




Chapter 6

118

a two-fold decrease in tumor content would result in a maximal decrease in Ct value 

of one (i.e. one PCR cycle). The EGFR amplifi cation status would change in eight/

thirteen samples showing a change > 2.5 ΔCt values between primary and recurrent: 

Five from amplifi ed to non-amplifi ed (of which three from high copy amplifi cation i.e. 

ΔCt values >5 to not-amplifi ed) and three from EGFR not amplifi ed to amplifi ed (all 

of which resulting in moderate levels of EGFR amplifi cation i.e. ΔCt values >3 but 

<5). Overall, the EGFR amplifi cation status (dichotomized to either non-amplifi ed or 

amplifi ed) remained identical in most tumor pairs (46/55; 84%, table 2).

Figure 2. Correlation between EGFR amplifi ca-
tion status (x-axis) and EGFR gene expression lev-
els (y-axis) as determined by (RT-)QPCR on tumor 
DNA or RNA.

Table 2. summary of EGFR and EGFRvIII data

���� in recurrent tumour

Non-amp Amp n

���� in primary 
tumour

Non-amp 10 5* 15

Amp 7* 33 40

n 17 38 55

�������� in recurrent tumour

Absent Present n

�������� in primary 
tumour

Absent 25 2 27

Present 7 8 15

n 32 10 42

Cutoff value for EGFR amplifi cation is ∆Ct>3 between EGFR and control probes. * Of the samples that change 
EGFR status from wt > amplifi ed or from amplifi ed > wt, 9 shown a difference in ∆Ct value > 2.5 between the 
primary and recurrent tumor. When considering a change in EGFR amplifi cation status also requires > 2.5 
∆Ct values difference between primary and recurrent tumors, 46/55 (84%) tumors retain their EGFR status. 
Only 5 show a difference in ∆Ct value > 3 between the primary and recurrent tumor.
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GBMs can lose EGFRvIII expression at tumor recurrence

The relative expression of EGFRvIII often was lower in recurrent tumors than that 

in the primary tumor. Of the 15 tumors with detectable EGFRvIII expression in the 

primary tumor, 8 showed a>20% decrease in relative abundance of EGFRvIII tran-

scripts (figure 1D). In fact, in seven out of fifteen EGFRvIII positive tumors at first 

surgery, the EGFRvIII variant was lost at the time of progression. These data are in line 

with data reported in a different study using an unselected patient cohort18, although 

intratumoral heterogeneity may also explain part of this variability19,20.

Of the 15 tumors with EGFRvIII expression, corresponding EGFR amplification status 

was available for 14. The majority of these (9/14) showed a relative increase in EGFR 

amplification (∆Ct between the tumor at initial diagnosis and at recurrency between 0 

and 3), eventhough EGFRvIII expression decreased (n=8) or stayed the same (n=1). 

In fact only 3/14 showed concordant decrease in EGFR amplification status( > 2.0 

∆Ct values between initial recurrent tumors) and decrease in EGFRvIII expression.

Qualitatively EGFRvIII status (present or absent) remained similar between the prima-

ry and recurrent tumor in 33/42 (79%) samples: in 25 samples EGFRvIII was absent 

from the primary and recurrent tumor, in 8 samples it was expressed in both (table 2). 

The loss of EGFRvIII expression may be explained by the hypothesis that EGFRvIII de-

letions occur after EGFR amplification and that individual cells harbor varying levels 

of EGFRvIII5. Loss of EGFRvIII expression at tumor recurrent then represents clonal 

selection of the tumor. Indeed, gliomas are heterogeneous tumors in which distinct 

subpopulations of cells, each with different genetic makeup, exist5,21. However, recent 

evidence also suggests the genomic EGFRvIII deletion is an early event and that EG-

FRvIII expression is regulated by the tumor19. In fact, mice experiments demonstrated 

that at regrowth, the ratio of EGFRwt/EGFRvIII expression is similar to the primary 

tumor even when sorting for EGFRvIII high or low expressing tumor cells22 (see also 
23). Loss of EGFRvIII expression then is a result of epigenetic regulation.

In summary, our data show that, in spite of some quantitative differences, the EGFR 

amplification status remains stable in the majority (~84%) of tumors evaluated. 

EGFRvIII status also remained similar in 79% of GBMs; however when focusing on 

EGFRvIII expressing tumors, only 50% retain EGFRvIII expression at recurrence. The 

relative stability of EGFR amplification expression therefore indicates that molecular 

data obtained in the primary tumor can be used to predict the EGFR status of the 

recurrent tumor. Care should be taken in extrapolating EGFRvIII expression, in tri-

als on recurrent glioblastoma that target EGFRvIII mutations a rebiopsy should be 

considered.
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Supplementary Figure 1. Correlation Q-PCR with CNV by Oncoscan DX arrays. Three examples showing 
Q-PCR results (DCt) and copy number and B-allele frequency of chromosome 7. A: Example 1: EGFR ampli-
fied. Patient CCZ, sample at first diagnosis. EGFR amplficiation is visualized by the focal increase in copy 
number. QPCR DCt results for this sample was 8.4. On top of the high copy EGFR ampification, trisomy of 
chromosome 7 is seen. B: Example 2: EGFR wt. Patient CBH, sample at first diagnosis. QPCR DCt = 1.0. C: 
Example 3: EGFR amplified. Patient CCV, sample at first diagnosis. QPCR DCt = 8.1.
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Abstract

Introduction

The EORTC22033-26033 clinical trial (NCT00182819) investigated whether initial 

temozolomide (TMZ) chemotherapy confers survival advantage compared to radio-

therapy (RT) in low grade glioma patients (LGG). In this study we performed gene 

expression profiling on tissues from this trial in order to identify markers associated 

with progression free survival and treatment response.

Methods

Gene expression profiling, performed on 195 samples, was used to assign tumors to one 

of six intrinsic glioma subtypes (IGS; molecularly similar tumors as previously defined 

using unsupervised expression analysis) and to determine the composition of immune-

infiltrate. DNA copy number changes were determined using OncoScan arrays.

Results

We confirm that IGS-subtypes are prognostic in the EORTC22033-26033 clinical trial. 

Specific genetic changes segregate in distinct IGS subtypes: most samples assigned to 

IGS-9 have IDH-mutations and 1p19q codeletion, samples assigned to IGS-17 have 

IDH-mutations without 1p19q codeletion and samples assigned to other intrinsic 

subtypes often are IDH-wildtype. A trend towards benefit from RT was observed for 

samples assigned to IGS-9 (HR for TMZ is 1.90, P=0.065), but not for samples as-

signed to IGS-17 (HR 0.87, P=0.62). We did not identify genes significantly associated 

with progression free survival (PFS) within intrinsic subtypes, though follow-up time 

is limited. We also show that LGGs and GBMs differ in their immune-infiltrate which 

suggests that LGGs are less amenable to checkpoint inhibitor type immune therapies. 

Gene-expression analysis also allows identification of relatively rare subtypes. Indeed, 

one patient with a pilocytic astrocytoma (PA) was identified.

Conclusion

Intrinsic glioma subtypes are prognostic for PFS in EORTC22033-26033 clinical trial 

samples.
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Introduction

Low grade or grade II gliomas (LGGs) are a heterogeneous set of primary brain tumors 

that mainly occur in the 4th and 5th decade of life 1,2. The incidence is relatively low 

(< 1 per 100.000 persons/year) and, as they are slow growing tumors, patients have 

a relatively favorable prognosis, especially compared to gliomas of higher grade. Nev-

ertheless, LGGs have the tendency to evolve into gliomas of higher grade, and most 

patients will ultimately die from the disease 3,4. Based on their histological appearance, 

three subtypes of LGG can be distinguished: oligodendrogliomas, astrocytomas and 

mixed oligoastrocytomas. The current WHO classification has incorporated molecular 

markers (1p19q codeletion, and mutations in the IDH1/2 and ATRX genes) to delin-

eate astrocytoma and oligodendroglioma, but no longer considers oligoastrocytomas 

as a separate entity as they cannot molecularly be distinguished from other entities. 2,5

Treatment options for LGG patients include surgery, radiotherapy (RT) and chemo-

therapy (or combinations thereof), or a watchful waiting strategy can be adopted 4,6. 

Nevertheless, the optimal management of patients with a LGG has remained controver-

sial and only relatively few randomized phase III clinical trials have been performed. 

Earlier trials focusing on the effect of RT showed no effect of RT dosing on overall 

survival and, in a separate trial, there was no effect of early vs delayed RT after surgery 

on overall survival 7-9. Data from two large randomized clinical trials recently reported 

on the efficacy of chemotherapy in LGGs. Firstly, the RTOG9802 clinical trial, ex-

amining the role of the addition of procarbazine, lomustine and vincristine (PCV) 

chemotherapy after RT, showed improved survival of this regimen when compared 

to RT only 10. Second, the EORTC22033-26033 clinical trial examined the role of RT 

vs temozolomide (TMZ) chemotherapy and found no difference between the two on 

progression free survival (PFS) or in quality of life 11,12. Because of the limited follow-

up time, data on overall survival is not available.

Interestingly, correlative molecular marker analysis in the EORCT22033-26033 

study identified a subpopulation of patients that benefit from RT: Within the group 

of patients harboring tumors with an IDH mutation and in which the 1p and 19q 

chromosomal arms were not codeleted (‘Molecular Astrocytomas’), an improved PFS 

was noted when they were treated with RT. No such benefit was observed within the 

group of IDH-mutated, 1p19q-codeleted tumors (‘Molecular Oligodendrogliomas’) 11. 

We have previously shown that gene-expression profiling and subsequent molecular 

subtyping based on the gene-expression profile (intrinsic glioma subtypes) can iden-

tify prognostic subgroups and identify genes and subtypes that are associated with 

response to treatment 13-15. In this study we have therefore performed gene expression 
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profiling, and associated immunophenotyping, of 195/477 samples included in the 

EORTC22033-26033 clinical trial to identify markers associated with survival and to 

aid in the identification of patients that benefit most from RT or TMZ treatment.

Methods

Patient samples

Patients were considered eligible in the EORTC22033-26033 trial (clinical trial identi-

fier NCT00182819), if they had been diagnosed with a histologically confirmed supra-

tentorial, diffusely infiltrating grade II glioma (either astrocytoma, oligoastrocytoma or 

oligodendroglioma) according to the WHO 2006 classification 16. Patients should present 

with at least one high-risk feature (age ≥40 years, progressive tumor disease, tumor size 

>5 cm, tumor crossing the midline, neurological symptoms). Details of the eligibility 

criteria and the consolidated standards on reporting trials (Consort) flow diagram have 

been described previously 11. Patients were registered for the trial at any time after initial 

diagnosis (allowing for tissue collection and molecular analysis) and randomized at a 

time-point when treatment was required. A total of 707 patients were registered in the 

EORTC22033-26066 study of which 477 were randomized to receive either RT or TMZ. 

For this analysis a clinical cut-off date of 17th of January 2013 was used and the database 

was locked on 7th of August 2013. IDH mutation status and 1p/19q codeletion status were 

obtained as described in Baumert et al 11. MGMT methylation status was determined using 

the MGMT-STP27 algorithm based on genome wide methylation array data 17 (Bady et al, 

submitted). All patients gave written informed consent for correlative molecular analysis.

RNA isolation and array hybridization

Sufficient material for expression analysis was available for 203/477 randomized pa-

tients. Eight samples failed QC so that expression profiles from a total of 195 samples are 

presented here. Of these, RNA was isolated from FFPE tissue blocks (n=166) or from 

snap frozen tissue samples (n=29). RNA extraction, purification and quantification 

from FFPE and FF material was reported previously 18,19. Purified RNA (250 ng) was 

used for labeling and hybridization on DASL beadchips (Illumina, San Diego, CA) that 

were run by Service XS, Leiden, the Netherlands. Expression data were quantile normal-

ized and corrected for batch effects using preprocessCore (Bioconductor) and ber (R) 

packages respectively. RNA expression profiles were then assigned to one of six intrinsic 

molecular subtypes of glioma as previously defined 18, using the ClusterRepro R package 
20. These intrinsic subtypes can be recapitulated on FFPE material with high concordance 

and using various expression profiling platforms 13,14,19. SAM analysis was performed 

on FFPE samples using SAMR, an R package 21. The SAM approach to identify genes 
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associated with treatment response is similar to previously reported 14,22. Expression data 

are available via NCBI GEO datasets, GSE107850. Analysis of the immune infiltrate was 

assessed using the immunophenoscore R script (https://github.com/MayerC-imed/Im-

munophenogram) 23. Glioblastoma samples of patients treated in the BELOB trial were 

used for immunophenotype comparison between low and high-grade gliomas14.

DNA isolation and Genotyping

DNA was extracted for genotyping on a subset of samples using a QIAamp DNA FFPE 

tissue kit (Qiagen). Genotyping was performed using the OncoScan FFPE assays Kit 

(Affymetrix, Santa Clara, CA), a platform that allows determing copynumber changes 

and loss of heterozygosity (LOH) in FFPE samples using molecular inversion probes 24,25. 

Copynumber changes were analyzed using Nexus Express for Oncoscan (Affymetrix).

Statistical analysis

Distribution of frequencies were compared between subtypes using the Chi-squared 

test. A Fishers’ exact test was used in case the assumptions for chi-square distribution 

were violated as indicated in the respective tables. Kaplan–Meier survival curves were 

compared using the log-rank test using the survival package in R26. PFS was calculated 

from the time of initial diagnosis/surgery to the date of clinical or radiological progres-

sion or death (whichever occurred first). The significance of prognostic factors was 

determined with a multivariate analysis using Cox regression.

Results

Expression data was generated successfully for 195/477 samples and most parameters 

were balanced between the ‘included’ (i.e. those with gene expression data) and the ‘not 

included’ cohort. However, the ‘included’ subset contained fewer biopsies, which may be 

expected due to the limited amounts of tissue available from this type of material (table 

1). The included cohort also contained a higher proportion of astrocytomas and IDH-

wt tumors. Interestingly, both variables are correlated with type of surgery: biopsies are 

more frequently performed in WHO2006 astrocytomas compared to non-astrocytomas 

(91/189 [48%] v. 75/287 [26%], P<0.0001) and biopsies are more often performed on 

IDH-wt tumors (41/65 [74%] v. 107/326 [33%], P<0.0001). Despite these differences, 

progression free survival of included vs not included patients was similar (39.8 vs 43.8 

months respectively, supplementary figure 1). Progression free survival of included vs 

not included was also similar within the molecularly defined subgroups ‘IDH-mutated, 

1p19q codeleted (molecular olidogendrogliomas)’, ‘IDH-mutated, 1p19q non-codeleted 

(molecular astrocytomas)’ and ‘IDH-wt’ (supplementary table 1).
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Intrinsic glioma subtypes are prognostic in EORTC22033-26033 trial samples

Expression data from clinical trial samples were assigned to one of six ‘Intrinsic Glioma 

Subtypes’ (IGS-9, IGS-16, IGS-17, IGS-18, IGS-22 or IGS-23) as previously defined 17. 

As can be expected in LGGs, the majority of samples were assigned to the prognosti-

cally favorable subtypes IGS-9 and IGS-17 (n=74 and 115 respectively, figure 1 and 

table 2). In concordance with previously published data, samples assigned to IGS-9 

predominantly had an IDH mutation (68/69), had 1p19q codeletion (45/68) and were 

diagnosed as oligodendroglioma (52/74, supplementary table 2) 13,18. Samples assigned 

to IGS-17 predominantly contained tumors with an IDH-mutation (97/108), but 1p19q 

codeletion was rarely observed (17/102) and tumors were more frequently diagnosed, 

Table 1. Comparison between included vs not included samples

variable All Included Not inc P

Treatment RT 240 96 144 0.760

TMZ 237 99 138

Type of surgery Biopsy 189 38 151 <0.001*

Partial resection 206 116 90

Total resection 81 41 40

n/a 1 0 1

Histology Astrocytoma 167 51 116 0.002

Oligoastrocytoma 118 51 67

Oligodendroglioma 192 93 99

Performance 0 294 122 172 0.86

1 165 65 100

2 18 8 10

Gender Female 202 85 117 0.71

Male 275 110 165

IDH mutation status Mutated 327 166 161 <0.001

Normal 65 14 51

n/a 85 15 70

1p19q status Codeleted 117 63 54 0.25*

Intact 240 112 128

n/a 120 20 100

MGMT methylation Methylated 113 102 11 1 **

Unmethylated 7 7 0

Age Age (years) mean ± SD 44.6 ± 11.7 43.9 ± 11.1 45.1 ± 12.2 0.31

< Median 238 101 137 0.55

> Median 239 94 145

Abbreviations: RT: radiotherapy; TMZ: temozolomide. Performance: ECOG performance score. Chi squared 
test comparison between included vs not included samples only; Note on performance score, Chi-square test 
without performance score 2 also has P<0.001. *: Chi-squared test performed without n/a samples, **: Fish-
ers’ exact test.
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based on local diagnosis, as astrocytoma or oligoastrocytoma (76/115). In the samples 

assigned to other molecular subtypes (n=6), IDH-mutations were infrequent (1/5) as 

was 1p19q codeletion (1/5).

Patients with most favorable prognosis were those with tumors assigned to IGS-9 (PFS 

53 months) or IGS-17 (PFS 40 months), and patients with worst prognosis were those 

assigned to other molecular subtypes (11.8 months, figure 2). Differences between all 

groups were significant (logrank P<0.0001), differences between the two most favor-

able subtypes, IGS-9 and IGS-17, were however, not significant (P=0.17, HR 0.74, 

95% CI [0.49-1.13], though this could be related to limited follow-up time in which 

relatively few events have occurred. The IGS-‘other’ subtype remained significant in a 

multivariate analysis that included other known prognostic factors such as age, type of 

surgery, histological diagnosis, treatment and performance score (table 3).

Treatment response per IGS-subtype

A trend towards benefit from RT compared to TMZ was observed for samples as-

signed to IGS-9 (HR for TMZ is 1.90, 95% CI [0.95, 3.80], P=0.065, figure 3). No 

such difference was observed for samples assigned to IGS-17 (HR for TMZ vs RT is 

0.87, 95% CI[0.50, 1.51], P=0.62). Too few patients were assigned to other molecular 

Figure 1. Heatmap showing association of gene-expression with clinical, pathological and other molecular 
data (IDH-mutation status, MGMT-promoter methylation status, 1p19q codeletion, intrinsic glioma subtype 
and immunophenoscore). As can be seen, most patients assigned to IGS-9 have 1p19q codeletion and are 
diagnosed as oligodendrogliomas.
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subtypes to assess response to treatment. Our gene expression data therefore provides 

preliminary evidence that patients with tumors assigned to IGS-9 can benefit from RT 

whereas no such benefit is observed in tumors assigned to IGS-17. It should be stressed 

however, that this is a post-hoc analysis performed on a subset of samples included in 

the EORTC22033-26033 clinical trial.

No genes were found to be significantly associated with progression free survival 

within molecular subgroups by SAM analysis, also not when subgroups were stratified 

by treatment. Identification of such genes may require a more mature dataset.

Table 2. Association between specific genetic changes, histology and IGS-subtype

variable IGS-9 IGS-17 IGS other not inc P

All samples 74 115 6 282

Treatment RT 38 54 4 144 0.66

TMZ 36 61 2 138

Type of surgery Biopsy 13 22 3 151 0.87

Partial resection 46 67 3 90

Total resection 15 26 0 40

n/a 0 0 0 1

Histology Astrocytoma 11 38 2 116 p<0.001

Oligoastrocytoma 11 38 2 67

Oligodendroglioma 52 39 2 99

Performance 0 58 61 3 172 <0.001

1 16 46 3 100

2 0 8 0 10

Gender Female 35 48 2 117 0.55

Male 39 67 4 165

IDH status Mutated 68 97 1 161 0.09

Normal 1 9 4 51

n/a 5 9 1 70

1p19q status Codeleted 45 17 1 54 < 0.001

Intact 23 85 4 128

n/a 6 13 1 100

MGMT Methylated 45 56 1 11 0.04

Unmethylated 0 7 0 02

Age Age (years) mean ± SD 47.2 ± 10.7 42.1 ± 11.0 38.8 ± 7.5 45.1 ± 12.2 0.013*

< 44.6 years 25 72 4 137 <0.001

> 44.6 years 49 43 2 145

Chi squared test comparison between IGS-9 and IGS-17 only; Note on performance score, Chi-square test 
without performance score 2 also has P<0.001. IDH-mutation status was done using a Fishers’ exact test. *: 
Anova based on all categories, anova on only IGS-9 and IGS-17: P= 0.002; anova of IGS-9, IGS-17 and IGS-
other: P=0.004.
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Immunophenotyping

Transcriptomic analysis has recently proved a valuable tool in the prediction of response 

to checkpoint inhibitors in various tumor types. This response prediction is done by a 

deconvolution of the gene expression data and subsequent cataloguing of the immune 

infiltrate of the tumor 23. ‘Immunophenotyping’ has thus far only been performed on 

historical and archival samples which makes it difficult to estimate the relevance of 

potential confounding clinical and patient parameters. We therefore analysed the im-

mune infiltrate of samples included in the EORTC22033-26033 clinical trial. We also 

included data from the BELOB trial, a randomized phase II trial on recurrent glioblas-

tomas (GBM, n=110, expression data from the initial tumor) to allow comparisons 

between LGG and GBM 14. Such comparison is possible as the GBM samples were run 

on the same platform, and processed in batches alongside the EORTC22033-26033 

samples. Any analysis involving clinical parameters were analyzed within the indi-

vidual clinical trials to avoid potential patient bias.

In general, LGGs have a slightly lower overall immunophenoscore (IPS, a score derived 

from immunophenotyping that is associated with response to checkpoint inhibitors 

in melanomas) than GBMs (P=0.004). Specifically, LGGs score higher on checkpoint 

(CP) and suppressor cell (SC) populations, but score lower on the effector cell (EC) and 

antigen processing (MHC) populations. This difference was apparent per IPS score 

(supplementary figure 2). For example, LGGs and GBMs with IPS score of 4 have an 

MHC score of respectively 0.86±0.16 and 1.21±0.24 (P<0.0001, n=77 and n=25). 

Similarly, LGGs with an IPS score of 5 have an SC score of 0.005±0.13 whereas GBMs 

have a score of -0.29±0.18 (P<0.001).

Table 3. Multivariate analysis for PFS

HR SE p 95% CI

Age 0.97 0.01 0.014 0.95-0.99

Type of Surgery Partial resection vs. Biopsy 0.80 0.27 0.424 0.47-1.37

Total resection vs .Biopsy 0.76 0.33 0.409 0.40-1.45

Histology Oligoastrocytoma vs. Astrocytoma 0.87 0.29 0.620 0.49-1.52

Oligodendroglioma vs. Astrocytoma 0.89 0.24 0.650 0.55-1.45

Treatment TMZ vs RT 1.41 0.22 0.113 0.92-2.14

Gender Male vs. Female 1.21 0.21 0.375 0.80-1.82

Performance ECOG 1 vs. ECOG 0 0.77 0.23 0.267 0.49-1.22

ECOG 2 vs. ECOG 0 4.49 0.45 0.001 1.87-10.73

IGS-subtype IGS-9 vs. IGS-17 0.96 0.24 0.864 0.60-1.54

IGS-other vs. IGS-17 7.40 0.50 0.000 2.75-19.89

n= 195, number of events= 101
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Within the EORTC22033-26033 samples, the Immunophenoscore was significantly 

correlated to histological subtype of the tumor (P< 0.001), presence or absence of 

IDH mutations (P= 0.03), but not to gender, age, MGMT-promoter methylation 

status, 1p19q codeletion or IGS-subtype (Chi squared test). Within the BELOB trial, 

correlation between immunophenoscore and IDH-mutations could not be confirmed, 

though the number of IDH-mutated tumors in that cohort was low (n=5). In fact, 

the immunophenoscore was not associated with any clinical or molecular parameter 

in this trial (age, gender, IGS-subtype, treatment, MGMT-promoter or IDH-mutation 

status). In neither trial, IPS score was associated with outcome (supplementary figure 

3). In summary, IPS score appears to be independent of known clinical and prognostic 

molecular markers. Moreover, the higher IPS score in GBMs suggests that LGGs are 

less amenable to checkpoint inhibitor type immune therapies.
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Figure 2. Intrinsic glioma subtypes are prognostic for progression free survival in patients treated within the 
EORTC22033-26033 clinical trial. Patients with most favorable prognosis were those with tumors assigned 
to IGS-9 (grey) or IGS-17 (dotted), and patients with worst prognosis were those assigned to other molecular 
subtypes (black), P<0.0001.
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Identification of pilocytic astrocytoma in 22033 clinical trial samples

Three out of the 195 samples were assigned to IGS-16 in the EORTC-22033 dataset. 

A hallmark of IGS-16 is that pilocytic astrocytomas (PAs, gliomas with favorable 

prognosis) are almost always assigned to this specific subtype 18. However, this expres-

sion based intrinsic subtype does not only contain PAs; other histological subtypes of 

gliomas (including GBMs) may also be assigned to IGS-16. As it is sometimes difficult 

to distinguish between pilocytic and grade II astrocytomas by histology, it is therefore 

possible that one or more of the three EORTC 22033 samples assigned to IGS-16 are 

actually PAs 27. Additional genetic testing to determine diagnosis is therefore required.

We therefore screened for typical genetic hallmarks of PAs (i.e. tandem duplication of 

7q34 involving the BRAF locus 28 29) in samples assigned to IGS-16. Genotyping arrays 

were used to determine the genetic changes in these samples. One of the three samples 

assigned to IGS-16 indeed showed the characteristic tandem duplication on 7q34, and 

a lack of other genetic changes (figure 4). The centromeric breakpoint lies within the 

BRAF locus. Of note, 12 samples from the TCGA dataset (combined LGG and GBM) 

are also assigned to IGS-16 30-32, and analysis of the genotype confirms that one of these 

samples (TCGA-HT-7691) harbors a BRAF-KIAA1549 gene-fusion (and no other 

notable mutations and/or copy number aberrations). Genotyping analysis therefore 

indicates that at least one sample of the EORTC22033 clinical trial (and one TCGA 

sample in other datasets) can molecularly be classified as a pilocytic astrocytoma.
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Figure 3. Progression free survival stratified by IGS-subtype and treatment: Samples assigned to IGS-9 show 
a trend towards benefit from RT compared TMZ (left panel, HR for TMZ is 1.90, P=0.065). No such difference 
was observed for samples assigned to IGS-17 (right panel, HR for TMZ vs RT is 0.87, P=0.62. Too few patients 
were assigned to other molecular subtypes to assess response to treatment (not shown).
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Discussion

In this study we have performed gene-expression profiling on samples of patients that 

were treated within the EORTC22033-26033 clinical trial. We show that intrinsic 

glioma subtypes show overlap with histological and molecular subtypes of glioma and 

that the IGS- subtypes are prognostic for PFS. Our data are in line with other stud-

ies that demonstrated the prognostic significance of gene-expression-based molecular 

subtypes in gliomas, but is only the second to be performed on randomized phase III 

clinical trial material 13,18,31,33,34. We confirm earlier observations that specific genetic 

changes segregate in defined IGS-subtypes 13,14,18.

The randomized phase III clinical trial EORTC22033-26033 was initiated to optimize 

treatment for LGG patients. The overall trial result demonstrated equal efficacy of RT 

v. TMZ monotherapy in LGG patients both on PFS and quality of life 11,12. Interestingly, 

correlative molecular marker analysis provided evidence for reduced benefit from TMZ 

in patients with IDH-mutated, 1p19q intact tumors. Our gene expression data did not 

support this observation: we show that samples assigned to IGS-17, of which most are 

IDH- mutated and 1p19q intact, have equal benefit from RT and TMZ.

The difference in the predictive effect between IGS-subtype and IDH-mutant, 1p19q 

codeleted tumors (despite a large degree of overlap in samples), may be explained by 

the fact that IGS subtyping probes a different type of tumor characteristic and thus 

Chr 1 2 YX201817161514131211109876543 22

Chr 7

Figure 4. Identification of a pilocytic astrocytoma in a sample of the EORTC22033-26033 clinical trial. Three 
out of the 195 samples were assigned to IGS-16, a subtype to which pilocytic astrocytomas are assigned. In one 
of these samples we identified classical hallmark genetic changes of PAs: a tandem duplication on 7q34 (lower 
panel) and a marked absence of other genetic changes (upper panel). The centromeric breakpoint lies within 
the BRAF gene between 140.5 and 140.57 Mb, the Q-terminal breakpoint lies between 142.65 and 143.03 Mb.
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is not identical to molecular marker analysis of 1p19q and IDH-status. Analysis of 

DNA markers such as 1p19q and IDH-status do not take epi-genetic or phenotypic 

variability (such as those associated with tumor grade) into account. Alternatively, our 

gene-expression analysis only examined a subset of tumors, and those contained fewer 

biopsies and fewer astrocytomas compared to the entire dataset. The difference in the 

predictive effect between IGS-subtype and 1p19q (intact or codeleted) in IDH-mutant 

tumors may however, at least in part, also be explained by an incorrect determina-

tion of molecular markers. For example, IGS-subtyping has a degree of error due to 

e.g. intratumoral heterogeneity or effects of RNA-quality on tumor classification 35,36. 

Alternatively, the various methods to determine 1p19q codeletion also do not always 

give concordant results 37,38.

Several older trials have also analyzed the efficacy of alkylating chemotherapy in 1p19q 

intact low grade gliomas. One trial demonstrated efficacy of procarbazine, CCNU and 

vincristine (PCV) monotherapy in LGG, and the efficacy was not associated with 

1p/19q codeletion (though numbers for correlative marker analysis were small) 39. A 

separate trial that examined the efficacy of the addition of chemotherapy to RT also 

showed that both LGG tumors with and without 1p19q codeletion responded to TMZ, 

though tumors with 1p19q codeletion showed a higher response rate 40. Since 1p19q 

codeletion is associated with histological subtype, data from the recently published 

RTOG9802 trial also confirm the efficacy of combined RT + PCV treatment: efficacy 

was observed in all histological subtypes. Similar data, but on grade III gliomas, confirm 

the efficacy of PCV chemotherapy in both 1p19q codeleted and non codeleted tumors 
41-43 44. Data from these trials and data obtained in the current study therefore suggest 

that alkylating chemotherapy is effective in IDH-mutated, 1p19q intact gliomas, though 

it is possible that the response duration is shorter than in 1p19q codeleted gliomas.

Checkpoint inhibitors have recently gained attention as novel therapeutic agents in 

various cancer types including GBMs 45-48. Since only a subset of patients benefit from 

these treatments, identification of (bio-) markers associated with response is of clinical 

relevance. The mutational load, i.e. the number of mutations that lead to a neo-epitope 

of the tumor, has been coined as predictive response marker. However, analysis of the 

tumors’ immune infiltrate, which can be done by a deconvolution of the gene expression 

data, also can identify tumors likely to respond 23. Such ‘Immunophenotyping’ has thus 

far only been performed on historical and archival samples which makes it difficult to 

estimate the relevance of potential confounding clinical and patient parameters. Our 

gene expression data from the EORTC22033-26033 and BELOB clinical trials there-

fore can help determine the relevance of immunophenotyping in glioma samples. Our 

data show that in neither trial, IPS score was associated with outcome and that the IPS 
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score appears to be independent of known clinical and prognostic molecular markers. 

Nevertheless, GBMs in general have a higher IPS score and score higher on the effector 

cell and antigen processing populations than LGGs (even within defined IPS scores). 

These data suggest that LGGs are less amenable than GBMs to checkpoint inhibitor 

type immune therapies, which is in concordance with findings from other groups 49.

Our gene expression analysis has also identified one patient treated within 

EORTC22033-26033 with the hallmark genetic change of PAs: tandem duplication of 

7q34. It is important to identify such patients as they have better prognosis and require 

a different treatment than diffuse low grade gliomas50. We identified this patient based 

on the assignment of the tumor to IGS-16. However, IGS-16 does not only contain PAs: 

a few samples (of other histological subtypes with associated poorer prognosis) are also 

assigned to IGS-16, which necessitates additional molecular testing. The PA identified 

in the EORTC22033-26033 clinical trial also highlights difficulties to distinguish this 

tumor type by histology27. In addition to the EORTC22033-26033 trial sample, we also 

identify a PA sample in the TCGA dataset. Additional genomic testing of samples as-

signed to IGS-16 therefore may be warranted.

To summarize, gene-expression profiling of samples included in the EORTC22033-26033 

clinical trial confirmed the prognostic relevance of IGS subtyping. We failed to find 

evidence for differential treatment benefit in one or more specific molecular subgroups. 

IGS-subtyping has also identified one PA in the EORTC22033-26033 clinical trial and 

one in the TCGA database.
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Supplementary Table 1. Survival per molecular subtype included vs not included

Molecular subset inc/not inc n events median 0.95LCL 0.95UCL

all patients included 195 101 43.5 37.7 52.7

not included 282 161 39.8 35.3 47.7

IDH-mutated, 1p19q codeleted included 60 26 55.1 35.3 NR

not included 44 15 NR 41.2 NR

IDH-mutated, 1p19q intact included 92 47 46.5 40.5 56.8

not included 73 37 48.2 34.7 NR

IDH-wt included 14 10 16.6 9.6 NR

not included 51 42 20.6 15.1 27.3

NR: not reached

Supplementary Table 2. correlation of molecular markers with IGS-subtype

IDH status 1p19q status IGS-9 IGS-17 IGS-other not included

IDH mutated 1p19q 43 17 0 44

no codel 20 71 1 73

undetermined 5 9 0 44

IDH wt 1p19q 0 0 1 6

no codel 0 7 3 32

undetermined 1 2 0 13

IDH undetermined 1p19q 2 0 0 4

no codel 3 7 0 23

undetermined 0 2 1 43
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Supplementary Figure 1. Survival between ‘included’ and ‘not-included’ (i.e. those in which gene expression 
analysis was performed or not). No differences between included and not included were identified, also not 
when stratified by molecular subgroup (IDH-mutation and 1p19q codeletion, not shown).
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Supplementary Figure 2. Immunophenotypes in 22033 and BELOB clinical trials. A: distribution of IPS 
scores in the EORTC22033-26033 (LGG) and BELOB (GBM) clinical trials. As can be seen, GBMs tend to 
have higher IPS scores than LGGs. Other figures represent the immune infiltrate per IPS score stratified by 
the EORTC22033-26033 (LGG) and BELOB (GBM) trials. As can be seen, GBMs have more MHC expression 
(B) and higher effector cell population (C) per IPS score. In contrast LGGs have higher suppressor and im-
munemodulator (D and E).



Supplementary Figure 3. Survival per IPS score in the EORTC22033-26033 and BELOB clinical trials. IPS 
score is not associated with improved outcome in either trial.
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Diffuse gliomas are the most common type of malignant primary brain tumors. New 

treatment options are urgently needed as the prognosis for the majority of glioma 

patients remains dismal. Novel therapies may be developed if we have a better un-

derstanding on the oncogenic pathways involved. In this thesis, we focused on the 

molecular function and clinical implication of mutations in IDH1 and EGFR, which 

are involved in the oncogenesis of two distinct subtypes of diffuse gliomas.

Oncogenic biology of IDH mutations

Tumors depend on their acquired genetic changes for growth and therefore these 

changes are good targets for treatment. Several large-scale sequencing studies on 

diffuse gliomas have identified common genetic events that drive oncogenesis in the 

various glioma subtypes. One of the most common genetic changes in diffuse low grade 

gliomas (LGG) involves the IDH1 gene. Mutations in IDH1 (or similar mutations in 

IDH2) belong to the earliest genetic changes in LGGs and they are almost always clonal 

(i.e. present in all tumor cells). Mutations in IDH1 or IDH2 alter the normal function 

of these proteins and result in an enzyme with a novel activity whereby D2HG is 

produced. Patients with IDH-mutated gliomas have a better prognosis and benefit more 

from chemotherapy/radiation therapy than patients with IDH wildtype gliomas [1, 2].

Since mutations in IDH genes are amongst the most common identified in LGGs, and 

because of their clonality and mutation-specific enzymatic activity, they are considered 

a good target for therapy. Indeed, inhibitors targeting the mutant-specific activity have 

been developed and these are currently being tested for clinical activity. Although 

promising clinical responses have been reported in acute myeloid leukemia (AML) 

patients, the clinical benefit for glioma patients has thus-far been limited [3-5], though 

the field is still awaiting reports on the clinical trials. The response to IDH inhibitors 

in AML patients is also remarkable considering the fact that mutations in AML are 

most-often subclonal, indicating that the tumor was not dependent on the mutation for 

initial growth. Additional research into the molecular mechanisms affected by mutant 

IDH1 and IDH2 therefore is required. However, this research is hampered because 

there are only few preclinical model systems of IDH-mutated gliomas.

In this thesis, we have described the generation of two model systems for IDH-mutated 

gliomas. In Chapter 2 we report on an in vivo transgenic zebrafish model system for 

IDH1 mutations with CNS-specific expression at the early stage of the embryonic 

development. Although the D2HG level was significantly increased, our zebrafish re-

mained healthy and no tumors were formed in our models, also not in a Tp53 mutant 
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background. Although other transgenic model systems for Idh mutations (mice and 

drosophila) developed phenotypes (brain hemorrhage or wing expansion defects), 

thusfar no gliomas were identified in any of the in vivo animal model systems [6, 7]. 

This absence suggests that IDH mutations alone are insufficient to initiate glioma 

formation. However, expression of mutant IDH1 in the subventricular zone did result 

in precancerous subventricular nodules, which suggests involvement of mutant IDH 

at the early stages of tumor development [8]. The absence of full blown tumors is in 

contrast to AML where hematopoietic expression of IDH mutations alone is sufficient 

to initiate leukemia in several mouse models and mutant IDH is involved in maintain-

ing the malignancies [9-12].

There are several possibilities as to why no gliomas are formed in the in-vivo model 

systems. Perhaps additional genetic changes should be incorporated including (a 

combination of) mutations in TP53, ATRX and/or other, less-common, mutations. 

Alternatively, the model systems created to-date did not target the correct cell of origin 

for gliomas. In this case, alternative promoters should be used to drive expression of 

mutant IDH.

In Chapter 3 we report on establishing short term cultures of LGGs and show that 

these cultures retain mutant tumor cells and other driver mutations (albeit at a lower 

VAF compared to the VAF in the original tumor) and therefore may offer an in vitro 

assay to study downstream pathway alterations and to determine the efficacy of (new) 

therapeutics. As only very few IDH-mutated primary tumor lines have been estab-

lished to date, and those that have contain many more genetic changes and may even 

no longer be dependent on the mutation for growth, our assay is a welcome addition 

to study LGGs. Apart from primary patient-derived lines [13], other options to create 

in vitro model systems include the creation of tumor models using human-induced 

pluripotent stem cells (HiPSCs) by transforming neuro progenitor cells (NPCs) [14].

The importance of further examining the molecular pathways affected by IDH1 muta-

tions is shown in Chapter 4 where we identify a novel pathway that is inhibited by 

mutant IDH1. Our results demonstrate that MUL1 is a novel binding partner of IDH1 

and its function in activating NF-kB is inhibited in IDH1-mutated cells, ultimately 

leading to less sensitivity to TNFα-induced apoptosis. The data described in this chap-

ter can help understand gliomagenesis and identify novel targets for treatment in IDH 

mutant gliomas.

Generation of proper model systems is important as it will help understand clinical 

responses to IDH inhibitors. For example, IDH inhibitors initially showed prominent 
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efficacy in inhibiting tumorigenic properties of different cancer cell lines with IDH 

mutations [15-17] in vitro and in vivo, though some of the more recent studies failed to 

confirm this observation [16, 18]. Other therapies for IDH-mutated tumors can also be 

further explored in these model systems. For example, Sulkowski et al. showed that the 

IDH mutation-induced D2HG-dependent deficiency in DNA homologous recombina-

tion, results in sensitivity to PARP inhibitor treatment [19]. Alternatively, IDH-mutant 

cells are highly dependent on the level of NAD+ and inhibiting the NAD+ salvage 

pathway resulted in cytotoxicity of IDH-mutant cells [18].

It should also be noted that inhibiting D2HG production of IDH mutation may pose 

a risk to patients. For example, IDH-mutated gliomas are more sensitive to chemo-

therapy and radiotherapy due to impaired DNA repair system[17, 20]. As such, inhibit-

ing mutant IDH activity may actually antagonize chemotherapy efficacy. These data 

demonstrate that further research to better understand the biology of IDH mutations 

in gliomas is required.

The overall results of the randomized phase III European Organization for Research 

and Treatment (EORTC) 22033-26033 clinical trial did not show differences in clinical 

efficacy between radiotherapy (RT) vs temozolomide (TMZ) [21]. In Chapter 7, we 

sub-grouped LGGs from the EORTC22033-26033 clinical trial into previously defined 

intrinsic glioma subtypes (IGS) using gene expression profiling. We have confirmed 

the prognostic value of IGS. LGG assigned to IGS-9 (most were IDH-mutated with 

1p19q codeletion) benefited more from RT than from TMZ whereas this benefit was 

not observed in IGS-17 (most were IDH-mutated with intact 1p19q). However, we 

did not identify predictive markers for response to treatment and it is of note that the 

follow-up time was limited.

Oncogenic biology of mutations in EGFR

Activating mutations in EGFR have been identified in various cancer types. Interest-

ingly, different mutations in this gene are found in different types of cancer. For ex-

ample, EGFRvIII is frequently identified in GBMs whereas over 40% of non-small cell 

lung cancer (NSCLC) patients with EGFR mutations carry the EGFR L858R mutation. 

Both EGFRvIII and EGFR L858R result in a constitutively active form of EGFR, which 

activates signaling pathways involved in cell proliferation, differentiation and survival. 

It should be noted that common EGFR mutations in NSCLC are mainly within the 

tyrosine kinase domain, whereas common EGFR mutations in GBMs are mainly in 

the extracellular domain of the receptor. Importantly, EGFR has been considered as a 
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good therapeutic target for EGFR-mutated GBMs as preclinical models demonstrated 

sustained dependency on the mutation [22, 23]. However, and in marked contrast to 

EGFR-mutated pulmonary adenocarcinoma, inhibiting EGFR phosphorylation by 

tyrosine kinase inhibitors (TKIs) did not decrease tumor growth nor improve survival, 

despite the fact the EGFR phosphorylation was effectively inhibited, also in patients 

(at least for gefitinib) [24-28]. This suggests that an additional oncogenic function 

of EGFR is required for tumor growth in gliomas. In this thesis, we first examined 

whether EGFR remains a target for therapy in recurrent GBMs. In Chapter 6, we 

show that EGFR amplification in the majority (85%) of the primary GBMs is retained 

at recurrence. However, only about 50% of EGFRvIII-positive primary GBMs retained 

EGFRvIII expression at recurrence. Therefore, care should be taken in using EGFRvIII 

as target as its status may change [29]. In Chapter 5, we have also further examined 

EGFR and its signaling pathway to understand the differences in treatment response 

between gliomas and pulmonary adenocarcinomas. We have identified mutant-specific 

binding partners for different EGFR mutations (EGFRvIII and EGFR L858R), which 

each activated distinct downstream pathways.

In the future, further research into the molecular pathways affected by EGFR is re-

quired to understand the lack of treatment response to EGFR TKIs of glioma patients. 

The proteins and pathways identified in Chapter 5 may serve as a starting point to 

provide new insights for treatment development. Apart from the role of EGFR in signal 

transduction, several studies have reported a role of EGFR in the nucleus, where it di-

rectly binds to DNA and induces transcription of various genes [30-32]. Indeed, several 

of the mutation-specific EGFR-binding partners have a presumed role in the nucleus. 

This role may be mutation specific as EGFRvIII reportedly has a higher presence in the 

nucleus than EGFR L858R [33]. Therefore, future research should also include nuclear 

EGFR as potential treatment target in gliomas.
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Diffuse gliomas are the most frequent malignant brain tumors in adults, with an 

incidence of ~ 5 per 100 000 persons in United States each year. With the WHO 

2016 classification, diffuse gliomas are grouped into astrocytomas (WHO grade II and 

grade III), oligodendrogliomas (grade II and III) and glioblastomas (grade IV) based 

on presence of specific molecular changes (e.g. isocitrate dehydrogenase 1/2 (IDH1/2) 

mutations) and histological appearance. Current treatments for diffuse glioma patients 

include surgical resection followed by radiotherapy alone or in combination with 

chemotherapy. However, progression almost always occurs and most patients eventu-

ally die from the disease. To improve the clinical outcome of glioma patients, there 

is considerable need for novel treatment options. This requires both development of 

appropriate model systems and a better understanding of the molecular pathways 

affected by driver mutations within different glioma subgroups. In this thesis we there-

fore describe two novel model systems and analyzed in detail the effects of IDH1 and 

EGFR mutations in glioma.

In Chapter 2, we describe the generation of a zebrafish model system for IDH1-

mutated gliomas. We have generated over ten different transgenic zebrafish models 

that expressed IDH1 mutants under the control of various CNS-specific promoters. A 

significant increase in the level of D2HG was observed in all transgenic lines express-

ing IDH1R132C or IDH1R132H and the elevated D2HG levels could be lowered by treat-

ment of the transgenic zebrafish with an inhibitor of mutant IDH1 activity. However, 

despite increased levels of D2HG we did not identify a strong phenotype as previously 

described in other in vivo IDH-mutated model systems (e.g. brain hemorrhage in the 

mouse model or defect wing expansion in the drosophila model). No tumor was ob-

served in our transgenic zebrafish models nor CNS-specific tumors when backcrossing 

with tp53-mutant fish. Therefore, our study suggested that IDH1 mutation alone is not 

sufficient to promote tumorigenesis. A different model system for IDH mutated tumors 

is described in Chapter 3, where we have established short-term cultures of primary 

IDH-mutated gliomas, including those with 1p19q co-deletion. Despite a rapid reduc-

tion in the number of viable tumor cells, we were able to show that that inhibiting 

mutant IDH activity does not affect the number or viability of tumor cells. These data 

are important as they caution the clinical efficacy of these inhibitors.

Studying the molecular pathways affected by driver genes may lead to the identifica-

tion of novel treatment targets. In Chapters 4 and 5, we therefore studied in detail the 

molecular pathways affected by mutant IDH1 or EGFR. In Chapter 4, we demonstrated 

Mul1 is a novel binding partner of both wildtype and mutant IDH1 and its role in regu-
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lating the NF-ᴋB pathway is inhibited in IDH1R132H-cells. This deregulation may explain 

why IDH-mutated glioma remain proliferating and suggest MUL1 may be a target for 

treatment in IDH-mutated gliomas. In Chapter 5, we aimed to understand why target-

ing EGFR in pulmonary adenocarcinomas provided clinical benefit whilst targeting in 

GBMs has no effect. We made different, tumor-specific, EGFR mutation constructs and 

identified mutation-specific binding partners. This differential binding between EGFR 

and other proteins likely results in differential activation of downstream pathways 

and cell migration. Our observations that each mutation activates unique pathways 

may help explain the disappointing results from clinical trials in GBM patients and 

argue for the development of mutation specific inhibitors. In Chapter 6 we studied 

the stability of specific mutations in EGFR. This is important as specific mutations 

function as treatment targets. We show ~ half of patients expressing EGFRvIII, an 

in-frame deletion of exons 2-7, lost the mutation at tumor recurrence. Therefore our 

results caution the use of treatments targeting EGFRvIII at tumor progression when 

using molecular data from the primary tumor.

In Chapter 7, we grouped patients from the European Organization for Research 

and Treatment of Cancer (EORTC) 22033-26033 clinical trial into intrinsic glioma 

subtypes (IGS), molecular subtypes based on gene expression profile. We showed that 

IGS are prognostic for progression free survival but did not find additional markers 

associated with survival or treatment response.

In summary, in this thesis, we describe both in vitro and in vivo model systems for 

IDH-mutated gliomas and describe novel mutation-specific functional consequences of 

both IDH1 and EGFR. Our data will help identify novel treatment options for glioma 

patients and will allow selection of patients that are responsive to treatment.
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Diffuse gliomen zijn de meest voorkomende vorm van kwaadaardige hersentumoren 

bij volwassenen, met een incidentie van ongeveer 5 per 100 000 personen per jaar. 

Diffuse gliomen worden, volgens de WHO 2016 classificatie van hersentumoren, on-

derverdeeld in astrocytomen (graad II en III), oligodendrogliomen (graad II en III) en 

glioblastomen (graad IV). Deze indeling wordt gemaakt op basis van de aanwezigheid 

van specifieke moleculaire veranderingen (b.v. mutaties in de isocitraat dehydrogenase 

1 of 2 genen [IDH1/2]) en histologische kenmerken. De standaardbehandeling van gli-

omen is een chirurgische resectie gevolgd door radiotherapie, al dan niet gecombineerd 

met chemotherapie. Echter, na verloop van tijd treedt altijd progressie op en de meeste 

patiënten overlijden uiteindelijk ook aan de ziekte. Vanwege de ernst van de ziekte 

is er een grote behoefte aan nieuwe behandelmogelijkheden. Dit vereist zowel ont-

wikkeling van betere wetenschappelijke modelsystemen als een uitgebreidere kennis 

van de moleculaire processen in de verschillende glioom subtypen. In dit proefschrift 

beschrijven we twee nieuwe modelsystemen en analyseren we in detail de effecten van 

IDH1 en EGFR mutaties in gliomen.

In hoofdstuk 2 beschrijven we een nieuw modelsysteem in zebravissen voor gliomen met 

een IDH1 mutatie. Hiervoor zijn in totaal meer dan tien verschillende lijnen gemaakt, 

allen met een net iets andere variant van het IDH1 gen (of een verschillende promoter). 

In alle lijnen die IDH1R132C of IDH1R132H tot expressie brachten vonden we een verhoogde 

concentratie van het D2HG metaboliet. Deze verhoging wordt ook in patiënten waar-

genomen en kon effectief verlaagd worden door het behandelen van de zebravissen met 

een IDH remmer. We vonden geen aanwijzingen voor het ontstaan van tumoren in onze 

transgene zebravissen (of andere fenotypische veranderingen), ook niet na kruising met 

TP53 gemuteerde zebravissen. Hiermee toonden we aan dat een IDH1 mutatie alleen (of 

in combinatie met TP53) niet voldoende is voor het ontstaan van tumoren. In hoofdstuk 

3 beschrijven we een ander modelsysteem voor IDH gemuteerde gliomen. Bij dit systeem 

werden tumorcellen direct na de operatie voor enige dagen tot enkele weken in leven ge-

houden in celkweek. Deze kweken werden geinitieerd voor zowel astrocytaire als oligoden-

drogliale tumoren (i.einclusief gliomen met een co-deletie van chromosomale armen 1p en 

19q). Deze korte-termijn kweken zijn belangrijk omdat er nagenoeg geen IDH-gemuteerde 

glioom cellijnen beschikbaar zijn en cellijnen waarbij de tumor een codeletie heeft van de 

1p en 19q chromosomale armen zijn in het geheel (nog) niet beschreven. In ons modelsys-

teem konden we aantonen het remmen van de mutant activiteit van IDH geen invloed had 

op de levensvatbaarheid van de tumorcellen. Dit is een belangrijke bevinding, omdat het 

derhalve onzeker is of IDH remmers enig klinisch effect kunnen bewerkstelligen.
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Het ontrafelen van het effect van genmutaties is een belangrijk onderdeel in de zoek-

tocht naar nieuwe behandelmogelijkheden. In hoofdstuk 4 en 5 hebben we daarom 

de invloed van IDH1 en EGFR mutaties op de cellulaire signaaltransductie cascades 

onderzocht. In hoofdstuk 4 tonen we aan dat Mul1 een bindingspartner is van zowel 

wildtype als gemuteerd IDH1. Tevens toonden we aan dat de regulerende rol van MUL1 

in de NF-ᴋB signaaltransductiecascade wordt geremd in cellen met een IDH1R132H 

mutatie. Deze deregulering kan verklaart mogelijk waarom IDH-gemuteerde gliomen 

ongeremd prolifereren en dat MUL1 potentieel een aangrijpingspunt zou kunnen 

vormen voor behandeling.

In hoofdstuk 5 hebben we onderzoek gedaan naar het onderliggende mechanisme 

waarom remming van EGFR in longcarcinomen een goed klinisch effect heeft, terwijl 

behandeling met dezelfde middelen bij EGFR gemuteerde glioblastomen geen effect 

heeft. Interessant gegeven is dat longtumoren en gliomen verschillende typen mutaties 

hebben in het EGFR gen, en het is mogelijk dat hierdoor verschillen in signaaltransductie 

cascades ontstaan. Om dit te onderzoeken hebben we verschillende EGFR constructen 

gegenereerd met de frequent voorkomende genmutaties zowel van longcarcinomen als 

van glioblastomen. Het blijkt dat elke mutatie zijn eigen, mutatie-specifieke, bindingspart-

ners heeft. Vervolgens toonden we aan dat deze verschillende bindingspartners leiden tot 

differentiële activering van signaaltransductie cascades. Deze bevindingen kunnen de 

teleurstellende trialresultaten van EGFR remmers bij glioblastomen verklaren en zou 

kunnen betekenen dat elke mutatie zijn eigen specifieke remmer nodig heeft. In hoofd-

stuk 6 onderzochten we de stabiliteit van specifieke EGFR mutaties in glioblastomen. We 

vonden dat bij ongeveer de helft van de patiënten met expressie van EGFRvIII (de meest 

voorkomende mutatie in EGFR in hersentumor patiënten) deze mutatie niet meer aan-

wezig is in de recidief tumor. Omdat de EGFRvIII status van de tumor kan veranderen is 

voorzichtigheid geboden bij een gerichte behandeling tegen EGFRvIII.

In hoofdstuk 7 hebben we patiënten uit de European Organization for Research and 

Treatment of Cancer (EORTC) 22033-26033 klinische trial gekarakteriseerd op basis 

van RNA expressie. We hebben aangetoond dat deze indeling op basis van genexpres-

sie gecorreleerd is met progressievrije overleving en dus dat deze indeling gebruikt kan 

worden om de prognose van de patiënt te bepalen.

Samenvattend beschrijven we in dit proefschrift zowel in vitro als in vivo modelsys-

temen voor IDH1-gemuteerde gliomen en beschrijven mutatie-specifieke, functionele 

gevolgen van zowel IDH1 als EGFR mutaties. Onze bevindingen helpen bij het identi-

ficeren van nieuwe behandelmogelijkheden voor gliomen en geven meer inzicht in de 

selectie van patiënten voor de juiste behandeling.
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弥漫性神经胶质瘤是一种成人中最常见的恶性脑瘤, 美国年发病率约5人/10万人
口。基于特定的分子变化 （例如异柠檬酸脱氢酶1或2的基因突变）和病理切片特
征，2016年的世界卫生组织（WHO）分类方案将弥漫性神经胶质瘤分为星型细胞瘤 
（二级和三级），少枝细胞瘤（二级和三级）和胶质母细胞瘤（简称GBM，四级）
。

目前弥漫性神经胶质瘤的治疗以手术切除为主，术后配合以放疗或化疗，或放化疗
结合。然而，随着病情恶化，患者生存率极低。为了提高神经胶质瘤患者的生存
率，我们必须寻找新的治疗方法。这需要为不同亚型的神经胶质瘤研发合适的模型
系统，以及更好的了解驱动基因突变影响的分子通路。本论文中描述了两个我们所
构建的新的模型系统，以及深入的研究了异柠檬酸脱氢酶1（简称IDH1）和表皮生长
因子受体（简称EGFR）基因突变在神经胶质瘤成瘤过程中的功能。

在第二章中，我们描述了为带有IDH1突变的神经胶质瘤所构建的斑马鱼模型系统。
我们构建了十余种由各类神经中枢系统特异性转录因子所调控的不同IDH1基因突变
的转基因斑马鱼模型。D-2 -羟基类固醇（简称D2HG）在所有表达IDH1R132C 突变
的斑马鱼模型中有明显的升高，并且升高的D2HG可被IDH1抑制剂降低。然而，除
了D2HG的升高，我们并未发现其他带有IDH突变的活体动物模型中描述过的表型（
例如老鼠模型中的脑出血，或者果蝇模型中的翅膀伸展缺陷）。我们的斑马鱼模型
中并未发现任何肿瘤，甚至与带有tp53突变的斑鱼杂交后也没有产生中枢神经系统
类的肿瘤。因此我们认为单有IDH1基因突变不足以促使神经胶质瘤的形成。

第三章描述了我们为IDH1突变的肿瘤所构建的体外模型，即短期原代体外培养的神
经胶质瘤，这当中还包含了带有1p19q co-deletion的胶质瘤。尽管体外培养引起存
活的肿瘤细胞数量急剧下降，我们发现IDH1抑制剂能有效抑制IDH1的癌变酶活性，
同时并不影响肿瘤细胞的生长。我们的研究结果建议进行IDH1抑制剂的临床测试需
谨慎。

研究驱动基因突变影响的分子通路对于寻找新型治疗方法起着重要的作用。IDH1和
EGFR突变是两个不同弥漫性胶质瘤亚型的驱动基因。因此，在第四章和第五章，
我们深入研究了被IDH1和EGFR基因突变影响的分子通路。在第四章中我们新发现
Mul1不仅是IDH1野生型和突变型的结合蛋白，并且，Mul1调控NF-ᴋB 通路的功能
在IDH1R132H突变的细胞中受阻。这个发现可以解释为何神经胶质瘤细胞可以不受
控制的生长。我们因此也建议Mul1可以在未来作为治疗IDH1突变的神经胶质瘤的靶
点。在第五章中，我们旨在研究为何肺癌中EGFR靶向疗法有很好的临床效果而在胶
质母细胞瘤中却没有任何疗效。我们做了不同的肿瘤特异性EGFR突变的质粒，找到
了突变特异性的结合蛋白。不同EGFR突变型与不同的蛋白结合反应，最终激活了不



162

概要

同的下游信号通路引起了细胞增值和迁移。我们的研究结果可以帮助解释EGFR靶向
疗法的临床测试在胶质母细胞瘤患者中的失败，同时我们的结果建议研发具有EGFR
突变特异性的抑制剂作以为新的靶向疗法。

在第六章中，我们研究了EGFR突变在肿瘤原发和复发时的状态。这一研究对于靶向
疗法有着重要意义。我们的数据显示近一半带有EGFRvIII突变的胶质母细胞瘤患者
在肿瘤复发时失去了EGFRvIII突变。由于靶向疗法是基于原发肿瘤的分子状态而决定
的，因此带有EGFRvIII的患者在肿瘤复发的时候需谨慎选择靶向疗法。

第七章中，我们将欧洲癌症治疗研究组织（EORTC）22033-26033 临床测试中的病
人基于基因表达的简况分组到本征胶质瘤亚型（IGS）中。我们发现IGS有评估预后
的价值。但是我们并未找到因放化疗提高存活时间的分子标志物。

总的来说，在这篇论文里我们描述了带有神经胶质瘤IDH突变的体内和体外的模型系
统，并描述了IDH1和EGFR功能上的突变特异性。我们的发现可以帮助神经胶质瘤患
者寻找新的潜在靶向治疗方案，也可以为携带不同基因突变的病人寻找更有效的疗
法。



163

Acknowledgement

Acknowledgement

Finally I’m writing my favorite chapter!

Reaching the finishing line of a journey to obtain my PhD would be impossible without 

the support and help from my colleagues, friends and family. I would like to thank 

everyone who has helped me during this journey. Because of you, the past five years 

have become much easier than it could have been.

Dear Prof. Dr. Peter Sillevis Smitt, my promoter, thank you for all the remarks 

and suggestions during our bi-monthly one-on-one work discussion. I really enjoy 

discussing science with you. I’m also very impressed by your ambition when it comes 

to sports. When I just finished a 10k-run at the strijd van salland event, you went for a 

second round of 60k-cycling. You are a very cool big boss!

My greatest thanks and appreciation must go to my supervisor, Dr. Pim French. 

Thank you so much for giving me the opportunity to join your research group. I still 

remember how we met the first time. It was in Manchester in September 2012. Be-

cause of rejected Schengen visa application, I couldn’t make it to the interview that 

we’ve planned at the Erasmus MC in the Netherlands. You showed understanding 

and profession for this unexpected situation by offering to fly to Manchester for the 

interview. Working for/with you in the past five years, I have learned so much about 

how to be a critical scientist and how to do proper research. I always admire your broad 

and deep knowledge in both fundamental and clinical research, and of course your R 

programming skills. You have always been a model for my career and I hope that one 

day in the future, I could have my own research group just like you do. Moreover, as 

the only non-Dutch speaking member of the team, I had a definite soft landing in the 

lab because of you. I truly appreciate everything you did for me, your support, your 

patience and your jokes. And thanks for inspiring me in sports. Thank you for being 

not only a supervisor but also a great friend to me.

Dear Dr. Martine Lamfers, thank you for giving me the opportunity to join your 

research group and collaborate on the project for culturing lower grade gliomas. 

Thanks for all the remarks for my papers and thesis. I have learned a lot from you and 

I appreciate that you helped me to become a very independent researcher.

I would like to thank the rest members of my small committee: Prof. Dr. John 
Martens, Prof. Dr. Judith Bovée and Prof. Dr. Rob Willemsen, for reading and 

assessing my thesis thoroughly.



164

Acknowledgement

To my direct colleagues:

Dear Lale, getting to know you and working with you was one of the best things 

happen to me when I re-started my life in the Netherlands. We have so much in com-

mon and we have so much to share. Thank you for pushing me to finish up my thesis. 

Thank you for your career advice. Thank you for helping me with moving. Thank you 

for finding me a plumber when I had troubles with my bathroom. I was so glad that you 

stayed at the Erasmus MC for your new job. I enjoy all the coffee time with you and the 

great Turkish food you made.

Dear Maarten, thank you for patiently explaining all the medical terms during our 

discussion. Thank you for explaining why the proposition page is a very important tra-

dition in a Dutch PhD thesis. Thank you for helping me with translating all my Dutch 

mails and bills. Thank you for saving me €7k when I bought the kitchen (together 

with Pim). Thank you for filling up my tax forms. Thank you for bringing me to the 

emergency room when I sprained my ankle. Thanks for your trust in my driving skills 

when no one in the lab dares to sit in my car… (due to limited space I’ll only mention 

those above as examples). I am so glad to work with you and become a good friend with 

you. Thank you for being my paranymph for my defense!

Dear Azi, my other lovely paranymph, I’m so glad to become one of your best friends 

during the last year of our PhD. Thank you for dragging me for running and of course, 

your favorite workout. I enjoy every moment when we talk, drink, have dinner on no 

matter how short of a notice. Good luck with your new life in Belgium and a wonderful 

time with Tjitse. As you said, Belgium isn’t far away and we can visit each other, any 

time!

Dear Iris, the lord, thank you for helping me with all the experiments. Thank you 

for helping me with making plans. Thank you for comforting me when I’m stressed. 

Thank you for giving me confidence when I’m doubting myself. Thank you for being 

so positive like sunshine in the lab. I enjoyed working with you and also having drinks, 

(Korean-) BBQ with you.

Dear Bas and Kaspar, you two are the funniest guys in the lab. I lost counting on how 

many times I teared because you guys made me laugh so hard. Besides, thanks for those 

great times with discovering high-quality food and drinks in the city.

Dear Zineb, thank you for our quality time during coffee breaks at the Erasmus and 

our trips in Madrid, Las Vegas, San Francisco and Yosemite. You are like an older sister 



165

Acknowledgement

to me. Thank you for being patient with me and always grinning with “oh my god 

Diya….you are kidding me”. Thank you for giving me so many great advises for life 

and career.

Dear Maurice, thank you for helping me with all the experiments during my PhD. You 

are the first student I guided during my PhD but I think you taught me a lot especially 

when it comes to cloning. Dear Bart, thank you for all the experiments you did for the 

EGFR project. You are an excellent student and your contribution to the projects has 

released a lot of stress from me. I’m so glad that you’ll stay at the Erasmus MC for a new 

job. Any lab is lucky to have you.

Dear Esther, thank you so much for your patience since I happen to have quite some 

last-minute orders for reagents before your vacation. Dear Mariska, I always enjoy the 

nice (cup-)cakes you made and thank you for sharing interesting stories about your 

guinea pigs.

Dear Mircea, thanks for creating shade for me with your shirt when I was bothered by 

the intensive sunshine during our trip in Paris. Thanks for being so sweet and mean to 

me at the same time. Thanks for sharing snacks and candy in the office so often (you 

always catch the moment when I’m on a diet).

To the ones in the lab of Neurosurgery, dear Cassandra, Jenneke, Marielle, Tessa 

and Trisha, many thanks for your kind help and support whenever I worked on the 

22nd floor. Dear Eric, thank you so much for fixing my computer and sharing fun 

stories during lunch. Dear Sieger and Jeroen, thanks for your questions, remarks and 

suggestions at the neuro-oncology meetings in the past years.

Lots of thanks to my colleagues at the group of proteomics, Lona, Coşkun, Martijn, 

Lennard and Theo. Thanks for generously sharing lab materials in the past few years 

and joyful time during the retreat of neuro-oncology.

Dear Tjakko, you are a great scientist. I enjoy discussing science with you. And many 

thanks for your suggestions for the zebrafish project. Dear Herma, I’m always amazed 

when we do experiments with zebrafish. You are practically a “walking protocol” 

when it comes to experiments with zebrafish. Thanks for your guidance with all of the 

zebrafish work during my PhD.



166

Acknowledgement

Dear Marcel and Thierry, thank you for kindly sharing/giving buffers and antibodies 

with/to me. Marcel, you even did quite some IHC staining for my project without any 

hesitate. Your kind help and support means a lot to me.

Dear Dr. Martin van Royen, thanks for your kind help with the live-cell imaging 

and the FRAP experiments. I also enjoy the fun chit-chat with you in the labs or the 

hallway of JNI.

亲爱的爸爸妈妈, 感恩你们一直以来物质上,精神上无私的支持. 你们是我学习, 生活和
工作等等一切一切的榜样. 有这样的爸爸妈妈真的很骄傲很满足. 自从2007年出国以
来,我们一直聚少离多. 谢谢你们的体谅,也谢谢你们把自己的生活照顾的那么好, 让我
跟大文文在外学习少了很多担忧与牵挂. 亲爱的姥爷姥姥, 感谢这一路的支持. 谢谢你
们总想着了解我的科研动向. 每次回家都能收到姥爷的墨宝尝到姥姥准备的佳肴. 祝福
你们身体健康, 福寿绵长.

亲爱的大文文, 亲爱的姐姐, 感谢出国至今一直有你陪伴. 终究还是你先做了高博士. 希
望你会一直不忘初心,保持对科研的热忱, 也希望这份热忱会带给你美好的未来. 我们
家未来第一个教授应该就是你了! 也祝福你跟杨帆早日开花结果. 在瑞士学成尽早回荷
兰跟我们团聚.

感谢大济南和北京的亲戚们, 每次回家的时候总会有你们热情的招待和对中国酒文化
的深刻指导. 也谢谢你们每逢各类传统佳节总会与我们的父母一起庆祝, 减轻了许多他
们的惦念之情.

Dear 若愚,我们的邢总, 第一次见你的时候就觉得怎么会有这么有气质的美女出现在
医学院呢. 再后来我们变成了无话不谈的好朋友. 不论是开心的还是压抑的时刻, 我们
总会分享,相互见证了彼此的成长. 你的自律一直是我想要学习的目标. 如今事业家庭
双丰收, 祝福你和Max幸福甜蜜, 现在只缺一个娃了 (我觉得我就是你麻麻派来的救兵
哈哈).

Dear 黄玲, 很庆幸认识你, 聪明独立体贴的你. 你对问题总是有很独到的见解. 当我束
手无策的时候你总是可以帮我逻辑的分析再给我一个很理智的建议. 你在我心里就像
我的姐姐一样. 谢谢你让我做你的paranymph, 见证了一个新晋妈妈是如何边带孩子
边准备答辩然后无缝衔接成功入职深圳的医院的过程. 祝福你和同伟还有路可在深圳
生活顺心, 也希望你们可以有空多回荷兰跟我们聚聚.

Dear 莹颖, 经常在晚上离开实验室的时候碰到你去实验室. 每次看到你都觉得你好厉
害. 带着恒宇宝宝倒也不耽误你跟大家出来聚餐玩狼人杀. 跟你总有说不完的话. 谢谢
你给我的指引, 生活,学习还有工作上的. 也谢谢你对我的认可, 在我迷茫的时候. 你的



167

Acknowledgement

肯定对我的意义很大. 好开心你最终选择了在荷兰工作, 未来还有很多很多需要你带着
我去探索.

Dear平臻, 从内梅亨到鹿特丹, 我们11年的友情从未间断过. 谢谢你们系里有好玩的活
动都会带上我, 也因为你, 我熟识了更多的朋友. 说到做实验最拼的就是你. 见你发了那
么多大文章为你高兴的同时, 总想告诉你还是要好好休息. 祝福你跟Mirjam幸福快乐, 
双双顺利毕业, 未来可以做自己想做的事情.

Dear 温蓓, 蓓蓓, 谢谢你还有刘老师过去对我的帮助, 当然最重要的是谢谢你带来的
欢乐(虽然我们总是吵吵闹闹). 有你在的饭局, 狼人杀和小木屋的旅行总是那么开心. 
你的智慧在各类事情上都体现的淋漓尽致. 一直觉得你就是刘老师身边长不大的小女
孩, 可自从你生完双胞胎以后, 心理素质和生活能力简直就像是开了外挂. 希望两个宝
宝健康快乐的成长, 跟刘老师早日团聚. 期待早日参加你的博士答辩.

Dear 长斌, 我们的北半球一哥. 读博最早认识你, 像你这样学识渊博做饭又好吃还很贴
心的医生真的太少啦. 晚上或者周末在实验室加班的时候总能碰到你. 缺了试剂跑去找
你也总是能借到. 很开心课余时间可以找你讨论课题, 也很感谢你传授/分享那些读文
章和做实验的经验. 虽然你回国以后并未继续做医生, 但我觉得你这样的人才在哪里
都可以为医疗事业做出贡献. 祝愿早日找到女朋友这样就可以用大家给你凑得那份女
友基金啦!

Dear 吴斌, 我们的吴医生. 文艺青年说的就是你, 去撒哈拉拍沙漠, 去北极圈拍极光, 
还有你拉着大家去大湖那边拍流星. 正因为这样我们一起出去玩的时候总是你负责给
大家拍大片. 你有咱们山东人的仗义还有热情, 感谢你过去的几年对我的照顾和帮助. 
看到你和祥瑞那么幸福真心为你高兴. 未来希望你顺利毕业, 早点在荷兰安家.

Dear 陈思, 思姐, 你积极向上充满活力的性格一直感染着我. 从荷兰的高中一路优秀
毕业生到博士, 不到你毕业都不知道你一直都是那么优秀. 那么低调的你, 在跳舞的时
候会毫不吝啬的闪光. 每次跟你girls night out都好开心. 有你在的聚会总是充满欢乐. 
祝福你的事业继续大展宏图, 跟Bob永远幸福.

Dear小鲁, 谢谢过去几年里的无话不谈和倾力相助. 尽管你很宅, 但是常常跟大家一起
出来玩. 你的冷幽默真的很好笑. 学术做的那么好,身后一票迷妹追着. 希望你尽快找到
理想的妹子, 未来顺利毕业.

Dear 展民, 谢谢你和莹颖时常叫我去你们家吃饭, 你的厨艺实在是太惊艳了. 谢谢你在
我需要的时候总是随叫随到(当然也要谢谢莹颖的指导方针). 希望未来能找到自己喜
欢的工作, 顺利毕业, 开心带娃.



168

Acknowledgement

Dear 舟桥, 谢谢你组织打彩蛋 让我认识了那么多MC的小伙伴. 谢谢你开车带我们去
南法. 有你在的狼人杀, k歌总是那么尽兴. 因为你常去跑马拉松, 也带动了我对长跑的
热情. 不管在哪里你都是那么耀眼. 在国内做医生很辛苦也要注意身体. 祝你和女朋友
幸福美满, 有机会常回荷兰看看.

Dear 潇磊, 有才就是任性. 在国内做医生太累就转行回荷兰做律师可能只有你做得出
来. 谢谢你毫无保留的分享各类经验, 谢谢你出乎意料的搞笑, 谢谢你帮我照顾调皮捣
蛋的兔兔. 每次跟你吃饭狼人杀都好开心. 祝愿你早日成家, 事业顺心.

Dear 海波, 对你是相见恨晚. 谢谢你过去的倾力相助. 还有一起计划出游, 挖生蚝钓螃
蟹. 最开心就是跟你一起玩狼人杀, 还有你的搞笑和正宗的济宁口音的普通话. 佩服你
坚定不移要在学术的路上走下去的决心. 为你在发了那么多大文章而高兴. 未来的周教
授, 祝福你早日跟女朋友修成正果, 更多的CNS.

Dear 俊俊, 好开心认识那么特别的你, 谢谢你对我的认可, 谢谢你组织那么多次活动. 
你拿到全荷狼王的桂冠的时候好为你开心. 祝愿在牛津的新工作开心顺利, 早日跟男朋
友团聚. 外面世界好大, 年轻的你真的应该继续闯一闯.

Dear 步子文, 大文姐，谢谢你让我爸妈把你当半个闺女使唤, 谢谢你贴心的卡片和礼
物。 Dear 于雪, 眼眼，谢谢你这枚开心果一直以来的陪伴，支持和鼓励。Dear 王祖

程, 海豹， 即使我不在济南, 因为你在, 我妈妈从未错过母亲节和生日的鲜花。Dear
张郑思，宝宝，谢谢你不管走多远都不忘用明信片的方式分享当地的喜悦，谢谢你
每次回国都带我吃好的玩好的。

茜薇, Henk-Jelle, Jack, 二师兄, 浩波, 秋实, 静静, 笑非, 婉璐, 国颖, 文世, 姚瑶, 文浩, 

娜娜姐, 杉哥, 璐璐, 罗南姐, 张凯哥, 涛哥, 武医生, 贺英, 陈忠丽, 超平, 凯音, 世豪, 小岳

岳, 孙伟, 每次聚餐, 狼人杀, 出游, 滑雪都好开心. 谢谢你们带来的欢乐和陪伴, 让我在
荷兰的生活从不觉得寂寞. 愿我们每个人都能过上自己想要的生活, 不论未来在哪里, 
期待我们的友情永不散场.

Dear David, my schatje, my fiancé, thank you for taking care of me, our life, our house 

and Tutu. Thank you for your support, patience and understanding during my PhD. 

I’m so lucky to have you in my life and I’m looking forward to the future that we are 

about to build up together.



169

List of Publications

List of Publications

	 1.	 Gao Y, de Wit M, Struys EA, van der Linde HCZ, Salomons GS, Lamfers MLM, Willemsen R, 

Sillevis Smitt PAE, and French PJ. IDH1-mutated transgenic zebrafish lines: An in-vivo model 

for drug screening and functional analysis. PLoS One; 2018, 13(6): e0199737

	 2.	 Gao Y, Weenink B, van den Bent MJ, Erdem-Eraslan L, Kros JM, Smitt PAES, Hoang-Xuan K, 

Brandes AA, Vos M, Dhermain F, Enting R, Ryan GF, Chinot O, Ben Hassel M, van Linde ME, 

Mason WP, Gijtenbeek JMM, Balana C, von Deimling A, Gorlia T, Stupp R, Hegi ME, Baumert 

BG, and French PJ. Expression-based intrinsic glioma subtypes are prognostic in low-grade 

gliomas of the EORTC22033-26033 clinical trial. European Journal of Cancer; 2018, 94: 168-178

	 3	 Gao Y, Wies Vallentgoed and Pim J. French. Finding the right way to target EGFR in glio-

blastomas; lessons from Lung Adenocarcinomas. Cancers 2018, 10(12), 489; doi: 10.3390/

cancers10120489

	 4	 Gao Y, de Wit M, de Heer I, Prince J, Struys EA, Verheul C, Salomons GS, Sillevis Smitt 

PAE, and French PJ. Oncogenic mutations in IDH1 affect the MUL1-mediated NF-ᴋB pathway 

activation. Under revision.

	 5	 Gao Y, Verheul C, de Wit M, de Heer I, Struys EA, Dubbink HJ, Atmondimedjo PN, Pierson 

TM, Salomons GS, Leenstra S, Sillevis Smitt PAE, Lamfers MLM* and French PJ*. Reducing 

D2HG by AGI-5198 does not affect the tumor cell population in short-term primary cultures of 

IDH-mutated gliomas. Manuscript in preparation. * co-last author

	 6	 Gao Y, de Wit M, Mercieca D, de Heer I, van Royen M, Aerts J, Sillevis Smitt PAE, French PJ. 

Protein aggregate formation predicts clinical responses to EGFR Tyrosine Kinase Inhibitors. 

Manuscript in preparation.

	 7.	 Erdem-Eraslan L, van den Bent MJ, Hoogstrate Y, Naz-Khan H, Stubbs A, van der Spek P, 

Bottcher R, Gao Y, de Wit M, Taal W, Oosterkamp HM, Walenkamp A, Beerepoot LV, Hanse 

MCJ, Buter J, Honkoop AH, van der Holt B, Vernhout RM, Smitt PAES, Kros JM, and French 

PJ. Identification of Patients with Recurrent Glioblastoma Who May Benefit from combined 

Bevacizumab and CCNU Therapy: A Report from the BELOB Trial. Cancer Research; 2016, 

76(3): 525-534

	 8.	 Draaisma K, Wijnenga MMJ, Weenink B, Gao Y, Smid M, Robe P, van den Bent MJ, and French 

PJ. PI3 kinase mutations and mutational load as poor prognostic markers in diffuse glioma 

patients. Acta Neuropathologica Communications; 2015, 3:

	 9.	 van den Bent MJ, Gao Y, Kerkhof M, Kros JM, Gorlia T, van Zwieten K, Prince J, van Duinen 

S, Smitt PAS, Taphoorn M, and French PJ. Changes in the EGFR amplification and EGFRvIII 

expression between paired primary and recurrent glioblastomas. Neuro-Oncology; 2015, 17(7): 

935-941

	 10.	 Erdem-Eraslan L*, Gao Y*, Kloosterhof NK, Atlasi Y, Demmers J, Sacchetti A, Kros JM, Smitt 

PS, Aerts J, and French PJ. Mutation specific functions of EGFR result in a mutation-specific 

downstream pathway activation. European Journal of Cancer; 2015, 51(7): 893-903. *co-first 

author

	 11.	 Karuppiah V, Collins RF, Thistlethwaite A, Gao Y, and Derrick JP. Structure and assembly of 

an inner membrane platform for initiation of type IV pilus biogenesis. Proc Natl Acad Sci U S A; 

2013, 110(48): E4638-47





171

Ph.D. Portfolio

Ph.D. Portfolio

Name PhD student: Ya Gao

Erasmus MC Department: Neurology

Research School: Molecular Medicine

PhD period: 2013-2017

Promoter Prof. Peter A.E. Sillevis Smitt

Co-promoters Dr. Pim J. French
Dr. Martine L. Lamfers

PhD training

Courses Year ECTS

Basic and Translational Oncology 2013 1.8

Ensembl Workshop 2013 0.6

InDesign CS5 2013 0.15

Research management 2013 1

Laboratory Animal Science (Article 9) 2013 3

Research Integrity 2014 0.3

Biomedical English Writing 2014 2

Biostatistics Methods I 2014 2

Basic R workshop 2016 1.8

(Inter) national conferences and presentations

CBG/CGC Meeting, poster 2014 0.4

Society for Neuro-Oncology (SNO) Annual Meeting Miami, FL, Poster 2014 0.4

American Association for Cancer Research (AACR) Annual Meeting, New 
Orleans, LA, poster

2016 0.4

Erasmus MC Molecular Medicine (MolMed) Day, oral and poster 2014-2017 0.8

Other meetings

Weekly Josephine Nefkens Institute (JNI) research Meetings, oral 2013-2017 2

Biweekly Neuro-oncology Meetings, oral 2013-2017 2

Monthly MolMed Oncology lectures 2013-2017 1

Bimonthly Zebrafish Meetings, oral 2015-2017 1

Teaching

Supervising HLO technicians in training 2013-2017 15





173

About the Author

About the Author

Gao Ya was born in Jinan, Shandong, China on 29th November 1988. In 2007 she 

came to the Netherlands for a bachelor program in Life Sciences at the Hogeschool 

van Arnhem en Nijmegen. During her bachelor she went to Leiden University for 

an internship (supervised by Prof. Dr. Cees van den Hondel), focused on antifungal 

drug screening. She obtained her Bachelor of Applied Science degree in 2011 after 

finishing her thesis on characterizing cholinergic neurons in sleep-deprived mice at the 

University of Pennsylvania in the United States (supervised by Prof. Dr. Allan Pack). 

In that same year she continued her MSc study at the University of Manchester in the 

United Kingdom. During her MSc, she majored in Biochemistry and joined Prof. Dr. 

Jeremy Derrick’s lab for structural studies of proteins involved in biosynthesis of Type 

IV Pilus in Neisseria meningitides. After completing her thesis on the role of LITAF 

(lipopolysaccharide-induced TNFα Factor) in ubiquitin-mediated protein degradation 

supervised by Prof. Dr. Phillip Woodman, she received her Master of Sciences degree 

in 2012. Gao Ya was inspired by disease-driven research and the challenges in cancer 

research has always been attractive to her. In 2013, she moved back to the Netherlands 

and joined Dr. Pim French’s lab for her PhD where she did research on IDH1 and 

EGFR mutations in gliomas. Since November 2017, she continued her research on 

EGFR mutations in glioblastomas and non-small-cell lung cancers as a post-doctoral 

fellow in the same group.


