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tumours using genetic and epigenetic tools 

Thomas Olsson Bontell 
Department of Physiology, Institute of Neuroscience and Physiology 

Sahlgrenska Academy, University of Gothenburg 
Gothenburg, Sweden 

ABSTRACT 
Brain tumor diagnostics has traditionally been based on histopathology stains. The introduction of 
immunohistochemistry stains resulted in improved ability to classify these often devastating tumors. 
The understanding of molecular markers in central nervous system tumors has improved substantially 
in recent decades. Demonstration of specific genetic changes such as mutations can have crucial 
impact on selection of therapy. Genetic changes also play an increasingly important role when it 
comes to classification of these tumors. Correct classification and grading are important to be able to 
give correct prognostic and predictive information and are of fundamental importance for efficient 
clinical patient handling. In this thesis, we use several molecular techniques to improve tumor 
diagnosis and tumor classification and investigate the utility of these methods to give a deeper 
understanding of these neoplastic processes.   

In Paper I, we investigated the DNA methylation profiling method for molecular classification of diffuse 
lower grade gliomas. We showed that DNA methylation profiling not only gave correct diagnostic and 
prognostic information but also were able to give reliable molecular information enabling molecular 
classification of the tumors according to the World Health Organization classification system. 

In Paper II, we assessed changes in DNA methylation pattern over time in diffuse IDH-mutant gliomas. 
We showed that tumors accumulated methylation alterations during progression, but that the overall 
methylation patterns most often were maintained upon recurrence. 

In Paper III, we explored if a proposed immunohistochemistry-based investigation of phenotype 
predicted survival and tumor recurrence in a clinical cohort of diffuse low-grade gliomas that were 
reclassified according to the 2021 WHO criteria. 

In Paper IV, we describe a 16-month-old patient with a tumor in the third ventricle with a relapse two 
years after diagnosis. The tumor was initially classified as a low-grade glioma but was after methylation 
profiling reclassified as an infant-type hemispheric glioma. To search for druggable targets and for 
further refinement of the molecular background both whole genome sequencing and whole 
transcriptome sequencing were performed. A novel TPR::ROS1 fusion gene was detected activating the 
MAPK-, PI3K- and JAK/STAT- pathways.  

In Paper V, we present a cystic pilocytic astrocytoma with KIAA1549::BRAF fusion in a 16-year-old 
patient. The tumor showed ganglion cell morphology and different vascularization in a nodular 
component. With extended molecular examination we were able to prove that the cells with ganglion 
cell morphology were of neoplastic origin.  

In conclusion, we further demonstrate the importance of adding molecular investigation in the 
histopathological diagnostic work-up. We also present arguments for the importance of evaluating 
molecular findings in correlation with the histomorphology picture.  

Keywords: Histopathology, DNA methylation profiling, DNA methylation-based classification, 
Diffuse lower grade-glioma, Genomic analysis, Molecular biomarkers, Pediatric glioma 
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Sammanfattning på svenska 
Hjärntumördiagnostik har traditionellt baserats på histopatologisk färgning. Introduktionen av 
immunohistokemisk färgning resulterade i förbättrad förmåga att klassificera dessa ofta livshotande 
tumörer. Förståelsen av molekylära förändringar i tumör i centrala nervsystemet har avsevärt förbättrats 
under de senaste decennierna. Att påvisa specifika genetiska förändringar såsom mutationer kan ha 
avgörande inverkan på valet av terapi. Genetiska förändringar spelar också en allt viktigare roll när det 
kommer till klassificering av dessa tumörer. Korrekt klassificering och gradering är viktigt för att kunna 
ge korrekt prognostisk och predikativ information och är av fundamental betydelse för en effektiv klinisk 
patienthantering. I denna avhandling undersöker vi förmågan hos flera molekylära tekniker att ge 
förbättrad tumördiagnostik och tumörklassificering samt fördjupad förståelse av dessa neoplastiska 
processer.  

I delarbete I undersöker vi DNA-metyleringsbaserad profilering som metod för molekylär klassificering 
av diffusa låggradiga gliom. Vi visar att DNA-metyleringsbaserad profilering inte bara gav korrekt 
diagnostisk och prognostisk information men också kunde ge tillförlitlig molekylär information för 
klassificering av tumörerna enligt WHO:s klassificeringssystem. 

I delarbete II studerade vi förändringar i DNA-metyleringsmönster över tid i diffusa IDH-muterade 
gliom. Vi visade att tumörer ackumulerade metyleringsförändringar under progression, men att 
metyleringsmönstret oftast var bevarat vid recidiv.  

I delarbete III undersökte vi om en föreslagen immunohistokemisk undersökningsmetod av fenotyp 
kunde förutse överlevnad och tumörrecidiv i en klinisk kohort med diffusa låggradiga gliom 
reklassificerade enligt WHO:s kriterier från 2021. 

I delarbete IV beskriver vi en 16 månader gammal patient med en tumör i 3:e ventrikeln som 
recidiverade 2 år efter diagnos. Tumören klassificerades initialt som ett låggradigt gliom men 
reklassificerades efter metyleringsarray-profilering som ett så kallat infant-type hemispheric glioma. För 
att leta efter behandlingsbara genetiska förändringar och för utökad förståelse av den molekylära 
bakgrunden utförde vi helgenomsekvensering och heltranskriptomsekvensering. En tidigare okänd 
TPR::ROS1 fusionsgen påvisades vilken aktiverade MAPK-, PI3K- och JAK/STAT-vägarna. 

I delarbete V presenterar vi ett fall av cystiskt pilocytärt astrocytom med KIAA1549::BRAF-fusion hos 
en 16 år gammal patient. Tumören uppvisade gangliocytär cellmorfologi och annorlunda vaskularisering 
i en nodulär komponent. Med utökad molekylär undersökning kunde vi visa att cellerna med 
gangliocytär morfologi var neoplastiska. 

Sammanfattningsvis ger vi ytterligare belägg för vikten av att addera molekylära undersökningar i den 
histopatologiska utvärderingen av tumör från centrala nervsystemet. Vi presenterar också argument som 
stödjer uppfattningen att det är av stor vikt att utvärdera molekylära fynd i korrelation med den 
histomorfologiska bilden. 

 

 

 

 

 



 
 

ISBN 978-91-8069-201-4 (PRINT)  
ISBN 978-91-8069-202-1 (PDF)  

 

  

 
 

Sammanfattning på svenska 
Hjärntumördiagnostik har traditionellt baserats på histopatologisk färgning. Introduktionen av 
immunohistokemisk färgning resulterade i förbättrad förmåga att klassificera dessa ofta livshotande 
tumörer. Förståelsen av molekylära förändringar i tumör i centrala nervsystemet har avsevärt förbättrats 
under de senaste decennierna. Att påvisa specifika genetiska förändringar såsom mutationer kan ha 
avgörande inverkan på valet av terapi. Genetiska förändringar spelar också en allt viktigare roll när det 
kommer till klassificering av dessa tumörer. Korrekt klassificering och gradering är viktigt för att kunna 
ge korrekt prognostisk och predikativ information och är av fundamental betydelse för en effektiv klinisk 
patienthantering. I denna avhandling undersöker vi förmågan hos flera molekylära tekniker att ge 
förbättrad tumördiagnostik och tumörklassificering samt fördjupad förståelse av dessa neoplastiska 
processer.  

I delarbete I undersöker vi DNA-metyleringsbaserad profilering som metod för molekylär klassificering 
av diffusa låggradiga gliom. Vi visar att DNA-metyleringsbaserad profilering inte bara gav korrekt 
diagnostisk och prognostisk information men också kunde ge tillförlitlig molekylär information för 
klassificering av tumörerna enligt WHO:s klassificeringssystem. 

I delarbete II studerade vi förändringar i DNA-metyleringsmönster över tid i diffusa IDH-muterade 
gliom. Vi visade att tumörer ackumulerade metyleringsförändringar under progression, men att 
metyleringsmönstret oftast var bevarat vid recidiv.  

I delarbete III undersökte vi om en föreslagen immunohistokemisk undersökningsmetod av fenotyp 
kunde förutse överlevnad och tumörrecidiv i en klinisk kohort med diffusa låggradiga gliom 
reklassificerade enligt WHO:s kriterier från 2021. 

I delarbete IV beskriver vi en 16 månader gammal patient med en tumör i 3:e ventrikeln som 
recidiverade 2 år efter diagnos. Tumören klassificerades initialt som ett låggradigt gliom men 
reklassificerades efter metyleringsarray-profilering som ett så kallat infant-type hemispheric glioma. För 
att leta efter behandlingsbara genetiska förändringar och för utökad förståelse av den molekylära 
bakgrunden utförde vi helgenomsekvensering och heltranskriptomsekvensering. En tidigare okänd 
TPR::ROS1 fusionsgen påvisades vilken aktiverade MAPK-, PI3K- och JAK/STAT-vägarna. 

I delarbete V presenterar vi ett fall av cystiskt pilocytärt astrocytom med KIAA1549::BRAF-fusion hos 
en 16 år gammal patient. Tumören uppvisade gangliocytär cellmorfologi och annorlunda vaskularisering 
i en nodulär komponent. Med utökad molekylär undersökning kunde vi visa att cellerna med 
gangliocytär morfologi var neoplastiska. 

Sammanfattningsvis ger vi ytterligare belägg för vikten av att addera molekylära undersökningar i den 
histopatologiska utvärderingen av tumör från centrala nervsystemet. Vi presenterar också argument som 
stödjer uppfattningen att det är av stor vikt att utvärdera molekylära fynd i korrelation med den 
histomorfologiska bilden. 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i 
 

List of papers 
 

This thesis is based on the following studies, referred to in the text by the Roman numerals. 

 

I. Ferreyra Vega S, Olsson Bontell T, Corell A, Smits A, Jakola AS, Carén H. DNA methylation 
profiling for molecular classification of adult diffuse lower-grade gliomas. Clin Epigenetics 
2021:13(1):102. 
 

II. Ferreyra Vega S, Olsson Bontell T, Teresia K, Jakola AS, Carén H. Longitudinal DNA 
methylation analysis of adult-type IDH-mutant gliomas. Acta Neuropathologica 
Communications 2023:11(1):23. 
 

III. Dénes A*, Olsson Bontell T*, Barchéus H, Ferreya Vega S, Carén H, Lindskog C, Jakola AS, 
Smits A. The Clinical value of proneural, classical and mesenchymal protein signatures in WHO 
2021 adult-type diffuse lower-grade gliomas.  Manuscript submitted. *Shared first author. 
 

IV. Deland L, Keane S, Olsson Bontell T, Fagman H, Sjögren H, Lind AE, Carén H, Tisell 
M, Nilsson JA, Ejeskär K, Sabel M, Abel F. Novel TPR::ROS1 Fusion Gene Activates MAPK, 
PI3K and JAK/STAT Signaling in an Infant-type Pediatric Glioma. Cancer Genomics 
Proteomics 2022:19(6):711-726. 
 

V. Olsson Bontell T, Danielsson A, Dahr N, Deland L, Tisell M, Sjögren H, Sabel M, Carén H, 
Abel F. Formation of ganglion cells in a nodular component of a cystic infratentorial pilocytic 
astrocytoma carrying KIAA1549::BRAF fusion. Manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i 
 

List of papers 
 

This thesis is based on the following studies, referred to in the text by the Roman numerals. 

 

I. Ferreyra Vega S, Olsson Bontell T, Corell A, Smits A, Jakola AS, Carén H. DNA methylation 
profiling for molecular classification of adult diffuse lower-grade gliomas. Clin Epigenetics 
2021:13(1):102. 
 

II. Ferreyra Vega S, Olsson Bontell T, Teresia K, Jakola AS, Carén H. Longitudinal DNA 
methylation analysis of adult-type IDH-mutant gliomas. Acta Neuropathologica 
Communications 2023:11(1):23. 
 

III. Dénes A*, Olsson Bontell T*, Barchéus H, Ferreya Vega S, Carén H, Lindskog C, Jakola AS, 
Smits A. The Clinical value of proneural, classical and mesenchymal protein signatures in WHO 
2021 adult-type diffuse lower-grade gliomas.  Manuscript submitted. *Shared first author. 
 

IV. Deland L, Keane S, Olsson Bontell T, Fagman H, Sjögren H, Lind AE, Carén H, Tisell 
M, Nilsson JA, Ejeskär K, Sabel M, Abel F. Novel TPR::ROS1 Fusion Gene Activates MAPK, 
PI3K and JAK/STAT Signaling in an Infant-type Pediatric Glioma. Cancer Genomics 
Proteomics 2022:19(6):711-726. 
 

V. Olsson Bontell T, Danielsson A, Dahr N, Deland L, Tisell M, Sjögren H, Sabel M, Carén H, 
Abel F. Formation of ganglion cells in a nodular component of a cystic infratentorial pilocytic 
astrocytoma carrying KIAA1549::BRAF fusion. Manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



ii 
 

Additional publications related to but not part of this thesis: 

 
i. Bergström P, Agholme L, Nazir FH, Satir TM, Toombs J, Wellington H, Strandberg J, Bontell 

TO, Kvartsberg H, Holmström M, Boreström C, Simonsson S, Kunath T, Lindahl A, Blennow 
K, Hanse E, Portelius E, Wray S, Zetterberg H. Amyloid precursor protein expression and 
processing are differentially regulated during cortical neuron differentiation. Sci Rep 
2016:6:29200. 

 
ii. Vizlin-Hodzic D, Zhai Q, Illes S, Södersten K, Truvé K, Parris TZ, Sobhan PK, Salmela 

S, Kosalai ST, Kanduri C, Strandberg J, Seth H, Bontell TO, Hanse E, Ågren H, Funa K. Early 
onset of inflammation during ontogeny of bipolar disorder: the NLRP2 inflammasome gene 
distinctly differentiates between patients and healthy controls in the transition between iPS cell 
and neural stem cell stages. Transl Psychiatry 2017:7(1):e1010. 

 
iii. Fekete B, Werlenius K, Carén H, Ozanne A, Rosengren L, Zetterberg H, Tisell M, Smits 

A, Pontén F, Lindskog C, Olsson Bontell T, Jakola A, Rydenhag B. The Gothenburg 
population-based glioblastoma research database: Methodological aspects and potential impact. 
Neurology and Neurosurgery 2019:2 

 
iv. Wenger A, Ferreyra Vega S, Kling T, Olsson Bontell T, Jakola AS, Carén H. Intra-Tumor 

DNA Methylation Heterogeneity in Glioblastoma; Implications for DNA Methylation-Based 
Classification. Neuro Oncol 2019:21(5):616-627. 

 
v. Leiss L, Mega A, Olsson Bontell T, Nistér M, Smits A, Corvigno S, Rahman MA, Enger 

PØ, Miletic H, Östman A. Platelet-derived growth factor receptor α/glial fibrillary acidic 
protein expressing peritumoral astrocytes associate with shorter median overall survival in 
glioblastoma patients. Glia 2020:68(5):979-988. 

 
vi. Näslund O, Skoglund T, Farahmand D, Bontell TO, Jakola AS. Indications and outcome in 

surgically treated asymptomatic meningiomas: a single-center case-control study. Acta 
Neurochir (Wien) 2020:162(9):2155-2163. 

 
vii. Corell A, Ferreyra Vega S, Hoefling N, Carstam L, Smits A, Olsson Bontell T, Björkman-

Burtscher IM, Carén H, Jakola AS. The clinical significance of the T2-FLAIR mismatch sign 
in grade II and III gliomas: a population-based study. BMC Cancer 2020:20(1):450. 

 
viii. Izsak J, Vizlin-Hodzic D, Iljin M, Strandberg J, Jadasz J, Olsson Bontell T, Theiss S, Hanse 

E, Ågren H, Funa K, Illes S. TGF-β1 Suppresses Proliferation and Induces Differentiation in 
Human iPSC Neural in vitro Models. Front Cell Dev Biol 2020:8:571332. 

 
ix. Buvarp DB, Rydén IR, S Sunnerhagen KSS, Olsson Bontell T, Gómez Vecchio TGV, Smits 

AS, Store Jakola ASJ. Preoperative Patient-Reported Outcomes in Suspected Low-Grade 
Glioma: Markers of Disease Severity and Correlations with Molecular Subtypes. J Cli Med 
2021 Feb 8;10(4):645. 

 
x. Solorzano L, Wik L, Olsson Bontell T, Wang Y, Klemm AH, Öfverstedt J, Jakola AS, Östman 

A, Wählby C. Machine learning for cell classification and neighborhood analysis in glioma 
tissue. Cytometry A 2021:99(12):1176-1186. 

 
xi. van Hooren L, Vaccaro A, Ramachandran M, Vazaios K, Libard S, van de Walle T, Georganaki 

M, Huang H, Pietilä I, Lau J, Ulvmar MH, Karlsson MCI, Zetterling M, Mangsbo SM, Jakola 
AS, Olsson Bontell T, Smits A, Essand M, Dimberg A. Agonistic CD40 therapy induces 

iii 
 

tertiary lymphoid structures but impairs responses to checkpoint blockade in glioma. Nat 
Commun 2021:12(1):4127. 

 
xii. Carstam L, Corell A, Smits A, Dénes A, Barchéus H, Modin K, Sjögren H, Ferreyra Vega 

S, Bontell TO, Carén H, Jakola AS. WHO Grade Loses Its Prognostic Value in Molecularly 
Defined Diffuse Lower-Grade Gliomas. Front Oncol 2021:11:803975. 

 
xiii. Ferreyra Vega S, Wenger A, Kling T, Olsson Bontell T, Jakola AS, Carén H. Spatial 

heterogeneity in DNA methylation and chromosomal alterations in diffuse gliomas and 
meningiomas. Mod Pathol 2022. 
 

xiv. Wenger A, Ferreyra Vega S, Schepke E, Löfgren M, Olsson Bontell T, Tisell M, Nilsson D, 
Kling T, Carén H. DNA methylation alterations across time and space in paediatric brain 
tumours. Acta Neuropathol Commun. 2022 Jul 16;10(1):105. 
 

xv. Corell A, Gómez Vecchio T, Ferreyra Vega S, Dénes A, Neimantaite A, Hagerius A, Barchéus 
H, Solheim O, Lindskog C, Bontell TO, Carén H, Jakola AS, Smits A. Stemness and clinical 
features in relation to the subventricular zone in diffuse lower-grade glioma: an exploratory 
study. Neurooncol Adv 2022:4(1):vdac074. 
 

xvi. Schepke E, Löfgren M, Pietsch T, Olsson Bontell T, Kling T, Wenger A, Ferreyra Vega 
S, Danielsson A, Dosa S, Holm S, Öberg A, Nyman P, Eliasson-Hofvander M, Sandström 
PE, Pfister SM, Lannering B, Sabel M, Carén H. DNA methylation profiling improves routine 
diagnostics of paediatric central nervous system tumours: A prospective population-based 
study. Neuropathol Appl Neurobiol 2022:e12838. 
 

xvii. Deland L, Keane S, Olsson Bontell T, Sjögren H, Fagman H, Øra I, De La Cuesta E, Tisell 
M, V J, Ejeskär K, Sabel M, Abel F. Discovery of a rare GKAP1-NTRK2 fusion in a pediatric 
low-grade glioma, leading to targeted treatment with TRK-inhibitor larotrectinib. Biol Ther 
Cancer 2021:22(3):184-195. 
 

xviii. Svenjeby C, Carstam L, Werlenius K, Bontell TO, Rydén I, Jacobsson J, Dénes A, Jakola AS, 
Corell A. Changes in clinical management of diffuse IDH-mutated lower-grade gliomas: 
patterns of care in a 15-year period. J Neurooncol 2022.  
 

xix. Näslund O, Lipatnikova A, Dénes A, Lindskog C, Olsson Bontell T, Smits A, Jakola A, Corell 
A. Meningioma classification by immunohistochemistry: a replicability study. Brain and spine 
2023:3:101711. 
 

xx. Schepke E, Löfgren M, Pietsch T, Kling T, Nordborg C, Bontell T O, Holm S, Öberg A, Nyman 
P, Eliasson-Hofvander M, Sabel M, Lannering B, Carén H. Supratentorial CNS-PNETs in 
children; A Swedish population-based study with molecular re-evaluation and long-term 
follow-up. Clinical Epigenetics, 2023:15(1):40. 

 

 

 

 



ii 
 

Additional publications related to but not part of this thesis: 

 
i. Bergström P, Agholme L, Nazir FH, Satir TM, Toombs J, Wellington H, Strandberg J, Bontell 

TO, Kvartsberg H, Holmström M, Boreström C, Simonsson S, Kunath T, Lindahl A, Blennow 
K, Hanse E, Portelius E, Wray S, Zetterberg H. Amyloid precursor protein expression and 
processing are differentially regulated during cortical neuron differentiation. Sci Rep 
2016:6:29200. 

 
ii. Vizlin-Hodzic D, Zhai Q, Illes S, Södersten K, Truvé K, Parris TZ, Sobhan PK, Salmela 

S, Kosalai ST, Kanduri C, Strandberg J, Seth H, Bontell TO, Hanse E, Ågren H, Funa K. Early 
onset of inflammation during ontogeny of bipolar disorder: the NLRP2 inflammasome gene 
distinctly differentiates between patients and healthy controls in the transition between iPS cell 
and neural stem cell stages. Transl Psychiatry 2017:7(1):e1010. 

 
iii. Fekete B, Werlenius K, Carén H, Ozanne A, Rosengren L, Zetterberg H, Tisell M, Smits 

A, Pontén F, Lindskog C, Olsson Bontell T, Jakola A, Rydenhag B. The Gothenburg 
population-based glioblastoma research database: Methodological aspects and potential impact. 
Neurology and Neurosurgery 2019:2 

 
iv. Wenger A, Ferreyra Vega S, Kling T, Olsson Bontell T, Jakola AS, Carén H. Intra-Tumor 

DNA Methylation Heterogeneity in Glioblastoma; Implications for DNA Methylation-Based 
Classification. Neuro Oncol 2019:21(5):616-627. 

 
v. Leiss L, Mega A, Olsson Bontell T, Nistér M, Smits A, Corvigno S, Rahman MA, Enger 

PØ, Miletic H, Östman A. Platelet-derived growth factor receptor α/glial fibrillary acidic 
protein expressing peritumoral astrocytes associate with shorter median overall survival in 
glioblastoma patients. Glia 2020:68(5):979-988. 

 
vi. Näslund O, Skoglund T, Farahmand D, Bontell TO, Jakola AS. Indications and outcome in 

surgically treated asymptomatic meningiomas: a single-center case-control study. Acta 
Neurochir (Wien) 2020:162(9):2155-2163. 

 
vii. Corell A, Ferreyra Vega S, Hoefling N, Carstam L, Smits A, Olsson Bontell T, Björkman-

Burtscher IM, Carén H, Jakola AS. The clinical significance of the T2-FLAIR mismatch sign 
in grade II and III gliomas: a population-based study. BMC Cancer 2020:20(1):450. 

 
viii. Izsak J, Vizlin-Hodzic D, Iljin M, Strandberg J, Jadasz J, Olsson Bontell T, Theiss S, Hanse 

E, Ågren H, Funa K, Illes S. TGF-β1 Suppresses Proliferation and Induces Differentiation in 
Human iPSC Neural in vitro Models. Front Cell Dev Biol 2020:8:571332. 

 
ix. Buvarp DB, Rydén IR, S Sunnerhagen KSS, Olsson Bontell T, Gómez Vecchio TGV, Smits 

AS, Store Jakola ASJ. Preoperative Patient-Reported Outcomes in Suspected Low-Grade 
Glioma: Markers of Disease Severity and Correlations with Molecular Subtypes. J Cli Med 
2021 Feb 8;10(4):645. 

 
x. Solorzano L, Wik L, Olsson Bontell T, Wang Y, Klemm AH, Öfverstedt J, Jakola AS, Östman 

A, Wählby C. Machine learning for cell classification and neighborhood analysis in glioma 
tissue. Cytometry A 2021:99(12):1176-1186. 

 
xi. van Hooren L, Vaccaro A, Ramachandran M, Vazaios K, Libard S, van de Walle T, Georganaki 

M, Huang H, Pietilä I, Lau J, Ulvmar MH, Karlsson MCI, Zetterling M, Mangsbo SM, Jakola 
AS, Olsson Bontell T, Smits A, Essand M, Dimberg A. Agonistic CD40 therapy induces 

iii 
 

tertiary lymphoid structures but impairs responses to checkpoint blockade in glioma. Nat 
Commun 2021:12(1):4127. 

 
xii. Carstam L, Corell A, Smits A, Dénes A, Barchéus H, Modin K, Sjögren H, Ferreyra Vega 

S, Bontell TO, Carén H, Jakola AS. WHO Grade Loses Its Prognostic Value in Molecularly 
Defined Diffuse Lower-Grade Gliomas. Front Oncol 2021:11:803975. 

 
xiii. Ferreyra Vega S, Wenger A, Kling T, Olsson Bontell T, Jakola AS, Carén H. Spatial 

heterogeneity in DNA methylation and chromosomal alterations in diffuse gliomas and 
meningiomas. Mod Pathol 2022. 
 

xiv. Wenger A, Ferreyra Vega S, Schepke E, Löfgren M, Olsson Bontell T, Tisell M, Nilsson D, 
Kling T, Carén H. DNA methylation alterations across time and space in paediatric brain 
tumours. Acta Neuropathol Commun. 2022 Jul 16;10(1):105. 
 

xv. Corell A, Gómez Vecchio T, Ferreyra Vega S, Dénes A, Neimantaite A, Hagerius A, Barchéus 
H, Solheim O, Lindskog C, Bontell TO, Carén H, Jakola AS, Smits A. Stemness and clinical 
features in relation to the subventricular zone in diffuse lower-grade glioma: an exploratory 
study. Neurooncol Adv 2022:4(1):vdac074. 
 

xvi. Schepke E, Löfgren M, Pietsch T, Olsson Bontell T, Kling T, Wenger A, Ferreyra Vega 
S, Danielsson A, Dosa S, Holm S, Öberg A, Nyman P, Eliasson-Hofvander M, Sandström 
PE, Pfister SM, Lannering B, Sabel M, Carén H. DNA methylation profiling improves routine 
diagnostics of paediatric central nervous system tumours: A prospective population-based 
study. Neuropathol Appl Neurobiol 2022:e12838. 
 

xvii. Deland L, Keane S, Olsson Bontell T, Sjögren H, Fagman H, Øra I, De La Cuesta E, Tisell 
M, V J, Ejeskär K, Sabel M, Abel F. Discovery of a rare GKAP1-NTRK2 fusion in a pediatric 
low-grade glioma, leading to targeted treatment with TRK-inhibitor larotrectinib. Biol Ther 
Cancer 2021:22(3):184-195. 
 

xviii. Svenjeby C, Carstam L, Werlenius K, Bontell TO, Rydén I, Jacobsson J, Dénes A, Jakola AS, 
Corell A. Changes in clinical management of diffuse IDH-mutated lower-grade gliomas: 
patterns of care in a 15-year period. J Neurooncol 2022.  
 

xix. Näslund O, Lipatnikova A, Dénes A, Lindskog C, Olsson Bontell T, Smits A, Jakola A, Corell 
A. Meningioma classification by immunohistochemistry: a replicability study. Brain and spine 
2023:3:101711. 
 

xx. Schepke E, Löfgren M, Pietsch T, Kling T, Nordborg C, Bontell T O, Holm S, Öberg A, Nyman 
P, Eliasson-Hofvander M, Sabel M, Lannering B, Carén H. Supratentorial CNS-PNETs in 
children; A Swedish population-based study with molecular re-evaluation and long-term 
follow-up. Clinical Epigenetics, 2023:15(1):40. 

 

 

 

 



v 
 

Paper II: Longitudinal DNA methylation analysis of adult-type IDH-mutant gliomas .................... 14 

Paper III: The clinical value of proneural, classical and mesenchymal protein signatures in WHO 
2021 adult-type diffuse lower-grade gliomas .................................................................................... 15 

Paper IV: Novel TPR::ROS1 Fusion Gene Activates MAPK, PI3K and JAK/STAT Signaling in an 
Infant-type Pediatric Glioma ............................................................................................................. 16 

Paper V: Formation of ganglion cells in a nodular component of a cystic infratentorial pilocytic 
astrocytoma carrying KIIA1549::BRAF fusion ................................................................................. 17 

CONCLUDING REMARKS AND FUTURE PERSPECTIVE ........................................................... 19 

ACKNOWLEDGEMENT ..................................................................................................................... 21 

REFERECES ......................................................................................................................................... 22 

APPENDIX ........................................................................................................................................... 31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iv 
 

Contents 
ABBREVATIONS ................................................................................................................................. vi 

INTRODUCTION ................................................................................................................................... 1 

DNA .................................................................................................................................................... 1 

The DNA molecule ......................................................................................................................... 1 

Genes ............................................................................................................................................... 1 

Mutations ......................................................................................................................................... 2 

Epigenetics ...................................................................................................................................... 2 

DNA methylation ............................................................................................................................ 2 

DNA sequencing, RNA sequencing and DNA methylation status analysis .................................... 3 

CNS TUMORS.................................................................................................................................... 4 

WHO Classification system ............................................................................................................ 4 

Gliomas, glioneuronal tumours, and neuronal tumours .................................................................. 4 

DNA methylation-based classification ............................................................................................ 5 

Biomarkers in gliomas ..................................................................................................................... 5 

AIMS ....................................................................................................................................................... 6 

METHODS AND METHODOLOGICAL CONSIDERATIONS .......................................................... 7 

Patients and samples (Paper I, II, III, IV, V) ....................................................................................... 7 

Tissue micro array – TMA (Paper I, II, III) ........................................................................................ 7 

Immunohistochemistry – IHC (Paper I, II, III, IV, V) ........................................................................ 7 

Fluorescent in situ hybridization - FISH (Paper I, II, III, IV) ............................................................. 8 

Mutation analysis with Sanger sequencing (Paper I, II, III, IV) ......................................................... 8 

Mutation analysis with targeted panel-based sequencing (Paper V) ................................................... 8 

Mutation analysis with whole genome sequencing (Paper IV, V) ...................................................... 9 

Whole transcriptome sequencing (Paper IV) ...................................................................................... 9 

Targeted open-end RNA-sequencing (Paper IV) ................................................................................ 9 

Genome-wide DNA methylation analysis (Paper I, II, III, IV, V) .................................................... 10 

Chromosomal copy number analysis (Paper I) ................................................................................. 10 

DNA and RNA extraction and cDNA synthesis (Paper I, II, IV, V) ................................................. 11 

Histological staining of FFPE tissue (Paper IV and V) ..................................................................... 11 

Polymerase chain reaction – PCR (Paper I, IV) ................................................................................ 11 

Transfection (Paper IV) ..................................................................................................................... 12 

Western blot - WB (Paper IV) ........................................................................................................... 12 

Data and statistical analysis (Paper I, II, III, IV, V) .......................................................................... 12 

RESULTS AND DISCUSSION ........................................................................................................... 14 

Paper I: DNA methylation profiling for molecular classification of adult diffuse lower-grade 
gliomas .............................................................................................................................................. 14 



v 
 

Paper II: Longitudinal DNA methylation analysis of adult-type IDH-mutant gliomas .................... 14 

Paper III: The clinical value of proneural, classical and mesenchymal protein signatures in WHO 
2021 adult-type diffuse lower-grade gliomas .................................................................................... 15 

Paper IV: Novel TPR::ROS1 Fusion Gene Activates MAPK, PI3K and JAK/STAT Signaling in an 
Infant-type Pediatric Glioma ............................................................................................................. 16 

Paper V: Formation of ganglion cells in a nodular component of a cystic infratentorial pilocytic 
astrocytoma carrying KIIA1549::BRAF fusion ................................................................................. 17 

CONCLUDING REMARKS AND FUTURE PERSPECTIVE ........................................................... 19 

ACKNOWLEDGEMENT ..................................................................................................................... 21 

REFERECES ......................................................................................................................................... 22 

APPENDIX ........................................................................................................................................... 31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iv 
 

Contents 
ABBREVATIONS ................................................................................................................................. vi 

INTRODUCTION ................................................................................................................................... 1 

DNA .................................................................................................................................................... 1 

The DNA molecule ......................................................................................................................... 1 

Genes ............................................................................................................................................... 1 

Mutations ......................................................................................................................................... 2 

Epigenetics ...................................................................................................................................... 2 

DNA methylation ............................................................................................................................ 2 

DNA sequencing, RNA sequencing and DNA methylation status analysis .................................... 3 

CNS TUMORS.................................................................................................................................... 4 

WHO Classification system ............................................................................................................ 4 

Gliomas, glioneuronal tumours, and neuronal tumours .................................................................. 4 

DNA methylation-based classification ............................................................................................ 5 

Biomarkers in gliomas ..................................................................................................................... 5 

AIMS ....................................................................................................................................................... 6 

METHODS AND METHODOLOGICAL CONSIDERATIONS .......................................................... 7 

Patients and samples (Paper I, II, III, IV, V) ....................................................................................... 7 

Tissue micro array – TMA (Paper I, II, III) ........................................................................................ 7 

Immunohistochemistry – IHC (Paper I, II, III, IV, V) ........................................................................ 7 

Fluorescent in situ hybridization - FISH (Paper I, II, III, IV) ............................................................. 8 

Mutation analysis with Sanger sequencing (Paper I, II, III, IV) ......................................................... 8 

Mutation analysis with targeted panel-based sequencing (Paper V) ................................................... 8 

Mutation analysis with whole genome sequencing (Paper IV, V) ...................................................... 9 

Whole transcriptome sequencing (Paper IV) ...................................................................................... 9 

Targeted open-end RNA-sequencing (Paper IV) ................................................................................ 9 

Genome-wide DNA methylation analysis (Paper I, II, III, IV, V) .................................................... 10 

Chromosomal copy number analysis (Paper I) ................................................................................. 10 

DNA and RNA extraction and cDNA synthesis (Paper I, II, IV, V) ................................................. 11 

Histological staining of FFPE tissue (Paper IV and V) ..................................................................... 11 

Polymerase chain reaction – PCR (Paper I, IV) ................................................................................ 11 

Transfection (Paper IV) ..................................................................................................................... 12 

Western blot - WB (Paper IV) ........................................................................................................... 12 

Data and statistical analysis (Paper I, II, III, IV, V) .......................................................................... 12 

RESULTS AND DISCUSSION ........................................................................................................... 14 

Paper I: DNA methylation profiling for molecular classification of adult diffuse lower-grade 
gliomas .............................................................................................................................................. 14 



vi 
 

ABBREVATIONS 
 

5mC 5-methylcytosine  
cDNA Complementary DNA 
CIMP CpG island methylator phenotype 
cIMPACT the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy 
CNS Central nervous system 
CNA Copy number alteration 
CpG cytosine-phosphate-guanine 
ddNTPs dideoxynucleotide triphosphates 
DNA Deoxyribonucleic acid 
DNMT DNA methyltransferase 
dLGGs Diffuse lower grade gliomas 
dNTPs deoxynucleotide triphosphates 
FFPE Formalin fixed paraffin embedded 
FISH Fluorescence in situ hybridization 
G-CIMP  Glioma CpG island methylator phenotype 
gDNA Genomic DNA 
IDH Isocitrate dehydrogenase 
IF Immunofluorescence 
IHC Immunohistochemistry 
MGMT O-6-methylguanine-DNA methyltransferase 
MNP Molecular neuropathology 
mRNA Messenger ribonucleic acid  
NGS Next generation sequencing  
ncRNA noncoding ribonucleic acid 
PA Pilocytic astrocytoma 
PCR Polymerase chain reaction 
pHGG pediatric high-grade glioma 
pLGG pediatric low-grade glioma 
RNA Ribonucleic acid 
RT Reverse transcriptase 
RT-qPCR Reverse transcription quantitative polymerase chain reaction 
RT-PCR Reverse transcription polymerase chain reaction 
RT Reverse transcriptase 
qPCR Quantitative PCR  
SNP Single nucleotide polymorphism  
TMA Tissue microarray 
WB Western blot 
WGS Whole genome sequencing 
WHO World Health Organization 
 

 

 

1 
 

INTRODUCTION 
 

DNA 

 

The DNA molecule  
Deoxyribonucleic acid (DNA) is a macromolecule consisting of two polynucleotide chains coiled 
around each other forming a double helix carrying the genetic instructions for development, growth, 
functioning and reproduction [1]. DNA is found within the nuclei of almost all cells in the human body.  
The polynucleotide chains consist of rows of nucleotides. Each nucleotide is composed of one of four 
nucleobases, a sugar called deoxyribose and a phosphate group [2, 3]. The double helical structure of 
the DNA molecule was described by Watson and Crick in the 1950s [4, 5]. The structure was solved 
using data from X-ray diffraction images obtained by Rosalind Franklin [6, 7].  They also described the 
implications for genetic information transmission and how the molecule structure makes self-duplication 
possible [8].  

 

Genes  
One often used definition of a gene is a DNA-sequence coding for a protein, for isoforms of a protein 
or for non-coding ribonucleic acid (RNA) [9]. The connection between genes and proteins was already 
established in the 1940s [10]. In the early 1960s it was demonstrated that genes are first transcribed into 
messenger RNA (mRNA) [11-13]. This early concept of a gene can be summarized in the statement one 
gene – one mRNA – one polypeptide. This hypothesis was challenged when it was noticed that a single 
gene can produce more than one mRNA and that one gene can be involved in several transcription units. 
This can be achieved by multiple transcription initiation sites with alternative promoters so that the 
single gene can produce several transcripts [14]. Another way of producing different transcripts from 
one gene is the alternative splicing phenomenon [15, 16]. Genes are interrupted by introns, and this is 
called split genes. From these split genes one pre-mRNA molecule is produced. From this molecule, 
introns are removed during a maturation process called pre-mRNA splicing. By excluding individual 
exons from the mature mRNA and joining different exons in a nonconsecutive fashion, different mRNA 
molecules are created. There are two other ways that one gene can result in proteins with different amino 
acid sequences. One is so called mRNA editing, a process in which the structure of an RNA molecule 
is modified by post transcriptional processing [17]. The other one is gene sharing. Gene sharing 
describes the phenomenon that identically sequenced polypeptides coming from the same gene can have 
totally different functions in different cells because they are so differentially configured that they 
perform totally different functions [18]. The genome is transcribed from both DNA strands [19]. The 
amount of DNA in the genome paradoxically shows little correlation with an organisms size or 
complexity [20]. This is because a huge part of the genome does not contain protein-coding genes. Only 
approximately 2% of the genome encodes proteins. First the noncoding sequences were considered as 
junk but now it is viewed upon differently, and it is thought that as much as 70 to 90% of the genome is 
transcribed at some point [19, 21]. RNA molecules that are not translated into a protein are called 
noncoding RNA (ncRNA) [22]. Examples of ncRNA are ribosomal RNA (rRNA), transfer RNA 
(tRNA), small nuclear RNA (snRNA), long non-coding (lncRNA), microRNA (miRNA), small 
interfering RNA (siRNA), and extra cellular RNA (exRNA). They are all viewed upon as having 
important housekeeping- or regulatory functions. 
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Mutations 
A mutation is a change in the DNA sequence of an organism. Mutations can be divided into germline 
or somatic mutations [23]. Germline mutations occur in eggs and sperms and can potentially be passed 
on to offspring while somatic mutations occur in body cells and are not passed on to the offspring. 
Mutations can be beneficial, neutral or contribute to disease [24-26]. There are many types of mutations. 
Some examples are missense, nonsense, insertion, deletion, duplication, frameshift, chromosomal 
rearrangements, polyploidy, loss of heterozygosity and many others [27]. Another way of dividing 
mutations is into loss-of-function and gain of function mutations. They can both contribute to cancer 
[28]. Loss-of-function mutations must affect both alleles and are in cancer often related to tumor 
suppressor genes. Gain-of-function mutations are in cancer often related to growth factors or growth 
factors related molecules. 

 

Epigenetics 
The term epigenetics refers to stable phenotypic changes that do not involve alterations in the DNA 
sequence [29]. The epigenetic machinery is one important factor making it possible to have a diversity 
of cell types with different gene expression, morphology, and function even though they have the same 
genetic code [30]. There are three main epigenetic mechanisms namely DNA methylation, histone 
modifications and non-coding RNA. DNA methylation is the most studied epigenetic mechanism and is 
described more in detail below. Histones are proteins that contribute to efficient packaging of DNA into 
chromosomes in the nucleus. Histones can be modified by for example acetylation, phosphorylation, 
ubiquitination, and methylation leading to activation or repression of gene transcription [31, 32]. Non-
coding RNA are RNA molecules that are not translated into proteins but are able to regulate gene 
expression via chromatin modulation and binding [33, 34].  

 

DNA methylation 
DNA methylation was described already in the 1940s. It implies the addition of a methyl group (CH3) 
to the carbon of the fifth position in a cytosine, most frequently occurring in a CpG site where a cytosine 
DNA base is followed by a guanine base (cytosine-phosphate-guanine) [35]. This reaction is catalyzed 
by a family of enzymes named DNA methyltransferases (DNMTs) which methylate the cytosine in the 
CpG site by transferring a methyl group from a donor molecule [36]. DNMTs are often called 
methylation writers. DNMT1 is a maintenance DNA methyltransferase which maintains already 
established patterns whereas DNMT3A and DNMT3B are called de novo DNA methyltransferase 
because they contribute with new patterns [37-39]. There are also other mechanisms such as methylation 
erasers counterbalancing the DNMTs by erasing the modifications introduced by the writers [40]. The 
methylation pattern created by the writers and the erasers are read by so-called readers. 

A CpG island is a region with many CpG sites in proximity whereas regions close to such islands are 
called shores [41, 42]. Regions further away from the islands are called shelves and genome domains 
even further away are called open sea [43]. The frequency of CpG sites diminish with the distance from 
the CpG island. The human genome is considered to carry approximately 30 million CpG sites of which 
the majority, in human somatic cells, are methylated. When cytosine has been modified with the addition 
of a methyl group to its 5th carbon it is called 5-methylcytosine (5mC). In vertebrates this typically 
occurs at cytosine in CpG dinucleotides meaning where a cytosine nucleotide is followed by a guanine 
nucleotide. 70 to 80% of CpG cytosines are methylated in mammals [44]. As mentioned before CpG 
islands are areas with high frequency of CpG sites and they are very often associated with promoter 
regions [45]. In general, CpG dinucleotides occur in lower frequency in the genome than expected by 
random chance [46]. When multiple CpG sites are methylated in CpG islands in promoters there is 
effective silencing of the gene in question [41]. 

3 
 

There are a number of ways to profile the DNA methylation pattern [47]. This can be done on a genome-
wide scale in tissue, cells or even at single cell level. When combined with next-generation sequencing, 
DNA methylation at single base resolution is possible [48]. 

 

DNA sequencing, RNA sequencing and DNA methylation status analysis 
There are many techniques to determine the order of the nucleotides in a part, parts of, or the whole 
genome or in RNA-molecules. The first sequencing methods were invented in the 1970s. Sequencing of 
RNA molecules was one of the earliest forms of nucleotide sequencing [49]. RNA sequencing has 
traditionally demanded the generation of a complementary DNA (cDNA) molecule but recently methods 
directly sequencing RNA molecules have been invented [50]. The first described methods for DNA 
sequencing invented in the 1970s involved DNA polymerase and location specific primers [51, 52]. This 
method was further developed and made faster by Frederick Sanger [53, 54]. Further technical 
development has made sequencing of full genomes possible and this to an increasingly reduced price 
[55-57]. One very important technical development was the introduction of the shotgun sequencing 
technique [58]. This paved the way for sequencing of the whole human genome [46, 59]. One way to 
speed up sequencing is to perform massive parallel sequencing, also called next generation sequencing 
(NGS) to distinguish them from earlier methods such as traditional Sanger sequencing [60]. There are 
multiple methods that can be used to perform NGS. With NGS it is possible to sequence an entire human 
genome within a day. One important sequencing method is pyrosequencing, first described in the early 
1990s and then further developed [61-63]. This method relies on light detection of light released when 
DNA polymerase incorporate nucleotides. It is an important technique as it has higher sensitivity, is 
faster and more cost effective compared to Sanger sequencing [64]. One disadvantage with 
pyrosequencing is that the length of the sequence that can be sequenced is quite short. Another 
disadvantage is that the output data can be complex and hard to analyze. 

Fusion genes are important contributors to cancer [65]. They can be diagnosed with fluorescence in situ 
hybridization (FISH) or reverse transcription polymerase chain reaction (RT-PCR) based methods. 
These techniques, however, typically only test for a single fusion gene at the time. It is now possible to 
sequence the whole transcriptome (RNAseq) and with this method look for many different fusion genes. 
This method has, because of the large size of the transcriptome, poor sensitivity. Targeted RNAseq is a 
similar method but here one only pinpoint RNA transcripts of interests. This technique enables sensitive 
detection of lowly expressed or rare transcripts [65]. A drawback with this technique is that one needs 
to decide which partner genes to look for in advance. One way to circumvent this obstacle is to use 
another technique called open-end RNA-sequencing [66]. When this method is applied a combination 
of a gene specific primer and a universal primer is used, making it possible to detect new fusion gene 
combinations. 

There are several methods to determine the methylation status of DNA molecules [67]. The different 
methods have certain pros and cons. It is possible to perform whole genome methylation profiling, or 
one can choose to only look at certain areas of the genome. For the identification of differentially 
methylated regions there are a more limited number of methods available. One example of how this can 
be done is bisulfite sequencing where bisulfite treatment of DNA mediates deamination of cytosine into 
uracil. The converted residues will be read as thymine following PCR-amplification and Sanger 
sequencing. One then can compare results from Sanger sequencing from an untreated DNA sample with 
results from a sample that has been bisulfite treated. This enables detection of methylated cytosines. 
Bisulfite conversion reduces the genome complexity to three nucleotides. It is very important to ensure 
complete conversion of non-methylated cytosines. Whole genome bisulfite sequencing is possible and 
is like whole genome sequencing but with the addition of bisulfite conversion. The cost for this analysis 
is, however, high. Also, only a small fraction of the genome has the potential to be differentially 
methylated, which is why whole genome sequencing is rarely required. By only sequencing the 5-mC-
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enriched fraction of the genome the analysis will be less expensive and with an increase in sequencing 
coverage. With array-based profiling approaches it is possible to analyze a large number of samples at 
an affordable cost. One such approach is the Illumina Infinium HumanMethylation450 BeadChip 
technology where more than 480,000 probes targeting 96% of CpG island regions and 99% of genes are 
included [68-70]. This technique has been further developed into Illumina Infinium HumanMethylation 
EPIC BeadChip array where more than 850,000 methylation sites across the human genome are 
interrogated and in an updated version more than 935,000 sites. 

 

CNS TUMORS 

 

WHO Classification system 
Tumors in the central nervous system (CNS) are most often classified according to the World Health 
Organization (WHO) classification of tumors system presented in a series of books called the WHO 
Blue Books. The latest version is the sixth volume (fifth-edition) and it was published in 2021 [71, 72]. 
Before that there was a version published in 2016 and one in 2007 [73]. What was new in the 2016 
version was the incorporation of well-established molecular findings into the classification system. 
Before that, genetic status served as supplementary information and was not included in the definition 
of neoplasms. In the fifth edition from 2021 the role of molecular findings in the classification has moved 
even further but is still based on histology and immunohistochemistry. Because of the rapid progression 
in understanding of molecular characteristics in human nervous system tumors a group of 
neuropathologists and neurooncologists formed a consortium to improve the diagnosis and classification 
of CNS tumors in advance of the publication of a new WHO classification [74, 75]. The consortium was 
called “the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy” 
(cIMPACT-NOW). Many of the recommendations from the consortium were included in the fifth 
edition. 

 

Gliomas, glioneuronal tumours, and neuronal tumours 
There are many groups of primary CNS tumors. The largest group is the “Gliomas, glioneuronal 
tumours, and neuronal tumours” [71, 72]. This group is further subdivided into many subgroups. The 
most important subgroup in adult patients is the adult-type diffuse gliomas containing isocitrate 
dehydrogenase (IDH) mutant astrocytomas, IDH-mutant and 1p/19q-codeleted oligodendrogliomas and 
IDH-wildtype glioblastomas. These tumors all grow in a diffusely infiltrative manner and are non-
curable. According to the WHO classification system, most CNS tumors can be graded from grade 1 to 
grade 4 correlating with their clinical aggressiveness. Grade 1 tumors are slow-growing and in many 
cases curable. Grade 4 tumors are in general fast growing and considered malignant. Adult-type diffuse 
gliomas are according to WHO graded from grade 2 to grade 4. The most prevalent subgroup in children 
are the circumscribed astrocytic gliomas among others containing pilocytic astrocytomas (PA). PA are 
most often slow growing, in many cases curable and are grade 1 tumors according to WHO. Another 
quite common low-grade glioma is ganglioglioma, which is also a grade 1 tumor but traditionally has 
been considered as more likely to malignify than pilocytic astrocytomas. Gangliogliomas are sorted 
under the subgroup glioneuronal and neuronal tumours. In general, pediatric tumors have fewer 
mutations compared to tumors in adults. This is also true for CNS tumors. CNS tumors in children are 
often driven by fusion genes [76].   
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DNA methylation-based classification 
In recent years it has become clear that groups of tumors in the central nervous system can be separated 
by comparison of their methylation pattern. It is even, in many cases, possible to identify specific tumor 
entities with this technique. This is called DNA methylation array profiling and has in recent years 
become an important tool for classification of CNS tumors [68-70]. The most widely used classifier is 
the classifier published by the German Cancer Research center together with Heidelberg University 
Hospital and other research institutes [77, 78]. This method takes advantage of the Illumina Infinium 
Human Methylation BeadChip technology [70]. The method has been recognized by the WHO as an 
important tool and has for some entities been included in the fifth edition of the WHO classification as 
a golden standard method. There are many pros and cons with this classifier. One advantage is that 
almost all entities in the WHO classification are included. One disadvantage with the method is that it 
requires high tumor cell content for reliable results. There are also other classifiers based on methylation 
data [79].  

A universal feature of solid cancers is global hypomethylation which leads to chromosomal instability 
and increased frequency of mutations [80, 81]. This seems to be a very early event in tumorigenesis [82, 
83]. There are other, more specific alterations that contribute to tumor formation, such as activation of 
oncogenes via hypomethylation and silencing of tumor suppressor genes via hypermethylation [84, 85]. 
More than twenty years ago it was discovered that in some colorectal cancers there was a genome-wide 
hypermethylation of CpG islands [86]. This was called the CpG island methylator phenotype (CIMP). 
Later it was shown that in a subset of adult type diffuse gliomas of lower grade, a similar 
hypermethylation pattern could be detected and this was called glioma CIMP (G-CIMP) [87]. A couple 
of years later it was shown that a mutation in isocitrate dehydrogenase 1 is sufficient to establish this 
glioma hypermethylator phenotype [88]. 

  

Biomarkers in gliomas 
There are many molecular findings that are considered as biomarkers in gliomas. Two examples are the 
above mentioned IDH-mutation and 1p/19q-codeletion. Another important biomarker is the O-6-
methylguanine-DNA methyltransferase (MGMT) gene which codes for a DNA repair enzyme 
counteracting alkylating temozolomide treatment [89]. If the promoter is active and the enzyme is 
expressed, patients will not benefit from temozolomide treatment and will instead receive radiation 
treatment. Patients with an inactive promoter often receive temozolomide treatment in combination with 
radiotherapy [90-93]. The methylation status of the promoter determines if the gene is active or silenced. 
Analysis of MGMT-promoter methylation status is widely used in the clinic for glioblastoma, IDH-
wildtype tumors. The clinical benefit of analyzing MGMT-promoter status in IDH-mutated astrocytomas 
are debated. 

Another important biomarker is homozygous deletion of CDKN2A/B. According to the CNS WHO 2021 
system, presence of homozygous deletion of CDKN2A/B in IDH-mutant astrocytomas will make a tumor 
a grade 4 tumor even if it lacks necrosis or microvascular proliferation [72, 94, 95].   
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AIMS 
 

The overall aim of this thesis was to improve diagnosis, modeling and treatment of primary brain tumors. 
Accurate diagnosis of a tumor is necessary for appropriate clinical management and efficient treatment 
decisions. Research models based on human cells are probably necessary to reach a better understanding 
of brain tumors. Such models would also offer an opportunity to evaluate new treatment regimes.    

The specific aims were: 

Paper I: To investigate the value of DNA methylation profiling in adult patients with diffuse lower 
grade gliomas and evaluate the method as a tool for molecular stratification of adult diffuse lower grade 
gliomas. 

Paper II: To investigate how DNA methylation changes in association with progression, with or without 
malignant transformation, of IDH-mutant gliomas over time. 

Paper III: To investigate whether immunohistochemistry profiling with key markers is sufficient to 
subtype diffuse lower grade gliomas into clinically relevant phenotypes. 

Paper IV: To describe a patient with an infant-type pediatric glioma with a novel TPR::ROS1 fusion 
gene, elucidate the molecular events driving tumorigenesis and map the downstream pathways activated 
by the fusion to identify potential therapeutic targets. 

Paper V: To describe a pilocytic astrocytoma containing an area with ganglion cell morphology and 
determine if these cells are neoplastic and part of the tumor.  
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METHODS AND METHODOLOGICAL 
CONSIDERATIONS 
 

The main methods used in this thesis are described below. Detailed descriptions are found in the method 
sections of the attached papers. 

Patients and samples (Paper I, II, III, IV, V) 

The studies included in this thesis were approved by the Regional Ethics Committee in the Västra 
Götaland region in Sweden (Dnr. 1067-16 (Paper I, II, III) and Dnr. 239-13 (Paper IV and V)).  

Archived formalin-fixed paraffin-embedded (FFPE) tumor tissues were received from the pathology 
department at the Sahlgrenska University Hospital. In paper I, II and III, FFPE tumor samples from adult 
patients with diffuse lower grade gliomas according to WHO 2007 were used. In Paper II, a group of 
primary tumors present in paper I and their matched tumor recurrences were analyzed. Paper III included 
the same samples used in paper I and to some extent also in Paper II. In Paper IV and V, FFPE and 
fresh-frozen tumor tissue and blood samples were used. Tumor tissue and blood was collected from 
patients undergoing CNS tumor resection at the Sahlgrenska University Hospital and used after signed 
informed consent from the patients’ parents. 

 

Tissue micro array – TMA (Paper I, II, III) 

Tissue micro array (TMA) is constructed by combining core tissue biopsies from multiple blocks with 
paraffin embedded tumor tissue into a recipient paraffin block [96]. The core tissue biopsies often have 
a diameter between 0.6- and 1-mm. Multiple core tissue biopsies can be placed in the recipient paraffin 
block. Sections cut from the recipient block will then contain tissue from all donor blocks allowing 
parallel detection of proteins by immunohistochemistry, investigation of morphology with 
histochemistry stains, DNA with fluorescence in situ hybridization or RNA with RNA in situ 
hybridization. The biopsies are 3-4 mm in height making it possible to extract at least 200 sections from 
one donor block.  

One advantage with the TMA-technique is that valuable tissue can be saved since hundreds of different 
tissue samples can be placed upon one microscope glass slide. Another advantage is that expensive 
substances and compounds can be saved. As an example, much less antibodies are of course needed to 
stain one TMA-section compared to hundreds of individual slides. Time is also spared both when it 
comes to performing experiments but also when evaluating them. It is also much easier to automatize 
the evaluation process of a TMA-section. A drawback of the technique is that only a small part of for 
example a tumor is investigated. A tumor can differ in multiple ways in different areas, and this is not 
represented in a small core biopsy. Making a TMA is also time consuming and needs special equipment. 
Choosing the right area is crucial and needs an experienced assessor. We used the TMA-technique in 
paper I, II and III to screen many tumors with immunohistochemistry against various epitopes. 

  

Immunohistochemistry – IHC (Paper I, II, III, IV, V) 

Immunohistochemistry is a widely used technique for identification and localization of antigens in tissue 
sections. It is based on antigen-antibody interaction where the antigen of interest is detected by an 
antibody [97, 98]. When the antigen-antibody binding has occurred it is visualized with a colored 
histochemical reaction that can be viewed and evaluated in a light microscope. It is possible to stain for 
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more than one antigen per sample. The stained slides can be digitalized and evaluated on a computer 
screen and the evaluation can in some cases be automatized. 

Advantages with immunohistochemistry are that it is an old well-established technique that is relatively 
simple to perform, cheap and in many cases quite straightforward to evaluate. It can give information 
not only about the presence of a protein but also about its cellular localization. It is also very effective 
when working with tumor samples with low tumor cell content. One disadvantage is that for various 
reasons it can give both false positive and false negative results. We used immunohistochemistry in 
paper I, II, III, IV and V for multiple purposes. 

 

Fluorescent in situ hybridization - FISH (Paper I, II, III, IV) 

Fluorescent in situ hybridization (FISH) is a technique where DNA strands incorporated with 
fluorophore-coupled nucleotides called probes are hybridized to a complementary sequence in cells and 
then visualized with a fluorescence microscope [99]. The technique has high sensitivity and specificity 
and works at the single gene level. The probes come in many different flavors making the technique a 
valuable tool to answer many different research questions. In cancer research it is often used to look for 
losses, gains and translocations of genomic material. 

Advantages with FISH is that it can work at the single cell level. It is an old technique and therefore also 
well established. The probes can be almost infinitely varied making the technique very flexible. There 
is a risk for both false positivity and false negativity. False positive results can be related to probes that 
bind in a non-specific manner. False negative results when it comes to the investigation of sections can 
be related to sectioning of the nuclei cutting away too much of the genomic material. We used FISH in 
paper I, II, III and IV for various purposes. 

     

Mutation analysis with Sanger sequencing (Paper I, II, III, IV) 

Sanger sequencing is a method of DNA sequencing invented by Frederick Sanger and colleagues in the 
1970s [53, 54]. In Sanger sequencing, amplified DNA or cDNA is annealed to an oligonucleotide primer 
and then extended by a DNA polymerase that incorporates a mixture of four deoxynucleotide 
triphosphates (dNTPs) or four chain-terminating dideoxynucleotide triphosphates (ddNTPs) [100]. 
When ddNTPs are incorporated the elongation reaction stops and DNA fragments of various lengths are 
created. The ddNTPs are tagged with different fluorochromes. In this way distinguishable DNA 
fragments of various lengths are created. The samples can then be analyzed using capillary 
electrophoresis giving the DNA sequence, a process that can be automated.  

Sanger sequencing is a well-established method. It is well suited for small-scale projects and for 
validation of deep sequencing results and it has a very low error rate with very high accuracy. It is a 
cheap method. The most important limitations are low quality sequences within the first base pairs, 
sometimes an inability to distinguish single base pair differences in very long segments and problems 
with DNA secondary structures. We used Sanger sequencing in paper I, II, III and IV. 

  

Mutation analysis with targeted panel-based sequencing (Paper V) 

In targeted panel-based sequencing, also called gene panel sequencing, some special areas of interest in 
the genome, often a group of genes, are simultaneously sequenced. The sequencing is usually performed 
with next generation sequencing technology. NGS is a collective name for a group of technologies where 
massive parallel sequencing of hundreds or thousands of fragments of DNA are performed in parallel. 
The NGS based gene panel tests can identify gene alterations that potentially can be targeted making 
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personalized treatment possible [101]. It can also give important diagnostic-, prognostic- and predictive 
information.   

Gene panel sequencing allows for deeper sequencing than whole genome sequencing or whole exome 
sequencing enabling more sensitive detection. It is faster and more cost effective compared to whole 
genome sequencing and whole exome sequencing. Gene panel sequencing does rarely identify novel 
disease causative genes since it is limited to the genes included in the panel. Unlike whole genome 
sequencing it will not detect copy number variants or structural rearrangements. We used targeted panel-
based sequencing in paper V.     

 

Mutation analysis with whole genome sequencing (Paper IV, V) 

Whole genome sequencing (WGS) refers to DNA sequencing of the entire genome so that both coding 
and non-coding regions are included [102]. WGS is based on short-read next generation sequencing 
where patients DNA is fragmented, and sequencing data generated for the entire genome. All or parts 
of the generated data can then be analyzed in multiple ways. When it comes to cancer research, paired 
tumor and blood lymphocytes are sequenced so that it is possible to differ between somatic and germline 
mutations.      

Some advantages with WGS are that this is the most comprehensive genomic test present and that it can 
be used to test a wide range of DNA alterations such as single nucleotide variants, insertions, deletions, 
copy number variants and structural rearrangements. Since the whole genome is sequenced it can 
identify novel causes of genetic diseases. One disadvantage with WGS is that it generates a very large 
amount of data that can be hard to handle and analyze. It can also give information that is not wanted 
and not asked for regarding, for example, inherited diseases. Short read sequencing can have problems 
with some genome regions for example areas containing repetitive elements. Copy number variation 
detection and structural variant detection ability is not as good as in other techniques such as arrays. 
Limitations in read depth makes detection of mosaicism imperfect. We used WGS in paper IV and V.  

 

Whole transcriptome sequencing (Paper IV) 

The genes that are transcribed are known as the transcriptome. Some genes are expressed more than 
others, and this can vary over time. Transcriptome sequencing is the process of determining the genetic 
codes in the transcriptome and the relative proportions of these [103]. First all mRNA and ncRNA 
molecules are extracted, and corresponding cDNA created. This cDNA is then sequenced with NGS 
method. 

One advantage with transcriptome sequencing is that it not only gives information about which genes 
are expressed but also about gene expression levels. This gives information about how active the certain 
gene is in a tissue or an individual at a certain time. It is also possible to apply the technique on individual 
cells. This information is in some ways closer to a phenotype compared to the information received from 
gene sequencing. RNA is more rapidly degraded than DNA and therefore more difficult to work with. 
Another disadvantage is that this technique does not give you any information about non-transcribed 
DNA. We used whole transcriptome sequencing in paper IV. 

     

Targeted open-end RNA-sequencing (Paper IV) 

Targeted RNA-sequencing is a method where specific transcripts are selected and sequenced [65]. It 
gives both quantitative and qualitative information about the transcript but with higher sensitivity than 
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whole transcriptome sequencing. Such targeted RNA-sequencing can be based on both enrichment and 
amplicon dependent approaches. The enrichment-based method can detect both known and new fusion 
partners also in FFPE material. When the open-end method is used, target-specific PCR with a 
combination of a gene-specific primer for a known fusion partner in combination with a universal primer 
for an unknown fusion partner is used [66].  

This method targets RNA and therefore gives information about what is really transcribed from the 
genetic material and at what levels at a certain point of time. Compared to whole transcriptome 
sequencing, target sequencing, for good and bad, only gives information about a focused set of genes. 
This generates less information to analyze but on the other hand does not detect genomic alterations in 
other genes. Compared to FISH, immunohistochemistry, and RT-PCR this technique is more expensive 
and turnaround times higher. The open-end version of targeted RNA sequencing can detect gene partners 
in fusions even though the partner gene is not included in the panel. We used targeted open-end RNA-
sequencing in paper IV.   

 

Genome-wide DNA methylation analysis (Paper I, II, III, IV, V) 

There are a number of DNA methylation profiling techniques [47]. They all have different advantages 
and disadvantages in aspects such as DNA input, resolution, genomic region coverage etcetera. This 
data can then be used to cluster the profile against formerly analyzed tumor tissue. There are multiple 
DNA methylation-based classifiers for central nervous system tumors with pros and cons [78, 79]. One 
advantage with the DNA methylation-based classification system from Capper et al. is the large number 
of included tumors and its similarities with the WHO classification system. At the same time as a 
proposed methylation class is received a copy number profile is also generated. This also gives very 
important information and can in many situations replace investigation with other techniques such as 
FISH. The analysis can also give information about important biomarkers. One disadvantage with the 
method is that it needs quite high tumor cell content. If it is performed on fresh frozen, non-mirrored 
tissue one cannot be sure that it is representative for the lesion in question. DNA methylation profiling 
demands advanced laboratory equipment, is expensive, takes a lot of time and is lab intensive. We used 
genome-wide DNA methylation profiling in paper I, II, III and V. 

   

Chromosomal copy number analysis (Paper I) 

Copy number alterations (CNAs) are alterations in the genome that result in abnormal number of copies 
of a specific segment of DNA. Such regions may or may not contain a gene.  This can be caused by 
different forms of rearrangements such as inversions, deletions, translocations, and duplications. Some 
copy number variations are strongly linked to cancer and other diseases. Copy number alterations can 
also include larger parts of chromosomes, whole chromosomes, or many chromosomes [104, 105]. 
Information about gains and losses of parts of chromosomes or whole chromosomes can give important 
diagnostic, prognostic, and predictive information. 

There are a variety of methods that can give information of chromosomal copy number variations.  Such 
information can for example be given as a bonus when a genome-wide DNA methylation profile analysis 
is performed. A chromosomal copy number profile is also possible to extract after whole genome 
sequencing. Other examples of techniques that can be used are single nucleotide polymorphism 
microarray, microsatellite analysis and FISH. In paper one we analyzed chromosomal copy number 
variation with both FISH and genome-wide DNA methylation.        
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DNA and RNA extraction and cDNA synthesis (Paper I, II, IV, V) 

To be able to sequence DNA or RNA they first must be isolated from the tissue or the cells in question. 
This process involves lysis of cells followed by the separation of the nucleic acid from other components 
such as proteins, cell membranes, lipids, and other nucleic acids [106]. The nucleic acid then needs to 
be purified and the concentration measured. Cell disruption can be performed by physical or chemical 
methods. A wide range of approaches and tools are used for both chemically and mechanically based 
methods depending on the properties of the sample that is going to be analyzed [106].  There is also a 
variety of devices used for the extraction part. Some examples are spin columns, magnetic beads, liquid 
handling robots and microfluidics [106]. The different methods have advantages and disadvantages 
when it comes to pricing, sensitivity, specificity, labor demand, risk for cross contamination, sample 
compatibility and demand on equipment and infrastructure.  

We extracted DNA from FFPE-tissue for Sanger sequencing (paper I), for methylation analysis (paper 
I, II, IV, V) and for targeted panel-based sequencing (paper IV, V). DNA was extracted from fresh-
frozen tissue and blood (paper IV, V) for whole genome sequencing. We extracted RNA from fresh-
frozen tissue (paper IV) for whole transcriptome sequencing and RT-PCR. We extracted RNA from 
FFPE-tissue for targeted open-end RNA-sequencing (paper IV) and for targeted next generation 
sequencing (paper V). 

  

Histological staining of FFPE tissue (Paper IV and V) 

Histological staining is an old and commonly used technique where a tissue first is fixed to preserve the 
structure of the cells and its surroundings and then dehydrated, embedded, sectioned in thin slices, 
stained, and evaluated in some sort of microscope [107]. There are many different staining methods with 
different capacity to visualize different structures. Histologic evaluation can give important information 
about cell morphology, histologic pattern, tumor cell content, tumor cell purity, inflammation, degree 
of vascularization, presence of metals, lipids, and proteins in a sample etc. The most used histological 
stain in medical diagnostics is the hematoxylin and eosin staining method. The hematoxylin stains the 
cell nuclei blue, and eosin stains the cytoplasm and many extracellular components pink.  

We used histological stains, to some extent, in all the five included studies. Many stains were used but 
most of all we used hematoxylin and eosin stain. In paper V we also used the elastin van Gieson stain, 
which is a method good at visualizing smooth muscle, connective tissue, and elastic fibers, and therefore 
effective in delineating for example blood vessels.    

 

Polymerase chain reaction – PCR (Paper I, IV) 

Polymerase chain reaction (PCR) is a fundamental and widely used method in life science. It is a 
laboratory technique where a specific segment of DNA is amplified, and millions of copies are made 
which can then be further studied [108]. It involves DNA fragments called primers selecting which part 
of the genome that should be amplified and a DNA polymerase that enzymatically assembles new DNA 
strands using the first DNA molecule as a template. The original DNA segment is then exponentially 
amplified. Most PCR methods are based on thermal cycling and use a heat stable DNA polymerase 
called Taq polymerase. There are a variety of variations of PCR. Allele-specific PCR is a method based 
on single-nucleotide variation used to detect mutations involving single base changes [109]. Here, 
successful PCR amplification is only achieved when a SNP-specific primer binds to the template. 
Quantitative PCR (qPCR) is a PCR method used to measure, not only the presence of a sequence in a 
sample, but also the quantity [110]. In this method a fluorescent dye such as Sybr Green or fluorophore 
containing DNA probes such as TaqMan, are used. This is often done in real-time. One variant of qPCR 
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is quantitative real time RT-PCR, which is a method to measure levels of RNA, most often mRNA. 
Multiplex PCR means that multiple different DNA sequences are amplified simultaneously in one 
reaction using multiple primer pairs [111].  

We used PCR in paper I, II, III, IV and V. 

Reverse transcriptase PCR (RT-PCR) is a method for amplifying DNA from RNA [112]. First a reverse 
transcriptase transcribes RNA into cDNA. This cDNA is then amplified by PCR. One application for 
RT-PCR is expression profiling. We used RT-PCR in paper IV. 

 

Transfection (Paper IV) 

Transfection is a process where nucleic acids are introduced into cells [113]. The genetic material can 
be DNA or RNA molecules. The procedure involves opening of the cell membrane allowing influx of 
the molecule in question. This can be done with chemical, physical, or viral based methods. Some 
examples of chemical methods involve the use of liposomes, nanoparticles and calcium phosphate. 
Examples of physical methods are electroporation, sonoporation, microinjection, gene gun and 
magnetofection. When viruses are used as carriers the most used are adenoviral vectors followed by 
lentiviral vectors. Transfection can be either stable or transient. Transiently transfected cells express the 
transfected DNA for a short period of time and do not pass it on to their daughter cells. Stable 
transfection on the other hand means that the transfected cell continues to express the transfected DNA 
and pass it on to their daughter cells. 

We used transient transfection on cultured human embryonic kidney cells in paper IV as a method to 
elucidate the activated oncogenic pathways. We transfected the cells with a lipofection-based method 
(Lipofectamine 2000) because of its efficiency, simplicity, and its well proven ability to carry larger 
constructs. 

 

Western blot - WB (Paper IV) 

Western blot (WB) is a technique widely used in cell and molecular biology where specific proteins, in 
a mixture of proteins, can be separated and identified [114]. Most often a cell lysate is the sample that 
is investigated. The proteins are first separated by size with gel electrophoresis, moved to a membrane 
and then marked with primary and secondary antibodies for visualization. Unbound antibodies are 
washed away so that only antibodies bound to the protein of interest are left. A negative and a positive 
control to exclude nonspecific antibody binding and confirm correct antibody binding are included. The 
secondary antibody is visualized with different methods, most often chemiluminescent or fluorescent 
molecules [115]. By comparing the thickness of the visualized band with a standard, the amount of the 
protein in the sample can be indicated and semi-quantified. We used WB in paper IV to evaluate our 
transfection experiments. 

    

Data and statistical analysis (Paper I, II, III, IV, V) 

Statistical analysis in paper I was performed with IBM SPSS® Statistical software version 25. A Kaplan-
Meir survival analysis and overall survival curves were compared with log-rank test. 

In paper II the statistical software R version 4.1.2 with R studio was used to analyze the DNA 
methylation data. The proportion of neoplastic cells were estimated with the R package InfiniumPurify. 
Hierarchical clustering of the most deviating 1000 CpG sites were used to identify G-CIMP positive and 
negative tumors. The R package TCGAbiolinks was used to further discriminate the G-CIMP status into 
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high and low. R package MGMTSTP27 was exploited to predict the methylation status of the MGMT 
promotor. Differentially methylated CpG positions between primary and first recurrence were identified 
and also between groups of samples. Wilcox two-sided t-test was used for evaluation of statistical 
significance between different groups. We also used Pearson´s correlation to calculate the estimated 
overall survival probability. The Benjamin-Hoechberg method was used to adjust P-values for multiple 
comparison.  

In paper III IBM SPSS® Statistical software version 28 was used for statistical analysis. The Kaplan-
Meier method was used to estimate the post-operative survival and log-rank test for comparison between 
groups.  

Since whole genome sequencing, whole transcriptome sequencing, and DNA methylation profiling was 
used in paper IV the work included a lot of data handling. For details, see the paper. Western blot data 
was normalized, and differences were determined with Ordinary one-way ANOVA test followed by the 
Dunnett’s multiple comparison test. The statistical analyses were performed with GraphPad Prism 
version 9.1.1. 

Whole genome sequencing and DNA methylation profiling was also used in paper V. For DNA 
methylation profiling raw methylation data (IDAT files) were generated from the methylation arrays 
and the IDAT files were uploaded into the publicly available DNA methylation-based classifier (MNP, 
version 11b4 and 12.5, https://www.molecularneuropathology.org/mnp). For prediction class scores in 
version 11b4 ≥ 0.9 was used as threshold for methylation class family and ≥ 0.5 for methylation class 
family member. For version 12.5 ≥ 0.9 was used as threshold for superfamily, family, class, and subclass.     
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RESULTS AND DISCUSSION 
 

Paper I: DNA methylation profiling for molecular classification of adult diffuse lower-
grade gliomas 

For many years the classification of diffuse gliomas relied on histopathological criteria alone and was 
subject to high inter-observer variability [116-119]. Recent advances in genomic analysis have expanded 
the understanding of the molecular alterations characterizing diffuse lower-grade gliomas (dLGG) [120-
122]. In the WHO 2016 classification incorporation of molecular biomarkers such as IDH-mutations 
and chromosomal alterations such as 1p/19q codeletion in combination with histological properties 
together lay the foundation for diagnosis and clinical prognostic stratification [123]. The influence of 
molecular alterations in the diagnosis of CNS tumors has since then grown even stronger [72, 74, 95, 
124-128].  Genome-wide DNA methylation profiling has emerged as an important tool for 
characterization of CNS tumors and has been shown to be a robust and reproducible method for profiling 
tumors [129, 130].  

In paper I we investigated the value of DNA methylation profiling in a cohort of adult patients with 
dLGG. We also evaluated the methylation-based classification for prognosticating outcome in patients 
with dLGG and compared it with the WHO 2016 grading system. We analyzed 166 cases with genome-
wide DNA methylation analysis and performed classification using molecular neuropathology (MNP) 
version 11b4 [78]. We compared the robustness of methylation profiling in detecting diagnostic 
biomarkers compared to clinically used molecular routine techniques. The IDH-mutation status inferred 
from the DNA methylation array data showed 100% sensitivity and specificity when compared to Sanger 
sequencing. The DNA methylation profiling method also showed high sensitivity and specificity (100%) 
when analyzing 1p/19q-codeletion status. This was a better result than the clinically used techniques at 
the time of diagnosis achieved. Next, we investigated how well a DNA methylation-based classifier 
could assign a defined DNA methylation class to the dLGG samples [78]. Of the 166 profiled cases, 
79% were assigned a defined DNA methylation class with a class prediction score ≥0.84. For 96% of 
those, the classifier assigned a specific methylation subclass with a prediction score ≥0.50 (n=126). The 
classifier was not able to predict a methylation class with a prediction score >0.30 (denoted as 
unclassified) in 6% of the cases.  Methylation profiling reclassified and further subtyped some of the 
tumors. When it came to predicting overall survival, DNA methylation profiling provided similar 
prognostication compared to what was achieved after reclassification according to WHO 2016.    

Limitations of this study were that we used a relatively small cohort and that the cases were classified 
according to WHO 2016 retrospectively. It would also be interesting to see how the results would have 
changed if a later classifier version (especially v12.5, not available at the time of the study) had been 
used.   

In conclusion, we demonstrate that methylation-profiling is a valuable technique for providing 
diagnostic and prognostic information in patients with dLGG. 

 

Paper II: Longitudinal DNA methylation analysis of adult-type IDH-mutant gliomas  

IDH-mutant gliomas have a better prognosis than IDH-wildtyp. IDH-mutant gliomas are recognized by 
global hypermethylation at CpG islands. This is called G-CIMP (CpG island methylator phenotype). 
Individuals with tumors that lose the hypermethylation phenotype have a worse prognosis and faster 
disease progression compared to patients where the phenotype is preserved. 
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In this study, we examined how DNA methylation changes are related to tumor progression in IDH-
mutated gliomas. We compared DNA methylation array data from primary tumor tissue with data related 
to relapse tumors. We evaluated methylation-based classification changes and assessed different 
methylation-based biomarkers and differential methylation status. 

We showed that during progression of IDH-mutant gliomas, DNA methylation patterns are most often 
retained but alterations can occur. In some IDH-mutant astrocytomas, there was a shift in methylation 
subclass from low-grade to high-grade. In a few cases larger methylation differences between primary 
and relapse tumor resulted in tumors from the same individuals that did not group together in the 
clustering analysis. In some cases, there was also a subclass switch in the relapse tumor. In one patient 
the primary tumor was classified as an oligodendroglioma, but the relapse was classified as an 
oligosarcoma, probably reflecting malignant transformation [131, 132]. Oligosarcoma is not listed as an 
entity in the latest CNS WHO classification. This is an example where there is a discrepancy between 
the WHO classification system and the methylation profiling-based classification system from 
MolecularNeuropathology.org.  

CDKN2A/B homozygous deletion is, according to CNS WHO 2021 system, a biomarker for grade 4 in 
IDH-mutant astrocytomas. This was also one of the most commonly occurring genetic alterations in our 
IDH-mutated astrocytoma relapse cohort. However, some IDH-mutated astrocytomas with morphology 
compatible with grade 4 and homozygous CDKN2A/B deletion was classified as lower-grade 
astrocytoma, IDH-mutant by the methylation array-based classifier tool. This might be an indication that 
CDKN2A/B deletion is an early event in the malignant transformation process.    

One limitation of this study is that we use a relatively small cohort.  

In conclusion our results show that DNA methylation patterns most often remain stable over time in 
IDH-mutant gliomas. Some tumors gained DNA methylation alterations during progression. 
Accumulation of site-specific methylation changes over time, associated with glioma subtype, were also 
detected.  

  

Paper III: The clinical value of proneural, classical and mesenchymal protein signatures 
in WHO 2021 adult-type diffuse lower-grade gliomas 

Adult-type diffuse gliomas are incurable primary tumors of the central nervous system characterized by 
infiltrative growth ultimately leading to the death of the patient. In the latest WHO classification from 
2021, IDH-mutated tumors are separated from IDH-wildtype tumors [72]. IDH-wildtype tumors 
generally show a much more aggressive clinical behavior than IDH-mutated [95, 125, 133].     

There are, however, differences in how tumors within a certain well-defined group behave in the clinical 
situation. Therefore, there is a need for additional classification systems that can anticipate if a tumor 
will behave in an aggressive manner and therefore needs more active treatment. One such system is the 
Verhaak classification system, which was described for GBM, based on mRNA-expression data [134]. 
In the clinical situation there is an advantage if such subclassification can be performed with 
immunohistochemistry. In 2014, Popova et al showed that immunohistochemical analysis with five key 
markers were sufficient to subgroup gliomas into so-called proneural, classical and mesenchymal 
phenotypes [135]. The clinical implications of this were not further studied.  

In this study we evaluated this classification method in a clinical cohort including 183 patients (≥ 18 
years of age) with morphological diffuse lower grade gliomas (dLGGs), re-classified according to CNS 
WHO 2021. In total 183 primary tumors and 49 recurrent tumors were examined. The tumors were re-
classified using a combination of histology, immunohistochemistry, FISH, Sanger sequencing and DNA 
methylation profiling as previously described [136]. Tissue microarrays were constructed and 
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RESULTS AND DISCUSSION 
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immunohistochemistry with the five markers performed. The stains were evaluated and annotated in a 
blinded fashion. The proportion of immune-positive cells for each core was graded on a scale from 0 to 
3. Subtyping of the glioma samples into proneural, classic and mesenchymal was preformed according 
to an algorithm presented by Popova et al. We found a significant difference in survival between the 
different subtypes in the total cohort of morphological dLGGs, but not when we analyzed IDH-mutated 
and IDH-wildtype tumors separately. When analyzing tumor relapses, we found that most IDH-mutated 
tumors kept the proneuronal phenotype at recurrence, and IDH-wildtype tumors mainly kept or switched 
to the mesenchymal subtype at relapse.  

Limitations of this study are that when working with human evaluation of immunohistochemistry stains 
there is a certain amount of subjectivity and inter-observer variability involved. Another factor when 
working with TMAs is the relatively small amount of tissue that is examined. The relatively small patient 
cohort is another weakness. In this study we focused on a small number of proteins and studied them at 
the protein level. A broader evaluation at the protein and mRNA level would perhaps give different 
results.     

In conclusion, we demonstrate that the clinical usefulness and prognostic information given by this 
subtype procedure, in our hands, was not obvious when current relevant molecular subclasses were taken 
into consideration. 

 

Paper IV: Novel TPR::ROS1 Fusion Gene Activates MAPK, PI3K and JAK/STAT Signaling in 
an Infant-type Pediatric Glioma 

Central nervous system tumors are the most common solid malignancies in children [137]. Of these 
central nervous system tumors gliomas is the largest group, accounting for 40 to 50% of the cases. 
Gliomas can be divided into pediatric high-grade and pediatric low-grade gliomas (pHGG and pLGG). 
For pediatric low-grade gliomas the prognosis is generally positive with a 10-year overall survival 
between 70-96%. However, the survivors often suffer from cognitive, neurological, psychological, 
social, and endocrine complications both related to the tumor and therapy [138]. In pediatric CNS tumors 
it is common to find chromosomal rearrangements causing fusion genes. The most common is the 
KIAA1549::BRAF fusion detected in the majority of pilocytic astrocytomas (70-80 %) and present in a 
third of all pediatric low-grade gliomas [139, 140]. There are also other common genetic alterations in 
pediatric low-grade gliomas such as FGFR1/2 fusions, other BRAF fusions, RAF1 fusions, and 
MYB/MYBL1 fusions [141-147]. Most of them activates the Mitogen-Activated Protein Kinase (MAPK) 
pathway [148]. Some pLGG have fusion genes involving other receptor tyrosine kinases (RTK) such as 
ROS1, MET, ALK and NTRK1/2/3 [72, 149, 150]. Recent research indicates that RTK-driven pediatric 
gliomas have poor outcome compared to the MAPK-driven [149]. Therapies targeting tumors driven by 
ROS1, ALK or NTRK fusions have been developed with several approved inhibitors such as larotrectinib, 
lorlatinibe and others [151]. Several ROS inhibitors are in clinical trials for adult patients with non-small 
cell lung carcinoma [152].  

In paper IV we describe a patient with an infant-type pediatric glioma with a novel TPR::ROS1 fusion 
gene and describe the molecular events driving tumorigenesis. We aimed to map the downstream 
pathways activated by this fusion to identify potential therapeutic targets. Fresh frozen tumor and FFPE 
tumor material was used from both the first surgery and one relapse. Histological stains, 
immunohistochemistry stains, mutation analysis and BRAF fusion analysis were performed. Paired 
whole genome sequencing on fresh tumor tissue from the first surgery and on normal blood lymphocytes 
and whole transcriptome sequencing was performed. Furthermore RT-PCR, Sanger sequencing, targeted 
open-end RNA-sequencing, DNA-methylation profiling and FISH were executed. Human embryonic 
kidney cells were cultured, transiently transfected with different constructs, and analyzed. 
Immunohistochemistry stains related to cell signaling pathways were performed. 
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Whole genome sequencing detected one somatic non-synonymous variant of unknown significance, 
seven structural variants and many copy number changes. Whole transcriptome sequencing detected two 
potential in-frame fusion transcripts that matched the structural variants that were identified in the whole 
genome sequencing analysis; TPR(4)::ROS1(35) and ING5(7)::NFKBIE(2). ING5 and NFKBIE are 
considered tumor suppressor genes and ROS1 fusion genes oncogenic drivers, hence we focused on the 
TPR::ROS1 fusion. The TPR::ROS1 was abundantly expressed, and RT-PCR verified the junction 
between TPR and ROS1. FISH with break apart probes for ROS1 confirmed the involvement of ROS1 
in a fusion. Targeted open-end RNA-sequencing on tissue from the relapse confirmed the TPR::ROS1 
fusion. Functional analysis using HEK293 cells involving transient transfection with TPR::ROS1 
constructs revealed activation of MAPK-, PI3K- and JAK/STAT-pathways. This was confirmed with 
immunohistochemistry on both primary and relapse tumor tissue.    

Limitations of this study are that we only describe and study one tumor case and that we have followed 
the patient for a limited time. The functional experiments were performed using HEK cells and not cells 
related to the human central nervous system. We also did not perform any experiments with targeted 
therapy against the fusion in our study. 

In summary we described a novel TPR::ROS1 fusion gene in a pediatric glioma classified as an infantile 
hemispheric glioma by methylation-based classification. We also demonstrated that the TPR::ROS1 
fusion activates the oncogenic MAPK, PI3K and JAK/STAT pathways. 

 

Paper V: Formation of ganglion cells in a nodular component of a cystic infratentorial 
pilocytic astrocytoma carrying KIAA1549::BRAF fusion 

Pilocytic astrocytomas are the most common tumor in the group “Circumscribed astrocytic gliomas” 
and are in fact the most common childhood brain tumor [72, 137]. In PA, alterations in genes related to 
the MAPK pathway are found in most cases [147, 148].  Gene fusions involving different combinations 
of KIAA1549 and BRAF exons are the most frequent rearrangement in pilocytic astrocytomas and 
KIAA1549::BRAF fusion can be found in more than 60% of PA and is especially common in tumors 
found in the cerebellum [140, 153]. Another much less common fusion found in gliomas is the newly 
described PTPRZ1::ETV1 fusion [154]. Gene fusions cannot only be used to strengthen a diagnosis but 
they, and the signaling pathways they are involved in, can be targeted by therapy. There has been a 
debate whether neoplastic ganglion cells can be formed in pilocytic astrocytomas.  

Ganglioglioma and gangliocytoma are also low-grade primary brain tumors according to CNS WHO 
2021 but are sorted in the group “Glioneuronal and neuronal tumours”. Gangliocytomas consists of 
clusters of mature neoplastic ganglion cells [155-160]. These ganglion cells often have dysplastic 
properties. Gangliogliomas are slow-growing, well-differentiated tumors containing a combination of 
neoplastic glial and ganglion cells. Both gangliocytomas and gangliogliomas are CNS WHO grade 1 
tumors. These tumors can occur throughout the central nervous system even though a majority occur in 
the temporal lobes. Ganglioglioma can have anaplasia in the glial component including rich mitotic 
activity, elevated Ki-67 index, microvascular proliferation and necrosis at recurrence but also in material 
from the first presentation [155, 157, 161-166]. Many of the studies claiming presence of anaplastic 
ganglioglioma were made in an era where molecular analysis was lacking.  

In this study we describe a case of a pilocytic astrocytoma in a 16-year-old patient with a nodular 
component exhibiting cells with ganglion cell morphology giving this part morphology to some extent 
imitating a ganglioglioma. We compared this component with areas with more traditional morphology 
in terms of histopathological stains and immunohistochemistry outcome. We used FISH analysis to 
demonstrate presence of KIAA1549::BRAF fusion in the tumor but also to prove that the cells with 
ganglion cell morphology truly were neoplastic. Applying DNA methylation profiling on the tumor area 
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with more traditional morphology with version 11b4 and 12.5 both gave high scores for posterior 
fossa/infratentorial pilocytic astrocytoma. In the copy number profile numerical changes were seen 
including focal duplication on chromosome 7, in conjugation with KIAA1549 and BRAF, indicating 
presence of BRAF-fusion. DNA methylation profiling of the area containing ganglionic cells gave 
scores with match for “control tissue, reactive tumor microenvironment” with both version 11.b4 and 
12.5.  

Mutation analysis on the DNA and RNA level verified KIAA1549::BRAF fusion transcript in both 
components. A PTPRZ1::ETV1 fusion transcript was also detected in the sample with classic 
morphology. This could not be verified when repeated with another extraction method, whole genome 
sequencing or FISH. In the analysis of tumor tissue not containing cells with ganglion cell morphology 
a PTPRZ1::ETV1 fusion transcript was also detected. Whole genome sequencing also detected the 
KIAA1549::BRAF fusion.   

Limitations of this study is that we only describe and study one tumor. This makes it impossible to say 
anything about the frequency of the described morphology pattern. There is also uncertainty how great 
the risk for malignant transformation in gangliogliomas is, which makes clinical implications hard to 
assess. We were not able to confirm the PTPRZ1::ETV1 fusion. The patient was followed for a limited 
time span. 

In summary we demonstrate a case with a nodular component with a mixture of astrocytic and ganglion 
cell-like morphology. We showed that these cells were truly neoplastic and not included nerve cells. 
This supports the view that ganglion cell morphology can exist in pilocytic astrocytomas. The distinctive 
morphology can be a phenomenon related to atypical local fluid circulation. 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVE 
 

In the future we foresee a continued rapid evolution in the field of neuropathology. Deeper 
understanding of the genetic changes causing CNS tumors will continue and the diagnosis that solely 
are based on histology and immunohistochemistry will gradually decrease. There will probably also be 
a further subdivision of tumor entities that today are looked upon as one entity. There will likely also be 
a continued harmonization between the CNS WHO classification system and the epigenetic methylation 
array-based system. The continuous need for an increase in sequencing capacity in the healthcare system 
will be a huge challenge both economically and when it comes to the requirement of human labor. It 
will be very important to evaluate the effectiveness of adding broad genetic testing both in economical 
and medical perspective [167-170]. 

In the future more focus will probably be put on the tumor proteome profile, i.e. all the proteins that is 
expressed by a tumor [171, 172]. Mass spectrometry-based proteomics has so far not been established 
as a clinically used tool as genome and transcriptome profiling methods have but the technical 
development in this field is progressing very fast and will probably in a near future be added to the now 
established DNA- and RNA-based methods [173-175]. Attempts to apply mass spectrometry-based 
protein profiling in the field of brain tumor biology has been made for some time [176, 177]. In recent 
years this field has rapidly progressed and has to some extent already been introduced in clinical work 
[178-181]. Profiling based upon proteomics will probably be a supplement, and not a replacement, to 
DNA and RNA-based methods. 

Methylation array-based profiling will continue to develop on multiple levels. Faster and cheaper 
laboratory processes and equipment will probably make intraoperative diagnosis not only possible but 
perhaps standard of care [182-184]. Hopefully development of the method will make it less dependent 
on tissue with high tumor cell content. Since many primary CNS tumors are diffusely infiltrative this is 
an important factor. If a biopsy is taken from the periphery of a tumor, the tumor cell content can be 
very low. Hopefully there will also be technical progress involving development of chips with fewer 
and greater number of samples than the today used 8-well chip, making the analysis procedure more 
flexible. 

Histology is an old hand cheap method that can be performed without advanced equipment and is 
therefore also feasible in developing countries. Immunohistochemistry is also a quite simple method 
that can be performed in many third world countries. Methods that demand sequencing of DNA or RNA 
or mapping of epigenetic patterns or profiling of the proteasome are on the contrary dependent on very 
expensive equipment. The methods are also very time-consuming, and interpretation of the results 
requires very competent staff. The new methods therefore might introduce a new injustice between 
patients living in countries with well-developed compared to patients in countries with less developed 
healthcare systems. On the other hand, the very rapid technological development in the field will 
probably reduce the cost for these methods and the equipment needed tremendously [185-187]. This can 
then open an opportunity for also making these advancements beneficial for the population in poorer 
countries [188, 189]. Internet and the possibility to reach cloud-based services can also be a way to catch 
up and instead equalize prerequisites between developed and developing countries.  

Another area that I anticipate rapid and important development is in the field of liquid biopsies. This is 
today mostly performed on blood samples [190-192]. Research is also performed to evaluate the 
technique in cerebrospinal fluid [193-196]. To make a diagnosis by analyzing circulating tumor DNA 
without the need of tissue biopsy is a tempting approach. Circulating tumor DNA from the cerebrospinal 
fluid can potentially not only be used for characterization of a tumor but hopefully also to monitor 
tumors over time [197-199]. Hopefully, whole-genome methylation profiling can also be performed on 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVE 
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patients living in countries with well-developed compared to patients in countries with less developed 
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cell free DNA from the cerebrospinal fluid samples [200, 201]. Careful evaluation of these techniques 
when it comes to sensitivity and specificity will be very important. There is ongoing research on methods 
to improve the sensitivity of the technique so that diagnosis potentially also can be made on blood 
samples [202]. In a more distant future noninvasive techniques, such as radiomics and radiogenomics, 
where advanced imaging is combined with artificial intelligence, might be able to make a reliable 
diagnosis without the need of tissue or DNA [203].  

There are already indications that artificial intelligence-based image analysis can detect cancer with high 
accuracy and efficiency and reduce interobserver variability in the field of prostate cancer [204]. It also 
seems to be possible to work with other tumors such as breast cancer [205]. Applying artificial 
intelligence-based image analysis on non-epithelial tumors such as gliomas will probably be a much 
more difficult task, but attempts are already made, and it is probably only a matter of time before such 
diagnostic platforms can be applied in the clinic [206, 207]. The best results will probably be achieved 
when a combination of histomorphology, radiology, genetic, epigenetic, and clinical data are put 
together in an AI based system. 

An advancement that probably will be achieved more closer in time is improvements in the ability to 
perform large-scale sequencing, such as whole genome sequencing, using formalin-fixed paraffin-
embedded tissue [208, 209]. This would be an important improvement in clinical practice as today large-
scale sequencing to a large extent demands fresh frozen tissue [210]. This introduces logistic and 
practical problems. Fresh tissue must quickly be frozen or put in RNA-later to not be degraded. This 
hinders traditional histopathological diagnosis on that specific specimen. One also does not know if the 
analyzed tissue is representative of a tumor or if it only contains reactive, non-invaded, surrounding 
tissue. Now, there is often a dilemma on how much tissue one dares to prioritize for molecular 
diagnostics without jeopardizing a basic histopathology diagnosis. 

The future will probably bring many new opportunities in ways that we are not able to foresee. 

 

  

21 
 

ACKNOWLEDGEMENT 
 

Many people have in different ways contributed greatly to making the creation of this thesis possible. 

First, I would like to thank my main supervisor Eric Hanse for support, inspiration, mentoring, patience, 
and encouragement. Your guidance has been invaluable. I truly admire your incredible knowledge, 
passion for science and generosity.  

Second, I would like to thank my co supervisors: 

Dzeneta Vizlin-Hodzic, thank you very much for your friendship, all your struggle through the years 
with our projects, your great scientific knowledge, our scientific discussions, and your incredible 
empathy for your surroundings.  

Henrik Zetterberg, thank you very much for your generosity, never-ending positivity, and your 
amazing creativity. 

Helena Carén, thank you very much for your kindness, your concern regarding your students, and your 
scientific enthusiasm.     

Louise Adermark, thank you very much for your support, optimism, scientific accuracy, and concern.   

I would also like to thank: 

All my present and former colleagues in Group Hanse. A special thanks to Henrik Seth, Joakim 
Strandberg and Julia Izsak. I would also like to thank My Forsberg, Andreas Björefeldt, Tim Lyckenvik, 
Rong Ma, Sebastian Illes and Mats Andersson.  

My present and former colleagues in Group Jakola and Group Carén. An extra thanks to Asgeir Jakola, 
Sandra Ferreyra Vega, Alba Corell, Anna Danielsson and Anna Dénes. Thank you for a fantastic 
collaboration. 

My colleagues in Group Abel. A big thanks to Frida Abel and Lily Deland. Thank you for a terrific 
collaboration. 

All my present and former colleagues at the Department of Pathology. An extra thanks to Henrik 
Fagman, Claes Nordborg and Johan Mölne for their support and encouragement. 

A big thanks to Anja Smits, Bertil Rydenhag, Helene Sjögren, Magnus Sabel, Elizabeth Habib-Schepke 
and Magnus Tisell.  

My wife and children, my parents and my brother and his family. You are truly the best. 

This work was supported by the Gothenburg Society of medicine, the Wilhelm and Martina Lundgren 
foundation, the Swedish Neuro association, the Royal and Hvitfeldska foundation and the Swedish State 
Support for Clinical Research (ALFGBG). 

 

  



20 
 

cell free DNA from the cerebrospinal fluid samples [200, 201]. Careful evaluation of these techniques 
when it comes to sensitivity and specificity will be very important. There is ongoing research on methods 
to improve the sensitivity of the technique so that diagnosis potentially also can be made on blood 
samples [202]. In a more distant future noninvasive techniques, such as radiomics and radiogenomics, 
where advanced imaging is combined with artificial intelligence, might be able to make a reliable 
diagnosis without the need of tissue or DNA [203].  

There are already indications that artificial intelligence-based image analysis can detect cancer with high 
accuracy and efficiency and reduce interobserver variability in the field of prostate cancer [204]. It also 
seems to be possible to work with other tumors such as breast cancer [205]. Applying artificial 
intelligence-based image analysis on non-epithelial tumors such as gliomas will probably be a much 
more difficult task, but attempts are already made, and it is probably only a matter of time before such 
diagnostic platforms can be applied in the clinic [206, 207]. The best results will probably be achieved 
when a combination of histomorphology, radiology, genetic, epigenetic, and clinical data are put 
together in an AI based system. 

An advancement that probably will be achieved more closer in time is improvements in the ability to 
perform large-scale sequencing, such as whole genome sequencing, using formalin-fixed paraffin-
embedded tissue [208, 209]. This would be an important improvement in clinical practice as today large-
scale sequencing to a large extent demands fresh frozen tissue [210]. This introduces logistic and 
practical problems. Fresh tissue must quickly be frozen or put in RNA-later to not be degraded. This 
hinders traditional histopathological diagnosis on that specific specimen. One also does not know if the 
analyzed tissue is representative of a tumor or if it only contains reactive, non-invaded, surrounding 
tissue. Now, there is often a dilemma on how much tissue one dares to prioritize for molecular 
diagnostics without jeopardizing a basic histopathology diagnosis. 

The future will probably bring many new opportunities in ways that we are not able to foresee. 

 

  

21 
 

ACKNOWLEDGEMENT 
 

Many people have in different ways contributed greatly to making the creation of this thesis possible. 

First, I would like to thank my main supervisor Eric Hanse for support, inspiration, mentoring, patience, 
and encouragement. Your guidance has been invaluable. I truly admire your incredible knowledge, 
passion for science and generosity.  

Second, I would like to thank my co supervisors: 

Dzeneta Vizlin-Hodzic, thank you very much for your friendship, all your struggle through the years 
with our projects, your great scientific knowledge, our scientific discussions, and your incredible 
empathy for your surroundings.  

Henrik Zetterberg, thank you very much for your generosity, never-ending positivity, and your 
amazing creativity. 

Helena Carén, thank you very much for your kindness, your concern regarding your students, and your 
scientific enthusiasm.     

Louise Adermark, thank you very much for your support, optimism, scientific accuracy, and concern.   

I would also like to thank: 

All my present and former colleagues in Group Hanse. A special thanks to Henrik Seth, Joakim 
Strandberg and Julia Izsak. I would also like to thank My Forsberg, Andreas Björefeldt, Tim Lyckenvik, 
Rong Ma, Sebastian Illes and Mats Andersson.  

My present and former colleagues in Group Jakola and Group Carén. An extra thanks to Asgeir Jakola, 
Sandra Ferreyra Vega, Alba Corell, Anna Danielsson and Anna Dénes. Thank you for a fantastic 
collaboration. 

My colleagues in Group Abel. A big thanks to Frida Abel and Lily Deland. Thank you for a terrific 
collaboration. 

All my present and former colleagues at the Department of Pathology. An extra thanks to Henrik 
Fagman, Claes Nordborg and Johan Mölne for their support and encouragement. 

A big thanks to Anja Smits, Bertil Rydenhag, Helene Sjögren, Magnus Sabel, Elizabeth Habib-Schepke 
and Magnus Tisell.  

My wife and children, my parents and my brother and his family. You are truly the best. 

This work was supported by the Gothenburg Society of medicine, the Wilhelm and Martina Lundgren 
foundation, the Swedish Neuro association, the Royal and Hvitfeldska foundation and the Swedish State 
Support for Clinical Research (ALFGBG). 

 

  



22 
 

REFERECES 
 

1. Berg, J.M., et al., Biochemistry. 2015, New York, NY: Freeman. 
2. Cooper, G.M., The cell : a molecular approach. 2019, New York: Oxford University Press. 
3. Strachan, T. and A.P. Read, Human molecular genetics. 2019, Boca Raton, Florida: CRC Press. 
4. Watson, J.D. and F.H. Crick, Molecular structure of nucleic acids; a structure for deoxyribose 

nucleic acid. Nature, 1953. 171(4356): p. 737-8. 
5. Watson, J.D. and F.H. Crick, The structure of DNA. Cold Spring Harb Symp Quant Biol, 1953. 

18: p. 123-31. 
6. Klug, A., The discovery of the DNA double helix. J Mol Biol, 2004. 335(1): p. 3-26. 
7. Franklin, R.E. and R.G. Gosling, Evidence for 2-chain helix in crystalline structure of sodium 

deoxyribonucleate. Nature, 1953. 172(4369): p. 156-7. 
8. Watson, J.D. and F.H. Crick, Genetical implications of the structure of deoxyribonucleic acid. 

Nature, 1953. 171(4361): p. 964-7. 
9. Pesole, G., What is a gene? An updated operational definition. Gene, 2008. 417(1-2): p. 1-4. 
10. Beadle, G.W. and E.L. Tatum, Genetic Control of Biochemical Reactions in Neurospora. Proc 

Natl Acad Sci U S A, 1941. 27(11): p. 499-506. 
11. Jacob, F. and J. Monod, Genetic regulatory mechanisms in the synthesis of proteins. J Mol 

Biol, 1961. 3: p. 318-56. 
12. Gros, F., et al., Molecular and biological characterization of messenger RNA. Cold Spring Harb 

Symp Quant Biol, 1961. 26: p. 111-32. 
13. Brenner, S., F. Jacob, and M. Meselson, An unstable intermediate carrying information from 

genes to ribosomes for protein synthesis. Nature, 1961. 190: p. 576-581. 
14. Schibler, U. and F. Sierra, Alternative promoters in developmental gene expression. Annu Rev 

Genet, 1987. 21: p. 237-57. 
15. Leff, S.E., M.G. Rosenfeld, and R.M. Evans, Complex transcriptional units: diversity in gene 

expression by alternative RNA processing. Annu Rev Biochem, 1986. 55: p. 1091-117. 
16. Black, D.L., Mechanisms of alternative pre-messenger RNA splicing. Annu Rev Biochem, 2003. 

72: p. 291-336. 
17. Brennicke, A., A. Marchfelder, and S. Binder, RNA editing. FEMS Microbiol Rev, 1999. 23(3): 

p. 297-316. 
18. Piatigorsky, J. and G.J. Wistow, Enzyme/crystallins: gene sharing as an evolutionary strategy. 

Cell, 1989. 57(2): p. 197-9. 
19. Birney, E., et al., Identification and analysis of functional elements in 1% of the human 

genome by the ENCODE pilot project. Nature, 2007. 447(7146): p. 799-816. 
20. Gall, J.G., Chromosome structure and the C-value paradox. J Cell Biol, 1981. 91(3 Pt 2): p. 3s-

14s. 
21. Djebali, S., et al., Landscape of transcription in human cells. Nature, 2012. 489(7414): p. 101-

8. 
22. Zhang, P., et al., Non-Coding RNAs and their Integrated Networks. J Integr Bioinform, 2019. 

16(3). 
23. Shendure, J. and J.M. Akey, The origins, determinants, and consequences of human 

mutations. Science, 2015. 349(6255): p. 1478-83. 
24. Ségurel, L. and C. Bon, On the Evolution of Lactase Persistence in Humans. Annu Rev 

Genomics Hum Genet, 2017. 18: p. 297-319. 
25. Sawyer, S.A., et al., Prevalence of positive selection among nearly neutral amino acid 

replacements in Drosophila. Proc Natl Acad Sci U S A, 2007. 104(16): p. 6504-10. 
26. Doniger, S.W., et al., A catalog of neutral and deleterious polymorphism in yeast. PLoS Genet, 

2008. 4(8): p. e1000183. 

23 
 

27. Gupta, M., et al., Gene Mutation Classification through Text Evidence Facilitating Cancer 
Tumour Detection. J Healthc Eng, 2021. 2021: p. 8689873. 

28. Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next generation. Cell, 2011. 144(5): 
p. 646-74. 

29. Dupont, C., D.R. Armant, and C.A. Brenner, Epigenetics: definition, mechanisms and clinical 
perspective. Semin Reprod Med, 2009. 27(5): p. 351-7. 

30. Goldberg, A.D., C.D. Allis, and E. Bernstein, Epigenetics: a landscape takes shape. Cell, 2007. 
128(4): p. 635-8. 

31. Bernstein, B.E., A. Meissner, and E.S. Lander, The mammalian epigenome. Cell, 2007. 128(4): 
p. 669-81. 

32. Jenuwein, T. and C.D. Allis, Translating the histone code. Science, 2001. 293(5532): p. 1074-
80. 

33. Statello, L., et al., Gene regulation by long non-coding RNAs and its biological functions. Nat 
Rev Mol Cell Biol, 2021. 22(2): p. 96-118. 

34. Amaral, P.P., et al., The eukaryotic genome as an RNA machine. Science, 2008. 319(5871): p. 
1787-9. 

35. Jaenisch, R. and A. Bird, Epigenetic regulation of gene expression: how the genome integrates 
intrinsic and environmental signals. Nat Genet, 2003. 33 Suppl: p. 245-54. 

36. Moore, L.D., T. Le, and G. Fan, DNA methylation and its basic function. 
Neuropsychopharmacology, 2013. 38(1): p. 23-38. 

37. Jin, B. and K.D. Robertson, DNA methyltransferases, DNA damage repair, and cancer. Adv Exp 
Med Biol, 2013. 754: p. 3-29. 

38. Okano, M., et al., DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo 
methylation and mammalian development. Cell, 1999. 99(3): p. 247-57. 

39. Hermann, A., R. Goyal, and A. Jeltsch, The Dnmt1 DNA-(cytosine-C5)-methyltransferase 
methylates DNA processively with high preference for hemimethylated target sites. J Biol 
Chem, 2004. 279(46): p. 48350-9. 

40. Biswas, S. and C.M. Rao, Epigenetic tools (The Writers, The Readers and The Erasers) and 
their implications in cancer therapy. Eur J Pharmacol, 2018. 837: p. 8-24. 

41. Bird, A., DNA methylation patterns and epigenetic memory. Genes Dev, 2002. 16(1): p. 6-21. 
42. Bird, A., et al., A fraction of the mouse genome that is derived from islands of nonmethylated, 

CpG-rich DNA. Cell, 1985. 40(1): p. 91-9. 
43. Irizarry, R.A., et al., The human colon cancer methylome shows similar hypo- and 

hypermethylation at conserved tissue-specific CpG island shores. Nat Genet, 2009. 41(2): p. 
178-186. 

44. Jabbari, K. and G. Bernardi, Cytosine methylation and CpG, TpG (CpA) and TpA frequencies. 
Gene, 2004. 333: p. 143-9. 

45. Saxonov, S., P. Berg, and D.L. Brutlag, A genome-wide analysis of CpG dinucleotides in the 
human genome distinguishes two distinct classes of promoters. Proc Natl Acad Sci U S A, 
2006. 103(5): p. 1412-7. 

46. Lander, E.S., et al., Initial sequencing and analysis of the human genome. Nature, 2001. 
409(6822): p. 860-921. 

47. Yong, W.S., F.M. Hsu, and P.Y. Chen, Profiling genome-wide DNA methylation. Epigenetics 
Chromatin, 2016. 9: p. 26. 

48. Laird, P.W., Principles and challenges of genomewide DNA methylation analysis. Nat Rev 
Genet, 2010. 11(3): p. 191-203. 

49. Min Jou, W., et al., Nucleotide sequence of the gene coding for the bacteriophage MS2 coat 
protein. Nature, 1972. 237(5350): p. 82-8. 

50. Ozsolak, F. and P.M. Milos, RNA sequencing: advances, challenges and opportunities. Nat Rev 
Genet, 2011. 12(2): p. 87-98. 

51. Wu, R., Nucleotide sequence analysis of DNA. Nat New Biol, 1972. 236(68): p. 198-200. 



22 
 

REFERECES 
 

1. Berg, J.M., et al., Biochemistry. 2015, New York, NY: Freeman. 
2. Cooper, G.M., The cell : a molecular approach. 2019, New York: Oxford University Press. 
3. Strachan, T. and A.P. Read, Human molecular genetics. 2019, Boca Raton, Florida: CRC Press. 
4. Watson, J.D. and F.H. Crick, Molecular structure of nucleic acids; a structure for deoxyribose 

nucleic acid. Nature, 1953. 171(4356): p. 737-8. 
5. Watson, J.D. and F.H. Crick, The structure of DNA. Cold Spring Harb Symp Quant Biol, 1953. 

18: p. 123-31. 
6. Klug, A., The discovery of the DNA double helix. J Mol Biol, 2004. 335(1): p. 3-26. 
7. Franklin, R.E. and R.G. Gosling, Evidence for 2-chain helix in crystalline structure of sodium 

deoxyribonucleate. Nature, 1953. 172(4369): p. 156-7. 
8. Watson, J.D. and F.H. Crick, Genetical implications of the structure of deoxyribonucleic acid. 

Nature, 1953. 171(4361): p. 964-7. 
9. Pesole, G., What is a gene? An updated operational definition. Gene, 2008. 417(1-2): p. 1-4. 
10. Beadle, G.W. and E.L. Tatum, Genetic Control of Biochemical Reactions in Neurospora. Proc 

Natl Acad Sci U S A, 1941. 27(11): p. 499-506. 
11. Jacob, F. and J. Monod, Genetic regulatory mechanisms in the synthesis of proteins. J Mol 

Biol, 1961. 3: p. 318-56. 
12. Gros, F., et al., Molecular and biological characterization of messenger RNA. Cold Spring Harb 

Symp Quant Biol, 1961. 26: p. 111-32. 
13. Brenner, S., F. Jacob, and M. Meselson, An unstable intermediate carrying information from 

genes to ribosomes for protein synthesis. Nature, 1961. 190: p. 576-581. 
14. Schibler, U. and F. Sierra, Alternative promoters in developmental gene expression. Annu Rev 

Genet, 1987. 21: p. 237-57. 
15. Leff, S.E., M.G. Rosenfeld, and R.M. Evans, Complex transcriptional units: diversity in gene 

expression by alternative RNA processing. Annu Rev Biochem, 1986. 55: p. 1091-117. 
16. Black, D.L., Mechanisms of alternative pre-messenger RNA splicing. Annu Rev Biochem, 2003. 

72: p. 291-336. 
17. Brennicke, A., A. Marchfelder, and S. Binder, RNA editing. FEMS Microbiol Rev, 1999. 23(3): 

p. 297-316. 
18. Piatigorsky, J. and G.J. Wistow, Enzyme/crystallins: gene sharing as an evolutionary strategy. 

Cell, 1989. 57(2): p. 197-9. 
19. Birney, E., et al., Identification and analysis of functional elements in 1% of the human 

genome by the ENCODE pilot project. Nature, 2007. 447(7146): p. 799-816. 
20. Gall, J.G., Chromosome structure and the C-value paradox. J Cell Biol, 1981. 91(3 Pt 2): p. 3s-

14s. 
21. Djebali, S., et al., Landscape of transcription in human cells. Nature, 2012. 489(7414): p. 101-

8. 
22. Zhang, P., et al., Non-Coding RNAs and their Integrated Networks. J Integr Bioinform, 2019. 

16(3). 
23. Shendure, J. and J.M. Akey, The origins, determinants, and consequences of human 

mutations. Science, 2015. 349(6255): p. 1478-83. 
24. Ségurel, L. and C. Bon, On the Evolution of Lactase Persistence in Humans. Annu Rev 

Genomics Hum Genet, 2017. 18: p. 297-319. 
25. Sawyer, S.A., et al., Prevalence of positive selection among nearly neutral amino acid 

replacements in Drosophila. Proc Natl Acad Sci U S A, 2007. 104(16): p. 6504-10. 
26. Doniger, S.W., et al., A catalog of neutral and deleterious polymorphism in yeast. PLoS Genet, 

2008. 4(8): p. e1000183. 

23 
 

27. Gupta, M., et al., Gene Mutation Classification through Text Evidence Facilitating Cancer 
Tumour Detection. J Healthc Eng, 2021. 2021: p. 8689873. 

28. Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next generation. Cell, 2011. 144(5): 
p. 646-74. 

29. Dupont, C., D.R. Armant, and C.A. Brenner, Epigenetics: definition, mechanisms and clinical 
perspective. Semin Reprod Med, 2009. 27(5): p. 351-7. 

30. Goldberg, A.D., C.D. Allis, and E. Bernstein, Epigenetics: a landscape takes shape. Cell, 2007. 
128(4): p. 635-8. 

31. Bernstein, B.E., A. Meissner, and E.S. Lander, The mammalian epigenome. Cell, 2007. 128(4): 
p. 669-81. 

32. Jenuwein, T. and C.D. Allis, Translating the histone code. Science, 2001. 293(5532): p. 1074-
80. 

33. Statello, L., et al., Gene regulation by long non-coding RNAs and its biological functions. Nat 
Rev Mol Cell Biol, 2021. 22(2): p. 96-118. 

34. Amaral, P.P., et al., The eukaryotic genome as an RNA machine. Science, 2008. 319(5871): p. 
1787-9. 

35. Jaenisch, R. and A. Bird, Epigenetic regulation of gene expression: how the genome integrates 
intrinsic and environmental signals. Nat Genet, 2003. 33 Suppl: p. 245-54. 

36. Moore, L.D., T. Le, and G. Fan, DNA methylation and its basic function. 
Neuropsychopharmacology, 2013. 38(1): p. 23-38. 

37. Jin, B. and K.D. Robertson, DNA methyltransferases, DNA damage repair, and cancer. Adv Exp 
Med Biol, 2013. 754: p. 3-29. 

38. Okano, M., et al., DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo 
methylation and mammalian development. Cell, 1999. 99(3): p. 247-57. 

39. Hermann, A., R. Goyal, and A. Jeltsch, The Dnmt1 DNA-(cytosine-C5)-methyltransferase 
methylates DNA processively with high preference for hemimethylated target sites. J Biol 
Chem, 2004. 279(46): p. 48350-9. 

40. Biswas, S. and C.M. Rao, Epigenetic tools (The Writers, The Readers and The Erasers) and 
their implications in cancer therapy. Eur J Pharmacol, 2018. 837: p. 8-24. 

41. Bird, A., DNA methylation patterns and epigenetic memory. Genes Dev, 2002. 16(1): p. 6-21. 
42. Bird, A., et al., A fraction of the mouse genome that is derived from islands of nonmethylated, 

CpG-rich DNA. Cell, 1985. 40(1): p. 91-9. 
43. Irizarry, R.A., et al., The human colon cancer methylome shows similar hypo- and 

hypermethylation at conserved tissue-specific CpG island shores. Nat Genet, 2009. 41(2): p. 
178-186. 

44. Jabbari, K. and G. Bernardi, Cytosine methylation and CpG, TpG (CpA) and TpA frequencies. 
Gene, 2004. 333: p. 143-9. 

45. Saxonov, S., P. Berg, and D.L. Brutlag, A genome-wide analysis of CpG dinucleotides in the 
human genome distinguishes two distinct classes of promoters. Proc Natl Acad Sci U S A, 
2006. 103(5): p. 1412-7. 

46. Lander, E.S., et al., Initial sequencing and analysis of the human genome. Nature, 2001. 
409(6822): p. 860-921. 

47. Yong, W.S., F.M. Hsu, and P.Y. Chen, Profiling genome-wide DNA methylation. Epigenetics 
Chromatin, 2016. 9: p. 26. 

48. Laird, P.W., Principles and challenges of genomewide DNA methylation analysis. Nat Rev 
Genet, 2010. 11(3): p. 191-203. 

49. Min Jou, W., et al., Nucleotide sequence of the gene coding for the bacteriophage MS2 coat 
protein. Nature, 1972. 237(5350): p. 82-8. 

50. Ozsolak, F. and P.M. Milos, RNA sequencing: advances, challenges and opportunities. Nat Rev 
Genet, 2011. 12(2): p. 87-98. 

51. Wu, R., Nucleotide sequence analysis of DNA. Nat New Biol, 1972. 236(68): p. 198-200. 



24 
 

52. Padmanabhan, R. and R. Wu, Nucleotide sequence analysis of DNA. IX. Use of 
oligonucleotides of defined sequence as primers in DNA sequence analysis. Biochem Biophys 
Res Commun, 1972. 48(5): p. 1295-302. 

53. Sanger, F., S. Nicklen, and A.R. Coulson, DNA sequencing with chain-terminating inhibitors. 
Proc Natl Acad Sci U S A, 1977. 74(12): p. 5463-7. 

54. Sanger, F. and A.R. Coulson, A rapid method for determining sequences in DNA by primed 
synthesis with DNA polymerase. J Mol Biol, 1975. 94(3): p. 441-8. 

55. Sanger, F., et al., Nucleotide sequence of bacteriophage phi X174 DNA. Nature, 1977. 
265(5596): p. 687-95. 

56. Feldmann, H., et al., Complete DNA sequence of yeast chromosome II. Embo j, 1994. 13(24): 
p. 5795-809. 

57. Adams, M.D., et al., Complementary DNA sequencing: expressed sequence tags and human 
genome project. Science, 1991. 252(5013): p. 1651-6. 

58. Fleischmann, R.D., et al., Whole-genome random sequencing and assembly of Haemophilus 
influenzae Rd. Science, 1995. 269(5223): p. 496-512. 

59. Venter, J.C., et al., The sequence of the human genome. Science, 2001. 291(5507): p. 1304-
51. 

60. Behjati, S. and P.S. Tarpey, What is next generation sequencing? Arch Dis Child Educ Pract Ed, 
2013. 98(6): p. 236-8. 

61. Nyrén, P., B. Pettersson, and M. Uhlén, Solid phase DNA minisequencing by an enzymatic 
luminometric inorganic pyrophosphate detection assay. Anal Biochem, 1993. 208(1): p. 171-
5. 

62. Ronaghi, M., M. Uhlén, and P. Nyrén, A sequencing method based on real-time 
pyrophosphate. Science, 1998. 281(5375): p. 363, 365. 

63. Ronaghi, M., et al., Real-time DNA sequencing using detection of pyrophosphate release. Anal 
Biochem, 1996. 242(1): p. 84-9. 

64. Shen, S. and D. Qin, Pyrosequencing data analysis software: a useful tool for EGFR, KRAS, and 
BRAF mutation analysis. Diagn Pathol, 2012. 7: p. 56. 

65. Heyer, E.E., et al., Diagnosis of fusion genes using targeted RNA sequencing. Nat Commun, 
2019. 10(1): p. 1388. 

66. Zheng, Z., et al., Anchored multiplex PCR for targeted next-generation sequencing. Nat Med, 
2014. 20(12): p. 1479-84. 

67. Kurdyukov, S. and M. Bullock, DNA Methylation Analysis: Choosing the Right Method. Biology 
(Basel), 2016. 5(1). 

68. Bibikova, M., et al., High density DNA methylation array with single CpG site resolution. 
Genomics, 2011. 98(4): p. 288-95. 

69. Bibikova, M., et al., Genome-wide DNA methylation profiling using Infinium® assay. 
Epigenomics, 2009. 1(1): p. 177-200. 

70. Marabita, F., et al., An evaluation of analysis pipelines for DNA methylation profiling using the 
Illumina HumanMethylation450 BeadChip platform. Epigenetics, 2013. 8(3): p. 333-46. 

71. Board, W.H.O.C.o.T.E., O. World Health, and C. International Agency for Research on, WHO 
classification of tumours : central nervous system tumours. 5th edition. ed. World Health 
Organization classification of tumours. 2021, Lyon: International Agency for Research on 
Cancer. xiii, 568 pages : color illustrations. 

72. Louis, D.N., et al., The 2021 WHO Classification of Tumors of the Central Nervous System: a 
summary. Neuro Oncol, 2021. 23(8): p. 1231-1251. 

73. World Health, O., et al., WHO classification of tumours of the central nervous system. Fourth 
edition ed. 2016, Lyon, France: International Agency for Research on Cancer. 

74. Louis, D.N., et al., Announcing cIMPACT-NOW: the Consortium to Inform Molecular and 
Practical Approaches to CNS Tumor Taxonomy. Acta Neuropathol, 2017. 133(1): p. 1-3. 

25 
 

75. Louis, D.N., et al., cIMPACT-NOW (the consortium to inform molecular and practical 
approaches to CNS tumor taxonomy): a new initiative in advancing nervous system tumor 
classification. Brain Pathol, 2017. 27(6): p. 851-852. 

76. Roosen, M., et al., The oncogenic fusion landscape in pediatric CNS neoplasms. Acta 
Neuropathol, 2022. 143(4): p. 427-451. 

77. Capper, D., et al., Practical implementation of DNA methylation and copy-number-based CNS 
tumor diagnostics: the Heidelberg experience. Acta Neuropathol, 2018. 136(2): p. 181-210. 

78. Capper, D., et al., DNA methylation-based classification of central nervous system tumours. 
Nature, 2018. 555(7697): p. 469-474. 

79. Danielsson, A., et al., MethPed: a DNA methylation classifier tool for the identification of 
pediatric brain tumor subtypes. Clin Epigenetics, 2015. 7(1): p. 62. 

80. Eden, A., et al., Chromosomal instability and tumors promoted by DNA hypomethylation. 
Science, 2003. 300(5618): p. 455. 

81. Rodriguez, J., et al., Chromosomal instability correlates with genome-wide DNA 
demethylation in human primary colorectal cancers. Cancer Res, 2006. 66(17): p. 8462-9468. 

82. Feinberg, A.P., R. Ohlsson, and S. Henikoff, The epigenetic progenitor origin of human cancer. 
Nat Rev Genet, 2006. 7(1): p. 21-33. 

83. Teschendorff, A.E., et al., Epigenetic variability in cells of normal cytology is associated with 
the risk of future morphological transformation. Genome Med, 2012. 4(3): p. 24. 

84. Herman, J.G. and S.B. Baylin, Gene silencing in cancer in association with promoter 
hypermethylation. N Engl J Med, 2003. 349(21): p. 2042-54. 

85. Esteller, M., Epigenetic gene silencing in cancer: the DNA hypermethylome. Hum Mol Genet, 
2007. 16 Spec No 1: p. R50-9. 

86. Toyota, M., et al., CpG island methylator phenotype in colorectal cancer. Proc Natl Acad Sci U 
S A, 1999. 96(15): p. 8681-6. 

87. Noushmehr, H., et al., Identification of a CpG island methylator phenotype that defines a 
distinct subgroup of glioma. Cancer Cell, 2010. 17(5): p. 510-22. 

88. Turcan, S., et al., IDH1 mutation is sufficient to establish the glioma hypermethylator 
phenotype. Nature, 2012. 483(7390): p. 479-83. 

89. Gerson, S.L., MGMT: its role in cancer aetiology and cancer therapeutics. Nat Rev Cancer, 
2004. 4(4): p. 296-307. 

90. Esteller, M., et al., Inactivation of the DNA-repair gene MGMT and the clinical response of 
gliomas to alkylating agents. N Engl J Med, 2000. 343(19): p. 1350-4. 

91. Esteller, M., et al., Inactivation of the DNA repair gene O6-methylguanine-DNA 
methyltransferase by promoter hypermethylation is a common event in primary human 
neoplasia. Cancer Res, 1999. 59(4): p. 793-7. 

92. Malmström, A., 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. Lancet Oncol, 2012. 13(9): p. 916-26. 

93. Hegi, M.E., et al., MGMT gene silencing and benefit from temozolomide in glioblastoma. N 
Engl J Med, 2005. 352(10): p. 997-1003. 

94. World Health, O., C. International Agency for Research on, and W.H.O.C.o.T.E. Board, Central 
nervous system tumours. 5th edition. ed. WHO classification of tumours. 5th edition vol. 6. 
2021, Lyon: International Agency for Research on Cancer, World Health Organization. xiii, 
568 pages : illustrations (chiefly color). 

95. Brat, D.J., et al., cIMPACT-NOW update 5: recommended grading criteria and terminologies 
for IDH-mutant astrocytomas. Acta Neuropathol, 2020. 139(3): p. 603-608. 

96. Kononen, J., et al., Tissue microarrays for high-throughput molecular profiling of tumor 
specimens. Nat Med, 1998. 4(7): p. 844-7. 

97. Ramos-Vara, J.A., Technical aspects of immunohistochemistry. Vet Pathol, 2005. 42(4): p. 
405-26. 



24 
 

52. Padmanabhan, R. and R. Wu, Nucleotide sequence analysis of DNA. IX. Use of 
oligonucleotides of defined sequence as primers in DNA sequence analysis. Biochem Biophys 
Res Commun, 1972. 48(5): p. 1295-302. 

53. Sanger, F., S. Nicklen, and A.R. Coulson, DNA sequencing with chain-terminating inhibitors. 
Proc Natl Acad Sci U S A, 1977. 74(12): p. 5463-7. 

54. Sanger, F. and A.R. Coulson, A rapid method for determining sequences in DNA by primed 
synthesis with DNA polymerase. J Mol Biol, 1975. 94(3): p. 441-8. 

55. Sanger, F., et al., Nucleotide sequence of bacteriophage phi X174 DNA. Nature, 1977. 
265(5596): p. 687-95. 

56. Feldmann, H., et al., Complete DNA sequence of yeast chromosome II. Embo j, 1994. 13(24): 
p. 5795-809. 

57. Adams, M.D., et al., Complementary DNA sequencing: expressed sequence tags and human 
genome project. Science, 1991. 252(5013): p. 1651-6. 

58. Fleischmann, R.D., et al., Whole-genome random sequencing and assembly of Haemophilus 
influenzae Rd. Science, 1995. 269(5223): p. 496-512. 

59. Venter, J.C., et al., The sequence of the human genome. Science, 2001. 291(5507): p. 1304-
51. 

60. Behjati, S. and P.S. Tarpey, What is next generation sequencing? Arch Dis Child Educ Pract Ed, 
2013. 98(6): p. 236-8. 

61. Nyrén, P., B. Pettersson, and M. Uhlén, Solid phase DNA minisequencing by an enzymatic 
luminometric inorganic pyrophosphate detection assay. Anal Biochem, 1993. 208(1): p. 171-
5. 

62. Ronaghi, M., M. Uhlén, and P. Nyrén, A sequencing method based on real-time 
pyrophosphate. Science, 1998. 281(5375): p. 363, 365. 

63. Ronaghi, M., et al., Real-time DNA sequencing using detection of pyrophosphate release. Anal 
Biochem, 1996. 242(1): p. 84-9. 

64. Shen, S. and D. Qin, Pyrosequencing data analysis software: a useful tool for EGFR, KRAS, and 
BRAF mutation analysis. Diagn Pathol, 2012. 7: p. 56. 

65. Heyer, E.E., et al., Diagnosis of fusion genes using targeted RNA sequencing. Nat Commun, 
2019. 10(1): p. 1388. 

66. Zheng, Z., et al., Anchored multiplex PCR for targeted next-generation sequencing. Nat Med, 
2014. 20(12): p. 1479-84. 

67. Kurdyukov, S. and M. Bullock, DNA Methylation Analysis: Choosing the Right Method. Biology 
(Basel), 2016. 5(1). 

68. Bibikova, M., et al., High density DNA methylation array with single CpG site resolution. 
Genomics, 2011. 98(4): p. 288-95. 

69. Bibikova, M., et al., Genome-wide DNA methylation profiling using Infinium® assay. 
Epigenomics, 2009. 1(1): p. 177-200. 

70. Marabita, F., et al., An evaluation of analysis pipelines for DNA methylation profiling using the 
Illumina HumanMethylation450 BeadChip platform. Epigenetics, 2013. 8(3): p. 333-46. 

71. Board, W.H.O.C.o.T.E., O. World Health, and C. International Agency for Research on, WHO 
classification of tumours : central nervous system tumours. 5th edition. ed. World Health 
Organization classification of tumours. 2021, Lyon: International Agency for Research on 
Cancer. xiii, 568 pages : color illustrations. 

72. Louis, D.N., et al., The 2021 WHO Classification of Tumors of the Central Nervous System: a 
summary. Neuro Oncol, 2021. 23(8): p. 1231-1251. 

73. World Health, O., et al., WHO classification of tumours of the central nervous system. Fourth 
edition ed. 2016, Lyon, France: International Agency for Research on Cancer. 

74. Louis, D.N., et al., Announcing cIMPACT-NOW: the Consortium to Inform Molecular and 
Practical Approaches to CNS Tumor Taxonomy. Acta Neuropathol, 2017. 133(1): p. 1-3. 

25 
 

75. Louis, D.N., et al., cIMPACT-NOW (the consortium to inform molecular and practical 
approaches to CNS tumor taxonomy): a new initiative in advancing nervous system tumor 
classification. Brain Pathol, 2017. 27(6): p. 851-852. 

76. Roosen, M., et al., The oncogenic fusion landscape in pediatric CNS neoplasms. Acta 
Neuropathol, 2022. 143(4): p. 427-451. 

77. Capper, D., et al., Practical implementation of DNA methylation and copy-number-based CNS 
tumor diagnostics: the Heidelberg experience. Acta Neuropathol, 2018. 136(2): p. 181-210. 

78. Capper, D., et al., DNA methylation-based classification of central nervous system tumours. 
Nature, 2018. 555(7697): p. 469-474. 

79. Danielsson, A., et al., MethPed: a DNA methylation classifier tool for the identification of 
pediatric brain tumor subtypes. Clin Epigenetics, 2015. 7(1): p. 62. 

80. Eden, A., et al., Chromosomal instability and tumors promoted by DNA hypomethylation. 
Science, 2003. 300(5618): p. 455. 

81. Rodriguez, J., et al., Chromosomal instability correlates with genome-wide DNA 
demethylation in human primary colorectal cancers. Cancer Res, 2006. 66(17): p. 8462-9468. 

82. Feinberg, A.P., R. Ohlsson, and S. Henikoff, The epigenetic progenitor origin of human cancer. 
Nat Rev Genet, 2006. 7(1): p. 21-33. 

83. Teschendorff, A.E., et al., Epigenetic variability in cells of normal cytology is associated with 
the risk of future morphological transformation. Genome Med, 2012. 4(3): p. 24. 

84. Herman, J.G. and S.B. Baylin, Gene silencing in cancer in association with promoter 
hypermethylation. N Engl J Med, 2003. 349(21): p. 2042-54. 

85. Esteller, M., Epigenetic gene silencing in cancer: the DNA hypermethylome. Hum Mol Genet, 
2007. 16 Spec No 1: p. R50-9. 

86. Toyota, M., et al., CpG island methylator phenotype in colorectal cancer. Proc Natl Acad Sci U 
S A, 1999. 96(15): p. 8681-6. 

87. Noushmehr, H., et al., Identification of a CpG island methylator phenotype that defines a 
distinct subgroup of glioma. Cancer Cell, 2010. 17(5): p. 510-22. 

88. Turcan, S., et al., IDH1 mutation is sufficient to establish the glioma hypermethylator 
phenotype. Nature, 2012. 483(7390): p. 479-83. 

89. Gerson, S.L., MGMT: its role in cancer aetiology and cancer therapeutics. Nat Rev Cancer, 
2004. 4(4): p. 296-307. 

90. Esteller, M., et al., Inactivation of the DNA-repair gene MGMT and the clinical response of 
gliomas to alkylating agents. N Engl J Med, 2000. 343(19): p. 1350-4. 

91. Esteller, M., et al., Inactivation of the DNA repair gene O6-methylguanine-DNA 
methyltransferase by promoter hypermethylation is a common event in primary human 
neoplasia. Cancer Res, 1999. 59(4): p. 793-7. 

92. Malmström, A., 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. Lancet Oncol, 2012. 13(9): p. 916-26. 

93. Hegi, M.E., et al., MGMT gene silencing and benefit from temozolomide in glioblastoma. N 
Engl J Med, 2005. 352(10): p. 997-1003. 

94. World Health, O., C. International Agency for Research on, and W.H.O.C.o.T.E. Board, Central 
nervous system tumours. 5th edition. ed. WHO classification of tumours. 5th edition vol. 6. 
2021, Lyon: International Agency for Research on Cancer, World Health Organization. xiii, 
568 pages : illustrations (chiefly color). 

95. Brat, D.J., et al., cIMPACT-NOW update 5: recommended grading criteria and terminologies 
for IDH-mutant astrocytomas. Acta Neuropathol, 2020. 139(3): p. 603-608. 

96. Kononen, J., et al., Tissue microarrays for high-throughput molecular profiling of tumor 
specimens. Nat Med, 1998. 4(7): p. 844-7. 

97. Ramos-Vara, J.A., Technical aspects of immunohistochemistry. Vet Pathol, 2005. 42(4): p. 
405-26. 



26 
 

98. Ramos-Vara, J.A. and M.A. Miller, When tissue antigens and antibodies get along: revisiting 
the technical aspects of immunohistochemistry--the red, brown, and blue technique. Vet 
Pathol, 2014. 51(1): p. 42-87. 

99. Cui, C., W. Shu, and P. Li, Fluorescence In situ Hybridization: Cell-Based Genetic Diagnostic 
and Research Applications. Front Cell Dev Biol, 2016. 4: p. 89. 

100. Crossley, B.M., et al., Guidelines for Sanger sequencing and molecular assay monitoring. J Vet 
Diagn Invest, 2020. 32(6): p. 767-775. 

101. Nagahashi, M., et al., Next generation sequencing-based gene panel tests for the 
management of solid tumors. Cancer Sci, 2019. 110(1): p. 6-15. 

102. van El, C.G., et al., Whole-genome sequencing in health care: recommendations of the 
European Society of Human Genetics. Eur J Hum Genet, 2013. 21(6): p. 580-4. 

103. Jiang, Z., et al., Whole transcriptome analysis with sequencing: methods, challenges and 
potential solutions. Cell Mol Life Sci, 2015. 72(18): p. 3425-39. 

104. Steele, C.D., et al., Signatures of copy number alterations in human cancer. Nature, 2022. 
606(7916): p. 984-991. 

105. Steele, C.D., N. Pillay, and L.B. Alexandrov, An overview of mutational and copy number 
signatures in human cancer. J Pathol, 2022. 257(4): p. 454-465. 

106. Ali, N., et al., Current Nucleic Acid Extraction Methods and Their Implications to Point-of-Care 
Diagnostics. Biomed Res Int, 2017. 2017: p. 9306564. 

107. Alturkistani, H.A., F.M. Tashkandi, and Z.M. Mohammedsaleh, Histological Stains: A 
Literature Review and Case Study. Glob J Health Sci, 2015. 8(3): p. 72-9. 

108. Zhu, H., et al., PCR past, present and future. Biotechniques, 2020. 69(4): p. 317-325. 
109. Newton, C.R., et al., Analysis of any point mutation in DNA. The amplification refractory 

mutation system (ARMS). Nucleic Acids Res, 1989. 17(7): p. 2503-16. 
110. Bustin, S.A., et al., Quantitative real-time RT-PCR--a perspective. J Mol Endocrinol, 2005. 

34(3): p. 597-601. 
111. Markoulatos, P., N. Siafakas, and M. Moncany, Multiplex polymerase chain reaction: a 

practical approach. J Clin Lab Anal, 2002. 16(1): p. 47-51. 
112. Ohan, N.W. and J.J. Heikkila, Reverse transcription-polymerase chain reaction: an overview of 

the technique and its applications. Biotechnol Adv, 1993. 11(1): p. 13-29. 
113. Kim, T.K. and J.H. Eberwine, Mammalian cell transfection: the present and the future. Anal 

Bioanal Chem, 2010. 397(8): p. 3173-8. 
114. Mahmood, T. and P.C. Yang, Western blot: technique, theory, and trouble shooting. N Am J 

Med Sci, 2012. 4(9): p. 429-34. 
115. Mishra, M., S. Tiwari, and A.V. Gomes, Protein purification and analysis: next generation 

Western blotting techniques. Expert Rev Proteomics, 2017. 14(11): p. 1037-1053. 
116. Glioma through the looking GLASS: molecular evolution of diffuse gliomas and the Glioma 

Longitudinal Analysis Consortium. Neuro Oncol, 2018. 20(7): p. 873-884. 
117. Claes, A., A.J. Idema, and P. Wesseling, Diffuse glioma growth: a guerilla war. Acta 

Neuropathol, 2007. 114(5): p. 443-58. 
118. Duffau, H., A new philosophy in surgery for diffuse low-grade glioma (DLGG): oncological and 

functional outcomes. Neurochirurgie, 2013. 59(1): p. 2-8. 
119. van den Bent, M.J., Interobserver variation of the histopathological diagnosis in clinical trials 

on glioma: a clinician's perspective. Acta Neuropathol, 2010. 120(3): p. 297-304. 
120. Eckel-Passow, J.E., et al., Glioma Groups Based on 1p/19q, IDH, and TERT Promoter 

Mutations in Tumors. N Engl J Med, 2015. 372(26): p. 2499-508. 
121. Weiler, M. and W. Wick, Molecular predictors of outcome in low-grade glioma. Curr Opin 

Neurol, 2012. 25(6): p. 767-73. 
122. Hartmann, C., et al., Molecular markers in low-grade gliomas: predictive or prognostic? Clin 

Cancer Res, 2011. 17(13): p. 4588-99. 
123. Louis, D.N., et al., The 2016 World Health Organization Classification of Tumors of the Central 

Nervous System: a summary. Acta Neuropathol, 2016. 131(6): p. 803-20. 
27 

 

124. Louis, D.N., et al., cIMPACT-NOW update 1: Not Otherwise Specified (NOS) and Not Elsewhere 
Classified (NEC). Acta Neuropathol, 2018. 135(3): p. 481-484. 

125. Brat, D.J., et al., cIMPACT-NOW update 3: recommended diagnostic criteria for "Diffuse 
astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV". 
Acta Neuropathol, 2018. 136(5): p. 805-810. 

126. Ellison, D.W., et al., cIMPACT-NOW update 4: diffuse gliomas characterized by MYB, MYBL1, 
or FGFR1 alterations or BRAF(V600E) mutation. Acta Neuropathol, 2019. 137(4): p. 683-687. 

127. Louis, D.N., et al., cIMPACT-NOW update 6: new entity and diagnostic principle 
recommendations of the cIMPACT-Utrecht meeting on future CNS tumor classification and 
grading. Brain Pathol, 2020. 30(4): p. 844-856. 

128. Ellison, D.W., et al., cIMPACT-NOW update 7: advancing the molecular classification of 
ependymal tumors. Brain Pathol, 2020. 30(5): p. 863-866. 

129. Kling, T., et al., Validation of the MethylationEPIC BeadChip for fresh-frozen and formalin-
fixed paraffin-embedded tumours. Clin Epigenetics, 2017. 9: p. 33. 

130. Moran, S., et al., Validation of DNA methylation profiling in formalin-fixed paraffin-embedded 
samples using the Infinium HumanMethylation450 Microarray. Epigenetics, 2014. 9(6): p. 
829-33. 

131. Suwala, A.K., et al., Oligosarcomas, IDH-mutant are distinct and aggressive. Acta 
Neuropathol, 2022. 143(2): p. 263-281. 

132. Yasuda, T., et al., Gliosarcoma arising from oligodendroglioma, IDH mutant and 1p/19q 
codeleted. Neuropathology, 2018. 38(1): p. 41-46. 

133. Louis, D.N., et al., cIMPACT-NOW update 2: diagnostic clarifications for diffuse midline 
glioma, H3 K27M-mutant and diffuse astrocytoma/anaplastic astrocytoma, IDH-mutant. Acta 
Neuropathol, 2018. 135(4): p. 639-642. 

134. Verhaak, R.G., 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): p. 98-110. 

135. Popova, S.N., et al., Subtyping of gliomas of various WHO grades by the application of 
immunohistochemistry. Histopathology, 2014. 64(3): p. 365-79. 

136. Ferreyra Vega, S., et al., DNA methylation profiling for molecular classification of adult diffuse 
lower-grade gliomas. Clin Epigenetics, 2021. 13(1): p. 102. 

137. Ostrom, Q.T., et al., CBTRUS Statistical Report: Primary Brain and Other Central Nervous 
System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol, 2019. 21(Suppl 5): 
p. v1-v100. 

138. Armstrong, G.T., et al., Long-term outcomes among adult survivors of childhood central 
nervous system malignancies in the Childhood Cancer Survivor Study. J Natl Cancer Inst, 2009. 
101(13): p. 946-58. 

139. Ryall, S., U. Tabori, and C. Hawkins, Pediatric low-grade glioma in the era of molecular 
diagnostics. Acta Neuropathol Commun, 2020. 8(1): p. 30. 

140. Jones, D.T., et al., Tandem duplication producing a novel oncogenic BRAF fusion gene defines 
the majority of pilocytic astrocytomas. Cancer Res, 2008. 68(21): p. 8673-7. 

141. Bale, T.A., FGFR- gene family alterations in low-grade neuroepithelial tumors. Acta 
Neuropathol Commun, 2020. 8(1): p. 21. 

142. Ardizzone, A., et al., Role of Fibroblast Growth Factors Receptors (FGFRs) in Brain Tumors, 
Focus on Astrocytoma and Glioblastoma. Cancers (Basel), 2020. 12(12). 

143. Tomić, T.T., et al., A new GTF2I-BRAF fusion mediating MAPK pathway activation in pilocytic 
astrocytoma. PLoS One, 2017. 12(4): p. e0175638. 

144. Jain, P., et al., CRAF gene fusions in pediatric low-grade gliomas define a distinct drug 
response based on dimerization profiles. Oncogene, 2017. 36(45): p. 6348-6358. 

145. Bandopadhayay, P., et al., MYB-QKI rearrangements in angiocentric glioma drive 
tumorigenicity through a tripartite mechanism. Nat Genet, 2016. 48(3): p. 273-82. 



26 
 

98. Ramos-Vara, J.A. and M.A. Miller, When tissue antigens and antibodies get along: revisiting 
the technical aspects of immunohistochemistry--the red, brown, and blue technique. Vet 
Pathol, 2014. 51(1): p. 42-87. 

99. Cui, C., W. Shu, and P. Li, Fluorescence In situ Hybridization: Cell-Based Genetic Diagnostic 
and Research Applications. Front Cell Dev Biol, 2016. 4: p. 89. 

100. Crossley, B.M., et al., Guidelines for Sanger sequencing and molecular assay monitoring. J Vet 
Diagn Invest, 2020. 32(6): p. 767-775. 

101. Nagahashi, M., et al., Next generation sequencing-based gene panel tests for the 
management of solid tumors. Cancer Sci, 2019. 110(1): p. 6-15. 

102. van El, C.G., et al., Whole-genome sequencing in health care: recommendations of the 
European Society of Human Genetics. Eur J Hum Genet, 2013. 21(6): p. 580-4. 

103. Jiang, Z., et al., Whole transcriptome analysis with sequencing: methods, challenges and 
potential solutions. Cell Mol Life Sci, 2015. 72(18): p. 3425-39. 

104. Steele, C.D., et al., Signatures of copy number alterations in human cancer. Nature, 2022. 
606(7916): p. 984-991. 

105. Steele, C.D., N. Pillay, and L.B. Alexandrov, An overview of mutational and copy number 
signatures in human cancer. J Pathol, 2022. 257(4): p. 454-465. 

106. Ali, N., et al., Current Nucleic Acid Extraction Methods and Their Implications to Point-of-Care 
Diagnostics. Biomed Res Int, 2017. 2017: p. 9306564. 

107. Alturkistani, H.A., F.M. Tashkandi, and Z.M. Mohammedsaleh, Histological Stains: A 
Literature Review and Case Study. Glob J Health Sci, 2015. 8(3): p. 72-9. 

108. Zhu, H., et al., PCR past, present and future. Biotechniques, 2020. 69(4): p. 317-325. 
109. Newton, C.R., et al., Analysis of any point mutation in DNA. The amplification refractory 

mutation system (ARMS). Nucleic Acids Res, 1989. 17(7): p. 2503-16. 
110. Bustin, S.A., et al., Quantitative real-time RT-PCR--a perspective. J Mol Endocrinol, 2005. 

34(3): p. 597-601. 
111. Markoulatos, P., N. Siafakas, and M. Moncany, Multiplex polymerase chain reaction: a 

practical approach. J Clin Lab Anal, 2002. 16(1): p. 47-51. 
112. Ohan, N.W. and J.J. Heikkila, Reverse transcription-polymerase chain reaction: an overview of 

the technique and its applications. Biotechnol Adv, 1993. 11(1): p. 13-29. 
113. Kim, T.K. and J.H. Eberwine, Mammalian cell transfection: the present and the future. Anal 

Bioanal Chem, 2010. 397(8): p. 3173-8. 
114. Mahmood, T. and P.C. Yang, Western blot: technique, theory, and trouble shooting. N Am J 

Med Sci, 2012. 4(9): p. 429-34. 
115. Mishra, M., S. Tiwari, and A.V. Gomes, Protein purification and analysis: next generation 

Western blotting techniques. Expert Rev Proteomics, 2017. 14(11): p. 1037-1053. 
116. Glioma through the looking GLASS: molecular evolution of diffuse gliomas and the Glioma 

Longitudinal Analysis Consortium. Neuro Oncol, 2018. 20(7): p. 873-884. 
117. Claes, A., A.J. Idema, and P. Wesseling, Diffuse glioma growth: a guerilla war. Acta 

Neuropathol, 2007. 114(5): p. 443-58. 
118. Duffau, H., A new philosophy in surgery for diffuse low-grade glioma (DLGG): oncological and 

functional outcomes. Neurochirurgie, 2013. 59(1): p. 2-8. 
119. van den Bent, M.J., Interobserver variation of the histopathological diagnosis in clinical trials 

on glioma: a clinician's perspective. Acta Neuropathol, 2010. 120(3): p. 297-304. 
120. Eckel-Passow, J.E., et al., Glioma Groups Based on 1p/19q, IDH, and TERT Promoter 

Mutations in Tumors. N Engl J Med, 2015. 372(26): p. 2499-508. 
121. Weiler, M. and W. Wick, Molecular predictors of outcome in low-grade glioma. Curr Opin 

Neurol, 2012. 25(6): p. 767-73. 
122. Hartmann, C., et al., Molecular markers in low-grade gliomas: predictive or prognostic? Clin 

Cancer Res, 2011. 17(13): p. 4588-99. 
123. Louis, D.N., et al., The 2016 World Health Organization Classification of Tumors of the Central 

Nervous System: a summary. Acta Neuropathol, 2016. 131(6): p. 803-20. 
27 

 

124. Louis, D.N., et al., cIMPACT-NOW update 1: Not Otherwise Specified (NOS) and Not Elsewhere 
Classified (NEC). Acta Neuropathol, 2018. 135(3): p. 481-484. 

125. Brat, D.J., et al., cIMPACT-NOW update 3: recommended diagnostic criteria for "Diffuse 
astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV". 
Acta Neuropathol, 2018. 136(5): p. 805-810. 

126. Ellison, D.W., et al., cIMPACT-NOW update 4: diffuse gliomas characterized by MYB, MYBL1, 
or FGFR1 alterations or BRAF(V600E) mutation. Acta Neuropathol, 2019. 137(4): p. 683-687. 

127. Louis, D.N., et al., cIMPACT-NOW update 6: new entity and diagnostic principle 
recommendations of the cIMPACT-Utrecht meeting on future CNS tumor classification and 
grading. Brain Pathol, 2020. 30(4): p. 844-856. 

128. Ellison, D.W., et al., cIMPACT-NOW update 7: advancing the molecular classification of 
ependymal tumors. Brain Pathol, 2020. 30(5): p. 863-866. 

129. Kling, T., et al., Validation of the MethylationEPIC BeadChip for fresh-frozen and formalin-
fixed paraffin-embedded tumours. Clin Epigenetics, 2017. 9: p. 33. 

130. Moran, S., et al., Validation of DNA methylation profiling in formalin-fixed paraffin-embedded 
samples using the Infinium HumanMethylation450 Microarray. Epigenetics, 2014. 9(6): p. 
829-33. 

131. Suwala, A.K., et al., Oligosarcomas, IDH-mutant are distinct and aggressive. Acta 
Neuropathol, 2022. 143(2): p. 263-281. 

132. Yasuda, T., et al., Gliosarcoma arising from oligodendroglioma, IDH mutant and 1p/19q 
codeleted. Neuropathology, 2018. 38(1): p. 41-46. 

133. Louis, D.N., et al., cIMPACT-NOW update 2: diagnostic clarifications for diffuse midline 
glioma, H3 K27M-mutant and diffuse astrocytoma/anaplastic astrocytoma, IDH-mutant. Acta 
Neuropathol, 2018. 135(4): p. 639-642. 

134. Verhaak, R.G., 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): p. 98-110. 

135. Popova, S.N., et al., Subtyping of gliomas of various WHO grades by the application of 
immunohistochemistry. Histopathology, 2014. 64(3): p. 365-79. 

136. Ferreyra Vega, S., et al., DNA methylation profiling for molecular classification of adult diffuse 
lower-grade gliomas. Clin Epigenetics, 2021. 13(1): p. 102. 

137. Ostrom, Q.T., et al., CBTRUS Statistical Report: Primary Brain and Other Central Nervous 
System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol, 2019. 21(Suppl 5): 
p. v1-v100. 

138. Armstrong, G.T., et al., Long-term outcomes among adult survivors of childhood central 
nervous system malignancies in the Childhood Cancer Survivor Study. J Natl Cancer Inst, 2009. 
101(13): p. 946-58. 

139. Ryall, S., U. Tabori, and C. Hawkins, Pediatric low-grade glioma in the era of molecular 
diagnostics. Acta Neuropathol Commun, 2020. 8(1): p. 30. 

140. Jones, D.T., et al., Tandem duplication producing a novel oncogenic BRAF fusion gene defines 
the majority of pilocytic astrocytomas. Cancer Res, 2008. 68(21): p. 8673-7. 

141. Bale, T.A., FGFR- gene family alterations in low-grade neuroepithelial tumors. Acta 
Neuropathol Commun, 2020. 8(1): p. 21. 

142. Ardizzone, A., et al., Role of Fibroblast Growth Factors Receptors (FGFRs) in Brain Tumors, 
Focus on Astrocytoma and Glioblastoma. Cancers (Basel), 2020. 12(12). 

143. Tomić, T.T., et al., A new GTF2I-BRAF fusion mediating MAPK pathway activation in pilocytic 
astrocytoma. PLoS One, 2017. 12(4): p. e0175638. 

144. Jain, P., et al., CRAF gene fusions in pediatric low-grade gliomas define a distinct drug 
response based on dimerization profiles. Oncogene, 2017. 36(45): p. 6348-6358. 

145. Bandopadhayay, P., et al., MYB-QKI rearrangements in angiocentric glioma drive 
tumorigenicity through a tripartite mechanism. Nat Genet, 2016. 48(3): p. 273-82. 



28 
 

146. Ramkissoon, L.A., et al., Genomic analysis of diffuse pediatric low-grade gliomas identifies 
recurrent oncogenic truncating rearrangements in the transcription factor MYBL1. Proc Natl 
Acad Sci U S A, 2013. 110(20): p. 8188-93. 

147. Zhang, J., et al., Whole-genome sequencing identifies genetic alterations in pediatric low-
grade gliomas. Nat Genet, 2013. 45(6): p. 602-12. 

148. Jones, D.T., et al., Recurrent somatic alterations of FGFR1 and NTRK2 in pilocytic 
astrocytoma. Nat Genet, 2013. 45(8): p. 927-32. 

149. Guerreiro Stucklin, A.S., et al., Alterations in ALK/ROS1/NTRK/MET drive a group of infantile 
hemispheric gliomas. Nat Commun, 2019. 10(1): p. 4343. 

150. Clarke, M., et al., Infant High-Grade Gliomas Comprise Multiple Subgroups Characterized by 
Novel Targetable Gene Fusions and Favorable Outcomes. Cancer Discov, 2020. 10(7): p. 942-
963. 

151. Roskoski, R., Jr., Properties of FDA-approved small molecule protein kinase inhibitors: A 2022 
update. Pharmacol Res, 2022. 175: p. 106037. 

152. Landi, L. and F. Cappuzzo, How selecting best upfront therapy for metastatic disease?-Focus 
on ROS1-rearranged disease. Transl Lung Cancer Res, 2020. 9(6): p. 2686-2695. 

153. Sievert, A.J., et al., Duplication of 7q34 in pediatric low-grade astrocytomas detected by high-
density single-nucleotide polymorphism-based genotype arrays results in a novel BRAF fusion 
gene. Brain Pathol, 2009. 19(3): p. 449-58. 

154. Matjašič, A., et al., A novel PTPRZ1-ETV1 fusion in gliomas. Brain Pathol, 2020. 30(2): p. 226-
234. 

155. Prayson, R.A., K. Khajavi, and Y.G. Comair, Cortical architectural abnormalities and MIB1 
immunoreactivity in gangliogliomas: a study of 60 patients with intracranial tumors. J 
Neuropathol Exp Neurol, 1995. 54(4): p. 513-20. 

156. Wolf, H.K., et al., Ganglioglioma: a detailed histopathological and immunohistochemical 
analysis of 61 cases. Acta Neuropathol, 1994. 88(2): p. 166-73. 

157. Lang, F.F., et al., Central nervous system gangliogliomas. Part 2: Clinical outcome. J 
Neurosurg, 1993. 79(6): p. 867-73. 

158. Hirose, T., et al., Ganglioglioma: an ultrastructural and immunohistochemical study. Cancer, 
1997. 79(5): p. 989-1003. 

159. Blümcke, I. and O.D. Wiestler, Gangliogliomas: an intriguing tumor entity associated with 
focal epilepsies. J Neuropathol Exp Neurol, 2002. 61(7): p. 575-84. 

160. Blumcke, I., et al., Histopathological Findings in Brain Tissue Obtained during Epilepsy 
Surgery. N Engl J Med, 2017. 377(17): p. 1648-1656. 

161. Jay, V., et al., Malignant transformation in a ganglioglioma with anaplastic neuronal and 
astrocytic components. Report of a case with flow cytometric and cytogenetic analysis. 
Cancer, 1994. 73(11): p. 2862-8. 

162. Luyken, C., et al., Supratentorial gangliogliomas: histopathologic grading and tumor 
recurrence in 184 patients with a median follow-up of 8 years. Cancer, 2004. 101(1): p. 146-
55. 

163. Karremann, M., et al., Anaplastic ganglioglioma in children. J Neurooncol, 2009. 92(2): p. 
157-63. 

164. Lucas, J.T., Jr., et al., Anaplastic ganglioglioma: a report of three cases and review of the 
literature. J Neurooncol, 2015. 123(1): p. 171-7. 

165. Zanello, M., et al., Clinical, Imaging, Histopathological and Molecular Characterization of 
Anaplastic Ganglioglioma. J Neuropathol Exp Neurol, 2016. 75(10): p. 971-980. 

166. Terrier, L.M., et al., Natural course and prognosis of anaplastic gangliogliomas: a multicenter 
retrospective study of 43 cases from the French Brain Tumor Database. Neuro Oncol, 2017. 
19(5): p. 678-688. 

167. Buchanan, J., et al., Resource allocation in genetic and genomic medicine. J Community 
Genet, 2022. 13(5): p. 463-466. 

29 
 

168. Weymann, D., et al., Allocating healthcare resources to genomic testing in Canada: latest 
evidence and current challenges. J Community Genet, 2022. 13(5): p. 467-476. 

169. Sperber, N.R., et al., Challenges and strategies for implementing genomic services in diverse 
settings: experiences from the Implementing GeNomics In pracTicE (IGNITE) network. BMC 
Med Genomics, 2017. 10(1): p. 35. 

170. Schwarze, K., et al., Are whole-exome and whole-genome sequencing approaches cost-
effective? A systematic review of the literature. Genet Med, 2018. 20(10): p. 1122-1130. 

171. Kwon, Y.W., et al., Application of Proteomics in Cancer: Recent Trends and Approaches for 
Biomarkers Discovery. Front Med (Lausanne), 2021. 8: p. 747333. 

172. Graves, P.R. and T.A. Haystead, Molecular biologist's guide to proteomics. Microbiol Mol Biol 
Rev, 2002. 66(1): p. 39-63; table of contents. 

173. Macklin, A., S. Khan, and T. Kislinger, Recent advances in mass spectrometry based clinical 
proteomics: applications to cancer research. Clin Proteomics, 2020. 17: p. 17. 

174. Altelaar, A.F., J. Munoz, and A.J. Heck, Next-generation proteomics: towards an integrative 
view of proteome dynamics. Nat Rev Genet, 2013. 14(1): p. 35-48. 

175. Pino, L.K., et al., Emerging mass spectrometry-based proteomics methodologies for novel 
biomedical applications. Biochem Soc Trans, 2020. 48(5): p. 1953-1966. 

176. Schwartz, S.A., et al., Protein profiling in brain tumors using mass spectrometry: feasibility of 
a new technique for the analysis of protein expression. Clin Cancer Res, 2004. 10(3): p. 981-7. 

177. Schwartz, S.A., et al., Proteomic-based prognosis of brain tumor patients using direct-tissue 
matrix-assisted laser desorption ionization mass spectrometry. Cancer Res, 2005. 65(17): p. 
7674-81. 

178. Petre, G., et al., Rapid Proteomic Profiling by MALDI-TOF Mass Spectrometry for Better Brain 
Tumor Classification. Proteomics Clin Appl, 2020. 14(5): p. e1900116. 

179. Petralia, F., et al., Integrated Proteogenomic Characterization across Major Histological Types 
of Pediatric Brain Cancer. Cell, 2020. 183(7): p. 1962-1985.e31. 

180. Syafruddin, S.E., et al., Integration of RNA-Seq and proteomics data identifies glioblastoma 
multiforme surfaceome signature. BMC Cancer, 2021. 21(1): p. 850. 

181. Wang, H., et al., Deep multiomics profiling of brain tumors identifies signaling networks 
downstream of cancer driver genes. Nat Commun, 2019. 10(1): p. 3718. 

182. Hench, I.B., et al., Fast routine assessment of MGMT promoter methylation. Neurooncol Adv, 
2021. 3(1): p. vdaa170. 

183. Wang, Y., et al., Fast and precise detection of DNA methylation with tetramethylammonium-
filled nanopore. Sci Rep, 2017. 7(1): p. 183. 

184. Djirackor, L., et al., Intraoperative DNA methylation classification of brain tumors impacts 
neurosurgical strategy. Neurooncol Adv, 2021. 3(1): p. vdab149. 

185. Service, R.F., Gene sequencing. The race for the $1000 genome. Science, 2006. 311(5767): p. 
1544-6. 

186. Hayden, E.C., Technology: The $1,000 genome. Nature, 2014. 507(7492): p. 294-5. 
187. Hansen, M.C., T. Haferlach, and C.G. Nyvold, A decade with whole exome sequencing in 

haematology. Br J Haematol, 2020. 188(3): p. 367-382. 
188. Platt, C.D., et al., Efficacy and economics of targeted panel versus whole-exome sequencing in 

878 patients with suspected primary immunodeficiency. J Allergy Clin Immunol, 2021. 147(2): 
p. 723-726. 

189. Lee, S., K. Chintalapudi, and A.K. Badu-Tawiah, Clinical Chemistry for Developing Countries: 
Mass Spectrometry. Annu Rev Anal Chem (Palo Alto Calif), 2021. 14(1): p. 437-465. 

190. Siravegna, G., et al., Integrating liquid biopsies into the management of cancer. Nat Rev Clin 
Oncol, 2017. 14(9): p. 531-548. 

191. Heitzer, E., et al., Current and future perspectives of liquid biopsies in genomics-driven 
oncology. Nat Rev Genet, 2019. 20(2): p. 71-88. 

192. Siravegna, G., et al., How liquid biopsies can change clinical practice in oncology. Ann Oncol, 
2019. 30(10): p. 1580-1590. 



28 
 

146. Ramkissoon, L.A., et al., Genomic analysis of diffuse pediatric low-grade gliomas identifies 
recurrent oncogenic truncating rearrangements in the transcription factor MYBL1. Proc Natl 
Acad Sci U S A, 2013. 110(20): p. 8188-93. 

147. Zhang, J., et al., Whole-genome sequencing identifies genetic alterations in pediatric low-
grade gliomas. Nat Genet, 2013. 45(6): p. 602-12. 

148. Jones, D.T., et al., Recurrent somatic alterations of FGFR1 and NTRK2 in pilocytic 
astrocytoma. Nat Genet, 2013. 45(8): p. 927-32. 

149. Guerreiro Stucklin, A.S., et al., Alterations in ALK/ROS1/NTRK/MET drive a group of infantile 
hemispheric gliomas. Nat Commun, 2019. 10(1): p. 4343. 

150. Clarke, M., et al., Infant High-Grade Gliomas Comprise Multiple Subgroups Characterized by 
Novel Targetable Gene Fusions and Favorable Outcomes. Cancer Discov, 2020. 10(7): p. 942-
963. 

151. Roskoski, R., Jr., Properties of FDA-approved small molecule protein kinase inhibitors: A 2022 
update. Pharmacol Res, 2022. 175: p. 106037. 

152. Landi, L. and F. Cappuzzo, How selecting best upfront therapy for metastatic disease?-Focus 
on ROS1-rearranged disease. Transl Lung Cancer Res, 2020. 9(6): p. 2686-2695. 

153. Sievert, A.J., et al., Duplication of 7q34 in pediatric low-grade astrocytomas detected by high-
density single-nucleotide polymorphism-based genotype arrays results in a novel BRAF fusion 
gene. Brain Pathol, 2009. 19(3): p. 449-58. 

154. Matjašič, A., et al., A novel PTPRZ1-ETV1 fusion in gliomas. Brain Pathol, 2020. 30(2): p. 226-
234. 

155. Prayson, R.A., K. Khajavi, and Y.G. Comair, Cortical architectural abnormalities and MIB1 
immunoreactivity in gangliogliomas: a study of 60 patients with intracranial tumors. J 
Neuropathol Exp Neurol, 1995. 54(4): p. 513-20. 

156. Wolf, H.K., et al., Ganglioglioma: a detailed histopathological and immunohistochemical 
analysis of 61 cases. Acta Neuropathol, 1994. 88(2): p. 166-73. 

157. Lang, F.F., et al., Central nervous system gangliogliomas. Part 2: Clinical outcome. J 
Neurosurg, 1993. 79(6): p. 867-73. 

158. Hirose, T., et al., Ganglioglioma: an ultrastructural and immunohistochemical study. Cancer, 
1997. 79(5): p. 989-1003. 

159. Blümcke, I. and O.D. Wiestler, Gangliogliomas: an intriguing tumor entity associated with 
focal epilepsies. J Neuropathol Exp Neurol, 2002. 61(7): p. 575-84. 

160. Blumcke, I., et al., Histopathological Findings in Brain Tissue Obtained during Epilepsy 
Surgery. N Engl J Med, 2017. 377(17): p. 1648-1656. 

161. Jay, V., et al., Malignant transformation in a ganglioglioma with anaplastic neuronal and 
astrocytic components. Report of a case with flow cytometric and cytogenetic analysis. 
Cancer, 1994. 73(11): p. 2862-8. 

162. Luyken, C., et al., Supratentorial gangliogliomas: histopathologic grading and tumor 
recurrence in 184 patients with a median follow-up of 8 years. Cancer, 2004. 101(1): p. 146-
55. 

163. Karremann, M., et al., Anaplastic ganglioglioma in children. J Neurooncol, 2009. 92(2): p. 
157-63. 

164. Lucas, J.T., Jr., et al., Anaplastic ganglioglioma: a report of three cases and review of the 
literature. J Neurooncol, 2015. 123(1): p. 171-7. 

165. Zanello, M., et al., Clinical, Imaging, Histopathological and Molecular Characterization of 
Anaplastic Ganglioglioma. J Neuropathol Exp Neurol, 2016. 75(10): p. 971-980. 

166. Terrier, L.M., et al., Natural course and prognosis of anaplastic gangliogliomas: a multicenter 
retrospective study of 43 cases from the French Brain Tumor Database. Neuro Oncol, 2017. 
19(5): p. 678-688. 

167. Buchanan, J., et al., Resource allocation in genetic and genomic medicine. J Community 
Genet, 2022. 13(5): p. 463-466. 

29 
 

168. Weymann, D., et al., Allocating healthcare resources to genomic testing in Canada: latest 
evidence and current challenges. J Community Genet, 2022. 13(5): p. 467-476. 

169. Sperber, N.R., et al., Challenges and strategies for implementing genomic services in diverse 
settings: experiences from the Implementing GeNomics In pracTicE (IGNITE) network. BMC 
Med Genomics, 2017. 10(1): p. 35. 

170. Schwarze, K., et al., Are whole-exome and whole-genome sequencing approaches cost-
effective? A systematic review of the literature. Genet Med, 2018. 20(10): p. 1122-1130. 

171. Kwon, Y.W., et al., Application of Proteomics in Cancer: Recent Trends and Approaches for 
Biomarkers Discovery. Front Med (Lausanne), 2021. 8: p. 747333. 

172. Graves, P.R. and T.A. Haystead, Molecular biologist's guide to proteomics. Microbiol Mol Biol 
Rev, 2002. 66(1): p. 39-63; table of contents. 

173. Macklin, A., S. Khan, and T. Kislinger, Recent advances in mass spectrometry based clinical 
proteomics: applications to cancer research. Clin Proteomics, 2020. 17: p. 17. 

174. Altelaar, A.F., J. Munoz, and A.J. Heck, Next-generation proteomics: towards an integrative 
view of proteome dynamics. Nat Rev Genet, 2013. 14(1): p. 35-48. 

175. Pino, L.K., et al., Emerging mass spectrometry-based proteomics methodologies for novel 
biomedical applications. Biochem Soc Trans, 2020. 48(5): p. 1953-1966. 

176. Schwartz, S.A., et al., Protein profiling in brain tumors using mass spectrometry: feasibility of 
a new technique for the analysis of protein expression. Clin Cancer Res, 2004. 10(3): p. 981-7. 

177. Schwartz, S.A., et al., Proteomic-based prognosis of brain tumor patients using direct-tissue 
matrix-assisted laser desorption ionization mass spectrometry. Cancer Res, 2005. 65(17): p. 
7674-81. 

178. Petre, G., et al., Rapid Proteomic Profiling by MALDI-TOF Mass Spectrometry for Better Brain 
Tumor Classification. Proteomics Clin Appl, 2020. 14(5): p. e1900116. 

179. Petralia, F., et al., Integrated Proteogenomic Characterization across Major Histological Types 
of Pediatric Brain Cancer. Cell, 2020. 183(7): p. 1962-1985.e31. 

180. Syafruddin, S.E., et al., Integration of RNA-Seq and proteomics data identifies glioblastoma 
multiforme surfaceome signature. BMC Cancer, 2021. 21(1): p. 850. 

181. Wang, H., et al., Deep multiomics profiling of brain tumors identifies signaling networks 
downstream of cancer driver genes. Nat Commun, 2019. 10(1): p. 3718. 

182. Hench, I.B., et al., Fast routine assessment of MGMT promoter methylation. Neurooncol Adv, 
2021. 3(1): p. vdaa170. 

183. Wang, Y., et al., Fast and precise detection of DNA methylation with tetramethylammonium-
filled nanopore. Sci Rep, 2017. 7(1): p. 183. 

184. Djirackor, L., et al., Intraoperative DNA methylation classification of brain tumors impacts 
neurosurgical strategy. Neurooncol Adv, 2021. 3(1): p. vdab149. 

185. Service, R.F., Gene sequencing. The race for the $1000 genome. Science, 2006. 311(5767): p. 
1544-6. 

186. Hayden, E.C., Technology: The $1,000 genome. Nature, 2014. 507(7492): p. 294-5. 
187. Hansen, M.C., T. Haferlach, and C.G. Nyvold, A decade with whole exome sequencing in 

haematology. Br J Haematol, 2020. 188(3): p. 367-382. 
188. Platt, C.D., et al., Efficacy and economics of targeted panel versus whole-exome sequencing in 

878 patients with suspected primary immunodeficiency. J Allergy Clin Immunol, 2021. 147(2): 
p. 723-726. 

189. Lee, S., K. Chintalapudi, and A.K. Badu-Tawiah, Clinical Chemistry for Developing Countries: 
Mass Spectrometry. Annu Rev Anal Chem (Palo Alto Calif), 2021. 14(1): p. 437-465. 

190. Siravegna, G., et al., Integrating liquid biopsies into the management of cancer. Nat Rev Clin 
Oncol, 2017. 14(9): p. 531-548. 

191. Heitzer, E., et al., Current and future perspectives of liquid biopsies in genomics-driven 
oncology. Nat Rev Genet, 2019. 20(2): p. 71-88. 

192. Siravegna, G., et al., How liquid biopsies can change clinical practice in oncology. Ann Oncol, 
2019. 30(10): p. 1580-1590. 



30 
 

193. Yamagishi, Y., et al., Liquid biopsy of cerebrospinal fluid for MYD88 L265P mutation is useful 
for diagnosis of central nervous system lymphoma. Cancer Sci, 2021. 112(11): p. 4702-4710. 

194. Escudero, L., F. Martínez-Ricarte, and J. Seoane, ctDNA-Based Liquid Biopsy of Cerebrospinal 
Fluid in Brain Cancer. Cancers (Basel), 2021. 13(9). 

195. Escudero, L., F. Martínez-Ricarte, and J. Seoane, Cerebrospinal fluid circulating tumour DNA 
as a liquid biopsy for central nervous system malignancies. Curr Opin Neurol, 2020. 33(6): p. 
736-741. 

196. Yan, W., et al., Clinical Applications of Cerebrospinal Fluid Circulating Tumor DNA as a Liquid 
Biopsy for Central Nervous System Tumors. Onco Targets Ther, 2020. 13: p. 719-731. 

197. Escudero, L., et al., Circulating tumour DNA from the cerebrospinal fluid allows the 
characterisation and monitoring of medulloblastoma. Nat Commun, 2020. 11(1): p. 5376. 

198. Zhao, Z., et al., Applications of cerebrospinal fluid circulating tumor DNA in the diagnosis of 
gliomas. Jpn J Clin Oncol, 2020. 50(3): p. 325-332. 

199. Liu, A.P.Y., et al., Serial assessment of measurable residual disease in medulloblastoma liquid 
biopsies. Cancer Cell, 2021. 39(11): p. 1519-1530.e4. 

200. Li, J., et al., Reliable tumor detection by whole-genome methylation sequencing of cell-free 
DNA in cerebrospinal fluid of pediatric medulloblastoma. Sci Adv, 2020. 6(42). 

201. Luo, H., et al., Liquid Biopsy of Methylation Biomarkers in Cell-Free DNA. Trends Mol Med, 
2021. 27(5): p. 482-500. 

202. Pacia, C.P., et al., Sonobiopsy for minimally invasive, spatiotemporally-controlled, and 
sensitive detection of glioblastoma-derived circulating tumor DNA. Theranostics, 2022. 12(1): 
p. 362-378. 

203. Singh, G., et al., Radiomics and radiogenomics in gliomas: a contemporary update. Br J 
Cancer, 2021. 125(5): p. 641-657. 

204. Huang, W., et al., Development and Validation of an Artificial Intelligence-Powered Platform 
for Prostate Cancer Grading and Quantification. JAMA Netw Open, 2021. 4(11): p. e2132554. 

205. Wang, Y., et al., Improved breast cancer histological grading using deep learning. Ann Oncol, 
2022. 33(1): p. 89-98. 

206. Jin, L., et al., Artificial intelligence neuropathologist for glioma classification using deep 
learning on hematoxylin and eosin stained slide images and molecular markers. Neuro Oncol, 
2021. 23(1): p. 44-52. 

207. Jose, L., et al., Artificial Intelligence-Assisted Classification of Gliomas Using Whole-Slide 
Images. Arch Pathol Lab Med, 2022. 

208. Robbe, P., et al., Clinical whole-genome sequencing from routine formalin-fixed, paraffin-
embedded specimens: pilot study for the 100,000 Genomes Project. Genet Med, 2018. 20(10): 
p. 1196-1205. 

209. Zar, G., et al., Whole-genome sequencing based on formalin-fixed paraffin-embedded 
endomyocardial biopsies for genetic studies on outcomes after heart transplantation. PLoS 
One, 2019. 14(6): p. e0217747. 

210. Mathieson, W. and G.A. Thomas, Why Formalin-fixed, Paraffin-embedded Biospecimens Must 
Be Used in Genomic Medicine: An Evidence-based Review and Conclusion. J Histochem 
Cytochem, 2020. 68(8): p. 543-552. 

 
  

31 
 

APPENDIX 
 

Article I 

 

Article II 

 

Article III 

 

Article IV 

 

Article V 

 

 




