Sottoriva A, Spiteri I, Piccirillo SG, et al. Intratumor heterogeneity in
human glioblastoma reflects cancer evolutionary dynamics. Proceedings
of the National Academy of Sciences of the United States of America.
2013; 110(10):4009-4014.
Patel AP, Tirosh I, Trombetta JJ, et al. Single-cell RNA-seq highlights
intratumoral heterogeneity in primary glioblastoma. Science (New York,
N.Y.). 2014; 344(6190):1396-1401.
Vinci M, Burford A, Molinari V, et al. Functional diversity and
cooperativity between subclonal populations of pediatric glioblastoma
and diffuse intrinsic pontine glioma cells. Nature medicine. 2018;
24(8):1204-1215.
Hoffman LM, DeWire M, Ryall S, et al. Spatial genomic heterogeneity
in diffuse intrinsic pontine and midline high-grade glioma: implications
for diagnostic biopsy and targeted therapeutics. Acta neuropathologica
communications. 2016; 4:1.
Morrissy AS, Cavalli FMG, Remke M, et al. Spatial heterogeneity in
medulloblastoma. Nature genetics. 2017; 49(5):780-788.
Nowell PC. The clonal evolution of tumor cell populations. Science (New
York, N.Y.). 1976; 194(4260):23-28.
Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nature
medicine. 1997; 3(7):730-737.
Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and
cancer stem cells. Nature. 2001; 414(6859):105-111.
Clarke MF, Dick JE, Dirks PB, et al. Cancer stem cells--perspectives on
current status and future directions: AACR Workshop on cancer stem
cells. Cancer research. 2006; 66(19):9339-9344.
Hemmati HD, Nakano I, Lazareff JA, et al. Cancerous stem cells can
arise from pediatric brain tumors. Proceedings of the National Academy
of Sciences of the United States of America. 2003; 100(25):15178-15183.
Singh SK, Hawkins C, Clarke ID, et al. Identification of human brain
tumour initiating cells. Nature. 2004; 432(7015):396-401.
Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.
Prospective identification of tumorigenic breast cancer cells.
Proceedings of the National Academy of Sciences of the United States of
America. 2003; 100(7):3983-3988.

ANNA W ENGER

84.

85.
86.
87.
88.
89.
90.
91.
92.

93.
94.
95.

96.

97.

Monje M, Mitra SS, Freret ME, et al. Hedgehog-responsive candidate
cell of origin for diffuse intrinsic pontine glioma. Proceedings of the
National Academy of Sciences of the United States of America. 2011;
108(11):4453-4458.
Bao S, Wu Q, McLendon RE, et al. Glioma stem cells promote
radioresistance by preferential activation of the DNA damage response.
Nature. 2006; 444(7120):756-760.
Chen J, Li Y, Yu TS, et al. A restricted cell population propagates
glioblastoma growth after chemotherapy. Nature. 2012; 488(7412):522526.
Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL, Rich JN.
Cancer stem cells in glioblastoma. Genes & development. 2015;
29(12):1203-1217.
Paul R, Dorsey JF, Fan Y. Cell plasticity, senescence, and quiescence in
cancer stem cells: Biological and therapeutic implications.
Pharmacology & therapeutics. 2022; 231:107985.
Bjerkvig R, Tysnes BB, Aboody KS, Najbauer J, Terzis AJ. Opinion: the
origin of the cancer stem cell: current controversies and new insights.
Nature reviews. Cancer. 2005; 5(11):899-904.
Lee JH, Lee JE, Kahng JY, et al. Human glioblastoma arises from
subventricular zone cells with low-level driver mutations. Nature. 2018;
560(7717):243-247.
Masters JR. HeLa cells 50 years on: the good, the bad and the ugly.
Nature reviews. Cancer. 2002; 2(4):315-319.
Gillet JP, Calcagno AM, Varma S, et al. Redefining the relevance of
established cancer cell lines to the study of mechanisms of clinical anticancer drug resistance. Proceedings of the National Academy of Sciences
of the United States of America. 2011; 108(46):18708-18713.
Ertel A, Verghese A, Byers SW, Ochs M, Tozeren A. Pathway-specific
differences between tumor cell lines and normal and tumor tissue cells.
Molecular cancer. 2006; 5(1):55.
Domcke S, Sinha R, Levine DA, Sander C, Schultz N. Evaluating cell
lines as tumour models by comparison of genomic profiles. Nature
communications. 2013; 4:2126.
Hennessey PT, Ochs MF, Mydlarz WW, et al. Promoter methylation in
head and neck squamous cell carcinoma cell lines is significantly
different than methylation in primary tumors and xenografts. PloS one.
2011; 6(5):e20584.
Lee J, Kotliarova S, Kotliarov Y, et al. Tumor stem cells derived from
glioblastomas cultured in bFGF and EGF more closely mirror the
phenotype and genotype of primary tumors than do serum-cultured cell
lines. Cancer cell. 2006; 9(5):391-403.
Xu J, Margol A, Asgharzadeh S, Erdreich-Epstein A. Pediatric brain
tumor cell lines. Journal of cellular biochemistry. 2015; 116(2):218-224.

REFERENCES

51

98.
99.
100.

101.

102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.

52

Bax DA, Little SE, Gaspar N, et al. Molecular and phenotypic
characterisation of paediatric glioma cell lines as models for preclinical
drug development. PloS one. 2009; 4(4):e5209.
Galli R, Binda E, Orfanelli U, et al. Isolation and characterization of
tumorigenic, stem-like neural precursors from human glioblastoma.
Cancer research. 2004; 64(19):7011-7021.
Pollard SM, Yoshikawa K, Clarke ID, et al. Glioma stem cell lines
expanded in adherent culture have tumor-specific phenotypes and are
suitable for chemical and genetic screens. Cell stem cell. 2009; 4(6):568580.
Fael Al-Mayhani TM, Ball SL, Zhao JW, et al. An efficient method for
derivation and propagation of glioblastoma cell lines that conserves the
molecular profile of their original tumours. Journal of neuroscience
methods. 2009; 176(2):192-199.
Xie Y, Bergström T, Jiang Y, et al. The Human Glioblastoma Cell
Culture Resource: Validated Cell Models Representing All Molecular
Subtypes. EBioMedicine. 2015; 2(10):1351-1363.
Wenger A, Larsson S, Danielsson A, et al. Stem cell cultures derived
from pediatric brain tumors accurately model the originating tumors.
Oncotarget. 2017; 8(12):18626-18639.
Brabetz S, Leary SES, Gröbner SN, et al. A biobank of patient-derived
pediatric brain tumor models. Nature medicine. 2018; 24(11):1752-1761.
He C, Xu K, Zhu X, et al. Patient-derived models recapitulate
heterogeneity of molecular signatures and drug response in pediatric
high-grade glioma. Nature communications. 2021; 12(1):4089.
Grasso CS, Tang Y, Truffaux N, et al. Functionally defined therapeutic
targets in diffuse intrinsic pontine glioma. Nature medicine. 2015;
21(6):555-559.
Robertson FL, Marqués-Torrejón MA, Morrison GM, Pollard SM.
Experimental models and tools to tackle glioblastoma. Disease models &
mechanisms. 2019; 12(9).
Joo KM, Kim J, Jin J, et al. Patient-specific orthotopic glioblastoma
xenograft models recapitulate the histopathology and biology of human
glioblastomas in situ. Cell reports. 2013; 3(1):260-273.
Larsson S, Wenger A, Dosa S, Sabel M, Kling T, Caren H. Cell linebased xenograft mouse model of paediatric glioma stem cells mirrors the
clinical course of the patient. Carcinogenesis. 2018; 39(10):1304-1309.
Waddington CH. The epigenotype. 1942. International journal of
epidemiology. 2012; 41(1):10-13.
Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic
transgenerational actions of environmental factors in disease etiology.
Trends in endocrinology and metabolism: TEM. 2010; 21(4):214-222.
Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007;
128(4):683-692.

ANNA W ENGER

113.
114.
115.
116.
117.

118.
119.
120.
121.
122.

123.
124.
125.
126.

Luger K, Mäder AW, Richmond RK, Sargent DF, Richmond TJ. Crystal
structure of the nucleosome core particle at 2.8 A resolution. Nature.
1997; 389(6648):251-260.
Jenuwein T, Allis CD. Translating the histone code. Science (New York,
N.Y.). 2001; 293(5532):1074-1080.
Amaral PP, Dinger ME, Mercer TR, Mattick JS. The eukaryotic genome
as an RNA machine. Science (New York, N.Y.). 2008; 319(5871):17871789.
Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long noncoding RNAs and its biological functions. Nature reviews. Molecular
cell biology. 2021; 22(2):96-118.
Avery OT, Macleod CM, McCarty M. STUDIES ON THE CHEMICAL
NATURE OF THE SUBSTANCE INDUCING TRANSFORMATION
OF
PNEUMOCOCCAL
TYPES
:
INDUCTION
OF
TRANSFORMATION BY A DESOXYRIBONUCLEIC ACID
FRACTION ISOLATED FROM PNEUMOCOCCUS TYPE III. The
Journal of experimental medicine. 1944; 79(2):137-158.
Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nature genetics.
2003; 33 Suppl:245-254.
Lu SC. S-Adenosylmethionine. The international journal of
biochemistry & cell biology. 2000; 32(4):391-395.
Moore LD, Le T, Fan G. DNA methylation and its basic function.
Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2013; 38(1):23-38.
Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a
and Dnmt3b are essential for de novo methylation and mammalian
development. Cell. 1999; 99(3):247-257.
Hermann A, Goyal R, Jeltsch A. The Dnmt1 DNA-(cytosine-C5)methyltransferase methylates DNA processively with high preference for
hemimethylated target sites. The Journal of biological chemistry. 2004;
279(46):48350-48359.
Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role
of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and
inner cell mass specification. Nature. 2010; 466(7310):1129-1133.
Ito S, Shen L, Dai Q, et al. Tet proteins can convert 5-methylcytosine to
5-formylcytosine and 5-carboxylcytosine. Science (New York, N.Y.).
2011; 333(6047):1300-1303.
Tahiliani M, Koh KP, Shen Y, et al. Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1.
Science (New York, N.Y.). 2009; 324(5929):930-935.
Nan X, Ng HH, Johnson CA, et al. Transcriptional repression by the
methyl-CpG-binding protein MeCP2 involves a histone deacetylase
complex. Nature. 1998; 393(6683):386-389.

REFERENCES

53

127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

137.
138.
139.
140.
141.
142.

54

Biswas S, Rao CM. Epigenetic tools (The Writers, The Readers and The
Erasers) and their implications in cancer therapy. European journal of
pharmacology. 2018; 837:8-24.
Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY.
Rett syndrome is caused by mutations in X-linked MECP2, encoding
methyl-CpG-binding protein 2. Nature genetics. 1999; 23(2):185-188.
Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell. 1992;
69(6):915-926.
Bird A. DNA methylation patterns and epigenetic memory. Genes &
development. 2002; 16(1):6-21.
Bird A, Taggart M, Frommer M, Miller OJ, Macleod D. A fraction of the
mouse genome that is derived from islands of nonmethylated, CpG-rich
DNA. Cell. 1985; 40(1):91-99.
Irizarry RA, Ladd-Acosta C, Wen B, et al. The human colon cancer
methylome shows similar hypo- and hypermethylation at conserved
tissue-specific CpG island shores. Nature genetics. 2009; 41(2):178-186.
Portela A, Esteller M. Epigenetic modifications and human disease.
Nature biotechnology. 2010; 28(10):1057-1068.
Herman JG, Baylin SB. Gene silencing in cancer in association with
promoter hypermethylation. The New England journal of medicine.
2003; 349(21):2042-2054.
Wutz A, Smrzka OW, Schweifer N, Schellander K, Wagner EF, Barlow
DP. Imprinted expression of the Igf2r gene depends on an intronic CpG
island. Nature. 1997; 389(6652):745-749.
Fouse SD, Shen Y, Pellegrini M, et al. Promoter CpG methylation
contributes to ES cell gene regulation in parallel with Oct4/Nanog, PcG
complex, and histone H3 K4/K27 trimethylation. Cell stem cell. 2008;
2(2):160-169.
Ooi SK, Qiu C, Bernstein E, et al. DNMT3L connects unmethylated
lysine 4 of histone H3 to de novo methylation of DNA. Nature. 2007;
448(7154):714-717.
Cedar H, Bergman Y. Linking DNA methylation and histone
modification: patterns and paradigms. Nature reviews. Genetics. 2009;
10(5):295-304.
Sharma S, Kelly TK, Jones PA. Epigenetics in cancer. Carcinogenesis.
2010; 31(1):27-36.
Mikkelsen TS, Ku M, Jaffe DB, et al. Genome-wide maps of chromatin
state in pluripotent and lineage-committed cells. Nature. 2007;
448(7153):553-560.
Kouzarides T. Chromatin modifications and their function. Cell. 2007;
128(4):693-705.
Guenther MG, Young RA. Transcription. Repressive transcription.
Science (New York, N.Y.). 2010; 329(5988):150-151.

ANNA W ENGER

143.
144.
145.
146.
147.
148.
149.
150.
151.
152.

153.
154.
155.
156.
157.

Badodi S, Marino S. Epigenetic mechanisms in paediatric brain tumours:
regulators lose control. Biochemical Society transactions. 2022;
50(1):167-185.
Eden A, Gaudet F, Waghmare A, Jaenisch R. Chromosomal instability
and tumors promoted by DNA hypomethylation. Science (New York,
N.Y.). 2003; 300(5618):455.
Rodriguez J, Frigola J, Vendrell E, et al. Chromosomal instability
correlates with genome-wide DNA demethylation in human primary
colorectal cancers. Cancer research. 2006; 66(17):8462-9468.
Timp W, Bravo HC, McDonald OG, et al. Large hypomethylated blocks
as a universal defining epigenetic alteration in human solid tumors.
Genome medicine. 2014; 6(8):61.
Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor origin of
human cancer. Nature reviews. Genetics. 2006; 7(1):21-33.
Cui H, Cruz-Correa M, Giardiello FM, et al. Loss of IGF2 imprinting: a
potential marker of colorectal cancer risk. Science (New York, N.Y.).
2003; 299(5613):1753-1755.
Issa JP, Ottaviano YL, Celano P, Hamilton SR, Davidson NE, Baylin SB.
Methylation of the oestrogen receptor CpG island links ageing and
neoplasia in human colon. Nature genetics. 1994; 7(4):536-540.
Teschendorff AE, Jones A, Fiegl H, et al. Epigenetic variability in cells
of normal cytology is associated with the risk of future morphological
transformation. Genome medicine. 2012; 4(3):24.
Esteller M. Epigenetic gene silencing in cancer: the DNA
hypermethylome. Human molecular genetics. 2007; 16 Spec No 1:R5059.
Toyota M, Ahuja N, Ohe-Toyota M, Herman JG, Baylin SB, Issa JP.
CpG island methylator phenotype in colorectal cancer. Proceedings of
the National Academy of Sciences of the United States of America. 1999;
96(15):8681-8686.
Noushmehr H, Weisenberger DJ, Diefes K, et al. Identification of a CpG
island methylator phenotype that defines a distinct subgroup of glioma.
Cancer cell. 2010; 17(5):510-522.
Turcan S, Rohle D, Goenka A, et al. IDH1 mutation is sufficient to
establish the glioma hypermethylator phenotype. Nature. 2012;
483(7390):479-483.
Capper D, Jones DTW, Sill M, et al. DNA methylation-based
classification of central nervous system tumours. Nature. 2018;
555(7697):469-474.
Chan KM, Fang D, Gan H, et al. The histone H3.3K27M mutation in
pediatric glioma reprograms H3K27 methylation and gene expression.
Genes & development. 2013; 27(9):985-990.
Ryall S, Krishnatry R, Arnoldo A, et al. Targeted detection of genetic
alterations reveal the prognostic impact of H3K27M and MAPK pathway
aberrations in paediatric thalamic glioma. Acta neuropathologica
communications. 2016; 4(1):93.

REFERENCES

55

158.
159.
160.
161.
162.
163.
164.

165.
166.
167.
168.
169.

170.

171.

56

Ryall S, Tabori U, Hawkins C. Pediatric low-grade glioma in the era of
molecular diagnostics. Acta neuropathologica communications. 2020;
8(1):30.
Fernandez AF, Assenov Y, Martin-Subero JI, et al. A DNA methylation
fingerprint of 1628 human samples. Genome research. 2012; 22(2):407419.
Ceccarelli M, Barthel FP, Malta TM, et al. Molecular Profiling Reveals
Biologically Discrete Subsets and Pathways of Progression in Diffuse
Glioma. Cell. 2016; 164(3):550-563.
Hovestadt V, Jones DT, Picelli S, et al. Decoding the regulatory
landscape of medulloblastoma using DNA methylation sequencing.
Nature. 2014; 510(7506):537-541.
Johann PD, Erkek S, Zapatka M, et al. Atypical Teratoid/Rhabdoid
Tumors Are Comprised of Three Epigenetic Subgroups with Distinct
Enhancer Landscapes. Cancer cell. 2016; 29(3):379-393.
van den Bent MJ. Interobserver variation of the histopathological
diagnosis in clinical trials on glioma: a clinician's perspective. Acta
neuropathologica. 2010; 120(3):297-304.
Schwalbe EC, Lindsey JC, Nakjang S, et al. Novel molecular subgroups
for clinical classification and outcome prediction in childhood
medulloblastoma: a cohort study. The Lancet. Oncology. 2017;
18(7):958-971.
Northcott PA, Buchhalter I, Morrissy AS, et al. The whole-genome
landscape of medulloblastoma subtypes. Nature. 2017; 547(7663):311317.
Moran S, Martínez-Cardús A, Sayols S, et al. Epigenetic profiling to
classify cancer of unknown primary: a multicentre, retrospective
analysis. The Lancet. Oncology. 2016; 17(10):1386-1395.
Danielsson A, Nemes S, Tisell M, et al. MethPed: a DNA methylation
classifier tool for the identification of pediatric brain tumor subtypes.
Clinical epigenetics. 2015; 7:62.
Capper D, Stichel D, Sahm F, et al. Practical implementation of DNA
methylation and copy-number-based CNS tumor diagnostics: the
Heidelberg experience. Acta neuropathologica. 2018; 136(2):181-210.
Priesterbach-Ackley LP, Boldt HB, Petersen JK, et al. Brain tumour
diagnostics using a DNA methylation-based classifier as a diagnostic
support tool. Neuropathology and applied neurobiology. 2020;
46(5):478-492.
Pickles JC, Fairchild AR, Stone TJ, et al. DNA methylation-based
profiling for paediatric CNS tumour diagnosis and treatment: a
population-based study. The Lancet. Child & adolescent health. 2020;
4(2):121-130.
Malmstrom A, Gronberg BH, Marosi C, et al. Temozolomide versus
standard 6-week radiotherapy versus hypofractionated radiotherapy in
patients older than 60 years with glioblastoma: the Nordic randomised,
phase 3 trial. The Lancet. Oncology. 2012; 13(9):916-926.

ANNA W ENGER

172.
173.

174.
175.
176.
177.
178.

179.
180.
181.
182.
183.
184.
185.
186.
187.

Gerson SL. MGMT: its role in cancer aetiology and cancer therapeutics.
Nature reviews. Cancer. 2004; 4(4):296-307.
Esteller M, Hamilton SR, Burger PC, Baylin SB, Herman JG.
Inactivation of the DNA repair gene O6-methylguanine-DNA
methyltransferase by promoter hypermethylation is a common event in
primary human neoplasia. Cancer research. 1999; 59(4):793-797.
Horvath S. DNA methylation age of human tissues and cell types.
Genome biology. 2013; 14(10):R115.
Horvath S. Erratum to: DNA methylation age of human tissues and cell
types. Genome biology. 2015; 16(1):96.
Field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA
Methylation Clocks in Aging: Categories, Causes, and Consequences.
Molecular cell. 2018; 71(6):882-895.
Kling T, Wenger A, Carén H. DNA methylation-based age estimation in
pediatric healthy tissues and brain tumors. Aging. 2020; 12(21):2103721056.
Kim YG, Cha J, Chandrasegaran S. Hybrid restriction enzymes: zinc
finger fusions to Fok I cleavage domain. Proceedings of the National
Academy of Sciences of the United States of America. 1996; 93(3):11561160.
Christian M, Cermak T, Doyle EL, et al. Targeting DNA double-strand
breaks with TAL effector nucleases. Genetics. 2010; 186(2):757-761.
Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A
programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science (New York, N.Y.). 2012; 337(6096):816-821.
Cong L, Ran FA, Cox D, et al. Multiplex genome engineering using
CRISPR/Cas systems. Science (New York, N.Y.). 2013; 339(6121):819823.
Mali P, Yang L, Esvelt KM, et al. RNA-guided human genome
engineering via Cas9. Science (New York, N.Y.). 2013; 339(6121):823826.
Liu TY, Knott GJ, Smock DCJ, et al. Accelerated RNA detection using
tandem CRISPR nucleases. Nature chemical biology. 2021; 17(9):982988.
Bao A, Burritt DJ, Chen H, Zhou X, Cao D, Tran LP. The CRISPR/Cas9
system and its applications in crop genome editing. Critical reviews in
biotechnology. 2019; 39(3):321-336.
Gillmore JD, Gane E, Taubel J, et al. CRISPR-Cas9 In Vivo Gene
Editing for Transthyretin Amyloidosis. The New England journal of
medicine. 2021; 385(6):493-502.
Doudna JA. The promise and challenge of therapeutic genome editing.
Nature. 2020; 578(7794):229-236.
Katti A, Diaz BJ, Caragine CM, Sanjana NE, Dow LE. CRISPR in cancer
biology and therapy. Nature reviews. Cancer. 2022.

REFERENCES

57

188.
189.
190.

191.
192.

193.
194.
195.

196.
197.
198.
199.
200.
201.
202.

58

Barrangou R, Fremaux C, Deveau H, et al. CRISPR provides acquired
resistance against viruses in prokaryotes. Science (New York, N.Y.).
2007; 315(5819):1709-1712.
Brouns SJ, Jore MM, Lundgren M, et al. Small CRISPR RNAs guide
antiviral defense in prokaryotes. Science (New York, N.Y.). 2008;
321(5891):960-964.
Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology (Reading, England). 2005;
151(Pt 8):2551-2561.
Jiang F, Doudna JA. CRISPR-Cas9 Structures and Mechanisms. Annual
review of biophysics. 2017; 46:505-529.
Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A. Nucleotide
sequence of the iap gene, responsible for alkaline phosphatase isozyme
conversion in Escherichia coli, and identification of the gene product.
Journal of bacteriology. 1987; 169(12):5429-5433.
Mojica FJ, Díez-Villaseñor C, García-Martínez J, Soria E. Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign
genetic elements. Journal of molecular evolution. 2005; 60(2):174-182.
Deveau H, Barrangou R, Garneau JE, et al. Phage response to CRISPRencoded resistance in Streptococcus thermophilus. Journal of
bacteriology. 2008; 190(4):1390-1400.
Mojica FJM, Díez-Villaseñor C, García-Martínez J, Almendros C. Short
motif sequences determine the targets of the prokaryotic CRISPR
defence system. Microbiology (Reading, England). 2009; 155(Pt 3):733740.
Garneau JE, Dupuis M, Villion M, et al. The CRISPR/Cas bacterial
immune system cleaves bacteriophage and plasmid DNA. Nature. 2010;
468(7320):67-71.
Bibikova M, Golic M, Golic KG, Carroll D. Targeted chromosomal
cleavage and mutagenesis in Drosophila using zinc-finger nucleases.
Genetics. 2002; 161(3):1169-1175.
van Overbeek M, Capurso D, Carter MM, et al. DNA Repair Profiling
Reveals Nonrandom Outcomes at Cas9-Mediated Breaks. Molecular
cell. 2016; 63(4):633-646.
Carroll D. Genome engineering with targetable nucleases. Annual review
of biochemistry. 2014; 83:409-439.
Qi LS, Larson MH, Gilbert LA, et al. Repurposing CRISPR as an RNAguided platform for sequence-specific control of gene expression. Cell.
2013; 152(5):1173-1183.
Pulecio J, Verma N, Mejía-Ramírez E, Huangfu D, Raya A.
CRISPR/Cas9-Based Engineering of the Epigenome. Cell stem cell.
2017; 21(4):431-447.
Vakulskas CA, Dever DP, Rettig GR, et al. A high-fidelity Cas9 mutant
delivered as a ribonucleoprotein complex enables efficient gene editing

ANNA W ENGER

203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.

in human hematopoietic stem and progenitor cells. Nature medicine.
2018; 24(8):1216-1224.
Doench JG, Fusi N, Sullender M, et al. Optimized sgRNA design to
maximize activity and minimize off-target effects of CRISPR-Cas9.
Nature biotechnology. 2016; 34(2):184-191.
Liang X, Potter J, Kumar S, et al. Rapid and highly efficient mammalian
cell engineering via Cas9 protein transfection. Journal of biotechnology.
2015; 208:44-53.
Kim S, Kim D, Cho SW, Kim J, Kim JS. Highly efficient RNA-guided
genome editing in human cells via delivery of purified Cas9
ribonucleoproteins. Genome research. 2014; 24(6):1012-1019.
Kim D, Luk K, Wolfe SA, Kim JS. Evaluating and Enhancing Target
Specificity of Gene-Editing Nucleases and Deaminases. Annual review
of biochemistry. 2019; 88:191-220.
Tsai SQ, Zheng Z, Nguyen NT, et al. GUIDE-seq enables genome-wide
profiling of off-target cleavage by CRISPR-Cas nucleases. Nature
biotechnology. 2015; 33(2):187-197.
Hsu PD, Scott DA, Weinstein JA, et al. DNA targeting specificity of
RNA-guided Cas9 nucleases. Nature biotechnology. 2013; 31(9):827832.
Fu Y, Foden JA, Khayter C, et al. High-frequency off-target mutagenesis
induced by CRISPR-Cas nucleases in human cells. Nature
biotechnology. 2013; 31(9):822-826.
Moses C, Garcia-Bloj B, Harvey AR, Blancafort P. Hallmarks of cancer:
The CRISPR generation. European journal of cancer (Oxford, England
: 1990). 2018; 93:10-18.
Hart T, Chandrashekhar M, Aregger M, et al. High-Resolution CRISPR
Screens Reveal Fitness Genes and Genotype-Specific Cancer Liabilities.
Cell. 2015; 163(6):1515-1526.
Shalem O, Sanjana NE, Hartenian E, et al. Genome-scale CRISPR-Cas9
knockout screening in human cells. Science (New York, N.Y.). 2014;
343(6166):84-87.
Behan FM, Iorio F, Picco G, et al. Prioritization of cancer therapeutic
targets using CRISPR-Cas9 screens. Nature. 2019; 568(7753):511-516.
Meyers RM, Bryan JG, McFarland JM, et al. Computational correction
of copy number effect improves specificity of CRISPR-Cas9 essentiality
screens in cancer cells. Nature genetics. 2017; 49(12):1779-1784.
Tsherniak A, Vazquez F, Montgomery PG, et al. Defining a Cancer
Dependency Map. Cell. 2017; 170(3):564-576.e516.
Dharia NV, Kugener G, Guenther LM, et al. A first-generation pediatric
cancer dependency map. Nature genetics. 2021; 53(4):529-538.
Dempster JM, Pacini C, Pantel S, et al. Agreement between two large
pan-cancer CRISPR-Cas9 gene dependency data sets. Nature
communications. 2019; 10(1):5817.

REFERENCES

59

218.
219.

220.
221.
222.
223.
224.
225.
226.

227.
228.
229.
230.

231.
232.

60

Toledo CM, Ding Y, Hoellerbauer P, et al. Genome-wide CRISPR-Cas9
Screens Reveal Loss of Redundancy between PKMYT1 and WEE1 in
Glioblastoma Stem-like Cells. Cell reports. 2015; 13(11):2425-2439.
MacLeod G, Bozek DA, Rajakulendran N, et al. Genome-Wide CRISPRCas9 Screens Expose Genetic Vulnerabilities and Mechanisms of
Temozolomide Sensitivity in Glioblastoma Stem Cells. Cell reports.
2019; 27(3):971-986.e979.
Conti L, Pollard SM, Gorba T, et al. Niche-independent symmetrical
self-renewal of a mammalian tissue stem cell. PLoS biology. 2005;
3(9):e283.
Pollard SM. In vitro expansion of fetal neural progenitors as adherent cell
lines. Methods in molecular biology (Clifton, N.J.). 2013; 1059:13-24.
Sun Y, Pollard S, Conti L, et al. Long-term tripotent differentiation
capacity of human neural stem (NS) cells in adherent culture. Molecular
and cellular neurosciences. 2008; 38(2):245-258.
Pollard SM, Conti L, Sun Y, Goffredo D, Smith A. Adherent neural stem
(NS) cells from fetal and adult forebrain. Cerebral cortex (New York,
N.Y. : 1991). 2006; 16 Suppl 1:i112-120.
Li W, Xu H, Xiao T, et al. MAGeCK enables robust identification of
essential genes from genome-scale CRISPR/Cas9 knockout screens.
Genome biology. 2014; 15(12):554.
Aguirre AJ, Meyers RM, Weir BA, et al. Genomic Copy Number
Dictates a Gene-Independent Cell Response to CRISPR/Cas9 Targeting.
Cancer discovery. 2016; 6(8):914-929.
Munoz DM, Cassiani PJ, Li L, et al. CRISPR Screens Provide a
Comprehensive Assessment of Cancer Vulnerabilities but Generate
False-Positive Hits for Highly Amplified Genomic Regions. Cancer
discovery. 2016; 6(8):900-913.
Hsiau T, Conant D, Rossi N, et al. Inference of CRISPR Edits from
Sanger Trace Data. bioRxiv. 2019:251082.
Gilbert MT, Haselkorn T, Bunce M, et al. The isolation of nucleic acids
from fixed, paraffin-embedded tissues-which methods are useful when?
PloS one. 2007; 2(6):e537.
Kling T, Wenger A, Beck S, Caren H. Validation of the MethylationEPIC
BeadChip for fresh-frozen and formalin-fixed paraffin-embedded
tumours. Clinical epigenetics. 2017; 9:33.
Thirlwell C, Eymard M, Feber A, et al. Genome-wide DNA methylation
analysis of archival formalin-fixed paraffin-embedded tissue using the
Illumina Infinium HumanMethylation27 BeadChip. Methods (San
Diego, Calif.). 2010; 52(3):248-254.
Pidsley R, Zotenko E, Peters TJ, et al. Critical evaluation of the Illumina
MethylationEPIC BeadChip microarray for whole-genome DNA
methylation profiling. Genome biology. 2016; 17(1):208.
Morris TJ, Butcher LM, Feber A, et al. ChAMP: 450k Chip Analysis
Methylation Pipeline. Bioinformatics (Oxford, England). 2014;
30(3):428-430.

ANNA W ENGER

233.

234.
235.
236.
237.
238.
239.

240.

241.
242.
243.
244.
245.

246.

Aryee MJ, Jaffe AE, Corrada-Bravo H, et al. Minfi: a flexible and
comprehensive Bioconductor package for the analysis of Infinium DNA
methylation microarrays. Bioinformatics (Oxford, England). 2014;
30(10):1363-1369.
Guilhamon P, Butcher LM, Presneau N, et al. Assessment of patientderived tumour xenografts (PDXs) as a discovery tool for cancer
epigenomics. Genome medicine. 2014; 6(12):116.
Paul DS, Guilhamon P, Karpathakis A, et al. Assessment of RainDrop
BS-seq as a method for large-scale, targeted bisulfite sequencing.
Epigenetics. 2014; 9(5):678-684.
Hovestadt V, Zapatka M. conumee: Enhanced copy-number variation
analysis using Illumina DNA methylation arrays. R package version
1.9.0. http://bioconductor.org/packages/conumee/.
Jones C, Baker SJ. Unique genetic and epigenetic mechanisms driving
paediatric diffuse high-grade glioma. Nature reviews. Cancer. 2014;
14(10).
Allen M, Bjerke M, Edlund H, Nelander S, Westermark B. Origin of the
U87MG glioma cell line: Good news and bad news. Science translational
medicine. 2016; 8(354):354re353.
Wenger A, Werlenius K, Hallner A, et al. Determinants for Effective
ALECSAT Immunotherapy Treatment on Autologous Patient-Derived
Glioblastoma Stem Cells. Neoplasia (New York, N.Y.). 2018; 20(1):2531.
Shu Q, Wong KK, Su JM, et al. Direct orthotopic transplantation of fresh
surgical specimen preserves CD133+ tumor cells in clinically relevant
mouse models of medulloblastoma and glioma. Stem cells (Dayton,
Ohio). 2008; 26(6):1414-1424.
Kim KM, Shim JK, Chang JH, et al. Failure of a patient-derived
xenograft for brain tumor model prepared by implantation of tissue
fragments. Cancer cell international. 2016; 16:43.
Robinson KE, Kuttesch JF, Champion JE, et al. A quantitative metaanalysis of neurocognitive sequelae in survivors of pediatric brain
tumors. Pediatric blood & cancer. 2010; 55(3):525-531.
Lannering B, Marky I, Lundberg A, Olsson E. Long-term sequelae after
pediatric brain tumors: their effect on disability and quality of life.
Medical and pediatric oncology. 1990; 18(4):304-310.
Hultquist JF, Hiatt J, Schumann K, et al. CRISPR-Cas9 genome
engineering of primary CD4(+) T cells for the interrogation of HIV-host
factor interactions. Nature protocols. 2019; 14(1):1-27.
Bressan RB, Dewari PS, Kalantzaki M, et al. Efficient CRISPR/Cas9assisted gene targeting enables rapid and precise genetic manipulation of
mammalian neural stem cells. Development (Cambridge, England).
2017; 144(4):635-648.
Jaunmuktane Z, Capper D, Jones DTW, et al. Methylation array profiling
of adult brain tumours: diagnostic outcomes in a large, single centre. Acta
neuropathologica communications. 2019; 7(1):24.

REFERENCES

61

247.
248.
249.
250.

251.

252.

253.
254.
255.
256.

257.
258.
259.
260.

62

Verburg N, Barthel FP, Anderson KJ, et al. Spatial concordance of DNA
methylation classification in diffuse glioma. Neuro-oncology. 2021;
23(12):2054-2065.
Moreno L, Pearson ADJ, Paoletti X, et al. Early phase clinical trials of
anticancer agents in children and adolescents - an ITCC perspective.
Nature reviews. Clinical oncology. 2017; 14(8):497-507.
Zwaan CM, Kearns P, Caron H, et al. The role of the 'innovative therapies
for children with cancer' (ITCC) European consortium. Cancer treatment
reviews. 2010; 36(4):328-334.
Schubert NA, Lowery CD, Bergthold G, et al. Systematic target
actionability reviews of preclinical proof-of-concept papers to match
targeted drugs to paediatric cancers. European journal of cancer (Oxford,
England : 1990). 2020; 130:168-181.
van Tilburg CM, Pfaff E, Pajtler KW, et al. The Pediatric Precision
Oncology INFORM Registry: Clinical Outcome and Benefit for Patients
with Very High-Evidence Targets. Cancer discovery. 2021;
11(11):2764-2779.
Worst BC, van Tilburg CM, Balasubramanian GP, et al. Next-generation
personalised medicine for high-risk paediatric cancer patients - The
INFORM pilot study. European journal of cancer (Oxford, England :
1990). 2016; 65:91-101.
Allen CE, Laetsch TW, Mody R, et al. Target and Agent Prioritization
for the Children's Oncology Group-National Cancer Institute Pediatric
MATCH Trial. Journal of the National Cancer Institute. 2017; 109(5).
Zanoni M, Cortesi M, Zamagni A, Arienti C, Pignatta S, Tesei A.
Modeling neoplastic disease with spheroids and organoids. Journal of
hematology & oncology. 2020; 13(1):97.
Dobson THW, Gopalakrishnan V. Preclinical Models of Pediatric Brain
Tumors-Forging Ahead. Bioengineering (Basel, Switzerland). 2018;
5(4).
Orcheston-Findlay L, Bax S, Utama R, Engel M, Govender D, O'Neill
G. Advanced Spheroid, Tumouroid and 3D Bioprinted In-Vitro Models
of Adult and Paediatric Glioblastoma. International journal of molecular
sciences. 2021; 22(6).
Tang M, Rich JN, Chen S. Biomaterials and 3D Bioprinting Strategies to
Model Glioblastoma and the Blood-Brain Barrier. Advanced materials
(Deerfield Beach, Fla.). 2021; 33(5):e2004776.
Choi Y, Lee S, Kim K, Kim SH, Chung YJ, Lee C. Studying cancer
immunotherapy using patient-derived xenografts (PDXs) in humanized
mice. Experimental & molecular medicine. 2018; 50(8):1-9.
Allen TM, Brehm MA, Bridges S, et al. Humanized immune system
mouse models: progress, challenges and opportunities. Nature
immunology. 2019; 20(7):770-774.
Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable
editing of a target base in genomic DNA without double-stranded DNA
cleavage. Nature. 2016; 533(7603):420-424.

ANNA W ENGER

261.
262.
263.
264.
265.
266.
267.
268.
269.
270.

271.
272.
273.

274.
275.

Gaudelli NM, Komor AC, Rees HA, et al. Programmable base editing of
A•T to G•C in genomic DNA without DNA cleavage. Nature. 2017;
551(7681):464-471.
Schaefer KA, Wu W-H, Colgan DF, Tsang SH, Bassuk AG, Mahajan
VB. Retraction Note: Unexpected mutations after CRISPR–Cas9 editing
in vivo. Nature Methods. 2018; 15(5):394-394.
Lescarbeau RM, Murray B, Barnes TM, Bermingham N. Response to
"Unexpected mutations after CRISPR-Cas9 editing in vivo". Nat
Methods. 2018; 15(4):237.
Wilson CJ, Fennell T, Bothmer A, et al. Response to "Unexpected
mutations after CRISPR-Cas9 editing in vivo". Nat Methods. 2018;
15(4):236-237.
Kim ST, Park J, Kim D, et al. Response to "Unexpected mutations after
CRISPR-Cas9 editing in vivo". Nat Methods. 2018; 15(4):239-240.
Nutter LMJ, Heaney JD, Lloyd KCK, et al. Response to "Unexpected
mutations after CRISPR-Cas9 editing in vivo". Nat Methods. 2018;
15(4):235-236.
Lareau CA, Clement K, Hsu JY, et al. Response to "Unexpected
mutations after CRISPR-Cas9 editing in vivo". Nat Methods. 2018;
15(4):238-239.
Radke J, Koch A, Pritsch F, et al. Predictive MGMT status in a
homogeneous cohort of IDH wildtype glioblastoma patients. Acta
neuropathologica communications. 2019; 7(1):89.
Nguyen N, Redfield J, Ballo M, et al. Identifying the optimal cutoff point
for MGMT promoter methylation status in glioblastoma. CNS oncology.
2021; 10(3):Cns74.
Brandner S, McAleenan A, Kelly C, et al. MGMT promoter methylation
testing to predict overall survival in people with glioblastoma treated
with temozolomide: a comprehensive meta-analysis based on a Cochrane
Systematic Review. Neuro-oncology. 2021; 23(9):1457-1469.
Koelsche C, Schrimpf D, Stichel D, et al. Sarcoma classification by DNA
methylation profiling. Nature communications. 2021; 12(1):498.
Bettegowda C, Sausen M, Leary RJ, et al. Detection of circulating tumor
DNA in early- and late-stage human malignancies. Science translational
medicine. 2014; 6(224):224ra224.
Chan KC, Jiang P, Zheng YW, et al. Cancer genome scanning in plasma:
detection of tumor-associated copy number aberrations, singlenucleotide variants, and tumoral heterogeneity by massively parallel
sequencing. Clinical chemistry. 2013; 59(1):211-224.
Phallen J, Sausen M, Adleff V, et al. Direct detection of early-stage
cancers using circulating tumor DNA. Science translational medicine.
2017; 9(403).
Cohen JD, Li L, Wang Y, et al. Detection and localization of surgically
resectable cancers with a multi-analyte blood test. Science (New York,
N.Y.). 2018; 359(6378):926-930.

REFERENCES

63

276.
277.

278.
279.

64

Nassiri F, Chakravarthy A, Feng S, et al. Detection and discrimination of
intracranial tumors using plasma cell-free DNA methylomes. Nature
medicine. 2020; 26(7):1044-1047.
Van Paemel R, De Koker A, Vandeputte C, et al. Minimally invasive
classification of paediatric solid tumours using reduced representation
bisulphite sequencing of cell-free DNA: a proof-of-principle study.
Epigenetics. 2021; 16(2):196-208.
Sabedot TS, Malta TM, Snyder J, et al. A serum-based DNA methylation
assay provides accurate detection of glioma. Neuro-oncology. 2021;
23(9):1494-1508.
Li J, Zhao S, Lee M, et al. Reliable tumor detection by whole-genome
methylation sequencing of cell-free DNA in cerebrospinal fluid of
pediatric medulloblastoma. Science advances. 2020; 6(42).

ANNA W ENGER

