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Introduction

The brain tumor glioblastoma multiforme (GBM) is among 
the most lethal malignancies in adults and it affects 3.5/100 000 
persons every year in western countries.1 The survival probability 
is 57% the first year after diagnosis and recurrence is reported in 
99% of patients within seven years,2 which is why GBM is thus 
far considered incurable. Brain cancer stem-like cells (bCSC) 

present a novel target in the search for improved anti-GBM ther-
apy as they are suggested to play a pivotal role in tumor initiation, 
progression, treatment resistance and relapse.3-8 The bCSC are 
characterized by their neural stem cell (NSC)-like features and 
tumorigenic properties, as they possess self-renewing and mul-
tipotent abilities as well as in vivo tumor forming potential.3,9-11 
The search for regulators that might be of importance for main-
taining the bCSC population is thus considered a key quest in 
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Background: Brain cancer stem-like cells (bCSC) are cancer cells with neural stem cell (NSC)-like properties found in 
the devastating brain tumor glioblastoma multiforme (GBM). bCSC are proposed a central role in tumor initiation, pro-
gression, treatment resistance and relapse and as such present a promising target in GBM research. The Notch signaling 
pathway is often deregulated in GBM and we have previously characterized GBM-derived bCSC cultures based on their 
expression of the Notch-1 receptor and found that it could be used as predictive marker for the effect of Notch inhibi-
tion. The aim of the present project was therefore to further elucidate the significance of Notch pathway activity for the 
tumorigenic properties of GBM-derived bCSC.

Methods: Human-derived GBM xenograft cells previously established as NSC-like neurosphere cultures were used. 
Notch inhibition was accomplished by exposing the cells to the gamma-secretase inhibitor DAPT prior to gene expres-
sion analysis and intracranial injection into immunocompromised mice.

Results: By analyzing the expression of several Notch pathway components, we found that the cultures indeed dis-
played different Notch pathway signatures. However, when DAPT-treated neurosphere cells were injected into the brain 
of immunocompromised mice, no increase in survival was obtained regardless of Notch pathway signature and Notch 
inhibition. We did however observe a decrease in the expression of the stem cell marker Nestin, an increase in the pro-
liferative marker Ki-67 and an increased number of abnormal vessels in tumors formed from DAPT-treated, high Notch-1 
expressing cultures, when compared with the control.

Conclusion: Based on the presented results we propose that Notch inhibition partly induces differentiation of bCSC, 
and selects for a cell type that more strongly induces angiogenesis if the treatment is not sustained. However, this more 
differentiated cell type might prove to be more sensitive to conventional therapies.
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GBM research. The Notch signaling pathway is 
known to be important for maintenance of the 
normal NSC population during development as 
this pathway regulates the balance between the 
NSC pool and its differentiated progeny.12,13 It 
is believed that the outcome of Notch signaling 
in cancer reflects its role in the development of 
the corresponding normal tissue. In this context 
it has been demonstrated that Notch signaling 
often is deregulated in GBM14-16 and that bCSC 
are sensitive to Notch inhibition.16-18 Elevated 
expression of Notch signaling pathway compo-
nents has recently been associated with the clas-
sical GBM sub-type identified by global gene 
expression.19 Sub-grouping of GBM tumors 
based on gene expression could potentially assist 
clinicians in the future when stratifying patients 
to the most optimal targeted treatment as has 
been the case for receptor tyrosine kinase HER2 
and estrogen receptor positive breast cancers.20-22 
Thus, by classifying GBM tumors into different 
sub-types it might be possible to identify new 
molecular targets, essential for maintenance of 
a specific sub-type. In line with this, we have 
previously shown that the level of Notch activ-
ity is predictive for the effect of Notch inhibi-
tion in GBM neurosphere cultures in vitro, as 
growth and stem cell-like features only were 
affected in cultures with high Notch expression 
and activity.23

In the present study, we sought to further 
classify the GBM neurosphere cultures previ-
ously used23,24 by global gene expression analysis 
and assign them a possible Notch signature. In 
addition, the cultures were established as intra-
cranial tumors in order to further determine the 
relevance of active Notch signaling for tumor 
formation. We found that neurosphere cultures with high endog-
enous Notch-1 expression, and elevated expression of a Notch 
pathway signature, formed tumors with a more infiltrative phe-
notype than neurosphere cultures with low Notch-1 expression, 
and Notch pathway signature. However, in contrast to what was 
expected, we did not observe increased survival when we injected 
cells pretreated with the Notch inhibitor DAPT as compared 
with a control treatment. We did, nevertheless, find that some 
of the tumors formed from DAPT treated cultures displayed 
lower levels of the stem cell marker Nestin and increased num-
ber of proliferative cells as well as abnormal vessels. In addition, 
the global gene expression analysis suggested that DAPT treat-
ment increased both the angiogenic potential and the differentia-
tion level of the cells. Based on our findings we suggest, despite 
indications of increased aggressiveness, that bCSC targeted anti-
Notch treatment in combination with traditional therapy might 
be feasible, as Notch inhibition possibly induces the bCSC popu-
lation to differentiate which could imply increased sensitivity to 
chemo- and radiation therapy.

Results

Microarray analysis and Notch signature
We have previously categorized the 029 and 036 neurosphere 

cultures as having high endogenous Notch-1 expression and 
Notch pathway activation, as indicated by high Hes-1 expression, 
when compared with the 048 culture which we have classified 
as having low Notch-1 expression and activation. We have also 
shown that Notch inhibition by DAPT treatment did not affect 
the 048 culture to the same degree as the 029 and 036 cultures.23 
To elaborate this, we performed a global gene expression analysis 
and used this to establish a possible Notch signature of the three 
cultures. The expression of selected Notch pathway components 
is shown in Figure 1A. (For the expression of all Notch pathway 
components included in the “KEGG_Notch_signaling_path-
way” gene set, see Fig. S1). As displayed in Figure 1A, the 048 
culture differed from the 029 and 036 cultures, with regard 
to the majority of the Notch components shown. Notably, the 
Notch-1, -2, and -3 receptors, the ligands Delta-like (DLL) -1, 

Figure 1. Gene expression analysis revealed different Notch signatures between the GBM 
neurosphere cultures investigated. (A) Heat map showing the expression of selected Notch 
pathway components in the 029, 036, and 048 neurosphere cultures. (B) Heat map show-
ing the expression of the same components in the same neurosphere cultures treated with 
10 μM DAPT or equal volumes of DMSO for 24 h. In both (A and B) the colors represent the 
standard deviation in expression level relative to the mean expression of the respective 
gene across the three or six samples respectively. (C) Venn diagram showing the intersec-
tion of the differently expressed genes for each culture with a fold change of minimum ± 
1.3. Red numbers refer to upregulated genes in the DAPT treated samples compared with 
the DMSO control and blue numbers refer to downregulated genes.
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Jagged-1 and -2, and the downstream targets Hes-1 and Hey-1 
were all expressed at a lower level in 048 compared with 029 and 
036, indicating a higher activity of the Notch pathway in the 
two latter cultures. Conversely, the transcriptional target Hes-5 
was expressed at a higher level in 048 as compared with 029 and 
036 and the Notch-4 receptor was expressed at the lowest level in 
029. Moreover, the ligands Dll-3 and -4 showed a higher expres-
sion level in the 036 culture as compared with the 029 and 048 
cultures. We next analyzed the expression of the same genes in 
cultures treated with 10 μM DAPT or equal volumes of DMSO 
for 24 h. As seen in Figure 1B, Hes-1 and Hey-1 were downregu-
lated upon DAPT treatment in all three cultures verifying suc-
cessful Notch inhibition and showing that some degree of Notch 
signaling was present also in the 048 culture. Furthermore, the 
γ-secretase sub-unit PSENEN was downregulated in all cultures, 
while DLL-1 was upregulated, a tendency also shown for Notch-
4, DLL-3, and Jagged-2.

In order to examine to what extent the effect of DAPT treat-
ment showed overlap between the cultures we visualized the 
intersection of differentially expressed transcripts (minimum 
fold change ± 1.3) between DMSO and DAPT treatment in the 
three cultures in a Venn diagram. In Figure 1C, the number of 
transcripts that were upregulated in the DAPT treated cultures 
compared with the control is presented in red and the number 
of downregulated transcripts in blue. Only annotated transcripts 
(probe sets that have been assigned a gene symbol) are presented. 
The gene symbol and title of the annotated transcripts that 
were up- or downregulated between the 029 and 036 cultures 
and between all three cultures is displayed in Table 1. In sum-
mary, five transcripts were consistently downregulated and five 
transcripts were upregulated in all three cultures (Fig. 1C). The 
transcriptional Notch targets Hes-1 and Hey-1 were both repre-
sented among the transcripts consistently downregulated in all 
three cultures, verifying successful inhibition of Notch signaling, 
together with the ephrin-B2 (EFNB2), eyes shut homolog (EYS), 
and the GABA-B2 receptor (GABBR2) (Table 1). In addition, 
nine upregulated and 21 downregulated transcripts were in com-
mon between the 029 and 036 cultures (Fig. 1C), although the 
majority of up- and downregulated transcripts were differentially 
regulated in these cultures. Finally, the amount of transcripts 
either up or downregulated was much higher in the 048 culture 
compared with the 029 and 036 cultures (Fig. 1C).

Different neurosphere cultures give rise to intracra-
nial tumors with different features, but all display GBM 
characteristics

To extend our in vitro findings, that the different neu-
rosphere cultures displayed different characteristics such as 
growth- and gene expression patterns (as presented above and 
in ref. 23) we engrafted the neurosphere cells in vivo in order 
to examine whether the cultures also formed dissimilar tumors. 
When injected into the brains of immunocompromised mice, 
all neurosphere cultures formed intracranial tumors verifying 
their tumorigenic potential. However, there was a considerable 
difference in the time from injection to when the mouse had 
to be euthanized, between the cultures. In Figure 2A, the sur-
vival in weeks of mice injected with control treated 029, 036, or 

048 cells is presented. Mice injected with 036 cells survived the 
longest namely 29.60 wk (95% CI: 20.88–38.32), while mice 
injected with 029 neurosphere cells survived approximately 
17.20 wk (95% CI: 15.58–18.82) and mice injected with 048 
cells had the shortest survival at 6.25 wk (95% CI: 4.73–7.77). 
Furthermore, mice injected with 036 cells showed the highest 
variability in survival, from 19 to 38 wk, while the survival of 
mice injected with 048 cells varied from 5 to 7 wk. The histolog-
ical appearance of the tumors also varied greatly, especially when 
comparing the 029 and 036 tumors with the 048 tumors. Rep-
resentative H&E sections of tumors formed from control treated 
neurosphere cultures are displayed in Figure 2B. In general, the 
048 tumors were mostly uniform in appearance with a well-
defined border between the tumor and the surrounding normal 
brain parenchyma, whereas the 029 and 036 tumors were much 
more disorganized with no clear border and especially the 036 
tumors tended to home to the ventricles (for additional H&E 
pictures, see Fig.  S2). Using 18F-FET PET/CT scanning we 
were furthermore able to detect in situ tumor formation in mice 
injected with cells from each of the three cultures and it was as 
such possible to follow tumor growth in real-time. In Figure 2C, 
coronal views of the 18F-FET PET/CT scannings of one repre-
sentative mouse at week 1, 4, 5, and 6 after injection with 048 
neurosphere cells are presented. The mouse was euthanized at 
week 7. However, it was not possible to include the mice used 
for 18F-FET PET/CT scans in the survival data, as they did not 
tolerate the weekly sedation well and had to be euthanized due 
to symptoms not certainly related to tumor formation. Histo-
logical GBM hallmarks were evident in tumors from all neuro-
sphere cultures used and representative H&E stainings showing 
mitosis, invasion, necrotic areas with pseudopalisading cells, and 
excessive vascularization are presented in Figure 2D. It should 
be noticed that the vessels did not exhibit an abnormal/malig-
nant phenotype in the tumors formed from control treated cells. 
Finally, by evaluating the expression of the Notch-1 receptor 
in the intracranial tumors using IHC staining, we found that 
the 048 tumors tended to display a weaker staining intensity 
as compared with the 029 and 036 tumors indicating a lower 
expression of Notch-1 in these tumors, which is in good correla-
tion with our in vitro observations. Representative pictures are 
displayed in Figure 2E.

Notch inhibition in neurosphere cells does not hamper 
intracranial tumor formation and growth

We have previously demonstrated that pre-treating the 029 
and 036 cells with DAPT almost abolished their ability to form 
clonogenic colonies in soft agar possibly as a consequence of 
slowing of the cell cycle, whereas no effect was seen on the 048 
cells.23 To determine if inhibition of Notch signaling prior to 
xenoengraftment also affected the ability of intracranial tumor 
growth, we treated the 029, 036, and 048 neurosphere cells with 
10 μM DAPT ex vivo for seven days and then injected 100 000 
viable cells stereotactically into the brains of C.B-17 SCID mice. 
DMSO was used as a control treatment. Each individual mouse 
was monitored frequently during the experiment and was eutha-
nized when it showed tumor related symptoms and/or consider-
able weight loss (Fig. S3).
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Table 1. Annotated transcripts consistently regulated between the cultures

Upregulated in DAPT vs. DMSO

029, 036

MIR186: microRNA186

LINC00341: long intergenic non-protein coding RNA 341

TRNAL46P: tRNA leucine 46 (anticodon UAA) pseudogene

DSG2: desmoglein 2

HCAR2: hydroxycarboxylic acid receptor 2

ZNF578: zinc finger protein 578

SEPP1: selenoprotein P, plasma, 1

LOC100506127: putative uncharacterized protein FLJ37770-like

HSD17B7P2: hydroxysteroid (17-β) dehydrogenase 7 pseudogene 2

029, 036, 048

CEACAM5: carcinoembryonic antigen-related cell adhesion molecule 5, P = 0.17

RN5S341: RNA, 5S ribosomal 341, P = 0.24

RN5S331: RNA, 5S ribosomal 331, P = 0.015

RNY3P3: RNA, Ro-associated Y3 pseudogene 3, P = 0.48

EPCAM: epithelial cell adhesion molecule, P = 0.0068

Downregulated in DAPT vs. DMSO

029, 036

RPE65: retinal pigment epithelium-specific protein 65kDa

RNU6–14: RNA, U6 small nuclear 14

SNORD115–41: small nucleolar RNA, C/D box 115–41

TUBB8: tubulin, β 8 class VIII

RN5S121: RNA, 5S ribosomal 121

CDRT1 /// FBXW10: CMT1A duplicated region transcript 1 /// F-box and WD repeat domain containing 10

RN5S374: RNA, 5S ribosomal 374

RNY4P5: RNA, Ro-associated Y4 pseudogene 5

KAL1: Kallmann syndrome 1 sequence

VGF: VGF nerve growth factor inducible

PTK2B: PTK2B protein tyrosine kinase 2 β

HBEGF: heparin-binding EGF-like growth factor

SCG2: secretogranin II

GPX3: glutathione peroxidase 3 (plasma)

FBLN5: fibulin 5

CFHR4: complement factor H-related 4

HHIP: hedgehog interacting protein

GPC1: glypican 1

TTYH1: tweety homolog 1 (Drosophila)

CHL1: cell adhesion molecule with homology to L1CAM (close homolog of L1)

PDE10A: phosphodiesterase 10A

029, 036, 048

EFNB2: ephrin-B2, P = 0.082

EYS: eyes shut homolog, P = 0.010

HES1: hairy and enhancer of split 1, P = 0.0080

HEY1: hairy/enhancer-of-split related with YRPW motif 1, P = 0.079

GABBR2: gamma-aminobutyric acid (GABA) B receptor, 2, P = 0.067

Transcripts consistently regulated between the 029 and 036 cultures and between the 029, 036, and 048 cultures are shown in the table by their gene 
symbol and title. P value represents paired t test between control and treated groups with n = 3, why no P value is presented for the annotated transcripts 
regulated between the 029 and 036 cultures.
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To test if Notch signaling was inhibited 
in the injected cells at the time of intracra-
nial injection, the Notch-1 protein level and 
the activity of the Notch pathway, as assessed 
by Hes-1 expression were analyzed in DAPT 
and control treated samples generated in 
parallel to the cells injected. As expected, 
Notch-1 and Hes-1 were expressed at higher 
levels in the control treated 029 and 036 
cultures as compared with the 048 culture 
(Fig. 3A), which verifies our previous find-
ings.23 Furthermore, a prominent downreg-
ulation of Hes-1, indicative for Notch path-
way inhibition, could be detected in 029 and 
036 DAPT treated samples when compared 
with the control, whereas the downregula-
tion was not as evident in the 048 culture. 
We thus concluded that Notch signaling 
was inhibited in the DAPT treated cells 
that were intracranially injected. However, 
as displayed in Figure 3B and D, there was 
no statistical difference in survival between 
mice injected with DAPT-treated 029 cells 
(P = 0.32) or DAPT-treated 048 cells (P = 
0.22) when compared with DMSO-treated 
cells, indicating that there was no major 
difference in intracranial tumor growth 
between the control and DAPT-treated 
groups. There was, however surprisingly, a 
small decrease in survival for mice injected 
with DAPT-treated 036 cells when com-
pared with DMSO-treated 036 cells (P = 
0.037) (Fig. 3C).

Tumors formed from DAPT-treated 
cultures show increased differentiation and 
angiogenesis

In order to assess histology of the intracra-
nial tumors, we stained histological sections 
from three different intracranial tumors 
for each of the three tumor-types in each 
treatment group (representative pictures are 
shown in Fig.  4 and additional H&E pic-
tures are shown in Fig.  S2). As visualized 
by H&E staining, DAPT treated 036 cells 
tended to form highly vascularized tumors 
with large voluminous vessels (Fig.  4D). 
Three out of three 036 DAPT tumors evalu-
ated demonstrated this phenotype which 
was also observed in one out of three 029 
DAPT tumors (Fig. S2). No obvious differ-
ence was observed between 048 DMSO and 
DAPT tumors (Fig.  4E and F). The stem 
cell marker Nestin, was evaluated by stain-
ing intensity, distinguishing between if all 
tumor cells were highly positive and if they 
in general displayed a more pale coloration, 

Figure  2. GBM cells from different neurosphere cultures form tumors with different pheno-
types when injected into mouse brains. (A) Survival in weeks of mice injected with 029, 036, 
or 048 neurosphere cells treated with the control substance DMSO for 1 wk prior to injection. 
Dot plot and column statistics were generated using the GraphPad Prism 4 software (GraphPad 
Software, http://www.graphpad.com). (B) Representative H&E staining of the tumors displayed 
in (A). (C) 18F-FET PET/CT scans of a mouse injected with DMSO-treated 048 cells at week 1, 4, 5, 
and 6 after injection. (D) Representative H&E pictures of the intracranial tumors showing charac-
teristics of high grade gliomas i.e., mitosis and invasion and GBM specific hallmarks i.e., necrosis 
and excessive vasculature. Green arrows indicate mitotic cells. (E) Representative immunohis-
tochemical stainings of the Notch-1 receptor in tumors formed from 029, 036, and 048 control 
treated neurosphere cells, respectively. Scale bar shows 50 μm.
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or if there existed areas within the tumor tissue that were negative 
(marked “+” and “(+)” respectively in Table 2). We found that 
all DMSO tumors, regardless of origin showed high expression 
of Nestin in all tumor cells (Table 2; Fig. 4G, I, and K). The 
same was the case for all 048 DAPT tumors (Table 2; Fig. 4L). 
In contrast three out of three 029 DAPT tumors and one out of 
three 036 DAPT tumors showed a decreased expression of Nestin 
(Table 2), either by displaying a general weaker staining in the 
tumor cells (exemplified by 029 in Fig.  4H) or by containing 
areas with almost no Nestin positive cells (exemplified by 036 in 
Fig. 4J). The proliferation marker Ki-67 was analyzed by evaluat-
ing the fraction of Ki-67 positive nuclei. In Table 2 less than 25% 
positive nuclei is annotated “+” and more that 25% is annotated 
“++”. As such, we found no difference in the fraction of proliferative 
cells between 029 DMSO and DAPT tumors or in 048 DMSO 
and DAPT tumors (Table 2; Fig. 4M, N, Q, and R). In contrast 
the 036 DMSO tumors displayed the lowest fraction of prolifera-
tive cells which was increased in the 036 DAPT tumors (Table 2; 
Fig. 4O and P). Finally, the endothelial cell marker CD31 was 
assessed by the presence of abnormal vessels. No abnormal vessels 
in the section was assigned “–”, few abnormal vessels (1–10) was 
assigned “(+)”, and high density of abnormal vessels was assigned 

“+”. None of the DMSO tumors displayed any abnormal vessels 
(Table 2; Fig. 4S, U, and X). However, abnormal vessels were 
observed in one out of three of the 029 DAPT tumors and three 
out of three 036 DAPT tumors (Table 2; Fig. 4T and V). Fur-
thermore, two out of three 048 DAPT tumors showed a few small 
abnormal vessels (Fig. 4Y). As the antibody we initially used to 
stain endothelial cells detected both murine and human CD31, 
we subsequently included a human specific CD31 antibody in 
order to analyze the origin of the intra-tumoral vessels. However, 
none of the tumors were positive for this marker, when compared 
with positive control tissue (Fig. 5).

The angiogenic and stem cell-like expression profile is dif-
ferentially altered upon Notch inhibition

As the IHC analyses indicated that the angiogenic and stem 
cell-like phenotype was altered in some of the DAPT tumors 
compared with the control, we extracted selected pro-angio-
genic markers as well as markers for NSC and differentiation 
from the global gene expression data and performed hierarchi-
cal cluster analyses. The selected pro-angiogenic markers in 
Figure  6A were in general differently regulated upon DAPT 
treatment in the three cultures when compared with the DMSO 
control, although a few correlations could be noticed. As such, 

Figure 3. No survival benefit for mice injected with DAPT treated GBM neurosphere cells. (A) WB showing expression of the Notch-1 receptor and the 
Notch transcriptional target Hes-1 in GBM neurosphere cells treated with DMSO for control (–) or 10 μM DAPT (+) for seven days, prior to intracranial 
injection. (B–D) Kaplan-Meyer plots showing the fractionated survival of mice injected with (B) 029, (C) 036, or (D) 048 cells pretreated for one week 
with either 10 μM DAPT or equal volumes of DMSO. P values represent the comparison of survival curves by log-rank test performed in the GraphPad 
Prism 4 software.
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the cadherin CDH13, the stabilin STAB1 and the interleukin 
IL18 were upregulated in all three cultures whereas the vascu-
lar endothelial growth factor VEGFA and the platelet-derived 
growth factor PDGFA only were upregulated in 029 and 036, 
but not in 048. In Figure  6B, expression of selected NSC 
markers and markers of the three neural lineages (notice that 
some markers represent more than one phenotype, e.g., GFAP 
is a marker for both NSC and astrocytes) is displayed. Of the 
NSC markers (PROM1, NES, NOTCH1, NOTCH2, GFAP, 
CXCR4, SOX1, SOX4, PDGFRA, RXRA, and VIM), Nestin 
(NES) was the only marker downregulated in all three cultures 
upon DAPT treatment, while SOX4 was slightly upregulated in 

all three cultures. Of the neuronal markers (TUBB3, NEFM, 
MAP2, and DCX), neurofilament (NEFM) was upregulated in 
all cultures, βIII-tubulin (TUBB3) was upregulated in 029 and 
036, and Doublecortin (DCX) was upregulated in 036 and 048 
while downregulated in 029. Finally, of the glial markers (GFAP, 
GALC, CNP, PDGFRA, VIM, OLIG1, and OLIG2), the oligo-
dendrocyte transcription factor 1 (OLIG1) was upregulated in all 
three cultures, although most prominent in 029 and 048, GALC 
was downregulated in 036 and GALC, together with GFAP, was 
slightly upregulated in 048. A simplified overview of the regula-
tion of the NSC and differentiation markers outlined above is 
given in Table 3.

Figure 4. Histology and expression of the stem cell marker Nestin, the proliferative marker Ki-67 and the endothelial cell marker CD31 differed between 
tumors formed from DMSO and DAPT-treated neurosphere cells. (A–F) H&E of representative tumors from each treatment group of the three tumor-types. 
Scale bar shows 1 mm. (G–L) Immunodetection of the stem cell marker Nestin. Positive cells stain dark brown in the cytoplasm. Scale bar shows 200 μM. 
(M–R) Immunodetection of the proliferative marker Ki-67. Positive nuclei are stained dark brown. Scale bar shows 100 μM. (S–Y) Immunodetection of 
the endothelial marker CD31. Normal vessels are shown as strait brown stripes in the section, while abnormal vessels are detected as disorganized ves-
sels often with multiple endothelial cells constituting the vessel wall. Scale bar shows 100 μM.
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Discussion

In the latter years researchers have attempted to sub-type 
GBM based on global gene expression and proteomics.19,25,26 In 
the future this sub-typing is thought to assist clinicians in strati-
fying GBM patients to the most optimal therapy as has proven 
possible with MGMT methylation and temozolomide (TMZ, 
Temodal®) treatment.27 As such, it is believed that the differ-
ent sub-types display molecular hallmarks that are of specific 
importance for each sub-type. Accordingly, the Notch signal-
ing pathway has been associated with the classical sub-type.19 
We have previously shown that the 029 and 036 patient-derived 
xenograft tumors and thereof derived neurosphere cultures could 
be characterized as having high Notch-1 and Hes-1 expression 
while 048 xenograft tumors and cultures were characterized as 
having low Notch-1 and Hes-1 expression,23 indicating that they 
belong to different GBM sub-types. It should, however, be held 
in mind that sub-typing of in vitro cultures is not yet confirmed 
comparable with patient tumor sub-types.19 In the present study 
we have sought to elaborate our previous findings, by analyzing 
the global gene expression pattern of the three cultures and fur-
ther study the effect of Notch inhibition on intracranial tumor 
growth. Overall, we found that the three cultures examined in 
the present project display different activation of the Notch sig-
naling pathway, with the 029 and 036 most likely representing 
cultures with an elevated Notch signaling signature as compared 
with the 048 culture. However, there was no survival benefit for 
mice injected with Notch inhibited neurosphere cells regardless 
of the Notch signature.

Although the specific 029 and the 036 cultures used in the 
present study showed the highest degree of similarity with regard 
to expression of Notch pathway components, and most likely are 
originated from the same patient tumor as described in the mate-
rials and methods section, GBM neurosphere cultures paragraph, 
they are not alike. This is evident as the 036 culture expressed the 
highest level of the ligands DLL3 and DLL4 whereas the expres-
sion in 029 was similar to the one in 048. Dll expression is seen 
in proneuronal cells28 which could indicate that the 036 culture 
was established from a xenograft tumor with a more neuronal 
phenotype than the xenograft tumors from where the 029 and 
048 tumors were derived. This also suggests that the respective 
xenograft tumors from where the 029 and 036 cultures were 
established might represent different clones of the same original 
tumor that nevertheless both showed high Notch pathway activ-
ity. Moreover, 029 showed the lowest level of the Notch-4 recep-
tor, the metalloprotease ADAM17 and the downstream effector 
MAML1 while expression of these components in 036 was simi-
lar to 048. The difference between the 029 and 036 cultures is 
further supported when evaluating the growth pattern both in 
vitro and in vivo as well as the effect from Notch inhibition (in 
this and our previous study23). As an example only 40 out of 776 
transcripts were similarly regulated between the 029 and 036 cul-
tures upon DAPT treatment as visualized in the Venn diagram. 
This supports our notion that, although STR-profiling suggests 
that the specific 029 culture used (GBM_CPH029p7, established 
from a mouse xenograft passage 723,24) most likely originates from 

the GBM_CPH036 patient tumor, it has developed as an indi-
vidual culture over the years. For this and the previous study23 
we have therefore chosen to treat the GBM_CPH029p7 and the 
NGBM_CPH036p7 cultures as two individual GBM neuro-
sphere cultures with an elevated Notch pathway signature, based 
on the high expression level of Notch-1, -2, and -3 receptors, the 
ligands DLL-1, Jagged-1, and -2, and the downstream targets 
Hes-1 and Hey-1, compared with the 048 culture. Moreover, the 
conclusion of this and the previous study23 remains unchanged as 
they both are based on the difference in effect of Notch inhibi-
tion on cultures with different Notch pathway activation.

When looking at the overall change in gene expression upon 
DAPT treatment between the three cultures it becomes clear that 
far more transcripts were affected by DAPT treatment in 048, 
than in 029 and 036. The high level of Notch-4 and Hes-5 in 
048 further indicates that the Notch signaling pathway, at least 
to some degree, is active also in the 048 culture. However, as this 
culture seems to be less sensitive to DAPT treatment on a func-
tional level, the transcripts affected in the 048 culture might not 
be as relevant with regard to NSC-like and growth potential.23 An 
active Notch signaling in 048 is further supported by downregu-
lation of the Notch pathway transcriptional targets Hes-1 and 
Hey-1 in this culture as well. On the contrary Hes-5 seems to be 

Table 2. IHC evaluation of intracranial tumors formed from DAPT- and 
DMSO-treated GBM neurosphere cultures

Cells injected Pretreated with Nestin Ki-67 CD31

029

DMSO

+ ++ –

+ N.A. –

+ ++ –

DAPT

(+) ++ –

(+) ++ –

(+) ++ +

036

DMSO

+ + –

+ + –

+ + –

DAPT

(+) ++ +

+ ++ +

+ ++ +

048

DMSO

+ ++ -

+ N.A. N.A.

+ ++ –

DAPT

+ ++ –

+ ++ (+)

+ ++ (+)

Nestin, CD31 and Ki-67 expression in brain sections from mice injected 
intracranial with DAPT or DMSO treated neurosphere cells. Nestin: “+” = 
all tumors cells were highly positive for Nestin, “(+)” = either a more pail 
coloration of the tumor tissue in general or areas within the tumor tissue 
that are negative for Nestin. Ki-67: “+” = less than 25% positive nuclei and 
“++” = more than 25% positive nuclei. CD31: “−” = no abnormal vessels, “(+)” 
= between 1 and 10 abnormal vessel in the section and “+” more than 10 
abnormal vessels in the section.
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Figure 5. Intratumoral endothelial cells are not of human origin. Top row shows immunodetection of endothelial cells in tumors formed from DAPT-
treated 029, 036, and 048 cells using a human-specific CD31 antibody. Arrows show negative endothelial cells. Bottom row shows immunodetection of 
the human-specific CD31 marker in a positive tissue control (human muscle) and a negative tissue control (mouse brain). 048 DAPT h&m is a section from 
the same tumor block as in the top row, but stained with a CD31 antibody detecting both human and mouse CD31.

Figure 6. Gene expression of pro-angiogenic, NSC and differentiation markers. (A) Heat map showing the expression of selected pro-angiogenic mark-
ers in the 029, 036, and 048 neurosphere cultures treated with 10 μM DAPT or equal volumes of DMSO for 24 h. (B) Heat map showing the expression of 
selected markers of NSC (PROM1, NES, NOTCH1, NOTCH2, GFAP, CXCR4, SOX1, SOX4, PDGFRA, RXRA, and VIM), the neuronal linage (TUBB3, NEFM, MAP2, 
and DCX) and the glial lineage (GFAP, GALC, CNP, PDGFRA, VIM, OLIG1, and OLIG2) in the same samples as in (A). The colors represent the standard devia-
tion in expression level relative to the mean expression of the respective gene across the six samples. Notice that some markers represent more than 
one phenotype, e.g., GFAP is a marker for both NSC and astrocytes.
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upregulated in 048 upon DAPT treatment, while slightly down-
regulated in 029, suggesting that Hes-5 expression is regulated by 
different means in the two cultures. It is worth mentioning that 
embryonic Hes-5 knockouts are less severe than Hes-1 knock-
outs, indicating an inferior role for Hes-5 in NSC (reviewed in 
Fischer et  al.29). The Notch-4 receptor has been implicated in 
the formation of mouse mammary tumors30 and in maintenance 
of stem cells in breast cancer31 and it has furthermore been sug-
gested as a therapeutic target in triple negative breast cancers,32 
but the function of Notch-4 in GBM remains undetermined. 
Nevertheless, we found that the Notch-4 receptor was upregu-
lated upon DAPT treatment in all three cultures. Together with 
the concomitant downregulation of the γ-secretase sub-unit 
PSENEN, one might speculate if signaling through the Notch-4 
receptor could represent a redundant Notch pathway indepen-
dent of γ-secreatase activity and thus a noncanonical pathway,33 
which would also explain why the Notch-4 high, Notch-1, -2, -3 
low-expressing 048 culture seems almost unaffected by DAPT 
treatment on a functional level. One might argue that expression 
of PSENEN and the ADAM metalloprotease ADAM-17 in 048 
further substantiates high Notch pathway activation. However, 
these are not exclusively modulators of Notch pathway activity, 
e.g., γ-secretase is also involved in the cleavage of among others 
the β-amyloid precursor protein (APP).34 The high expression of 
PSENEN might even explain why so many transcripts are affected 
by DAPT treatment in the 048 culture, as additional γ-secretase 
targets in this culture has a greater potential to be affected. We 
also found the ligands DLL-1, -3, and Jagged-3 to be upregulated 
as a result of Notch inhibition in all three cultures which corre-
lates with the process of lateral inhibition, where Notch signaling 
inhibits endogenous ligand expression.12,13 It could be speculated 
why transcripts found to be similarly regulated between the cul-
tures in the cluster analysis (Fig. 1B) are not represented in the 
differential expression analysis (Table  1). The explanation for 
this is the fold change cut off (≥1.3 or ≤–1.3) used in the lat-
ter analysis, e.g., DLL-1 upregulation does not seem to exceed 
1.3 in either of the cultures when evaluated in the cluster analy-
sis. In addition to known Notch pathway components (as seen 
in Figure  1B), several annotated transcripts were consistently 
regulated both between the 029 and 036 cultures and between 
all three (Table 1). Many of these transcripts were non-protein 
coding RNAs, such as ribosomal-, transfer-, and micro-RNAs, 
suggestive of further posttranscriptional regulation. Transcripts 
found to be upregulated in DAPT treated samples might be 
second line targets of Notch signaling, as first line targets, such 
as Hes-1 and Hey-1, tend to be transcriptional repressors.29 Of 
the protein encoding transcripts upregulated in all three cul-
tures, the cell adhesion molecules CEACAM5 and EPCAM 
have both been linked to migration, invasion and/or metastasis 
in numerous cancer types35,36 and have further been associated 
with Notch signaling in human cervical cancers and pancreatic 
tumors, where Notch inhibition resulted in downregulation of 
CEACAM5 and EPCAM respectively.37,38 A correlation between 
CEACAM5/EPCAM and Notch in GBM has yet to be reported. 
However, our results suggest that the correlation is in opposite as 
compared with cervical and pancreatic cancer as we found these 

cell adhesion molecules to be upregulated upon Notch inhibition. 
Of the annotated transcripts found to be downregulated between 
all three cultures (apart from Hes-1 and Hey-1) were ephrin-B2 
(EFNB2), GABA-B2 receptor (GABBR2), and eyes shut homo-
log (EYS) indicating them to be targets of active Notch signaling. 
Ephrin-B2 has been shown to be regulated by Notch signaling 
in human endothelial cells and during vascular development in 
zebrafish,39,40 while no obvious correlation between EYS/GABA-
B2 and Notch has been reported, although sequence homology 
has been identified between Notch-1 and a specific EYS splice 
variant (EYS/spacemaker [spam]41). Thus further analyses are 
required to verify EYS and GABA-B2 as Notch targets, either 
direct or indirect, as the downregulation also could be the result 
of additional PSENEN targets, independent of Notch signaling.

When the cells were injected into the brains of SCID mice 
and allowed to form tumors, the histological appearance of the 
tumors also varied with the 029 and 036 tumors displaying a 
more diffuse and infiltrative growth pattern as compared with 
the 048 tumors that formed large, well bordered tumors. These 
observations could indicate that an endogenous high Notch 
activity leads to a more invasive and thus malignant pheno-
type. In line with this, it has been suggested that the level of 
Notch-1 expression increases with tumor grade in gliomas42 
and that Notch promotes migration and invasiveness of glioma 
cells, possibly through activation of β-catenin and NFκB signal-
ing.43 However, considering the fact that the 048 neurosphere 
cells formed tumors much faster than especially the 036 cells, 
one might speculate that the in vivo microenvironment ensures a 
faster establishment and growth of the 048 cells compared with 

Table 3. Regulation of NSC and differentiation markers in DAPT treated 
samples compared with DMSO control

NSC markers Neuronal markers Glial markers

Up Down Up Down Up Down

29

SOX4 NES TUBB3 DCX OLIG1

PROM1 NOTCH2 NEFM

RXRA

VIM

36

(SOX4) NES TUBB3 (OLIG1) GALC

(VIM) NOTCH1 NEFM

NOTCH2 DCX

RXRA

48

SOX4 PROM1 NEFM (MAP2) OLIG1 (GALC)

NOTCH2 NES DCX GFAP (OLIG2)

SOX1 VIM

RXRA

GFAP

Evaluation of markers of NSC, neuronal- and glial differentiation that are 
either up or downregulated in 029, 036, and 048 DAPT treated samples 
compared with control. Only markers that show a different expression level 
in the DAPT-treated samples compared with the control, as evaluated from 
Figure 6B, are presented in this table. Brackets symbolize that the regula-
tion is minimal.
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the 029 and in particular the 036 cells. This more rapid growth 
of the 048 cells might further cause the massive well-defined 048 
tumors as a result of fast expansion of the tumor cells that dis-
place the normal brain parenchyma simply by mass effect, while 
infiltrative growth, as observed in the 029 and 036 tumors, is 
a slower process due to degradation of tissue barriers. This is 
supported by observations that most 048 tumors were clearly 
detectable macroscopically both by the formation of a doomed 
head and by a heavily enlarged right hemisphere indicating a 
large mass within the brain that had dislocated the scalp, while 
mice injected with 029 and especially 036 cells, rarely displayed 
these objective signs of a tumor mass. The difference in survival 
time of mice injected with the three cultures, does, however, not 
match our previous in vitro observations23 where the 029 and 
036 cultures showed a fast and comparable growth pattern that 
was dissimilar to the slower growing 048 culture. It is recognized 
that the tumor microenvironment plays a fundamental role in 
the establishment, maintenance and growth of cancer cells in 
general44 while the serum-free culture environment used in the 
present, and our previous study is known to support the growth 
and maintenance of NSC and bCSC.9,10,45-48 It could as such be 
speculated that the 029 and 036 cultures are more stem cell-like 
and thus find better growth support in vitro than the 048 cul-
ture whose growth is better supported in vivo. Although the dif-
ference in Notch pathway signature between the cultures could 
support this hypothesis, it is purely speculation and additional 
studies are required to verify it.

We have previously shown that the 029 and 036 neurosphere 
cultures were sensitive to Notch inhibition as exemplified by 
reduced in vitro clonogenic growth potential upon pretreat-
ment with the Notch inhibitor DAPT when compared with 
the DMSO control.23 However, when the pretreated cells were 
injected into the brains of SCID mice, no increased survival was 
observed when compared with tumor formation from control 
treated cells. Thus pretreatment of the neurosphere cells with 
DAPT did not reduce tumor formation, indicating that it is not 
possible to eliminate all tumor forming cells by Notch inhibition. 
Surprisingly, DAPT treatment of the 036 cells actually seemed to 
decrease survival and led to a more rapid tumor formation when 
compared with the control treated 036 cells. Again the difference 
in microenvironment between in vitro and in vivo conditions 
should be considered. However, the discrepancy in treatment 
effect might also reflect the fact that, when we previously per-
formed the in vitro clonogenic assay, we continued the treatment 
throughout the assay period, whereas when the cells were injected 
into the mice, DAPT was removed and the treatment ceased. 
Although Notch inhibition might not have been halted immedi-
ately after DAPT removal, it is most likely that Notch signaling 
was restored in vivo, which has also been observed by others.18 
The lack of positive effect from Notch treatment on survival is in 
contrast to previous reports in GBM-derived bCSC showing that 
GSI treatment prior to intracranial engraftment significantly 
prolonged survival of tumor-bearing mice.18 Fan and colleagues 
suggested that this was due to ablation of bCSC by Notch inhi-
bition. They did, however, not observe any histological differ-
ence between treatment and control groups by microscopically 

evaluation of H&E brain sections.18 This is in contrast to our 
observations as we found that DAPT treatment of especially the 
036 neurosphere cells resulted in tumors with large voluminous 
vessels. When evaluating the endothelial cell marker CD31 we 
found that these vessels tended to be disorganized and abnormal. 
It has been demonstrated that bCSC can transdifferentiate into 
endothelial cells,49 and an intriguing thought might be that Notch 
inhibition induces differentiation of at least some of the bCSC 
down an alternative lineage, namely toward endothelial cells. 
However, we did not find the endothelial cells to be of human 
origin, why we suggest that ex vivo Notch inhibition in neuro-
sphere cells with high endogenous Notch activity merely selects 
for a cell type that more strongly induces angiogenesis in vivo. 
This notion is supported by our gene expression analysis were we 
found the essential pro-angiogenic growth factors VEGFA and 
PDGFA to be upregulated only in 029 and 036, and additional 
pro-angiogenic factors (CDH13, STAB1, and IL18) upregulated 
in all three cultures. Moreover, we found that the Notch ligand 
DLL-4 was upregulated in the DAPT treated samples, and it has 
been demonstrated that glioma cells expressing DLL-4 activates 
Notch signaling in the host stromal/endothelial cells increas-
ing vessel size and improving vascular function in the tumor,50 
which is in line with the large vessels we observed in some of our 
DAPT tumors. The link between Notch-DLL4 signaling and 
angiogenesis is well known, and inhibition of DLL-4 has been 
suggested to hamper tumor growth by inducing non-functional 
small vessels51-53 and Notch inhibition has been shown to abol-
ish DLL-4-mediated resistance to anti-angiogenic treatment.54 
It should be emphasized that the IHC and the gene expression 
analyses cannot be directly compared, as the IHC data represents 
the expression of selected markers in pre-treated neurosphere cells 
after in vivo tumor formation, whereas the gene expression data 
was evaluated after 24 h of in vitro treatment of the neurosphere 
cultures. Nevertheless, some of the results are supportive of one 
another, such as the low expression of Notch-1 in 048 and the 
downregulation of Nestin upon DAPT treatment.

It has been shown that the Notch pathway is essential for 
maintaining the undifferentiated phenotype of normal neural 
stem cells and that inhibition of the pathway leads to differentia-
tion.55-57 If active Notch signaling in the same way plays a role 
in maintenance of the immature state of the bCSC population 
in the culture but is not essential for the growth of GBM neuro-
sphere cells in vivo, one might speculate that Notch inhibition 
merely leads to differentiation of the bCSC cells as previously 
has been demonstrated,16,17,58 rather than killing them as others 
have suggested.18 In line with this, it has been demonstrated that 
some GSIs, including DAPT, are unable to kill bCSC.59 As such, 
it could be speculated that the DAPT treatment in our study tar-
geted the bCSC population by differentiating them and as such, 
the cells injected into mice were more differentiated progenitor 
cells that were still able to expand and form tumors. This was 
supported by a downregulation of Nestin mRNA after 24 h of 
in  vitro DAPT treatment and decreased levels of Nestin in a 
subset of 029 and 036 tumors established from DAPT-treated 
cultures, as evaluated by IHC. This decrease of Nestin-positive 
cells upon Notch inhibition has also been reported in vitro58 and 
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Nestin has moreover been proposed as a direct transcriptional 
target of the Notch pathway in GBM.60 Furthermore, in the case 
of 036, the DMSO tumors displayed fewer proliferating cells 
than the DAPT-treated tumors, which correlates with a faster 
proliferation of progenitor cells compared with more immature 
stem cells.61-63 When evaluating the expression of additional 
NSC and differentiation markers we found that especially the 
036 culture showed downregulation of the stem cell markers and 
upregulation of the neuronal markers upon DAPT treatment. 
These results indicate that the 036 cells have begun differen-
tiating toward the neuronal lineage upon inhibition of Notch 
signaling, in line with the known function of Notch in normal 
NSC55-57 and the high expression of DLL-3 and -4 in this cul-
ture. In the 029 culture, upregulation of neuronal markers also 
tended to predominate while the 048 culture did not show a 
clear differentiation picture, again suggesting that the effect 
from Notch inhibition in this culture differs from the effect 
in 029 and 036. Taken together, these data suggest that Notch 
inhibition by DAPT treatment in cultures with an elevated 
Notch pathway signature leads to a more neuronal phenotype 
with a higher proliferative index, abnormal vasculature and per-
haps even decreased survival. Apart from differentiation, these 
are all indications of the Notch pathway being a tumor suppres-
sor. Indeed it has been demonstrated that Notch is considered 
a tumor suppressor in different cancer types, as exemplified in 
the embryonal brain tumor medulloblastoma. Here Notch-1 
and Notch-2 were demonstrated to have opposite effects with 
Notch-1 acting as a tumor suppressor and Notch-2 as an onco-
gene.64 However, GSI treatment targets all four Notch receptors, 
and as such it is not possible in our study to reveal the function of 
the individual Notch receptors. Moreover, if inhibition of Notch 
signaling partly induces differentiation of the bCSC population 
into faster proliferating progenitor cells and if considering the 
implications that bCSC can be accounted for the chemo- and 
radio-resistance seen in GBM patients, maybe a combination 
of traditional therapy targeting the highly proliferative cancer 
cells together with Notch inhibition that differentiate and thus 
sensitize the bCSC population to the traditional treatment65 
would be feasible. However, this is highly speculative and future 
studies will need to verify this hypothesis. Nevertheless, based 
on the results of this study, we believe that the Notch signaling 
pathway presents a potential target for future anti-bCSC treat-
ment and that a regimen that includes Notch inhibition would 
improve the therapy for GBM patients displaying an elevated 
Notch pathway signature.

In conclusion, this study demonstrates that GBM-derived 
neurosphere cultures can be assigned a distinguished Notch path-
way signature based on global gene expression analysis, and that 
cultures with high Notch expression tended to form intracranial 
tumors with a more infiltrative growth pattern. However, there 
was no survival benefit when the mice were injected with cul-
tures treated with a Notch inhibitor prior to engraftment when 
compared with the control treatment, regardless of culture Notch 
pathway signature. We did nevertheless find indications that 
Notch inhibition lead to differentiation and increased angiogenic 
potential, both in vivo and in vitro, in GBM cultures defined as 

having high endogenous Notch pathway activation. Based on the 
presented results we therefore suggest that bCSC targeted anti-
Notch treatment in combination with traditional therapy might 
be feasible in patient with an elevated Notch pathway signature, 
as Notch inhibition possibly induces the bCSC population to dif-
ferentiate and thereby sensitizes them to chemo- and radiation 
therapy.

Materials and Methods

GBM neurosphere cultures
Establishment and characterization of the neurosphere cul-

tures used in this study has previously been described.23,24 In 
short, neurosphere cultures were established from acutely dissoci-
ated patient-derived subcutaneous xenograft tumors and main-
tained in NB-media (Neurobasal-A media supplemented with 1× 
B-27 Supplement, 1× l-glutamine, 10 ng/mL Basic Fibroblastic 
Growth Factor [bFGF], 10 ng/mL Epidermal Growth Factor 
[EGF], 1% Pen Strep [penicillin–streptomycin] [all from Invit-
rogen] and 10 ng/mL Leukemia Inhibitory Factor [LIF, Chemi-
con]). The cells were cultivated in cell culture flasks (Nunc) in 
a humidified chamber with 5% CO

2
 at 37 °C. Fresh media was 

added twice a week and spheres were mechanically dissociated 
at every passage. Neurosphere cultures used in the present study 
were: GBM_CPH029p7, NGBM_CPH036p7, and NGBM_
CPH048p6. pX indicates the xenograft mouse passage from 
which the individual cultures were established. The prefix “N” 
refers to that the xenograft has been transplanted onto nude rats 
for a period to remove mouse hepatitis infection. For simplicity, 
the cultures have been designated 029, 036, and 048 respectively. 
It is necessary to comment on that after having concluded the 
experiments for this and previously published studies,23,24 we did 
a Short Tandem Repeat (STR)-profile of all our in vitro estab-
lished neurosphere cultures. In that context we found that the 
profile of the GBM_CPH029p7 (xenograft passage 7) culture 
showed great similarity to neurosphere cultures established from 
(N)GBM_CPH036pX xenografts. As such, it is most likely that 
the 029 culture is derived from a 036 xenograft tumor and thus 
the original GBM_CPH036 patient tumor.23,24 However, as the 
029 and 036 cultures have been cultured separately since they 
were established in 2007 and 2008 respectively, we have chosen 
to treat them as two individual cultures. Nevertheless, it should 
be held in mind that they most likely originate from the same 
patient tumor.

Preparation of samples for microarray analysis
Neurosphere cells were dissociated and 1–1.5 × 106 cells were 

plated in 10 mL NB-media in a petri dish (10 cm Ø, Nunc) and 
treated the next day with 10 μM DAPT (N-[N-(3,5-Difluoro-
phenacetyl-L-alanyl)]-S-phenylglycine t-Butyl Ester (γ-secretase 
inhibitor [GSI] IX, Calbiochem) dissolved in dimethyl-sulfoxide 
[DMSO] hybri-max [Sigma]), equal volumes of DMSO for con-
trol or left untreated. Twenty-four hours after treatment initia-
tion the cells were harvested and total RNA was extracted from 
cell pellets using QIAshredder columns and RNeasy Mini KIT 
(both from Qiagen) according to manufacturers’ protocol. All 
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RNA was DNase treated using the RNase-Free DNase Set from 
Qiagen.

Microarray analysis
RNA was amplified and biotin-labeled using the Ambion 

WT Expression Kit (Applied Biosystems) according to manufac-
turers’ instructions. Two-hundredy fifty nanograms total RNA 
was used as input. The labeled samples were hybridized to the 
Human Gene 1.0 ST GeneChip array (Affymetrix). The arrays 
were washed and stained with phycoerytrin conjugated streptavi-
din (SAPE) using the Affymetrix Fluidics Station® 450, and the 
arrays were scanned in the Affymetrix GeneArray® 3000 scan-
ner to generate fluorescent images, as described in the Affyme-
trix GeneChip® protocol. Cell intensity (CEL) files were gen-
erated in the GeneChip Command Console Software (AGCC) 
(Affymetrix). The CEL files were imported into the PARTEK 
software and normalized using the RMA (Robust Multi-array 
Average) method including background correction, quantile nor-
malization and probe set summarization to provide each tran-
script with a single expression value.

Hierarchical cluster visualization of predefined gene lists
Gene lists of biological interest were downloaded from the 

Molecular signatures Database v. 3.1 from the Broad Institute 
(MSigDB, http://www.broadinstitute.org/gsea/msigdb/index.
jsp). Notch pathway components as well as pro-angiogenic-, 
NSC-, and differentiation markers were further selected based on 
the http://www.genecards.org and the http://www.ncbi.nlm.nih.
gov/pubmed websites. Overlap between the downloaded gene 
lists and the probe sets on the microarray was generated using the 
NetAffx database and based on overlap in gene symbol between 
annotated probe sets on the microarray and the gene list. Hier-
archical cluster visualization was performed using dChip using 
Euclidean distance and average linkage clustering.

Differential expression analysis
Group comparisons were performed by comparing each 

treated culture sample to its own control and differentially 
expressed transcripts were defined as having a fold change ≥1.3 
or ≤–1.3 between DMSO control and DAPT-treated sample, 
based on the fold change of Hes-1 and Hey-1. Transcripts that 
were consistently regulated across the three cultures were visual-
ized in a Venn diagram displaying the transcripts that were either 
up- or downregulated for each comparison. Only transcripts with 
an annotation are presented in the Venn diagram. A paired t test 
(n = 3, P < 0.05) was performed between control and treated 
group samples in order to define if the regulation of the anno-
tated transcript was significant.

Intracranial growth of GBM neurosphere cells
Neurosphere cells were dissociated and 3 × 106 cells were plated 

in 25 mL NB-media in a culture flask (Nunc). DAPT was added 
the following day at a concentration of 10 μM and equal volume 
of DMSO was added to the control. After seven days of treatment 
the cells were harvested by centrifugation (300× g), mechanically 
dissociated and re-suspended in warm NB-media at 10 000 cells/
μL. Parallel cell pellets were harvested and snap frozen in liquid 
N

2
 for protein analysis (see below). Ten microliter cell suspen-

sion (100 000 cells) was injected into the brains of 6- to 9-wk-
old female C.B-17 SCID mice: The mouse was anesthetized by 

i.p. administration of Hypnorm-Midazolam (1 mL/100 g body 
weight) and the head was fixed in a stereotactic frame (KOPF 
model 963, 926-B, and 922: Better Hospital Equipment Corp). 
A short longitudinal incision was made in the scalp exposing the 
calvarium. Using a micro-drill, a burr-hole was made in the skull 
1.5 mm right of the sutura sagittalis and 0.5 mm posterior to 
bregma. GBM neurosphere cells were injected at the depth of 
2.0–2.5 mm at a rate of 60 nL/sec using a 100 μL syringe with 
a 25-gauge needle (SGE100RN: World Precision Instruments) 
placed in a microinfusion pump (Micro 4 pump and MicroSy-
ringePump Controller: World Precision Instruments and KOPF 
model 1770-C: Better Hospital Equipment Corp). When injec-
tion was finished the needle was withdrawn after 1 min. Bupiva-
cain (0.2 mg/100 g body weight) and Lidocain (1 mg/100 g body 
weight) were administrated in the incision site for local anes-
thetic before the skin was closed with an Ethicon 5–0 prolene 
suture. A total of seven mice were injected in each group and 
tumor formation was monitored by frequent ocular observation 
and weighing the animals. One to three randomly selected mice 
from each group were subjected to in situ tumor visualization by 
small animal PET/CT scanning using 18F-FET as a tracer (PET, 
positron emission tomography; CT, X-ray computer tomography; 
18F-FET, O-(2-[18F]fluoroethyl)-l-tyrosine).66 The scanning was 
performed under Hypnorm-Midazolam anesthesia: mice were 
injected i.v. with approximately 10 MBq 18F-FET. Twenty min-
utes after tracer injection a 10 min PET scan was acquired using 
a MicroPET Focus 120 (Siemens Medical Solutions). PET data 
were arranged into sinograms and subsequently reconstructed 
with the maximum a posteriori (MAP) reconstruction algo-
rithm. The pixel size was 0.866 × 0.866 × 0.796 mm and the 
resolution was 1.4 mm full-width-at-half-maximum. Following 
the microPET scan, a 7 min and 10 s microCT scan was acquired 
with a MicroCATH II system (Siemens Medical Solutions) with 
the following parameter settings: 360 rotation steps, tube volt-
age 60 kV, tube current 500 mA, binning 4, and exposure time 
310 ms. The pixel size was 0.091 × 0.091 × 0.091 mm. PET and 
microCT images were fused in the Inveon software (Siemens 
Medical Solutions). The mice used for in situ visualization could 
not be included in the survival data, as they did not tolerate the 
weekly sedation well, and as survival was used as the primary 
endpoint in this study. Mice were humanly euthanized when 
they showed tumor related symptoms such as a hunched posi-
tion, bristly and greasy fur, lethargy, neurological signs, and/or 
weight loss. Subsequently the brains were gently removed from 
the cranial cavity and fixed in 4% paraformaldehyde that after 
24 h was exchanged for 70% EtOH. For immunohistochemical 
(IHC) analysis the brains were sliced by coronally cutting the 
brain in the incision site and embedding the pieces in paraffin. 
From the block anterior to the incision site, 4 μm histological 
sections were prepared for IHC (see below).

Protein purification and western blotting
Whole cell lysates were prepared from cell pellets by sonica-

tion in ice-cold RIPA buffer (50 mM Tris-HCL [pH 7.4], 1% 
NP40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) 
supplemented with protease and phosphatase inhibitor mixture 
II and III (Calbiochem). Protein concentrations were determined 
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using the BCA protein assay (Pierce) according to manufactur-
ers’ instructions. For western blotting (WB) 50 μg protein was 
separated on 4–12% NuPAGE Bis-Tris gels and electroblotted 
onto nitrocellulose membranes (both from Invitrogen) according 
to manufacturers’ protocol. The membranes were then blocked 
for 1 h in 5% non-fat milk at room temperature (RT) and incu-
bated with primary antibody diluted in 5% non-fat milk ON at 
4 °C, followed by horseradish peroxidase (HRP) conjugated sec-
ondary antibodies for 1 h at RT. Blots were developed using the 
SuperSignal West Dura Extended Duration Substrate (Thermo 
Scientific) and the UVP, BioSpectrum® AC Imaging System 
and VisionWorks®LS software (UVP). Primary antibodies: 
Goat polyclonal anti Notch-1 [S-20] (diluted 1:100, Santa Cruz 
sc-23304), Rabbit polyclonal anti Hes-1 (diluted 1:2000, kindly 
provided by Dr Tetsou Sudo, Toray Industries Inc.) and Rabbit 
monoclonal anti α-Tubulin [11H10] (diluted 1:1000, Cell Sig-
naling 2125). Secondary antibodies: Rabbit polyclonal anti goat 
IgG (diluted 1:2000, Dako P0217) and Swine polyclonal anti 
rabbit IgG (diluted 1:1000, Dako P0449).

Immunohistochemistry
Immunohistochemistry (IHC) was performed on formalin-

fixed, paraffin-embedded tissue. For each of the three tumor-
types (029, 036, and 048) in each of the two treatment groups 
(DMSO and DAPT), we stained histological sections (4 μM) 
from three different mice with hematoxylin and eosin (H&E) for 
normal histological evaluation and with antibodies detecting dif-
ferent molecular markers as described below. All IHC stainings 
were performed manually. Briefly, formalin-fixed and paraffin-
embedded slides were heated for 1 h at 60 °C, followed by depa-
raffination in xylene and rehydration. Endogenous peroxidase 
activity was quenched by treating with 0.3% hydrogen-peroxide 
in water for 30 min. Antigen retrieval was performed by immers-
ing the sections in water bath containing citrate buffer (DAKO) 
for 30 min at 95 °C. Subsequently, the slides were blocked for 
20 min in PBS with 2% horse serum before incubation with pri-
mary antibody diluted in blocking buffer over night at 4 °C fol-
lowed by biotinylated universal secondary antibody (anti-rabbit 
and -mouse IgG) and horseradish peroxidase (HRP) conjugated 
Avidin/Biotin Complex (ABC) reagent (secondary antibody and 

ABC reagent were both diluted 1:50 and incubated for 30–60 
min at RT, Vector Kit PK-6200). The signal was developed by 
Diaminobenzidine (DAB, BioGenex HK153-5KE) for 5 min. 
Finally the sections were counterstained with Mayer’s hema-
toxylin, dehydrated with increasing concentrations of ethanol 
and mounted with DPX (Sigma-Aldrich). Primary antibodies 
used: Nestin (diluted 1:10 000, Millipore NG1853940), Notch-1 
(diluted 1:200, Cell Signaling 3608), CD31 (detecting both 
human and murine CD31, diluted 1:50, Abcam ab28364), CD31 
(detecting only human CD31, diluted 1:100, Abcam ab76533) 
and Ki-67 (diluted 1:100, Abcam ab8191). Light microscopy of 
the IHC sections was performed using the Olympus BX51 micro-
scope, the Olympus D71 camera and the Cell^A 2.5 (Build 1163) 
Olympus Soft Imaging Solutions GmbH software.
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