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Summary 

Glioblastoma is the most common and malignant type of primary brain tumor with a dismal prognosis and 

median survival of approximately 15 months. Inevitably, virtually all glioblastomas recur after standard-of-

care therapy consisting of maximal safe tumor resection and adjuvant radio- and chemotherapy with the 

alkylating agent temozolomide. The origin of tumor recurrence is found in the highly infiltrative growth 

pattern that glioblastomas notoriously exhibit, combined with high intrinsic resistance to therapy. As migrat-

ing tumor cells infiltrate the surrounding brain parenchyma, they escape both surgical resection and are better 

guarded against adjuvant radio- and chemotherapy by a more intact blood-brain-barrier in the tumor periph-

ery, and by localization at the outer margins of the radiation field. These migrating tumor cells that survive 

therapeutic interventions therefore lay the foundation for eventual tumor recurrence, which ultimately leads 

to patient death.  

     The overall aim of this thesis was to investigate migrating tumor cells in the context of prognostic bi-

omarkers, considering specific expression in migrating tumor cells, and to investigate these cells in a thera-

peutic context. Further, this thesis aimed to investigate the anticancer effects of a novel drug compound, 

SB747651A, with affinity for protein kinases expressed in migrating glioblastoma cells, and to uncover 

potential phenotypic changes in migrating tumor cells following therapeutic intervention in the form of surgi-

cal tumor resection.      

      Study I in this thesis investigated the expression and prognostic value of two transcription factors, EGR1 

and EGR3, in a well-annotated glioma cohort including 207 patients. These two transcription factors have 

shown prognostic value in multiple cancer types. A subset of 21 glioblastomas with P53 expression, which 

was utilized as a tumor cell marker, and inclusion of both central and peripheral tumor regions were investi-

gated for intra-tumoral EGR1 and EGR3 staining patterns. Protein expression was assessed both as mean 

expression in total tumor area, and specifically in migrating tumor cells. Relevant findings were elucidated by 

in silico analysis using publicly available glioma datasets. EGR1 and EGR3 protein expression was identified 

in all investigated tumors, but considerable inter-tumor variation was found. EGR1 protein expression posi-

tively correlated with WHO grade, but did not show prognostic value after adjusting for potential clinical 

confounders in Cox-regression analysis. EGR3 expression in peripheral migrating tumor cells was higher 

than in central non-migrating cells, and high EGR3 protein expression was associated with poor overall 

patient survival in a subgroup of glioblastoma patients with methylated MGMT-promoters. Future investiga-

tions should functionally assess a potential role of EGR3 in the process of tumor cell migration and validate 

its role as a prognostic biomarker in GBM. 

     Study II focused on the first basic and preclinical investigation of the small-molecule kinase inhibitor 

SB747651A in glioblastomas. With its multi-target affinity, this inhibitor also targets proteins associated with 

tumor cell migration, and may therefore be a mean to combat the migrating tumor cells responsible for tumor 

recurrence. We investigated the anticancer efficacy of SB747651A in three well-characterized patient-derived 

glioblastoma cell cultures and in a murine orthotopic xenograft model. SB747651A concentrations between 
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5-10 µM induced cell death in a concentration- and time dependent manner in all three investigated cell 

cultures, and addition of temozolomide yielded an additive effect on cell death. Treated tumor cells showed 

impaired spheroid formation, reduced growth and cell migration, while phosphorylation of mTOR, CREB, 

GSK3 and GYS1 kinases as well as SOX2 protein expression was reduced after SB747651A treatment. 

Further, exposed cells accumulated intracellular glycogen and had increased generation of reactive oxygen 

species. Orthotopically xenografted mice lived significantly longer when treated with SB747651A for 5 

days/weekly with 25 mg/kg throughout 8 weeks compared to vehicle treated controls, and no adverse effects 

were observed in vivo. 

     In study III, we aimed to investigate the isolated impact of surgical tumor resection on the phenotype of 

residual migrating tumor cells left behind in the resection cavity. To investigate this aspect, we developed a 

preclinical glioblastoma resection model using immunocompromised nude rats combined with small animal 

PET/CT imaging utilizing the radioisotope 18F-FET to monitor tumor growth and recurrence. Tumor cells 

from primary and recurrent tumors were isolated and subject to total mRNA sequencing. Significantly dereg-

ulated genes and pathways were identified and further investigated in tissue specimens from the resection 

model and from glioblastoma patients with paired primary/recurrent tumors. Functional investigations were 

performed in vitro with several patient-derived glioblastoma cell cultures. 18F-FET PET/CT scans could 

successfully detect growth of orthotopic glioblastoma xenografts 3-4 weeks after tumor cell implantation. 

Following detection of primary tumor growth, we successfully established preclinical glioblastoma resection, 

which closely mimics resection of patient glioblastomas, with few residual tumor cells left behind in the 

cavity. Comparisons of primary and recurrent tumors from our preclinical resection model revealed that 

recurrent tumors were more proliferative, showed increased infiltration of microglia/macrophages and upreg-

ulated multiple glioblastoma stem cell genes including SOX2, POU3F2, OLIG2 and Notch1 compared to 

primary tumors. This upregulation was validated at the protein level both in recurrent xenografts and in early 

recurrent patient glioblastomas indicating high translatability. Among the upregulated genes in recurrent 

tumors, pleiotrophin and its primary receptor PTPRZ1 were identified. Mechanistically, pleiotrophin could 

induce tumor cell proliferation and self-renewal in several patient-derived glioblastoma cell cultures, and 

inhibition of pleiotrophin with neutralizing antibodies abolished the pleiotrophin-mediated increase of tumor 

cell self-renewal.  Further, pleiotrophin was able to induce expression of stem cell proteins SOX2, POU3F2 

and to a lesser extent OLIG2 in tumor cells, thereby making it a plausible mediator of the glioblastoma stem 

cell enrichment observed in recurrent tumors. Additionally, high pleiotrophin expression was associated with 

poor overall patient survival. 

     In conclusion, this thesis shows that incorporating specific biomarker expression in migrating tumor cells 

can be used to generate novel hypotheses regarding glioblastoma pathophysiology, however, unraveling the 

potential prognostic value of biomarker expression in migrating tumor cells is complicated by lack of optimal 

tumor specific markers and sample size limitations. Migrating tumor cells pose a cell population with pro-

found therapeutic implications, and should therefore be incorporated into future translational glioblastoma 
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research to a greater extent. We provide novel insights into the implications of surgical tumor resection, and 

propose that resection itself is an iatrogenic driver of glioblastoma stem cell enrichment among residual, 

formerly migrating, tumor cells in recurrent tumors. Application of more advanced preclinical models that 

also include tumor resection, as applied in this thesis, will most likely increase the translational success rate 

of novel findings to ultimately benefit glioblastoma patients through development of better and more efficient 

therapeutic approaches.   
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Dansk resumé 

Glioblastom er den hyppigste og mest ondartede form for primær hjernetumor, og glioblastompatienter har en 

meget dårlig prognose med en median overlevelse på omtrentligt 15 måneder. Næsten alle glioblastompatien-

ter får recidiv på trods af standardbehandlingen bestående af maksimal kirurgisk tumor resektion og adjuve-

rende stråle- og kemoterapi med det alkylerende kemoterapeutikum temozolomid. Årsagen til recidiv findes i 

glioblastomers udtalt infiltrative vækstmønster. Migrerende tumorceller infiltrerer ind i det omkringliggende 

hjerneparenkym, og undslipper dermed kirurgisk resektion. Ydermere opnår disse migrerende tumorceller en 

delvis beskyttelse mod kemoterapi qua den mere intakte blod-hjerne-barriere, og deres placering i periferien 

af strålefeltet medfører lavere stråledosis. De migrerende tumorceller som overlever den initiale behandling 

danner således grundlaget for recidiv, hvilket i sidste ende fører til patientens død. Det overordnede formål 

med denne afhandling var at undersøge migrerende tumorceller i en prognostisk kontekst, med inkorporation 

af biomarkør udtrykket i migrerende celler, samt at undersøge disse migrerende celler i en terapeutisk kon-

tekst. Ydermere var formålet at undersøge kræftbehandlingspotentialet af en ny kinasehæmmer, SB747651A, 

som hæmmer flere kinaser der udtrykkes i migrerende tumorceller, og at identificere potentielle fænotypiske 

forandringer i migrerende tumorceller efter terapeutisk intervention i form af kirurgisk tumor resektion.   

     Studie I undersøgte tilstedeværelsen og den prognostiske værdi af to transkriptionsfaktorer, EGR1 og 

EGR3, i en velkarakteriseret gliomkohorte med 207 patienter. Begge transkriptionsfaktorer har vist progno-

stisk værdi i flere forskellige kræftformer. En undergruppe bestående af 21 glioblastompatienter med P53 

udtryk, der blev anvendt som tumorcelle markør, og samtidig tilstedeværelse af både centrale og perifere 

tumorområder blev undersøgt for EGR1 og EGR3 udtrykket i de forskellige tumorområder. Både EGR1 og 

EGR3 protein var tilstede i alle undersøgte tumorer, men med betydelig inter-tumor variation. EGR1 protein-

udtrykket viste en positiv korrelation med WHO tumor grad, men havde ingen prognostisk værdi efter juste-

ring for potentielle kliniske confoundere. EGR3 proteinet var udtrykt i højere grad i perifere migrerende 

tumorceller sammenlignet med centrale ikke-migrerende celler. Højt EGR3 proteinniveau var associeret med 

dårlig patientoverlevelse i en undergruppe af glioblastompatienter med methyleret MGMT-promoter. Fremti-

dige studier bør undersøge en potentiel funktionel rolle af EGR3 proteinet i tumorcelle migration og validere 

den potentielle prognostiske værdi.  

     Studie II fokuserede på den første basale og prækliniske undersøgelse af multi-kinasehæmmeren 

SB747651A i glioblastomer. SB747651A hæmmer bl.a. proteiner som er involveret i tumorcellers migration, 

og kan således potentielt være en kinasehæmmer, der kan ramme de migrerende tumorceller, som fører til 

recidiv. Vi undersøgte virkningen af SB747651A i tre forskellige velkarakteriserede patient-deriverede 

glioblastom cellekulturer og i mus med orthotope glioblastom xenografts. Koncentrationer på 5-10 µM indu-

cerede koncentrations- og tidsafhængig celledød i all tre glioblastom kulturer, og kombinationsbehandling 

med SB747651A og temozolomid medførte en additiv effekt på graden af celledød. Tumorceller behandlet 

med SB747651A viste nedsat sphæroidedannelse, reduceret vækst og migration, mens fosforyleringsgraden 

af mTOR, CREB, GSK3 og GYS1 kinaserne samt mængden af SOX2 protein blev reduceret. Behandlede 
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celler akkumulerede glycogen intracellulært og var mere tilbøjelige til at danne reaktive iltradikaler. Mus 

med orthotope glioblastom xenografts behandlet med 25 mg/kg SB747651A 5 dage/uge i 8 uger levede 

signifikant længere end mus fra kontrolgruppen, og ingen bivirkninger blev observeret i de behandlede dyr. 

     Formålet med studie III var at undersøge den isolerede indflydelse som kirurgisk tumor resektion har på 

de tilbageværende migrerende tumorceller i resektionskaviteten. Dette undersøgte vi ved at etablere en præk-

linisk glioblastom resektionsmodel. Modellen blev etableret i immundefekte rotter og integrerede PET/CT 

scanninger med radioisotopen 18F-FET for at detektere vækst af både primær- og recidiv tumorer. Tumorcel-

ler fra primær og recidivtumorer blev RNA sekventeret, og deregulerede gener samt signaleringsveje blev 

identificeret og yderligere undersøgt i vævssnit fra hhv. resektionsmodellen og fra glioblastompatienter med 

parrede primær/recidiv tumorer. Vi foretog yderligere funktionelle undersøgelser in vitro med flere forskelli-

ge patient-deriverede glioblastom cellekulturer. 18F-FET PET/CT scanningerne kunne detektere væksten af 

ortotope xenografts 3-4 uger efter tumorcelle implantation. Efter valideret tumorvækst, etablerede vi succes-

fuldt selve tumor resektionsproceduren, som i meget høj grad afspejler resektion af glioblastomer i patienter-

ne, hvor der efterlades få tumorceller i resektionskaviteten. Sammenligning af primære og recidiv tumorer fra 

resektionsmodellen viste at recidiv tumorerne havde højere grad af tumorcelle proliferation, mere udtalt 

infiltration af mikroglia/makrofager og en opregulering af flere stamcelle gener, såsom SOX2, POU3F2, 

OLIG2 og Notch1 sammenlignet med primærtumorerne. Denne stamcelle opregulering blev valideret på 

proteinniveau både i vævssnit fra resektionsmodellen og i vævssnit fra glioblastompatienter, hvilket indikerer 

høj overførbarhed af disse resultater. Blandt de signifikant opregulerede gener i recidivtumorerne var pleiotr-

ophin genet og den primære pleiotrophin receptor PTPRZ1. Mekanistisk, påviste vi at pleiotrophin var i stand 

til at inducere tumorcelle proliferation og selvfornyelse i flere forskellige patient-deriverede glioblastom 

kulturer. Blokering af pleiotrophins virkning med neutraliserende antistoffer stoppede denne pleiotrophin 

medierede selvfornyelse af tumorceller. Pleiotrophin kunne inducere udtryk af stamcelle proteinerne SOX2, 

POU3F2 og i mindre grad OLIG2 i tumorcellerne, og pleiotrophin er således en plausibel årsag bag promove-

ringen af glioblastom stamceller observeret i recidiv tumorerne. Yderligere var høje niveauer af pleiotrophin 

protein associeret med dårlig patientoverlevelse. 

     Denne afhandling viser samlet set, at inkorporation af specifikt biomarkør udtryk i migrerende tumorceller 

kan generere nye hypoteser vedrørende glioblastomers patofysiologi, men at en afklaring af disse cellers 

potentielle prognostiske værdi besværliggøres af manglen på tumor-specifikke markører og begrænsninger i 

antallet af inkluderbare patienter. Migrerende tumorceller udgør en cellepopulation med betydelige terapeuti-

ske implikationer, og disse celler bør således være integreret i fremtidig translationel glioblastomforskning. 

Afhandlingen præsenterer nye indsigter i konsekvenserne af kirurgisk glioblastom resektion, og antyder at 

resektion i sig selv fremmer glioblastom stamcellepopulationen blandt de tilbageblivende, tidligere migreren-

de, tumorceller i recidiverne. Brugen af mere avancerede prækliniske modeller der også omfatter kirurgisk 

tumor resektion, som anvendt i denne afhandling, vil formentligt øge den translationelle succesrate for nye 
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lovende fund. Dette vil i sidste ende gavne glioblastompatienter via udvikling af bedre og mere effektive 

behandlingstilbud.  
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Abbreviations 

11C-Met  11C-Methionine 
18F-FDG  18F-fluorodeoxyglucose 
18F-FET  18F-fluoro-ethyl-L-tyrosine 
18F-FLT  18F-fluorothymidine 

5-ALA  5-aminolevulinic acid 

ADAM  A Disintegrin and metalloproteinase  

AKT   AKT serine/threonine kinase 

ALT  Alanine transaminase  

ATRX  ATRX chromatin remodeler 

bFGF  Basic fibroblast growth factor  

CCL2  C-C motif chemokine ligand 2 

CCL22  C-C motif chemokine ligand 22  

CCR4  C-C motif chemokine receptor 4  

CD133  Prominin 1  

CDKN2  Cyclin dependent kinase inhibitor 2 

cIMPACT-NOW Consortium to Inform Molecular and Practical Approaches to CNS Tu-

mor Taxonomy-Not officially WHO 

C-KIT  Proto-oncogene receptor tyrosine kinase KIT  

CSF-1  Colony stimulating factor 1 

CT  Computed Tomography  

CTLA-4  Cytotoxic T-lymfocyte associated protein 4 

CX3CL1  C-X3-C chemokine ligand 1 

Cy-5  Cyanine-5 

DAB  3,3´-diaminobenzidine tetrahydrochloride  

DAPI  4′,6-diamidino-2-phenylindole  

ECM  Extracellular matrix 

ECOG  Eastern Cooperative Oncology Group 

EGF  Epidermal growth factor  

EGFR  Epidermal growth factor receptor 

EGR1  Early Growth Response Protein 1  

EGR3  Early Growth Response Protein 3 

ERK  Extracellular signal-regulated kinase 

FAM  Fluorescein amidite 

FDR  False discovery rate 

FFPE  Formalin-fixed Paraffin embedded  

FLAIR  Fluid-attenuated inversion recovery  

Foxn1  Forkhead Box N1  

GBM  Glioblastoma  

G-CIMP   Glioma-CpG island methylator phenotype 

GFAP  Glial fibrillary acidic protein  

GM-CSF  Granulocyte-macrophage colony-stimulating factor 

GSC  Glioblastoma stem cell 

Gy  Gray (SI unit) 

HER2  Erb-B2-receptor tyrosine kinase 2 

HGF  Hepatocyte growth factor 
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HIER Heat-induced epitope retrieval 

IDH1 Isocitrate dehydrogenase 1  

IDH2 Isocitrate dehydrogenase 2 

IGF-1 Insulin growth factor-1 

IL-10 Interleukin-10 

IL-1β Interleukin-1β 

IL-23 Interleukin-23 

IL-4 Interleukin-4 

IL-6 Interleukin-6 

IL-8 Interleukin-8 

INF-γ Interferon-γ  

JAK Janus kinase 

L1CAM L1 cell adhesion molecule 

MAPK Mitogen-activated protein kinase 

MGMT O-6-methylguanine-DNA methyltransferase

MMP Matrix metalloproteinase

MRI Magnetic resonance imaging

MSK Nuclear mitogen- and stress-activated protein kinase

mTOR Mammalian target of rapamycin

NGS Next generation sequencing

OLIG2 Oligodendrocyte transcription factor 2

OPN Osteopontin

P53 Tumor Protein P53

P70S6K P70 Ribosomal S6 Kinase Alpha

PD-1 Programmed cell death protein 1

PDGF-B Platelet derived growth factor subunit B

PDGFR Platelet-derived growth factor receptor

PD-L1 Programmed death ligand 1

PET Positron Emission Tomography

PI Propidium Iodide

PI3K Phosphoinositide 3-kinase

PKC-β Protein kinase C beta

POSTN Periostin

POU3F2 POU Class 3 Homebox 2

PTEN Phosphatase and tensin homolog

PTN Pleiotrophin

PTPRZ1 Protein Tyrosine Phosphatase Receptor Type Z1

ROS Reactive oxygen species

RSK Ribosomal S6 kinase

SOX2 SRY-Box Transcription Factor 2

STAT Signal transducer and activator of transcription proteins

SUVmax Maximum standardized uptake value

TAA Tumor associated astrocyte

TAM Tumor associated microglia/macrophage

TCGA The cancer genome atlas

TERT Telomerase reverse transcriptase

TGFβ Transforming growth factor β
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TIGIT T cell immunoreceptor with Ig and ITIM domains 

TIL Tumor infiltrating lymphocyte 

Tim-3 T-cell immunoglobulin mucin receptor 3

TLR4 Toll-like-receptor 4

TME Tumor microenvironment

TMZ Temozolomide

TNF-α Tumor necrosis factor-α

TP Thymidine phosphorylase

T-reg Regulatory T-cell

TTF Tumor Treating Fields

TTF Tumor Treating Fields

uPA Urokinase-type plasminogen activator

VEGF Vascular endothelial growth factor

WHO World health organization
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Introduction and aims  

Glioblastoma (GBM) is the most common and malignant type of primary brain tumor and has a median 

survival of approximately 15 months (1). GBMs are practically incurable tumors and rank among the top 

types of cancer causing the most years of life lost (2). GBMs are characterized by their diffusely infiltrative 

nature and high resistance to therapy. Migrating tumor cells form the basis for tumor recurrences (3) as they 

migrate into the healthy brain parenchyma, where they escape surgical resection, receive a lower dose of 

radiation and are partially protected from chemotherapy due to a more intact blood-brain-barrier (4). Alt-

hough these migrating cells are crucial for treatment resistance and tumor recurrence, they are rarely consid-

ered in studies investigating prognostic markers and novel therapeutic interventions.  

     The overall aim of this thesis was to investigate prognostic and therapeutic implications of migrating 

glioblastoma cells. Through investigation of protein expression in tumor cells located in different spatially 

defined tumor regions, also including migrating tumor cells, we aimed to gain novel insights into the prog-

nostic potential of distinct expression of selected proteins in migrating tumor cells. Since these cells are the 

origin of tumor recurrence, infiltrative tumor cells pose an attractive target for novel therapies. Therefore, we 

aimed to investigate migrating tumor cells in a therapeutic context through direct investigation of the anti-

cancer effects of a novel kinase inhibitor, SB747651A, which targets protein kinases expressed in migrating 

tumor cells. Residual, formerly migrating, tumor cells left in the resection cavity after surgical resection have 

thus far only been poorly characterized. The direct impact and potential changes induced by therapeutic 

interventions on the cellular phenotypes of these residual cells remains to be elaborated. As such, we aimed 

to investigate the phenotypic changes occurring in residual tumor cells after therapeutic intervention in the 

form of surgical tumor resection.  

 

Currently, only few prognostic biomarkers are of clinical value, including methylation status of O-6-

methylguanine-DNA methyltransferase (MGMT), patient age and performance status. Therefore, novel prog-

nostic biomarkers are urgently needed for better patient risk stratification. 

     The aim of manuscript I in this thesis was to incorporate the aspect of GBM tumor cell migration into a 

prognostic biomarker setting. Early growth response protein 1 (EGR1) and 3 (EGR3) are transcription factors 

that have been implicated in cell migration (5-7), and have shown prognostic value in several different cancer 

types (7-10). Based on this, we hypothesized that migrating tumor cells express higher levels of EGR1 and/or 

EGR3 compared to tumor cells in central tumor regions, and that EGR1 and/or EGR3 have prognostic poten-

tial in GBMs. In manuscript I, we therefore investigated the expression of these two transcription factors in a 

large well-annotated glioma patient cohort, and in a subset of tumor protein P53 (P53)-mutated GBMs, which 

included infiltrative tumor regions with migrating tumor cells in addition to central tumor areas with non-

migrating tumor cells. P53 protein expression was utilized as a tumor cell marker, to specifically pinpoint 

protein expression to tumor cells. 
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     Many novel therapeutic interventions have been investigated in GBMs, but the translatability of preclini-

cal results often remains a major caveat to be overcome. A large number of small-molecule tyrosine kinase 

inhibitors are approved for treatment of several cancer types (11, 12), however, no tyrosine kinase inhibitor is 

currently approved for treatment of GBM. The heterogeneous nature of GBMs may prove as an intrinsic 

resistance mechanism, and acquired resistance to single-targeted interventions poses a major obstacle. 

     The aim of manuscript II was to investigate the ATP-competitive multi-target small molecule inhibitor 

SB747651A in GBMs. SB747651A targets the nuclear mitogen- and stress-activated protein kinase (MSK) 1 

and 2, ribosomal S6 kinase (RSK) 1 and 2,  AKT serine/threonine kinase (AKT) and P70 Ribosomal S6 

Kinase Alpha (P70S6K). Both RSK2, Akt and P70S6K have been implicated in GBM proliferation, migra-

tion and invasion (13, 14). Based on this, we hypothesized that SB747651A could reduce tumor cell migra-

tion, viability and proliferation and furthermore show anticancer efficacy in vivo. SB747651A could be a 

means to overcome acquired resistance and to target proteins expressed in migrating GBM cells. Thus, we 

aimed to uncover its potential as an anticancer agent in GBMs both in vitro and in vivo using a preclinical 

orthotopic xenograft mouse model. Identification of potential drugs that may be used to target migrating 

tumor cells, which are capable of evading current standard of care treatment modalities, is a highly desirable 

achievement that could facilitate better treatment options for GBM patients.  

     Despite currently applied therapeutic interventions, nearly all GBMs eventually recur and lead to patient 

death. Residual migrating tumor cells left in and adjacently to the resection cavity inhabit a post-surgical 

microenvironment characterized by reactive and neuro-inflammatory changes (15). The mechanical trauma 

induced by the tumor resection itself induces astrogliosis (16), and in combination with adjuvant radio- and 

chemotherapy, this process alters the tumor microenvironment and induces tissue repair mechanisms to re-

establish tissue integrity and homeostasis. This process results in secretion of a plethora of growth factors, 

cytokines and chemokines, and while this tissue repair mechanism is useful to repair and clear damaged 

tissues, it may also influence the phenotype of tumor cells and facilitate eventual tumor recurrence (17). 

Based on this, we hypothesized that surgical tumor resection can induce phenotypic changes in residual 

migrating tumor cells left behind in the resection cavity. The impact of therapeutic intervention and the asso-

ciated changes in the tumor microenvironment is an understudied research area, and potential implications of 

these changes on treatment resistance are only sparsely uncovered.  

     Therefore, the aim of manuscript III was to establish a preclinical GBM tumor resection model to study 

the impact of surgical tumor resection on tumor cell phenotypes, and its potential implications in resistance to 

current standard-of-care therapy in GBMs. 
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Background  

Epidemiology and aetiology of gliomas 

Gliomas are the most common type of primary brain tumors and span many different tumor entities, which 

account for approximately half of all brain tumors (18). The most frequent and malignant type of glioma is 

the world health organization (WHO) grade IV GBM which accounts for nearly half of all glioma cases (18). 

The annual incidence of GBM in Denmark is approximately 5.1 cases per 100.000 corresponding to about 

300 patients per year with a male:female ratio of 3:2 and a mean age at diagnosis of 60 years (19). The only 

known risk factors for development of gliomas include exposure to high-dose radiation and rare genetic 

syndromes such as neurofibromatosis 1/2, tuberous sclerosis, Li-Fraumeni syndrome and Turcot´s syndrome 

(20).    

Integrated histo-molecular classification of gliomas 

Gliomas are currently classified according to the 2016 WHO classification of tumors of the central nervous 

system (21), and the next 2021 WHO classification is on the doorsteps to replace the current version (22). 

Previous classifications were predominantly based on histological criteria, while the current version incorpo-

rates several molecular diagnostic approaches to facilitate an integrated histo-molecular diagnosis. The 2016 

WHO classification is supplemented by specific recommendations made by the Consortium to Inform Mo-

lecular and Practical Approaches to CNS Tumor Taxonomy (cIMPACT-NOW), which provides regular 

recommendations regarding diagnostic principles (23). Important molecular entities used in the current gold 

standard diagnostic workflow of diffuse gliomas in adults are as follows: Mutational status of codon 132 of 

isocitrate dehydrogenase 1 (IDH1) or codon 172 of isocitrate dehydrogenase 2 (IDH2), nuclear expression of 

ATRX chromatin remodeler (ATRX), deletion of chromosomes 1p/19q, Cyclin dependent kinase inhibitor 2 

(CDKN2)A/B deletions, telomerase reverse transcriptase (TERT) promoter mutations, epidermal growth 

factor receptor (EGFR) amplifications, chromosome 7 gain/chromosome 10 loss and Histone 3 mutations 

(24). Figure 1 summarizes the current diagnostic algorithm. 
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Figure 1. Schematic overview of the diagnostic algorhitm for integrated classification of adult diffuse gliomas. The figure 

was adapted without changes from: Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, Minniti G, et al. EANO 

guidelines on the diagnosis and treatment of diffuse gliomas of adulthood. Nature reviews Clinical oncology. 

2021;18(3):170-86. Reprinted under the Creative Commons Attribution 4.0 International License. 

https://creativecommons.org/licenses/by/4.0/. 

 

Information regarding expression of mutant IDH1/IDH2 and ATRX can be achieved with traditional im-

munohistochemistry (IHC), while information regarding mutational status of e.g. TERT requires application 

of DNA sequencing methods. In this regard, next generation sequencing (NGS) has gained increasing atten-

tion in the context of integrated histo-molecular diagnostics (25), and custom tailored NGS gene panels have 

been designed to cover the majority of glioma relevant genes and mutations to accurately classify gliomas 

(26). In recent years, use of DNA methylation profiling has increasingly been implemented as an additional 

layer in the diagnostic workflow, and can aid in accurate classification of difficult cases with doubts about the 
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correct diagnosis (27). Among the most applied DNA methylation profiling techniques is the Illumina Infini-

um Methylation EPIC BeadChip Kit, which gives information about 850.000 methylation sites across the 

entire genome. The methylation status of a given tumor can be compared to a comprehensive reference data-

base containing information from more than 4.500 brain tumors and thereby match the tumor to one of over 

80 different well-characterized tumor entities in the database.        

Imaging of brain tumors  

Magnetic resonance imaging (MRI) is the primary modality for brain tumor imaging. Different imaging 

sequences are applied, including T2 fluid-attenuated inversion recovery (FLAIR), pre-contrast T1 and post-

gadolinium contrast T1 sequences (28), which can detect tumor tissue and gives information about the ana-

tomical location and extent of tumor growth. MRI can be performed in different variations including structur-

al MRI, functional MRI and diffusion MRI which can accurately map eloquent brain regions, and optimize 

pre-surgical planning to minimize the risk of post-surgical neurological deficits (29).  

     Positron emission tomography (PET) imaging of brain tumors has in recent years found increasing use in 

the clinical setting, and many different radioisotopes such as 18F-fluorodeoxyglucose (18F-FDG), 11C-

Methionine (11C-Met), 18F-fluoro-ethyl-L-tyrosine (18F-FET) and 18F-fluoro-thymidine (18F-FLT) are availa-

ble (30, 31). The radioisotope emits a positron, which interacts with an electron, and subsequently two 511-

KeV photons are created, which are emitted in opposite directions at nearly 180°. These photons can be 

detected by ring-detectors in the PET-scanner and thereby the exact origin of emission can be determined 

corresponding to the location of radioisotope uptake (32). The most common approach of PET imaging relies 

on measurement of cell metabolism (radiotracers conjugated with glucose or amino acids) and cell prolifera-

tion (radiotracers conjugated with DNA base precursors) which generates amplified signals in tumor tissue 

that has high metabolic and proliferative activity compared to normal tissues. PET can also be used to meas-

ure membrane biosynthesis and oxygen metabolism to detect regions with hypoxia (33). PET imaging can be 

combined with both MRI and computed tomography (CT) modalities, and is often superior in terms of accu-

rate tumor delineation compared to contrast enhancement on MRI scans alone (34). PET imaging allows for 

more accurate determination of tumor volume and anatomical extent, and can be applied to aid precision 

biopsies and the planning of subsequent surgery to achieve maximal tumor resection (35). 

Treatment of GBM  

Current standard-of-care therapy for primary GBM includes multimodal treatment with maximum safe surgi-

cal resection followed by concomitant radio-chemotherapy with the alkylating agent temozolomide (TMZ). 

This approach, also known as the Stupp regimen, was introduced in 2005 (36). The majority of GBM patients 

are furthermore treated with corticosteroids such as dexamethasone to alleviate symptoms arising from brain 

edema (37). 
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Surgery 

Surgical tumor resection is one of the cornerstones in GBM therapy. The extent of resection has direct prog-

nostic implications (38, 39), and thus the aim is to achieve maximal safe resection. Resection of brain tumors 

poses a delicate tradeoff between achieving maximal resection on one side, while reducing risk of post-

surgical neurological deficits on the other (40), as neurological deficits can significantly reduce quality of life 

and lead to delays in adjuvant therapy. Microsurgical techniques aided by use of 5-aminolevulinic acid (5-

ALA) have significantly increased the likelihood of achieving complete tumor resection, without increased 

risk of complications (41), and application of functional MRI and intraoperative stimulation mapping can 

greatly help to further reduce the risk of postsurgical deficits (42).  

     Efforts are ongoing to further refine surgical techniques. An example of a technique under development 

and optimization is Raman spectroscopy. This is a laser-based technique that allows for intra-surgical distinc-

tion of tumor tissue from normal vital brain parenchyma based on chemical differences in the tissues (43). 

This technique can be applied in real-time and shows good coherence with subsequent histological examina-

tions (44), which sparks hope for eventual clinical translation and improved resection of the outer infiltrative 

tumor margins (45).   

Concomitant radio- and chemotherapy  

Following surgery, GBM patients with sufficient Eastern Cooperative Oncology Group (ECOG) performance 

status (ECOG 0-2), are offered adjuvant concomitant radio- and chemotherapy. Conventional radiotherapy 

for GBM patients is typically administered as 30 fractionated doses of 2 Gray (Gy) up to a total dose of 60 

Gy throughout a period of 6 weeks. Hypofractionated radiation (fewer doses with more Gy/dose) with a 

lower cumulative dose in patients older than 60 years shows similar survival benefit compared to convention-

al dosing regimens, and is offered to elderly GBM patients (46). No current evidence exists to support use of 

hyperfractionated (more doses with less Gy/dose) radiotherapy (47). 

     TMZ is a blood-brain-barrier permeable alkylating chemotherapeutic agent that is orally administered at 

doses of 75-200 mg/m2 on five consecutive days during radiotherapy and subsequently as six adjuvant cycles 

after radiotherapy (1). TMZ efficacy can be predicted by MGMT promoter methylation status (48), since the 

MGMT protein facilitates reversal of the DNA alkylation induced by TMZ. Despite this predictive effect, 

only elderly patients with un-methylated MGMT promoters are withheld TMZ and offered hypofractionated 

radiotherapy as an alternative (49).  

Tumor treating fields 

In 2011, Tumor Treating Fields (TTF) was approved as a new modality for treatment of primary and recur-

rent GBMs (50). Combination of the Stupp regimen with addition of TTF during the adjuvant TMZ admin-

istration has shown an increase in median patient survival up to 20.9 months (51). However, TTF requires 
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high compliance rates (≥ 18 hours of daily usage) and is associated with significant financial costs. TTF is 

currently not broadly available, and skepticism regarding this modality persists. Specific concerns relate to 

clinical trial design, which could exaggerate efficacy, and lack of fully clarified mechanisms of action when 

combined with other existing modalities (52, 53). Hence, only a very small group of GBM patients are cur-

rently being treated with this modality (50). 

Small-molecule kinase inhibitors in GBM  

GBMs often harbor different genetic alterations, that can be targeted with small-molecule inhibitors, which 

block tyrosine kinase signaling and thereby exert inhibiting effects on growth, proliferation, differentiation 

and/or angiogenesis (54). The mitogen-activated protein kinase (MAPK) pathway is often subject to deregu-

lation with the most prominent example being EGFR amplification, which is seen in approximately 45% of 

GBMs (55). Several EGFR inhibitors such as Gefitinib and Erlotinib have been developed, but unfortunately, 

none of these inhibitors has shown sufficient clinical efficacy in GBM patients (56, 57). Development of 

EGFR inhibitors continues, and the new generations show promising preclinical results (58), however clinical 

translatability remains to be demonstrated. 

     Many different small molecule inhibitors are available to target relevant GBM pathways such as RAS, 

Extracellular signal-regulated kinase (ERK), Phosphoinositide 3-kinase (PI3K), AKT and mammalian target 

of rapamycin (mTOR) (59-61), and while the preclinical results were promising, the clinical translatability 

has yet to be achieved. Other examples of negative clinical trials in GBM include the vascular endothelial 

growth factor (VEGF) receptor inhibitor Sorafenib (62), the pan-VEGF inhibitor Cediranib (63) and the 

Protein kinase C beta (PKC-β) inhibitor Enzastaurin (64). 

 

Multi-target kinase inhibitors 

As the name implies, multi-target inhibitors have two or more target kinases, and can therefore potentially 

have higher efficacy and lower risk for acquired resistance, but also come with increased risk of toxicity 

compared to mono-target inhibitors (65). A number of clinical trials with multi-target kinase inhibitors have 

been carried out in GBM patients, thus far with primarily disappointing results; A clinical trial investigating 

the dual EGFR + VEGFR inhibitor Vandetanib combined with radio-chemotherapy was terminated early 

after interim analysis due to lack of effect (66). The combined EGFR + Erb-B2-receptor tyrosine kinase 2 

(HER2) inhibitor Lapatinib and the combined platelet-derived growth factor receptor (PDGFR), VEGFR and 

KIT proto-oncogene receptor tyrosine kinase (C-KIT) inhibitor Sunitinib also failed to show effect in recur-

rent GBMs (67, 68).  

Treatment of recurrent GBM 

Recurrent GBMs do not currently have standard of care treatment protocols (69). Some of the treatment 

eligible patients with sufficiently good performance status are re-operated, while re-challenging with system-
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ic chemotherapeutic interventions with TMZ or lomustine, optionally also in combination with irinotecan, is 

also commonly applied (70, 71). Bevacizumab, a VEGF targeting antibody is used to inhibit intra-tumoral 

angiogenesis and to control brain edema, and can be considered for treatment of recurrent GBM (72). Current 

joint recommendations from the Society for Neuro-Oncology and European Association of Neuro-Oncology 

encourage clinical trial enrolment of patients with recurrent GBM (73).  

Prognostic biomarkers in GBM 

Despite maximal therapeutic intervention with the Stupp regimen, GBM patients have a very poor prognosis 

with a median survival of approximately 14.6 - 14.9 months (1, 74). Some of the biomarkers which showed 

prognostic value in GBMs diagnosed in the past decade before introduction of the 2016 WHO classification, 

are now used as disease defining markers in the integrated histo-molecular classification, and have thus lost 

some of their prognostic relevance. The most prominent examples are 1p/19q co-deletion and IDH mutation 

status (24), which now define oligodendrogliomas and astrocytomas. Currently applied prognostic markers in 

GBM include patient age and performance status (75), extent of surgical resection (76) and methylation status 

of the MGMT gene (77), with the latter also being predictive of TMZ efficacy (48). 

     In the cancer genome atlas (TCGA) data, a subgroup of gliomas were found to have DNA hypermethyla-

tion at a large number of loci across the genome. This group has been termed glioma-CpG island methylator 

phenotype (G-CIMP) (78). G-CIMP subtype has been suggested to have a favorable prognosis, and it is 

commonly found in younger patients and in low-grade gliomas with IDH mutations (79). In GBMs, the G-

CIMP subtype is most often found in secondary IDH-mutated GBMs that have progressed from lower-grade 

astrocytomas. The prognostic role of G-CIMP is still debated, since it may be confounded by the association 

with young age and IDH-mutations. However, evidence also suggests that the G-CIMP hypermethylation 

decreases activity of genes associated with the aggressive mesenchymal GBM subtype (78).    

     New approaches aim to identify prognostic gene/protein signatures, which include expression levels of 

several markers at once, to more accurately stratify patients (80-82). Prognostic signatures are, however, 

often based on gene expression data from public databases such as TCGA, and not thoroughly validated. So 

far, no prognostic signatures have been implemented in the clinical setting.   

The biology of GBM recurrences 

Eventually, nearly all GBMs recur, thereby explaining the poor prognosis of GBM patients. Approximately 

90% of recurrences occur adjacently to the resection cavity (83). The biological explanation for recurrences is 

multifactorial and includes tumoral escape from complete surgical resection and intrinsic resistance to thera-

peutic interventions.  
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Migrating tumor cells  

GBM tumor cells are notorious for their ability to infiltrate the surrounding healthy brain parenchyma and 

escape therapeutic interventions (84). Tumor cell migration predominantly occurs along the vasculature (85) 

and white matter tracts in the brain (86). Blood vessels are surrounded by basement membranes that contain 

fibronectin and vitronectin (87), and these molecules can promote GBM tumor cell migration (88, 89). 

      In order to migrate into the brain parenchyma, tumor cells must move through narrow spaces and the 

extracellular matrix (ECM). The ECM of the brain is composed of different proteoglycans such as aggrecan, 

versican and neurocan and their associated binding partners hyaluronan and tenascins which are synthesized 

and secreted by glial cells (90). In the process of migration, the tumor cell must attach to the ECM at its 

leading edge, move its cytoskeleton, and finally detach from its rear end (91). Attachment to ECM is mediat-

ed by integrins expressed on the tumor cell membrane (92), cytoskeletal contraction is regulated by actin-

myosin interactions (93), and rear-end detachment is facilitated by proteolysis of the rear-end ECM through 

Urokinase-type plasminogen activator (uPA)/uPA receptor, cathepsin B, matrix metalloproteinases (MMPs), 

and A Disintegrin and Metalloproteinase (ADAM) proteases (94, 95).  

     The “Go or grow” hypothesis states that tumor cells either migrate or proliferate, and that these two fea-

tures are mutually exclusive (96, 97). Hence, migrating tumor cells are able to escape the surgical resection, 

while simultaneously being in a non-proliferating state, which reduces efficacy of chemotherapeutic agents. 

Furthermore, migrating tumor cells in the peripheral tumor and healthy brain parenchyma are located at the 

outer regions of the radiation field. These tumor cells receive a lower dose of radiation, which increases the 

risk of residual surviving tumor cells, thereby establishing the foundation for tumor recurrence.  

Glioblastoma stem cells  

GBMs are highly heterogeneous tumors, and several distinct subclones are present in the bulk tumor mass 

(98). A fraction of these tumor cells have stem cell like properties and are termed glioblastoma stem cells 

(GSC) (99-102). The first reports of GSCs emerged in the early 2000´s where small cell populations with 

profound capabilities of self-renewal and proliferation were identified in patient GBM samples (103, 104). 

Several markers are used to identify GSCs, with examples being Prominin-1 (CD133), SRY-Box Transcrip-

tion Factor 2 (SOX2), Oligodendrocyte transcription factor 2 (OLIG2), POU Class 3 Homebox 2 (POU3F2), 

Nestin and L1 cell adhesion molecule (L1CAM) (99, 105). GSC populations are maintained in the perivascu-

lar and hypoxic tumor regions (106-108) and characterized by their high plasticity and ability to maintain 

self-renewal, while simultaneously generating asymmetric offspring which can differentiate (103, 109). GSCs 

are highly resistant to both radiotherapy (110) and chemotherapy including TMZ (111). Furthermore, GSCs 

can lay the foundation for tumor recurrence after chemotherapeutic intervention (112), involving this cell 

population in the inevitable tumor recurrence.  
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     Interestingly, GSCs have also been identified among migrating tumor cells in the tumor periphery (113-

115), thereby adding further complexity to the intrinsic treatment resistance of GBMs and explaining the 

common recurrence pattern observed in patients with GBMs. 

Tumor microenvironment 

GBMs are situated in a complex tumor microenvironment (TME), which is inhabited by many different cell 

types that directly interact with and influence tumor cells to promote tumor progression and recurrence (fig-

ure 2). 
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Figure 2. The tumor microenvironment in GBM is comprised of many non-neoplastic cell types, which directly interact 

with tumor cells, both through direct physical contact and through secreted molecules. The figure was adapted with no 

changes from: Wolf KJ, Chen J, Coombes J, Aghi MK, Kumar S. Dissecting and rebuilding the glioblastoma 

microenvironment with engineered materials. Nature reviews Materials. 2019;4(10):651-68. Reprinted with permission 

from Springer Nature.  

Tumor associated microglia/macrophages (TAMs)  

The most abundant cell types in the GBM tumor microenvironment are the TAMs (116), which can account 

for up to 30% of total cell counts in the tumor (117). Although two distinct cell populations, with microglia 

being resident immune cells in the central nervous system and macrophages being recruited to the tumor from 

the circulation, these cells are often considered to have closely resembling functions. Tumor cells actively 

recruit TAMs to the tumor regions through secretion of Osteopontin (OPN), Periostin (POSTN), C-C motif 

chemokine ligand 2 (CCL2), C-X3-C motif chemokine ligand 1 (CX3CL1), Colony stimulating factor 1 

(CSF-1), Heaptocyte growth factor (HGF), and Granulocyte-Macrophage colony-stimulating factor (GM-

CSF) to form a chemo-attracting gradient towards the tumor (118-121). TAMs have diverse roles in the 

TME, and traditionally, they have been phenotypically divided into the so-called M1 and M2 phenotypes 

(122).  

     M1 TAMs are considered pro-inflammatory with anti-tumor functions and can express Toll-like-receptor 

4 (TLR4), and secrete chemokines such as Tumor necrosis factor-α (TNF-α), Interleukin 1β (IL-1β), Inter-

leukin-6 (IL-6), Interleukin-8 (IL-8), Interleukin-23 (IL-23) and Interferon-γ (IFN-γ) (119, 123).  

     M2 TAMs are considered anti-inflammatory with pro-tumorigenic functions and secrete chemokines such 

as Transforming growth factor β (TGFβ), Interleukin-4 (IL-4), Interleukin-10 (IL-10), Pleiotrophin (PTN) 

and VEGF. The cytokines secreted by M2 TAMs induce proliferation of GSCs, tumor cell invasion and 

vascularization of the tumor regions and thereby facilitate tumor progression (124-128). Furthermore, M2 

TAMs strongly inhibit antitumor functions of T-cells, thereby facilitating immune evasion (129, 130). Tumor 

cells harness the recruited TAMs by secreting CSF-1 and OPN, which induces M2 polarization (131, 132) 

resulting in generation of the immunosuppressive TME which facilitates tumor growth while simultaneously 

inhibiting T-cell mediated immune responses.  

     Recent studies from the past few years are suggesting that TAMs are much more complicated than the 

simplistic M1/M2 division, which poses two extremes of the phenotypic spectrum. Investigations of TAMs 

on the single-cell resolution has now proposed significant functional heterogeneity among TAMs and co-

existence of many different distinct TAM subpopulations (133-135). 

Astrocytes 

Astrocytes are the major glial cell population in the normal healthy brain (136) and ensure fluid and neuro-

transmitter homeostasis as well as blood-brain-barrier integrity. Upon GBM growth, astrocytes obtain a 
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reactive phenotype, also termed astrogliosis (137). Tumor associated astrocytes (TAA) communicate with 

TAMs, and can be primed by TAMs to secrete TGF-β, IL-10 and G-CSF and thereby aid formation of the 

immunosuppressive TME in GBM (138). TAAs can additionally secrete TNF-α, Insulin growth factor-1 

(IGF-1) and IL-6, which induce tumor cell proliferation (139, 140). IL-6 secretion by TAAs further leads to 

expression and cleavage of several MMPs including MMP-2, MMP-9 and MMP-14 that facilitate extracellu-

lar matrix degradation and tumor cell infiltration (137, 141).  

     In addition to influencing tumor cells by secretion of soluble molecules, reactive astrocytes also form 

physical contact with tumor cells by gap-junctions and tunneling nanotubes, which can alter tumor cell pro-

liferation (142, 143). These physical interactions have also been implicated in resistance to chemotherapy 

(144, 145), possibly mediated by the gap-junction protein Connexin-43, however, the exact mechanism of 

action has not been fully uncovered. Recently, reactive astrocytes have been shown to secrete extracellular 

vesicles containing MGMT mRNA, which can be delivered and integrated into tumor cells and serve as an 

additional chemo-protective mechanism (146).  

Lymphocytes 

Tumor infiltrating lymphocytes (TIL) often constitute less than 0.2% of the total intra-tumoral cell count 

(147) and are primarily composed of CD8+ cytotoxic T-cells, CD4+ T-helper cells and regulatory T-cells (T-

reg) (148). TILs in GBM have an exhausted phenotype characterized by expression of multiple immune 

checkpoint molecules such as programmed cell death protein 1 (PD-1), CD39, T cell immunoreceptor with Ig 

and ITIM domains (TIGIT) and T-cell immunoglobulin mucin receptor 3 (Tim-3) as well as poor anti-

tumoral response capabilities (149, 150). This T-cell exhaustion is mediated both by tumor cells and cells in 

the TME, including TAMs, which express immune checkpoints or corresponding receptors exemplified by 

programmed death ligand 1 (PD-L1) (151, 152) and Tim-3 (153). These molecules engage with immune 

checkpoints such as PD-1 and Galectin-9 on T-cells, which leads to inhibition of the cytotoxic T-cell re-

sponses, thereby creating tumoral immune evasion.  

     T-regs have immunosuppressive functions and inhibit both T-cell proliferation and function mediated by 

expression of cytotoxic T-lymphocyte associated protein 4 (CTLA-4), which binds to CD80 and CD86 on T-

cells (154). Both tumor cells and TAMs are believed to recruit T-regs by secretion of CCL2 and C-C motif 

chemokine ligand 22 (CCL22) which bind to the C-C motif chemokine receptor 4 (CCR4) receptor on T-regs 

(155, 156), and to actively induce an immunosuppressive T-reg phenotype that secretes the anti-inflammatory 

chemokines IL-10 and TGF-β (157).  

Preclinical animal models in GBM research 

Preclinical in vivo experiments currently remain a necessity for some experimental procedures such as drug 

development and testing. Several different animal models for brain tumor research exist, and are categorized 

into chemically induced models, genetically engineered mouse models and xenograft models (158).  
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     Chemically induced models are based on inoculation of carcinogenic substances in the brain, which leads 

to tumor formation. These chemically induced tumors have been isolated and expanded in vitro to form ro-

dent-derived brain tumor cell lines. This method has been applied both in mice, where for instance the mu-

rine-derived GBM cell lines GL-261 and CT-2A (159, 160) are available, and in rats where typical cell lines 

include C6 and 9L (161). Since these cell lines are syngeneic, they can be implanted into fully immunocom-

petent animals, which is highly important for studies on tumor-immune interactions. The downside is that 

these murine GBM cell lines do not fully recapitulate the geno- and phenotypes of human GBMs and often 

lack the diffusely infiltrative phenotype found in patient tumors.  

     Genetically engineered mouse models are based on editing of genes that can drive tumor formation. Ex-

amples of altered genes include P53, phosphatase and tensin homolog (PTEN), platelet derived growth factor 

subunit B (PDGF-B) and EGFR (162, 163). These models are also syngeneic, but rely on a single or a few 

specific mutations at most. While this results in tumor formation, these models have the drawback of not 

fully recapitulating the mutational landscape of patient GBMs.  

     Xenograft models rely on implantation of human tumor cells into animals from a different species.  

Both commercial GBM cell lines such as U87 and U251 and patient-derived cells are used in xenograft mod-

els. The commercially available cell lines have undergone long-term culturing and genetic drift (164), and 

hence do not fully recapitulate the GBM cells from patient tumors, as they typically form circular well-

circumscribed tumors upon xenografting (figure 3A). Xenografts can be performed heterotopically or ortho-

topically (165). Heterotopic implantation is based on implantation of tumor cells at an anatomical location 

different from where the tumor cells were originally derived. The most commonly applied method is flank 

implantations, which are quick and easily performed. This gives some insight into e.g. anticancer functions of 

new drugs, but the tumor cells lack the interplay with the TME, and furthermore, influence of the blood-

brain-barrier on drug distribution and availability cannot be taken into account (166). To overcome this issue, 

tumor cells can be orthotopically xenografted, by which tumor cells are implanted directly into the brain 

(167, 168). This method results in the most accurate recapitulation of tumor-TME interactions, but is more 

laborious than simple flank implantations.  

     Orthotopic xenografts with tumor cells maintained in serum-free medium are currently the gold standard 

of preclinical GBM research. These models maintain the diffuse infiltrative nature also seen in patient GBMs 

(figure 3B) and recapitulate the tumor growth and behavior observed in humans (167). Some orthotopic 

xenografts can even mimic the extensively diffuse growth pattern formerly known as the gliomatosis cerebri 

tumor entity, with diffuse tumor cell infiltration in the majority of the brain (figure 3C). However, orthotopic 

xenografts have the drawback that immune-deficient animals are a prerequisite for successful tumor engraft-

ment, which implies limitations for immuno-oncological research (169). The optimal preclinical brain tumor 

model does not exist, and choice of model therefore largely depends on the specific research purpose.   
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Figure 3. Examples of orthotopic xenografts in immunodeficient mice. Tumors were immunostained for 

Anti-human Vimentin to mark the implanted human tumor cells. A) Orthotopic xenografts with the commer-

cial U87 cell line form well-circumscribed tumors with expansive growth patterns and no diffuse infiltration. 

B) Orthotopic xenograft with the patient-derived T111 cells show a highly infiltrative xenograft. C) Ortho-

topic xenografts with the patient-derived T113 cells show extensive diffuse tumor infiltration, resembling the

growth pattern formerly known as the tumor entity gliomatosis cerebri. Scale bar = 2.5 mm.
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Methodological considerations  

In vitro assays 

In vitro studies of GBM heavily relies on use of GBM cell cultures for experimental purposes. Traditionally, 

commercially available cell lines cultured in serum-containing medium have been widely used for cancer 

research purposes, but they have several limitations compared to patient-derived cells cultured in serum-free 

conditions. The absence of serum allows maintenance of tumor stem-like cells, which have much better 

recapitulation of the geno- and phenotypes found in patient tumors (170, 171). Furthermore, use of primary 

patient-derived cells is considered superior to commercially available cell lines, since they can maintain 

protein expression profiles of the original tumors (172, 173), while long-term culture of commercial cell lines 

induces genetic drift as exemplified by the U87 and U251 GBM cell lines (164, 174). 

 

Measurement of cell viability in vitro can be achieved with many different approaches such as MTT, MTS, 

trypan-blue, Lactate dehydrogenase release, CellTiter-Glo and Propidium Iodide (PI) assays. The PI cell 

viability assay was applied in manuscript II and is cheap, easy to use and offers relatively high throughput. It 

has the drawback that cell viability is determined by the surrogate measurement of fluorescence signal inten-

sity, where increasing signal correlates with increased cell death. This is due to the three-dimensional nature 

of the primary spheroid cultures, which does not allow for single-cell resolution measurements by this meth-

od. To achieve a measurement for the relative cell viability, a positive control with 100% cell death was 

included in the form of cells treated with 10 mM TMZ. This positive control was validated with the MTS 

assay, which yielded comparable results to the PI data. Hence, we chose to use the PI assay based on its ease 

of use for experiments in manuscript II.    

  

Diffuse infiltration and cell migration is a hallmark of GBMs, and can be studied in vitro by migra-

tion/invasion assays. The most common assay includes use of a trans-well system, where tumor cells are 

plated in the top compartment on a protein matrix such as Matrigel or Geltrex. In the lower compartment, a 

chemoattractant, typically fetal bovine serum is added, and cells will then invade through the matrix into the 

lower compartment (175).  Flat-surface migration assays, as we have used in manuscript II, have the benefit 

of using serum-free conditions throughout the entire assay, which ensures that tumor cells avoid phenotypic 

shifts associated with serum exposure, which is commonly used a chemoattractant in trans-well-assays to 

promote migration (176). The drawback is that we only measured cell motility on a flat 2D-surface, and not 

invasive behavior through a 3D matrix. We prioritized the serum-free conditions, since the tested inhibitor in 

manuscript II, SB747651A, showed signs of altering tumor cell stemness towards increased differentiation, 

hence a serum-free assay was best suited to avoid assay induced differentiation conditions, which could 

influence and mask potential biological implications that SB747651A could have on tumor cells.    
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Measurement of protein expression in vitro has been performed by western blotting for decades (177). How-

ever, the procedure is time-consuming and offers low throughput. Simplified assays such as dot-blots have 

been developed as an alternative method to obtain similar results (178), and were applied in manuscript II. 

Compared to traditional Western Blots, the dot-blot technique allows multiplexing of many proteins on a 

single membrane, and thus has much higher throughput and time-efficiency. Dot-blots may be more prone to 

higher background signal, due potential risk of more unspecific binding, which can be ascribed to the missing 

size separation of proteins. However, we chose to use the dot-blot method as a means to perform a broader 

screening of many different phospho-proteins. Interesting findings were validated with immunohistochemis-

try to ensure reproducibility and validity of our findings.   

Animal experiments 

Use of Immunocompromised animals is a prerequisite for successful engraftment of human tumor cells, 

however this can result in limitations in translatability, in particular when studying tumor-immune interac-

tions. Many different strains of immunocompromised animals are available with different degrees of immune 

defects. Female Crl:CAnN.Cg-Foxn1nu, also known as nude BALB/c, mice aged 7-8 weeks were chosen for 

the xenograft experiments in manuscript II. These mice have a mutation in the Forkhead Box N1 (Foxn1) 

gene, resulting in athymic animals, which lack T-cells. Compared to other strains of immunocompromised 

mice, e.g. NOD-SCID mice, which lack both T-cell, B-cell and NK-cell function, the CAnN.Cg-Foxn1nu 

mice maintain some function of their immune system while simultaneously being sufficiently immunocom-

promised to allow successful engraftment of tumors. This strain was therefore chosen for all mouse experi-

ments. Similar to mice, immunocompromised rats can be used for orthotopic xenografts. In manuscript III, 

we chose female Crl:NIH-Foxn1rnu rats, aged 6-8 weeks, over Crl:CAnN.Cg-Foxn1nu mice due to their larger 

size. This was done for two reasons: I) The resolution of PET/CT scans has limitations, and since rats are 

significantly larger than mice, visualization of tumors on the PET/CT scans was predicted to be easier on 

larger animals. II) The tumor resection procedure is easier to perform on rats where visual conditions during 

surgery are better, and the risk of accidental traumatic brain damage is smaller than in mice due to the larger 

brain volume of rats. The NIH-Foxn1rnu rat strain is comparable to the CAnN.Cg-Foxn1nu mouse strain in 

regard to immunodeficiency, since they have the same Foxn1 mutation and both lack T-cells.     

Preclinical imaging modality and PET radioisotope selection 

Preclinical imaging requires specialized high-resolution small-animal imaging instruments (179). As previ-

ously described, MRI is the gold standard of clinical brain tumor imaging; however, preclinical MRI scanners 

are not readily available, and the Danish Molecular Biomedical Imaging Center at the University of Southern 

Denmark does not have access to a preclinical MRI scanner. Instead, a Siemens Inveon small animal imaging 

PET/CT-scanner was used for the preclinical imaging performed in manuscript III. The Inveon scanner has a 
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maximum spatial resolution of 40 microns, which was deemed sufficient for skeletal imaging of the rats, in 

particular since the scanner has integrated PET imaging for specific tumor mass visualization. 

     Many different radioisotopes are available for brain tumor imaging. In preclinical glioma studies using 

rats, both 18F-FLT and 18F-FET have demonstrated lower background uptake in inflammatory regions and 

better tumor-to-inflammation ratios compared to the widely used 18F-FDG (180, 181). Direct comparisons 

between 18F-FLT and 18F-FET in GBM patients show that 18F-FET has the highest sensitivity in regard to 

tumor identification (182). 18F-FLT uptake in tumors can be influenced by Thymidine phosphorylase (TP) 

(183), and TP inhibition is thus commonly applied in preclinical imaging studies using 18F-FLT (180, 181). 

11C-Met has similar performance to 18F-FET, however, the 11C has a very short half-life of approximately 20 

minutes compared to 110 minutes for 18F (184), and the rapid decay rate of 11C prohibited its use in our set-

ting. We chose to use 18F-FET as a tracer in manuscript III due to its low uptake in inflammatory cells and 

high sensitivity regarding tumor cell detection, without the need for pretreatment of the animals with TP 

inhibitors.    

Materials and methods 

The following sections include descriptions of materials and methods applied throughout the manuscripts that 

form the basis of this thesis. There will be some overlap with descriptions from the full materials and meth-

ods sections included in the attached articles (appendices 1-3) relating to the published manuscripts I/II (185, 

186) and manuscript III, which has not yet been published.

Patient inclusion and ethical approval (Manuscript I, II, III) 

Archived formalin-fixed paraffin embedded (FFPE) glioblastoma tissue samples from patients living in the 

Region of Southern Denmark, who had a primary diagnosis of GBM between January 1, 2005 and December 

31, 2019 were used throughout this thesis. All diagnoses were updated according to the 2016 WHO classifi-

cation (21).  All patients were followed from the date of surgery until death or date of censoring. None of the 

patients had a record of previous brain malignancies, and no treatment was given prior to surgery. Use of 

patient tissue specimens was approved by the Danish Data Inspection Authority (approval number 16/11065) 

and the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-

20150148). 

Immunohistochemistry (Manuscript I, II, III) 

Tissue sections with a thickness of 3 µm were cut from FFPE blocks using a microtome. The sections were 

mounted on glass slides, deparaffinized, and subject to heat-induced epitope retrieval (HIER) with either the 

tris-based Cell Conditioning 1 buffer (Ventana Medical Systems) for stainings performed on the Discovery 

Ultra staining platform or T-EG buffer (10 mM Tris-base + 0.5 mM EGTA) for stainings performed on the 
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Autostainer Link 48 platform. Next, endogenous peroxidase activity was blocked with peroxidase inhibitor. 

Tissue sections were then incubated with primary antibodies targeting the epitope of interest. The Optiview 

3,3´-diaminobenzidine tetrahydrochloride (DAB) IHC Detection Kit was used for the Ventana Discovery 

Ultra platform, and utilizes secondary and tertiary antibodies conjugated with a HRP multimer that facilitates 

generation of DAB precipitates upon addition of DAB-solution and H2O2. Antibody detection on the Auto-

stainer Flex 48 platform was performed with the EnVision FLEX DAB+ substrate chromogen system (Ag-

ilent Dako). Nuclei were counterstained with either Hematoxylin II (Roche) or EnVision FLEX Hematoxy-

link Link (Agilent Dako). Two tissue multiblocks served as both negative and positive controls: One contain-

ing 27 different normal tissues and 12 different solid cancers and one containing 9 different GBMs. The full 

list of antibodies and applied detection systems used throughout manuscripts I-III can be found in table 1. 

 

Antibody Animal 

species 

Vendor Clone

/Cat 

no. 

Dilution 

and incuba-

tion time 

Instrument  Detections system(s) 

EGR1 Rabbit 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

15F7 1:50 

32 minutes 

at 36°C 

Ventana 

Benchmark 

Ultra. 

 

IHC: Optiview-DAB 

IHC detection kit. 

IF: Tyramide Signal 

Amplification System 

Cy-5. 

EGR3 Rabbit 

polyclonal 

Ther-

moFisher 

Scientific 

PA5-

40841 

1:2000 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection kit. 

IF: Discovery Om-

niMap-HRP + Cy-5 

kit. 

P53 Mouse 

monoclo-

nal 

Ventana 

Medical 

Systems 

DO7 Ready-to-

use 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra.  

Discovery OmniMap-

HRP + FAM kit. 

Ki-67 Mouse 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

8D5 1:3000  

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection kit. 

IF: Discovery Om-

niMap-HRP + FAM 

kit. 

Phosho-

Histone 

H3 (Ser10) 

Rabbit 

monoclo-

nal 

Epitomics E173 1:3000 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Nestin Mouse 

monoclo-

nal 

R&D 

Systems 

19690

8 

1:1000 

32 minutes 

at 36°C  

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Bmi-1 Mouse Upstate F6 1:200 Ventana Optiview-DAB IHC 
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monoclo-

nal 

Biotech-

nology 

32 minutes 

at 36°C 

Discovery 

Ultra. 

detection kit. 

CD133 Mouse 

monoclo-

nal 

Miltenyi 

Biotec 

W6B3

C1 

1:40 

60 minutes 

at room 

temperature 

Dako Auto-

stainer Link 

48. 

EnVision FLEX 

DAB+ susbtrate 

chromogen system 

SOX2 Mouse 

monoclo-

nal 

R&D 

Systems 

24561

0 

1:200 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection kit. 

IF: Discovery Om-

niMap-HRP + FAM 

kit. 

Musashi-1 Rat mono-

clonal 

MBL 

Interna-

tional 

Corpora-

tion 

14H1 1:200 

60 minutes 

at room 

temperature 

Dako Auto-

stainer Link 

48. 

EnVision FLEX 

DAB+ susbtrate 

chromogen system 

Phospho-

GSK3 

(Y216+Y2

79) 

Rabbit 

monoclo-

nal 

Abcam EPR9

33Y 

1:100 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Phospho-

GYS1 (Ser 

641) 

Rabbit 

polyclonal 

Ther-

moFisher 

scientific 

PA5-

17702 

1:400 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Phospho-

CREB (Ser 

133) 

Rabbit 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

87G3 1:800 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Phospho-

mTOR 

(Ser 2448) 

Rabbit 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

49F9 1:200 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection kit. 

Vimentin Rabbit 

monoclo-

nal 

Ne-

oMarkers 

SP20 1:600 

32 minutes 

at 36°C 

Dako Auto-

stainer Link 

48 and 

Ventana 

Discovery 

Ultra. 

 

IHC: EnVision FLEX 

DAB+ susbtrate 

chromogen system 

and Optiview-DAB 

IHC detection kit.  

IF: Discovery Om-

niMap-HRP + Cy-5 

kit. 

Iba1 Rabbit 

polyclonal 

Wako Pure 

Chemical 

Industries 

019-

19741 

1:2000 

16 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 



 

 

 

36 

 

IF: Discovery Om-

niMap-HRP + Cy5 

Kit 

OLIG2 Rabbit Immuno-

Biological 

Laborato-

ries 

18954 1:200 

32 minutes 

at 36°C 

 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 

IF: Discovery Om-

niMap-HRP + FAM 

Kit 

POU3F2 Rabbit 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

D2C1

L 

1:2000 

32 minutes 

at 36°C 

 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 

IF: Discovery Om-

niMap-HRP + FAM 

Kit 

PTN Mouse 

Monoclo-

nal 

Abnova 5C3 1:1000 

32 minutes 

at 36°C 

 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 

IF: Discovery Om-

niMap-HRP + FAM 

Kit 

PTPRZ1 Mouse 

Monoclo-

nal 

BD Trans-

duc-tion 

Labora-

tories 

12/RP

TPβ 

1:6000 

32 minutes 

at 36°C 

 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 

IF: Discovery Om-

niMap-HRP + FAM 

Kit 

VEGF Mouse 

Monoclo-

nal  

R&D 

Systems 

26503 1:500 

32 minutes 

at 36°C 

 

Ventana 

Discovery 

Ultra. 

Optiview-DAB IHC 

detection Kit 

 

Notch1 Rabbit 

monoclo-

nal 

Cell Sig-

naling 

Technolo-

gy 

D1E1

1 

1:100 

32 minutes 

at 36°C 

Ventana 

Discovery 

Ultra. 

IHC: Optiview-DAB 

IHC detection Kit 

 

IF: Discovery Om-

niMap-HRP + FAM 

Kit 

Table 1. Antibodies, dilutions, staining instruments and detection systems used for IHC and IF procedures in manuscripts 

I-III. IHC = Immunohistochemistry. IF = Immunofluorescence. 
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Immunofluorescence (Manuscript I, II, III) 

Tissue sections were prepared as previously described for the Ventana Discovery Ultra platform. The first 

primary antibody was detected with the OmniMap-HRP kit combined with the Cyanine-5 (CY-5) kit (Ven-

tana Medical Systems). A second HIER was performed prior to incubation with the second antibody targeting 

the second epitope of interest. The second antibody was detected with the OmniMap-HRP kit combined with 

the Fluorescein amidite (FAM) kit (Ventana Medica Systems). Nuclei were counterstained with Vectashield 

mounting medium containing the DNA stain 4′,6-diamidino-2-phenylindole (DAPI).    

Automated quantitative analysis (Manuscript I, II, III) 

Stained IHC slides were digitalized using the NanoZoomer 2.0HT digital image scanner (Hamamatsu photon-

ics, Japan) and imported into the microarray module of the Visiopharm software (V2018.9.4). Immunofluo-

rescence images were acquired on a Leica DM6000B microscope equipped with an Olympus DP72 camera 

and a Ludl motorized stage integrated with the Visiopharm software. Briefly, Bright field super images were 

acquired at 1.25X magnification, and regions of interest (ROI) on each slide were manually outlined. The 

software was set to randomly sample 10 images from each ROI using a Meander number of samples based 

algorithm. Acquired images were reviewed, and excluded in case of blurring, <20% viable tissue in the image 

and/or excessive necrosis. Different software-based classifiers were designed to identify and quantify staining 

areas, staining intensities and fractions of different cell populations. 

Cell culturing (Manuscript II, III) 

All cell cultures used for this thesis are primary patient-derived GBM cell cultures, which have  been validat-

ed by spheroid formation and differentiation assays, molecular subtyping, a custom NGS panel investigating 

mutational status of 20 of the most frequently mutated genes in glioma (26) and orthotopic xenograft for-

mation in mice. Some of the cell cultures have furthermore been sequenced with the Oncomine Comprehen-

sive Assay v3 (ThermoFisher Scientific) and were subject to investigation of their DNA methylation land-

scape using the Illumina 850 k methylation array. The following cell cultures were used: T78, T86, T87, 

T110, T111, T123, T129, T138 and P3. All cells were cultured as free floating three-dimensional spheroids in 

serum-free medium consisting of Neurobasal-A medium (Gibco) supplemented with 1% B27 (Invitrogen), 

0,5% N2 (Invitrogen), 1% L-Glutamine (Gibco), 1% Penicillin + streptomycin (Gibco), 25 ng/ml EGF (Sig-

ma-Aldrich), and 25 ng/ml bFGF (PeproTech) in a humidified incubator at 37 °C with 5% CO2.  

     Culture medium was changed twice per week, and spheroids were passaged using Trypsin (Gibco) or 

Accutase (Stemcell Technologies) once they reached diameters of approximately 600 µm. Spheroids for 

intended use in IHC stainings were immersion-fixed in 4% formaldehyde for 24 hours, washed with 0.9% 

NaCl three times, and re-suspended in human plasma. Thrombin is added to form a cell-clot, which is then 

paraffin embedded.  
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Cell viability assessment with PI (Manuscript II, III) 

PI is a fluorescent dye that intercalates with bases in the DNA and emits fluorescence at 617 nm upon excita-

tion at 535 nm. Viable cells with intact cell membranes do not allow uptake of PI, while PI readily passes the 

compromised cell membranes of dead cells. Hence, nuclear PI uptake in cells can be used as a marker of cell 

death (187). To measure cell viability, PI was added to the cell culture medium at a final concentration of 

0.02 mM and incubated for three hours in the dark. Fluorescence images were acquired with a LEICA DM 

IRB inverted fluorescence microscope equipped with a LEICA DFC300 FX camera. Staining intensities were 

measured with the ImageJ software (188). The cell viability was measured on cells treated with different 

concentrations of TMZ (30-1600 µM) for 48 hours and on cells exposed to the small-molecule inhibitor 

SB747651A (1 nM to 1 mM) for durations of 1-10 days.  

Cleaved Caspase 3/7 mediated apoptosis (Manuscript II) 

Cells undergoing apoptosis activate effector caspases through cleavage, which is a prerequisite for initiation 

of their proteolytic effect (189). Two crucial effector Caspases in the apoptosis process are Caspase-3 and 

Caspase-7 (190), and these were chosen to assess the degree of apoptotic cells in manuscript II. The amount 

of cleaved Caspase 3/7 can be quantified in cells by adding an amino acid peptide substrate conjugated to a 

nucleic acid binding dye to the cells. This dye emits light upon cleavage by Caspase 3/7 and can be visualized 

with a fluorescence microscope and appropriate filters. To measure apoptosis in cell cultures, CellEvent 

Caspase 3/7 Green Detection Reagent (ThermoFisher Scientific) with excitation/emission of 502/530 nm 

respectively was added to the culture medium at a final concentration of 0.02 mM and incubated for three 

hours in the dark. Images were acquired and analyzed as described for PI above.  

Limiting dilution assay (Manuscript II, III) 

Tumor spheroids were dissociated into single cells and a serial dilution was made using 96-well plates with 

the following cell numbers seeded in 12 wells per plate: 10,000/well, 1,000/well, 100/well, 10/well, and 

1/well (Manuscript II) or 100/well, 50/well, 10/well, 5/well and 1/well (manuscript III). After incubation for 

10 days, the fraction of wells not containing spheroids was counted, log-transformed, and plotted against the 

number of cells/well with the ELDA software (191), thereby calculating the tumor-initiating-cell frequency.  

Cell migration assay (Manuscript II) 

A flat-surface 2D migration assay was used to investigate cell migration. Briefly, Geltrex (Gibco) was mixed 

with culture medium (1:50), and 1.4 ml was added to each well in 12-well plates. The coated well-plates were 

incubated overnight at 36 °C and the supernatant aspired. A single GBM spheroid was seeded in each well, 

and well-plates were incubated for 90 min at 36 °C, prior to addition of 1 ml medium to each well. Images of 
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each well were acquired immediately after spheroid seeding, and regularly every 24 h for a total of 3 days. 

The migration distance was measured with the ImageJ software. 

Membrane based phospho-protein assay (Manuscript II) 

The relative phospho-protein quantities were determined with the Proteome profiler human phosphor-MAPK 

array kit (R&D Systems) according to manufacturers instructions. Briefly, samples were prepared by lysing 

cells with the included kit lysis buffer supplemented with Halt protease and phosphatase inhibitor cocktail 

(ThermoFisher Scientific) at 2X concentration. Protein concentrations were determined with the Pierce BCA 

protein assay kit (ThermoFisher Scientific) and 200 µg of total protein was loaded on each membrane. Signal 

detection was performed by chemi-luminescent x-ray film exposure, and exposed films were digitalized, and 

quantified by densitometry performed with the ImageJ software.  

Measurement of intracellular glycogen concentrations (Manuscript II) 

Spheroids from the T78 cell culture were centrifuged at 100 RCF for 7 min at 4 °C, washed with ice-cold 

PBS twice, and lysed with ddH2O at 8 × 106 cells/ml. Lysates were heated to 100 °C for 10 min, spun down 

at 14,000 RCF for 5 min and the supernatant was pipetted into a new Eppendorf tube and stored at − 80 °C 

Glycogen concentrations were measured in the samples with the glycogen Assay Kit II (Colorimetric) 

(Abcam) according to manufacturer’s instructions using 96-well plates and a BioTek EL808 plate reader with 

absorbance measurements performed at 450 nm. Glycogen concentrations were determined based on the 

included glycogen concentration standards included in the assay kit. 

Measurement of intracellular reactive oxygen species (ROS) (Manuscript II) 

Measurement of intracellular ROS was performed with the CellROX green reagent (ThermoFisher Scien-

tific), and is based on a cell-permeable fluorogenic probe that emits fluorescence at 520 nm upon oxidation 

by ROS and subsequent excitation at 485 nm. Hence, increases in fluorescence signal can be used as a surro-

gate marker for increases in intracellular ROS. CellROX reagent was reconstituted in Dimethyl Sulfoxide, 

added to live cells at a final concentration of 5 µM and incubated for 1 hour. Cells were washed with PBS 

three times and fluorescence images were acquired with a LEICA DM IRB inverted fluorescence microscope 

equipped with a LEICA DFC300 FX camera. Staining intensities were measured with the ImageJ software. 

Menadione was included as a positive control for ROS induction (192). 

MTS proliferation assays (Manuscript III) 

Cellular proliferation was assessed with the colorimetric MTS assay kit (Abcam) according to manufacturer´s 

instructions. Briefly, experiments were performed with spheroid cultures in 96-well plates, and 20 µl MTS 

reagent was added per well. After 4 hours incubation, the absorbance was measured at 490 nm on a BioTek 
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EL808 plate reader. Experiments were performed as technical duplicates, and a minimum of three individual 

experiments were performed. 

Orthotopic xenograft models (Manuscript II, III) 

Female Crl:CAnN.Cg-Foxn1nu mice aged 7-8 weeks (Manuscript II) or female Crl:NIH-Foxn1rnu  rats, aged 

6-8 weeks (manuscript III) were anaesthetized with a mix of Hypnorm (Fentanyl 0.315 mg/ml + Fluanisone 

10 mg/ml) and Midazolam (5 mg/ml) and placed in a stereotactic frame (David Kopf Instrument). The skin 

covering the skull was wiped with 80% ethanol, and a 10 mm incision was made along the midline. Skin 

flaps were retracted with 4-0 VICRYL sutures (Ethicon). Periost was scraped off with a spatula, bregma was 

located, and a small burr-hole was made 1 mm anterior and 2 mm laterally from bregma using a handheld 

dental handpiece equipped with a 1 mm hard-metal rose drill head (Emil Lange). A 2 µl suspension of 

300.000 tumor cells in HBSS + 5% glucose was slowly injected into the right hemisphere over several 

minutes with a Hamilton syringe at a depth of 3 mm (mice) or 2.5-3.5 mm (rats). The syringe was slowly 

retracted, and the skin was sutured with interrupted 5-0 VICRYL sutures. Post-surgical analgesia was 

achieved with Temgesic at a final concentration of 0.02 mg/ml. Temgesic was injected subcutaneously three 

times daily during the first 48 hours after surgery and animals closely monitored for signs of neurological 

deficits.  

 

General aspects for mice and rats   

All animal experiments were approved by, and performed in accordance with, permissions granted by The 

Animal Experiments Inspectorate in Denmark (Approval numbers: 2018-15-0201-01471 & 2018-15-0201-

01472). Animals were housed in groups on a 12:12 daylight schedule and with ad libitum access to irradiated 

rodent chow and autoclaved water. Mice and rats were housed in separate stables to minimize stress. All 

cages contained sterile nesting, enrichment and chewing materials. Room temperature and relative humidity 

were maintained at 22 °C and 45-65% respectively. All animals were monitored on a daily basis and eu-

thanized if they displayed any sign of neurological deficit or had ≥20% body weight loss. Following euthana-

sia in a CO2 chamber, the brains were immediate removed and fixed in 4% formaldehyde for 48 hours prior 

to cutting into coronal slices with a thickness of 1 mm, which were paraffin embedded and subject to im-

munohistochemistry.     

 

Measurement of serum Alanine transaminase (ALT) and creatinine (Manuscript II) 

Upon euthanasia of animals from the control and SB747651A groups, a blood sample was taken from each 

mouse with a 300 μl Microvette CB serum tube (Sarstedt), and spun down at 2.000 RCF for 5 min. The se-

rum was isolated and frozen immediately at − 80 ˚C. Measurements of ALT and creatinine levels was per-

formed with the colorimetric ALT activity assay and Creatinine assay kits (Sigma-Aldrich) in 96-well plates 
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according to manufacturer’s instructions. Each sample was assayed as technical duplicates and 10 μl serum 

was used per well. The absorbance was measured at 562 nm on a BioTek EL808 plate reader. 

Measurement of in vitro cellular 18F-FET uptake (Manuscript III) 

GMP-grade 18F-FET was purchased from the Department of Clinical Physiology, Nuclear Medicine & PET 

at Rigshospitalet, Copenhagen, Denmark. Approximately 1 million cells from the P3, T78, T86, T110, T111 

and T138 cell cultures were exposed to 15 kBq 18F-FET for 60 minutes and subsequently washed with PBS 

three times to remove remaining tracer.18F-FET tracer uptake was measured in the AtomLab 950 (Biodex 

Medical Systems) and defined as %-uptake of initial dose/200.000 cells. Results were decay corrected and 

normalized by cell number counts and background uptake in untreated control cells.  

PET/CT scans and data analysis (Manuscript III)  

Animals were fasted for 4 hours and anaesthetized with a mixture of 1.5-2% isoflurane and 100% oxygen and 

placed feet first in a prone position on a heated PET/CT animal bed. Through a tail-vein catheter, 48.7 ± 3.22 

MBq of 18F-FET was injected in 0.5 ml volume as a single bolus followed by flushing with 0.5 ml saline. 

Respiration and temperature of animals was monitored during the imaging session using the BioVet system 

(M2M Imaging, Cleveland, Ohio, US). First, a 1-bed CT scan was performed of the skull of the animal, for 

attenuation correction and anatomic orientation. The CT scan was reconstructed using the Feldkamp algo-

rithm, with Sheep-Logan filter, slight noise reduction, and Hounsfield calibration. A 15 min. static PET scan 

was performed 60 min. post-injection of 18F-FET in an energy window at 350-650 keV and axial scan length 

of 127mm. CT and PET images were co-registered using a transformation matrix and CT-based attenuation 

correction applied to the PET data. Reconstructed of PET data was performed using an OSEM3D/SP-MAP 

algorithm (2 x OSEM iterations and 18 x MAP iterations) with scatter correction and a matrix size of 

128x128, resulting in a final target resolution of 0.8 mm (Siemens INVEON pre-clinical software). Data 

analysis of the PET/CT fused images was performed with the INVEON research workplace software version 

4.2 (IRW, Siemens Medical Solutions, Malvern, PA, USA). Spherical regions of interest (ROI) were drawn 

in the tumor areas guided by CT images intending not to exceed the boundaries of the skull. Maximum inten-

sity projections were obtained after setting the PET signal scale from zero to maximum of the tumor ROI 

uptake. Different ROI threshold values ranging from 40-100% of maximum standardized uptake values 

(SUVmax) were applied and correlated to histological tumor volumes. The tumor/background ratios were 

calculated based on SUVmax in tumor ROI´s and SUVmean in a spherical ROI with a diameter of 4 mm in 

the contralateral hemisphere.  
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Surgical tumor resection (Manuscript III) 

Animals were anaesthetized as previously described, and placed in the stereotactic frame. The skin was 

wiped with 80% ethanol, incised along the midline, and the burr hole from the tumor cell implantation was 

located. A craniotomy with a diameter of approximately 5-6 mm was made using a 1 mm Lindemann drill 

with intermitting irrigation with sterile saline and subsequent suctioning. The craniotomy was centered 

around the old burr hole. The bone flap was carefully removed with micro forceps to expose the underlying 

meninges and brain. The tumor was exposed and resected by gentle microdissection alternated with saline 

irrigation and suctioning. In case of bleeding, hemostasis was achieved with hemostatic cellulose (Surgicel, 

Ethicon) or gentle bipolar electrocoagulation using an ICC 50 electrosurgical unit (Erbe Elektromedizin). 

Once all visible tumor was resected, the cavity was rinsed with sterile saline, and multiple small pieces of 

Surgicel were placed in the cavity for several minutes to ensure complete hemostasis. The surgicel was then 

carefully removed, and the bone flap gently repositioned and fixed with Dermabond (Johnson & Johnson). 

The skin was sutured with 5-0 sutures, and analgesia was administered as previously described.  

Tumor dissociation (Manuscript III) 

The brains from euthanized tumor bearing animals were removed and immediately immersed in MACS tissue 

storage solution (Miltenyi Biotec) chilled to 4C˚ and kept on ice for transportation. Each brain was first me-

chanically dissociated using sterile disposable scalpels to isolate the tumor area, and tumor regions from two 

brains were then pooled into one sample to obtain sufficient cell numbers for sorting. Dissected tumor con-

taining regions were then further processed using the Brain tumor dissociation kit (Miltenyi Biotec) and the 

gentleMACS Dissociator (Miltenyi Biotec)  according to manufacturers instructions to generate single cell 

suspensions. Cells were then spun down at 30 RCF for 10 minutes at 4C˚ and resuspended in DPBS prior to 

debris removal using the Debris removal solution (Miltenyi Biotec). After debris removal, an additional step 

of myelin removal was performed using Myelin Removal Beads II (Miltenyi Biotec). Finally, red blood cells 

were lysed using a 1X red blood cell lysis buffer (Santa Cruz Biotechnology). For primary tumors a total of 6 

individual tumor regions (3 samples) and for recurrent tumors a total of 8 individual tumor regions (4 sam-

ples) were processed.  

Cell sorting (Manuscript III) 

First, Fc-receptors were blocked with Mouse-anti-rat CD32 (Clone: D34-485, BD Pharmingen) for 5 minutes 

at room temperature before addition of mouse-anti-human HLA-ABC Alexa Fluor 700 (clone: W6/32, Bio-

rad). Finally, the Live/dead fixable violet stain (Invitrogen) was added to the tubes and incubated simultane-

ously with the antibody. All tubes were covered with tin foil, and incubated for 30 minutes at 4°C in the dark, 

followed by washing of cells with 2-3 ml cell sorting buffer and subsequent centrifugation at 300 RCF for 5 

minutes at 4°C. A total of three washes were performed before the cells were resuspended in 250 ul cell 
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sorting buffer. Cells were kept on ice in the dark until the cell sorting was performed using a FACSAria III 

sorter with the FACSDiva software V8.0.2 (BD Biosciences) equipped with a 100 µm nozzle and a 1.5 grey 

filter. Instrument compensation was performed with Anti-Mouse Ig, ĸ CompBeads (BD biosciences) and the 

ArC Amine Reactive Compensation Bead Kit (Thermo Fisher Scientific) for the Live/dead Violet staining. 

Cells were sorted with the gating strategy set to identify live tumor cells. Sorted cells were put back on ice 

immediately after sorting, and sorting purity was validated by re-acquisition of a small aliquot of sorted cells. 

Total mRNA sequencing and data analysis (Manuscript III) 

Cells used for downstream bulk RNA sequencing were washed with 2 ml chilled DPBS three times, lysed in 

200 μl  MagNA Pure LC mRNA Isolation Kit I lysis buffer (Roche). Total RNA was extracted from cell 

lysates with the MagNA Pure LC 2.0 instrument (Roche). RNA concentrations and integrity were measured 

with the NanoDrop (ThermoFisher) and 2100 Bioanalyzer (Agilent). 

     Bulk RNA sequencing was performed by Amplexa Genetics A/S, Odense, Denmark. Briefly, The NEB-

Next Poly(A) mRNA Magnetic Isolation module was used to isolate mRNA, and cDNA synthesis was per-

formed with the NEBNext Ultra II RNA Library Prep Kit for Illumina according to manufacturers instruc-

tions. Sample barcoding was performed with Single Index NEBNext Multiplex Oligos for Illumina E6609S. 

Sequencing was performed on the Illumina NovaSeq 6000 sequencing system (Illumina), using a 100 cycle 

S1 flow-cell with the NovaSeq 6000 S1 Reagent Kit v1.5 and 2 x 50 bp sequencing.  

     The human RNA sequence data were aligned against the Homo sapiens genome (GRCh38.p13) and tran-

scriptome (ENSEMBL GRCh38.101) references using STAR (193). Quantification and gene expression 

determination was based on the STAR ReadsPerGene.out.tab file. The edgeR R‐package (194) was used for 

transformation of the raw counts into counts per million (cpm) and for filtration of very low expressed genes. 

Only genes which had cpm ≥1 cpm in at least three samples were kept for further analysis. After filtering, the 

data were normalized using trimmed mean of M‐values normalization, and differential expression analysis 

comparing samples from primary vs. recurrent tumors was performed using the glmFit and glmLRT func-

tions embedded in the edgeR package. False discovery rate (FDR) was used to correct for multiple testing and 

genes with FDR ≤0.05 were considered significantly differentially expressed. Detection of de-regulated and 

enriched BIOCARTA (195), KEGG (196),  REACTOME  (197), and GO terms (198) was based on pre-

ranked gene set enrichment analysis using the gene log2 fold change as ranking metric and using the fgsea R 

package (199) for calculations. 

Pleiotrophin ELISA assay (Manuscript III)  

Two million tumor cells were resuspended in 20 ml culture medium and incubated for 48 hours. After cen-

trifugation at 300 RCF for 5 minutes, the medium supernatant was aspired and immediately frozen at -80 °C 

until analysis. The human Pleiotrophin/PTN ELISA kit (Invitrogen) was used according to manufacturer’s 

instructions with 100 µl undiluted medium per reaction. The absorbance was measured at 450 nm on a Bio-
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Tek EL808 plate reader. Data was normalized against a negative control and PTN concentrations calculated 

based on the standard curve. All measurements were performed as technical duplicates, and three independ-

ent experiments were performed. 

Statistics 

The following is a brief description of general applied statistical methods. For elaborate descriptions, please 

see the full length manuscripts (appendices 1-3). 

     All data was tested for Gaussian distribution with the D´Agostino-Pearson omnibus normality test. In case 

of Gaussian distribution, data with two groups was analyzed with two-tailed paired or unpaired T-tests, while 

multiple groups were analyzed with One-Way ANOVA followed by Tukey´s multiple comparison test. In 

case of non-Gaussian distribution, data with two groups was analyzed with Mann-Whitney or Wilcoxon tests, 

while multiple groups were analyzed with the Kruskal-Wallis test and subsequent Dunn´s multiple compari-

son test. Grouped datasets were analyzed with two-way ANOVA tests. Correlations between datasets were 

analyzed by Pearson r correlation or Spearman rank correlation. Survival analysis was performed with 

Kaplan-Meier survival curves and compared using the Log-rank test. Cox proportional hazard regression was 

performed to identify independent prognostic variables. For analysis of RNA sequencing data, FDR was used 

to correct for multiple testing and genes with FDR ≤0.05 were considered significantly differentially ex-

pressed. In general, P-values of ≤ 0.05 were considered statistically significant. The statistical analyses were 

performed in STATA V15 (StataCorp LP, College Station, Texas) and GraphPad Prism V9.0. (GraphPad 

Software Inc., San Diego, California). 
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Results 

In the following section, the main findings from the included manuscripts are recapitulated. The full-length 

manuscripts with detailed results sections are attached as appendices 1-3. 

Manuscript I – Expression and prognostic value of the transcription factors EGR1 

and EGR3 in gliomas 

 

Aim: 

The aim of this study was to investigate EGR1 and EGR3 protein expression in gliomas, and to compare 

expression profiles across different intra-tumoral regions, including both non-migrating and migrating tumor 

cells. We aimed to investigate potential correlations between EGR1 and EGR3 protein expression levels and 

overall patient survival.  

   

Main findings: 

 All investigated tumors expressed both EGR1 and EGR3 protein and considerable inter-tumor vari-

ation was found. 

 EGR1 protein expression positively correlated with WHO-grade. 

 EGR1 protein expression in tumor cells declined in the peripheral tumor regions compared to cen-

tral tumor regions. 

 EGR1 protein expression was not associated with patient survival after adjustment for clinical con-

founders. 

 The majority of patients with high EGR1 expression had methylated MGMT-promoters. 

 EGR3 protein expression increased in tumor cells in the peripheral regions compared to central tu-

mor regions. 

 High EGR3 protein expression was associated with poor patient survival in patients with methylat-

ed MGMT-promoters. 
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Manuscript II – The small-molecule inhibitor SB747651A shows in vitro and in vivo 

anticancer efficacy in glioblastomas 

Aim: 

The aim of this study was to perform the first characterization of the multi-target small molecule inhibitor 

SB747651A in GBMs. We utilized three well-characterized patient-derived GBM spheroid cultures and 

aimed to investigate the effect of SB747651A on cell viability, apoptosis, spheroid formation and growth, 

cell migration and chemo-resistance. In vivo experiments using orthotopically xenografted mice were per-

formed with the aim of performing a basic toxicity assessment of SB747651A, and investigating a potential 

overall survival benefit of SB747651A treatment.  

Main findings: 

 SB747651A at concentrations between 5-10 µM induced cell death and apoptosis in a concentra-

tion and time-dependent manner.

 Exposure to combinations of SB747651A and TMZ resulted in additive effects on cell death com-

pared to each agent administered alone.

 SB747651A treatment reduced spheroid formation and growth.

 Treated cells showed reduced cell migration, without inducing cell death in the migrating cells.

 Treated spheroids showed decreased phosphorylation levels of mTOR, CREB, GSK3 and GYS1

kinases.

 Increased intracellular accumulation of glycogen and formation of reactive oxygen species was

found after SB747651A treatment of tumor spheroids.

 Treated spheroids showed reduced expression of GSC marker SOX2.

 SB747651A treatment showed no signs of toxicity in vivo throughout 8 weeks of treatment 5

days/week.

 Orthotopically xenografted mice treated with 25 mg/kg SB747651A, 5 days weekly for 8 weeks,

lived significantly longer compared to vehicle treated control animals.
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Manuscript III – Surgical resection of glioblastomas induces pleiotrophin-mediated 

self-renewal of glioblastoma stem cells in recurrent tumors 

Aim: 

The aim of manuscript III was to establish a preclinical GBM tumor resection model to investigate the impact 

of surgical tumor resection on phenotypic changes occurring in tumor cells after surgical resection, to gain a 

better understanding of which role surgical resection plays in tumor recurrence and therapeutic resistance. 

Main findings: 

 GBM xenografts with the patient-derived P3 spheroid culture could be visualized by PET/CT with

18F-FET PET 3-4 weeks after tumor cell implantation.

 Poor correlation between in vitro and in vivo 18F-FET tracer uptake was observed.

 The preclinical resection model closely mimics tumor resection in GBM patients, as both tumor-

cell dense regions and tissue fragments with diffuse tumor cell infiltration were resected from tu-

mor bearing animals.

 Tumor resection induced infiltration of microglia/macrophages and angiogenesis.

 Recurrent tumors from the resection model upregulated several stem cell related genes such as

SOX2, OLIG2, POU3F2 and NOTCH1, and the corresponding proteins were also upregulated.

 Early recurrent patient GBMs showed the same pattern with upregulation of GBM stem cell mark-

ers compared to the patient-matched primary tumors.

 Protein expression of Pleiotrophin, and its receptor PTPRZ1, was upregulated in recurrent tumors –

both from the animal model and in early recurrent patient GBMs.

 Pleiotrophin was expressed both by tumor cells and by tumor-associated microglia/macrophages.

 Exogenous Pleiotrophin stimulated GBM cell proliferation and growth, self-renewal and expression

of stemness markers SOX2, POU3F2 and OLIG2.

 High Pleiotrophin mRNA levels and protein expression were associated with poor patient survival,

when stratified at optimized cut-off levels, and Cox-regression confirmed PTN to be an independ-

ent prognostic variable in a cohort with 190 GBM patients.
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General discussion 

The overall aim of this thesis was to investigate prognostic and therapeutic implications of migrating glio-

blastoma cells. We investigated the prognostic potential of transcription factors EGR1 and EGR3 in a well-

annotated glioma cohort, and studied tumor cell specific expression, both in non-migrating and migrating 

tumor cells, in a subset of P53-mutated GBMs. The multi-kinase inhibitor SB747651A was investigated in 

vitro and in vivo with regard to potential anticancer efficacy, given its ability to target proteins expressed in 

migrating GBM cells. The influence of tumor resection, a cornerstone in GBM therapy, on the phenotypes of 

residual, formerly migrating, tumor cells was investigated with a preclinical GBM resection model, and 

validated in clinical patient samples. The following sections will discuss aspects regarding the main results 

presented in this thesis.  

Incorporating migrating tumor cells in prognostic studies 

Study I aimed to investigate the prognostic value of the transcription factors EGR1 and EGR3 in a glioma 

cohort and to incorporate intra-tumoral staining patterns into this survival analysis. While we successfully 

investigated their prognostic value based on mean biomarker expression levels, we were not able to identify 

sufficient patients with infiltrative regions and simultaneous expression of the tumor cell marker P53 for 

meaningful analysis of tumor cell specific expression levels. The P53 GBM sub-cohort was therefore used for 

descriptive investigations of the intra-tumoral expression levels of EGR1 and EGR3. Descriptive results of 

biomarker expression in migrating cells can generate new hypotheses regarding protein function, e.g. high 

expression levels in migrating tumor cells may implicate the protein in the migration process. This was pro-

posed for EGR3 in manuscript I, where migrating tumor cells had significantly higher expression of EGR3 

protein compared to central non-migrating tumor cells. While these correlations can raise interesting new 

research questions, functional investigations will be necessary to identify and validate true involvement in the 

process of cell migration. The small size of the migration cohort applied in study I (n = 21) makes correlation 

with patient survival very unreliable. In order to successfully incorporate biomarker expression in migrating 

tumor cells, the number of included patient must increase drastically, otherwise there will be a severe risk of 

underpowered results. Based on this, we chose to omit correlational analysis of protein expression in migrat-

ing tumor cells with patient survival. The difficulty in increasing the number of eligible patients lies in identi-

fying suitable tumor cell markers with both abundant and specific tumor cell expression. Currently no opti-

mal marker exists. In study I, we used the P53 mutation as a tumor cell marker, given that P53 mutated tumor 

cells accumulate nuclear P53 protein, which can be visualized by immunostainings (200). P53 mutations 

occur in approximately 30% of GBMs (201), however presence of a P53 mutation does not always correlate 

with positive P53 expression identified by IHC, in particular in tumors with low P53 mutational burden (202, 

203). Additionally, infiltrating tumor regions are not found in all GBM specimens, and some tumors are not 

composed of sufficient amounts of tissue for inclusion in a cohort. Taken together, these factors make our 
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P53 GBM cohort a selected patient group comprising only 5-10% of all diagnosed GBMs, which could po-

tentially induce bias. Our P53 GBM cohort spans all consecutive GBM patients diagnosed at Odense Univer-

sity Hospital over a 5 year period, yet we only ended up with 21 suitable GBMs. This low number is most 

likely due to a very stringent inclusion criteria of ≥ 60% P53+ nuclei, which was chosen to maximize the 

number of eligible patients, while simultaneously ensuring positive staining in the vast majority of tumor 

cells. While many GBMs have some degree of P53 staining, only few have the pronounced P53 expression 

we required for use as a near pan-tumor cell marker. The inter- and intra-tumoral heterogeneity of GBMs 

does, however, still raise the possibility of some tumors in our cohort having P53-negative tumor cells among 

the remaining 40% cells. This can be ascribed to the large variation in the number of non-neoplastic cells, in 

particular TAMs, which can range from more than 30% of total cells (117) down to 5-10%, as we also 

showed in study III. This substantial variation does leave room for some tumors with lower fractions of 

TAMs to have P53-negative subclones, which may have gone undetected in our study.  

     Other markers such as glial fibrillary acidic protein (GFAP), OLIG2, EGFRvIII and mutated IDH1 have 

been proposed to identify GBM tumor cells (204, 205), however, each of these proteins has flaws for use as 

pan-tumor cell markers. Some GBMs have very high GFAP expression, however GFAP can be lost in high-

grade gliomas (206), and since GBMs originate from astroglial cells, GFAP is also highly expressed in astro-

cytes (207) making it a poor tumor cell specific marker. OLIG2 is expressed in many GBMs, however its 

expression is heterogeneous, and furthermore OLIG2 expression is retained in both mature oligodendrocytes 

and oligodendrocyte progenitors (208). GBMs with the specific EGFRvIII mutation account for approximate-

ly 12% of all GBMs (209), but expression of EGFRvIII is often restricted to subclonal tumor cell populations 

(210), thereby limiting its use as a pan-tumor cell marker. Mutated IDH1 is a tumor cell specific marker, 

however its expression is predominantly found in WHO grade II and III gliomas, while only approximately 

5% of GBMs are IDH1 mutated (211). These GBMs are most often secondary tumors progressing from lower 

grade astrocytomas, and associated with younger patient age and better prognosis compared to IDH1 

Wildtype GBMs (212). In the 2021 WHO classification, tumors previously classified as IDH1 mutant GBMs 

will prospectively be classified as IDH1 mutant astrocytomas grade 4 (22). Each of these tumor cell markers 

has strengths and limitations, which should be considered when using them as tumor cell markers. For future 

studies to successfully incorporate tumor cell specific intra-tumoral biomarker expression, multi-center col-

laborations applying identical inclusion- and exclusion criteria will most likely be a prerequisite, to achieve 

sufficient numbers of patients for meaningful prognostic studies. Further, establishment of different patient 

cohorts, based on use of different tumor-cell markers, would serve as important validation material to account 

for some of the limitations associated with the currently suggested tumor cell markers.   
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Small molecule inhibitors in GBM and failures of clinical translation of preclinical 

kinase inhibitor results 

A general problem with preclinical cancer research results is that new treatments which show promise in the 

preclinical setting fail when tested in clinical trials, with successful translation estimated to only occur in 8% 

of cases (213, 214). Some failures are likely due to biological differences between rodents and humans, while 

other failures can be ascribed to experimental designs. Many successful preclinical studies utilize relatively 

high doses of drugs to demonstrate effect. This may not always show toxicity in rodents, but can show intol-

erable and catastrophic side effects in humans, even at significantly lower doses than found safe in animal 

experiments (215). Even if the administered drug is well tolerated in humans, more than half of all trials fail 

to demonstrate efficacy (216). Other important variables that all contribute to the high degree of translational 

failures include sample size issues related to both individual experiments but also number of model systems 

applied, reproducibility issues, reporting issues and publication bias (217-220).  

     Interestingly, kinase inhibitors have yet to find their way into GBM treatment, despite extensive clinical 

use in many different types of cancer. The average brain tumor expresses approximately 50 different tyrosine 

kinases (221), which should make it a tumor entity well suited for either mono- or multi targeted kinase 

inhibition, but the blood-brain-barrier complicates efficient drug delivery and may result in sub-therapeutic 

drug concentrations in the tumor tissue. The heterogeneous nature of GBMs further implies intrinsic re-

sistance due to substantial cellular heterogeneity, and further, compensatory signaling through pathways not 

targeted, can drastically decrease efficacy of applied kinase inhibitors (222). Multi-target inhibition in GBMs, 

as investigated in study II, may be a means to combat the high degree of therapeutic resistance, but it poses a 

delicate trade-off between achieving anticancer efficacy on one hand, while minimizing therapy-induced side 

effects on the other. Multi-target inhibitors can drastically increase the likelihood of successful treatment, 

given their affinity for multiple cancer-relevant targets, whose inhibition can act synergistically for potentiat-

ed efficacy and decreased risk of treatment resistance at lower concentrations (223). However, with their 

broader specificity compared to single-target agents, there is also an increasing risk for unwanted side effects 

(224), as some of the target proteins may also be important in normal healthy cells and tissues. GBM seems 

to be a well-suited entity for multi-target inhibitors, but the challenges for successful treatment, including the 

blood-brain-barrier and tumor cells with high intrinsic resistance mechanisms remains. One means to poten-

tially improve treatment efficacy, is direct drug administration into the resection cavity, where the blood-

brain-barrier has been disrupted. Indeed, preclinical studies have demonstrated efficacy of intra-cavity treat-

ment in GBMs, where direct administration of therapeutic agents through catheters/pumps or via implantation 

of polymer materials that slowly release incorporated drugs have shown beneficial results (225-227). Kinase 

inhibition facilitated by hydrogel drug release is under investigation for ocular disorders (228), but has not 

yet been investigated in the context of cancer research.  
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Establishment and application of a preclinical GBM resection model with integrated 
18F-FET PET/CT imaging 

To investigate the isolated effect of surgical resection on tumor cell phenotypes, we developed and applied a 

preclinical resection model for use in study III. The resection model relies on use of patient-derived tumor 

cells orthotopically xenografted into nude rats and subsequent monitoring of tumor growth with PET/CT 

scans using the radioisotope 18F-FET. In general, the surgical resection procedure was well-tolerated, and 

only a single animal developed a transient paresis of the left hind leg which resolved after 24 hours. No signs 

of permanent neurological deficits were observed in any of the animals. On few occasions, hemostasis was 

slightly challenging to achieve after tumor resection. In general, surgicel was mostly sufficient to stop bleed-

ing, and when neccesary, it was supplemented with gentle bipolar electrocoagulation, which efficiently 

stopped residual bleeding. Following surgery, a slight weight loss was observed, but this was quickly recov-

ered within a few days. All animals were euthanized prior to reaching their humane endpoints, which makes 

the resection setup a durable method for in vivo studies of GBM tumor resection. 

     The initial preclinical GBM resection models that have been established (229-231), were based on use of 

commercially available human or syngeneic GBM cell lines, which show a compact non-infiltrative growth 

pattern and have serious limitations in recapitulating the tumor growth and biology found in patient GBMs. 

Application of human patient-derived GBM cells, as initially done by Zhu et al. (227), refines this preclinical 

model and is a major advantage compared to previous models relying on commercial cell lines, and thus 

greatly enhances its translational potential. Our work in manuscript III has adapted the approach of using 

human patient-derived GBM cells, and incorporated PET/CT based imaging to monitor tumor growth and 

recurrence, to improve validity of the model compared to non-imaging based approaches. 

     Based on existing literature, we chose to use the radioisotope 18F-FET for PET/CT scans. 18F-FET is also 

applied in the clinical neuro-oncology setting (232), and in concordance with other studies, 18F-FET could be 

used to detect primary tumor growth in xenografted animals (233-235). Following surgical tumor resection, 

an increase in 18F-FET signal was observed, despite removal of the tumor bulk mass. 18F-FET uptake was 

therefore observed in the post-surgical inflammatory tissue, despite previous descriptions of very low in-

flammatory 18F-FET uptake in preclinical models (180, 236). It can be speculated that surgical tumor resec-

tion and the associated mechanical injury in the brain induces a much stronger inflammatory response com-

pared to other methods of modelling inflammation such as commonly used sterile or bacterial induced mus-

cular inflammation. As such, 18F-FET could not be used to demonstrate gross total tumor resection at the 72 

hour post-surgical scan. By applying the post-surgical scan as a new baseline scan, tumor recurrence could, 

however, be detected by an observed increase in 18F-FET signal approximately 2½ weeks after tumor resec-

tion. The use of 18F-FET in preclinical GBM modelling can therefore be applied to detect both primary and 

recurrent tumor growth, but shows serious limitations in regards to validate gross total tumor resection. To 

bypass this shortcoming, we used histological examinations of post-surgical brains to validate removal of the 

bulk tumor mass. MRI scans could also be a potential solution to validate gross total resection, as routinely 
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applied in the clinical setting, and suggested as a superior approach compared to CT-scans (237). Preclinical 

small animal MRI scans have previously been successfully used to identify GBM xenografts in mice (238, 

239), and might improve validity of the extent of preclinical GBM resection. However, the preclinical imag-

ing facilities at the University of Southern Denmark do not currently have access to a small-animal MRI 

scanner, which halts MRI application in our current setup. Optimal imaging of the preclinical resection model 

would most likely rely on a combination of both PET/CT and MRI imaging modalities.  

       The preclinical resection model applied in study III neatly enables the investigation of surgery as an 

isolated variable, but the model can potentially also be adjusted and applied in conjunction with other treat-

ment modalities, such as radio- and/or chemotherapy and/or corticosteroids. Although beyond the scope of 

this thesis, an extension of the preclinical model to also include other treatment modalities, would enable a 

highly accurate recapitulation of the clinical course of GBM patients. For new ground-breaking discoveries, 

the use of these novel and optimized preclinical models will most likely play an important role. Most often, 

new drugs are tested as monotherapies or in combination with existing treatment modalities such as chemo-

therapy or radiation. However, surgical tumor resection is largely overlooked in the preclinical context, de-

spite direct influence on the site of resection, with profound impact on the residual tumor cells, as demon-

strated in study III. Approaches that combine surgical tumor resection with adjuvant therapies such as radia-

tion and chemotherapy are very rare in the preclinical setting, despite emerging studies suggesting this ap-

proach to be superior (240). To increase the bench to bedside translatability of preclinical findings, applied 

animal models must be improved to more accurately reflect the therapeutic interventions that patients are 

offered (241). Nearly all GBM patients with sufficiently good performance status undergo tumor resection as 

part of standard-of-care therapy, and omitting this crucial aspect from preclinical studies is a major limitation 

in the current approach to translational research. Incorporating more advanced preclinical models into transla-

tional cancer research will make projects more laborious and time consuming, but will also most likely in-

crease the chances of identifying relevant translational findings, which will ultimately benefit the patients. 

Surgical resection as a double-edged sword in GBM therapy  

Murine models of GBM resection have demonstrated that resection itself can induce tumor cell proliferation 

and migration, and furthermore induce a systemic immune suppression (242, 243), which facilitate tumor 

recurrence. Our results from study III demonstrate that GBM resection promotes GSC enrichment in recur-

rent tumors, which further strengthen the claim that surgical resection is an iatrogenic mechanism that can 

drive therapeutic resistance and tumor recurrence. Based on this, and as also stated by Ratel et al. (244), it 

may be time to consider neurosurgery as a double-edged sword in the context of GBM therapy. Surgical 

tumor resection is, and will remain, a cornerstone of GBM therapy given its undoubted benefit regarding both 

progression free and overall patient survival (76, 245). However, the impact of tumor resection on tumor 

biology have thus far hardly received any thought. Growing evidence now implicates resection as a procedure 

that has a tumor supporting influence, which can aid treatment resistance and tumor recurrence. As our find-
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ings from study III contribute to an increasing knowledge of the consequences of surgery in the context of 

GBM resection, it is crucial that these new insights are incorporated into development of future therapeutic 

strategies that also target GSCs.  

Therapeutic targeting of migrating tumor cells and GSCs  

The inevitable recurrence of GBMs after standard-of-care therapy can be ascribed to migrating tumor cells, 

which survive therapeutic interventions and facilitate tumor regrowth. The residual tumor cells left behind 

after surgery, were initially the cells with the highest degree of cellular migration. These cells lay the founda-

tion for tumor recurrence, and our results from study III further suggest that these former migrating tumor 

cells can be primed to enter the GSC state. As GSCs have high intrinsic resistance towards both radiation and 

chemotherapy (246-248), we propose that migrating cells are not only the cellular origin of tumor recurrence, 

but also contribute to the high degree of resistance towards standard-of-care therapy offered to GBM patients. 

These novel insights confirm that migrating tumor cells and GSCs are among the biggest obstacles to be 

overcome in order to improve current treatment regimens and GBM patient outcomes. 

     The issue with targeting of migrating cells is that the process of migration already occurs even before the 

diagnosis is established. It has been known for 60 years that migrating tumor cells can spread all the way to 

the contralateral hemisphere, and when the tumor is left untreated, this phenomenon occurs in half of all 

patients (249), so targeting migratory mechanisms may not be the most efficient way to eradicate these tumor 

cells. Rather than aiming to completely stop cell migration, targeting of vital proteins expressed in migrating 

tumor cells seems a much more promising strategy to target these cells. The target proteins could be directly 

involved in the migration process, but may also be involved in other cellular functions, such as the GSC trait 

of self-renewal. Integrins have been investigated as migration associated targets in several clinical trials, thus 

far with mixed results, and with observed off-target side effects in healthy cells and tissues (250). Interesting-

ly, the recent discovery of Integrin α7 as a GSC marker has proposed this protein to be a novel target relevant 

in both migrating tumor cells and GSC simultaneously (251, 252), which raises enthusiasm about further 

investigations.     

     Specific targeting of GSCs is a desirable therapeutic strategy to eliminate treatment resistant tumor cells. 

Different approaches to target GSCs have been pursued; Direct inhibition of crucial stem cell proteins, radio- 

and chemo sensitization, use of GSC differentiation agents or with GSC targeted immune- and viral therapies 

(253, 254). Several GSC target pathways have been proposed including Wnt, Notch, Hedgehog and Janus 

kinase (JAK)/Signal transducer and activator of transcription proteins (STAT) signaling (255). The Notch 

pathway inhibitor RO4929097 has been investigated in a phase II trial in recurrent GBMs (NCT01122901), 

however, the trial was prematurely terminated to further develop the inhibitor. Some preclinical successes 

with radio- and/or chemo sensitizing agents that increase treatment efficacy in GSCs have been achieved 

(110, 256-259), but clinical trials are yet to prove the translational value of these findings. As evident, many 

different approaches to target GSCs are currently under investigation, and efforts continue to identify targeta-
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ble GSC mechanisms with the hope for successful translational findings. While eradication of GSCs is a 

desirable achievement, it may not suffice for successful treatment of GBM patients. Glioblastoma cells are 

highly plastic, and evidence from recent years shows that they can reversibly convert between their non-GSC 

and GSC states through activation of epigenetic programs (260, 261), and as a result from extrinsic influences 

induced by the tumor microenvironment (101). Either type of tumor cells are therefore able to replenish cells 

targeted by therapeutic interventions, so a complete eradication of eg. GSCs, can be countered by re-

programming of residual non-GSCs into the GSC state, which can then proliferate and result in tumor re-

growth. This complex and plastic cellular reprogramming poses a major obstacle in GBM therapy, and com-

bined targeting of both non-GSCs and GSCs is likely a prerequisite for better treatment of GBM patients 

beyond current standard-of-care.     
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Conclusion and future perspectives 

By investigating the expression of transcription factors EGR1 and EGR3 in a well-annotated glioma cohort 

including a sub-cohort with P53-mutated GBMs for specific tumor cell labeling, we identified an increase in 

expression levels of EGR3 protein in peripheral migrating tumor cells. High EGR3 expression in MGMT-

methylated GBM patients was associated with poor overall survival, also after adjusting for clinical variables 

with Cox-regression. Additional experiments with particular emphasis on mechanistic aspects should be 

performed, to gain a better understanding of the biological functions of EGR1 and EGR3 in the GBM con-

text, and to validate the prognostic value of EGR3.  

     As a part of this thesis, we performed the first basic and preclinical investigation of the multi-target small 

molecule inhibitor SB747615A in GBMs. This inhibitor, which targets migration-relevant intracellular kinas-

es, showed anticancer efficacy both in vitro and in vivo with no adverse effects observed in mice. Although 

these initial results are promising, the exact mechanism of action and optimized dosing regimens must be 

determined in the preclinical setting prior to considerations of clinical application. Multi-kinase inhibition in 

GBMs may be a means to overcome the high degree of therapeutic resistance, and our findings support con-

tinued efforts to advance multi-target inhibitors to the clinical setting.  

     We have developed a robust preclinical GBM resection model, which incorporates PET/CT based tumor 

imaging, and closely mimics resection of patient GBMs. With this model, we showed that recurrent tumors 

are more proliferative, and enriched for GSCs. Mechanistically, we propose that PTN could be a contributing 

factor responsible for this enrichment of GSCs in recurrent tumors. Thereby, we have revealed novel insights 

into the implications of surgical tumor resection, and propose that GBM resection acts as an iatrogenic driver 

that promotes GSC enrichment among residual tumor cells. With the high degree of therapeutic resistance 

found in GSCs, our findings highlight the importance of incorporating this resistant GSC population into 

future development of novel treatment regimens and clinical trials investigating recurrent GBMs. The pre-

clinical GBM resection model is an excellent means to investigate recurrent GBMs originating from migrat-

ing tumor cells, and should be refined to also incorporate other treatment modalities such as radio- and chem-

otherapy. Application of these state-of-the-art preclinical models will most likely increase the likelihood of 

successfully translating promising findings to the clinical setting to ultimately improve the outcome of GBM 

patients.   
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expression and prognostic value of 
the transcription factors EGR1 and 
EGR3 in gliomas
Arnon Møldrup Knudsen1,2 ✉, Ida eilertsen1,2, Susanne Kielland1,2, 
Mikkel Warming pedersen1,2, Mia Dahl Sørensen1,2, Rikke Hedegaard Dahlrot1,3, 
Henning Bünsow Boldt2, Sune Munthe4, Frantz Rom poulsen1,4 & Bjarne Winther Kristensen1,2

Most glioblastoma patients have a dismal prognosis, although some survive several years. However, 
only few biomarkers are available to predict the disease course. EGR1 and EGR3 have been linked 
to glioblastoma stemness and tumour progression, and this study aimed to investigate their spatial 
expression and prognostic value in gliomas. Overall 207 gliomas including 190 glioblastomas were 
EGR1/EGR3 immunostained and quantified. A cohort of 21 glioblastomas with high P53 expression and 
available tissue from core and periphery was stained with double-immunofluorescence (P53-EGR1 and 
P53-EGR3) and quantified.EGR1 expression increased with WHO-grade, and declined by 18.9% in the 
tumour periphery vs. core (P = 0.01), while EGR3 expression increased by 13.8% in the periphery vs. 
core (P = 0.04). In patients with high EGR1 expression, 83% had methylated MGMT-promoters, while 
all patients with low EGR1 expression had un-methylated MGMT-promoters. High EGR3 expression in 
MGMT-methylated patients was associated with poor survival (HR = 1.98; 95%CI 1.22–3.22; P = 0.006), 
while EGR1 high/EGR3 high, was associated with poor survival vs. EGR1 high/EGR3 low (HR = 2.11; 
95%CI 1.25–3.56; P = 0.005). EGR1 did not show prognostic value, but could be involved in MGMT-
methylation. Importantly, EGR3 may be implicated in cell migration, while its expression levels seem to 
be prognostic in MGMT-methylated patients.

Gliomas are the most common primary brain tumours, with the WHO grade IV glioblastoma multiforme (GBM) 
being the most malignant. In GBMs the current standard treatment with radical surgical resection, radiation 
and temozolomide therapy results in a median survival of approximately 15 months1–3, although some patients 
survive several years after diagnosis. Only few prognostic biomarkers are of use in daily practise, like the meth-
ylation status of O-6-Methylguanine-DNA Methyltransferase (MGMT)4 and mutational status of the Isocitrate 
dehydrogenase 1/2 genes5. Identification of additional novel biomarkers is therefore crucial in order to better 
stratify the patients.

GBMs are characterized as highly vascularized, heterogeneous tumours with a profoundly infiltrative nature, 
leading to accelerated and aggressive disease progression. Nearly all GBMs recur after initial treatment efforts due 
to migrating tumour cells, which infiltrate the adjacent healthy brain parenchyma and escape surgical excision as 
well as radiation and temozolomide therapy. We have previously shown that these migrating tumour cells have a 
stem-cell like phenotype and are highly tumourigenic in vivo6.

Early growth response protein 1 (EGR1) and Early growth response protein 3 (EGR3) are C2H2-type 
zinc-finger proteins, which belong to the EGR-protein family of transcription factors. EGR1 has been proposed 
to regulate the expression of genes involved in cell proliferation, growth and cell differentiation7,8. In addition, 
EGR3 has been implicated in immune regulation9–11 and cell migration12,13. Recently, EGR1 has been linked to the 
proliferation and self-renewal of brain tumour initiating cells14,15, suggesting that early growth response proteins 
may be implicated in the maintenance of niche-populations of GBM cells. Based on this, we hypothesized that 
EGR1 and EGR3 may be associated with tumour progression, possibly mediated through promotion of tumour 
cell migration, and thus hold prognostic value in gliomas. EGR1 expression levels have been associated with 
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patient survival in gastric16, colorectal17,18, and ovarian cancer19, while EGR3 levels have been shown as a prog-
nostic marker in gastric cancer20 and breast carcinomas21.

Since GBM cells diffusely migrate into the surrounding brain, and a fraction of these migrating tumour cells 
survive current treatment modalities, this population of treatment resistant tumour cells most likely plays a major 
role in tumour progression and ultimately patient prognosis. Investigations of novel targets or biomarkers rarely 
consider this aspect of heterogeneity. This is a major limitation in some studies, since the poor understanding of 
the biology of migrating tumour cells may help these cells escape novel therapies.

The objectives of this study were I) to investigate the protein expression of EGR1 and EGR3 in gliomas, II) to 
compare protein expression levels in tumour cells located in central, intermediate and peripheral tumour areas 
to uncover potential differential expression patterns in migrating and non-migrating tumour cells, and III) to 
investigate the prognostic potential of EGR1 and EGR3, including their combined prognostic value.

Materials and methods
Patient inclusion. Archived formaline-fixed paraffin embedded glioma tissue samples from all consecutive 
patients that underwent brain tumour surgery at the Department of Neurosurgery, Odense University Hospital, 
in The Region of Southern Denmark, Denmark, between January 1, 2010 and December 31, 2014 were examined. 
A total of 207 patients had sufficient amounts of resected tumour tissue to be included in this study. All patients 
were followed from the date of surgery until death or date of censoring (March 1, 2018). A total of 34/207 patients 
(16.4%) were still alive at date of censoring. Median follow up was 15.0 months (range: 0.1–96.7 months). None 
of the patients had a record of previous brain malignancies, and no treatment was given prior to surgery. Only 
GBM patients were included in the multivariate cox-regression, and of these 144/190 patients (75.8%) received 
the standard of care Stupp treatment regimen2, 23/190 patients (12.1%) received 34 Gy radiation, 5/190 (2.6%) 
received 59 Gy radiation, while 18/190 (9.5%) received no treatment and only had a biopsy specimen taken. All 
included tumour samples were re-classified according to the 2016 WHO classification of tumours of the central 
nervous system22. Patient characteristics are presented in Table 1. All experimental procedures in this study, 
including use of patient material and data, have been performed according to local and national guidelines and 
regulations, covered by permissions from the Danish Data Inspection Authority (approval number 16/11065) and 
the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-20150148). 
All tissue specimens used in this study were obtained after informed consent, as part of the standard of care 
therapy.

Tissue preparation. Tissue microarrays (TMA) were made by sampling 2–3 cylindrical tissue cores with a 
diameter of approximately 5 mm from each patient tumour sample. A total of 183 patients had sufficient tissue for 
three tumour cores, while 24 patients had sufficient tissue for two tumour cores. The tumour cores were embed-
ded into new paraffin TMA blocks and cut into histological sections of 3 µm on a microtome. The TMA tissue 
sections were then mounted on glass slides and stored at −80 °C until immunohistochemical staining.

Immunohistochemistry. Tissue sections were subject to deparaffinisation and heat-induced epitope 
retrieval (HIER) with either CC1- (EGR1) or TEG15 (EGR3) buffers using a microwave oven. Endogenous per-
oxidase activity was blocked with peroxidase inhibitor. Incubation with primary EGR1 antibody 1:50 (clone: 
15F7, Cell Signaling Technology) or EGR3 antibody 1:2000 (clone: PA5–40841, ThermoFisher Scientific) was 

Variable
Number 
(%)

Male/
Female

Dead/
alive

Age, 
mean

Median survival 
in months

EGR1%, 
mean

EGR3%, 
mean

All patients 207 (100) 119/88 173/34 62.51 15.11 26.59 51.0

WHO grade

II 12 (5.8) 8/4 2/10 40.78 54.24 7.12 37.5

III 5 (2.4) 3/2 3/2 54.68 15.24 9.85 51.0

IV 190 (91.8) 108/82 168/22 64.09 14.49 28.26 51.66

MGMT status (WHO IV)

Methylated 94 (49.5) 51/43 76/18 63.08 18.14 38.41 51.0

Un-methylated 71 (37.4) 46/25 70/1 64.95 13.99 15.72 52.0

Unknown 25 (13.1) 11/14 22/3 65.45 11.20 25.71 50.0

ECOG Performance status (WHO IV)

0–1 135 (71.1) 82/53 115/20 62.49 16.89 29.49 52.0

2–4 54 (28.4) 25/29 52/2 68.65 7.59 25.38 51.0

Unknown 1 (0.5) 1/0 1/0 34.92 45.60 17.61 20.0

Post-surgical treatment

Yes 172 (90.5) 99/73 151/21 63.96 14.98 28.18 52.0

Stupp 144 (75.8) 87/57 123/21 61.89 16.03 28.44 53.0

Radiation 28 (14.7) 11/17 28/0 74.07 10.55 28.39 47.0

No 18 (9.5) 9/9 17/1 65.36 5.65 29.06 49.0

Table 1. Patient characteristics.
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done using the BenchMark ULTRA platform (Ventana Medical Systems) with the OptiView-DAB detection sys-
tem for EGR1 stainings, and the AutostainerPlus platform (DAKO, Glostrup, Denmark) with the catalyzed signal 
amplification system II for EGR3 stainings. Colon tissue served as a positive external control and was mounted 
on each slide. A tissue multiblock containing 27 different normal tissues and 12 different cancers served as both 
negative and additional positive control. Controls were systematically included in every staining procedure. All 
stained slides were digitalized using the NanoZoomer 2.0HT digital image scanner (Hamamatsu, Japan).

Automated quantitative image analysis of EGR1 stainings. The images were imported into the 
Visiopharm Integrator System Software 6.6.1 (Visiopharm, Hoersholm, Denmark), and each TMA core was 
manually evaluated to exclude necrotic areas and artefacts. A software-based cell classifier was programmed to 
identify the fraction of EGR1 positive cells and their mean staining intensity. To minimize the risk of detecting 
false positive cells, a threshold based on staining intensity was applied, thereby excluding all cells with staining 
intensity below this threshold. The performance of the classifier was assessed by manually examining all TMA 
cores after classification. A total of 29 TMA cores presented with insufficient classification, and therefore a slightly 
modified version of the classifier was applied on these cores for a more accurate result. Examples of tissue sections 
with the applied classifier are shown in Supplementary Fig. 1A–D.

Semi-quantitative scoring of EGR3 stainings. The EGR3 stainings were heterogenous and some 
tumour cores presented with a distinct nuclear staining pattern, while others showed diffuse cytoplasmic staining. 
An adequate Visiopharm cell classifier could not be applied to these stainings, and therefore a semi-quantitative 
assessment was used; Each TMA core was scored with regard to three different categories: 1) Estimation of the 
fraction of EGR3 positive nuclei (5% intervals), 2) the mean EGR3 intensity of positive cells, and 3) the area 
fraction of diffuse cytoplasmic EGR3 staining. Each category was given a score from 0–3, and the TMAs were 
furthermore divided into 3 groups based on their total score: group 1 = 0–3 points, group 2 = 4–6 points, group 
3 = 7–9 points. A supplementary analysis of the fraction of EGR3-positive nuclei was performed in order to 
further dichotomize groups, with the median value used as cut-off. The scoring system with examples of scored 
tumour cores is outlined in Supplementary Fig. 1E–G. The researcher scoring the stainings was blinded to patient 
diagnoses and outcome, and reproducibility of the scoring system was tested by independently scoring all TMA 
cores twice.

Double immunofluorescence and automated quantitative image analysis of nuclear EGR1 and 
EGR3 protein expression in central vs. migrating tumour cells. The original cohort of 207 gliomas 
was screened for tumours with high expression levels of P53 protein (≥60% positive cells in central tumour 
areas) and simultaneous presence of areas with diffuse tumour infiltration. A subset of 21 GBMs fulfilled these 
criteria, and was included in the cohort. In these tumours, P53 expression was utilised to pin-point tumour cells 
in order to enable exact measurement of the tumour cell population through exclusion of P53-negative glial cells 
and neurons.

For P53/EGR1 double fluorescence stainings, deparaffinisation and HIER was performed, followed by block-
ing of endogenous peroxidase activity. Slides were then incubated for 60 min with primary ready-to-use P53 
antibody (clone: DO7, Ventana Medical Systems), on the AutostainerPlus staining platform. Antibody detection 
was performed using the Catalyzed Signal Amplification II kit conjugated with FITC (CSA II, Dako). Following 
a second HIER, sections were incubated for 60 minutes with primary EGR1 antibody, 1:50, followed by detection 
with the anti-rabbit Tyramide Signal Amplification System Cyanine-5 (Perkin Elmer, USA). Nuclei were coun-
terstained with VECTASHIELD Mounting Medium containing 4,6-diamidino-2-phenylindole (DAPI) (VWR 
International, USA).

For P53/EGR3 double-fluorescence stainings, deparaffinisation and HIER was performed as previously, 
and slides were incubated with primary P53 antibody for 32 minutes on the Ventana Discovery Ultra stain-
ing platform. Antibody detection was performed with DISCOVERY OmniMap anti-Ms HRP coupled with 
the DISCOVERY FAM Kit. After a second HIER, sections were incubated for 32 minutes with primary EGR3 
antibody, 1:2000, and detection performed with DISCOVERY OmniMap anti-Rb HRP coupled with the 
DISCOVERY Cy5 Kit. Nuclei were counterstained as previously.

Bright field super images of all whole tissue sections were acquired at 1.25X magnification using the 
Visiopharm software coupled with a Leica DM6000 B microscope equipped with an Olympus DP72 camera and 
a Ludl motorized stage. Regions of interests (ROI) including central tumour area, areas with intermediate tumour 
cell infiltration and peripheral tumour, were manually outlined for each slide. The software was set to sample 10 
images at 20X magnification from each ROI using a Meander number based sampling algorithm. All sampled 
images were reviewed to ensure acquisition of at least 5 acceptable images including a minimum of 20% tumour 
area from each ROI. Areas containing necrosis, vessels, bleeding, and artefacts were excluded from analysis. A 
cell-classifier was developed to distinguish between DAPI-stained nuclei, P53-positive nuclei, EGR1/3-positive 
nuclei and P53 + /EGR1/3+ double-positive nuclei (Supplementary Fig. 2). The area fractions and mean intensi-
ties of positive nuclei were quantified in all images.

Statistical analyses. Statistical analyses were performed with GraphPad Prism 5.01 and STATA 15.0. 
Comparison of mRNA and protein expression levels was performed with One-way-Anova tests and Tukey´s 
Post-tests for data with Gaussian distribution and Kruskal-Wallis tests and Dunn´s multiple comparison tests for 
data with non-Gaussian distribution. EGR1 and EGR3 correlation was investigated by Spearman rank correla-
tion. Assessment of overall patient survival was performed with Kaplan-Meier estimators and Log-rank tests with 
EGR1/EGR3 expression values dichotomised at the median. Cox proportional hazards regression was performed 
to investigate and identify independent prognostic variables. The two radiation dosage regimens were combined 
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Figure 1. EGR1 and EGR3 protein expression in gliomas. (A) EGR1 and EGR3 expression levels displayed in 
representative grade II, III and IV gliomas. Images were acquired at 40X magnification with scale bars = 50 μm. 
EGR1 protein expression significantly increased with WHO grade and the highest expression levels were found 
in glioblastomas. EGR3 protein expression levels were independent of WHO grade. (B) Expression of both 
EGR1 and EGR3 was seen in areas with characteristic histological traits of GBMs, including areas with necrosis, 
pseudopalisades and around microvascular proliferations. Images were acquired at 30X magnification with 
scale bars = 100 μm. N = Necrosis. P = pseudo-palisade. M = microvascular proliferation. (C) Verhaak subtype 
stratification of EGR1 mRNA TCGA data showed that neural and proneural glioblastomas have slightly lower 
EGR1 mRNA levels compared to classical and mesenchymal tumors, while EGR3 was equally expressed in all 
subtypes. (D) Stratification of EGR1 and EGR3 protein levels based on IDH1/2 mutational status in the patient 
cohort. No significant changes in EGR1 or EGR3 protein levels were observed. * = P < 0.05. ** = P < 0.01. *** 
= P < 0.001.
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Figure 2. Expression of EGR1 and EGR3 in infiltrating tumour cells. (A–C) Representative HE, P53, and 
double-fluorescence images with P53/EGR1 on tissue sections from one of the tumours included in the cohort. 
1 = central tumour area. 2 = intermediate tumour area. 3 = peripheral tumour area. Scale bar = 2.5 mm. DAPI-
stained nuclei = blue, P53-positive nuclei = green, EGR1/3-positive nuclei = red, double-positive nuclei, i.e. 
positive for both P53 and EGR1/3 = orange. (D,E) The EGR1 fraction and staining intensity in EGR1 + tumour 
cells was significantly reduced from central tumour to periphery. (F) Ivy GAP data showed a trending but non-
significant decline in EGR1 mRNA levels between central tumour and tumour periphery. (G,H) The EGR3 
fraction remained constant across the different tumour regions, while the mean staining intensity increased 
significantly in peripheral tumour cells compared to central tumour cells. I) Ivy Gap EGR3 mRNA data also 
showed an increase in EGR3 intensity in the intermediate and peripheral areas compared to central tumour. * = 
P < 0.05. ** = P < 0.01. *** = P < 0.001.
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Figure 3. Overall patient survival in different subgroups. Patient survival illustrated for different EGR1 
and EGR3 subgroups in glioblastoma patients both measured by positive cell fractions found in the 
immunostainings and by mRNA expression data from TCGA. All groups were dichotomized at the median. (A) 
GBM patients with a high EGR1 nuclear fraction showed a significantly better prognosis compared to patients 
with a low EGR1 fraction. (B) EGR1 mRNA levels from TCGA did not show any difference in survival between 
the two groups. (C) Patients with a high EGR3 nuclear fraction were borderline significant of having a poor 
prognosis compared to patients with a low EGR3 fraction. (D) EGR3 mRNA levels from TCGA showed the 
same trend as EGR3 protein levels. (E) MGMT-gene promoter methylated patients with a high EGR3 fraction 
lived significantly shorter than patients with a low EGR3 fraction. (F) The same trend was found in EGR3 
mRNA data from TCGA, although results were non-significant. G) When sub-stratifying patients from the 
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into one common variable in the regression model. All assumptions in the Cox-regression model were tested, 
and a significant interaction between age and MGMT-methylation status was found. This interaction is outlined 
in Supplementary Fig. 3A. Data from The Cancer Genome Atlas (TCGA) GBM dataset and Ivy Glioblastoma 
Atlas Project (Ivy GAP)23 was accessed through GlioVis24 and used to supplement and elucidate relevant findings. 
P-values < 0.05 were considered statistically significant. Error-bars represent mean ± SEM.

Ethics. The study was approved by the Danish Data Inspection Authority (approval number 16/11065) and 
the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-20150148).

Results
EGR1 and EGR3 protein expression in gliomas. EGR1 protein expression was found in all 207 gliomas, 
but with considerable inter-tumour variation (Fig. 1). The fraction of EGR1 positive cells ranged from 1–83% and 
significantly increased with WHO grade (P < 0.001) (means: grade II = 7.1%, grade III = 9.9%, grade IV = 28.3%, 
Fig. 1A). A significant difference between grade II and grade IV (P < 0.001) and grade III and grade IV (P < 0.05) 
was found, while grade II and grade III tumours did not differ significantly. The same results were found when 
analysing TCGA EGR1 mRNA data, which furthermore showed that the expression of EGR1 mRNA in normal 
brain tissue was significantly lower than in tumour tissue (data not shown). EGR3 protein expression was also 
found in all 207 gliomas with positive cell fractions varying from 5–95%. The mean variation between separate 
scorings of the EGR3-positive cell fractions was 7.3%. No significant association between EGR3 protein fraction 
and WHO grade was found (P = 0.13) (means: grade II = 37.5%, grade III = 51.0%, grade IV = 51.7%, Fig. 1A), 
and this was also the case for EGR3 mRNA data from TCGA (data not shown). In GBMs, expression of both pro-
teins was found in peri-necrotic areas, pseudo-palisades and around local microvascular proliferations (Fig. 1B). 
No correlation between EGR1 and EGR3 protein expression levels was found (data not shown). Stratification of 
EGR1 and EGR3 mRNA data from TCGA by Verhaak subtypes25 showed that neural and proneural GBMs had 
slightly lower levels of EGR1 mRNA compared to classical and mesenchymal tumours, while EGR3 mRNA levels 
were equally expressed in all tumour subtypes (Fig. 1C). When stratifying GBMs based on mutational status of 
IDH1/2, no significant differences in EGR1 or EGR3 protein levels were found in IDH1/2 wildtype vs. IDH1/2 
mutated tumours (Fig. 1D).

EGR1 and EGR3 protein expression in central, intermediate, and peripheral tumour cells. As 
expected, the mean fraction of tumour cells, identified by P53, significantly declined in both the intermediate 
tumour area (P < 0.05) and in the tumour periphery (P < 0.001) compared to the central tumour areas (Fig. 2A–
C). The mean fraction of EGR1 + tumour cells significantly declined from central tumour to periphery (5.3% vs. 
1.6%, P < 0.05, Fig. 2D). When examining the mean EGR1 staining intensity in EGR1 + tumour cells, an intensity 
decline of 18.9% was found from central tumour (mean intensity = 62.6 AU) to periphery (mean intensity = 
50.8 AU, Fig. 2E). Ivy GAP mRNA data showed a trending decline in EGR1 mRNA levels from central tumour 
to intermediate and periphery, however, the results were non-significant (P = 0.07, Fig. 2F). The mean fraction 
of EGR3 + tumour cells did not change significantly across the different tumour regions (central = 10.6%, inter-
mediate = 8.2%, periphery = 8.5%, Fig. 2G). The mean EGR3 staining intensity in peripheral EGR3 + tumour 
cells (mean intensity = 172.7 AU) significantly increased by 13.8% when compared to central tumour cells (mean 
intensity = 151.8 AU, P = 0.04), indicating that peripheral tumour cells had higher expression of EGR3 protein 
compared to central tumour cells (Fig. 2H). Ivy GAP EGR3 mRNA data also showed a significant increase in 
mean EGR3 mRNA levels across the different tumour regions (central vs. intermediate P < 0.001; central vs. 
periphery P < 0.001; intermediate vs. periphery P < 0.01, Fig. 2I).

EGR1 and EGR3 expression and overall patient survival. In grade II (n = 12) and grade III gliomas 
(n = 5), no association between patient survival and EGR1 protein fraction nor EGR1 staining intensity was 
found. Results for EGR3 nuclear fraction, both as 5% incremental values and by semi quantitative scores 1–3, as 
well as nuclear intensity score and cytoplasmic area fraction score were also non-significant (data not shown).

In GBMs (n = 190), a high EGR1 protein fraction was associated with longer overall survival when com-
pared to a low EGR1 fraction: Median survival 16.76 vs. 13.11 months (HR = 0.67; 95%CI = 0.49–0.91; P = 0.01, 
Fig. 3A). However, when adjusting for known clinical parameters in multivariate cox-regression, the results were 
non-significant (P = 0.95, Table 2A), and EGR1 mRNA data from TCGA did not show any difference in overall 
survival between the two groups (Fig. 3B). When subdividing the tumours based on MGMT-methylation status, 
no difference in survival was found when looking at MGMT methylated (Table 2B) and un-methylated groups 
(Table 2C). Interestingly, 78/94 (83%) of patients with methylated MGMT-promoters were in the EGR1 high 
group with a mean EGR1-positive cell fraction of 38.4%, while 71/71 (100%) of patients with un-methylated 
MGMT-promoters were in the EGR1 low group with a mean EGR1 fraction of 15.72% (Fig. 4A). TCGA mRNA 
data showed a significant inverse correlation between EGR1 and MGMT mRNA levels (Fig. 4B).

As opposed to results for EGR1, a high EGR3 protein fraction seemed to be associated with poor patient sur-
vival, although just short of being significant: Median survival 12.55 vs. 16.72 months (HR = 1.35; 95%CI = 0.99–
1.84; P = 0.052, Fig. 3C). In multivariate analysis, results were non-significant (P = 0.11, Table 2). TCGA data 
showed the same trend of high EGR3 mRNA levels being associated with poor prognosis, but results were 

EGR1 high group by EGR3 expression, the group with high EGR3 expression had significantly shorter survival 
compared to patients with low EGR3 expression. H) Sub-stratification of patients from the EGR1 low group by 
EGR3 expression did not result in survival differences between the two groups. HR = Hazard ratio.
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Variable No.

Baseline EGR1 EGR3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

(A) All patients

Age 190 1.02 (1.01–1.04) 0.004 1.02 (1.01–1.04) 0.004 1.02 (1.01–1.04) 0.003

Post-surgical treatment

None 18 1.00 1.00 1.00

Stupp 144 0.51 (0.27–0.95) 0.03 0.51 (0.27–0.95) 0.03 0.54 (0.29–1.00) 0.05

Radiation 28 0.95 (0.45–1.97) 0.88 0.95 (0.45–1.98) 0.89 1.06 (0.50–2.27) 0.16

MGMT-methylation status

Unmethylated 71 1.00 1.00 1.00

Methylated 94 0.51 (0.36–0.74) 0.001 0.54 (0.24–1.20) 0.13 0.51 (0.35–0.74) 0.001

IDH1/2 mutation

No 184 1.00 1.00 1.00

Yes 6 0.13 (0.03–0.56) 0.006 0.13 (0.03–0.56) 0.006 0.14 (0.03–0.62) 0.01

ECOG Performance status

0–1 135 1.00 1.00 1.00

2–4 54 2.78 (1.81–4.31) <0.001 2.79 (1.81–4.31) <0.001 2.72 (1.76–4.21) <0.001

Gender

Female 82 1.00 1.00 1.00

Male 108 0.94 (0.67–1.33) 0.27 0.94 (0.67–1.33) 0.27 0.94 (0.66–1.32) 0.70

EGR1 fraction

Low 95 — — 1.00 — —

High 95 — — 0.95 (0.43–2.11) 0.91 — —

EGR3 fraction

Low 95 — — — — 1.00

High 95 — — — — 1.26 (0.90–1.77) 0.18

(B) Patients with methylated MGMT-promoter.

Age 94 1.04 (1.01–1.06) 0.001 1.04 (1.01–1.06) 0.001 1.04 (1.01–1.06) 0.001

Post-surgical treatment

None 8 1.00 1.00 1.00

Stupp 76 0.20 (0.07–0.59) 0.003 0.20 (0.07–0.59) 0.004 0.12 (0.04–0.39) <0.001

Radiation 10 0.42 (0.15–1.14) 0.09 0.42 (0.15–1.14) 0.09 0.35 (0.13–0.98) 0.045

IDH1/2 mutation

No 92 1.00 n/a 1.00 n/a 1.00 n/a

Yes 2 n/a n/a n/a

ECOG Performance status

0–1 66 1.00 1.00 1.00

2–4 28 2.71 (1.39–5.29) 0.003 2.71 (1.39–5.29) 0.003 2.22 (1.10–4.45) 0.03

Gender

Female 43 1.00 1.00 1.00

Male 51 1.07 (0.66–1.75) 0.77 1.07 (0.66–1.75) 0.77 0.99 (0.61–1.61) 0.96

EGR1 fraction — — — —

Low 9 — — 1.00 — —

High 85 — — 0.99 (0.44–2.22) 0.99 — —

EGR3 fraction — — — —

Low 45 — — — — 1.00

High 49 — — — — 1.97 (1.19–3.28) 0.009

(C) Patients with un-methylated MGMT-promoter.

Age 71 0.99 (0.97–1.03) 0.94 0.99 (0.97–1.03) 0.94 1.00 (0.97–1.03) 0.96

Post-surgical treatment

None 8 1.00 1.00 1.00

Stupp 52 1.02 (0.42–2.47) 0.96 1.02 (0.42–2.47) 0.96 1.09 (0.42–2.85) 0.86

Radiation 11 2.08 (0.66–6.57) 0.21 2.08 (0.66–6.57) 0.21 2.24 (0.66–7.67) 0.19

IDH1/2 mutation

No 67 1.00 0.01 1.00 0.01 1.00 0.01

Yes 4 0.11 (0.02–0.60) 0.11 (0.02–0.60) 0.11 (0.02–0.59)

ECOG Performance status

Continued
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non-significant (P = 0.07, Fig. 3D). No association with patient survival was found for EGR3 nuclear fraction 
score, staining intensity scores, cytoplasmic staining scores, presence/absence of cytoplasmic staining or score 
groups based on total points achieved (Supplementary Fig. 3B–F). When subdividing the tumours based on 
MGMT-methylation status, the MGMT-methylated group with a high EGR3 cell fraction had a significantly 
shorter survival compared to the group with a low EGR3 cell fraction: Median survival 13.77 vs. 20.07 months 
(HR = 1.64; 95%CI = 1.04–2.58; P = 0.03, Fig. 3E). This result remained significant in multivariate cox-regression 
(P = 0.006, Table 2B). TCGA data showed a similar, but non-significant, trend for EGR3 mRNA levels in 
MGMT methylated GBM (P = 0.16, Fig. 3F). In the MGMT-unmethylated group, no survival difference was 
found between EGR3 high vs. EGR3 low expression levels: Median survival 13.27 vs. 13.21 months (HR = 1.09; 
95%CI = 0.68–1.75; P = 0.72). Furthermore, high EGR3 mRNA levels were associated with a significantly shorter 
survival in recurrent GBMs (HR = 11.00, P < 0.001, Fig. 4C).

Combined prognostic value of EGR1 and EGR3 in glioblastomas. The various combinations of 
EGR1 and EGR3 revealed that the groups differing the most were patients with high EGR1 levels, sub-stratified 
by their EGR3 expression (Fig. 3G). In the group with high EGR1 and simultaneous high EGR3 expression had 
significantly shorter survival compared to the group with high EGR1 and simultaneous low EGR3 expression: 
Median survival 13.54 vs. 19.14 months (HR = 1.68; 95%CI = 1.08–2.62; P = 0.02). In multivariate analysis, the 
difference remained significant (P = 0.005, Fig. 4D). In patients with low EGR1 expression, sub-stratification by 
EGR3 expression (Fig. 3H) was not significantly associated with any difference in overall survival: Median sur-
vival 14.00 vs. 11.60 months (HR = 1.28; 95%CI = 0.84–1.97; P = 0.27, Fig. 4E).

Discussion
The expression of EGR1 in gliomas has previously been investigated by Sakakini et al.14 and Mittelbronn et al.26, 
who found EGR1 expression in 82% and 100% of tumours respectively, which is similar to our findings of expres-
sion in all 207 investigated tumours. Both studies found a positive correlation between EGR1 fraction and WHO 
grade, which is also in accordance with our results.

We found that EGR1 protein expression decreased in migrating tumour cells, and a possible explanation for 
this finding could be that cells in the peripheral tumour regions are less exposed to the active tumour microen-
vironment present in central tumour, and thereby less exposed to cytokine signalling and hypoxia, which are 
known inducers of EGR1 expression27,28.

The prognostic value of EGR1 in gliomas was also investigated by Mittelbronn et al.26 and Sakakini et al.14 
who found that high EGR1 levels were associated with improved overall survival and progression free survival, 
respectively. In this study, we found a significant association between high EGR1 expression and improved overall 
patient survival in univariate analysis; however, the results were non-significant when adjusting for confounders. 
MGMT methylation status is known as a strong independent predictor of both progression-free survival and 
overall survival in GBM patients29. Nearly all patients with high EGR1 expression had a methylated MGMT pro-
moter, while most patients with low EGR1 expression had an unmethylated MGMT promoter. This uneven distri-
bution of MGMT methylation status explains why the EGR1 fraction had no prognostic value after adjustment for 

Variable No.

Baseline EGR1 EGR3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

0–1 52 1.00 1.00 1.00

2–4 19 3.43 (1.66–7.10) 0.001 3.43 (1.66–7.10) 0.001 3.53 (1.67–7.48) 0.001

Gender

Female 25 1.00 1.00 1.00

Male 46 0.95 (0.54–1.66) 0.84 0.95 (0.54–1.66) 0.84 0.97 (0.54–1.73) 0.92

EGR1 fraction — — — —

Low 71 — — 1.00 — —

High 0 — — n/a n/a — —

EGR3 fraction — — — —

Low 39 — — — — 1.00

High 32 — — — — 1.10 (0.64–1.90) 0.72

Table 2. Multivariate Cox-regression for glioblastoma patients. (A) Cox-regression for all 190 included 
glioblastomas showed independent prognostic value of patient age, Stupp treatment regimen, MGMT-
methylation status, IDH1/2 mutational status and ECOG performance status. A high EGR1 fraction was found 
non-significant. (B) Cox-regression including patients with a methylated MGMT-promoter. Independent 
prognostic value was found for patient age, Stupp treatment regimen, ECOG performance status and EGR3 
fraction. (C) Cox-regression including patients with an un-methylated MGMT-promoter. Independent 
prognostic value was found for IDH1/2 mutational status and ECOG performance status. n/a = not applicable. 
HR = Hazard ratio. CI = Confidence interval. Significant p-values are marked with bold numbers. Survival data 
was adjusted for known clinical parameters including patient age, post-surgical treatment regimens, MGMT-
methylation status, ECOG performance status, IDH1/2 mutation status, gender as well as EGR1 and EGR3 
fractions. All Cox-regressions were first performed as a baseline-model and subsequently with addition of 
EGR1 or EGR3 respectively.
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MGMT methylation status. Mittelbronn et al.26 and Sakakini et al.14 did not include MGMT-methylation status in 
their studies, which most likely explains the differences compared to our study. The finding of a very high fraction 
of MGMT-methylated tumours having simultaneous high EGR1 expression raises the question whether EGR1 
is involved in methylation of the MGMT promoter. Data from TCGA showed a significant inverse correlation 
between EGR1 and MGMT mRNA levels, which supports this hypothesis, and warrants further investigation of 
the interaction between EGR1 and MGMT.

Figure 4. MGMT-methylation distribution and multivariate cox-regression for EGR1/EGR3 combinations. (A) 
The distribution of MGMT-methylation status was highly skewed when looking at the two EGR1 groups: The 
majority of patients in the EGR1 high group had a methylated MGMT-promoter, while 100% of patients in the 
EGR1 low group had un-methylated MGMT-promoters. (B) TCGA mRNA data showed a significant inverse 
correlation between EGR1 and MGMT mRNA levels. (C) TCGA data showed that patients with recurrent GBM 
and high EGR3 mRNA levels had significantly shorter survival compared to patients with low EGR3 mRNA 
levels. (D,E) Multivariate Cox-regression of the different EGR1 and EGR3 combinations showed that patients 
with EGR1 high/EGR3 high had a worse prognosis than patients with EGR1 high/EGR3 low. * = P < 0.05. ** = 
P < 0.01. *** = P < 0.001.
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EGR1 has been reported to act as a tumour suppressor in several cancers30–32, however, in prostate cancer, 
EGR1 has been proposed to be an oncogene33,34, which may suggest a tissue specific biological function. In gli-
omas, it has previously been shown that overexpression of EGR1 in primary GBM cell cultures in vitro inhibits 
cell growth35, thereby suggesting EGR1 as a tumour suppressor in gliomas. Its anticancer effect is likely mediated 
through regulation of and interaction with key tumour suppressors such as PTEN and P5336–38.

When looking at EGR3 expression and patient survival, we found that high EGR3 expression levels were 
associated with poor patient prognosis. We found an increase in EGR3 protein expression in migrating tumour 
cells in the periphery, suggesting that EGR3 plays a role in tumour cell migration, thereby indirectly causing 
accelerated tumour progression, which leads to poor patient outcome. Supporting this hypothesis, a decline of 
EGR3 expression has been shown to decrease motility of non-small cell lung cancer cells39, while EGR3 has been 
associated with migration and invasion in hepatocellular40,41 and breast carcinomas21.

We did not find any association between cytoplasmic EGR3 localization and patient survival. However, the 
observed cytoplasmic EGR3 expression may have several functional implications; first it could indicate that 
tumour cells with this expression pattern have a high synthesis of EGR3 protein within the endoplasmatic reticu-
lum, where it accumulates prior to nuclear translocation. Secondly, it has been shown that EGR3 protein accumu-
lates around the microtubule organizing centers in dividing cells and is associated with microtubule formation42, 
thereby suggesting roles in cell division and cytoskeleton organisation. The exact functional role of cytoplasmic 
EGR3 remains elusive, and should be further investigated with functional assays.

High nuclear levels of EGR3 remained significantly associated with poor patient survival in 
MGMT-methylated patients after adjustment for confounders, as did the combination of EGR1 high/EGR3 high 
compared to EGR1 high/EGR3 low. However, since the vast majority of patients in the EGR1 high group had 
methylated MGMT promoters, the composition of the EGR1 high/EGR3 high group closely resembled the EGR3 
high group sub-stratified from MGMT-methylated patients, and hence the combinations of EGR1 and EGR3 
expression levels did not augment the prognostic value of either marker.

MGMT-methylation is predictive of positive response to temozolomide chemotherapy, and the poor prog-
nosis of patients with high EGR3 expression in this group does raise the question whether EGR3 is implicated 
in resistance to temozolomide chemotherapy. EGR3 gene expression has previously been shown to increase in 
breast-cancer-associated fibroblasts after treatment with taxotere43, and furthermore it has been shown that tissue 
samples from patients with recurrent breast cancer had elevated levels of EGR3 compared to the matched primary 
tumours44. In gastric and colon cancer cell lines, it has been shown that EGR3 has binding sites in several genes 
related to 5-fluorouracil resistance45. This supports the hypothesis that EGR3 may have a protective function 
against chemotherapy, and although no direct association between EGR3 and temozolomide resistance has been 
described previously, it might be a relevant mechanism that could partly explain our findings.

Overall, our findings suggest that high EGR3 protein expression was associated with a poor prognosis in GBM 
patients with a methylated MGMT-promoter, while EGR1 expression was not associated with prognosis after 
adjustment for clinically relevant confounders. To our knowledge, EGR3 has not previously been investigated in 
gliomas, and our findings raise new questions about the role of EGR3 in GBM biology; the results indicate that 
EGR3 may be implicated in GBM cell migration and possibly also chemoresistance – two main features associated 
with treatment resistance and poor patient prognosis. Future research should aim to investigate and validate a 
potential role of EGR1 in the context of MGMT-methylation and the biological implication and prognostic value 
of EGR3 in GBMs.
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The multi‑target small‑molecule 
inhibitor SB747651A shows in vitro 
and in vivo anticancer efficacy 
in glioblastomas
Arnon Møldrup Knudsen1,2*, Henning Bünsow Boldt1,2, Elisabeth Victoria Jakobsen1,2 & 
Bjarne Winther Kristensen1,2 

Glioblastoma multiforme is the most common primary brain tumor and among the most lethal 
types of cancer. Several mono‑target small molecule‑inhibitors have been investigated as novel 
therapeutics, thus far with poor success. In this study we investigated the anticancer effects of 
SB747651A, a multi‑target small‑molecule inhibitor, in three well characterized patient‑derived 
glioblastoma spheroid cultures and a murine orthotopic xenograft model. Concentrations of 5–10 µM 
SB747651A reduced cell proliferation, spheroid formation, migration and chemoresistance, while 
apoptotic cell death increased. Investigation of oncogenic kinase signaling showed decreased 
phosphorylation levels of mTOR, CREB, GSK3 and GYS1 leading to altered glycogen metabolism 
and formation of intracellular reactive oxygen species. Expression levels of cancer stemness marker 
SOX2 were reduced in treated tumor cells and SB747651A treatment significantly prolonged survival 
of mice with intracranial glioblastoma xenografts, while no adverse effects were observed in vivo at 
doses of 25 mg/kg administered 5 days/week for 8 weeks. These findings suggest that SB747651A 
has anticancer effects in glioblastoma. The cancer‑related pathophysiological mechanisms targeted 
by SB747651A are shared among many types of cancer; however, an in‑depth clarification of the 
mechanisms of action in cancer cells is important before further potential application of SB747651A as 
an anticancer agent can be considered.

Glioblastoma multiforme is the most common primary brain tumor and is among the most deadly cancers with 
a median survival of approximately 15 months, despite aggressive treatment efforts including maximum surgical 
resection followed by concomitant radio- and chemotherapy with the alkylating agent temozolomide (TMZ)1. 
Glioblastomas often harbor alterations in several signaling pathways involved in crucial elements of cancer 
pathogenesis, including regulation of cell growth, proliferation and survival mechanisms. Commonly altered 
pathways include PI3K-PTEN-Akt-mTOR, EGFR, RAS-MAPK and P53  signaling2, which are often deregulated 
in many different types of  cancer3–6. The MAPK signaling pathway has been subject to development of many 
therapeutic approaches targeting EGFR, Ras, ERK, PI3K, mTOR and  Akt7–10, with promising preclinical data, but 
limited results in clinical trials. Resistance to therapy is a major obstacle, partly because of compensating signaling 
mechanisms that bypass the inhibited target and partly because of significant tumor heterogeneity. Multi-targeted 
therapies are currently under investigation, and seem to be a promising strategy to combat acquired resistance 
and to improve treatment efficiency, but their full potential still remains to be  elucidated11,12.

SB747651A, also known as 2-(4-Amino-1,2,5-oxadiazol-3-yl)-1-ethyl-N-4-piperidinyl-1H-imidazo[4,5-c]
pyridine-7-methanamine dihydrochloride is an ATP-competitive small-molecule inhibitor that inhibits MSK1/2 
and RSK1/2 in the MAPK pathway, and Akt as well as p70S6K in the PI3k-Akt-mTOR pathway. SB747651A 
thus has targets in both the classical ERK MAP kinase pathway, in the JNK/p38 MAP kinase pathway and in 
the PI3k-Akt-mTOR pathway, thereby simultaneously inhibiting multiple different pathways, and providing a 
robust framework for application of SB747651A as an anticancer agent. MSK1 has been implicated in resistance 
to PI3K/mTOR inhibitors in  glioblastomas13 and is suggested to repress pro-apoptotic genes, thereby promot-
ing cell  survival14. RSK2 has been demonstrated to regulate glioblastoma motility and cell invasion, and RSK2 
inhibition can sensitize cells to TMZ treatment and reduce cell  proliferation15,16. The role of Akt in glioblastoma 
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tumorigenesis has been well  described17,18, and combined Akt and p70S6K inhibition has been shown to reduce 
migration and  invasion19 and to inhibit glioblastoma xenograft  growth20. Furthermore, p70S6K levels have been 
associated with response to chemotherapy in advanced ovarian  cancer21. Based on this, we hypothesized that 
SB747651A may be used as an agent for treatment of glioblastoma, and potentially also other cancer types. The 
objective of this study was to investigate the anticancer effects of SB747651A using glioblastoma as a model 
system, by applying well characterized primary patient-derived glioblastoma spheroid cultures, and a murine 
orthotopic glioblastoma xenograft model.

Materials and methods
Cell cultures. The three patient-derived primary GBM spheroid cultures T78, T86, and T111 established in 
our laboratory between 2009 and  201222 were cultured as free floating spheroids in serum-free medium (NBE) 
consisting of Neurobasal-A medium (Gibco) supplemented with 1% B27 (Invitrogen), 0,5% N2 (Invitrogen), 
1% L-Glutamine (Gibco), 1% Penicillin + streptomycin (Gibco), 25 ng/ml EGF (Sigma-Aldrich), and 25 ng/ml 
bFGF (PeproTech). Cells were cultured in a humidified incubator at 36 °C with 5%  CO2. All cell lines have previ-
ously been thoroughly characterized and validated by spheroid formation and differentiation assays, molecular 
subtyping, sequencing with the Oncomine Comprehensive Assay v3 and with a custom NGS panel for muta-
tional status of 20 of the most frequently mutated genes in  glioma23, Illumina 850 k methylation array and by 
orthotopic xenograft implantation in mice.

Cell viability, LC50 and apoptosis assays
SB747651A and A1070722 were purchased from Tocris Bioscience. GBM spheroids were incubated with either 
NBE medium alone or NBE medium with 5 µM or 10 µM SB747651A for 1 day, 4 days, 7 days or 10 days in 
12 well plates. Propidium Iodide (Sigma-Aldrich) and CellEvent Caspase-3/7 Green Detection Reagent (Ther-
moFisher Scientific) was added to a final concentration of 0.02 mM, and cells incubated for 3 h in the dark. 
Grayscale fluorescence images were acquired immediately thereafter with a Leica DM IRB inverted fluorescence 
microscope equipped with a Leica DFC300 FX camera. For LC50 experiments, cells were treated for 48 h with a 
tenfold dilution range from 1 mM to 1 nM SB747651A prior to addition of Propidium Iodide. The fluorescence 
intensity of individual spheroids was analyzed with the ImageJ software (V1.52a).

Chemosensitivity assay. Tumor spheroids were dissociated into single cells with TrypLE (Gibco). After 
5 days, when new spheroids had formed, the medium was replaced, and 200 μl cell suspension was added to each 
well in a 96-well plate. SB747651A and TMZ were added to the wells to make the following treament groups: 
5 μM or 10 μM SB747651A combined with 30 μM, 60 μM, 120 μM or 240 μM TMZ. The spheroids were incu-
bated for 48 h, before Propidium Iodide was added, and images acquired and analyzed as previously described. 
Each exposure condition was performed with 6 technical replicates, and at least 25 spheroids were measured per 
group per replicate experiment.

Limiting dilution assays and measurements of spheroid growth. Tumor spheroids were dissoci-
ated into single cells, and re-suspended in NBE, NBE + 5 uM SB747651A, or NBE + 10 uM SB747651A. A serial 
dilution was made using three 96-well plates per group with the following cell numbers seeded in 12 wells per 
plate: 10,000/well, 1,000/well, 100/well, 10/well, and 1/well. After incubation for 10 days, the fraction of wells not 
containing spheroids was counted, log-transformed, and plotted against the number of cells/well with the ELDA 
 software24, thereby calculating the tumor-initiating-cell frequency (TICF). For measurement of spheroid diam-
eters, three random images at X10 magnification were acquired per well-plate of the wells with 10,000 cells/well.

Migration assay. A serum-free flat surface migration assay was used, as previously  described25. Briefly, 
Geltrex (Gibco) was mixed with NBE medium (1:50), and 1.4 ml was added to each well in 12-well plates. The 
coated well-plates were incubated overnight at 36 °C and the supernatant aspired. A single GBM spheroid was 
seeded in each well, and well-plates were incubated for 90 min at 36 °C, prior to addition of 1 ml medium to 
each well.

For migration assays with SB747651A, spheroids were pre-treated with 5 or 10 µM SB747651A for 24 h. 
Images were acquired immediately after spheroid seeding, and regularly every 24 h for a total of 3 days. Cell 
death in migrating cells was investigated by addition of Propidium Iodide to the wells after 72 h of migration. 
The migration distance was measured with the ImageJ software.

Phospho‑protein antibody arrays. The Proteome profiler human phospho-MAPK array kit (R&D Sys-
tems) was used to measure relative changes in phosphorylation levels of 26 different MAPK according to manu-
facturer’s instructions. Briefly, samples were prepared by seeding 3 million T78 cells into T150 flasks and then 
leaving the cells to recover for 24 h, before 10 µM SB747651A was added and left to incubate for additional 24 h. 
Cells were then spun down at 100 RCF for 7 min at 4 °C, washed with ice-cold PBS twice, and lysed with the 
included kit lysis buffer supplemented with Halt protease and phosphatase inhibitor cocktail (ThermoFisher 
Scientific) at 2X final concentration, and stored at -80 ̊C until use. Protein concentrations in the lysates were 
determined with the Pierce BCA protein assay kit and 200 μg total protein lysate was used per membrane. CL-
XPosure x-ray film was exposed for 3 min, digitalized, and the images were analyzed with ImageJ software.

Glycogen metabolism assays. Cell lysates were prepared from T78 cells cultured in NBE and cells 
exposed to 10 μM SB747651A for 72 h were spun down at 100 RCF for 7 min at 4 °C, washed with ice-cold PBS 
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twice, and lysed with  ddH2O at 8 ×  106 cells/ml. Lysates were heated to 100 °C for 10 min, spun down at 14,000 
RCF for 5 min and the supernatant was pipetted into a new Eppendorf tube and stored at − 80 °C Glycogen 
concentrations were measured in the samples with the Glycogen Assay Kit II (Colorimetric) (Abcam) according 
to manufacturer’s instructions using 96-well plates and a BioTek EL808 plate reader with absorbance measure-
ments performed at 450 nm.

SB747651A in vivo toxicity assessment. Female balb/c nude mice aged 7–8  weeks (n = 11), were 
divided into three groups: A vehicle (HBSS) treated control group (n = 3) and 2 treatment groups receiving 
either 5 mg/kg (n = 4) or 25 mg/kg (n = 4) intraperitoneal injections of SB747651A. Since no pharmacokinetic 
or pharmacodynamics data for SB747651A was available, administered doses were estimated based on dos-
age regimens of other small molecule inhibitors in preclinical  studies26–28. An initial single administration was 
performed and the animals observed closely for 7 days. Subsequently, the animals were treated 5 days/week for 
4 weeks total, with close monitoring of body weight and behavior. Animals were then euthanized, and the liver, 
kidneys and brain from each animal was formaldehyde fixed and paraffin-embedded. A dose of 25 mg/kg was 
used in the orthotopic xenograft model.

Orthotopic glioblastoma xenograft model. Orthotopic glioblastoma xenografts were implanted as 
previously  described29. Briefly, female balb/c nude mice aged 7–8 weeks (n = 36) were anaesthetized and placed 
in a stereotactic frame. A small skin incision was made on the skull, bregma was located and periost removed. A 
small burr-hole was made 1 mm anterior and 2 mm laterally from bregma using a dental drill. A 2 µl suspension 
of 300,000 T78 tumor cells was slowly injected into the right hemisphere with a Hamilton syringe at a depth of 
3 mm. The syringe was slowly retracted, and the skin was sutured. Immediately after tumor cell implantation, 
the mice were block randomized (1 cage = 1 block) into four groups with the Research Randomizer tool (30): 
Vehicle treated control group (n = 9), SB747651A 25 mg/kg for 8 weeks (n = 9), TMZ 30 mg/kg for 5 days (n = 9) 
and SB747651A 25 mg/kg daily for 8 weeks + TMZ 30 mg/kg for 5 days (n = 9). All animals were monitored on 
a daily basis and euthanized if they displayed any sign of neurological deficit or lost ≥ 20% body weight. A pre-
defined endpoint of 250 days was chosen for termination of the experiment in case of no signs of tumor burden. 
Organs were removed and processed post-mortem as previously described. From each animal, a blood sample 
was taken with a 300 µl Microvette CB serum tube (Sarstedt), and spun down at 2000 RCF for 5 min. The serum 
was isolated and frozen immediately at − 80 ˚C.

Alanine transaminase activity and creatinine measurements. Serum Alanine transaminase (ALT) 
and creatinine levels were measured with the colorimetric ALT activity assay and Creatinine assay kit (Sigma-
Aldrich) in 96-well plates according to manufacturer’s instructions. Each sample was assayed as technical dupli-
cates and 10 µl serum was used per well. Absorbance was measured at 562 nm on a BioTek EL808 plate reader.

Immunohistochemistry and automated digital quantification. Tumor spheroids were immersion-
fixed in 4% neutral-buffered formaldehyde, paraffin-embedded, and cut into 3 μm sections on a microtome. Sec-
tions were deparaffinized followed by blocking of peroxidase activity. After heat-induced-epitope retrieval, sec-
tions were stained with Hematoxylin/Eosin and the following antibodies: Nestin (Clone: 196,908, 1:1000, R&D 
Systems), Bmi-1 (Clone: F6, 1:200, Upstate Biotechnology), CD133 (Clone: W6B3C1, 1:40, Miltenyi Biotec), 
SOX2 (Clone: 245,610, 1:200, R&D Systems), Musashi-1 (Clone: 14H1, 1:200, MBL International Corporation), 
phospho-GSK3 (Clone: EPR933Y, 1:100, Abcam), phospho-GYS1 (Ser641) (Clone: PA5-17,702, 1:400, Ther-
moFisher scientific), phospho-CREB (Ser133) (Clone: 87G3, 1 + 800, Cell Signaling Technology), and phospho-
mTOR (Clone: 49F9, 1 + 200, Cell Signaling Technology).

The paraffin-embedded mouse organs were stained with Hematoxylin/Eosin and Periodic Acid-Shiff. Addi-
tionally, the brains of tumor-bearing animals were stained with human-specific Vimentin (Clone: SP20, 1:600, 
NeoMarkers) to identify tumor cells. The Vimentin stainings were performed on the Dako Autostainer Link 48 
platform (Dako), while all other stainings were performed on the Ventana Discovery Ultra staining platform 
(Ventana Medical Systems).

Stained slides were digitalized using the NanoZoomer 2.0HT digital image scanner (Hamamatsu photonics, 
Japan) and imported into the microarray module of the Visiopharm software (V2018.9.4). Two different clas-
sifiers were programmed; One for detection of positive and negative nuclei, and one for detection of positive 
cytoplasmic staining. The fractions and mean intensitites of positive cells and staining regions were quantified 
with the software.

Statistical analysis. Statistical analyses were performed with the GraphPad Prism software (V8.3.1). In 
datasets without normal distribution, multiple group comparison was performed with Kruskal–Wallis tests sup-
plemented with Dunn´s multiple comparison tests. Normal-distributed datasets were analyzed with one-way 
ANOVA and Tukey´s posttests. Migration assays were analyzed with 2-way ANOVA and subsequent Bonfer-
roni posttests. Comparison of two groups was performed with students t-test. P-values < 0.05 were considered 
statistically significant, and where possible, two-tailed tests were used. Error-bars represent mean ± SEM. Each 
experiment was performed as at least three independent biological replicates and the exact number of replicates 
for each experiment is stated in the corresponding figure legend.

Ethical approval. This study was approved by the Danish Data Inspection Authority (approval Number 
16/11065) and the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval Num-
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ber S-20150148). Animal experiments were approved by The Animal Experiments Inspectorate in Denmark 
(approval Number 2018–15-0201–01471) and reported in compliance with the ARRIVE guidelines. All experi-
mental procedures in this study, including use of patient material and data, have been performed according to 
local and national guidelines and regulations, covered by permissions from the Danish Data Inspection Author-
ity (approval Number 16/11065) and the Regional Scientific Ethical Committee of the Region of Southern Den-
mark (approval Number S-20150148).

Results
SB747651A induces apoptosis‑mediated cell death and shows additive effects on cell death 
when combined with the alkylating chemotherapeutic agent temozolomide. We found a sig-
nificant time- and concentration-dependent increase in Propidium Iodide and Caspase 3/7 fluorescence intensi-
ties in all three spheroid cultures with maximum intensities reached after 10 days exposure (Fig. 1A–B). After 
48 h treatment duration, the T111 spheroid culture showed the lowest LC50 value of 112.3 μM followed by the 
T78 spheroid culture with an LC50 of 114.7 μM. T86 cells had a substantially higher LC50 value of 455.8 μM 
(Fig. 1C–E). When comparing the 5 and 10 μM exposure groups, we found significant differences in relative 
cell viability and Caspase 3/7 fluorescence intensities, with the highest concentration showing the highest cell 
death and apoptosis in all spheroid cultures (Fig. 1F–K). SB747651A exposure induced apoptosis-mediated cell 
death, which increased with both concentration and exposure time. LC50 values for SB747651A treatment dras-
tically decreased when increasing the exposure duration; The T78 spheroid culture had LC50 values of 123.3 
and 96.1 µM after 4 and 7 days exposure respectively (supplementary Fig. 1A), the T86 cells had LC50 values of 
62.1 and 20.1 µM after 4 and 7 days (supplementary Fig. 1B), while the T111 cells had LC50 values of 92.2 and 
5.38 µM after 4 and 7 days SB747651A exposure (supplementary Fig. 1C).

Next, cells were exposed to different combinations of SB747651A and TMZ. We found an increase in cell 
death that positively correlated with TMZ concentration (supplementary Fig. 2A). Addition of either 5 or 10 μM 
SB747651A in combination with TMZ resulted in an additive concentration-dependent increase of cell death. 
This effect was most pronounced in the T78 and T111 spheroid cultures (supplementary Fig. 2B+D), which 
have methylated O(6)-Methylguanine-DNA methyltransferase (MGMT) promoters. The T86 spheroid culture 
is MGMT-promoter unmethylated, and showed high resistance to both TMZ and TMZ + SB747651A combina-
tions (supplementary Fig. 2). In general, all three spheroid cultures showed high resistance to TMZ treatment, 
with LC50 values of 370.7 µM for T78 cells, 564.9 µM for T86 cells, and 273.9 µM for T111 cells after 48 h TMZ 
treatment (supplementary Fig. 2E–G).

SB747651A inhibits spheroid formation and impairs spheroid growth. The impact of SB747651A 
exposure on tumor spheroid formation was investigated with limiting dilution assays. Interestingly, we observed 
morphological changes of the spheroids in the SB747651A exposure groups which appeared smaller and had 
non-circular appearances with pseudopod formations (Fig. 2A). After 10 days exposure, we found that both the 
5 and 10 µM SB747651A groups had a significantly lower frequency of spheroid formation, compared to the 
vehicle control group in a concentration-dependent manner across all spheroid cultures (Fig. 2B–D). The T78 
cells had a tumor-initiating-cell-frequency (TICF) of 1 in 5.18 cells (95% CI 4.20–6.39), which was reduced to 
1 in 9.35 cells (95% CI 7.47–11.71) in the 5 µM group, and 1 in 13.14 cells (95% CI 10.32–16.74) in the 10 µM 
group (Fig. 2B). The TICF of T86 cells was 1 in 4.21 (95% CI 3.41–5.21), 1 in 8.97 cells (95% CI 7.17–11.21) in 
the 5 µM group and 1 in 11.94 cells (95% CI 9.42–15.14) in the 10 µM group (Fig. 2C). For T111, the TICF was 
1 in 3.89 cells (95% CI 3.14–4.82), 1 in 7.77 cells (95% CI 6.25–9.66) in the 5 µM group and 1 in 21.49 cells (95% 
CI 17.52–26.38) in the 10 µM group (Fig. 2D). All groups had the ability to form spheroids at clonal density, but 
with significantly decreasing frequencies in the SB747651A exposure groups.

The diameter of spheroids from the limiting dilution assays was measured and compared across all groups 
to investigate whether SB747651A also affected spheroid growth. In the T78 spheroid culture, treated sphe-
roids were significantly smaller compared to controls (control mean = 99.42 µm, 5 µM mean = 69.99 µm, 
10 µM mean = 67.58 µm, P < 0.001, Fig. 2E). Similar results were found for T86 (control mean = 116.05 µm, 
5 µM mean = 78.23 µm, 10 µM mean = 62.97 µm, P < 0.001, Fig. 2F) and T111 spheroid cultures (control 
mean = 133.97 µm, 5 µM mean = 97.82 µm, 10 µM mean = 86.28 µm, P < 0.001, Fig. 2G). In the T86 and T111 
spheroid cultures the 5 µM and 10 µM groups furthermore differed significantly from each other (P < 0.001), 
demonstrating a concentration-dependent response.

Based on this, we hypothesized that exposure to SB747651A could reduce cell proliferation and induce cel-
lular differentiation. This was further investigated by immunohistochemical stainings of paraffin-embedded 
tumor spheroids. Stainings for Ki-67 showed a very high proliferation rate, and stainings for phospho-Histone 

Figure 1.  Cell viability and apoptosis following SB747651A exposure. (A–B) Representative images of 
Propidium Iodide (red) and Caspase 3/7 (green) fluorescence in the T111 spheroid culture after exposure to 5 
or 10 μM SB747651A for 1, 4, 7 and 10 days respectively. (C–E) LC50 values showed different sensitivities to 
SB747651A exposure, with the T78 and T111 spheroid cultures showing the lowest LC50 values. (F–K) Relative 
cell viability decreased and Caspase 3/7 fluorescence intensity increased in a concentration- and time-dependent 
manner in all three spheroid cultures. Displayed significance levels are all compared to the fluorescence intensity 
of the corresponding measurement at 24 h. Fluorescence intensity is shown as arbitrary units. * = P < 0.05. 
** = P < 0.01. *** = P < 0.001. Scale bar for images from 1 and 4 days = 100 μm. Scale bar for images from 7 and 
10 days = 200 µm. Data shown are pooled from 3 independent experiments.
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Figure 2.  Limiting dilution assays and spheroid growth after SB747651A treatment. (A) Representative 
images of spheroids from the T111 spheroid cultures from limiting dilution assays. The black arrows indicate 
pseudopod-like extensions from spheroids exposed to SB747651A. Scale bar = 200 μm. (B–D) Following 
SB747651A exposure, the tumor-initiating-cell frequency was significantly reduced in all three spheroid 
cultures in a concentration-dependent manner. (E–G) The diameter of spheroids exposed to SB747651A was 
significantly smaller than controls. Furthermore, this effect was concentration-dependent in the T86 and 
T111 spheroid cultures. * = P < 0.05. ** = P < 0.01. *** = P < 0.001. Data shown are pooled from 3 independent 
experiments.
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H3 (Ser10), being a marker for ongoing mitosis, showed no notable differences in amount of labeled nuclei 
(Fig. 3A). Stainings for several stemness related markers revealed a significant decrease of SOX2 staining intensity 
in SB747651A exposed tumor spheroids (mean intensity 149.5 arbitrary units) vs. controls (mean intensity 187.4) 
(P = 0.02, Fig. 3B–C). Expression of Nestin, Bmi1, CD133 and Musashi-1 were unchanged in exposure groups 
compared to controls (supplementary Fig. 3), indicating a specific inhibition of SOX2 expression.

SB747651A reduces glioblastoma cell migration. Next, we investigated the effect of SB747651A on 
cell migration (Fig. 4A).SB747651A exposed T78 spheroid cultures showed a reduction in migration distance 
by 30.2% in the 5 µM group and 37.8% in the 10 µM group (P < 0.001, Fig. 4B). In the T86 spheroid culture, the 
migration distance was reduced by 50.8% in the 5 µM group and 60.4% in the 10 µM group (P < 0.001, Fig. 4C). 
In the T111 spheroid culture there was no difference in migration distance between treated and control groups 
(Fig. 4D). Addition of Propidium Iodide to migrating cells after 72 h of migration showed that migrating cells 
exposed to SB747651A were still viable, indicating that SB747651A inhibits cell migration in a non-lethal man-
ner (supplementary Fig. 3B).

SB747651A reduces phosphorylation levels of several MAP‑kinases and alters glycogen 
metabolism. To identify the mechanisms of action of SB747651A treatment, we investigated relative phos-
phorylation levels of 26 different phospho-proteins involved in MAPK signaling (Fig.  5A). We found a sig-
nificant reduction in phosphorylation levels of GSK3α/β (53.4% reduction, P < 0.001), and a borderline signifi-
cant reduction in CREB (34% reduction, P = 0.052) and mTOR phosphorylation (21.4% reduction, P = 0.062) 
(Fig. 5B) after 48 h exposure to 10 µM SB747651A. Additionally, we observed reduced phosphorylation of RSK1 
S380 (7.8% reduction), RSK2 S386 (9.1% reduction), MSK2 S360 (22.1% reduction) and p70S6K T421/S424 
(20.3% reduction), however due to substantial variation between sample replicates, these results were not signifi-
cant (supplementary Fig. 4). Surprisingly, no changes were found in Akt phosphorylation levels.

These changes in relative phosphorylation levels following 10 µM SB747651A exposure identified on the 
membrane blots were further validated by immunohistochemistry, and we could confirm a significant reduction 
of both phospho-GSK3 staining intensity (36.9% reduction, P = 0.001, Fig. 5C) and its downstream substrate, 
the phospho-GYS1 kinase (31.4% reduction, P = 0.001, Fig. 5C). The significant downregulation of phospho-
CREB and phospho-mTOR was also confirmed immunohistochemically (supplementary Fig. 5). The fraction of 
phospho-CREB positive cells was reduced from 71.4% in control spheroids to 21.7% in SB747651A treated sphe-
roids (P = 0.001, supplementary Fig. 4A–B), while the staining intensity of phosho-mTOR in exposed spheroids 
was reduced by 31.1% following 10 µM SB747651A treatment (P = 0.001, supplementary Fig. 5C–D). GSK3 and 
GYS1 are major regulators of glycogen synthesis, and a reduction in GSK3 phosphorylation reduces the inhibitory 
phosphorylation of GYS1. This results in a net-increase of GYS1 activity, thereby leading to increased synthesis 
of glycogen. To investigate whether this occurred in SB747651A exposed spheroids, we performed Periodic Acid 
Schiff stainings on T78 spheroids, and measured intracellular glycogen concentrations in cell lysates. SB747651A 
treated spheroids accumulated more intracellular glycoproteins compared to controls (Fig. 5D), and indeed, the 
intracellular concentration of glycogen was significantly higher in SB747651A treated spheroids compared to 
controls (P = 0.03). Accumulation of excess glycogen induces mitochondrial formation of reactive oxygen spe-
cies (ROS), and we could confirm that SB747651A treated spheroids showed significantly higher levels of ROS 
compared to controls (Fig. 5E). This finding was reproduced using the GSK3 inhibitor A1070722, thereby linking 
the increased ROS formation to a decrease in GSK3-phosphorylation levels. Phospho-GSK3 protein expression 
levels was 60.6% of controls in 10 µM SB747651A treated spheroids and 50.9% of controls in 10 µM A1070722 
treated spheroids. The proposed mechanistic function of SB747651A is schematically outlined in Fig. 6A.

SB747651A treatment prolongs overall survival of orthotopically xenografted mice and shows 
no adverse effects in vivo. Next, we investigated the effect of SB747651A treatment on overall survival in 
a murine orthotopic xenograft model using the T78 spheroid culture (Fig. 6B–C). Mice in the SB747651A group 
(n = 9) had a significantly longer median survival of 128 days compared to 112 days in the vehicle group (n = 9; 
P = 0.015, Fig. 6D). No mice in the TMZ (n = 9) or TMZ + SB747651A (n = 9) treatment groups had tumors at 
the predefined endpoint of 250 days. No signs of acute lethal toxicity, weight loss or behavioral changes were 
observed in treated mice after initial single administration or after 4 weeks of continuous treatment with 25 mg/
kg SB747651A for 5 days/week (Supplementary Fig. 6A). Creatinine levels and alanine transaminase activity did 
not differ between SB747651A and vehicle treated animals (Supplementary Fig. 6B–C). Histological examina-
tion of liver, kidney and brain tissue showed no signs of pathological changes in SB747651A treated animals 
(Supplementary Fig. 6D).

Discussion
In this study we have investigated the effect of the small-molecule inhibitor SB747651A on several key ele-
ments in glioblastoma maintenance and progression. To our knowledge, the only published study investigating 
SB747651A in cancer, found that 20 μM SB747651A reduced invasion of oral squamous cell carcinoma in vitro, 
but had no effect on apoptosis or cell  growth31. We found that patient-derived glioblastoma spheroid cultures 
subject to short-term SB747651A exposure showed only modest cell death and apoptosis with very high LC50 
values > 100 µM, which most likely results in highly unspecific target inhibition. When extending exposure dura-
tions with 5–10 µM SB747651A to 7 and 10 days, the effect on cell death and apoptosis drastically increased, 
and LC50 values simultaneously decreased with increasing exposure durations, suggesting that maximum effect 
requires long-term exposure, and that short-term exposure is not a feasible approach for profound induction 
of cell death and apoptosis.
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Figure 3.  Immunohistochemical stainings of tumor spheroids. Representative images from the T78 spheroid culture taken at 20X 
magnification. Scale bar = 50 µm. (A) The Ki-67 proliferation index was approximately 90% and similar across all exposure groups, 
as was expression of phospho-Histone H3. (B) A decrease of SOX2 expression was observed after exposure to 10 µM SB747651A in a 
time-dependent manner. (C) Representative images of the software-based digital quantification of SOX2 stainings. The classifier was 
programmed to identify positive nuclei (red) and negative nuclei (blue)). Quantification was performed on 4 independent experiments 
with 3 days of SB747651A exposure. AU = arbitrary units. * = P < 0.05.
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We found that SB747651A reduces phosphorylation levels of GSK3, GYS1, mTOR and CREB. In glioblas-
tomas, GSK3 inhibition has previously been shown to induce  apoptosis32, differentiation and reduce prolifera-
tion by affecting spheroid formation  capabilities33. Additionally, GSK3 inhibition has been shown to attenuate 
migration/invasion in vitro and in vivo34, and to reverse TMZ resistance and sensitize glioblastoma cells to TMZ 
in vitro35,36. High GSK3 levels have furthermore been correlated with poor patient survival, and GSK3 inhibition 
in combination with TMZ has increased patient survival compared to TMZ  alone37.

GYS1 inhibition, in primary glioblastoma cells has been shown to induce cellular accumulation of glyco-
gen, which has been associated with a reduction of proliferation and migration, and an increase of cellular 
 differentiation38. We were able to show that GSK3 and GYS1 inhibition by SB747651A prompts formation of 
ROS, which has been linked to induction of  apoptosis39 and a decrease in stemness, self-renewal capabilities 
and mTOR activity in glioma stem-like  cells40. The combined inhibition of GSK3/GYS1 and mTOR therefore 

Figure 4.  Cell migration assays. (A) Representative images of spheroids from the T86 spheroid culture used 
in the serum-free migration assay. (B–C) Spheroids from the T78 and T86 spheroid cultures exposed to 
SB747651A showed significantly impaired cell migration when compared to controls, and for T86 this effect was 
furthermore concentration-dependent. (D) Spheroids from the T111 spheroid culture migrated very poorly, and 
no difference in cell migration distance was observed. *** = P < 0.001. Scale bar = 500 μm. Data shown are pooled 
from 3 independent experiments.
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acts synergistically to enhance the effects of SB747651A. The reduction of SOX2 expression we found following 
SB747651A exposure could be linked to the decreased fraction of treated tumor cells with spheroid formation 
abilities, since SOX2 is a crucial stemness and self-renewal protein in glioblastomas. Interestingly, the T111 sphe-
roid culture was most susceptible to a decline in self-renewal capabilities after SB747651A exposure, which could 
be explained by a lower baseline level of stemness markers, thereby making it more susceptible to a decrease in 
SOX2 expression. SOX2 downregulation has previously been associated with a reduction in proliferation, inva-
sion, tumorigenicity and  chemoresistance41–43, while high SOX2 levels have been associated with poor patient 
 prognosis43. We found a consistent decrease in phosphorylation of mTOR and CREB after SB747651A exposure, 
and since the pro-tumorigenic role of mTOR in glioblastomas has been well  established9,44, mTOR inhibition is 
likely a partial functional mechanism of SB747651A. CREB is a downstream effector kinase in both the MAPK 
and PI3K pathways, and converges several cellular pathways. In glioblastomas, CREB has been shown to regulate 
growth, proliferation and  differentiation45,46. Some of the targeted pathophysiological mechanisms have previ-
ously been uncovered as important glioblastoma drivers. However, SB747651A´s multi-targeting of glioblastoma 
metabolism, mediated by GSK3 and GYS1, combined with mTOR and CREB inhibition, and a decrease of 
SOX2 expression, has not previously been described. To specifically determine the effects of each target protein, 
knockout cells could be applied to investigate specific effects mediated by individual target proteins to uncover 
contributing protein functions. Single-target inhibitors blocking mTOR, GSK3 and CREB are commercially 
available. However, single-target mTOR inhibitors such as Temsirolimus, Sirolimus and Everolimus have been 
disappointing in clinical trials, and currently dual mTOR inhibitors such as Vistusertib are under  investigation47. 
Monotarget GSK3β inhibition is currently under clinical investigation (NCT03678883), while CREB inhibition 
is under preclinical safety  investigation48. Multi-kinase inhibitors, such as Sunitinib, are emerging in clinical 
 investigations49 (NCT03025893), demonstrating that multi-kinase inhibitos can indeed be applied for treatment 
of patients, with acceptable and tolerable adverse effects.

No behavioral, biochemical or histological changes were observed in vivo in tumor bearing mice at doses 
of 25 mg/kg SB747651A administered for 8 weeks, suggesting very good tolerability throughtout the treatment 
duration. SB747651A treated animals survived significantly longer compared to vehicle treated animals, thereby 
demonstrating anticancer efficacy of SB747651A. The blood–brain-barrier penetration of SB747651A has not 
been addressed in this study, and should be elucidated in future work to gain insights into central nervous system 
bioavailability and pharmacokinetics. The treatment duration in our study only accounted for less than half of 
the overall survival time of treated mice, and it can therefore be speculated that the effect of SB747651A could be 
even more pronounced if treatment duration is extended beyond 8 weeks. The absence of adverse effects would 
make this a feasible approach to potentially further prolong overall survival.

No animals in the TMZ or TMZ + SB747651A groups had tumors at day 250, indicating that TMZ alone was 
sufficient to eradicate all tumor cells, which may be explained by the relatively rapid initiation of TMZ treatment 
starting 2 weeks after tumor cell implantation. The additive effect of TMZ + SB747651A we found in vitro could 
therefore not be evaluated in vivo. However, a potential additive effect cannot be excluded based on our results, 
and this aspect should be investigated in future studies.

Taken together, the multi-kinase inhibitor SB747651A has shown a series of different anticancer effects in 
glioblastomas, which in combination have shown promising potential of the inhibitor as a drug for treatment 
of this devastating disease. The effects of SB747651A could very well extend to other cancer types beyond our 
findings in glioblastomas, as many of the relevant pathophysiological mechanisms are shared among different 
types of cancer. We provide some insights into the mechanism of action, however, prior to future investigations 
of SB747651A as an anticancer agent, the full spectrum of mechanisms of action should be clarified. Potential 
future studies should aim to elucidate the synergy of SB747651A combined with other treatment modalities such 
as TMZ and/or radiation therapy and to optimize treatment duration and dosage regimen. Particular emphasis 
should be directed towards advancing and expanding preclinical results, including direct comparison with exist-
ing PI3K/Akt/mTOR inhibitors.

Figure 5.  SB747651A exposure alters MAPK phosphorylation and modulates glycogen metabolism. (A) 
Representative images of two separate membranes from the Proteome profiler Phospho-MAPK assay. Each 
membrane was loaded with 200 µg total protein lysate and exposed on X-ray film for 180 s. Membranes are 
depicted in their entirety without cropping, and assay control dots are seen in the corners of each membrane. 
Comparisons of control vs. treated cells were made on separate membranes, which were all processed and 
analyzed identically at the same time. (B) Quantification of 4 independent experiments showed a significant 
reduction in GSK3α/β phosphorylation levels, and borderline significant reductions of phospho-CREB and 
phospho-mTOR. (C) Reductions in phosphorylation levels of GSK3 and its downstream substrate, the GYS1 
kinase, were confirmed by immunohistochemistry and software-based digital quantification performed on T78 
tumor spheroids. Scalebar = 50 µm. (D) Periodic Acid Schiff staining of SB747651A treated spheroids showed 
an intracellular accumulation of glycoproteins (black arrows). Scale bar = 50 µm. (E) SB747651A and A1070722 
treated spheroids showed lower expression of phospho-GSK3 protein and intracellular ROS formation 
compared to controls. Menadione was used as a positive control for ROS induction. * = P < 0.05. ** = P < 0.01. 
*** = P < 0.001.
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Figure 6.  Schematic overview of SB747651A and in vivo orthotopic xenograft model. (A) Schematic 
illustration of intracellular targets and mechanistic functions of SB747651A. (B–C) Representative images 
of coronal brain sections from mice implanted with T78 orthotopic xenografts and treated with vehicle or 
SB747651A (n = 9 per group). Overview images were acquired at 1.25X magnification with scale bars = 2.5 mm. 
Inserts were acquired at 20X magnification with scale bars = 100 µm. Note that the midline shift in the vehicle 
treated mouse is substantially more pronounced than in the SB747651A treated mouse. (D) Kaplan–Meier 
survival curves for mice in the different treatment groups.
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Translational relevance 

Surgical tumor resection is a cornerstone in glioblastoma therapy. By establishing and applying a 

preclinical glioblastoma resection model, we identified surgical resection as an inducer of the stem cell 

state in recurrent tumor cells mediated, in part, by pleiotrophin signaling. Glioblastoma stem cells have 

high intrinsic resistance towards radio- and chemotherapy, which is administered adjuvant in the post-

surgical setting. As such, residual tumor cells become more prone to survive radio- and chemotherapy 

and facilitate tumor recurrence and ultimately patient death. Iatrogenic induction of the stem cell 

program in residual tumor cells left in the resection cavity may therefore contribute to the resistance 

mechanisms responsible for failures of both current standard-of-care treatment and novel clinical trials. 

Development and application of future therapeutic strategies should consider this stem cell enrichment 

in recurrent glioblastoma tumor cells to improve treatment efficacy and ultimately patient survival. 
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Abstract  

Purpose 

Glioblastomas are highly resistant to therapy, and virtually all patients experience tumor recurrence 

after standard-of-care treatment. Surgical tumor resection is a cornerstone in glioblastoma therapy, but 

its impact on cellular phenotypes in the local post-surgical microenvironment has yet to be fully 

elucidated. This study aimed to investigate phenotypic changes in tumor cells in early recurrent 

glioblastomas.  

 

Experimental design 

We developed a preclinical orthotopic xenograft tumor resection model in rats with integrated 18F-FET 

PET/CT imaging. Primary and recurrent tumors were RNA sequenced, and differentially expressed 

genes and pathways were investigated and validated using tissue specimens from the xenograft model, 

23 patients with matched primary/recurrent tumors and a cohort including 190 glioblastoma patients. 

Functional investigations were performed in vitro with multiple patient-derived cell cultures.  

  

Results 

Tumor resection induced microglia/macrophage infiltration, induction of angiogenesis as well as 

proliferation and upregulation of several stem cell related genes in recurrent tumor cells. Expression 

changes of selected genes SOX2, POU3F2, OLIG2 and NOTCH1 were validated at the protein level 

in xenografts and early recurrent patient tumors. Recurrent tumors expressed elevated levels of 

pleiotrophin (PTN), secreted by both tumor cells and tumor-associated microglia/macrophages. 

Mechanistically, addition of exogenous PTN induced tumor cell proliferation, self-renewal and the 

stem cell program. In glioblastoma patients, high PTN expression was associated with poor overall 

survival, and identified as an independent prognostic factor. 

  

Conclusion 

Surgical tumor resection is an iatrogenic driver of PTN-mediated self-renewal in glioblastoma tumor 

cells that promotes therapeutic resistance and tumor recurrence.  

103



Introduction 

Glioblastoma (GBM) is the most common and malignant primary brain tumor. Current standard-of-

care treatment includes surgical tumor resection and subsequent radio- and chemotherapy with 

concomitant and adjuvant temozolomide (TMZ). Despite therapeutic interventions, the median 

survival of GBM patients is approximately 15 months (1). Maximal surgical tumor resection is a 

cornerstone in GBM therapy, and complete surgical resection is an independent prognostic factor for 

both progression-free and overall survival (2,3). Microsurgical techniques and use of 5-aminolevulinic 

acid (5-ALA) aid the achievement of gross total resection (4), yet, approximately 90% of GBM patients 

experience tumor recurrence in the resection margin (5). The origin of recurrences can be ascribed to 

the diffusely infiltrative nature of GBM tumor cells (6), which makes complete resection nearly 

impossible. Although the resection margin is the region of recurrence, this area has gained much less 

attention than central tumor areas, despite reports of heterogeneous tumor cell populations in these 

different intratumoral regions (7,8). The few residual tumor cells left behind after surgery inhabit the 

reactive post-surgical microenvironment characterized by neuronal death, infiltration of 

microglia/macrophages, astrogliosis, angiogenesis, blood-brain-barrier disruption, and brain edema 

(9,10), and eventually lead to tumor recurrence and patient death. 

     Surgical resection of several cancer types such as breast-, lung-, and colorectal cancer has shown 

that the surgical intervention itself can promote disease progression and metastasis (11). The central 

nervous system responds to damage through induction of neuroinflammation mediated by activation 

of many different intrinsic and extrinsic cell types, such as astrocytes, microglia, pericytes, endothelial 

cells, monocytes and macrophages, neutrophils, NK-cells, and lymphocytes (12). The post-therapeutic 

inflammatory microenvironment secretes various cytokines, chemokines, and growth factors (13), 

which mediate tissue repair mechanisms, but simultaneously also support tumor cell proliferation and 

survival, thereby ultimately laying the foundation for tumor recurrence (14-16). In murine preclinical 

glioma resection models, it has been shown that reactive astrocytes can potentiate tumor 

aggressiveness following surgical glioma resection alone (17), and that surgical resection itself can 

suppress the leukocyte-mediated immune response (18). However, the impact and potential phenotypic 

changes induced by this special microenvironment are largely overlooked, and its potential role in 

therapeutic resistance has yet to be fully uncovered.  

     The aim of this study was to investigate phenotypic changes occurring in tumor cells after surgical 

resection to gain a better understanding of which role the post-surgical microenvironment plays in 

tumor recurrence and therapeutic resistance. 
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Materials and methods 

Cell cultures 

The patient-derived GBM spheroid cultures P3, T78, T86, T87, T110, T111, T123, T129 and T138 

were established in our laboratories as previously described (19), and cultured as free-floating 

spheroids in serum-free Neurobasal-A medium (Gibco) supplemented with 1% B27 (Invitrogen), 0,5% 

N2 (Invitrogen), 1% L-Glutamine (Gibco), 1% Penicillin + streptomycin (Gibco), 25 ng/ml EGF 

(Sigma-Aldrich), and 25 ng/ml bFGF (PeproTech). All cells were cultured at 37°C with 5% CO2 in a 

humidified incubator. Recombinant human PTN was purchased from R&D systems (Cat: 252-PL-

250). Cell proliferation was measured with MTS assays (Abcam, cat: ab197010) after 4 hours 

incubation and performed according to manufacturer´s instructions. For limiting dilution assays, 

decreasing cell densities (100, 50, 10, 5, 1 cell(s)/well) were seeded in 96-well plates and incubated 

for 10 days. The number of wells without spheroids was counted, and the tumor-initiating cell 

frequencies were calculated with the ELDA software (20). Cell clots were generated by immersion 

fixation of tumor spheroids for 24 hours in 10% formaldehyde. Fixed spheroids were washed three 

times with 0.9% NaCl, and clots were formed after adding two drops plasma and one drop thrombin.       

In vitro O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET) tracer uptake assay 

GMP-grade 18F-FET was purchased from the Department of Clinical Physiology, Nuclear Medicine 

& PET, Rigshospitalet, Copenhagen, Denmark. Approximately 1 million cells from each cell culture 

were exposed to 15 kBq 18F-FET for 60 minutes and washed with PBS three times. 18F-FET uptake 

was measured in the AtomLab 950 (Biodex Medical Systems) and defined as %-uptake of initial 

activity/200,000 cells. Results were decay corrected and normalized by cell numbers and background 

uptake in untreated control cells.  

GBM xenograft model and tumor resection procedure 

Female nude rats (Charles River NIH-Foxn1rnu) aged 6-8 weeks were anaesthetized by subcutaneous 

injection with a mixture of hypnorm and midazolam and placed in a stereotactic frame. A midline 

incision was made and the skin was retracted with 4-0 Vicryl sutures (Ethicon). Periosteum was 

removed, bregma located, and a small burr-hole was made 1 mm anterior and 2 mm laterally from 

bregma using a dental drill. A 2 µl suspension of 300,000 tumor cells was slowly injected into the right 

hemisphere with a Hamilton syringe, and the skin was closed with 5-0 sutures.  

     For tumor resection, a craniotomy with a diameter of 5-6 mm was centered around the implantation 

burr hole using a 1 mm Lindemann drill and intermitting irrigation with sterile saline. The bone flap 

was elevated with micro forceps to expose the underlying meninges. The tumor was exposed and 
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resected by gentle microdissection alternated with saline irrigation and suctioning. In case of bleeding, 

hemostasis was achieved with Surgicel (Ethicon) or bipolar electrocoagulation using an ICC50 

electrosurgical unit (Erbe Elektromedizin). Once all visible tumor was resected, the cavity was 

irrigated with sterile saline, and hemostasis was meticulously secured with Surgicel. The bone flap 

was gently repositioned and fixed with Dermabond (Johnson & Johnson). The skin was closed, and 

buprenorphine was administered subcutaneously as an analgesic every 8 hours for the first two days 

after surgery. Animals were closely monitored post-operatively for signs of neurological deficits and 

euthanized if they displayed any neurological deficits or had ≥20% body weight loss.  

 

18F-FET PET/CT scans and data analysis 

Animals were fasted for 4 hours, anaesthetized with a mixture of 1.5-2% isoflurane and 100% oxygen 

and placed on a heated PET/CT animal bed in an INVEON multimodality preclinical scanner 

(Siemens). Through a tail-vein catheter, 50 MBq 18F-FET was injected as a 0.5 ml bolus followed by 

flushing with 0.5 ml saline. Respiration and temperature were monitored using the BioVet system 

(M2M Imaging). First, a 1-bed CT scan was performed of the skull, for attenuation correction and 

anatomic orientation; full rotation 270 projections, 4x4 bin, low magnification and exposure settings 

80 kV and 500 µA in 350 ms. CT-scans were reconstructed with the Feldkamp algorithm, Sheep-

Logan filter, slight noise reduction, and Hounsfield calibration. A 15-minute static PET scan was 

performed 60 minutes after 18F-FET injection in an energy window at 350-650 keV and axial scan 

length of 127 mm. CT and PET images were co-registered using a transformation matrix, and data 

reconstructed using an OSEM3D/SP-MAP algorithm (2 x OSEM iterations and 18 x MAP iterations) 

with scatter correction and a matrix size of 128x128, resulting in a final target resolution of 0.8 mm. 

     Spherical CT-guided regions of interest (ROI) were drawn in the tumor areas using the INVEON 

Research Workplace software V4.2 (Siemens Medical Solutions). Maximum intensity projection 

images were obtained and ROI threshold values ranging from 40-100% of maximum standardized 

uptake values (SUVmax) were applied and correlated to histological tumor volumes. A SUVmax 

threshold of ≥55% correlated best with histological tumor volumes, and was subsequently applied. 

Tumor/background ratios (T/B) were calculated based on SUVmax in tumor ROIs and SUVmean in 4 

mm ROIs in the contralateral hemispheres.  

Tumor dissociation and sample preparation  

Brains were removed and immersed in ice-cold MACS tissue storage solution (Miltenyi Biotec, cat: 

130-100-008). Each brain was first mechanically dissociated using sterile disposable scalpels to isolate 

the tumor region. The tumor regions from two different animals were pooled into one sample to obtain 
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sufficient numbers of cells for sorting. For primary tumors, a total of 6 individual tumor regions (3 

samples) and for recurrent tumors a total of 8 individual tumor regions (4 samples) were processed. 

Single-cell suspensions were generated using the Brain tumor dissociation kit and gentleMACS 

Dissociator (Miltenyi Biotec, cat: 130-095-942 & 130-093-235) according to manufacturer´s 

instructions. Cellular debris was removed using the Debris removal solution (Miltenyi Biotec, cat: 

130-109-398) and myelin was removed with Myelin Removal Beads II (Miltenyi Biotec, cat: 130-096-

733) and LS columns (Miltenyi Biotec, cat: 130-042-401). Finally, red blood cells were lysed with 1X 

lysis buffer (Santa Cruz Biotechnology, Cat: sc-296258).  

 

Cell sorting  

Fc-receptors were blocked with mouse-anti-rat CD32 (Clone: D34-485, BD Pharmingen) for 5 minutes 

before the antibody cocktail consisting of the following antibodies was added: Mouse-anti-rat CD11b 

PE (clone: OX-42, Bio-Rad), Mouse-anti-rat CD45 BB700 (Clone: OX-1, BD OptiBuild), Rabbit-anti-

human/mouse/rat EAAT2 FITC (Biorbyt) and mouse-anti-human HLA-ABC Alexa Fluor 700 (clone: 

W6/32, Bio-rad). Finally, the Live/dead fixable violet stain (Invitrogen) was added. The anti-human 

HLA-ABC antibody was titrated on cultured P3 tumor cells and its species specificity validated 

(Supplementary Fig. 1A). Antibodies targeting CD11b, CD45 and EAAT2 were used to identify and 

exclude the major intra-tumor rat brain cell populations (astrocytes (CD45-CD11b-EAAT2+), 

microglia (CD45dimCD11b+) and macrophages (CD45highCD11b+)) during the tumor cell sort and 

confirm their absence during sample purity validation.  Samples were incubated for 30 minutes at 4°C 

in the dark, spun down at 300 RCF for 5 minutes and washed three times. Cell sorting was performed 

using a FACSAria III sorter with the FACSDiva software V8.0.2 (BD Biosciences) equipped with a 

100 µm nozzle and 1.5 grey filter. Instrument compensation was performed with the assay antibodies, 

anti-Mouse Ig, ĸ CompBeads (BD biosciences) and the live/dead fixable violet dye used with the ArC 

Amine Reactive Compensation Bead Kit (Thermo Fisher Scientific). The gating strategy is displayed 

in Supplementary Fig. 1B. Sorted cells were placed on ice, and purity was validated by re-acquisition 

of a small aliquot of sorted cells (Supplementary Fig. 1C).  

 

Total mRNA sequencing  

Cells were lysed in 200 μl MagNA Pure LC mRNA Isolation Kit I lysis buffer (Roche) and stored at -

80C˚. Total RNA was extracted with the MagNA Pure LC 2.0 instrument (Roche). RNA 

concentrations and integrity were measured with the NanoDrop (ThermoFisher) and 2100 Bioanalyzer 

with the Bioanalyzer RNA 6000 Pico Kit (Agilent Technologies). Bulk RNA sequencing was 
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performed by Amplexa Genetics A/S, Odense, Denmark. The NEBNext Poly(A) mRNA Magnetic 

Isolation module was used to isolate mRNA, and cDNA synthesis was performed with the NEBNext 

Ultra II RNA Library Prep Kit for Illumina according to manufacturer’s instructions. Sample 

barcoding was performed with Single Index NEBNext Multiplex Oligos for Illumina E6609S. 

Sequencing was performed on the Illumina NovaSeq 6000 sequencing system (Illumina), using a 100 

cycle S1 flow-cell with the NovaSeq 6000 S1 Reagent Kit v1.5 and 2 x 50 bp sequencing.  

Bioinformatics 

First, bcl2Fastq was applied to convert and demultiplex raw sequencing data (BCL files) into FASTQ 

read files. Next, the BBDuk function embedded in the BBtools package 

(https://sourceforge.net/projects/bbmap/) was used for removing remnant adaptor or overrepresented 

sequences, bad quality (phred score < 20) or very short reads (length < 25 base pairs), and for 5’- and 

3’-end-trimming of bad quality bases (mean phred score < 20). The RNA sequence data were aligned 

against the Homo sapiens genome (GRCh38.p13) and transcriptome (ENSEMBL GRCh38.101) 

references using STAR (21). Quantification and gene expression determination was based on the 

STAR ReadsPerGene.out.tab file. The edgeR R‐package (22) was used for transformation of the raw 

counts into counts per million (cpm). Only genes which had ≥1 cpm in at least three samples were kept 

for further analysis. After filtering, data was normalized using trimmed mean of M‐values 

normalization, and differential expression analysis was performed using the glmFit and glmLRT 

functions in the edgeR package. Detection of deregulated and enriched BIOCARTA (23), KEGG (24), 

and  REACTOME gene sets (25) was based on pre-ranked gene set enrichment analysis (GSEA) using 

the gene log2 fold change as ranking metric and the fgsea R package (26) for calculations. In silico 

protein interactions were investigated using STRING (27). 

Patient and tissue inclusion 

Formaldehyde-fixed-paraffin-embedded tissue sections from all consecutive GBM patients diagnosed 

between January 1st 2005 and December 31st 2019 at Odense University Hospital, Odense, Denmark, 

were reviewed to identify patients with matching primary and recurrent GBMs. Patients with primary 

and matching recurrent tumor within 6 months of initial diagnosis were further examined. Tissue 

blocks with insufficient material were excluded, yielding a final cohort of 11 patients with matching 

primary and early recurrent GBMs (≤6 months). To compare early recurrent GBMs with later recurring 

tumors, a second set of 12 matched primary and recurrent tumors, with recurrences 12-19 months after 

diagnosis, was included. 

     For assessment of patient survival, we used a well-annotated patient cohort including all 

consecutive glioma patients diagnosed between 2010-2014 in the Region of Southern Denmark, 
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Denmark. A total of 190 GBM patients (184 IDH-wildtype) with known clinical information were 

included, and the cohort has been used in previous studies (28,29). All diagnoses were updated 

according to the 2016 WHO classification (30). Patient characteristics are summarized in 

supplementary table 1.    

 

Immunohistochemistry and automated quantitative analysis 

Tissue blocks were cut into 3 μm sections, and subject to deparaffinization and heat-induced-epitope 

retrieval (HIER) with CC1-buffer (Ventana Medical Systems). After blocking of endogenous 

peroxidase activity, sections were stained with H&E or incubated with the following antibodies: 

Vimentin (RRID:AB_922759, clone: SP20, 1:600, LabVision NeoMarkers), Iba-1 

(RRID:AB_839504, 1:2000, Wako Pure Chemical Industries), VEGF (RRID:AB_358222, clone: 

26503, 1:500, R&D Systems), SOX2 (RRID:AB_358009, clone: 245610, 1:200, R&D Systems), 

OLIG2 (RRID:AB_1630817, 1:200, Immuno-Biological Laboratories), POU3F2 

(RRID:AB_2797827, clone: D2C1L, 1:2000, Cell Signaling Technology), PTN (RRID:AB_464137, 

clone: 5C3, 1:1000, Abnova), PTPRZ1 (Cat: 610179, Clone: 12/RPTPb, 1:6000, BD Transduction 

Laboratories) and Notch1 (RRID:AB_2153354, clone: D1E11, 1:100, Cell Signaling Technology). 

Antibody detection was performed with the Optiview-DAB detection system and nuclei were 

counterstained with Haematoxylin. All stainings were performed on the Ventana Discovery Ultra 

platform (Ventana Medical Systems). Two tissue multiblocks served as negative and positive controls: 

One containing 27 normal tissues and 12 different solid cancer types, and one containing 9 GBMs. 

The human specific Vimentin antibody was used for detection of tumor cells in xenografts. Stained 

slides were digitalized using the NanoZoomer 2.0HT digital image scanner (Hamamatsu Photonics). 

Images were imported into the Visiopharm software V2018.9.4 and different classifiers designed to 

quantify fractions of cells with positive staining, positive staining areas, and staining intensities.  

 

Immunofluorescence staining  

Tissue sections were prepared as described for immunohistochemistry. Detection of the primary 

antibody was performed with DISCOVERY OmniMap anti-rabbit/mouse HRP coupled with the 

DISCOVERY Cy5 Kit. Tissue sections were then subject to a second round of HIER, and incubated 

with the second antibody, which was detected with DISCOVERY OmniMap anti-rabbit/mouse HRP 

coupled with the DISCOVERY FAM Kit. Finally, nuclei were counterstained with VECTASHIELD 

mounting medium with DAPI.  

     Next, slides were placed on a Leica DM6000B microscope equipped with an Olympus DP72 

camera and a Ludl motorized stage integrated with the Visiopharm software. Bright field super images 
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were acquired at 1.25X magnification, and ROIs on each slide were manually outlined. The software 

was set to randomly sample 10 images from each ROI using a Meander number of samples based 

algorithm. Software-based automated analysis was performed as previously described.  

 

ELISA 

Two million tumor cells were resuspended in 20 ml medium and incubated for 48 hours. Cells were 

then spun down at 300 RCF for 5 minutes at 4 °C and the supernatant stored at -80 °C. The human 

Pleiotrophin/PTN ELISA kit (Invitrogen) was used according to the manufacturer’s instructions with 

100 µl undiluted medium per reaction.  

 

Statistical analysis 

All data was tested for Gaussian distribution with D´Agostino-Pearson omnibus normality tests. 

Comparison of two groups was performed with student´s T-tests and Mann-Whitney tests. Multiple 

group comparisons were performed with One-Way ANOVA and subsequent Tukey´s multiple 

comparison and Kruskal-Wallis test with subsequent Dunn´s multiple comparison test. For RNA 

sequencing data, the false discovery rate (FDR) was used to correct for multiple testing, and a FDR ≤ 

0.05 was considered significant. Correlations were assessed with Pearson R. Survival analysis was 

performed with Kaplan-Meier curves and Log-rank tests. Cox proportional hazard regression was 

performed to identify independent prognostic variables adjusting for patient age, sex, (Eastern 

cooperative oncology group) ECOG performance status, O-6-Methylguanine-DNA Methyltransferase 

(MGMT) promoter methylation status, and post-surgical treatment. All patients were followed from 

date of surgery until death or date of censoring (July 1, 2021). Error-bars represent mean ± SEM. Each 

experiment was performed as at least three independent biological replicates. Analyses were performed 

using GraphPad Prism V9.0.0, the open-source R-environment (version 4.0.5 https://cran.r-

project.org/), and STATA V16. 

 

Ethics 

The study was approved by the Danish Data Inspection Authority (approval number 16/11065) and 

the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-

20150148). Animal experiments were approved by The Animal Experiments Inspectorate in Denmark 

(approval number 2018-15-0201-01472). 
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Results 

18F-FET can identify preclinical GBM growth  

To establish PET/CT-based monitoring of tumor growth, we initially tested the 18F-FET uptake of 6 

different patient-derived spheroid cultures in vitro (Supplementary Fig. 2A). The T78 cells had the 

highest uptake, and this cell culture was tested in vivo along with the previously validated P3 cells 

(31). P3 xenografts could successfully be detected by 18F-FET PET 3-4 weeks after tumor cell 

implantation with a T/B ratio of 2.4 (Fig. 1A). P3 tumor growth was histologically validated, and P3 

xenografts showed a combined compact/diffuse growth pattern (Fig. 1A). Surprisingly, the T78 

xenografts could not be detected with 18F-FET despite histologically validated diffuse tumor growth 

(Supplementary Fig. 2B), demonstrating poor correlation with in vitro 18F-FET uptake. Dynamic PET 

scans revealed that P3 xenografts showed >98% of maximum measured voxel intensity at 60 minutes 

post 18F-FET-injection (Supplementary Fig. 2C), and for all subsequent experiments, P3 xenografted 

animals were used, and PET/CT scanned 1 hour post 18F-FET-injection. A timeline indicating the 

different procedures is outlined in Fig. 1B. 

 

Resection of GBM xenografts closely mimics clinical patient GBM resection 

Following detection of primary tumor growth by 18F-FET PET/CT 3-4 weeks after tumor cell 

implantation, tumor resection was performed (Fig. 1C). As observed in H&E and tumor cell specific 

vimentin staining, resected tissue fragments were comprised of both cell-dense bulk tumor (Fig. 1D, 

region 1) and tumor infiltrated brain parenchyma (Fig. 1D, region 2), thereby closely resembling 

resected patient GBM specimens. Despite achievement of near gross total resection with only remnants 

of diffuse infiltrative cells located in the border zone of the resection cavity and corpus callosum (Fig. 

1E), post-surgical 18F-FET PET/CT scans 72 hours after resection showed an increase in tracer uptake, 

presumably due to reactive changes induced by the resection itself (Supplementary Fig. 2D). 

Therefore, the post-surgical scan was used as a new baseline scan to monitor time-to-recurrence. After 

resection, 18F-FET tracer uptake levels remained stable for 2 weeks, before further increasing, 

indicating that recurrence had occurred (Fig. 1F and Supplementary Fig. 2D). As such, tumor 

recurrence was detectable with 18F-FET approximately 2½ weeks after tumor resection and could be 

histologically validated (Fig. 1F). For all subsequent experiments, recurrent tumors were isolated 3 

weeks after initial tumor resection. Examples of 18F-FET tumor uptake at different time points after 

implantation and surgery are shown in Supplementary Fig. 2E. 
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Surgical tumor resection induces tumor cell proliferation, activation of tumor-promoting 

signaling pathways, angiogenesis and infiltration with microglia/macrophages 

Next, tumor cells from primary and recurrent tumors were isolated by cell sorting with the human-

specific MHC class 1 antigen HLA-ABC. Total RNA sequencing revealed 2,266 genes with significant 

differential expression in recurrent tumor cells compared to primary tumor cells (1,769 upregulated 

and 497 downregulated, Supplementary data 1). The top-10 positively enriched REACTOME, KEGG 

and BIOCARTA pathways are represented in Fig. 2A. Interestingly, cell-cycle ranked among the most 

enriched pathways, and by quantifying the fraction of proliferating Vimentin+/Ki-67+ tumor cells (Fig. 

2B), we found that tumor cells in recurrent tumors were more proliferative compared to cells in primary 

tumors (69.4% vs. 61.1%, P = 0.002, Fig. 2C). Several pathways involved in cancer signaling and 

tumor progression were upregulated in recurrent tumor cells exemplified by 

KEGG_PATHWAYS_IN_CANCER (NES = 1.9, P = 2.81E-06), KEGG_GLIOMA (NES = 1.91, P = 

0.001) and 10 additional cancer annotated pathways (Supplementary data 1).  

     Recurrent tumor cells further upregulated the VEGF signaling pathway (Supplementary data 1), 

and an upregulation of VEGF protein expression could be validated in P3 xenografts, where recurrent 

tumors had a higher VEGF staining area fraction compared to primary tumors (20.5% vs. 3.2%, P = 

0.008, Fig. 2D).  

     Additionally, a significantly higher proportion of Iba1+ microglia/macrophages was found in 

recurrent xenograft tumors compared to primary tumors (50.4% vs. 29.1%, P = 0.001, Fig. 2E-F), and 

the same pattern was observed in patient GBMs, where recurrent tumors also showed significantly 

increased fractions of Iba1+ microglia/macrophages compared to the patient-matched primary tumors 

(31.4% vs. 21.7%, P = 0.01, Fig. 2F). A complete list of all upregulated biological pathways and gene 

sets in recurrent tumor cells is supplied in Supplementary data 1. 

Surgical tumor resection induces self-renewal in recurrent tumors 

Among the upregulated single-genes in recurrent tumor cells, a number of stem cell related genes were 

identified (Supplementary table 2 and Supplementary data 1), and therefore we hypothesized that 

recurrent tumors may be enriched for GBM stem cells (GSC). To address this further, we compiled a 

28-gene GSC signature based on pivotal GSC papers (32-34). This GSC signature was highly enriched 

in the recurrent tumors (NES = 2.23, P = 8.55E-6, Fig. 3A). Additionally, recurrent tumor cells also 

upregulated several GSEA annotated stem cell related pathways such as 

BIOCARTA_NFKB_PATHWAY (NES = 1.84, P = 0.02), KEGG_WNT_SIGNALING_PATHWAY 

(NES = 1.67, P = 0.004) and REACTOME_SIGNALING_BY_NOTCH (NES = 2.27, P = 2.78E-06). 
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     On the protein level, we confirmed an upregulation of the mean positive tumor cell fractions and 

tumor cell staining intensities of selected GSC markers including SOX2, OLIG2, POU3F2 and Notch1 

in recurrent tumors from the animal model (Fig. 3B-D and Supplementary Fig. 3A). Interestingly, all 

these findings could be validated in early recurrent patient GBMs, which had significantly higher 

fractions of SOX2+ cells (45.3% vs. 22.9%, P = 0.002, Fig. 3E), OLIG2+ cells (27.9% vs. 18.1%, P = 

0.03, Fig. 3F), POU3F2+ cells (43.8% vs. 24.8%, P = 0.03, Fig. 3G) and Notch1+ staining area (34.7% 

vs. 9.8%, P = 0.004, Supplementary Fig. 3B) compared to the patient-matched primary tumors. 

 

Recurrent tumors express higher levels of pleiotrophin (PTN) which is secreted both by tumor 

cells and tumor-associated microglia/macrophages 

Among the upregulated genes in recurrent tumor cells, the genes encoding the heparin-binding growth 

factor PTN and its primary receptor PTPRZ1 showed log2 fold-changes of  2.99 and 2.86, respectively 

(Supplementary table 2). PTN protein expression in P3 xenografts was also upregulated in recurrent 

vs. primary tumors (3.46% vs. 0.95% positive staining area fraction, P < 0.001), and the same pattern 

was observed for PTN staining intensity (P = 0.04, Fig. 4A-B). PTN expression in patient GBMs 

showed the same pattern, and early recurrent tumors had significantly higher PTN expression 

compared to the patient-matched primary tumors (3.80% vs. 1.53% positive staining area, P = 0.04, 

Fig. 4C). PTPRZ1 protein expression was also significantly upregulated in recurrent tumors, both in 

the xenograft model (P = 0.04, Supplementary Fig. 3C) and in GBM patient samples (P = 0.02, 

Supplementary Fig. 3D). Interestingly, PTN expression was found both in SOX2+ GSCs and Iba1+ 

tumor-associated microglia/macrophages in P3 xenografts (Fig. 4D). In recurrent xenograft tumors, a 

significantly higher fraction of tumor cells showed co-localization with PTN compared to primary 

tumors (65.5% vs. 34.7%, P < 0.001, Fig. 4E), and the same pattern was found for tumor-associated 

microglia/macrophages (63.2% vs. 17.3%, P < 0.001, Fig. 4E). PTN secretion from tumor cells was 

validated in 9 different patient-derived spheroid cultures by ELISA (Fig. 4F).  

 

PTN induces proliferation, spheroid growth, and self-renewal in vitro 

To further investigate the biological effects of PTN, we added exogenous PTN to several of the patient-

derived GBM cultures. PTN concentrations between 10-100 ng/ml induced significant tumor cell 

proliferation and resulted in increased size of tumor spheroids in the 4 different investigated cell 

cultures (Fig. 5A-D and Supplementary Fig. 3E). Limiting dilution assays showed that the addition of 

PTN significantly increased the tumor-initiating cell frequency in all four investigated spheroid 

cultures (P-values: T123 = 0.007; T129 = 0.036; P3 < 0.001; T78 = 0.01; Fig. 5E-H). Addition of PTN 

along with Anti-PTN antibody (0.5 µg/ml) abolished this effect, while the addition of Anti-PTN 
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antibody alone significantly reduced the fraction of tumor-initiating cells (P-values: P3 = 0.01; T78 = 

0.03, Fig. 5G-H).     

 

PTN induces the GSC program in GBM tumor cells 

Based on PTN´s ability to promote GSCs, we hypothesized that PTN could have a functional role in 

the observed upregulation of self-renewal in the recurrent tumors from the resection model. To 

evaluate this possibility, we investigated TCGA mRNA expression data, and identified significant 

positive correlations between PTN mRNA levels and the majority of genes included in the 28-gene 

GSC signature (Fig. 5I). STRING analysis showed PTN being connected to the vast majority of stem 

cell proteins in our GSC signature through its receptor PTPRZ1 and subsequently SOX2 and Notch1 

(Supplementary Fig. 4). Functional investigations in vitro confirmed that exogenous PTN could re-

induce expression of SOX2, POU3F2 and to a lesser extent OLIG2 (Fig. 5J) in tumor cells after 

culturing in the absence of growth factors EGF and FGF.  

 

High PTN expression is associated with poor overall patient survival and is an independent 

prognostic variable 

Next, we investigated potential associations between PTN expression and GBM patient survival. 

TCGA data showed that high PTN mRNA levels, at optimized dichotomization (PTN mRNA ≥ 11.0), 

were associated with significantly shorter overall survival compared to the PTN low group (P = 0.03, 

Fig. 6A). These findings were reproduced in a well-annotated GBM patient cohort at optimized 

dichotomization (PTN fraction ≥ 62%), where patients with the highest PTN expression lived 

significantly shorter than patients with lower PTN protein expression (Median survival: 10.4 vs. 15.1 

months, HR = 1.96 95%CI 1.09-3.53, P = 0.002, Fig. 6B). Cox-regression confirmed high PTN protein 

expression as an independent prognostic variable in this patient cohort (HR = 1.79 95%CI 1.06-3.05), 

P = 0.03, Fig. 6C). A graphical summary highlighting the PTN-mediated promotion of GSCs in 

recurrent GBMs is illustrated in Fig. 6D. 

Discussion 

In this study we have established a 18F-FET PET/CT imaging based preclinical GBM resection model 

to detect tumor growth and recurrences. 18F-FET could not detect the highly diffuse T78 xenografts, 

despite high tracer uptake in vitro, while P3 xenografts with moderate tracer uptake in vitro could be 

successfully visualized. The P3 xenografts exhibit a combination of solid and infiltrative tumor growth, 

thereby closely resembling patient GBMs, while also having sufficient central tumor mass to be 

adequately visualized with 18F-FET. As such, the use of 18F-FET to detect preclinical GBM xenografts 
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therefore most likely relies on both the amount of cellular tracer uptake, and on the specific xenograft 

growth characteristics. 

     Surgical tumor resection is a crucial element in treatment of the majority of cancer types, including 

GBMs. Surgical procedures induce angiogenesis to facilitate the wound healing process (35), which 

was also observed in our resection model. While a well-developed vasculature is crucial to re-establish 

tissue homeostasis, it also lays the foundation for supplying residual tumor cells with oxygen and 

nutrients for regrowth and tumor recurrence.       

     We found a significant upregulation of several stem cell related genes in recurrent tumor cells from 

the resection model, and validated the upregulation at the protein level in xenografts and in early 

recurrent patient GBMs. Interestingly, SOX2, POU3F2 and OLIG2, which were all upregulated in 

recurrent GBMs, have, along with SALL2, been described as essential neurodevelopmental 

transcription factors, which drive GSC propagation (33). It has been proposed that a subset of GSCs 

are in a plastic cellular state associated with an inflammatory wound response (36), and that these cells 

resemble tumor cells with the aggressive mesenchymal-like state (37). It can therefore be speculated 

that the post-surgical tumor microenvironment may be involved in maintaining a mesenchymal-like 

GSC niche and thereby contributes to the heterogeneity found among GSCs (38). Given the intrinsic 

resistance of GSCs towards conventional therapy with radio- chemotherapy (39-41) and with recurrent 

GSCs further augmenting this resistance (42), our results indicate that tumor resection and the 

subsequent enrichment of GSCs contribute to therapeutic resistance.  

     The increase of GSCs in recurrent tumors might be explained by an increase in PTN secretion. Our 

results showed that PTN could increase tumor cell self-renewal, while PTN inhibition decreased self-

renewal. Furthermore, PTN induced expression of GSC markers in vitro, indicating that the increased 

PTN secretion in recurrent tumors can promote the stem cell program. Further supporting a role of 

PTN as a stem cell regulator, PTN expression has been linked to increases of cancer stem cells in 

lymphomas (43) and chronic myeloid leukemia (44), and described as a regulator of hematopoietic 

stem cell maintenance (45,46). 

     Tumor-associated macrophages in GBMs have previously been shown to secrete PTN (47). Our 

finding of PTN secretion also occurring directly by tumor cells, supplement this knowledge to suggest 

that PTN acts through a combined autocrine and paracrine signaling mechanism where tumor cells and 

the tumor microenvironment synergize to influence tumor cell behavior and induce GSCs.  

     As shown by Okolie et al. (17), GBM tumor resection activates astrocytes to promote tumor cell 

proliferation and migration. Recently, tumor resection has been demonstrated to induce systemic 

immune suppression in a preclinical syngeneic GBM model (18), thereby further expanding the 

biological implications of GBM resection. Surgical tumor resection must therefore be considered as a 
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double-edged sword in GBM therapy; Resection is a necessity to relieve symptoms associated with 

tumor burden and to improve patient survival, but simultaneously tumor resection also induces tumor-

promoting activation of the tumor microenvironment (48), and directly promotes GSC propagation.  

     In conclusion, we showed that recurrent tumors from our resection model were enriched for GSCs, 

and importantly these findings could be validated in early recurrent patient GBMs. Mechanistically, 

PTN induced tumor cell proliferation, self-renewal, and expression of GSC markers. High PTN protein 

expression was a significant independent prognostic variable in a clinical GBM patient cohort. We 

have revealed novel insights into the biological implications of surgical GBM resection and propose 

that the surgical intervention per se is an iatrogenic driver of GSC enrichment in GBM that promotes 

therapeutic resistance and tumor recurrence.  
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Figure 1.  Establishment and validation of PET/CT-based tumor detection and surgical tumor resection 

procedure. A) Representative 18F-FET PET/CT images from an orthotopic xenograft with the P3 GBM 

spheroid culture 4 weeks after tumor cell implantation and subsequent histological validation of tumor 

growth. Scale bar = 2.5 mm. B) Timeline depicting implantation of tumor cells and subsequent 

PET/CT scans, surgical intervention and occurrence of tumor recurrence. C) Images from the surgical 

tumor resection procedure including exposure of the burr hole from tumor cell implantation (C1), 

craniotomy centered around the initial burr hole (C2), removal of the bone flap and exposure of 

underlying meninges (C3), microsurgical resection of all visual tumor mass (C4) and fixation of the 

repositioned bone flap after ensuring hemostasis (C5). Scale bar = 5 mm. D) Histological examination 

of resected tissue fragments with H&E and tumor cell marker vimentin show mixed tissue fragments 

comprising cell-dense tumor regions and brain parenchyma with diffuse tumor cell infiltration. Scale 

bar = 2.5 mm in overview images and 50 µm in magnified regions. E) Histological section from a 

representative rat brain post-surgery showing the resection cavity. Gross total resection was 

histologically confirmed, and diffuse tumor infiltration into the surrounding brain parenchyma was 

observed. Scale bar = 2.5 mm. F) Representative 18F-FET PET/CT images at the time of recurrence 3 

weeks after tumor resection, indicating increase in T/B ratio and tumor volume. Tumor recurrence was 

histologically validated by vimentin expression. Scale bar = 2.5 mm in PET/CT images and 5 mm in 

the histological section. 
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Figure 2. Pathway enrichment in recurrent tumor cells with accompanying histological validation. A) 

Overview of the top-10 REACTOME, KEGG and BIOCARTA pathways enriched in recurrent tumor 

cells vs. primary tumor cells, ranked by NES score. B) Representative example of a software-based 

classifier designed to quantify immunofluorescence double-stainings. Scale bar = 25 µm. C) 

Quantification of Ki-67 expressing tumor cells (Vimentin+/Ki-67+ cells) in primary (n = 9) vs. 

recurrent (n = 17) xenografts with the software-based classifier. Scale bars = 50 µm in overview images 

and 10 µm in inserts. D) Representative VEGF immunostainings and software-based quantification of 

the VEGF area fraction in primary (n = 9) vs. recurrent (n = 17) xenografts. Scale bar = 100 µm. E) 

Example of a software-based classifier designed to quantify immunohistochemical Iba1 stainings. 

Scale bar = 50 µm. F) Quantification of Iba1 stainings in primary (n = 9) vs. recurrent (n = 17) 

xenografts and primary (n = 11) vs. early recurrent (n = 11) patient GBMs. Scale bar = 50 µm. 

123



A B

C

P
3

xe
no

gr
af

ts
P

rim
ar

y
tu

m
or

R
ec

ur
re

nt
tu

m
or

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

SOX2+ tumor cells

F
ra

c
ti

o
n

(%
)

P = 0.07

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

120

SOX2 intensity

S
ta

in
in

g
in

te
n

si
ty

(A
U

)

P < 0.0001

DAPI SOX2 Vimentin

P
3

xe
no

gr
af

ts
P

rim
ar

y
tu

m
or

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

POU3F2+ tumor cells

F
ra

c
ti

o
n

(%
)

P < 0.001

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

120

POU3F2 intensity
S

ta
in

in
g

in
te

n
si

ty
(A

U
)

P = 0.02

P
3

xe
no

gr
af

ts
P

rim
ar

y
tu

m
or

R
ec

ur
re

nt
tu

m
or

DAPI POU3F2 VimentinD

10 μm

50 μm

10 μm

50 μm

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

OLIG2+ tumor cells

F
ra

c
ti

o
n

(%
)

P = 0.001

Primary 
tumor

Recurrent 
tumor

0

20

40

60

80

100

120
OLIG2 intensity

S
ta

in
in

g
in

te
n

si
ty

(A
U

)

P = 0.04

DAPI OLIG2 Vimentin

R
ec

ur
re

nt
tu

m
or

10 μm

50 μm

10 μm

50 μm

10 μm

50 μm

10 μm

50 μm

Primary 
tumor

Early 
recurrent 

tumor

0

20

40

60

80

100

POU3F2 fraction

F
ra

c
ti

o
n

(%
)

P = 0.03

Recurrent tumor

Patient GBMs
Primary tumor

50 μm

50 μm

Primary 
tumor

Early 
recurrent 

tumor

0

20

40

60

80

100

OLIG2 fraction

F
ra

c
ti

o
n

(%
)

P = 0.03

Recurrent tumor

Patient GBMs
Primary tumor

50 μm

50 μm

Primary 
tumor

Early 
recurrent 

tumor

0

20

40

60

80

100

SOX2 fraction

F
ra

c
ti

o
n

(%
)

P = 0.002

Recurrent tumor

Patient GBMs
Primary tumor

50 μm

50 μm

E F G

CITED1
SOX1
CD44

BMI1

MYCL
PROM1
SOX5
ID1
ASCL1
KLF15
SOX21
POU3F3

NES
SOX2
SOX8

POU3F2
OLIG1
SALL2

LHX2
VAX2
HEY2

NANOG
RFX4
OLIG2
MSI1
HES6

L1CAM

Primary
 tumors

Recurrent
tumors

Figure 3 

124



Figure 3. GSCs are enriched in recurrent xenografts and patient GBMs. A) Relative mRNA expression 

levels of 28 GSC markers in primary (n= 3) vs. recurrent (n = 4) pooled xenograft samples showed a 

stemness enrichment in recurrent tumors. B-D) Representative images of SOX2, OLIG2 and POU3F2 

immunofluorescence stainings and subsequent software-based quantification of the positive tumor cell 

fraction and staining intensities in positive tumor cells in primary (n = 9) vs. recurrent (n = 17) 

xenografts. Scale bars = 50 µm in overview images and 10 µm in inserts. E-G) Validation of SOX2, 

OLIG2, and POU3F2 protein upregulation in primary (n = 11) vs. early recurrent (n = 11) patient 

GBMs. Scale bars = 50 µm in overview images and 10 µm in inserts. AU = Arbitrary units. 
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Figure 4. PTN expression is found both in tumor cells and tumor-associated microglia/macrophages 

and increases in recurrent tumors. A) Representative immunofluorescence images showing PTN 

expression in primary vs. recurrent P3 xenografts. Inserts depict individual DAPI, PTN, vimentin, and 

merged color channels. Scale bar = 75 µm in overview images and 25 µm in inserts. B) Quantification 

of PTN expression in primary (n = 9) vs. recurrent (n = 17) xenografts showed increased PTN staining 

area and staining intensity in recurrent tumors. C) Quantification of PTN expression in primary (n = 

11) vs. early recurrent (n = 11) and primary (n = 12) vs. late recurrent (n = 12) patient GBMs showed

the same pattern with PTN upregulation in early recurrent tumors. Scale bars = 50 µm in overview 

images and 25 µm in inserts. D) PTN protein expression was seen both in SOX2+ GSCs (white arrows) 

as well as tumor-associated microglia/macrophages. Inserts depict individual DAPI, PTN, SOX2/Iba1, 

and merged color channels. Scale bars = 25 µm in overview images and 10 µm in inserts. E) 

Quantification of PTN expressing tumor cells (Vimentin+/PTN+) and microglia/macrophages 

(Iba1+/PTN+) in primary (n = 9) vs. recurrent (n = 17) xenografts showed increased co-localization in 

recurrent tumors. F) ELISA assays with 9 different primary patient-derived GBM spheroid cultures 

confirmed secretion of PTN by tumor cells. AU = Arbitrary units. 
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Figure 5. PTN induces tumor cell proliferation, self-renewal, and expression of GSC markers. A-D) 

Exogenous PTN induced proliferation after 5 days treatment of all 4 investigated spheroid cultures (n 

= 12 experiments). Scale bars = 200 µm (P3, T129 and T78) and 300 µm for T123. NS = Non-

significant. * = P < 0.05. ** = P < 0.01. *** = P < 0.001. **** = P < 0.0001. E-H) Limiting dilution 

assays with addition of exogenous PTN showed increases in the stem cell frequency after PTN 

exposure in all 4 investigated spheroid cultures. Anti-PTN antibody could neutralize this effect, and 

anti-PTN antibody alone decreased the stem cell frequency (n = 3 experiments with 24 wells per 

condition/experiment). Error bars represent upper and lower 95%CI. I) Heatmap showing Pearson R 

correlations between TCGA mRNA levels of PTN, PTPRZ1, NOTCH1, and the 28-gene GSC 

signature. Red asterisks indicate significant correlations with PTN. J) Representative 

immunohistochemical stainings for SOX2, POU3F2 and OLIG2 performed on cell clots from the T78 

spheroid culture cultured for 4 days without EGF and FGF, and then additional 48 hours with/without 

exogenous PTN. Scale bar = 25 µm. 
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Figure 6. High PTN expression correlates with poor overall patient survival. A) Survival analysis with 

TCGA PTN mRNA data stratified at optimized cut-off showed a significantly shorter overall survival 

in patients with high PTN vs. low PTN mRNA. B) PTN protein expression in a GBM patient cohort, 

with optimal stratification, showed the same pattern with high PTN being associated with poor overall 

patient survival. Ticks indicate censored data points, and the last patient in the PTN low group was 

censored at 116.4 months. C) Multivariate Cox-regression performed on the patient cohort. Significant 

P-values are displayed in bold. D) Graphical summary of the iatrogenic induction of PTN mediated

self-renewal in glioblastoma recurrences. Surgical tumor resection induces PTN secretion from 

residual tumor cells and microglia/macrophages in the resection cavity, which mediate tumor cell self-

renewal and GSC propagation.  
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Supplementary figure 1. Validation of antibody specificity and gating strategy for cell sorting. A) 

The specificty of the Alexa Fluor 700 Anti-HLA-ABC antibody was tested on rat brain cells, cultured 

P3 tumor cells and a mix of both cell types, mimicing the cell suspension obtained from dissociated 

P3 xenografts. While few rat cells expressed HLA-ABC at a dim expression level, all the human tumor 

cells expressed it at a high level, as shown by the histograms from rat and human cells as well as the 

histogram overlay respectively. In the mixed cells, HLA-ABC dim and high displayed 2 populations 

on the FSC-SSC and HLA-ABC Alexa Fluor 700–SSC plots, validating the use of  HLA-ABC to sort 

the tumor cells based on its high tumor cell expression and the SSC profile. B) Representative example 

from one of the primary tumor samples demonstrating the gating strategy applied for sorting the P3 

tumor cells. Plots display 50% of the recorded events for better visualization. C) The sorted tumor 

cells had an average purity of 60% from total live cells, with an average rat cell contamination of less 

than 1.5% from total cell counts. The remaining events present in the samples are debris, most likely 

myelin and cellular debris arising from tumor cells dying during the sorting procedure. 
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Supplementary figure 2. 18F-FET kinetics and validation of 18F-FET PET/CT detection of tumor 

recurrences. A) Measurement of decay-corrected 18F-FET uptake in vitro. B) Histological coronal 

brain section from a 18F-FET PET/CT negative T78 xenograft, stained for vimentin, showing diffuse 

tumor growth with extensive tumor cell infiltration. Scale bar = 2.5 mm. C) 18F-FET voxel intensity 

measured at different time points during a 2-hour dynamic PET scan of a P3 xenograft bearing rat. 

Maximum voxel intensity was reached approximately 1 hour after tracer administration. D) 

Quantification of tumor volumes based on a ≥55% of SUVmax threshold indicated tumor recurrences 

approximately 2½ weeks after surgical resection. E) Representative examples of weekly serial 18F-

FET PET/CT scans to monitor tumor growth from 4 weeks after tumor cell implantation until 4½ 

weeks after tumor resection. The indicated ROI corresponds to tumor volume estimated with the ≥55% 

of SUVmax threshold in the tumor ROI. 
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Supplementary figure 3. Notch1 and PTPRZ1 protein expression in primary vs. recurrent P3 

xenografts and patient GBM samples. A) Quantification of Notch1 expression in primary (n = 9) vs. 

recurrent (n = 17) xenografts showed increased Notch1 staining area and staining intensity in recurrent 

tumors. Scale bar = 50 µm. B) Notch1 stainings in primary (n = 11) vs. early recurrent (n = 11) patient 

GBMs confirmed Notch1 upregulation in recurrent GBMs. C) Quantification of PTPRZ1 expression 

in primary (n = 9) vs. recurrent (n = 17) xenografts. Scale bar = 50 µm.  D) PTPRZ1 stainings in 

primary (n = 11) vs. early recurrent (n = 11) patient GBMs showed the same pattern of PTPRZ1 

upregulation in recurrent tumors. Scale bar = 50 µm. AU = Arbitrary units. E) Measurements of 

spheroid diameters in the patient-derived spheroid cultures P3, T129, T78 and T123 after PTN 

exposure.  
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Supplementary figure 4 
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Supplementary figure 4. STRING protein interaction analysis. PTN, PTPRZ1, Notch1, and the 28-

gene GSC signature showed extensive connections between PTN and many of the GSC signature 

markers mediated by PTPRZ1, Notch1, and SOX2. 
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