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Chapter 1
General introduction and scope of the thesis



General introduction

Glioblastoma

Glioblastoma (GBM) is a highly malignant brain tumor that still today leaves diagnosed 
patients with a universal grim prognosis. GBM accounts for approximately 55% of all primary 
brain and CNS malignancies in the US population, and the yearly incidence from 2009 to 
2013 was reported to be 3.2 new cases per 100,000 population [1]. The malignancy tends to 
affect males with a higher frequency than females (1.6 times more common) and incidence 
rates increase with age.
 GBMs can arise as primary or secondary tumors [2]. A primary or de novo GBM 
concerns a tumor that has arisen spontaneously and clinically or histologically no evidence 
can be collected for a less malignant precursor lesion. When such evidence for a less 
malignant precursor lesion in the brain is found and the disease process resembles gradual 
progression through disease severity stages, the tumor is considered to be secondary. At 
the molecular level mutations in the isocitrate dehydrogenase 1 (IDH1) gene are strongly 
associated with lower grade gliomas [3], and GBMs carrying mutations in this gene are 
nowadays considered to be secondary GBMs.
 At this time, however, all patients are treated uniformly, regardless of a GBM being 
diagnosed as a primary or secondary malignancy. The current standard of care in the first-
line setting comprises of maximal safe surgical resection and chemo-radiation [4]. Although 
the addition of the chemotherapeutic Temozolomide over a decade ago reflects the most 
recent improvement of GBM prognosis [5,6], the extent of surgical resection remains to be 
the strongest predictor of patient survival [7-9]. The highly infiltrative nature of GBMs will 
however continue to prevent total resections and thus additional therapies are warranted for 
this malignancy [10]. 
 There is more variety in the therapeutic approach in the recurrent setting with very few 
effective treatment options available. When a tumor regrows re-operation on occasion is 
feasible, and lastly newer and often experimental drugs can be considered. 

Molecular heterogeneity

An initiative to enhance the understanding of the complicated and heterogeneous disease 
GBM was to analyze the genome-wide transcriptional profiles of these tumors. Rationale for 
this approach was to identify key molecular drivers that define subcategories of GBMs that 
could ultimately be addressed therapeutically. Several groups have independently reported 
on potential transcriptional molecular subclasses in GBM [11-13], of which the proneural 
(PN), classicial (CLAS) and mesenchymal (MES) subclasses have been described most 
consistently and are assessed in the majority of follow-up research. Each of these subclasses 
has been associated with specific molecular aberrations, and differences in overall patient 
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survival and response to therapy have been reported as well [12,13]. Several ongoing clinical 
trials have adopted molecular aberrations in their inclusion or exclusion criteria to identify 
patients that could selectively benefit from the drug under study. 

Angiogenesis

Within a GBM several non-tumor modalities contribute to and influence disease progression, 
and due to the high level of angiogenesis in GBM therapeutic exploration of this modality 
is highly sought after. Microvascular proliferation is a hallmark criterium for the diagnosis 
GBM by the pathologist, and this malignancy is amongst the most vascularized solid human 
cancers [14-16]. The high expression of angiogenic factors and especially VEGFA in high-
grade astrocytomas was already observed over two decades ago [17], and currently 
VEGFA inhibition is clinically approved for recurrent GBM. More recent experimental work is 
advancing insight into alternately involved angiogenic factors, and combinations of diverse 
anti-angiogenic drugs is are also being explored both in the laboratory as well as in the 
clinical setting [18,19].

Scope of the thesis

The work described in this thesis was aimed at the assessment of the differential molecular 
characteristics and functional responses of GBMs with dissimilar phenotypes. The 
characteristics of transcriptional subclasses were studied in detail through the definition of 
molecular subclasses at protein level and the assessment of kinase activity profiles and 
vascularization patterns. In addition, the plasticity or interchangeability of these molecular 
phenotypes in response to microenvironmental cues was assessed through in vitro and in 
vivo GBM models. The second part of the thesis then focuses on the role of angiogenesis in 
GBM in general, and we have also explored the therapeutic potential of intervention in this 
process. 
 The first part of the thesis thus comprises a selection of chapters focused on the 
molecular subclasses in GBM, and this part is commenced by a review in Chapter 2 that 
outlines the effect of important microenvironmental cues on the properties of glioma stem-like 
cells (GSCs). Particularly GSCs are important therapeutic targets, because they are resistant 
against current standard therapies (chemo-radiation) and possess the ability to re-initiate 
tumor growth [20-22]. They are therefore utilized for in vitro and in vivo experiments in many 
experimental studies, and the subclass plasticity was therefore in this thesis also assessed 
in GBM cells with stem-like characteristics. 
 Chapter 3 describes the exploration of the translational potential of the transcriptionally 
defined molecular subclasses to a protein-based scoring system that could allow for a quicker 
and wider practicable molecular classification of GBMs in standard pathology laboratory 
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settings. To this end we classified a cohort of 167 brain malignancies clinically diagnosed 
as primary GBMs into previously described PN, CLAS and MES subclasses. The brain tumor 
specimens from the classified subpopulations were subsequently studied in greater detail in 
several other studies that are part of this thesis. 
 A collection of 30 surgical specimens was used in Chapter 4 to determine the kinase 
activity profiles of GBM patients both in relation to the molecular subclasses and overall 
survival of patients. Particularly in relation to survival we identified a limited number of 
phosphorylation sites that could be promising subjects for future experimental studies. 
 The effect of two micro-environmental cues on subclass identity was then assessed in 
GBM models. Chapter 5 shows that TGF-β is able to induce a MES transition of GBM cells 
that is associated with an increase in invasive behavior of these cells. Similarly, we show in 
Chapter 6 that a lowered oxygen pressure can also induce a MES transition of GBM cells 
that is also mediated through a shared signaling pathway.
 In the remainder of the thesis the focus is on angiogenesis in GBM. This second 
part begins with a review of the literature in Chapter 7 that outlines the importance of the 
Angiopoietin-2 (Ang-2) and vascular endothelial growth factor A (VEGFA)-signaling pathways 
in GBM angiogenesis. In addition, the role of the microenvironment GBM cells potentially 
reside in, is taken into account in this review. 
 Chapter 8 then resides at the bridge between the first and the second part of the thesis. 
In this chapter the vascularization patterns and levels of angiogenic factors in molecular 
subclasses of GBM are assessed. Morphometrical analyses pointed out that MES GBMs 
have larger vessels, and IL-8 is thereafter identified in Chapter 9 as a potentially important 
factor for vessel enlargement. Here we find that IL-8 associates with a pro-angiogenic and 
MES phenotype in GBMs and blocking IL-8 signaling only exerted anti-angiogenic effects 
through MES GSCs. 
 In Chapter 10 we address the interplay of the Ang-2 and VEGFA-signaling axes, and we 
identified an in vitro anti-angiogenic effect of exogenous dual stimulation with both factors. 
These anti-angiogenic effects could not be reproduced in an in vivo xenograft model. 
Alternatively, the effect of combined inhibition of both pathways is further assessed in Chapter 

11. The inhibition of the Angiopoietin-2-signalling axis interestingly resulted in the formation 
of clinically diagnostic necrotic areas in GBM xenograft models, but the combination therapy 
with the approved drug Bevacizumab for recurrent GBM did not provide indications for 
synergistic activity.
 The thesis is experimentally concluded with Chapter 12 that reports work on the relatively 
novel agent Klotho that has been assessed and applied successfully as an anti-tumorigenic 
agent in other tumor entities. We observed that Klotho in vitro exerted a GBM cell-mediated 
anti-angiogenic effect, but it did not impair in vivo angiogenesis or tumor progression in a 
xenograft model.
 Finally, in Chapter 13 the experimental results of this thesis are summarized and we 
provide an integral discussion of the individual chapters. To conclude, we provide our 
perspective on experimental GBM research and the therapeutic potential of anti-angiogenic 
therapy. 
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Abstract

Glioblastoma is the most common and highly malignant primary brain tumor, and patients 
affected with this disease exhibit a uniformly dismal prognosis. Glioma stem-like cells (GSCs) 
are a subset of cells within the bulk tumor that possess self-renewal and multi-lineage 
differentiation properties similar to somatic stem cells. These cells also are at the apex of the 
cellular hierarchy and cause tumor initiation and expansion after chemo-radiation. These traits 
make them an attractive target for therapeutic development. Because GSCs are dependent 
on the brain microenvironment for their growth, and because non-tumorigenic cell types 
in the microenvironment can influence GSC phenotypes and treatment response, a better 
understanding of these cell types is needed. In this review, we provide a focused overview 
of the contributions from the microenvironment to GSC homing, maintenance, phenotypic 
plasticity, and tumor initiation. The interaction of GSCs with the vascular compartment, 
mesenchymal stem cells, immune system, and normal brain cell types are discussed. Studies 
that provide mechanistic insight into each of these GSC–microenvironment interactions are 
warranted in the future.
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Introduction

Our view of cancer has changed ever since the discovery of cancer stem cells (CSCs) [1]. 
CSCs are a proportion of cells within the bulk tumor and are similar to normal stem cells 
in their ability to self-renew and differentiate into downstream lineages. These cells exhibit 
tumor-initiating potential compare to the non-CSCs counterpart or differentiated progeny 
[2]. CSCs have revolutionized our understanding of tumor biology and have had a strong 
impact on strategies for tumor treatment. However, the criteria to clearly define CSCs are 
well established in some tumors (for, e.g., leukemias), but are less clear for primary brain 
tumors such as glioblastomas (GBMs) [3-5]. Glioma stem-like cells (GSCs) in GBM were 
first described about decade and a half ago [6-8]. Since then, many studies have not only 
confirmed their existence but also identified additional attributes to these cell types including 
contribution to therapy resistance [9,10]. Numerous alternative terminologies have been used 
for GSCs including glioma-initiating cells, glioma stem cells, and glioma tumor propagating 
cells. The inherent difficulties to up-front identify stem-like cells in GBM has stirred a long 
(and ongoing) debate about the nature, pathological impact, and therapeutic value of GSC 
[11,12]. Furthermore, the population dynamics of these cells with cell fate conversion and 
retention of stem-like properties perhaps by de-differentiation further complicates matters. In 
orderto treat this highly malignant disease, a better understanding of these cells is necessary. 
Furthermore, due to the therapeutic resistance of GSCs, understanding not only the inherent 
resistance mechanisms but also the contribution of the surrounding microenvironment 
could be considered as an interesting alternate approach. Interactions of GSCs with the 
microenvironment not only contributes to maintenance of the stem-like state of the cells that 
eventually leads to clonal expansion but also acquires aggressive traits including migration, 
invasion, and therapy resistance. In this review, we will discuss the cell types present in 
the tumor microenvironment and the type of interactions with the microenvironment that 
influence expansion of GSCs. We will focus primarily on studies that have examined GSCs 
in the context of the microenvironment, but studies that by definition have not examined the 
stem cell component in tumor cells have also been included in some cases where there is 
insufficient literature on GSC interaction with a specific cell type.
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CSCs in GBM

For a better understanding of the microenvironment, it is imperative to first briefly comprehend 
the history and the controversies underlying the fundamental definition of CSCs in GBM. Several 
detailed reviews exclusively focused on GSCs have already been published [11,13]. Here, 
we present a general opinion on the current state of the GSCs. A robust definition for a GSC 
may follow established biological criteria that are generally applied to all stem cells (including 
non-tumorigenic stem cells), which is, the ability to clonally expand and to give rise to more 
differentiated progeny [14]. For GBMs, these criteria were first applied by Peter Dirks [15], thus 
identifying GSCs, which were also endowed with tumor-initiating capacity. This seminal study 
identified a marker (prominin, CD133) to purify GSCs and to test stemness properties. Using the 
tumor-initiating capacity as a benchmark for CSC has been tricky since this feature is assayed 
by tumor implantation experiments using decreasing numbers of GSCs to monitor tumor take in 
cells positive or negative for cell surface markers [15]. However, not all studies strictly adhere 
to these benchmarks. Ever since this first publication, the field of GSCs has exploded with its 
share of great advances and controversies. First, using CD133 as a standalone marker has 
not been a successful and reproducible strategy. This, in part, could be attributed to the rapid 
alteration of stem cell (CD133+) populations in extended in vitro cultures. However, CD133 
negative populations from freshly dissociated tumors have been also shown to form tumors at 
similar rates as CD133+ cells and additional markers for defining GSCs have been proposed 
(11). Also, it is noteworthy that CD133 undergoes N-glycosylation upon cellular differentiation, 
whereas and many studies have been examining changes in mRNA expression which bears no 
relevance to stemness [16]. More importantly, GSCs from a single GBM can express multiple 
markers and tumor-initiating potential of each of these populations can vary [17]. Second, the 
proportion of GSCs in a GBM may vary substantially between GBM of different individuals 
[18] prohibiting a generalized method to quantify, compare, and thereby standardize the 
aggressiveness of GSCs from different donors in xenograft transplantation assays. Diversity in 
GSC subtypes is likely associated with the established intratumoral heterogeneity of GBM [19], 
which is propelled by clonal evolution generating different tumor areas (within the same tumor) 
that are predominated by progeny from different tumor cell clones [20,21]. The coexistence of 
evolutionary evolved and genetically distinct tumor subfields in one GBM is a relatively recent 
observation and was previously not routinely taken into account in studies using GSCs. Third, 
the interest in research in GSC biology is high, since, apart from a potential role in tumor 
initiation and relapse [22], GSCs have been attributed with other clinical problems such as 
resistance to radiation [9,10] or chemotherapy [23,24]. These are all important points adding 
to the pathological potential of GSCs and can support the notion that GSCs are a major cell 
entity that forms recurrent tumors after multi-modal treatment. However, therapeutic resistance 
cannot serve as a defining criterion of GSC as there is ample heterogeneity also in therapy 
response of GSCs [10,25] and high therapeutic resistance can as well be detected in more 
differentiated GBM cells (non-GSCs [26]). Despite these controversies and differences, GSCs 
are central in our understanding of GBM biology.
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The effect of the vasculature on GSC properties

Endothelial cells

The major neural stem cell pools in the adult mammalian brain are confined to the subventricular 
and subgranular zones, each with a defined set of surrounding cells that protect their stem-
like state [27]. The brain tumor stem-like cells were first reported to preferentially reside in 
the perivascular niche [28]. Increased numbers of endothelial cells expanded the fraction 
of stem-like cells, and conversely in vivo blood vessel depletion through anti-angiogenic 
agents considerably slowed tumor growth and decreased the count of self-renewing and 
multipotent cells [28]. The site where stem-like cells generally reside is considered relatively 
hypoxic, an environmental cue that is transcriptionally converted by cells into stabilization of 
hypoxia-inducible factor (HIF-1α). In glioma cells, both HIF-1α and HIF-2α enhance glioma 
sphere formation and cell proliferation, induce stemness, and increase tumor initiation ability 
[29,30]. Besides affecting the GSCs themselves, the stabilization of HIF-1α profoundly affects 
the vascular compartment through the induced secretion of VEGFA [31], which creates a 
gradient for the developed vessels, coordinating tip cell selection and stalk elongation in 
endothelial cells, and promoting endothelial sprouting or angiogenesis [32]. In addition to 
VEGFA, other angiogenic signaling molecules such as endothelial cell-bound ligands DLL4 
and Jagged-1 can bind the Notch receptors expressed on GSCs. Blockade of Notch signaling 
in xenograft GBMs through γ-secretase inhibitors inhibits tumor growth establishing a role 
for Notch signaling for GSC maintenance and tumor growth [33,34]. Adjacent localization 
of Nestin+ and Notch+ tumor cells and Notch ligand expressing endothelial cells was 
observed in primary GBMs [35]. Co-culturing of endothelial cells with GBM neurospheres 
enhanced cell growth, which could be inhibited through knockdown of these endothelial 
ligands. Nitric oxide (NO) is another signaling molecule that is produced by endothelial 
cells. NO is produced from the substrate l-arginine through a family of NO synthases, of 
which the endothelial isoform is denominated eNOS. In GBMs, eNOS expression is elevated 
and correlated with increased tumor growth [36,37]. PDGF-driven eNOS−/− glioma bearing 
mice prolonged survival in vivo and decreased Notch signaling, hence establishing the GSC 
beneficial effects of Notch signaling described above through another route. Conservation 
of this pathway in PDGFR-amplified human glioma specimens was also shown. In addition 
to the bi-directional interaction between GSCs and endothelial cells, GSCs directly impact 
vasculature through transdifferentiation mechanisms. GSCs have been shown to generate 
functional vasculature, acquire endothelial-like properties both in vitro and in vivo, and 
ablation of the transdifferentiation process slowed tumor growth [38,39]. The acquisition of 
the CD105 endothelial marker expression was shown to be controlled by Notch signaling 
and endothelial cells were shown to harbor genomic aberrations similar to those observed in 
the tumor cells. A recent study showed glioma cells transdifferentiating into endothelial cells 
in a p53-inactivated/AKT-driven glioma model under epigenetic control of the WNT signaling 
pathway [40]. This study reported that the endothelial transdifferentiation was specifically 
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observed at the invasive site of the tumor in contrast to earlier studies that showed the 
presence of endothelial cells from human origin in the core of the tumors. However, follow-up 
clinical studies could not confirm the widespread EGFR amplified CD34+ endothelial cells 
in gliomas [41], and hence transdifferentiation, while important, may be a rare event in the 
evolution of gliomas.

Pericytes

Pericytes are vascular smooth muscle cells that provide support, maintain vascular integrity, 
stabilize the vessels, and prevent vascular leakiness [42]. While the exact contribution of 
pericytes to GSC self-renewal and tumor initiation is still unknown, GSCs were recently shown 
to transdifferentiate into pericytes [43]. Using lineage specific reporters, it was demonstrated 
that pericytes were GSC derived. GSCs were recruited by SDF-1 signals from endothelial 
cells and were subsequently transdifferentiated into pericytes on-site under the influence of 
TGF-β. The contribution of GSCs to the pericyte pool was estimated to be substantial, with 
an average of 78% of pericytes carrying the tumor marker. Once again, this notion has been 
challenged in other pericyte reporter mouse strains that were used as glioma models. In one 
study, researchers used transgenic animals expressing GFP under control of the pericyte-
associated signaling molecule G protein signaling 5 (RGS5-GFP) [44] and did not detect 
any contribution of syngeneic glioma cells (GL261 cells) to perivascular structures. Likewise, 
when implanting a mouse glioma cell line into a dual fluorescence pericyte reporter animal 
model [45], the pericytes appeared to be derived from the host tissue. The mouse glioma cell 
lines/models used in these two studies may not truly represent GSCs, which can explain why 
there is no strong transdifferentiation of tumor cells into pericytes. However, these reports 
suggest that transdifferentiation of GSCs is at least no prerequisite for the formation of new 
pericytes in GBM. Further studies using models that mimic the actual physiological tumor 
more closely are warranted in the case of transdifferentiation studies. 

Normal brain-GSC interactions

The adult brain is mainly composed of astrocytes, neurons, and oligodendrocytes. The 
role of these cells in tumor initiation and maintenance are relatively understudied, but the 
few studies that are available indicate that they do have an important role in GBM biology 
[46,47]. Around 50% of the brain cells are astrocytes, which serve a multitude of functions 
in homeostatic maintenance [48]. In response to injury or surgery, astrocytes can become 
activated and are often termed reactive astrocytes [49]. GSCs were able to decrease p53 
expression in the surrounding reactive astrocytes, thereby making them acquire a tumor-
permissive or even promoting phenotype [50]. Astrocytes surrounding a xenograft express 
higher levels of Connexin43 that facilitates glioma invasion [51]. Astrocyte injury also caused 
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transcriptome and secretome alterations in vitro, and enhanced GBM cell proliferation and 
invasion [52]. The role of neurons and oligodendrocytes on GSC biology are less known, but 
a recent report showed that neuronal activity-induced secretion of neuroligin-3 promotes 
gliomagenesis [53]. Although these effects were not studied using GSCs, further studies are 
required to confirm and elaborate on the findings of the few available reports that indicate 
that normal brain cell types play an important role in GSC functions. 

The immune microenvironment surrounding GSCs

With the advent of immunotherapy, the past few years have seen an explosion of studies 
describing the immune system and its critical role in cancer pathogenesis [54,55]. However, 
the immune regulation of brain tumors, in the context of GSCs, is not fully established. It 
should be noted that one major caveat in studies involving GSCs is that tumor initiation and 
evolution is studied in xenograft bearing mice that have greatly reduced number of T cells, 
and therefore, studies involving GSCs and the immune system can never be physiologically 
complete. Although for decades the brain has been considered as immune-privileged, 
owing to an intact blood–brain barrier and the “absence” of lymphatic drainage system, 
recent discoveries prove the existence of a direct communication between the CNS and 
the immune system. A variety of immune cell types including microglia and macrophages, 
T lymphocytes, and dendritic cells (DCs) are found in the brain and play a role in immune 
surveillance [56]. The activation of the immune system or its suppression in the GBM 
microenvironment depends on cell type/function and on the presence/absence of immune 
signals in the local environment.

T lymphocytes

Some earlier studies describing the role of immune cells in GSCs have been generally shown 
to silence the immune response, escape immune surveillance, for instance, with an ineffective 
tumor antigen presentation, or release and recruitment of on-site immune suppressive factors 
(such as TGF-β) and immune suppressive cells (such as immunosuppressive B-cells and 
myeloid cells) [56]. Studies have shown that GSCs can mimic antigen-presenting cells in their 
expression of major histocompatibility complex I (MHC I). GSCs can either regulate the level 
of expression of the MHC Icomplex [57] or express the inhibitory co-stimulating molecule 
B7 homolog 1 (also known as programmed death ligand 1) and lack the expression of the 
activating co-stimulating molecules CD40, CD80, and CD86. Without MHC I expression or 
costimulating factors, cancer cells fail as antigen presenting cells or induce T cells to anergy 
following antigen presentation, rendering them incapable of being activated. PD-L1 has been 
shown being upregulated in the GBM microenvironment and it seems to be more associated 
with the mesenchymal subtype [58,59]. In addition to expression of co-inhibitory molecules, 
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alternative mechanisms of T cell inhibition exist. Regulatory T cells (Tregs) are a form of T cells 
that are immunosuppressive and generally inhibit the expansion of effector T cells. This is 
attributed to constitutive activation of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 
which contributes to their ability to suppress the immune system [60]. The ligand CD95 (Fas/
apoptosis antigen 1) is expressed on GSCs and induce apoptosis of Tregs and reduce the 
number of infiltrating T cells in the tumor microenvironment [61,62]. Similarly, CTLA-4 present 
on activated Tregs can bind CD28 and induce T cell anergy [63]. An interesting crosstalk 
mechanism between GSCs and T cells is the secretion of galectin-3 triggered apoptosis 
in both naïve and activated T cells promoting the expansion of the CSCs and therefore 
their immune suppressive role [64,65]. Alternatively, GSCs cause immunosuppression 
in the glioma microenvironment by activating the STAT3 pathway and by increasing the 
number of Tregs [66]. On these lines, it has been shown that GSCs secrete more TGF-β than 
their differentiated counterparts [67]. TGF-β is involved in the down-modulation of MHC II 
expression and subsequent antigen processing and in the expansion of immune suppressive 
Treg cell population and perhaps is one additional mechanism by which GSCs modulates 
Tregs [68]. Once again, it is noteworthy that owing to the heterogeneity, not all GBMs show a 
significant infiltration of Tregs in the microenvironment, suggesting heterogeneity also in the 
immune suppressive mechanisms. This emphasizes the necessity to study GSC interaction 
with T cells at the single cell level as well as distinguishing them according to their subtype 
and mutation profiles. In order to do so, novel mouse models are required that could better 
represent the heterogeneity of this tumor in vivo.

Microglia and macrophages

In addition to secreting immune suppressive cytokines, GSCs are capable of recruiting or 
modulating immune cells with tumor supportive phenotype. GBMs are characterized by a 
very high infiltration of macrophages, phagocytic cells that engulf cellular debris and foreign 
substances. Microglia, are resident macrophages that present the first line of defense in the 
CNS. Both microglia and infiltrating macrophages (myeloid cells) can represent between 13 
and 43% of the tumor mass in different animal models for GBM [69] and in freshly isolated 
GBM biopsies a myeloid cell content of approximately 8% [70] was detected in FACS 
analyses, while in immunohistochemical studies, often a myeloid cell content ranging from 
20 to 50% of the total cell mass is reported [71], which we (according to our experience) 
consider as representative. In classical immunological experiments, investigating, e.g., the 
response of myeloid cells to toll-like receptor agonist (like lipopolysaccharides) or to chronic 
inflammatory stimuli, myeloid cells are often grouped into two different immune phenotypes 
named M2 (which is representative for the chronic inflammatory state) and M1 (which includes 
all classical pattern of inflammation) [72]. In many different peripheral cancers, the attribute 
of an M2-shifted immune response of tumor-associated macrophages (TAMs) indicates a 
more tumor-supportive function that is associated with a myeloid cell signaling pattern that 
is highly reminiscent of the chronically activated state myeloid cells [72]. The phagocytic 
role of TAMs (or glioma-associated macrophages/microglia) has been controversial. While 
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one study showed a lack of phagocytic activity of these cell types [73], and their secreted 
cytokines, such us IL-6 and IL-10, can promote cancer cell proliferation [74], other studies 
have shown that factors secreted by glioma cells can promote phagocytosis, and proliferation 
of microglial cells [75]. Unlike their more differentiated progeny, GSCs show an increased 
capacity of active chemo-attraction and recruitment of macrophages in vitro through the 
secretion of cytokines. These include colony-stimulating factor-1 (CSF-1), C-C motif ligand-2 
(CCL-2), and macrophage inhibitory cytokine 1, factors enriched in GSC-conditioned media. 
Moreover, the secretion of CSF-1 and CCL-2 by the GSCs resulted in a polarization of the 
macrophages toward the M2 immune suppressive phenotype. Other CSC-secreted factors 
include IL-10 and TGF-β, which also suppress tumor-associated microglia/macrophage 
function and generate a more immunosuppressive (M2) phenotype [76]. TAMs in GBM have 
been shown to be recruited by periostin, a protein preferentially expressed by GSCs [77]. 
Periostin functions as a potent chemo-attractant of monocyte-derived macrophages from the 
blood to the tumor microenvironment and maintain the M2 immune suppressive phenotype 
to promote tumor growth. In fact, the disruption of periostin in vivo shows a reduction in the 
recruitment of tumor-supportive TAMs (M2 subtype), inhibition of tumor growth, apoptosis of 
GSCs, and an increase of survival in a xenograft mouse model. Another molecule with crucial 
role in this transition is SPP1 (osteopontin). SPP1 is a secreted protein that shares similarities 
in features and mechanism of action with Periostin and contributes to the maintenance of 
an immune suppressive environment. It has been shown, in fact, to be highly expressed in 
M2 polarized macrophages and GBM-infiltrating CD14+ cells compared to matched blood 
monocytes and brain microglia [78]. It is important to note that gene expression studies 
of TAMs from GBM have shown that such a simplified classification is not feasible in brain 
tumors, which likely harbor a spectrum of differently polarized myeloid cells that (as a net 
effect) culminates in a GBM-promoting role of TAMs [79]. 

Myeloid-derived suppressor cells (MDSCs), neutrophils, natural killer (NK) cells, and DCs

Myeloid-derived suppressor cells are immature cells of myeloid origin that possess T cell 
suppressive properties. Patients with GBM have increased counts of MDSCs compared to 
healthy subjects [80]. A recent detailed analysis of the phenotype of MDSCs and transcriptome 
of the different population of myeloid cells in GBM patient samples revealed the abundance 
of the MDSCs and microglia in the microenvironment highlighting the importance of the 
innate immune components [79]. These data showed a higher infiltration of MDSCs in the 
microenvironment and detailed their role in the determination of the immune suppressive 
phenotype. MDSCs were elevated in many GBM patients in association with neutrophils and 
the number of neutrophils correlates with glioma grade and a negative prognosticator for 
survival [79]. This is again consistent with demonstration of neutrophil infiltration in high grade 
gliomas in previous studies [81]. The role of MDSCs in GSC biology was never studied until 
two recent reports. One study showed that GSCs reside in proximity to and attract MDSCs 
by secreting macrophage migration inhibitory factor (MIF) [82]. MDSCs suppressed immune 
rejection and caused expansion of GSCs, which could be reversed by inhibition of MIF. In 
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another study, the authors showed that GSCs secrete exosomes that regulate monocyte 
maturation and MDSC formation that in turn suppresses T-cell response [83]. Natural killer 
cells are cytotoxic lymphocytes and belong to the innate immune system. They cause 
host rejection and killing of tumors and microbial infections by cytokine release selectively 
against cells that lack the MHC class I, thereby protecting normal host cells from attack 
(since all normal cells express this antigen) [84]. In recent years, NK cells have been shown 
to play a role in GBM-mediated immune suppression. IDH-mutant GSCs have been shown 
to have a significantly lower expression of NKG2D ligand compared to the IDH-wt cells, 
rendering the IDH-mutant GSCs resistant to NK cell-mediated lysis. Decitabine-mediated 
hypomethylation upregulates the expression of NKG2D ligand restoring the NK-mediated 
lysis of IDH-mut GSCs [85]. The novelty of this study resides not only in the description 
of a mechanism of immune suppression mediated by a single mutation but also show an 
intrinsic altered mechanism of the innate immune system that might explain in part the failure 
of immunotherapy for IDH-mutant gliomas. Moreover, it has been shown that human GSCs 
express lower levels of the PD-1 ligand and therefore are more sensitive to the cytotoxicity of 
the IL-activated NK cells [86]. Combining the negative immune regulation of the PD-1/B7H1 
pathway [87] and the anti-GSCs effect of stimulated NK cells, the blockade of the PD-1/
B7H1 pathway between NK and GSCs might interrupt immunosuppression and promote NK 
cells killing GSCs. It has been demonstrated, in fact, that inhibiting the PD-1/B7H1 pathway 
promotes the toxicity of NK cells against GSCs in vitro [88]. In an intracranial GSC model, 
mice that received PD-1-inhibited NK cell treatment showed reduced tumor growth and 
survived longer without obvious body weight loss or distinct neurological deficits [88]. These 
studies open a new avenue of investigation and possibility of combinatorial therapy against 
the innate and adaptive immune system in GBM [89]. Dendritic cells are antigen-presenting 
cells to T lymphocytes and play a major role in initiating and shaping the adaptive response. 
These cells represent the most potent and versatile way the immune system has evolved to 
present antigens and develop an immune response [90]. DCs may play immune suppressive 
mechanisms through dysregulation of the antigen presenting pathway or inducing exhaustion 
of the T cells [91-93]. Unfortunately, studies involving GSC–DC interactions are limited to 
developing vaccine strategies and inducing a satisfactory T-cell-mediated immune response 
[94].
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Conclusion

Studies involving GSCs have dramatically changed our view of this disease, and we have 
obtained a wealth of fascinating insight into the cell biology of GBM. The field of CSCs has 
helped us understand cancer biology from the perspective of developmental biologist. 
Similarities have been drawn to the cell types and differentiation pathways of normal stem 
cells. The recent information of GBM heterogeneity retrospectively explains why conflicting 
data were initially obtained in the GSC research field. It is now well established that GSCs 
are a central (but not the exclusive) target for therapeutic approaches to treat GBM. This is 
not only due to the inherent plasticity of GSCs that leads to transdifferentiation but also to 
the overbearing influence of the microenvironment (as highlighted in this review) that alters 
their stem cell state, tumorigenic potential, and therapeutic resistance. It is our opinion that 
future studies must incorporate the microenvironmental aspects while studying GSC biology.
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Abstract

Molecular signatures in Glioblastoma (GBM) have been described that correlate with clinical 
outcome and response to therapy. The Proneural (PN) and Mesenchymal (MES) signatures 
have been identified most consistently, but others including Classical (CLAS) have also been 
reported. The molecular signatures have been detected by array techniques at RNA and 
DNA level, but these methods are costly and cannot take into account individual contributions 
of different cells within a tumor. Therefore, the aim of this study was to investigate whether 
subclasses of newly diagnosed GBMs could be assessed and assigned by application of 
standard pathology laboratory procedures. 123 newly diagnosed GBMs were analyzed for 
the tumor cell expression of 23 pre-identified proteins and EGFR amplification, together 
allowing for the subclassification of 65% of the tumors. Immunohistochemistry (IHC)-
based profiling was found to be analogous to transcription-based profiling using a 9-gene 
transcriptional signature for PN and MES subclasses. Based on these data a novel, minimal 
IHC-based scheme for subclass assignment for GBMs is proposed. Positive staining for 
IDH1R132H can be used for PN subclass assignment, high EGFR expression for the CLAS 
subtype and a combined high expression of PTEN, VIM and/or YKL40 for the MES subclass. 
The application of the proposed scheme was evaluated in an independent cohort, which 
resulted in similar subclass assignment rates as those observed in the training set. The IHC-
based subclassification scheme proposed in this study therefore could provide very useful 
in future studies for stratification of individual patient samples.
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Introduction

Glioblastoma (GBM) is the most frequent and aggressive primary brain tumor in adults with 
a 5-year survival rate of less than 10% [1-3]. Standard treatment comprises resection of the 
majority of tumor mass, followed by radiochemotherapy [3,4]. The uniformly poor prognosis 
for all GBM patients merits improvements in treatment. To better understand GBM biology, 
several groups have therefore turned to high-dimensional profiling studies over the last 
decade. These studies were performed in large GBM patient cohorts and have identified 
a variety of GBM subclasses; the number of subclasses and their more precise defining 
features are, however, still under debate [5-8]. The Proneural (PN) and Mesenchymal (MES) 
subclasses have been identified most consistently and these signatures were applied 
to approximately 30% and 30 to 50% of GBMs, respectively [5,6]. The PN subclass is 
characterized by mutations in isocitrate dehydrogenase 1 (IDH1), and frequent alterations 
in expression of tumor protein p53 (p53) and platelet-derived growth factor receptor, alpha 
polypeptide (PDGFR-a) [6], whereas the MES subclass is characterized by mesenchymal 
gene expression, of which CD44 and chitinase 3-like 1 (YKL40) are strong indicators 
[5,6,9,10]. Other subclasses such as Classical (CLAS), Neural (N) and Proliferative (P) have 
also been proposed. The CLAS subgroup is characterized by alterations in the epidermal 
growth factor receptor (EGFR), and the N subclass by expression of neuronal markers. The P 
subclass shows high expression of proliferative markers like proliferating cell nuclear antigen 
(PCNA) and topoisomerase II alpha (TOP2A) [5,6]. Many of the differential expression 
patterns are reflective of alterations in chromosomes 7, 9 and 10, and these alterations have 
been shown to have prognostic value in itself as well [11-14]. In this study we focus however 
only on the more easily accessible protein expression levels.
 The clinical correlation of these molecular signatures has been subject of investigation 
in two cross-sectional studies on archival GBM material [5,6]. One of these studies reported 
significantly better survival by the PN group, and they described the MES group as the 
poorest prognosis group [5], whereas another study only identified a trend towards better 
survival for the PN group [6]. The latter study also described better response to more intensive 
therapy by the CLAS and MES group, whereas this was not observed for the PN group. To 
identify novel types of therapy targeting alterations specific for molecular subclasses it will 
be important to implement molecular subclassification in future clinical trials.
 An advantage of subclassification at protein level is that it does not require additional 
types of tissue processing than those already performed for normal diagnostic procedures. 
In addition, high-throughput techniques are costly and less feasible for individual patients 
in daily practice, thereby hindering inclusion of molecular subtyping in laboratory and 
clinical studies. Therefore, this study was set up to evaluate the possibility of subtyping by 
immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) on formalin-fixed 
paraffin-embedded (FFPE) GBM tissue. To assess this, a selection of 123 newly diagnosed 
GBM cases was analyzed for the expression of 23 pre-identified proteins and EGFR 
amplification on a tissue microarray (TMA). Next, unsupervised hierarchical clustering was 
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performed to identify groups of tumors with similar expression patterns. Then, to relate the 
newly identified IHC/FISH-based molecular profiles to previously described transcriptional 
profiles, tumors representative of the PN or MES IHC/FISH-based profiles were assessed 
for a 9-gene PN/MES-transcriptional signature [15]. Ultimately this study proposes a novel 
scheme for IHC-based subclass assignment, which is evaluated in an independent GBM 
cohort. This novel scheme can be applied for the individual patient sample using only a small 
selection of antibodies.

Materials and methods

Patient population

Tissue samples were collected of adult patients that had received a diagnosis of GBM (World 
Health Organization Grade IV astrocytoma) from November 2005 to July 2012 at our institution 
(department of Pathology, University Medical Center Groningen, Netherlands). The patient 
selection was limited to newly diagnosed GBMs. Tumors with radiological evidence of a less 
malignant precursor lesion, so-called secondary or progressive GBMs, were excluded from 
the study. Patients who underwent neurosurgical debulking and of which sufficient paraffin-
embedded archival tumor material was left after diagnosis were eligible for the study. Finally, 
tumor tissue of 123 patients was included. The mean patient age at diagnosis in the study 
group was 60 years (range 23-80; Table 1) and a two-third overlap (70% of patients) was 
noted with the expected peak incidence age group of primary GBM (45 to 70 years) [16].

Table 1. Summary of characteristics of patients with newly diagnosed GBM in the training and validation cohort.

Characteristic Training cohort Validation cohort

Number of patients 123 44

Mean age at diagnosis (range) 60 (23-80) 62 (32-84)

Male sex (%) 73 (59) 26 (59)

Female sex (%) 50 (41) 18 (41)

 Additionally, an independent validation cohort consisting of 44 patients was assembled 
following the same eligibility criteria as were applied for the training set, but these patients 
were diagnosed with GBM from August 2012 to January 2014 at our institution. The mean 
patient age in this tumor group was 62 (range 32-84, Table 1), which also had a substantial 
overlap (77% of patients) with the peak incidence age group of primary GBM. 
 All experiments including the use of human tissue were conducted under the ‘Code 
of Conduct for dealing responsibly with human tissue in the context of health research’ 
published by the Federation of Dutch Medical Scientific Societies in 2011 [17]. The human 
tissue used in this study was originally obtained for diagnostic purposes and the scientific 
research performed on the leftover material is considered to be ‘further use’ of the tissue. 
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The authors had no interaction with the participants and all samples were anonymized 
before the authors obtained them. Research on coded-anonymous human tissues is deemed 
acceptable under an augmented system of opt-out when no specific circumstances apply, 
and therefore approval was not required for this study.

Tissue microarray (TMA)

Sections from the original FFPE tissue blocks of the surgical debulkings were stained with 
H&E and reviewed by a neuropathologist (WdD) to allow for selection of vital tumor areas, 
after which biopsies were punctured from these sites. From all tumors 4 biopsies of a 0.6 mm 
diameter were incorporated in the TMAs and positive control tissue was also added directly 
in the TMAs. This control tissue concerned samples from cortex, white matter, cerebellum, 
colon, endometrial, kidney, liver, and spleen. The control tissue was used as a technical 
reference in the evaluation of the staining patterns of the markers applied in this study. 
Paraffin sections of 3 μm thickness were prepared for immunostaining and 5 μm sections 
for FISH.

Selection of markers specific of GBM subclasses

The selection of potential markers of interest for IHC/FISH-based subclassification of GBM, 
was started with the markers from Phillips’ and Verhaak’s classification of GBMs [5,6]. This 
collection of markers was narrowed down by selecting those markers for which experience 
with GBM IHC-analysis was previously reported. Additionally, markers assessed in separate 
papers for which relevance for subclassification of GBMs was suggested were also included. 
Together this resulted in a final selection of 23 GBM subclass-associated markers suitable 
for IHC analysis and a single FISH marker.

Immunofluorescence (IF) staining

Delta-like 3 (DLL3) expression was assessed by IF staining [9]. Endogenous peroxidase of 
deparaffinized GBM tissue on TMAs was blocked using routine techniques. The tissues were 
blocked for 30 minutes with 3% normal rabbit serum in 1% BSA/PBS and then incubated 
with anti-DLL3 (diluted 1:200 in 1% BSA/PBS; Supplemental Table 1) for 1 hour at room 
temperature (RT). The tissues were then incubated for 30 minutes at RT with peroxidase-
conjugated rabbit anti-goat serum (DAKO, Glostrup, Denmark) diluted 1:100 in 1% BSA/
PBS. The final incubation step was one hour at RT with donkey anti-rabbit fluorescently 
labeled antibody (Alexa fluor 647, Invitrogen, Karlsruhe, Germany) diluted 1:200 in 1% BSA/
PBS. Nuclear counterstaining by DAPI (diluted 1:1000) was added to the mounting medium 
(Fluorescence Mouting Medium, DAKO).
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IHC

Deparaffinized GBM tissue on TMAs was used to evaluate the expression of several 
proteins. Antigen retrieval methods specified per antibody are listed in Supplemental Table 
1. Endogenous peroxidase was blocked using 0.3% H2O2 for 30 minutes at RT. The tissues 
were then incubated with a primary antibody at RT for 1 hour, followed by application of 
a secondary antibody (peroxidase-conjugated serum, DAKO), and a tertiary antibody 
(peroxidase-conjugated serum, DAKO), each for 30 minutes at RT. Antibody details of the 
primary antibodies used in this study are listed in Supplemental Table 1. The secondary and 
tertiary antibodies were diluted 1:100 in 1% BSA/PBS with 1% AB serum. Color development 
was performed with 3,3’-diaminobenzidine for 10 minutes, and tissues were counterstained 
with haematoxylin for 2 minutes.

Histological evaluation

Exclusively tumor cells were evaluated for the expression of proteins. The scoring method 
was tailored to the observed staining pattern for individual markers, thereby leading to 
six different semi-quantitative scoring schemes for the IHC evaluation. Representative 
micrographs of the scoring patterns applied to each individual staining are depicted in 
Supplemental Figure 1.
 Markers reflecting genetic alterations (EGFRvIII, and IDH1 R132H mutation [IDH1R132H]) 
were scored as either 0=“no alteration”, or 1=“altered”. Also the EGFR pattern was evaluated 
best by scoring as either 0, no expression, or 1, corresponding to diffuse high expression. A 
single score was assigned to each tumor for IDH1R132H and EGFR based on all 4 cores as the 
expression of these markers was consistent in each of the cores within a tumor. For all other 
markers described the final score given for a marker was the result of the average of the four 
biological replicates.
 For two markers (fox-1 homolog 3 [NeuN] and oligodendrocyte lineage transcription 
factor 2 [OLIG2]) a previously suggested scoring system was applied [9]. Briefly, scoring 
was performed in 4 categories per core to quantify the number of tumor cells expressing the 
respective antigen (0: no expression; 1: <10% expression; 2: 10%-49% expression; 3: 50%-
90%).
 Markers that displayed complete negative cores, cores with mixed positive and negative 
sites, and complete positive cores were scored as 0, 1 and 2, respectively (chromogranin A 
[CHGA], fibronectin 1 [FN1], neurofilament light chain [NEFL], p53, phosphatase and tensin 
homolog [PTEN], and vimentin [VIM]).
 For three markers (CD44, hepatocyte growth factor receptor [MET], and synaptophysin 
[SYP]) an additional intermediate level was required, thus resulting in a scoring scheme 
range from 0 to 3. The scores for these markers were 0 for a complete negative core, 1 for 
focal weak staining, 2 for diffuse weak staining or focal intense staining, and 3 was assigned 
to diffuse intense staining.
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 Besides these expression patterns, there were also markers that did not show complete 
negative expression (glial fibrillary acidic protein [GFAP], nestin [NES], neurofibromin 1 
[NF1], PDGFR-a, signal transducer and activator of transcription 3 [STAT3], and YKL40). 
These markers were scored either 1, basal level expression, or 2, diffuse intense expression 
of the marker.
 Finally, the proliferation index of individual tumors was assessed by two antibodies 
(Ki-67 and TOP2A). Overview pictures of histological slides were scanned using a C9600 
NanoZoomer (Hamamatsu Photonics KK, Hamamatsu City, Japan) and analyzed using 
ImageScope software (Aperio, Vista, CA). Squares were placed within the individual cores 
to delineate an area containing 100 tumor cells at minimum. In this block the total number 
and the positively stained tumor cells were counted, allowing for calculation of the positive 
fraction (proliferation index).

FISH

Dual-probe FISH analysis was performed on 5 μm sections of the TMAs. Standard laboratory 
procedures were applied, and for hybridization the Vysis EGFR/CEP7 FISH Probes were 
used (Abbott Molecular, Des Plaines, IL). Briefly, deparaffinized slides were prepared 
for probe hybridization, including a boiling step, incubation with RNA’se A solution and 
0.1% pepsin solution. After probe hybridization the tissues were dehydrated, and nuclei 
were counterstained using DAPI diluted 1:3000 in mounting medium (Vectashield, Vector 
Laboratories, Burlingame, CA).
 As there are currently no solid criteria for scoring of EGFR FISH in GBM available, but 
suggestions have been postulated in a recent paper [18]. We adopted these criteria, and 
shortly summarized, tumors were assigned a positive FISH status when the ratio of EGFR to 
centromere (CEP7) signal was ≥2, and a negative FISH status was assigned in events where 
the EGFR:CEP7 ratio was <2. Representative images are shown in Supplemental Figure 1.

Cluster analysis

Data were analyzed using Genesis v1.7.6 [19]. Prior to clustering the scoring range of all 
markers was standardized, except for the markers that directly or indirectly reflected genetic 
abnormalities (EGFR FISH, EGFRvIII, and IDH1R132H). Hierarchical clustering was performed, 
using Kendall’s tau coefficient and average-linkage as clustering method, and clustering 
was applied to both markers and tumors.

PN/MES index

A PN/MES index was calculated based on protein expression scores in a comparable 
manner as was described previously [9]. The selected PN markers were IDH1R132H and p53, 

IHC-based subclassification of newly diagnosed GBMs | 47



and the MES markers were PTEN, VIM, and YKL40. For each individual marker scoring was 
performed as described under histological evaluation. The scores for IDH1R132H and p53 
were recoded into scores ranging from 0 to 1.5, and the MES scores were recoded into 
scores ranging from 0 to 1. The PN and MES subtype specific markers were then added up 
to obtain a total PN and MES score, both having a maximum total score of 3. Subsequently 
the PN/MES index was calculated by subtraction of the MES total score from the PN total 
score.

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)

RNA was purified from 20 FFPE GBM samples as described previously [20]. To assess purity 
of tumor tissue in these archival samples, sections of 3 μm thickness were prepared of all 
GBM samples, and stained with H&E. Purified RNA was quantified using Nanodrop ND-
1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE). The RNA samples 
were DNase treated using the Ambion turbo DNA Free kit (Life Technologies, Bleiswijk, the 
Netherlands) to remove contaminating genomic DNA, and thereafter RNA content was again 
quantified using Nanodrop. RNA was reverse transcribed to single-stranded cDNA using 
Superscript II reverse transcriptase (Invitrogen) and random hexamer primers (Promega, 
Leiden, the Netherlands). The qRT-PCR was performed in triplicate with the qPCR MasterMix 
Plus (Eurogentec, Maastricht, the Netherlands), using an ABI7900HT real-time sequence 
detection system in 384-well reaction plates. The following assays, all TaqMan single-gene 
expression assays (Applied Biosystems, Foster City, CA), were used: ASCL1 (Hs00269932_
m1), CHI3L1 (Hs00609691_m1), DLL3 (Hs01085096_m1), NCAM1 (Hs00941821_m1), 
OLIG2 (Hs00377820_m1), RPS27 (Hs01378332_g1), SERPINE1 (Hs01126606_m1), TGFB1 
(Hs00932747_m1), and TIMP1 (Hs00355335_g1). The qRT-PCR data were analyzed using 
SDS software version 2.2.2.
 In order to determine the association of the IHC/FISH-based molecular profiles identified 
in this study with previously described transcriptional profiles [5,6], 20 patient samples 
characteristic of either the PN (n=10) or the MES (n=10) subclass in the IHC/FISH-based 
analyses were evaluated by a qRT-PCR fingerprint. In this analysis, RPS27 was used as 
reference gene; ASCL1, DLL3, NCAM1, and OLIG2 were used as PN genes and CHI3L1, 
SERPINE1, TGFB1, and TIMP1 as MES genes. The averaged Ct-value of the reference gene 
was subtracted from Ct-values of the genes of interest, resulting in normalized expression 
values (ΔCt-values) for individual PN and MES genes. 
 Secondly, a metagene score was calculated to generate a comparative heatmap [15]. 
By averaging the inverse of the ΔCt-values for the PN and MES genes, application of Z-score 
correction, and finally subtraction of the PN score from the MES score, a metagene score 
was generated.
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Statistical analysis

Differences between groups were determined by the Mann-Whitney U or Kruskal-Wallis 
test using SPSS software version 20.0.02 (SPSS, Chicago). Significant Kruskal-Wallis tests 
were followed up by post-hoc tests (Bonferroni corrected). Correlations were calculated by 
Pearson’s r or Spearman’s rho. P-values <0.05 were considered significant.

Results

Subclass-specific marker expression in newly diagnosed GBMs

The PN subclass was examined through antibodies specific for DLL3, IDH1R132H, OLIG2, p53, 
and PDGFR-a. All PN markers, except DLL3, showed sufficient differences in their staining 
pattern to allow semi-quantitative scoring (Supplemental Figure 1). For that reason DLL3 
was excluded from further protein expression analyses in the present paper. The mutation 
specific antibody for IDH1R132H [21-23], detecting a mutation frequently found in lower-grade 
gliomas [23-25], generated an easily distinctive pattern in our sample of GBMs. A total of 6 
of 123 tumors (5%) were found to be positive for the R132H mutation in IDH1. Detectable 
p53 expression by IHC analysis was observed in 119 of 123 tumors (97%), but diffuse high 
overexpression of p53 (indicative of mutation) was observed in only 19 of 123 tumors (15%). 
Elevated PDGFR-a expression was observed in 27 of 123 tumors (22%). Overall 43 of 123 
tumors (35%) showed one or more positive PN markers.
 EGFR markers were included to represent the CLAS subtype [5,6]. Expression of EGFR 
and its constitutively active (mutant) form EGFRvIII were assessed by IHC, while EGFR 
amplification was assessed through FISH. The expression level of EGFR and EGFRvIII was 
for all tumors consistent in all cores. Out of 123, 51 tumors (41%) presented with elevated 
EGFR protein expression. EGFR amplification was observed in 49 tumors (40%) and EGFRvIII 
expression was observed in 24 of 123 tumors (20%). There was substantial concordance 
between the EGFR-expressing tumors and the EGFR amplification status (Spearman’s rho 
[SR] = 0.765, P<0.01) and EGFRvIII expression (SR = 0.543, P<0.01), and also between the 
EGFR amplification status and EGFRvIII expression (SR = 0.521, P<0.01). The IHC analysis 
for EGFR identified 43 of the 49 tumors in which EGFR amplification was observed. Among 
these double positive tumors for EGFR protein expression and gene amplification were 23 of 
the total 24 tumors in which EGFRvIII expression was identified.
 The MES subclass was assessed through expression of the markers CD44, FN1, NES, 
NF1, STAT3, VIM, and YKL40 [5,7,9,10,26-31]. High expression of 2 or more MES markers was 
found in 51 of 123 tumors (41%). Immunological markers, even though previously associated 
with the MES subclass, were omitted from the current study [9]. Such markers can be used to 
assess activation or infiltration of the immune system, but the tumor cells themselves mostly do 
not express these markers. That renders TMA-based analysis unsuitable for these markers.
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 The expression of neuronal markers in GBM and their potential role in subclassification 
has been described [32-34]. The expression of neuronal markers CHGA, NeuN, NEFL, and 
SYP was therefore also assessed in this study. High expression of at least one of the neural 
markers was observed in 38 of 123 tumors (31%), whereas 14 of these 38 tumors (37%) had 
coinciding expression of at least two neuronal markers. Interestingly, mature neuronal cells, 
possibly healthy cells trapped in the tumor, were also found to be present in several tumors.
For the Proliferative subclass Ki-67 and TOP2A were included as representative markers 
[5]. Proliferative indices calculated from these stainings varied from 1.3% to 88.2% for Ki-67, 
and from 0% to 97.4% for TOP2A. The correlation between these proliferation markers was 
significant (Pearson r=0.542, P<0.001).
 Finally, three markers with reported variable association with different subclasses were 
also included in the study. This concerned MET, previously associated with the PN or the MES 
subclass [6,35], GFAP, variably associated with the PN, MES or Neural subclass [5,33,36], 
and PTEN, formerly mentioned to associate with the PN or the MES subclass [5,6,35]. In our 
sample 18 tumors (15%) displayed high MET expression, 26 of 123 tumors (21%) had high 
GFAP expression, whereas PTEN was highly expressed by 29 of 123 tumors (24%).

Identification of three distinct subclasses through unsupervised hierarchical clustering

The markers with differential and reproducible staining patterns were used to cluster the 
complete set of 123 GBM samples. Unsupervised hierarchical clustering of both markers 
and samples was performed, which resulted in the identification of three distinct IHC/FISH-
based clusters (Figure 1). 
 In the clustering process, markers without discriminating power were excluded from 
the study at two instances. The first instance for marker exclusion was when the markers 
did not result in a differential staining pattern in the cohort prior to clustering (DLL3 only). 
Second, markers that did not show any cluster association in the first clustering attempt were 
removed from the study because they did not cluster with their pre-designated cluster (FN1, 
NES, p53 and PDGFR-a). Markers were also excluded in this step because they did not 
identify a specific group with high expression of these markers (CHGA, Ki-67, NeuN, NEFL, 
OLIG2, SYP and TOP2A). In the second clustering attempt NF1 and STAT3 showed very low 
association with the MES markers and were excluded.
 The first delineated cluster of tumors expressed markers characteristic of the CLAS 
subtype (52 tumors, 42%; Figure 1). Elevated EGFR protein expression was observed in 
51 of 52 tumors (98%), while EGFR amplification was diagnosed in 43 of 52 tumors (83%). 
Expression of EGFRvIII, indicative of the deletion of exon 2 to exon 7 from the EGFR gene, 
was observed in 24 of 52 tumors (46%). All EGFR markers were expressed significantly 
more in the CLAS group than in other subclasses (P<0.001). Interestingly, a small group of 6 
tumors exhibited EGFR gene amplification but without protein overexpression.
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Figure 1. Hierarchical clustering of 123 newly diagnosed GBMs reveals three distinct expression patterns. The expression 
patterns of 9 proteins and the FISH status of EGFR, all positively or negatively associated with one of the predefined 
GBM subclasses (PN, CLAS, or MES), are depicted in the heat map. Kendall’s tau coefficient is displayed as a similarity 
measure. This figure provides evidence for a differential IHC/FISH-based expression pattern by the three subclasses.

 The second cluster covered 6 tumors (5%) all expressing mutant IDH1 (R132H, PN; 
Figure 1). The IDH1R132H mutation was not found in the other clusters (P<0.001). Besides this 
IDH1 mutation, high p53 expression was also detected more frequently in the PN tumors. 
EGFR alterations and mesenchymal protein expression were mutually exclusive with this 
cluster, while high expression of neural markers was observed for half of the PN tumors. This 
cluster showed high similarities to the PN subclass identified in previous studies [5,6].
 The third cluster (18 tumors, 15%), concerned tumors with high expression of a 
combination of MES markers (MES; Figure 1). A cluster was formed by PTEN, VIM, CD44, 
GFAP, MET, and YKL40, most of them with differential expression in the molecular subclasses 
(Figure 1). In Figure 2 the quantification of the expression levels of MES markers is illustrated 
and compared over the identified subclasses. It can be appreciated in this figure that only the 
MES markers PTEN, VIM and YKL40 are able to discriminate specifically the MES group from 
the other subclasses based on their median expression level. These markers are therefore 
considered the most discriminative markers.
 Taken together, the IHC/FISH-based subclassification system was able to assign 
predefined subclasses to 76 of 123 tumors included in the present study. The PN and 
CLAS subclasses were characterized best by markers related to gene mutations, gene 
amplifications or changes in protein expression, while the MES was classified best by 
simultaneous high protein expression of several markers. The previously described P and N 
subtypes were not detected as distinct subclasses in this analysis.
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Figure 2. Marker validation graphs of the discriminating markers indicative of the MES subclass. Mean protein expression 
of CD44 (A), GFAP (B), MET (C), PTEN (D), VIM (E) and YKL40 (F) in the molecular subclasses are displayed. Values 
represent medians ± IQR; *: P<0.05; **: P<0.01; ***: P<0.001.

PN/MES index

The feasibility of IHC/FISH-based PN and MES subclassification was also assessed by 
the calculation of a so-called PN/MES index. The most discriminating markers for the PN 
(IDH1R132H and p53) and MES (PTEN, VIM and YKL40) subclass based on our results were 
used to calculate this index, in line with a previously described method (Figure 3A) [9]. A 
clearly distinctive PN group was identified on the right side of the graph (PN/MES index >1, 
n=3), and a MES group on the left side of the graph (PN/MES index <-1, n=75). The other 44 
tumors were not assigned any specific subclass (Figure 3B).
 As this index was merely able to assign the PN and MES subclass to tumors and other 
GBM subclasses are known to exist, a considerable amount of tumors was on forehand 
expected to not be assigned any subclass. To assess in which region of the graph these 
other subclasses were actually present, we next plotted characteristic features of the CLAS 
subtype below the PN/MES index. Tumors positive for CLAS features were distributed almost 
randomly along the graph with a slight increase among the lower PN/MES indices, but they 
were completely absent among the tumors characterized as PN in this analysis (Figure 3B). 
Chi-Square analyses pointed out that the distribution of CLAS features was statistically not 
different among the classified groups in this analysis. This was the case for EGFR expression 
(X2[2, n=123]=2.93, P>0.05), EGFR amplification status (X2[2, n=123]=5.29, P>0.05) and 
EGFRvIII expression (X2[2, n=123]=1.01, P>0.05).
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Figure 3. IHC-based GBM subclassification into PN and MES subclasses based on two (PN) or three (MES) representative 
stainings for each subclass. Representative photomicrographs (10× magnification) for PN and MES GBM markers 
(PN: IDH1R132H and p53; MES: PTEN, VIM, and YKL40) are shown (A). The recoding method of the stainings is also 
indicated. The distribution of the tumors based on the PN/MES index is depicted here (B). Tumors with a PN/MES index 
greater than 1 were assigned the PN subclass (blue box), while a PN/MES index smaller than -1 were assigned the 
MES subclass (red box). The distribution of CLAS markers (EGFR expression level, EGFR amplification, and an EGFR 
mutation [EGFRvIII]) was aligned with the index scores.
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IHC/FISH-based GBM subclasses are analogous to transcriptional subclasses

To substantiate the relation of IHC/FISH-based PN and MES subclasses to previously 
established transcriptional profiles [5], we performed qRT-PCR on core samples from the 
PN and MES subclasses identified by the cluster analysis and the PN/MES index. Four well-
established PN and four MES genes [15] were assessed to compare the gene expression of 
these genes in the IHC/FISH-based PN and MES group (Figure 4A and B, Supplemental Table 
2). The mRNA expression ratios were compared and 2 out of 4 PN genes were expressed 
significantly higher in the IHC/FISH-characterized PN group, while 3 of 4 MES genes were 
expressed significantly higher in the IHC/FISH-characterized MES group.

Figure 4. Transctiption-based PN/MES gene expression profiles are in line with PN and MES IHC/FISH-profiles. 
Expression ratios of mRNA of four PN genes (ASCL1, DLL3, NCAM1, and OLIG2) by core PN and MES samples (n=10 
per subclass) are depicted (A). Significant higher expression of PN genes by core PN samples was observed for two 
PN genes. The expression level by PN samples was set at 1. Expression ratios of mRNA of four MES genes (CHI3L1, 
SERPINE, TGFB1, and TIMP1) by core PN and MES samples (n=10 per subclass) are depicted (B). Significant higher 
expression of MES genes by core MES genes was observed for three of four MES genes. The expression level by MES 
samples was set at 1. Heatmap of Z-score corrected metagene scores, calculated on the basis of the expression of 
the PN and MES genes (C). Blue shades represent a predominantly PN signature, red a MES signature, whereas white 
shades represent a relatively balanced expression of both signatures as indicated in the figure. Values represent mean 
± SEM; *: P<0.05; **: P<0.01; ***: P<0.001.

 Secondly, a metagene score was calculated by a previously described method [15]. An 
almost complete separation of the IHC/FISH-based PN samples from the IHC/FISH-based 
MES samples was observed (Figure 4C), but PN sample 5 was found to transcriptionally have 
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a more MES than PN profile. Taken together, this implies that GBM samples assigned the PN 
subclass in the IHC/FISH study corresponded to the established transcriptional PN subclass, 
and samples assigned the MES subclass corresponded to the established transcriptional 
MES subclass.

Validation of IHC-based subclassification of newly diagnosed GBMs

To further validate the potential of IHC-based subclassification of newly diagnosed GBMs, 
an additional set of newly diagnosed GBMs was analyzed for the expression of the markers 
that proved most useful in the analyses described in this study. In this cohort 2 tumors (5%) 
were positive for IDH1R132H. A total of 21 of 44 tumors (48%) presented with elevated EGFR 
expression, and only 1 of the EGFR-positive tumors was positive for EGFRvIII expression. 
The expression of MES markers PTEN, VIM and YKL40 was also assessed, allowing for the 
detection of high expression of minimally 2 MES markers in 16 of 44 tumors (55%).

Figure 5. Proposed scheme of IHC-based subclass assignment in newly diagnosed GBMs. In the first step the PN 
subtype is assigned on the basis of the R132H mutation in IDH1 . In the second step the CLAS subtype is assigned 
on the basis of high EGFR expression. In the final step the MES subtype is assigned in case two or more MES markers 
(PTEN, VIM and YKL40) are coincidently expressed at a high level.

 By first assigning the PN subclass, then assessing the expression of CLAS features to 
assign this subclass, and finally assigning the MES subclass based on expression of MES 
markers, IHC-based subclasses were assigned to the validation cohort. Application of this 
scheme resulted in classification of 2 tumors (5%) as PN, 21 tumors (48%) as CLAS and 7 
tumors (16%) as MES. 
 The assignment rates for the subclasses are summarized in Table 2, where it can be 
observed that the subclass assignment rates are highly similar in the training and validation 
cohort. A summary of the proposed assignment scheme is displayed in Figure 5.
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Table 2. Subclass assignment rates (%) per subclass in the training and validation cohort.

SUBCLASS TRAINING COHORT
N = 123

VALIDATION COHORT
N = 44

PN 5 5

CLAS 42 48

MES 15 16

Other / Unclassified 38 31

Discussion

In the current study, the feasibility of GBM subclassification by the use of tools available 
in routine diagnostic settings was assessed. Three of the predefined subclasses could be 
identified through an unsupervised hierarchical cluster analysis of 10 pre-selected subclass-
specific markers. Based on our results we propose a minimal selection of markers required 
for IHC/FISH-based subtype assignment. For the PN subclass IDH1R132H was found to be the 
only discriminative marker, as the previously suggested markers PDGFR-a and p53 did not 
show association with the PN subclass. A separate cluster characterized by positivity for 
these two markers, which would resemble the IDH1-wild-type PN tumors described more 
recently [37], were not identified either. The CLAS subtype was characterized best by the 
IHC analysis for EGFR, and most of the CLAS tumors were also detected by the EGFRvIII 
IHC analysis. For MES subclass assignment expression analyses for PTEN, VIM and YKL40 
were found to be superior to other MES markers. The application of multiple markers for the 
MES subclass is necessary as the differential expression of these markers even within the 
MES subclass can be appreciated in Figure 1. Subclass-assignment by the novel model we 
propose in this study (Figure 5) was evaluated in an independent cohort leading to similar 
assignment rates as those observed in the training cohort.
 Besides the selection of subclass-discriminative markers, the order of subclass 
assignment is also important in the newly proposed model. As the defining features of the 
PN signature are mutually exclusive with both the markers for the CLAS and MES signature, 
the first subclass to be assigned should be the PN. In the second step the CLAS subclass 
should be assigned, because the CLAS markers do not appear in the pure MES subclass. 
In the final step the MES tumors can be distinguished from tumors that cannot be assigned 
a specific subclass. We emphasize the importance of the order of subclass assignment 
and the application of multiple markers where appropriate, as tumors classified as CLAS 
here could have easily been assigned the MES subclass in a different order of subclass 
assignment. Coinciding expression of markers from several subclasses is known not to affect 
IDH1-mutant PN tumors [15], but MES marker expression in CLAS tumors does occur often 
[38]. The order of assignment proposed here will result in more reliable and reproducible 
subclasses than would be the case when employing previously suggested classification 
schemes [39-41]. These studies do not describe an assignment scheme, do not include all 
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the subclasses or do not assess the order of subclass assignment.
 The profiling through the 9-gene transcriptional PN/MES signature revealed that 
IHC/FISH-based PN and MES signatures is comparable to the previously established 
transcriptional signatures. All the differences in expression ratios of subtype-matched genes 
were in the expected direction, although the actual differences between these signatures 
are expected to be larger than reported here. As only 6 tumors were characterized as PN in 
the cluster analysis (Figure 1), the PN group was complemented with tumors assigned the 
highest PN/MES indices (Figure 3B). One of these additional tumors transcriptionally showed 
a high MES score (PN-10 in Figure 4C). When looking at the protein expression profile of this 
sample we also found that p53 expression was high, but high expression of multiple MES 
markers like PTEN, VIM was also documented for this sample. The fact that YKL40 was not 
highly expressed in this sample explains the more PN-like score from the IHC-based PN/MES 
index. Application of the scheme proposed in Figure 5 would have led to classification of this 
tumor as MES, underscoring the better functionality of our proposed scheme in comparison 
to the previously described IHC-based scheme for PN/MES subclassification [9].
 The ratio of subclass assignment to tumors in this study (62%) was considerably lower 
than in previous studies. In one study the complete patient group was subclassified [5], and 
in the other study 85% of the cohort was subclassified (due to exclusion of 29 of 202 cases 
for reasons of lower similarity to the identified subclasses) [6].
 At this point it cannot be ruled out that the PN tumors in our study sample concern a 
small group of secondary GBMs, which did not cause symptoms in lower-grade stages and 
were only recognized when they had progressed into the GBM state. As secondary GBMs 
are histologically undistinguishable from primary GBMs, it is impossible to diagnose this 
retrospectively. The defining characteristics of the PN subtype are also frequently found 
in lower-grade gliomas or secondary GBMs [42-44], and mutations in IDH1 and TP53 are 
normally found in 70% and 50 to 60%, respectively, of lower-grade astrocytomas [43,45-47]. 
Previous studies have not excluded lower-grade astrocytoma (grade III) from their patient 
sample (21 of 76 tumors) [5], or the patient sample also included secondary or recurrent 
GBMs (19 of 202 tumors) [6]. The rate of PN signature occurrence amongst newly diagnosed 
GBMs thus seems debatable, and in agreement with the suggestion by Nousmehr et al. 
[37], the exclusion of secondary GBMs in our study resulted in a low assignment rate of 
the PN subclass. The exclusion of secondary GBMs thus selected against the IDH1-mutant 
PN tumors, also referred to as the G-CIMP-positive tumors, but the lack of markers for the 
G-CIMP-negative PN tumors probably also contributed substantially to the lower identification 
rate of the PN subclass [37,48,49].
 The rate of assignment of the CLAS subtype in our study (42%) was slightly higher than 
in other reports, whereas MES subclass assignment was in our study considerably lower 
than in others [5,6]. The MES subclass, contrary to the PN subclass, is merely characterized 
by markers associated with de novo GBM. At least in the case of the MES subclass inclusion 
criteria can thus not serve as an argument for the ratio-difference of subclass assignment in 
our study. We propose that the co-expression of multiple molecular signatures within tumors 
could provide an explanation. Also in previous studies at the transcriptional level subsets 
of tumors expressed markers characteristic of different subtypes, but in all these cases the 
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tumors possessed a dominant expression pattern for only one of the subclasses [5,6]. Tumors 
lacking dominant expression of a single molecular signature, as was found for several tumors 
in our study, have not been described in transcriptional studies before, possibly explaining 
the overall lower rate of subclass assignment in this study. The finding of co-occurrence of 
multiple molecular signatures is however supported by a recent report, which described the 
co-existence of a PN-like subset of cells (PDGFRA amplification) besides a CLAS-like subset 
of cells (EGFR amplification) within a single tumor, which was determined through FISH-
analysis [50]. Recognition of these mixed expression patterns thus seems compromised at 
transcriptional level, but can be appreciated by FISH and protein expression analyses.
 Provided that approximately two thirds of tumors (76 of 123, 62%) were subclassified 
into the three predefined subclasses in our study, the question how useful subclassification 
for GBMs in fact is, could be posed. Clearly, a considerable number of patients will not benefit 
from this subclassification effort, as they will not be assigned any of the subtypes described 
in this report. We expect that the benefit of the subclassification, however, lies in the fact 
that a restricted number of patients (one of the subtypes) benefiting from a treatment could 
now be recognized in a clinical trial, while such survival advantages for a subset of patients 
would likely have been missed in a non-stratified study. Given the enormous heterogeneity 
of GBMs, identifying a subgroup of patients benefiting from a treatment is probably a more 
realistic and expectable advancement than a uniform cure for all GBM patients.

Conclusion

In conclusion, we were able to subclassify two-thirds of GBMs into predefined molecular 
subclasses through the assessment of protein expression patterns. We found that multiple 
signatures within the same tumor could be detected at protein level, whereas this has not 
been described at the transcriptional level. The IHC-based signatures identified in this study 
did however strongly resemble the established transcriptional profiles. Subclassification of 
an independent cohort resulted in similar subclass assignment rates as were reported for 
the training cohort.
 The identification of more effective therapies from which only a part of GBM patients 
benefits requires that tumor subclassification is incorporated in preclinical and clinical 
studies. Incorporation of subclassification will also enable development of therapies 
targeted at shared alterations within GBM subclasses. Our suggested method, making use 
of techniques widely available in standard diagnostic settings of pathology departments and 
by application of only a minimal selection of markers, could provide very useful for subtyping 
of GBM samples of individual patients in future studies.
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Supporting information

Supplemental Figure

Supplemental Figure 1. Representative micrographs and scoring schemes of PN, MES, CLAS, N and other markers 
previously reported to have GBM subclass-associated expression patterns. Micrographs were obtained at 10× original 
magnification.

IHC-based subclassification of newly diagnosed GBMs | 65



Supplemental Tables

Supplemental Table 1. Antigen retrieval methods and primary antibodies used for IHC and IF analyses.

ANTIBODY ORIGIN TARGET DILUTION ANTIGEN 
RETRIEVAL SOURCE

CD44 Mouse (mAB) 80-kDa Transmembrane 
glycoprotein 1:200 C 3c11; Cell Signaling, 

Danvers, MA

CHGA Rabbit (pAB) Chromogranin A; parathyroid 
secretory protein 1 1:1000 T/E A0430; DAKO, Glostrup, 

Denmark

MET Rabbit (mAB) Receptor for hepatocyte 
growth factor 1:200 C 51067; Abcam, Cam-

bridge, UK

DLL3 Goat (pAB) Delta-like 3 (drosophila) 1:100 - C-17; Santa Cruz, Hei-
delberg, Germany

EGFR Mouse (mAB) Epidermal Growth Factor 
Receptor 1:100 T/HCl EGFR113; Monosan, 

Uden, The Netherlands

EGFRvIII Mouse (mAB)
Epidermal Growth Factor 
Receptor variant III (constitu-
tively active)

1:200 E
L8A4; kindly provided 
by Dr Bigner, Duke Uni-
versity, Durham, NC

FN1 Rabbit (pAB) Fibronectin type 1 1:100 C 2413; Abcam

GFAP Rabbit (pAB) Glial Fibrillary Acidic Protein 1:250 - Z0334; DAKO

IDH1R132H Mouse (mAB) Isocitrate dehydrogenase 1 
R132H mutation 1:40 T/E H09; Dianova, Ham-

burg, Germany

Ki-67 Mouse (mAB) Marker of proliferation Ki-67 1:300 T/E MIB-1; DAKO

NES Mouse (mAB) Nestin 1:100 C 10c2; Santa Cruz

NeuN Mouse (mAB) RNA binding protein, fox-1 
homolog 3 1:100 T/E A60; Merck Millipore, 

Billerica, MA

NEFL Mouse (mAB) Neurofilament light chain 
(68 kDa) 1:20 T/E 2F11; DAKO

NF1 Rabbit (pAB) Neurofibromin 1:100 C 30325, Abcam

OLIG2 Rabbit (pAB) Oligodendrocyte lineage 
transcription factor 2 1:100 C

18953; Immuno-Bio-
logical Laboratories, 
Gunma, Japan

p53 Mouse (mAB) Tumor protein p53 1:1000 T/E DO-7; DAKO

PDGFR-a Rabbit (pAB)
Platelet derived growth 
factor receptor, alpha poly-
peptide

1:200 C C-20; Santa Cruz

PTEN Mouse (mAB) Phosphatase and tensin 
homolog 1:100 C 6H2.1; Cascade biosci-

ence, Winchester, MA

STAT3 Rabbit (pAB) Signal transducer and acti-
vator of transcription 3 1:200 C 9132; Cell Signaling

SYP Mouse (mAB) Synaptophysin 1:50 T/E 27G12; Monosan

TOP2A Mouse (mAB) Topoisomerase II alpha 1:750 C Ki-S1; DAKO

VIM Mouse (mAB) Vimentin 1:100 P 3B4; DAKO

YKL40 Goat (pAB) Chitinase 3-like 1 1:200 C S18; Santa Cruz

mAB; monoclonal antibody, pAB; polyclonal antibody, C; citrate buffer, E; EDTA buffer, T/E; Tris/EDTA buffer, T/HCl; 
Tris/HCl buffer, T/HCl 80ºC; Tris/HCl buffer overnight 80ºC, P; 0.1% protease.
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Supplemental Table 2. qRT-PCR data (n=20) used to calculate the 9-gene PN/MES signature.

GENES
AverAge Δct-VALUES (± SEM)

PN PATIENTS (N=10) MES PATIENTS (N=10) ALL PATIENTS (N=20)

ASCL1 5.67 (±0.27) 7.05 (±0.51) 6.28 (±0.31)

DLL3 5.75 (±0.65) 7.29 (±0.57) 6.43 (±0.47)

NCAM1 4.11 (±0.23) 4.87 (±0.31) 4.49 (±0.21)

OLIG2 3.48 (±0.33) 5.46 (±0.62) 4.47 (±0.42)

CHI3L1 5.20 (±0.97) 0.41 (±0.48) 2.80 (±0.76)

SERPINE 3.82 (±0.40) 2.73 (±0.40) 3.28 (±0.30)

TGFB1 2.41 (±0.48) 0.23 (±0.40) 1.32 (±0.39)

TIMP1 3.71 (±0.25) 1.71 (±0.29) 2.71 (±0.30)
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Abstract

Signaling through kinase pathways is often key in driving cancer initiation and progression 
and molecular aberrations in receptor tyrosine kinases (RTKs) are common ground in 
glioblastoma (GBM). Therapeutic targeting of kinase proteins has been successful in other 
tumor types, but seems to be compromised in GBM for which the molecular heterogeneity of 
this disease could be an explanation. This study aimed to understand the heterogeneity of 
kinase signaling in GBM.
 Kinase activity profiles of 30 GBM samples representing the proneural (PN), classical 
(CLAS) and mesenchymal (MES) molecular subclasses were determined through a 
tyrosine kinase array that contained 144 kinase substrates. Unsupervised clustering did not 
reveal differential activation patterns of protein tyrosine kinases, but supervised clustering 
of molecular subclasses did indicate that 11 isolated protein substrates were more 
phosphorylated especially by PN IDH1mutant GBM lysates. Activation of specific RTK signaling 
cascades could not be associated with the differential phosphorylation events per subclass.
 Analyses of the kinase activity profiles in relation to overall survival of GBM patients 
revealed differential phosphorylation of sites on the EGFR (Y1125), NTRK2 (Y706) and MST1R 
(Y1353 and/or Y1360) tyrosine kinase receptors. For this analysis the phosphorylation levels 
of the substrates were compared between tumor lysates of short-term surviving (≤2 years) and 
relatively longer-term surviving (>2 years) patients. The relevance of these phosphorylation 
sites for GBM development and/or progression will require further in vitro biochemical and 
biological validation.
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Introduction

The human genome encompasses 90 unique tyrosine kinase genes, of which 58 are receptor-
type tyrosine kinases (RTKs) and 32 non-receptor protein tyrosine kinases (NRTKs) [1]. RTKs 
principally involve in transmission of cell-to-cell messages, whereas NRTKs are an integral 
component of the downstream signaling of RTKs and other cell surface receptors. Intercellular 
signaling is evidently important in embryonic development, requiring concerted action of a 
selection of subfamilies of receptors in a place and time-dependent manner to develop the 
highly specialized and organized functional systems that make up a multicellular organism.
 Protein tyrosine kinases transmit their signals through exertion of catalytic activity 
as they transfer of the γ-phosphate from adenosine triphosphate (ATP) to a hydroxyl 
group of a tyrosine residue on a protein substrate [2]. Structurally most RTKs consist of 
an extracellular ligand-binding domain, a hydrophobic transmembrane domain and a 
cytoplasmic domain that contains the catalytic activity site. Extracellular binding of ligands 
results in receptor oligomerization (most often dimerization) and trans-phosphorylation of the 
juxtaposed monomer, leading to stabilization of the kinase active state of the receptor [3]. 
Following activation of the receptor intracellular proteins containing Src homology-2 (SH2) 
or phosphotyrosine-binding (PTB) domains recognize the phosphorylated residues on the 
cytoplasmic domain and trigger different downstream signaling cascades [4]. The activation 
of tyrosine kinase receptors mainly converges in downstream signaling through PI3K/Akt, Ras/
RAF/ERK1/2 and STAT, thereby modulating important cellular processes like proliferation, 
apoptosis, angiogenesis and invasion [5]. 
NRTKs lack both the extracellular and the transmembrane domain, and therefore most NRTKs 
remain in the cytoplasm. These relay proteins therefore do not depend on ligand binding for 
their activation, but rather are activated by trans-phosphorylation or phosphorylation by a 
different PTK.
 In many malignancies, interestingly, deregulations in tyrosine kinase signaling have been 
detected. Amplification or mutation of several RTKs has been associated with cancer in general 
[6], and this preeminently applies to glioblastomas (GBMs). In GBM, the most aggressive type 
of primary brain tumor, a variety of RTKs often become activated concomitantly [7]. The types 
of receptors that are activated vary per patient and mosaic amplification within tumors in a 
mutually exclusive fashion has been described as well [8-10]. These observations clearly 
exemplify the extensive heterogeneity that can be observed in GBMs regarding RTKs. 
 The aggressiveness of this disease also comes from different levels of biological 
complexity, and amongst others variations at the transcriptional level have been addressed 
quite extensively. Transcriptional profiling has been performed and this approach has 
identified molecular subclasses that each associate with specific genetic alterations [11,12]. 
In this study we explored whether differential kinase activity profiles could be associated 
with the IDH1R132H mutant proneural (PN), EGFR-associated classical (CLAS) or mesenchymal 
(MES) subclasses of GBM. Using the same cohort of tumors the potential association with 
short and longer-term survival was also assessed.
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Methods

GBM patient samples

GBM patient samples collected at the University Medical Center Groningen in the period from 
August 2006 to July 2013 were selected for the study. The total cohort of 30 tumors could 
be subcategorized into three groups based on the molecular subclasses. The subclasses 
are defined by an IDH1R132H mutation (PN IDH1mut), EGFR amplification combined with EGFR 
exon 2-7 deletion (EGFRvIII positive, CLAS-like), or high expression of mesenchymal markers 
(MES-like). Patients were eligible for the study when they had undergone neurosurgical 
debulking at our institution, when the tumor was subclassified in a previous study [13], and 
sufficient snap frozen tissue was available for kinase activity profiling analyses. The clinical 
characteristics (age at diagnosis, median overall survival, gender) of the samples used for 
the study are listed in Table 1. Overall survival was defined as the interval from surgical 
debulking to the day of death.

Table 1. Summary of GBM patient characteristics specified per subclass.

CHARACTERISTIC TOTAL COHORT PN idh1mut CLAS-LIKE MES-LIKE

Number of patients (n) 30 10 10 10

Mean age at diagnosis
(95% CI)

53
(48-59)

47
(34-60)

58
(51-64)

56
(48-64)

Median OS in days
(range)

432
(62-1934)

1391.5 
(62-1934)

551.5
(226-1052)

265.5
(62-917)

Male sex (%) 21 (70) 8 (80) 6 (60) 7 (70)

Female sex (%) 9 (30) 2 (20) 4 (40) 3 (30)

All experiments that included the use of human tissue were conducted in agreement with the 
‘Code of Conduct for dealing responsibly with human tissue in the context of health research’ 
as published by the Federation of the Dutch Medical Scientific Societies in 2011 [14].

Kinase activity profiling

Kinase activity profiles of PN IDH1mut (n=10), CLAS-like (n=10) and MES-like (n=10) GBM 
samples were determined using the PamChip-based tyrosine kinase activity array (Pamgene, 
Den Bosch, the Netherlands). Sections of snap-frozen tissue were lysed using M-PERTM 
Mammalian Protein Extraction Reagent that was supplemented with HaltTM phosphatase 
and protease inhibitor cocktails (Life Technologies, Bleiswijk, the Netherlands). The protein 
concentration was determined using the PierceTM BCA Protein Assay Kit (Life Technologies) 
and in each analysis 5 µg of protein was analyzed. Each sample was analyzed in triplicate.
The tyrosine kinase array contains 144 phosphorylation substrates that are correlated with 
one or multiple upstream tyrosine kinases. The substrates are listed in Supplemental Table 1.
Phosphorylation was detected through application of a FITC-conjugated PY20 antibody.
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Kinase activity profile analyses

Spot intensities reflective of the phosphorylation levels were quantified using Bionavigator 
software (Pamgene) and normalized using the vsn-method. Then unsupervised clustering 
was performed for identification of subgroups with specific kinase activity profiles. Supervised 
clustering was performed for intergroup comparisons between the molecular subclasses 
and for short- versus longer-term survival. For all cluster analyses the variance filter was set 
at 0.15 and P-values ≤0.05 were considered significant. Potential upstream kinases were 
identified through the Phospho ELM Blast tool (Phosphobase Research Release 9.0) [15].

Survival analyses

Kaplan-Meier analyses were performed on the kinase targets that were identified through the 
cluster analyses. The analysis was statistically evaluated using the Log-Rank test. Median 
phosphorylation intensity was used as the cut-off value, coding ≤ median as low, and > 
median as high.
 The survival analyses were performed using SPSS software version 22.0 (SPSS, 
Chicago), and visualized using Graphpad Prism version 5 (Graphpad Software Inc, San 
Diego, CA). P-values <0.05 were considered significant and in all cases exact two-sided 
P-values were reported.

Results

Kinase activity profiles in GBM

To assess whether specific kinase activity profiles potentially exist in GBM, 30 GBM samples 
were analyzed on an array containing 144 kinase substrates to detect phosphorylation of 
tyrosine kinase targets. Unsupervised clustering was applied to the obtained phosphorylation 
intensities of these substrates, and the GBM cohort was annotated with molecular subtype, 
survival (short-term versus longer-term), age at diagnosis and gender. Although the analysis 
did reveal substantial differences in general phosphorylation levels between tumors (data 
not shown), no subgroups were identified that associated with specific phosphorylation 
targets (Figure 1).

Kinase activity profiles in GBM subclasses | 73



Figure 1. Tyrosine kinase activity profile of GBM. Unsupervised hierarchical clustering of tumors and 144 phosphorylation 
sites did not produce well-defined groups of phosphorylation sites that associate with the annotated parameters 
(subtype, survival, age at diagnosis and gender).

Phosphorylation events associated with GBM molecular subclasses

In order to look for differential phosphorylation activity within the molecular subclasses, 
supervised clustering was applied. With a variance filter of 0.15 we identified 16 phosphorylation 
sites that were differentially phosphorylated in the GBM molecular subclasses (Figure 2). 
At a first glance, the differences mainly seemed to concern the PN IDH1R132H subset that 
presented with differences in phosphorylation intensities on the indicated sites in comparison 
to the CLAS-like and MES-like group. 
 The differentially phosphorylated sites do not concern any of the receptors that have 
been associated at mutational or transcriptional level with the molecular subclasses of 
GBM. Interestingly though, there are 4 sites in the combined cluster of CLAS-like and MES-
like GBMs with higher phosphorylation intensity on RTKs that are known to have a role in 
angiogenesis (i.e. EPHB1 Y928, FAK Y576/Y577, VEGFR1 Y1053 and VEGFR2 Y951). This 
supports the suggestion that MES GBMs are the more angiogenic subclass of GBMs, and 
in accordance with our previous study of vascularization patterns in GBM subclasses that 
identified CLAS-like GBMs to possibly be even more angiogenic than MES GBMs [16]. 
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 However, stronger phosphorylation intensity on PDGFRB, a receptor that is also involved 
in angiogenesis, was identified in the PN IDH1mut group. More unexpectedly was the finding 
that stronger phosphorylation intensity on the EGFR Y869 was observed in the PN IDH1mut 
subset, while enhanced signaling through this pathway is considered a defining feature of 
CLAS GBMs.

Figure 2. Phosphosites with a phosphorylation status that associates with GBM subclasses. Supervised hierarchical 
clustering identified a total of 16 sites that were differentially phosphorylated between the PN IDH1mut, CLAS-like and 
MES-like subclasses.

 To allow for a more comprehensive analysis of the obtained results, we took a step 
back and looked at the kinases that are responsible for these phosphorylation events. The 
sequences of the substrates were queried in the Phospho ELM Blast tool and the prompted 
potential upstream kinases are listed in Table 2. The resulting collection of upstream kinases 
unfortunately did not convey the impression that a common pathway was structurally 
employed by any of the subclasses assessed.

Table 2. Potential upstream kinases associated with the phosphorylation substrates that are differentially phosphorylated 
by GBM subclasses.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

VEGFR1 Y1053 VGFR1_1049_1061 Vascular endothelial growth 
factor receptor 1 -

CDK7 Y169 CDK7_157_169 Cyclin dependent kinase 7 CDK2; CDK7

VEGFR2 Y951 VGFR2_944_956 Vascular endothelial growth 
factor receptor 1 KDR

SLC34A1 Y511 NPT2A_501_513 Solute carrier family 34 member 
1 -

VCL Y822 VINC_815_827 Vinculin -

MAPK10 Y223 MK10_216_228 Mitogen-activated protein 
kinase 10

MAP2K7; MAP2K_
group

EPHB1 Y928 EPHB1_921_933 EPH receptor B1 -

KRT6B Y62 K2C6B_53_65 Keratin 6B -

SYK Y525/Y526 KSYK_518_530 Spleen associated tyrosine 
kinase SYK

FAK (PTK2) Y576/Y577 FAK1_569_581 Focal Adhesion kinase FAK
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Continued Table 2. Potential upstream kinases associated with the phosphorylation substrates that are differentially 
phosphorylated by GBM subclasses.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

CALM1 Y100 CALM_95_107 Calmodulin 1 EGFR; INSR; 
CK2_group

EGFR Y869 EGFR_862_874 Epidermal growth factor 
receptor SRC

BCKDHA Y345 ODBA_340_352
Branched chain keto acid 
dehydrogenase E1, alpha 

polypeptide
BCKDK

STAT4 Y725 STAT4_714_726 Signal transducer and activator 
of transcription 4 MAPK14

CRK Y221 CRK_214_226 CRK proto-oncogene, adaptor 
protein Abl; IGFR1

PDGFRB Y771/Y775/
Y778 PGFRB_768_780 Platelet derived growth factor 

receptor beta PDGFR_beta

Phosphorylation events associated with GBM survival

Finally, to assess whether phosphorylation intensities could be associated with overall 
survival of GBM patients, a supervised cluster analysis was performed using overall survival 
as a categorical variable. Short-term survival was defined as survival up to 2 years (≤2 years) 
and survival longer than 2 years was considered longer-term. This analysis revealed that the 
phosphorylation level of seven sites was associated with overall survival (Figure 3A).
 It should be noted though that a cut-off value of 2 years for either short-term or longer-
term survival is rather arbitrary. For that reason, Kaplan-Meier analyses were performed 
to more appropriately assess how the phosphorylation intensities of these substrate sites 
associated with overall survival of GBM patients. For the survival analysis the phosphorylation 
intensity on the substrates was categorized by the application of a median split; intensities 
smaller than or equal to the median phosphorylation level were collected in the low group, 
and values exceeding the median value were collected in the high group (Figure 3B). In 
these survival analyses 3 out of 7 targets remained significantly associated with survival of 
GBM patients. High phosphorylation intensity on EGFR Y1125 was associated with better 
survival (P<0.05), while high phosphorylation intensity of NTRK2 Y702 (P<0.05) and RON 
Y1353/Y1360 (P<0.01) were inversely associated with survival. All of these phosphorylation 
sites are situated on RTKs. 
 The potential kinases upstream of the identified targets, as assessed with the Phospho 
ELM Blast tool, are reported in Table 3. Like in all the other analyses, this blast did not reveal 
involvement of affected targets in a common pathway.
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Figure 3. Phosphosites with a phosphorylation status that associates with overall survival of GBM patients. Patients 
were subdivided into short-term (≤ 2 years) and long-term survivors (> 2 years) and supervised hierarchical clustering 
was performed to identify the phosphosites for which phosphorylation intensity was different between these groups 
(A). Follow-up Kaplan-Meier analyses were performed to properly analyze the association with survival. This analysis 
revealed that 3 out of 7 phosphosites identified through the cluster analysis (EGFR Y1125, TrkB Y702 and MST1R 
Y1353/Y1360) remained signifantly associated with survival in these analyses (B).

Table 3. Potential upstream kinases associated with the phosphorylation substrates of which the phosphorylation 
intensity differed between short (≤ 2 year) and long-term (> 2 years) survivors.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

PLCG1 Y783 PLCG1_776_788 Phospholipase C gamma 1 EGFR; SYK

CTTN1 Y470/Y479 SRC8_CHICK_470_482 Src substrate protein p85 
(cortactin) -

EGFR Y1125 EGFR_1118_1130 Epidermal growth factor 
receptor SRC

NTRK2 
(TRKB) Y702 NTRK2_696_708 Neurotrophic receptor tyrosine 

kinase 2 TRKB

EPOR Y426 EPOR_419_431 Erythropoietin receptor -

KRT8 Y427/Y437 K2C8_425_437 Keratin 8 CDK1; MAPK3

MST1R 
(RON) Y1353/Y1360 RON_1353_1365 Marcophage stimulating 1 

receptor RON
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Discussion

Kinase-mediated signaling has been implicated in carcinogenic processes and targeted 
therapies directed at either single or multiple RTKs have proven a successful approach in 
several tumor types [17]. GBMs are highly heterogeneous and therefore possibly not the 
ultimate candidate for targeted therapy, but these tumors do also have alterations in RTKs 
that are commonly observed. We therefore assessed whether different subsets of GBMs 
commonly employ certain tyrosine-signaling cascades in this study. Although differences 
in basal kinase signaling were observed between samples, we were unable to identify 
clusters of tyrosine kinase activity characteristic of subsets of tumors through unsupervised 
clustering. Supervised clustering did reveal a few isolated protein substrates that were 
differentially phosphorylated by either GBM molecular subclasses, but it did not highlight 
a set of signaling cascades that was used by either of the subclasses. Interestingly there 
were 3 phosphorylation sites of which the phosphorylation level was associated with overall 
survival of patients, which was rather surprising with the limited cohort of tumors that was 
analyzed. Two of the phosphorylation events showed a positive association with survival, 
whilst phosphorylation on EGFR_1118_1130 showed an unexpected inverse association with 
survival. 
 The inverse association of the EGFR phosphorylation site with overall survival is 
surprising in the way that most phosphorylation events are associated with receptor signaling 
activation, and EGFR signaling is generally considered an oncogenic event [18,19]. We 
speculate that phosphorylation on this site could be an inactivating event, but unfortunately 
not much is known about the effect of Tyr1125 phosphorylation on EGFR [20].
 Regarding NTRK2 and MST1R the results are in concordance with previous reports 
that describe involvement of these receptors in oncogenic transformation. NTRK2 
expression is upregulated in astrocytoma and GBM in comparison to normal tissue, but 
not oligodendroglioma [21,22]. In addition, BDNF-mediated signaling through NTRK2 was 
shown to induce glioma stem cell growth, and more recently NTRK2 signaling has been 
shown to be critically involved in STAT3-mediated astrocytoma development [23,24]. The 
expression of different splice variants of MST1R on the other hand has also been associated 
with oncogenic activity [25], and in silico expression prediction indicated that expression 
was mainly expected in epithelial cells and macrophages [26]. The latter study also identified 
several binding sites for well-known oncogenic drivers including NF-κB, STAT5A and STAT3, 
illustrating the likely involvement in oncogenesis. Functionally MST1R has been shown to 
critically mediate hnRNP A2/B1 induced gliomagenesis [27], but these results are limited to 
a single report at this time.
 To further delineate the role of the survival-associated phosphosites in GBM 
development and/or progression additional biochemical studies are required. The type of 
array that we performed highlights specific phosphosites, which does not necessarily align 
with receptor activation, and thus the dynamics of the phosphorylation events on receptors 
should be analyzed in a comprehensive manner. This will possibly help to understand the 
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inverse association between EGFR Y1125 phosphorylation and survival, while it will also help 
to understand why only specific sites are differentially phosphorylated and others are not.
 Alternatively, the kinase activity data that we obtained here could be combined with 
other types of biological data from for example the transcriptome and proteome. NTRKB has 
been studied relatively well in cancer and in glioma, but for MST1R many avenues are still to 
be explored. Staining for presence of phosphorylation marks on the identified sites could be 
explored with antibodies through immunohistochemistry or western blotting on GBM tissue 
and/or GBM cell lines. Functionally knockdown or overexpression experiments could be 
performed in vitro and the effect on cell viability, proliferation and several other carcinogenic 
events could be studied. More specific inhibition of kinase activity on the identified sites 
using for example blocking peptides or antibodies would also help to further understand the 
role of this pathway in GBM.
 A final and important limitation in the field of kinase activity profiling is that only known 
potential upstream kinases can be deposited in databases like Phospho ELM, but at this time 
not all kinase interactions have been identified. It could thus be that specific tyrosine kinase 
cascades are actually activated in subsets of tumors, but the limited resources currently 
available could have prevented us from identifying them. The array that was used in this 
study could technically also have limited our power simply because relevant phosphosites 
or even kinase proteins were not included in the limited set of 144 tyrosine phosphosites. 
Instead of performing additional tyrosine kinase profiling a more fruitful follow-up step could 
possibly be profiling the downstream kinases through a Serine/Threonine array. This would 
provide opportunities for more comprehensive pathway analyses, and if differential kinase 
signaling cascades are actually employed by subsets of GBMs, such an analysis could 
possibly facilitate the identification of such pathways.
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Supporting information

Supplemental Table

Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

ANXA1 Y21 Annexin A1

ANXA2 Y24 Annexin A2

BCKDHA Y345 2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial

C1R Y204/Y210 Complement C1r subcomponent

CALM1 Y100* Calmodulin

CBL Y700 E3 ubiquitin-protein ligase CBL

CD247 Y123
Y153 CD247 molecule

CD79A Y182/188 B-cell antigen receptor complex-associated protein alpha chain

CDK2 Y15/Y19 Cyclin-dependent kinase 2

CDK7 Y169 Cyclin-dependent kinase 7

CHRND Y383/Y390 Acetylcholine receptor subunit delta

CRK Y221 Adapter molecule crk

CTNNB1 Y86 Catenin beta-1

CTTN
Y477

Y477/Y483
Y492/Y499/

Y502
Src substrate protein p85

DCX Y112 Neuronal migration protein doublecortin

DDR1 Y513 Epithelial discoidin domain-containing receptor 1

DYRK1A Y219/220
Y319/Y321 Dual specificity tyrosine-phosphorylation-regulated kinase 1A

EFS Y253* Embryonal Fyn-associated substrate

EGFR

Y869
Y915

Y1069
Y1110
Y1125
Y1172
Y1197

Epidermal growth factor receptor

ENO2 Y44 Gamma-enolase

ENPEP Y12 Glutamyl aminopeptidase

EPB41 Y660 Protein 4.1

EPHA1 Y781 Ephrin type-A receptor 1

EPHA2 Y588
Y772 Ephrin type-A receptor 2

EPHA4 Y596
Y928 Ephrin type-A receptor 4

EPHA7 Y608/Y614 Ephrin type-A receptor 7
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

EPHB1 Y778
Y928 Ephrin type-B receptor 1

EPHB4 Y590 Ephrin type-B receptor 4

EPO1 Y368
Y426 Eyrthropoietin recptor

ERBB2 Y877
Y1248 Receptor tyrosine-protein kinase erbB-2

ERBB4 Y1188
Y1284 Receptor tyrosine-protein kinase erbB-4

FABP3 Y20 Fatty acid-binding protein, heart

FER Y714 Tyrosine-protein kinase Fer

FES Y713 Tyrosine-protein kinase Fes/Fps

FGFR1 Y766 Fibroblast growth factor receptor 1

FGFR2 Y769 Fibroblast growth factor receptor 2

FGFR3 Y647/Y648
Y760 Fibroblast growth factor receptor 3

FLT4 Y1063/Y1068 Vascular endothelial growth factor receptor 3

FRK Y387 Tyrosine-protein kinase FRK

INSR Y992/Y999
Y1354 Insulin receptor

JAK1 Y1022/Y1023 Tyrosine-protein kinase JAK1

JAK2 Y570 Tyrosine-protein kinase JAK2

KDR

Y951
Y996
Y1054

Y1054/Y1059
Y1175
Y1214

Vascular endothelial growth factor receptor 2

KRT6B Y62 Keratin, type II cytoskeletal 6B

KRT8 Y427/Y437 Keratin, type II cytoskeletal 8

LAT Y200/Y256 Linker for activation of T-cells family member 1

LCK Y394 Tyrosine-protein kinase Lck

MAPK1 Y187
Y205 Mitogen-activated protein kinase 1

MAPK10 Y223/Y228 Mitogen-activated protein kinase 10

MAPK12 Y185 Mitogen-activated protein kinase 12

MAPK14 Y182 Mitogen-activated protein kinase 14

MAPK7 Y215/Y220 Mitogen-activated protein kinase 7

MBP
Y203

Y261/Y268
Y268

Myelin basic protein

MET Y1230/Y1234/
Y1235 Hepatocyte growth factor receptor

MST1R Y1353
Y1353/Y1360 Macrophage-stimulating protein receptor

NCF1 Y324 Neutrophil cytosol factor 1

NTRK1 Y496
Y516 High affinity nerve growth factor receptor
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

NTRK2 Y702/Y706/
Y707 BDNF/NT-3 growth factors receptor

PDGFRB

Y579/Y581
Y716

Y771/Y775/
Y778*

Y1009
Y1021

Platelet-derived growth factor beta

PDHA2 Y299 Pyruvate dehydrogenase E1 component subunit alpha, testis-specific form, 
mitochondrial

PDPK1 Y9
Y373/Y376 3-phosphoinositide-dependent protein kinase 1

PECAM1 Y713 Platelet endothelial cell adhesion molecule

PGR Y557
Y795 Progesterone receptor

PIK3R1 Y607 Phosphotidylinositol 3-kinase regulatory subunit alpha

PLCG1
Y771/Y775

Y783
Y1253

1-phosphatidylinositol 4,5-biphophate phosphodiesterase gamma-1

PPP2CB Y307 Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform

PRPH Y470 Peripherin

PRPN11 Y546/Y551 Tyrosine-protein phosphatase non-receptor type 11

PRRX2 Y208/Y214 Paired mesoderm homeobox protein 2

PTK2 Y570/Y576/
Y577 Focal adhesion kinase 1

PTK2B Y573/Y579/
Y580 Protein-tyrosine kinase 2-beta

PXN Y31
Y118 Paxillin

RAF1 Y340/Y341 RAF proto-oncogene serine/threonine-protein kinase

RASA1 Y460 Ras GRPase-activating protein 1

RB1 Y805/Y813 Retinoblastoma-associated protein

RBL2 Y111 Retinoblastoma-like protein 2

RET Y687
Y1029 Proto-oncogene tyrosine-protein kinase receptor Ret

SLC34A1 Y511 Sodium-dependent phosphate transport protein 2A

SLC4A1 Y46 Band 3 anion transport protein

STAT1 Y701 Signal transducer and activator of transcription 1-alpha/beta

STAT3 Y705 Signal transducer and activator of transcription 3

STAT4 Y693
Y725 Signal transducer and activator of transcription 4

STAT5A Y694 Signal transducer and activator of transcription 5A

STAT6 Y641 Signal transducer and activator of transcription 6

SYK Y525/Y526 Tyrosine-protein kinase SYK

TEC Y513/Y519 Tyrosine-protein kinase Tec

TNNT1 Y9 Troponin T, slow skeletal muscle

TYRO3 Y681/Y685/
Y686 Tyrosine-protein kinase receptor TYRO3
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

VCL Y822 Vinculin

VEGFR1

Y1048
Y1053*

Y1169
Y1213
Y1242
Y1327

Y1327/1333

Vascular endothelial growth factor receptor 1

ZAP70 Y492/Y493 Tyrosine-protein kinase ZAP-70

ZBTB16 Y630 Zinc finger and BTB domain-containing protein 16
*: assessed with two independent substrates.
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Abstract

Different molecular subtypes of glioblastoma (GBM) have been recently identified of 
which the mesenchymal subtype is associated with worst prognoses. Here, we report 
that transforming growth factor beta (TGF-β) is able to induce a mesenchymal phenotype 
in GBM that involves activation of SMAD2 and ZEB1, a known transcriptional inducer 
of mesenchymal transition in epithelial cancers. TGF-β exposure of established and 
newly generated GBM cell lines was associated with morphological changes, enhanced 
mesenchymal marker expression, migration and invasion in vitro and in an orthotopic mouse 
model. TGF-β-induced mesenchymal differentiation and invasive behavior was prevented 
by chemical inhibition of TGF-β signaling as well as siRNA-dependent silencing of ZEB1. 
Furthermore, TGF-β responding and non-responding GBM neurospheres were identified in 
vitro. Interestingly, non-responding cells displayed already high levels of pSMAD2 and ZEB1 
that could not be suppressed by inhibition of TGF-β signaling, suggesting the involvement of 
yet unknown mechanisms. These different GBM neurospheres both formed invasive tumors 
in mice and revealed mesenchymal marker expression in immunohistochemical analyses. 
Moreover, we also detected distinct zones with overlapping pSMAD2, elevated ZEB1, and 
mesenchymal marker expression in GBM patient material, suggestive of the induction of 
local, microenvironment-dependent mesenchymal differentiation. Overall, our findings 
indicate that GBM cells can acquire mesenchymal features associated with enhanced 
invasive potential following stimulation by secretory cytokines, such as TGF-β. This property 
of GBM contributes to heterogeneity in this tumor type and may blur the boundaries between 
the proposed transcriptional subtypes. Targeting TGF-β or downstream targets like ZEB1 
might be of potential benefit in reducing the invasive phenotype of GBM in a subpopulation 
of patients.
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Introduction

Glioma is the most frequent primary tumor of the brain and is generally classified into four 
grades based on histology [1]. Grade 4 gliomas, glioblastoma (GBM), are highly malignant, 
often associated with strong microvascular proliferation and necrosis, and display strong 
infiltrating properties. Current standard treatment consists of surgery combined with 
radiotherapy and chemotherapy [2]. However, the inability to resect all tumor cells together 
with resistance to therapy, including novel targeted agents, results in inevitable recurrent 
disease leading to a poor median survival of patients of 12-15 months [3,4].
 Recent lines of research have emphasized on a comprehensive genomic and 
epigenomic classification in GBM, which should lay the groundwork for an improved 
molecular understanding of GBM that could ultimately result in personalized therapies for 
groups of patients [5,6]. Transcriptional profiling studies have revealed molecular subtypes 
of high grade gliomas (grade 3 and 4) [7,8], based on the preferential expression of genes 
characteristic of neural progenitor cells (proneural), neurons (neural), proliferating cells and 
receptor tyrosine kinase activation (classical), or mesenchymal tissues (mesenchymal). 
A parallel comparison of these two studies revealed particularly strong agreement in the 
gene signatures associated with the proneural and mesenchymal subtypes [9]. Although 
still under evaluation, the different subtypes were reported to have prognostic value. GBMs 
of the mesenchymal subclass are predominantly primary tumors that originate de novo and 
were reported to exhibit a worse prognosis in comparison to the proneural tumors [7,10,11]. 
Better prognosis associated with the proneural subtype may be due to the fact that a subset 
of proneural tumors display mutations in the isocitrate dehydrogenase 1 gene (IDH1) and 
display a glioma CpG island methylator phenotype (G-CIMP), both of which are favorable 
prognostic factors [8,12]. Converse to this the MES tumors do not display G-CIMP, have a 
wild-type (WT) IDH1 and possess alterations in NF1 [8,12]. A number of transcription factors, 
C/EBP-β and STAT3 and more recently the transcriptional coactivator TAZ, have been 
identified as important regulators of the mesenchymal phenotype in GBM [13,14]. However, 
in addition to these transcription factors it is conceivable that also autocrine and paracrine 
interactions involving the microenvironment of GBM will have a large impact on subtype 
status and tumor aggressiveness. Indeed, recently microglia cells were found to induce 
the mesenchymal status via a TNFα/NF-κB-dependent manner, which was associated with 
radio-resistance [15].
 c plays a key role in tissue homeostasis and cancer, and in high grade gliomas elevated 
TGF-β activity has been associated with poor clinical outcome [16-18]. The secretion of 
TGF-β in GBM provides the tumor cells survival advantage by enhancing cell growth, 
migration, invasion, angiogenesis, immune suppression, and stem cell properties [17,18]. In 
preclinical GBM models potent antitumor activity of TGF-β inhibition alone or in combination 
with radio-chemotherapy has been demonstrated [19,20]. These findings have spurred the 
development and testing of TGF-β targeting agents in the patients with high grade gliomas 
[21-23].
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TGF-β can activate a program called epithelial to mesenchymal transition (EMT) in epithelial 
cancers, such as breast, prostate and lung cancer, leading to enhanced migration and 
infiltration capacities of these cells, being a more common feature of mesenchymal cells [24-
26]. In an analogous way, it is conceivable that similar mechanisms will have a major impact 
on subtype status and tumor invasion in GBM. However, this notion has thus far remained 
unexplored.
 In this study we examined the role of the TGF-β pathway as a determinant of mesenchymal 
differentiation in GBM. We identified TGF-β signaling as a strong inducer of mesenchymal 
transdifferentiation that was associated with enhanced tumor invasion in GBM. TGF-β may 
function locally in tumors to induce mesenchymal differentiation as a possible reaction to 
microenvironmental cues. 

Materials and methods

Cell culture and treatments

The human GBM cell line U87 was obtained from the American Type Culture Collection 
(ATCC) and U251 was obtained from the CLS Cell Lines Service GmbH (Eppelheim, 
Germany). Monolayer GG7 cells, and the neurospheres GG6, GG9, GG12, GG13, GG14 and 
GG16 were newly generated from human GBM surgical samples. These primary materials 
were pathologically confirmed as GBM, GG16 being Giant cells GBM. Primary material was 
obtained after approval and following the ethical guidelines of the Institutional Review Board 
of the UMCG. Freshly resected tumor material was washed 5 times in cold PBS followed by 
mechanical dissociation and incubation in trypsin (Gibco Life Technologies, Bleiswijk, The 
Netherlands) at 37 °C for 15 minutes. After incubation the tissue was repeatedly pipetted and the 
cell suspension was filtered through a 70 μm cell strainer (BD Falcon, NJ, USA) to obtain single 
cells. GG7 cells were pelleted by centrifugation at 1200 rpm for 10 minutes and resuspended 
in Dulbecco’s modified Eagle Medium high glucose (DMEM-Hg, Gibco Life Technologies) 
medium supplemented with 10% FCS and 2% pen/strep (Gibco Life Technologies) and 
maintained for two passages after which the concentration of pen/strep was reduced to 1%. 
GG7 and U251 were grown in regular cell culture flasks, while U87 required pre-coating of 
the flasks with 1% gelatine from porcine skin (Sigma-Aldrich Chemie B.V., Zwijndrecht, The 
Netherlands). Monolayers were maintained in (DMEM-Hg) supplemented with 10% FCS and 1% 
pen/strep. The neurospheres were generated following propagation in Neurobasal A-Medium 
(Gibco Life Technologies) supplemented with 2% B27 supplement (Gibco Life Technologies), 
20 ng/ml EGF (R&D systems, Abingdon, UK), 20 ng/ml bFGF (Merck-Millipore, Billerica, MA, 
USA), 1% pen/strep and 1% L-glutamine (Gibco Life Technologies). The neurospheres were 
characterized for the expression of neuronal stem cell markers, including SOX2, OCT-4, OLIG2, 
nestin, and musashi and differentiation markers GFAP and β3-tubulin by RT-PCR, Western 
blotting or immunofluorescent microscopy (data not shown). 
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 Cell lines were maintained at 37 °C in a humidified atmosphere with 5% CO2. When 
indicated, cells were treated with TGF-β (10 ng/ml; PeproTech, London, UK) and/or the 
small molecule inhibitor of the TGF-β receptor, A8301 (Axon Medchem, Groningen, The 
Netherlands). The inhibitor was added at a concentration of 0.5 µm 2 hours prior to the 
addition of TGF-β.

Migration and invasion assays

The migratory capacity of cells was determined by wound-healing assays. Briefly, 2×105 
cells where seeded on poly-L-Lysine (Sigma-Aldrich) coated 6-well plates in culture medium; 
upon confluency a scratch was made using a P10 pipette tip. The rate of wound closure was 
monitored at different time points under a microscope and quantified using image J software. 
The invasion potential was determined on collagen-coated transwell inserts with 8 μm pore 
size (Becton Dickinson B.V., Breda, The Netherlands). For this, cells were trypsinized and 
150 μl of a cell suspension containing 2.5×104 cells (U87) or 5×104 (GG14 and GG16) were 
added to transwells in triplicates per condition. 10% FCS or 0.1% FCS with 100 ng/ml EGF 
was added to the lower wells as chemoattractants. Cells that migrated/invaded and appeared 
on the bottom surface of the transwell insert membrane were fixed with 75% methanol/25% 
acetic acid for 20 minutes and stained with 0.25% Coomassie blue in 45% methanol/10% 
acetic acid followed by washing with demi water. The membranes were subsequently cut 
out and mounted on microscopic slides for quantification. Representative pictures of the 
membranes with cells were acquired at 10× magnification and the total number of cells on 
ten individual fields per membrane were counted; average numbers and standard deviation 
of invading cells for every condition were calculated. 

Immunofluorescence microscopy

Cells cultured on poly-L-lysine (Sigma-Aldrich)-coated cover slips were fixed for 10 minutes 
using 4% formaldehyde or 100% methanol. After 3 times washing with cold PBS, cells were 
permeabilized with 0.1% Triton (Sigma-Aldrich) in PBS, washed again with PBS followed 
by a blocking step for 1 hour with PBS with 0.1% Tween-20 (Sigma-Aldrich), 2% BSA (PAA 
Laboratories GmbH, Germany) and 1:50 diluted normal goat serum (Dako Denmark A/S, 
Denmark). Subsequently, cells were incubated with the indicated primary antibodies at 
room temperature for 1.5 hours. The following primary antibodies were used: purified anti-
fibronectin (1:50, BD Transduction LaboratoriesTM [610077]), anti-COL5A1 (1:200, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA [sc-20648]), anti-PDGFR-α 1:500, Abcam, Cambridge, 
UK [ab61219]), anti-EGFR (Merck, USA), anti-ZEB1 (1:50, Santa Cruz Biotechnology INC 
[sc-10572]), anti-active-β-catenin (1:100, Millipore [05-665]). After three washes with PBS, 
slides were incubated for 1 hour with appropriate secondary antibodies: goat anti-mouse 
Alexa488 (1:200, Life Technologies), donkey anti-human Alexa488 (1:200), donkey anti-
goat Alexa488 (1:200) or goat anti-rabbit IgG, Cy3 conjugate (1:400, Millipore [AP132 C]). 
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Hoechst (Sigma H6024) staining was performed for 5 minutes followed by mounting the 
coverslips with Kaisers glycerin (Merck, Germany). Cells were examined by fluorescent 
microscopy (Leica DM6000, Leica Microsystems GmbH, Mannheim, Germany) and images 
were captured using a Leica DFC360 FX camera.

Immunohistochemistry

Formalin-fixed paraffin-embedded 5 µm thick tissue sections were mounted on microscope 
slides and dried overnight at 55 °C. Tissue sections were deparaffinized in xylol and 
rehydrated in graded series of ethanol, and stained with hematoxylin and eosin (HE). Sections 
were subjected to microwave pretreatment either in pH 6.0 citrate buffer when stained for 
OLIG2 (IBL-International, Toronto, Canada), PDGFR-α (Santa Cruz Biotechnology Inc, Santa 
Cruz, CA, USA), EGFR (Monosan, Uden, The Netherlands), nestin (Santa Cruz Biotechnology 
Inc, Santa Cruz, CA, USA), phospho-SMAD2 (Cell Signaling, Danvers, MA, USA), β3-tubulin 
(Merck Millipore, Billerica, MA, USA), CD44 (BioLegend Inc, SanDiego CA, USA), YKL40 
(Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA), ZEB1 (Sigma-Aldrich Chemie BV, 
Zwijndrecht, Netherlands) or in Tris-EDTA pH 9.0 buffer for staining Ki-67 (Dako). No antigen 
retrieval was required for GFAP staining (Dako). Prior to staining, sections were treated with 
0.3% H2O2 for 30 minutes and blocked for 1 hour with 2% BSA to reduce non-specific primary 
antibody binding. As negative controls, primary antibodies were omitted. After incubation 
with primary antibodies at 4 °C overnight suitable secondary antibodies conjugated to 
peroxidase (Dako) and appropriate tertiary antibodies conjugated to peroxidase (Dako) were 
used. Staining was visualized by 3,3’-diaminobenzidine and sections were counterstained 
with haematoxylin and mounted. Images of relevant sections were acquired using a Leica 
DFC 420C digital camera (Leica Microsystems), connected to a Leica DM 3000 microscope, 
using Leica Application Suite software. Also images were acquired with TissueFaxs/Zeiss 
AxioObserver Z1 Microscope System (TissueGnostics GmbH, Vienna, Austria).

Western blotting

In brief, cells were harvested, washed with cold PBS and lysed with M-PER mammalian 
protein extraction reagent (Thermo Scientific) supplemented with 1% protease inhibitor 
(Thermo Scientific) and 1% phosphatase inhibitor (Thermo Scientific) for 1.5 hours on 
ice. Next, the suspension was centrifuged for 10 minutes at 14000 rpm at 4 °C and the 
supernatant was taken for determining protein concentrations using a Bradford assay (Bio-
Rad). Per sample 25-50 µg of protein per lane was loaded for SDS-PAGE electrophoresis. 
Proteins were then transferred to PVDF membrane (Millipore IPVH00010 0.45 µm). For 
staining, the membrane was blocked for 1 hour at room temperature with 5% milk in TBS-T 
(20 mmol/l Tris-HCl [pH 8.0], 137 mmol/l NaCl and 0.1% Tween-20) or with 5% BSA in TBS-T 
for phospho-proteins. Primary antibodies were incubated overnight at 4 °C. The following 
primary antibodies were used: anti-GFAP (1:1000, Dako [N1506]), anti-β3-tubulin (1:2000, 
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Abcam, [ab76287]), anti-nestin (1:500, Santa Cruz Biotechnology, INC [sc-23927]), anti-
vimentin (1:500, Santa Cruz Biotechnology INC [sc-373717]), anti-phospho-SMAD2 (1:1000, 
Cell Signalling [#3108]), anti-SNAI1/Snail1 (1:500, Santa Cruz Biotechnology INC [sc-10433]), 
anti-SLUG/SNAIL2 (1:500, Santa Cruz Biotechnology INC [sc-166476]), anti-ZEB1 (1:500, 
Santa Cruz Biotechnology INC [sc-81428]), anti-ZEB1 (1:500, Santa Cruz Biotechnology INC 
[sc-10572]), Anti-twist (1:1000 Abcam, [ab50581]), anti-active-β-catenin (1:1000, Millipore 
[05-665]), anti-MMP9 (1:5000, Abcam [ab76003]), purified anti-fibronectin (1:2500, BD 
Transduction LaboratoriesTM [610077]), anti-COL5A1 (1:2000, Santa Cruz Biotechnology, 
INC [sc-20648]). After incubation membranes were washed with TBS-T, and reprobed 
with appropriate HRP-conjugated secondary antibodies, anti-mouse immunoglobulin G 
(IgG), anti-rabbit IgG or anti-goat IgG (Dako) for 1 hour at room temperature. Proteins were 
visualized using Amersham Biosciences enhanced chemiluminescence (ECL) detection 
system (GEHealthcare, UK). 

Intracranial injection mouse model

U87 cells, untreated or pre-treated with TGF-β (T) for 96 hours in the presence or absence 
of the TGF-β inhibitor (I) A8301 (Axon Medchem, Groningen) added 2 hours before TGF-β 
addition, were prepared for intracranial injection in NOD scid gamma mice (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ)/NSG mice) obtained as inbred strains from the Central Animal Facility, 
Groningen. A total of 5 animals per condition were used, and 3×105 GG5 cells (1×105/µl 
PBS) were injected in the striatum of the animals using a stereotactic frame. 5×105 cells of 
GG14 and GG16 were injected (3 animals/cell line) to determine tumorigenicity and invasive 
growth. Mice were monitored and euthanized when they presented with neurological signs 
or after being 6 months in the experiment, following which the brains were harvested and 
fixed in 4% paraformaldehyde for 48 hours and embedded in paraffin and prepared for 
IHC. These experiments were approved by the committee for Animal care and conducted in 
compliance with the Animal Welfare Act Regulations.

Short interfering RNA treatment

Validated Stealth RNAi (OriGene SR304746) specific to ZEB1 and β-catenin (Cell signaling 
#6225) was transfected into U87 cells by using Lipofectamine RNAiMAX (Invitrogen) 
according to the manufacturer’s protocol. Trilencer-27 Universal scrambled negative control 
siRNA (OriGene SR30004) was used as negative control. The downregulation of ZEB1 and 
β-catenin was examined using qRT-PCR.
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Quantitative real-time polymerase chain reactions (qRT-PCR)

Total RNA from siRNA-transfected and mock-treated GBM cell lines was isolated using 
RNeasy mini kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer. 
RNA was analyzed quantitatively using a Nanodrop (Nanodrop Technologies, Rockland, DE). 
1μg of total RNA was reverse transcribed into cDNA by a RNase H+ reverse transcriptase 
using iScript cDNA synthesis kit (BioRad, Hercules, CA) according to manufacturer’s 
instructions. The cDNAs were stored at -20 °C. qRT-PCR was performed with a ABI PRISM 
7900HT Sequence Detector (Applied Biosystems, Foster City, CA) with the iTaq SYBR Green 
Supermix with Rox dye (Biorad, Hercules, CA) and amplification was performed with the 
following cycling conditions: 5 minutes at 95 °C, and 40 two-step cycles of 15 seconds at 
95 °C and 25 seconds at 60 °C. The reactions were analyzed by SDS software (Version 2.4, 
Applied Biosystems, Foster City, CA). The threshold cycles (Ct) were calculated and relative 
gene expression was analyzed after normalizing for GAPDH, house-keeping gene. Human 
primers used are listed in Supplemental Table 1.

Statistical analysis

In vitro data are presented as the mean ± standard error of the mean (SEM) using the GraphPad 
Prism version 5.01 (GraphPad for Science, San Diego, CA). Statistical significance was 
calculated by two way student’s t-test and multiple comparisons between different groups 
were performed by one-way ANOVA with Bonferroni post-test unless otherwise mentioned in 
the Figure legends. P-values <0.05 were assumed as statistically significant for all the tests.

Results

Mesenchymal phenotype is associated with enhanced migratory capacity in GBM

First, the characteristics of a newly generated primary GBM monolayer cell line, named GG7, 
were compared to the well-established U87 and U251 GBM cell lines (Figure 1A). GG7 
cells showed a spindle shaped morphology when compared to the other GBM cell lines that 
had a more glial morphology. The expression levels of several neural stem cell/progenitor 
(nestin and vimentin), astrocytic (GFAP) and neuronal (β3-tubulin) markers were examined. 
β3-Tubulin and vimentin were present in all three cell lines, whereas expression of GFAP and 
nestin was variable (Supplemental Figure 1). Based on previously published work [8,13], 
several markers reported as subtype specific were selected, i.e. fibronectin (mesenchymal), 
COL5A1 (mesenchymal), PDGFR-α (proneural) and EGFR (classical). Comparison of marker 
expression by immunofluorescence microscopy showed that GG7 has the highest levels of 
mesenchymal markers whereas U87 and U251 have strong EGFR expression (Figure 1B). 
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Next, we evaluated the migratory potential of U87 cells versus GG7 cells to determine the 
earlier reported notion that mesenchymal GBM cells have enhanced migratory capacity [13]. 
In line with this GG7 cells had a greater migratory capacity than U87 cells (Figure 1C, D). 
The possible contribution of proliferation towards enhanced migration seen in GG7 cells was 
ruled out as GG7 cells were found to divide even slower than U87 cells as determined by 
MTS assay (Supplemental Figure 2).

Figure 1. GBM cells with mesenchymal features have enhanced migratory capacity in vitro. Phase contrast microscopic 
pictures (10×) of the newly generated GBM cell line GG7 along with the commercially available U87 and U251 cells 
(A). Immunofluorescence analysis for mesenchymal (fibronectin, COL5A1), proneural (PDGFR-α) and classical (EGFR) 
markers is depicted (B). A representative wound-healing assay is shown that compares the migratory capacity of U87 
versus GG7 cells at different time points (C). The quantified data is expressed as the mean of a minimum of three 
independent experiments ± SEM (D); ***: P<0.001.
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TGF-β enhances the migratory capacity in GBM cells and promotes a mesenchymal shift in vitro

TGF-β has been reported as a potent inducer of EMT in epithelial cancers [24,27,28]. 
Additionally, TGF-β is also an important component of the GBM microenvironment [17,18,20]. 
Taking these facts into consideration, the effect of TGF-β on U87 and U251 cells, which have 
no or low mesenchymal marker expression, were tested. Exposure to TGF-β (10 ng/ml) for 
96 hours activated phosphorylation of SMAD2 (Figure 2A) and led to a significant change in 
cellular morphology that was characterized by a more stretched and elongated appearance 
and an enhanced scattered growth pattern (Figure 2B). Concomitantly, TGF-β exposure 
enhanced the expression of mesenchymal markers fibronectin and COL5A1 indicative of 
mesenchymal differentiation (Figure 2C). 
 Next, we examined the effect of TGF-β-induced mesenchymal transdifferentiation on the 
migration/invasion capacity of the GBM cells. U251 cells that were pre-treated for 72h with 
TGF-β showed enhanced migratory capacity when compared to the untreated control cells 
in wound-healing assays (Figure 2D, E). To examine invasive properties transwell assays 
were used in which both TGF-β-treated and untreated cells were seeded on inserts coated 
with collagen, and were allowed to migrate towards two sets of chemo-attractants, serum-
free medium supplemented with EGF (100 ng/ml) or medium with 10% FCS. Enhanced 
invasive potential was observed in U87 cells following TGF-β treatment in comparison to 
the non-treated controls (Figure 2F, G). Together these data indicate that TGF-β can induce 
mesenchymal transdifferentiation in GBM cells and promote their migratory and invasive 
potential in vitro.

The TGF-β signaling inhibitor A8301 prevents induced mesenchymal differentiation and migration

To further show the role of the TGF-β pathway for inducing a mesenchymal shift and migration/
invasion in GBM we employed A8301, a potent small molecule blocker of the TGF-β type I 
receptors ALK4, ALK5, and ALK7 [29]. The inhibitor was effective in blocking TGF-β-induced 
phosphorylation of SMAD2 and the upregulation of fibronectin in U87, and U251 cells (Figure 
3A). Also the phenotypic shift induced by TGF-β was completely prevented by A8301 (Figure 
3B). Subsequently, we went on testing the efficacy of the inhibitor in blocking the migration 
and invasion capacity of the GBM cells. U251 cells treated with TGF-β in presence of the 
inhibitor behaved the same as the non-treated controls, while wound closure was complete 
in U251 cells exposed to TGF-β alone (Figure 3C, D). Similar results were seen in transwell 
assays, in which TGF-β-mediated invasion was inhibited by A8301 in U87 cells (Figure 3E, 
F).
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Figure 2. TGF-β induces mesenchymal transdifferentiation in GBM cells that is associated with enhanced migratory 
and invasive capacity. Western blot showing the activation of TGF-β pathway as indicated by the phosphorylation 
of SMAD2 (A). Phase contrast microscopy at 10× magnification showing TGF-β-induced changes in cellular 
morphology in U87 and U251 cells associated with spindle-shaped morphology and a more scattered growth pattern 
(B). Immunofluorescence analysis depicting enhanced expression of the mesenchymal markers fibronectin and 
COL5A1 following TGF-β exposure of U87 and U251 cells; images obtained at 20× magnification (C). A representative 
wound healing assay showing enhanced migratory capacity in U251 cells following exposure to TGF-β compared 
to the untreated group (D). The quantification of the wound closure capacity after 24 hours (n=3) is shown in (E). A 
representative transwell collagen assay, visualized using Coomassie Blue staining, demonstrated enhanced invasive 
capacity following exposure to TGF-β in comparison to untreated counterparts (F). Chemo-attractant was 10% FCS or 
0.1% FCS supplemented with EGF (50 ng/ml). The quantification of the data is depicted in (G), where bars represent 
the mean of three independent experiments (each measured in triplicate) ± SEM; **: P<0.01, ***: P<0.001.
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Figure 3. TGF-β signaling inhibitor A8301 prevents TGF-β-induced mesenchymal shift and enhanced invasive ability 
of GBM cells. Western blots showing inhibition of TGF-β-induced SMAD2 phosphorylation and expression of the 
mesenchymal marker fibronectin following A8301 treatments (0.5 µM, A). Representative blots are shown. Phase 
contrast microscopy pictures were obtained at 10× magnification of U87 and U251 cells treated with TGF-β in presence 
or absence of A8301 in comparison to the untreated controls (B). The inhibitor prevented the phenotypic shift induced 
by TGF-β. Wound-healing assays showed reduced migration of TGF-β treated U251 cells in the presence of A83-01 
after 24 hours (C), of which experiment the quantification is shown in (D). Transwell collagen assays showed reduced 
invasion of U87 cells towards 10% FCS following the addition of A83-01, and representative images of the membranes 
showing invading U87 cells are depicted in (E). The quantification of the invasion assay is shown in (F), in which bars 
represent the mean of three independent experiments ± SEM; **: P<0.01, ***: P<0.001.
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TGF-β enhances U87 xenograft tumor infiltration that is associated with increased mesenchymal 
properties and can be blocked by A8301

In order to further study the relevance of TGF-β in promoting invasion in GBM we employed 
an orthotopic U87 xenograft model in NSG mice. U87 cells were differently pretreated prior 
to injection into the striatum of the mouse brain; Untreated (T- I-), treated with TGF-β in the 
absence of A8301 (T+I-), treated with TGF-β in presence of A8301 (T+I+) and treated with 
A8301 alone (T-I+). Animals in all four experimental conditions developed tumors and were 
sacrificed following presentation of neurological symptoms (Figure 4A). Immunohistochemical 
analyses of the xenografts revealed large ball-shaped tumor masses in the H&E stains. 
The obtained tumor was negative for GFAP and showed high nestin expression and 
week expression of β3-tubulin, and a high proliferation rate as indicated by positive Ki67 
staining (Figure 4B). In agreement to the staining pattern observed the U87 cells used in 
establishing the intracranial tumor were also largely negative for GFAP, however nestin, that 
was absent in the cell line, was drastically enhanced in the tumor and the level of β3-tubulin, 
that was abundant in the cell line, got reduced in the tumor, suggestive of influence of the 
microenvironment on expression of these markers (Supplemental Figure 1). 
 A deeper analysis of the H&E staining pattern revealed an elongated and loose tumor 
structure of TGF-β-treated U87-derived tumors (T+I-) in comparison to the other conditions 
(Figure 4C) thus resembling the above in vitro observations (Figure 2B). Moreover, 
examination of tumor boundaries in nestin-stained samples revealed that cells of T+I- tumors 
infiltrated the adjoining brain, while tumors in the other three conditions had well-defined 
borders with apparently no infiltrating tumor cells (Figure 4D). The less compact growth 
pattern of TGF-β-treated cells may also explain the delayed presentation of neurological 
symptoms in animals of the T+I- group (Figure 4A), as this will likely reduce the rate at 
which intracranial pressure develops. IHC also revealed that the T+I- group retained a 
considerable amount of cells expressing fibronectin (Figure 4E). Further analysis of the tumor 
samples showed in 2 out of 5 animals in the T+I- group a strong infiltration of neutrophils into 
the tumor, which was not observed in the other three groups (Figure 4E). Reticulin staining 
revealed a somewhat denser vasculature in the T+I- condition when compared to the other 
conditions (Figure 4E). Interestingly, neutrophils in the tumor microenvironment have been 
associated with angiogenesis in epithelial cancers [30]. In order to test possible reversibility 
of the TGF-β-induced mesenchymal phenotype in vitro, U87 cells were cultured for 4 days 
with TGF-β and passaged 3 times for 12 days in absence of TGF-β (Supplemental Figure 
3A, B). It was observed that following the withdrawal of TGF-β the cells reverted back to their 
original morphology and lost the expression of fibronectin. Notably, TGF-β-treated U87 cells 
mostly retained the acquired mesenchymal phenotype in mouse brains implying a possible 
role of the microenvironment. 
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Figure 4. TGF-β-treated U87 cells show distinct tumor morphology and enhanced invasion after intracranial injection 
in NSG mice, when compared to untreated cells, which was prevented by co-treatment with A8301. Overview of the 
experimental conditions used for intracranial transplantation (T=TGF-β, I=A8301). Tumor take and the occurrence of 
neurological symptoms are reported per group (A). Immunohistochemical staining was performed on U87 xenografts 
using the indicated markers (B). Representative H&E stained sections are depicted in panel (C) from untreated U87 
xenografts (T-/I-), TGF-β exposed (T+/I-), TGF-β/A8301 exposed (T+/I+), and cells exposed to A8301 alone (T-I+). TGF-
β-treated xenografts showed cells with a more elongated/spindle-shaped cell morphology and appear more loosely 
packed when compared to non-treated, combined A8301 or A8301 alone exposed cells. Nestin-stained xenografts/
normal brain parenchyma borders showed enhanced invasion by groups or individual cells in TGF-β-stimulated 
U87-derived tumors (T+ I-) when compared to the other conditions (D). The expression of the mesenchymal marker 
fibronectin was detected mainly in U87/TGF-β xenografts by immunohistochemistry (E). The T+I- tumors showed 
evidence of enhanced neutrophil infiltration (multinucleated cells, arrows) in H&E stained specimens, and were also 
associated with increased vascularization and thicker basal membranes when compared to the other conditions 
visualized after reticulin staining.

102 | Chapter 5



ZEB1 mediates TGF-β-induced mesenchymal transition in GBM

To obtain insight in the mechanisms underlying TGF-β-induced mesenchymal shift in GBM 
the expression of various transcription factors associated with EMT, such as Snail1, Snail2/
Slug, ZEB1, Twist and β-catenin, was examined in U87 and U251cells. Of these transcription 
factors only TGF-β-dependent upregulation of ZEB1 and β-catenin was observed, concurrent 
with the occurrence of fibronectin, COL5A1 and metalloproteinase (MMP) 9 (Figure 5A). Of 
note, we detected the 124 kDa form of ZEB1 and not the larger ~200 kDA form, which 
both are known to be specific for ZEB1 [31]. The inhibitor A8301 prevented upregulation 
of ZEB1 in U87 and U251 cells and β-catenin in U87 cells as well as of fibronectin and 
COL5A1 in both the cell lines, thus potentially linking ZEB1 and β-catenin to TGF-β-induced 
mesenchymal transition (Figure 5B). 
 ZEB1 and β-catenin both have been reported as mediators of mesenchymal transition 
in other tumor types [24,32]. To examine their role in mesenchymal transition in GBM, the 
subcellular localization of both transcription factors was examined using immunofluorescence 
staining. U87 cells exposed to TGF-β showed nuclear ZEB1, whereas enhanced β-catenin 
expression was largely seen in the cytoplasm with no detectable nuclear translocation 
(Figure 5C). Furthermore, knockdown and chemical inhibition of β-catenin revealed no effect 
on TGF-β-induced mesenchymal transdifferentiation in U87 cells indicating no essential role 
for this protein (data not shown). On the other hand, time course experiments showed that 
ZEB1 accumulation coincided with enhanced expression of COL5A1 and fibronectin in U87 
cells, further suggesting a role of ZEB1 in mesenchymal transdifferentiation (Supplemental 
Figure 4). 
 Indeed, siRNA-dependent silencing of ZEB1 using two different selective siRNAs in 
U87 cells resulted in inhibition of the TGF-β-induced morphological shift, as shown for U87 
in Figure 5D. As controls, the ZEB1 siRNAs effectively reduced ZEB1 transcript levels when 
compared to non-specific siRNAs, and subsequently also reduced induction of fibronectin 
transcripts, as determined by qRT-PCR (Figure 5E). As an additional control, the siRNA-
dependent down-regulation of ZEB1 and the consequent inhibition of fibronectin induction 
upon TGF-β treatment were also evident at protein level (Supplemental Figure 5). Wound-
healing assays showed that ZEB1 silencing reduced TGF-β-induced migration in U87 cells 
(Figure 5F, G). Finally the exposure of mesenchymal GG7 cells to TGF-β could induce a 
further increase in ZEB1 and COL5A1 expression and migratory potential (Supplemental 
Figure 6A-C). Furthermore, the possible involvement of differences in proliferation rates in 
these experiments were ruled out by finding even a reduction in proliferation after TGF-β 
treatment in these cells (Supplemental Figure 2). Together these data indicate a crucial role 
of the TGF-β/ZEB1 axis in mediating mesenchymal transdifferentiation and enhancement of 
the invasive capacity of GBM cells.
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Figure 5. ZEB1 mediates TGF-β-induced mesenchymal transdifferentiation in GBM cells. Western blots showing the 
effect of TGF-β administration on the expression of the indicated proteins, illustrating enhanced expression of the 
transcription factor ZEB1 in association with the upregulation of the mesenchymal markers fibronectin, COL5A1 and 
MMP9 in U87 and U251 cells (A). The canonical Wnt signaling conferring transcription factor β-catenin is also induced 
by TGF-β in U87 cells, of which representative blots are shown. A8301 prevented TGF-β-induced ZEB1 expression 
in GBM cells and inhibited β-catenin accumulation in U87 cells (B). Consistently, induction of mesenchymal marker 
expression was prevented. Representative blots are shown. Immunofluorescence microscopy (40× magnification) 
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showed accumulation and nuclear localization of ZEB1 in U87 cells (C), while β-catenin remained in the cytoplasm. 
Phase contrast microscopy (10× magnification) showed that TGF-β-induced acquisition of a mesenchymal morphology 
in U87 cells is prevented by siRNA-mediated silencing of ZEB1 (D). Three different siRNAs directed against ZEB1 
were used of which the indicated 2 (siZEB1-І and siZEB1-ІІ) were effective in blocking TGF-β-induced mesenchymal 
transdifferentiation when compared to siControl-transfected and mock-treated cells. Expression levels were quantified 
by qRT-PCR and bars represent mean values ± SEM (E). Wound-healing assays showing reduced TGF-β-induced 
migratory activity upon silencing of ZEB1 using siZEB1-I or siZEB1-II (F). The quantification of the experiments is shown 
in (G). Summarized results represent data collected from three independent experiments; *: P<0.05, **: P<0.01, ***: 
P<0.001.

Proneural GBM neurospheres can acquire mesenchymal properties upon intracranial implantation

We continued by investigating whether the GBM subtype of isolated primary GBM 
neurospheres may also show variability in differentiation status and tumor properties. 
Therefore, six newly generated primary neurospheres named GG6, GG9, GG12, GG13, 
GG14 and GG16 (Figure 6A) were first characterized for the expression of mesenchymal, 
and proneural markers using a previously described qRT-PCR-based metagene analysis 
with sets of four proneual and four mesenchymal specific genes [15]. The analysis identified 
GG6 and GG16 to be mostly mesenchymal, and GG9, GG12, GG13 and GG14 to have 
enhanced proneural gene expression (Figure 6B). Overall, the subtype was maintained at 
different passage numbers, although we generally used passage numbers below 10 in our 
experiments.
 Based on the metagene analysis, we selected GG14 and GG16 cells being most 
divergent for comparing tumor growth and invasive behavior of mesenchymal and proneural 
GBM cells. respectively. Upon intracranial implantation in NSG mice both formed equally 
effective invasive tumors, GG14 producing tumors that resemble gliomatosis cerebri (Figure 
6C). Inspection of MRI images obtained from the corresponding patients also showed 
similar tumor growth patterns with massive edema and necrosis (Figure 6D). Further, IHC 
analyses of the GG14 and GG16 xenografts and corresponding patient material revealed 
that both tumors similarly express the established mesenchymal marker YKL40 [7] (Figure 
6E), contrasting the much lower expression level of this marker in GG14 cells in culture 
(Supplemental Figure 7A and E). In addition, both xenografts and patients tumor tissues 
displayed pSMAD2 and ZEB1 staining (Figure 6E). We also observed comparable expression 
patterns of nestin, PDGFR-α, OLIG2, and EGFR between xenografts and the corresponding 
patient material (Supplemental Figure 7B). Thus, the subtype of the cultured neurospheres 
does not necessarily predict tumor growth characteristics in mice and patients, and 
importantly proneural cells can acquire mesenchymal properties. 
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Figure 6. Characterization of patient derived GBM neurospheres indicates that PN cells can gain mesenchymal features 
upon implantation in mice. Morphology of 6 patient-derived neurospheres using phase contrast microscopy, images 
obtained at 10× magnification (A). The heatmap illustrates the predominant signature of the indicated panel of GBM 
neurospheres (B). A qRT-PCR-based proneural/mesenchymal (PN/MES) metagene analysis was performed on each 
sample allowing calculation and comparison of z-scores. Blue shades indicate proneural, and red a mesenchymal 
signature. Included were samples derived from previously subtyped GBM patients representing proneural and 
mesenchymal signatures. For some neurosphere cultures different passage numbers (p) were included. H&E- 
and nestin-stained sections of tumorgrafts derived from the indicated neurospheres showing tumor growth and 
dissemination in the mice brains (C). T2 weighted MRI images of patients from which GG14 and GG16 cell lines were 
derived showing infiltrative GBM with massive edema and necrosis (D). Immunohistochemical staining for YKL40, ZEB1 
and pSMAD2 allows for the comparison of expression levels of these proteins in GG14 and GG16 xenografts in parallel 
with the corresponding patient material (E).
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Figure 7. Neurospheres demonstrate variability in acquiring mesenchymal properties following TGF-β treatment. 
Proneural GG14 neurospheres exposed to TGF-β show enhanced proliferation as indicated by increased neurospheres 
sizes, which could be prevented by the administration of A8301 (A, C). This effect was not observed in GG16 (MES) 
neurospheres (B, D). Data represent the means ± SEM of 3 independent experiments where 30 neurospheres were 
analyzed in each experiment. Western blots showing the effect of TGF-β treatment on GG14 and GG16 in terms of the 
levels of the proneural markers (PDGFR-β, OLIG2) and mesenchymal marker (YKL40) along with ZEB1 and pSMAD2 
(E). Representative transwell membranes showing enhanced infiltrative capacity of TGF-β-treated GG14 neurospheres 
(F), of which the quantification (n=3) is shown in (G); **: P<0.01, ***: P<0.001.
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GG14 and GG16 cells respond differently to TGF-β

We then proceeded by examining the invasive potential of GG14 proneural and GG16 
mesenchymal neurospheres in transwell assays. GG16 cells had a somewhat stronger 
invasive capacity than GG14 cells (Supplemental Figure 8A, B). Next, GG14 and GG16 
neurospheres were treated with TGF-β in the presence or absence of A8301. We noted that 
TGF-β treatment for four days significantly increased the size of the GG14 neurospheres 
and this effect was prevented by A8301. However, TGF-β did not show an effect on GG16 
neurosphere sizes indicative of the involvement of yet unknown cell specific determinants 
(Figure 7A-D). The effect of TGF-β on GG14 neurosphere size is in line with a previous report 
showing TGF-β-dependent enhancement of GBM neurosphere growth [33]. Moreover, TGF-β 
treatment induced phosphorylation of SMAD2 and enhanced ZEB1 expression in GG14 that 
was associated with a reduction of PDGFR-α whereas OLIG2 expression remained the same, 
and a gain of YKL40 expression. GG16 on the other hand did not respond to the TGF-β 
treatment with respect to these markers (Figure 7E). Furthermore, TGF-β exposure enhanced 
GG14 cell invasion as determined in transwell assays (Figure 7F, G). 

Overlapping pSMAD2, ZEB1 and YKL40 expression in patient material

Finally, in order to obtain further evidence for the occurrence of TGF-β-dependent 
mesenchymal transition in GBM, we performed IHC for pSMAD2, ZEB1 and YKL40 detection 
in serial slices from GBM patient material. Frequently, we observed an overlapping pattern of 
zonal expression of these markers in perivascular areas in the patient material (Figure 8A).
Together this gives a clear indication on the role of either autocrine or paracrine produced 
TGF-β in inducing mesenchymal transition as schematically depicted in Figure 8B. This will 
contribute to heterogeneity in GBM. 

Discussion

GBMs of the mesenchymal subclass have been linked with high aggressiveness and 
resistance to treatment, whereas patients with a proneural signature were reported to perform 
better in the clinic with respect to survival and treatment responses [7,8,11]. Interestingly, 
in some patients with recurrent disease a shift from a proneural tumor into a mesenchymal 
subtype was observed and is assumed to be induced by therapy [7]. However, the 
boundaries between different GBM subtypes appear less sharp, and recently the presence of 
a number of different GBM subtypes within the same tumor was demonstrated by comparing 
transcriptional profiles of different spatially distinct GBM fragments in one patient [34]. 
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Figure 8. Local/Regional mesenchymal transition can be detected in GBM patient material. Immunohistochemical 
staining for pSMAD2, ZEB1 and YKL40 in consecutive sections detects overlapping expression patterns of pSMAD2, 
ZEB1 and YKL40 in perivascular areas in GBM patient tissue (A). The model illustrates how pSMAD2 and ZEB1 mediate 
TGF-β-induced mesenchymal transition in GBM (B). TGF-β may be produced by tumor cells, microglia or other stromal 
cells leading to a local induction of mesenchymal properties in GBM, which contributes to GBM subtype heterogeneity.

 As proposed, this may reflect coexisting cell lineages within the same tumor. However, 
it is also likely that tumor cell microenvironment interactions will have an impact on subtype 
status and thus tumor aggressiveness in GBM, similar as has been found for epithelial tumors 
[35].
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 In this report, we provided evidence for this hypothesis by demonstrating that TGF-β, 
well-known for its ability to induce EMT in epithelial cancers, can induce a ZEB1-dependent 
mesenchymal transdifferentiation in GBM. TGF-β is known to be abundantly present in the 
tumor microenvironment of GBM and has been linked to multiple processes associated with 
GBM, such as angiogenesis, invasion/migration, immunosuppression, and stemness [17,18]. 
We show that this mesenchymal shift in GBM is associated with enhanced migration and 
invasion capacity of tumor cells in cell culture and intracranial mouse models. Treatment with 
the TGF-β signaling inhibitor A8301 as well as ZEB1 knockdown prevented the acquisition 
of mesenchymal marker expression and morphological changes thus linking mesenchymal 
differentiation in GBM with enhanced tumor cell invasion through the TGF-β/ZEB1 axis. 
Interestingly, and in line with our observations of the importance of ZEB1, is a recent report 
showing that the ZEB1-mir-200 feedback loop is involved in invasion, chemoresistance and 
tumorigenesis in glioblastoma, regulating the expression of, amongst others, MGMT and 
CD133 [36]. In addition, we also observed differences in tumor vasculature and enhanced 
infiltration of neutrophils in TGF-β-treated implanted U87 cells, although not consistently. 
The TGF-β-induced mesenchymal shift was mainly detected in GBM cells with low or 
absent mesenchymal marker expression, but also GG7 GBM cells with already elevated 
mesenchymal marker expression showed enhanced mesenchymal properties and elevated 
ZEB1 expression and migration following TGF-β treatment. 
 When comparing the tumorigenic potential of GG14 PN and GG16 MES neurospheres 
upon intracranial injection in mice, we did not observe clear differences. Both formed 
invasive tumors with extensive disseminated growth of GG14. In line with this MRI scans 
of the corresponding GG14 and GG16 patients showed similar growth properties of the 
tumors. Notably, IHC analyses of the xenografts and the corresponding patient material 
also showed heterogeneous expression of proneural and mesenchymal markers, along with 
pSMAD2 and ZEB1 staining. Activation of this pathway and the acquisition of mesenchymal 
marker expression could involve cues from the microenvironment, including murine TGF-β, 
since TGF-β is highly homologous in higher vertebrates and cross species activity was 
demonstrated previously [37,38]. On the other hand, in vitro assays identified differences 
between proneural GG14 and mesenchymal GG16 cells. GG16 was somewhat more 
invasive in transwell assays but did not show an apparent increase in invasiveness after 
TGF-β treatment. In contrast, the invasive capacities as well as growth properties of GG14 
cells were enhanced by TGF-β exposure. In agreement to this finding TGF-β could induce 
pSMAD2 and ZEB1 expression in GG14, whereas in GG16 cells already considerable 
expression of these proteins could be detected. Apparently GBM cells have an inducible or 
already activated TGF-β/ZEB1 pathway in a cell specific way. A possible autocrine activation 
of this pathway appears not necessarily to be involved since A8301 addition to both GG7 
and GG16 cells did not affect pSMAD2 or ZEB1 levels. The molecular mechanism involved 
in inherent activation of the pSMAD2 and ZEB1 remains to be elucidated. Regardless of this 
our results show that TGF-β-induced signaling can lead to a gain in mesenchymal marker 
expression and invasive behavior in GBM.
 TGF-β-dependent activation of ZEB1 has been reported in other tumor types. For 
example, recently non-cancer stem cells (CSCs) of human basal breast cancer were shown 
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to be able to switch to a CSC state as a result of ZEB1 activation [39]. Plasticity of these 
cells involved a bivalent chromatin configuration of the ZEB1 promoter, allowing an effective 
transcriptional response to microenvironmental signals as was shown towards TGF-β in this 
model. In GBM it has been reported that TGF-β enhances self-renewal potential in glioma-
initiating cells through the secretion of leukemia inhibitory factor (LIF) [33]. If the TGF-β-
induced mesenchymal status in GBM, as we report here, leads to enhanced stemness 
remains to be investigated.
 Recently, microglia-derived TNF-α was reported to induce a mesenchymal state in 
a subset of proneural GBM neurospheres through activation of NF-κB [15]. A correlation 
was found between mesenchymal signature, CD44 expression and NF-κB activation and 
a poor response to radiotherapy and shorter survival. Our finding that TGF-β can induce 
mesenchymal transition provides another secretory factor able to trigger mesenchymal 
differentiation in GBM, thus contributing to tumor heterogeneity and enhanced tumor 
aggressiveness. Therapeutic strategies aimed at preventing mesenchymal transition, either 
at the level of the initiating signal or downstream i.e. ZEB1, offer attractive strategies for the 
treatment of a subset of GBM patients.
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Supporting information

Supplemental Figures

Supplemental Figure 1. Western blots comparing the expression levels of β3-tubulin, GFAP, nestin and vimentin in U251, 
U87 and GG7 cell lines.

Supplemental Figure 2. MTS assay showing the proliferative rates of U87 and GG7 cells in the presence and absence 
of TGF-β.
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Supplemental Figure 3. The TGF-β-induced mesenchymal phenotype disappears after withdrawal of TGF-β stimulation 
in U87 cells. U87 cells were exposed to TGF-β (10 ng/ml) for 4 days leading to a mesenchymal morphological change 
(A). Upon withdrawal of TGF-β the U87 cells reverted back to their original morphology at the day 4 in the absence 
of TGF-β and continued to maintain their original morphology when followed for 3 passages (12 days). Western blots 
showing loss of pSMAD2 and fibronectin expression after TGF-β withdrawal (B).

Supplemental Figure 4. Time course experiment of TGF-β-induced changes in morphology and protein expression. 
U87 cells where exposed to TGF-β (10 ng/ml) for different time intervals ranging from 3 to 96 hours (A). Morphological 
changes became apparent after 24 hours and as time progressed the phenotype became more pronounced. Western 
blots show the concurrent appearance of fibronectin and COL5A1 expression with the induction of ZEB1 (B).
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Supplemental Figure 5. Silencing of ZEB1 prevents mesenchymal marker induction upon TGF-β stimulation. The 
western blot analysis demonstrates the downregulation of ZEB1 and mesenchymal marker fibronectin following ZEB1 
siRNA transfection. ZEB1 silencing then prevents the induction of fibronectin in TGF-β-treated U87 cells 48 hours after 
stimulation. TGF-β treatment was for 48 hours, after an initial siRNA incubation of 24 hours.

Supplemental Figure 6. GG7 cells acquire enhanced mesenchymal properties and migration potential upon TGF-β 
exposure. The exposure of mesenchymal GG7 cells to TGF-β resulted in pSMAD2 induction along with the upregulation 
of ZEB1 and mesenchymal marker COL5A1 (A). Wound-healing assays indicated enhanced migratory potential in GG7 
cells following TGF-β administration (B), of which the quantification of three independent experiments is shown in (C); 
**: P<0.01.
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Supplemental Figure 7. GG14 and GG16 cell lines display differential expression of YKL40, but the corresponding 
xenografts show patterns that are similar to the patterns observed in the parental patient tumors. Western blot analysis 
shows differential expression of YKL40 in GG14 and GG16 neurospheres (A). Immunohistochemical staining was used 
to compare the expression of the indicated proteins between GG14 and GG16 xenografts and the corresponding 
patient material (B). Nestin-positive tumor cells show considerable similarity in the expression of PDGFR-α, OLIG2 and 
EGFR. 
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Supplemental Figure 8. Transwell assays comparing the invasive capacity of GG14 and GG16 cells. Representative 
membranes are shown of three independent experiments (A), of which the quantification is presented in (B); ***: 
P<0.001.
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Supplemental Table

Supplemental Table 1. Sequences mRNA primers.

PRIMER SEQUENCE

GAPDH Fwd 5’ CACCACCATGGAGAAGGCTGG 3`

GAPDH Rev 5` CCAAAGTTGTCATGGATGACC 3`

ZEB1 Fwd 5` GCACCTGAAGAGGACCAGAG 3`

ZEB1 Rev 5` TGCATCTGGTGTTCCATTTT 3`

COL5A1 Fwd 5` GCATTTCCCGAGGACTTCTCC 3`

COL5A1 Rev 5` AATCTGCTGGATACCCTGCTC 3`

FN1 Fwd 5` TGGACCAAGTTGATGACACC 3`

FN1 Rev 5` CACCAGGTTGCAAGTCAC 3`
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Abstract

Glioblastoma (GBM) is the most common brain tumor in adults and the mesenchymal GBM 
subtype was reported to be the most malignant, presenting severe hypoxia and necrosis. 
Here, we investigated the possible role of a hypoxic microenvironment for inducing a 
mesenchymal and invasive phenotype. The exposure of non-mesenchymal SNB75 and U87 
cells to hypoxia induced a strong change in cell morphology that was accompanied by 
enhanced invasive capacity and the acquisition of mesenchymal marker expression. Further 
analyses showed the induction of HIF-1α and HIF-2α by hypoxia and exposure to digoxin, a 
cardiac glycoside known to inhibit HIF-1/2 expression, was able to prevent hypoxia-induced 
mesenchymal transition. ShRNA-mediated knockdown of HIF-1α, and not HIF-2α, prevented 
this transition, as well as the knockdown of the EMT transcription factor ZEB1. We provide 
further evidence for a hypoxia-induced mesenchymal shift in GBM primary material by 
showing co-localization of GLUT1, ZEB1 and mesenchymal marker YKL40 in hypoxic regions 
of the tumor. Collectively, our results identify a HIF-1α–ZEB1 signaling axis that promotes 
hypoxia induced mesenchymal shift and invasion in GBM in a cell line dependent fashion.
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Introduction

Glioblastoma (GBM) is the most aggressive brain tumor, and despite multimodal treatment 
with surgery, radiation and chemotherapy patients generally show incurable relapse 
of the disease [1]. The median survival time of patients with GBM is less than 16 months 
even after optimal treatment [2]. Recent advancements in genomic sequencing and 
transcriptome analyses have stratified GBM into different molecular subtypes [3,4], of which 
the mesenchymal (MES) and proneural (PN) subtypes appear to be the most pronounced 
[5]. A mesenchymal phenotype in GBM has been associated with tumor aggressiveness 
and elevated invasive potential [4,6]. Interestingly, high levels of tumor necrosis were 
observed in tumors of patients having a mesenchymal subtype [4]. Furthermore, a recent 
study demonstrated that GBM cells surrounding necrotic zones and suffering from hypoxic 
conditions express high levels of the mesenchymal transcription factors C/EBP-β and C/
EBP-δ and, in addition, the expression of these transcription factors was associated with a 
poor prognosis [7].
 GBMs generally display rapid cell proliferation and inadequate vascularization leading 
frequently to tumor areas with insufficient oxygen supply [8]. This chronic exposure to 
extremely low levels of oxygen frequently produces necrotic zones surrounded by densely 
packed hypoxic tumor cells. These so-called pseudopalisading GBM cells were shown 
to express hypoxia-regulated genes that control crucial processes associated with tumor 
aggressiveness such as angiogenesis, extracellular matrix degradation, and invasive 
behavior [7,9]. Hypoxia is also a well-recognized component of the tumor microenvironment 
and has been linked to poor patient outcome and resistance to therapies in different cancer 
types [10-15].
 The cellular responses to hypoxia are generally mediated by the hypoxia-inducible factor 
(HIF) family of transcription factors [16,17]. HIFs function as heterodimers composed of an 
oxygen-sensitive HIF-α subunit and a constitutively expressed HIF-β subunit. Under normoxic 
conditions, HIF-α is subjected to proteasomal degradation as a result of ubiquitination by 
the von Hippel–Lindau (vHL) tumor-suppressor gene product. Under hypoxic conditions, 
however, the interaction between HIF-α and vHL is abrogated and as a consequence of 
this the HIF-α subunit is stabilized, thereby allowing dimerization with HIF-β and subsequent 
binding to hypoxia-responsive elements (HREs) in the promoters of hypoxia-regulated 
genes. In this way the transcription of hundreds of downstream genes are regulated that 
can modulate cell survival, motility, metabolism and angiogenesis in order to restore oxygen 
homeostasis [16,18,19]. Two HIF-α subunits, HIF-1α and HIF-2α, are structurally similar in 
their DNA binding and dimerization domains, but show differences in their transactivation 
domain. HIF-1α and HIF-2α are known to have non-overlapping biological roles each having 
unique target genes and requiring different levels of oxygen for activation [20].
 Hypoxia is a well-known inducer of the epithelial to mesenchymal transition (EMT) 
program in epithelial cancers like pancreatic ductal adenocarcinoma [21], hepatocellular 
carcinoma [22], ovarian carcinoma [23] and lung cancer [24]. EMT can contribute toward the 
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invasion–metastasis cascade by inducing mesenchymal properties in tumor cells, including 
anoikis resistance and the ability to migrate and invade surrounding tissues [25]. Although 
the invasive phenotype of GBM is one of the major reasons for the poor prognosis associated 
with this disease, the involvement of hypoxia-induced mesenchymal transition has been 
hardly explored [26,27].
 In the present study we examined whether hypoxia can induce a mesenchymal shift in 
GBM cells and explored the consequences for their invasive behavior and the underlying 
molecular mechanisms involved. We provide evidence for the concept that GBM cells 
undergo a mesenchymal transition in necrotic areas of the tumor thus facilitating the invasive 
behavior of the tumor.

Materials and methods

Cell lines and treatments

The human GBM cell lines U87 and SNB75 were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and U251 was obtained from the CLS Cell Lines 
Service GmbH (Eppelheim, Germany). U87 was cultured on cell culture flasks pre-coated with 
1% gelatine from porcine skin (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands) 
in Dulbecco’s modified Eagle’s Medium high glucose (DMEM-Hg) (Gibco Life Technologies, 
Bleiswijk, The Netherlands) medium supplemented with 10% FCS and 1% pen/strep (Gibco 
Life Technologies). SNB75 and U251 did not require gelatin coating of the flasks. Cell lines 
were maintained at 37 °C in a humidified atmosphere with 5% CO2. When indicated, cells 
were treated with the HIF-1α and HIF-2α inhibitor digoxin (Axon Medchem, Groningen, The 
Netherlands). The inhibitor was added at a concentration of 150 nM 2 hours prior to exposing 
the cells to hypoxia.
 For hypoxia treatment, cells were first maintained in the regular normoxic incubator for 
around 12 h until the cells attached to the flasks. Following this the flasks were transferred 
to the tri-gas incubator (Sanyo MCO 18M, from Sanyo E&E Europe BV, Etten-Leur, The 
Netherlands) filled with 1% O2, 5% CO2 and 94% N2, at 98% humidity and 37°C.

Western blotting

Preparation of protein lysates and Western blotting was carried out as described previously 
[28]. The membranes were probed with antibodies against HIF-1α (1:1000, abcam [ab2185], 
Cambridge, UK), HIF-2α (1:500, abcam [ab199]), SNAI1/SNAIL1 (1:500, Santa Cruz 
Biotechnology Inc [sc-10433], Santa Cruz, CA, USA), SLUG/SNAIL2 (1:500, Santa Cruz 
Biotechnology Inc [sc-166476]), ZEB1 (1:500, Santa Cruz Biotechnology Inc [sc-81428]), 
Twist (1:1000 abcam, [ab50581]), fibronectin (1:2500, BD Transduction Laboratories 
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[610077], Franklin Lakes, NJ, USA) and COL5A1 (1:2000, Santa Cruz Biotechnology, Inc 
[sc-20648]). β-Actin (1:10,000, MP Biomedicals [08691001], Duiven, The Netherlands) 
expression levels served as loading control. After incubation with primary antibodies 
membranes were washed with TBS-T (20 mmol/l Tris–HCL (pH 8.0), 137 mmol/l NaCl and 
0.1% Tween-20), and reprobed with appropriate HRP-conjugated secondary antibodies, anti-
mouse immunoglobulin G (IgG), anti-rabbit IgG or anti-goat IgG (Dako, Glostrup, Denmark) 
for 1 hour at room temperature. Proteins were visualized by chemiluminescence using BM 
chemiluminescence detection kit (Roche Applied Science, Almere, The Netherlands).

Immunofluorescence microscopy

Cells cultured on poly-L-lysine (Sigma-Aldrich)-coated cover slips were fixed for 10 minutes 
using 4% formaldehyde. After 3 times washing with cold PBS, cells were permeabilized 
with 0.1% Triton (Sigma-Aldrich) in PBS, washed again with PBS followed by a blocking 
step for 1 hour with PBS with 0.1% Tween-20 (Sigma-Aldrich), 2% BSA (PAA Laboratories 
GmbH, Colbe, Germany) and 1:50 dilution of normal goat serum (Dako). Subsequently, 
cells were incubated with the indicated primary antibodies at room temperature for 
1.5 hours. Primary antibodies used were: purified anti-fibronectin (1:100, BD Transduction 
Laboratories [610077]), anti-COL5A1 (1:200, Santa Cruz Biotechnology [sc-20648]), anti-
HIF-1α (1:1000, abcam [ab2185]), anti-HIF-2α (1:100, abcam [ab199]) and anti-ZEB1 
(1:50, Santa Cruz Biotechnology Inc [sc-10572]). After 4 times washing with PBS, slides 
were incubated for 1 hour with appropriate secondary antibodies: goat anti-mouse Alexa 
488 (1:200, Life Technologies), Donkey anti-goat Alexa 488 (1:200) or goat anti-rabbit IgG 
Antibody, Cy3 conjugate (1:400, Millipore [AP132 C]). Hoechst (Sigma H6024) staining was 
performed for 5 minutes followed by mounting of the coverslips with Kaisers glycerin (Merck, 
Darmstadt, Germany). Cells were examined by fluorescent microscopy (Leica DM6000, 
Leica Microsystems GmbH, Mannheim, Germany) and images were captured using a Leica 
DFC360 FX camera.

Transwell invasion assay

The invasion potential was determined on Gelatin-coated transwell inserts with 8 µm pore 
size (Becton Dickinson B.V., Breda, The Netherlands). For this, cells were trypsinized and 
resuspended in 0.1% FCS containing medium. 150 µl of a cell suspension containing 5×104 
cells was added to the transwell in triplicates per condition. 10% FCS or 0.1% FCS was 
added to the lower wells as chemoattractants. Cells that migrated/invaded and appeared 
on the bottom surface of the transwell insert membrane were fixed with 75% methanol/25% 
acetic acid for 20 minutes and stained with 0.25% Coomassie blue in 45% methanol/10% 
acetic acid followed by washing with demi water. The membranes were subsequently cut 
out and mounted on microscopic slides for quantification. Representative pictures of the 
membranes with cells were acquired at 5× magnification and the total number of cells on fifty 
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individual fields per membrane were counted; average numbers and standard deviations of 
invading cells for every condition were calculated.

Wound-healing assay

The migratory capacity of cells was determined by wound-healing assays. Briefly, 2×105cells 
were seeded on poly-L-Lysine (Sigma-Aldrich) coated 6-well plates in culture medium; upon 
confluency a scratch was made using a P10 pipette tip. The rate of wound closure was 
monitored at different time points under a microscope.

Short interfering RNA silencing

Validated Stealth RNAi (OriGene SR304746, Rockville, MD, USA) specific for ZEB1 
was transfected into U87 cells by using Lipofectamine RNAiMAX (Invitrogen, Leek, The 
Netherlands) according to the manufacturer’s protocol. Trilencer-27 universal scrambled 
negative control siRNA (OriGene SR30004) was used as negative control. For shRNA 
silencing, a lentiviral vector expressing a short hairpin against HIF-1α was made by 
cloning the hairpin sequence from pSuper-puro-HIF1a1470 (kindly gifted by Daniel Chung, 
Massachusetts General Hospital, Boston, Massachusetts) into the pLVUT vector [29]. A 
short hairpin sequence against HIF-2a was constructed by cloning the hairpin sequence 
from pRetro-Super-HIF2a (obtained from Addgene, Cambridge, MA, USA, number 22100) 
into the pLVUT vector. A control vector was generated by cloning a hairpin against firefly 
luciferase into the pLVUT vector. Viral particles were generated and lentiviral transductions 
were performed to generate stable knockdowns as previously described [29]. In summary, 
lentiviral particles were harvested in DMEM-Hg medium and stored at -80 °C until further use. 
Cultured U87 cells were transduced in 3 consecutive rounds within 8–12 h intervals between 
each round with lentiviral supernatant supplemented with polybrene (0.004 mg/ml).

Immunohistochemistry

Formalin fixed paraffin-embedded 3 µm thick consecutive tissue sections were mounted on 
microscope slides and dried overnight at 55 °C. Tissue sections were deparaffinized in xylol 
and rehydrated in graded series of ethanol, and stained with hematoxylin and eosin (H&E). 
Antigen retrieval was performed using microwave pretreatment in pH 6.0 citrate buffer. 
Sections were treated with 0.3% H2O2 for 30 minutes and blocked for 1 hour with 2% BSA to 
reduce non-specific primary antibody binding. Incubation with the following antibodies was 
performed overnight at 4 °C: anti-ZEB1 (1:150, Sigma-Aldrich), anti-GLUT1 (1:100, Abcam) 
and anti-YKL40 (1:200, Santa Cruz Biotechnology Inc).
 As negative controls, primary antibodies were omitted. After incubation with primary 
antibodies suitable secondary antibodies conjugated to peroxidase (Dako) and appropriate 
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tertiary antibodies conjugated to peroxidase (Dako) were used. Staining was visualized by 
3,3′-diaminobenzidine and sections were counterstained with hematoxylin and mounted. 
Images of relevant sections were acquired using a C9600 NanoZoomer (Hamamatsu 
Photonics KK, Hamamatsu City, Japan).

Statistical analysis

In vitro data of three independent experiments were represented as the mean ± standard 
error of the mean (SEM) in the form of graphs using the GraphPad Prism version 5.01 
(GraphPad for Science, San Diego, CA). Statistical significance was calculated by Student’s 
t-tests unless otherwise mentioned in the Figure legends. P-values <0.05 were assumed as 
statistically significant for all the tests.

Results

Hypoxia induces a phenotype shift and increases migration/invasion in GBM cells

The exposure of U87, SNB75 and U251 cells to hypoxia (1% O2) for 72 hours resulted in 
a marked difference in their morphology compared to normoxia (20% O2) cultured cells 
particularly in U87 and SNB75. Under hypoxic conditions the cells had a more elongated 
morphology and were more loosely clustered than normoxia cultured cells (Figure 1A). The 
migration/invasion potential of U87 cells was tested using gelatin-coated transwell inserts. 
Hypoxia exposed cells demonstrated almost double the amount of migratory/invasive cells 
in comparison to cells cultured under normoxic conditions (Figure 1B, C).

Hypoxia promotes mesenchymal transdifferentiation that is associated with accumulation of nuclear 
HIF-1α, HIF-2α and ZEB1

We next explored if the hypoxia-dependent change in morphology could be the result of 
mesenchymal transition in GBM cells. Therefore the expression of several mesenchymal 
markers was examined by immunofluorescence microscopy in U87, SNB75 and U251 cells 
under hypoxic and normoxic conditions. Previously we found U87 and U251 to represent 
predominantly the classical/proneural subtype [28], and SNB75 cells also appeared to be 
mostly non-mesenchymal lacking fibronectin and COL5A1 expression (Figure 2B). A strong 
induction of fibronectin and COL5A1 expression was seen under hypoxic conditions in U87 
and SNB75 (Figure 2A, B), whereas the basal expression levels of YKL40 and vimentin 
remained unaltered (data not shown). In contrast, in U251 cells no such inductions were 
observed (Figure 2C) and rather a reduction in migration potential under hypoxic conditions 
was observed in wound-healing assays (Supplemental Figure 1A, B).
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Figure 1. Hypoxia induces a phenotypic shift and enhances the invasive phenotype in GBM cells. Representative Phase 
contrast microscopic pictures (10× magnification) of U87 and SNB75 cells undergoing phenotypic shift characterized 
by a more elongated and stretched morphology under hypoxia in comparison to the cells in normoxia, while U251 cells 
appear less affected by hypoxia (A). A representative transwell assay showing Coomassie Blue-stained U87 cells on 
the insert membranes, demonstrating enhanced invasive capacity under hypoxic conditions in comparison to cells 
under normoxia (B). Media containing 0.1% FCS was used as the control and 10% FCS served as the chemo-attractant. 
The quantification of the data is depicted as the mean of three independent experiments measured in triplicate ± SEM 
(C); **: P < 0.01.

 To explore the underlying mechanism of the hypoxia-induced mesenchymal shift 
we employed U87 cells and performed western blot analyses to evaluate the expression 
levels of HIF-1α and HIF-2α along with EMT-inducing transcription factors such as Snail1, 
Snail2/Slug, ZEB1 and TWIST, and fibronectin and COL5A1. The expression of both HIF-
1α and HIF-2α was strongly induced together with the mesenchymal markers fibronectin 
and COL5A1, and out of the transcription factors tested we could detect only ZEB1 to be 
significantly upregulated under hypoxia (Figure 2D). Of note, we detected the 124 kDa form 
of ZEB1 and not the larger ~200 kDa form, which are both known to be specific for ZEB1 
[30]. Further, immunofluorescence analysis revealed nuclear localization of HIF-1α, HIF-2α 
and ZEB1 in U87 cells under hypoxic conditions, while under normoxia little or no nuclear 
expression of these transcription factors was detected (Figure 2E). Of note, U251 cells that 
did not demonstrate a hypoxia-induced gain in mesenchymal marker expression showed 
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nuclear translocation of HIF-α, but not of ZEB1 (Supplemental Figure 1C, D). Time-course 
experiments showed accumulation of HIF-1α, HIF-2α and ZEB1 after 6 and 12 hours hypoxia 
exposure and mesenchymal differentiation became evident after 48 hours exposure as 
indicated by the appearance of fibronectin expression (Supplemental Figure 2). Thus, these 
results suggested the involvement of HIF-1α, HIF-2α and ZEB1 in inducing a mesenchymal 
shift.

Figure 2. Hypoxia induces a mesenchymal shift in GBM. Immunofluorescence analysis for mesenchymal markers 
(fibronectin and COL5A1) in U87, SNB75 and U251 cells exposed to hypoxia in comparison to normoxic growth 
conditions (20× magnification, A-C). Western blots show the elevated expression levels of multiple markers associated 
with a mesenchymal phenotype in U87 cells when cultured under hypoxic conditions (D). Immunofluorescence analysis 
revealed nuclear localization of HIF-1α, HIF-2α and ZEB1 in U87 cells exposed to hypoxia (40× magnification, E).

Digoxin effectively inhibits the hypoxia-induced mesenchymal shift and increase in invasion

To investigate further the role of HIFs in the hypoxia-induced mesenchymal shift, we employed 
a cardiac glycoside, digoxin, a well-known inhibitor of HIF-1α and HIF-2α. Digoxin is known to 
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have modest effects on global protein synthesis but is a very potent inhibitor of HIF-1α mRNA 
translation [31]. Different concentrations of digoxin were tested in hypoxia-exposed U87 
cells to examine which dose was effective in blocking the phenotypic shift. A concentration 
of 150 nM appeared effective and was also able to inhibit the accumulation of HIF-1α and 
fibronectin at the protein level (Supplemental Figure 3A, B). Higher concentrations of digoxin 
appeared toxic to the cells. 

Figure 3. Digoxin prevents the hypoxia-mediated induction of the mesenchymal shift and associated invasion. 

Representative phase contrast microscopic pictures (10× magnification) show the effect of hypoxia on the morphology 
of U87 cells in the presence and absence of digoxin (A). Western blots show the effect of digoxin on the expression of 
the indicated proteins in hypoxia exposed U87 cells (B). A representative transwell assay showing Coomassie Blue-
stained U87 cells on the membrane inserts (C). The quantification of the transwell assay is depicted in (D). The bars 
represent the mean of 3 independent experiments (each measured in triplicate) ± SEM; **: P< 0.01.
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 Digoxin added 2 hours prior to placing the cells under hypoxia effectively prevented 
the phenotypic shift and western blot analysis further revealed that digoxin also prevented 
largely the induction of HIF-1α and HIF-2α together with that of ZEB1, fibronectin and COL5A1 
(Figure 3A, B). Next we examined the effect of digoxin on the hypoxia-dependent increase 
of migration/invasion in U87 cells; a significant reduction (~2 fold) in the invasive potential 
of these cells was seen (Figure 3C, D), indicating essential roles of HIF-1α and/or HIF-2α in 
mesenchymal differentiation and enhanced invasive potential.

HIF-1α is instrumental for the induction of ZEB1, a mesenchymal shift and increased migration/invasion 
under hypoxia

We proceeded by examining which of the two HIFs are instrumental for inducing a 
mesenchymal shift. U87 cells were generated in which either HIF-1α or HIF-2α expression was 
stably silenced using selective shRNAs and control scrambled shRNA encoded by lentiviral 
vectors. Effective knockdown was confirmed at the protein level by western blotting and we 
found that the silencing of HIF-1α and not HIF-2α effectively prevented the induction of ZEB1 
and fibronectin expression under hypoxia (Figure 4A). In line with this, control and HIF-2α 
knockdown cells showed the characteristic shift in morphology upon hypoxia, whereas HIF-
1α knockdown cells appeared similar to normoxia cultured U87 cells (Figure 4B). The HIF-1α 
knockdown cells also showed a clear decline in the invasive potential in comparison to the 
HIF-2α knockdown and control cells under hypoxic conditions (Figure 4C, D).

ZEB1 mediates the hypoxia-induced mesenchymal shift and invasive phenotype

To further examine the role of ZEB1 we silenced the expression of ZEB1 with 2 different 
specific siRNAs in comparison to scrambled siRNAs. Exposure of siZEB1-I and siZEB1-
II-transfected U87 cells to hypoxia prevented the phenotypic shift while the control cells 
(mock and scrambled siRNA-treated) showed a visible morphological shift under hypoxia 
(Figure 5A). Western blotting confirmed inhibition of ZEB1 induction by hypoxia in the specific 
ZEB1 siRNA-transfected U87 cells together with an absence of fibronectin and COL5A1 
accumulation (Figure 5B). In ZEB1 knockdown cells HIF-1α induction remained as strong as 
in control cells indicating that HIF-1α acts upstream of ZEB1 in triggering a mesenchymal shift 
under hypoxia (Figure 5B). Significant reduction in the invasive potential was also observed 
in U87 cells under hypoxia following the silencing of ZEB1 (Figure 5C, D). This indicates that 
ZEB1 is a crucial mediator of the hypoxia-induced HIF-1α dependent mesenchymal shift and 
the invasive phenotype of these GBM cells.
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Figure 4. HIF-1α knockdown prevents hypoxia-induced mesenchymal transition. Western blot analyses show effective 
downregulation of HIF-1α and HIF-2α in U87 cells following shRNA-mediated gene silencing and exposure to hypoxia 
(A). The effects on ZEB1 and fibronectin expression levels were also examined. Representative phase contrast 
microscopic pictures (10× magnification) illustrated that U87 cells transfected with shHIF-2α or shSCR underwent a 
phenotypic shift under hypoxia, whereas U87-shHIF-1α cells largely retained their original morphology under hypoxic 
conditions (B). Representative pictures are displayed of a transwell assay showing Coomassie Blue-stained U87 
(shSCR, shHIF-1α, shHIF-2α) cells on the membrane inserts (C). A decreased invasive potential of HIF-1α knockdown 
cells under hypoxia was seen. 0.1% FCS containing media was used as the control and 10% FCS served as the chemo-
attractant. Quantified data for the number of invading cells per field are shown in (D) as mean ± SEM of 3 independent 
experiments; **: P<0.01, ***: P<0.001.
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Figure 5. ZEB1 silencing effectively prevents the hypoxia-induced mesenchymal shift and invasion. siRNA-mediated 
silencing of ZEB1 effectively prevented the hypoxia-induced phenotypic shift in U87 cells in comparison to the Mock 
and si-negative control treated cells (A). Representative phase contrast microscopic pictures (10× magnification) are 
shown. Western blot analysis showed the downregulation of ZEB1 following ZEB1-targeted siRNA administration, and 
the levels of HIF-1α, fibronectin and COL5A1 are also shown (B). A representative transwell assay showing Coomassie 
Blue-stained U87 cells on the membrane inserts, demonstrates decreased invasive potential under hypoxia following 
silencing of ZEB1 expression in comparison to the mock and negative siRNA-treated cells (C). The quantification of the 
number of invading cells per field is shown in (D), where bars indicate the average invading cells/field of 3 independent 
experiments ± SEM; ***: P<0.001.

Overlapping GLUT1, ZEB1 and YKL40 expression in patient material

Finally, in order to examine whether hypoxia-induced mesenchymal transition may 
also be relevant in patient tumors, we selected GBM patient material showing multiple 
pseudopalisading necrotic regions as was determined by H&E staining (Figure 6A). 
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Figure 6. Local/regional mesenchymal transition detected in hypoxic zones in GBM patient material. Photomicrograph 
of H&E-stained (original magnification 4×) GBM patient material showing pseudopalisading necrosis characterized by 
a garland-like arrangement of hypercellular tumor nuclei (arrows) lining up around irregular foci of tumor necrosis (A). 
Immunohistochemical staining for GLUT1, ZEB1 and YKL40 in consecutive sections detected overlapping expression 
patterns of these markers in pseudopalisading cells (100× original magnification, B). The areas indicated with boxes 
are enlarged; asterisk: necrotic region.

 Subsequently, we performed immunohistochemical staining on serial sections made 
from this material for GLUT1, a hypoxia marker, ZEB1 and the mesenchymal marker YKL40. 
Interestingly, we noticed an overlapping expression of these markers in the hypercellular 
zones/pseudopalisades surrounding the necrotic foci (Figure 6B). Taken together this 
provides further evidence for a link between hypoxia and ZEB1-mediated mesenchymal 
transition in GBM.
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Discussion

Hypoxic regions are frequently found in GBM and the presence of extensive hypoxic 
areas has been associated with worse prognosis in GBM patients, which has been linked 
to hypoxic cancer cells displaying a more malignant phenotype and being more resistant 
to chemotherapy and radiation [32-34]. The HIF transcription factors are instrumental for 
orchestrating adaptive responses to cope with oxygen shortage, and particularly HIF-1α 
is key in inducing expression of glycolytic enzymes and several angiogenic growth factors 
[12,17,35]. HIF-1α was found to be upregulated in many of the malignant tumors primarily by 
hypoxia-mediated protein stabilization [12].
 In GBM, HIF-1α seems to be primarily localized to the pseudopalisading cells around 
necrotic cores and to tumor cells at the invasive edge of the tumor that infiltrate the normal 
brain tissue [36]. Extensive necrosis and elevated levels of HIF-regulated genes are features 
that were more frequently found in mesenchymal GBM when compared to proneural GBM 
[4,6,37]. Despite the association between hypoxia and mesenchymal GBM, the potential 
molecular mediators that induce a mesenchymal shift under hypoxic condition remains a 
poorly studied area.
 In the present study we showed that hypoxia is a strong inducer of a mesenchymal 
shift in GBM that was associated with morphological changes, upregulation of known 
mesenchymal markers like fibronectin and COL5A1 and elevated invasive potential in vitro. 
We independently tested the role of the two HIF-α proteins – HIF-1α and HIF-2α, as we 
observed the up-regulation and nuclear translocation of both of these HIF proteins under 
hypoxic conditions. HIF-1α is the most well studied member of the HIF-α family due to its 
universal pattern of expression, unlike HIF-2α that shows a more restricted expression 
pattern. Notably, HIF-2α has been reported to play a crucial role in regulating stemness 
in GBM [38-40]. We found that hypoxia-induced HIF-1α, and not HIF-2α, is a key mediator 
for mesenchymal transition. The EMT transcription factor ZEB1 known to regulate EMT in 
epithelial cancers [41,42] appeared instrumental in this transition since siRNA-dependent 
silencing of ZEB1 prevented the hypoxia-induced mesenchymal shift and enhanced 
invasive capacity. Our finding of overlapping ZEB1, GLUT1 and YKL40 expression patterns 
surrounding necrotic areas in GBM patient material provides evidence for the occurrence of 
local hypoxia-induced ZEB1-mediated mesenchymal transition in these tumors. Interestingly, 
ZEB1 has been recently associated with invasive behavior, temozolomide resistance and 
stemness in GBM [43]. Moreover, we previously identified a critical role for ZEB1 in mediating 
a TGF-β-induced mesenchymal shift in GBM cells [28]. Furthermore, the TNF-α/NF-κB and 
WNT/β-catenin pathways were also reported to be able to mediate a mesenchymal shift in 
GBM [44,45]. Of note, hypoxia did not trigger a mesenchymal shift in U251 cells, whereas 
previously we found that these cells underwent such transdifferentiation upon TGF-β 
exposure [28]. Apparently, some GBM cells are refractory to one mesenchymal-inducing 
stimulus while being sensitive to others providing multiple ways for GBM cell to acquire the 
aggressive mesenchymal status. The mesenchymal phenotype in GBM, in addition to being 
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regulated by the transcription factors C/EBP-β, STAT3 and TAZ [6,46], is thus controlled by 
various external stimuli. How and whether these mechanisms are further interlinked remains 
to be investigated.
 In summary, as indicated in Figure 7, hypoxia induces a mesenchymal shift in GBM that 
is mediated by the HIF-1α–ZEB1 axis leading to an elevated invasive potential. Our results 
further indicate the crucial role of micro-environmental factors like hypoxia in defining GBM 
subtypes and thus the boundaries between these molecular subtypes appear less strict than 
initially believed. Hence, therapeutic targeting of HIF-1α or its downstream target ZEB1 might 
provide a possible strategy for improving the prognoses for GBM patients.

Figure 7. Model illustrating hypoxia-induced mesenchymal transition in GBM that is mediated by HIF-1α and ZEB1. 
Mesenchymal transition contributes to GBM subtype heterogeneity and the gain of an invasive phenotype.
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Supporting information

Supplemental Figures

Supplemental Figure 1. HIF-1α expression and migration capacity of U251 cells under hypoxia. Wound-healing assay 
(10× magnification) showing reduced migration potential of U251 cells when exposed to hypoxia, contrasting the 
elevated migration potential of hypoxia-exposed U87 cells (A, B). Immunofluorescence microscopic image (40× 
magnification) of U251 cells showing nuclear localization of HIF-1α under hypoxic condition (C). Immunofluorescence 
microscopic image (40× magnification) of U251 cells showing the absence of ZEB1 nuclear localization under hypoxic 
conditions (D).
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Supplemental Figure 2. Hypoxia stabilizes HIF-1α, HIF-2α and ZEB1 in U87 cells. The time course analysis shows 
relatively earlier induction of HIF-1α, HIF-2α, ZEB1 protein expression, and also levels of the mesenchymal marker 
fibronectin become elevated after endured hypoxia exposure (>48 hours). 
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Supplemental Figure 3. Dose-dependent inhibition by digoxin of hypoxia-induced mesenchymal shift. Different doses 
of digoxin were administrated under hypoxic conditions and the effect on cell morphology was evaluated; images 
captured at 10× magnification (A). Western blots showing different levels of inhibition of HIF-1α and fibronectin under 
hypoxia following digoxin administration at varying doses (B).
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Abstract

Glioblastoma (GBM) is the most common primary brain tumor with no curative or efficacious 
therapies available. Due to its highly vascularized nature, therapies targeting this modality 
are extensively sought after. The initial reported responses were promising and even resulted 
in the approval of anti-vascular endothelial growth factor a (VEGFA) treatment for recurrent 
GBM, but the development of treatment resistance in the long term is limiting the benefit 
from this type of therapy. Although several evasive mechanisms have been suggested, the 
exploitation of Angiopoietin-2 (Ang-2) signaling in response to VEGFA inhibition in GBM is 
becoming evident. In this chapter, we discuss the physiological roles of VEGFA and Ang-2, 
the interaction between both signaling pathways and their role in GBM angiogenesis. We 
conclude with a discussion of more recent reports that shed light on potential resistance 
mechanisms that Ang-2 could mediate outside the context of GBM angiogenesis.
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Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in adults 
with an average survival of 15 months despite optimal treatment [1-3]. It is among the most 
vascularized human cancers, and the fact that vascular proliferation is one of the pathological 
hallmarks of GBM reinforces the importance of vascularization in GBMs [4,5]. 
Early studies on vascularization of GBMs have mostly focused on neo-angiogenesis, a process 
through which new vessels are formed from pre-existing ones. The rate of neo-angiogenesis 
has been found to be inversely correlated with patient survival [6]. More recently, several 
alternate angiogenic mechanisms have also been described, including vascular co-option 
[7], vascular mimicry [8] and glioblastoma-endothelial cell or pericyte transdifferentiation 
[9-11]. Although the exact contributions of these mechanisms is not completely elucidated 
[12], it is becoming evident that the process of tumor-induced vascularization is not limited 
to neo-angiogenesis and much more complicated than was initially envisioned.
 As it was generally assumed that vascularization is induced when a lack of oxygen in 
GBM cells develops, a state called hypoxia, the majority of studies have assessed the role 
of hypoxia signaling in the induction of angiogenesis. A second pathological hallmark of 
GBMs is the presence of necrosis, which are sites that result from massive cell death that 
are often surrounded by cell-dense and relatively hypoxic pseudopalisades [13,14]. Low 
oxygen pressure results in hypoxia-inducible factor (HIF-1) stabilization and through that 
route triggers the up-regulation multiple pro-angiogenic factors, including VEGF, which in 
turn stimulates endothelial cell proliferation and ultimately results in vessel growth [15,16]. 
The mechanisms regulating vascularization in more normoxic areas of GBM have been 
studied less extensively and are less well understood.
 Since therapeutic inhibition of angiogenesis is being explored in GBM, with a primary 
focus on vascular endothelial growth factor A (VEGFA), a better understanding of angiogenic 
mechanisms has become of the utmost importance. The exploitation of vascular co-option 
and other non-VEGFA-instructed vascularization mechanisms are escape options available 
to GBMs [17-19], and recently the involvement of Angiopoietin-2 (Ang-2) has been implicated 
as a mediator of anti-VEGFA therapy refractoriness [20-22].
In order to provide a scientific background for the exploration of the role of Ang-2 in the 
context of VEGFA inhibition in GBM, we summarize literature reporting on the differential roles 
of both factors, describe their interrelation and their involvement in GBM angiogenesis. We 
conclude the chapter with potentially important Ang-2-mediated resistance effects outside 
of the angiogenesis context.

Ang-2 pleiotropy exploitation by GBMs | 155



Initial discovery and physiological function

VEGFA

The growth factor VEGFA was originally identified for its mitogenic effect on endothelial 
cells [23], and in the light the vascular permeabilizing effects it was first named ‘vascular 
permeabilizing factor’ [24]. VEGFA is a member of the larger VEGF family that also includes 
the ligands VEGFB, VEGFC, VEGFD and placental growth factor (PlGF) [25], but due to 
the extensive cross-talk between VEGFA and Ang-2 we focus on VEGFA exclusively here. 
Post-translational processing (alternative splicing) of the VEGFA-transcript results in several 
distinct isoforms, each with different abilities to bind to heparin-containing proteins [26]. As 
a result thereof, both stimulatory and inhibitory effects have been reported with different 
isoforms, and the spatial patterning is highly regulated.
 The receptors of the VEGF pathway are VEGFR1 (Flt-1), VEGFR2 (KDR) and VEGFR3 
(Flt-4). VEGFA binds to VEGFR1 with relatively stronger affinity than to VEGFR2, but the 
phosphorylation (i.e. activation) of VEGFR1 is weaker [26]. It is therefore though to function 
as a decoy receptor, and VEGFR2 is considered the major receptor for VEGFA signaling 
in endothelial cells mediating angiogenesis [27]. Alternatively, VEGFA could also signal 
through neuropilin (NRP) receptors [28,29]. 
 Embryonic lethality has been described with VEGFA knockout [30,31], thereby illustrating 
the importance of VEGFA for embryonic vasculogenesis. Additionally, the requirement of 
VEGFA for endothelial cell survival was illustrated by the induction of vascular regression 
following VEGFA inhibition [32,33]. Through binding to its receptors, VEGFA stimulates 
endothelial cell proliferation, migration and increases microvascular permeability.
 Physiologically, VEGFA instructs increased vascular permeability through endothelial 
detachment from the parental vessel, which allows for sprouting angiogenesis to occur. 
Hypoxia is a direct mediator of VEGFA [34], and as a result of hypoxic stimulation, tumor 
cells secrete altered levels of several VEGFA isoforms [35]. This alters the tightly regulated 
VEGF-coordinated tip cell selection in angiogenesis and results in the deregulated vessel 
growth [36,37].

Ang-2

The second endothelial-specific growth factor system that was discovered concerned the 
Ang/Tie-2 system [38]. Within this signaling family Ang-1 and Ang-2 represent the most 
important ligands, and Tyr kinase with Ig and epidermal growth factor homology domains (Tie-
2) is the best characterized receptor [39]. Signaling through the Tie-2 receptor is regulated 
through competitive binding of Ang-1 and Ang-2, and since Ang-1 was initially studied in 
much more detail, the first reported effect of Ang-2 was also related to the inhibitory effect 
it exerted on Ang-1/Tie-2 signaling [40]. Ang-1 and Tie-2 deletion has been shown to be 
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embryonically lethal in mice [41-43], but Ang-2 deletion instead limited the survival of mice to 
approximately 2 weeks postnatally [44]. Since the overexpression of Ang-2 on the other hand 
resulted in a phenotype similar to Ang-1 or Tie-2 knockout [40], this led to the postulation 
of the Tie-2 inhibition hypothesis. Additionally, Ang-2 was found to bind the Tie-2 receptor 
with similar affinity as Ang-1, but resulted in very weak activation of Tie-2, and when Ang-1 
and Ang-2 were provided together, Tie-2 activation was decreased as compared to Ang-1 
stimulation alone.
 Ang-2 is stored in endothelial Weibel-Palade bodies and these bodies are released in 
response to various stimuli such as thrombin, histamine and sphingosine-1-phosphatase [45-
47]. Functionally, Ang-1 has been shown to reduce vascular leakiness as a result of vascular 
stabilization and maturation [48,49]. In confluent cells this is mediated by PI3-kinase/AKT 
signaling that becomes activated in response to Ang-1/Tie-2 binding that results in cell-
cell contract translocation of Tie-2/Tie-2 complexes, but contextual dependency is illustrated 
by the alternative employment of ERK signaling in sparse cells which results in cell-matrix 
localization of Tie-2 receptors [50].
 The multimeric status of Ang proteins could also be of importance for eventual 
downstream signaling. Ang proteins form homomeric variable-sized multimers, and for Ang-
1 it has been shown that minimally a tetrameric size was required to phosphorylate the Tie-2 
receptor [51]. Ang-2 displayed a multimeric state similar to Ang-1, but the context-dependent 
was not attributed to the multimeric state of the protein. Instead, the contect-dependent 
antagonistic function of Ang-2 was found to originate from the fibrinogen-like domain. From 
a molecular biological perspective, besides antagonizing canonical Ang-1/Tie-2 signaling, 
Ang-2 has been shown to cause pericyte detachment [52].

Role in GBM angiogenesis

The expression of both VEGFA and Ang-2 has been reported to increase with glioma grade 
[53-55], and a relative increase of Ang-2 versus Ang-1 expression has been correlated with 
GBM patient survival [56]. These results signify the clinical importance of these factors, and 
the originally identified expression patterns first resulted in the implication of these factors in 
angiogenesis. Ang-2 expression was observed exclusively in tumor vasculature [54,55,57-
59], and preferentially in the smaller vessels [40,55,57], while VEGFA was not restricted to a 
specific cell type [60,61].
 Ang-2 and VEGFA are highly expressed after development of necrosis in a rat 
glioma model [7], and another report described that even in microtumors (<1 mm3) neo-
angiogenesis was induced by C6 glioma cells [62]. During early tumor angiogenesis VEGFA, 
Ang-2, and VEGFR2 are simultaneously expressed, while Ang-2 expression in this study was 
limited further to activated endothelial cells [62]. The expression levels of Ang-2 and VEGFA 
increased in relation with the expansion of the tumor mass and the developing vascular tree 
[63]. Spatially, Ang-2 was expressed more robustly in the tumor center and the perimeter, 
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and in contrast, VEGFA was upregulated exclusively in the tumor center.
 Ang-2 and VEGFA are considered important regulators of vascular regression and 
vascular growth [64], and the paradigm for the physiological cross-talk between these factors 
is that Ang-2 results in angiogenesis or vascular sprouting when VEGFA is present, but in 
the absence of VEGFA instructs vascular regression [7,65-68]. Studies that have explored 
the inhibition of VEGFA have provided insight into the cross-talk between these pathways 
in a tumor environment. Of interest was the suggestion that, in response to Bevacizumab 
treatment in GBM patients, Ang-2 upregulation could represent a mode of resistance [22].
 In vivo ectopic expression of Ang-2 in GBM cells has been able to mimic these clinical 
effects by limiting the efficacy of the anti-VEGF therapy through the increase of vascular 
permeability [69]. Alternatively, recruitment of bone marrow-derived cells was also reported 
by Ang-2 which protected the vulnerable vasculature from degradation [70]. According to 
the paradigm, the inhibition of VEGFA should have left Ang-2 in the absence of VEGFA and 
result in vascular regression, but apparently the tumor is able to respond to this situation in a 
way that is different from healthy physiology.

Non-angiogenic signaling effects of Ang-2

Besides the well-recognized roles that Ang-2 and VEGFA serve in angiogenesis, recent 
insights are shedding light on alternative effects that these factors could exert. It has been 
shown that Ang-2 correlates with the expression of tissue proteases in glioma patient 
specimens [71], and functionally Ang-2 stimulation has been reported to mediate invasion 
through the induction of matrix metalloproteinase 2 (MMP2) [72,73]. Increasing numbers of 
reports also suggest that the immune compartment could mediate refractoriness against 
anti-angiogenic therapy, which is of great interest in the paradigm that we examine here [74].
 The brain has long been considered an immune-privileged organ that was maintained 
by the blood-brain barrier (BBB), but recent insights have drastically changed this 
concept [75,76]. In gliomas, lymphocytic infiltration was reported in the 1970s [77], and 
BBB impairment in gliomas was first used to explain this observation. Assessment of the 
distribution of immune cells in brain tumors indicated that increased numbers of activated 
microglia and macrophages are found around necrosis, and activated microglia were 
increased in peripheral areas of diffuse infiltration [78]. Reduced microglial invasion in GBMs 
associated with a mutation in the chemokine receptor CX3CR1, and the presence of this 
mutation has been associated with improved patient survival [79]. Conversely, increased 
numbers of microglia/macrophages were observed in the GBM mesenchymal molecular 
subclass, and this molecular subclass is in turn associated with shorter patient survival [80-
82]. Furthermore, correlations between microglia/macrophages counts and tumor grade 
have also been reported [80,83,84], all together suggestive of an association between 
tumoral immune infiltration and enhanced glioma malignancy.
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 Whether the microglia are able to exert physiological immune functions remains to 
be established [85], and the few reports available question this ability. The innate immune 
response (i.e. cytokine release) of tumor-invaded microglia has been reported to be 
substantially reduced [86], and additionally, opposite to healthy physiology, peripheral blood 
monocytes (PBMCs) from glioma patients were shown to exert immunosuppressive functions 
in vitro [87].
 Recent reports suggest that Ang-2 could be a key mediator of this immunological tumor 
response [88]. The endothelial sensitizing effect of Ang-2 has been recognized as critical 
for physiological immune responses [89], but in glioma the chemo-attracting properties are 
better described. Ang-2 has been shown to recruit Tie-2-expressing monocytes (TEMs) from 
the circulation, a process that could be prevented by the administration of a soluble Tie-2 
receptor [90]. With the reported Ang-2-mediated resistance against anti-VEGFA therapy we 
discussed above, the importance of immunologic mediation in combined VEGFA and Ang-2 
inhibition is compellingly illustrated by two in vivo studies. Both these studies showed that 
the combined inhibition of Ang-2 and VEGFA had superior effects over single therapy, which 
was in both studies strongly associated with a phenotypic shift of the macrophages [91,92].
Interestingly, these studies did not report a reduction in macrophage recruitment, but 
rather a switch from a M2 tumor-promoting phenotype to a M1 anti-tumor phenotype. These 
findings highlight that not only the number of immune cells, but also the type of infiltrate and 
its phenotype are relevant for the ultimate functional effects. The substantial attenuation of 
survival when macrophage recruitment is inhibited [91], which has already been reported 
as a successful monotherapeutic approach in glioma [93], provides convincing indications 
that the immune compartment is crucially involved in the context of angiogenesis inhibition.

Conclusion

In this chapter we have summarized relevant literature describing the function of Ang-2 and 
VEGFA in physiology, and we have provided examples of how tumor physiology can deviate 
from that paradigm. We showed that the impact of Ang-2 and VEGFA cannot be considered 
in an exclusively angiogenic context, which has important implications for anti-angiogenic 
therapeutic approaches.
 In the context of this thesis, several questions will remain unanswered regarding the 
approach that we employed. We examine the unconventional effect of Ang-2 and VEGFA 
stimulation on GBM tumor cells, for which we selected the VEGFA165 isoform, the most pro-
angiogenic variant. Additionally, we modulate Ang-2 levels, but do not regard the relative 
influence in regards to Ang-1 levels. Furthermore, for the inhibition we use Bevacizumab 
and L1-10, but also here we are unaware of the effect on different splice variants or how the 
inhibition is affected by the multimeric status of proteins present in the xenografted mice. 
 Awareness of the current limits of our understanding, including the signaling effects of 
both systems and the relatively uncontrolled manipulation that we nowadays perform through 
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in vitro and in vivo experimentation, could inspire for a vast variety of studies. Studying these 
pathways in more detail could advance our understanding of the complexity of GBM and 
tumor angiogenesis.
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Abstract

Glioblastoma (GBM) is a highly vascularized and aggressive type of primary brain tumor in 
adults with dismal survival. Molecular subtypes of GBM have been identified that are related 
to clinical outcome and response to therapy. Although the mesenchymal type has been 
ascribed higher angiogenic activity, extensive characterization of the vascular component in 
GBM subtypes has not been performed. Therefore, we aimed to investigate the differential 
vascular status and angiogenic signaling levels in molecular subtypes. GBM tissue samples 
representing proneural IDH1 mutant, classical-like and mesenchymal-like subtypes were 
analyzed by morphometry for the number of vessels, vessel size and vessel maturity. Also the 
expression levels of factors from multiple angiogenic signaling pathways were determined. 
We found that necrotic and hypoxic areas were relatively larger in mesenchymal-like tumors 
and these tumors also had larger vessels. However, the number of vessels, basement 
membrane deposition and pericyte coverage did not vary between the subtypes. Regarding 
signaling patterns the majority of factors were expressed at similar levels in the subtypes, 
and only ANGPT2, MMP2, TIMP1, VEGFA and MMP9/TIMP2 were higher expressed in 
GBMs of the classical-like subtype. In conclusion, although morphological differences were 
observed between the subtypes, the angiogenic signaling status of GBM subtypes seemed 
to be rather similar. These results challenge the concept of mesenchymal GBMs being more 
angiogenic than other subclasses.

172 | Chapter 8



Introduction

Glioblastoma (GBM) is the most common primary brain tumor and is among the most 
vascularized solid tumors [1-4]. The dismal prognosis of patients with GBM warrants 
development of more effective therapies. Despite the general consensus that GBM comprises 
a tumor with extensive heterogeneity, all patients are currently still treated uniformly [2,5,6]. 
Molecular subclasses have been described over the past decade based on gene expression 
patterns, but the discussion on the exact number of subclasses is still ongoing. Initially a set 
of three subclasses was identified [7], but the definition was strongly refined, expanded 
to four subclasses and specific molecular aberrations were coupled to the subclasses by 
The Cancer Genome Atlas (TCGA) Network [8]. The discussion is still not definite and only 
recently another proposition for subgroups of gliomas has been postulated [9]. From the 
earlier profiling endeavors, however, three molecular subclasses can be distilled consistently 
which include the proneural (PN), classical (CLAS) and mesenchymal (MES) subclasses. 
 Thus far only few studies have reported on the angiogenic properties of the molecular 
subclasses. Platelet/endothelial cell adhesion molecule 1 (PECAM1), vascular endothelial 
growth factor A (VEGFA) and vascular endothelial growth factor receptor 1 and 2 (VEGFR1, 
2) were reported to be upregulated in MES GBMs [7]. Other results only have described 
differential responses of GBMs to anti-angiogenic treatment in both the pre-clinical and clinical 
setting. One study has addressed whether the differences in response were associated with 
the molecular subclasses and reported selected benefit for PN subclass [10]. In an aortic 
ring assay anti-VEGFA treatment abrogated microvessel sprouting in one cell line but not in 
the other [11], and tumor recurrences following anti-VEGFA treatment could be divided in 
distinct resistance phenotypes [12].
 Since the subclasses are characterized by molecular aberrations, differential 
employment of angiogenic signaling pathways could also be suggested based on the 
defining features of the subclasses. It has for example been shown that IDH1mutant protein, 
which is exclusively expressed in PN GBMs, stabilizes HIF-1α-expression [13]. HIF-1α on 
its turn is known as a potent inducer of angiogenesis via multiple signaling pathways [14]. 
The expression of EGFRvIII, the constitutively active (mutant) form of EGFR characteristic of 
CLAS GBMs, was on the other hand reported to promote angiogenesis by activating the IL-8 
pathway and inducing expression of cytokines and interleukins [15,16]. 
 To determine whether specific angiogenesis-related factors could serve as possible 
new candidates for GBM subclass-differentiated anti-angiogenic therapy, we assessed the 
vascular status of the subclasses using morphometry, immunohistochemistry (IHC) and 
polymerase chain reaction (PCR).
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Methods

Patient population

Tissue samples from 30 patients diagnosed with GBM were selected for the Groningen 
cohort. All patients underwent neurosurgical debulking at the University Medical Center 
Groningen (UMCG) in the Netherlands in the period August 2006 to May 2012. The mean 
age at diagnosis was 55 and the higher incidence rate in males was reflected in the male 
to female ratio (67% male) [17]. The samples selected for this study, 10 per subclass, were 
all previously identified as PN (IDH1mut), CLAS-like and MES-like subclasses [18]. Due to the 
fact that this cohort of GBMs was not subclassified transcriptionally but instead through a 
protein-based approach, we refer to the subclasses of these tumors as PN IDH1mut, CLAS-
like and MES-like where the analyses concern these tumors. Archival tissue of all patients 
was handled according to the Dutch Code of Conduct for proper secondary use of human 
tissue (www.federa.org).
 Level 3 gene expression data was obtained of 146 GBM patients that were previously 
transcriptionally subclassified (core TCGA samples, http://cancergenome.nih.gov/) [8]. The 
age at diagnosis in this cohort was 55 and the male percentage was 62. Clinical characteristics 
of both cohorts are summarized in Table 1. Supplemental methods are reported at the end 
of the chapter.

Table 1. Summary of characteristics of patients with GBM in the Groningen and Verhaak cohort.

CHARACTERISTIC GRONINGEN COHORT VERHAAK COHORT

Number of patients 30 146

Mean age at diagnosis (95% CI) 55 (49-60) 55 (53-58)

Median overall survival in days (range) 526 (62-1447) 361 (0-3524)

Male sex (%) 20 (67) 91 (62)

Female sex (%) 10 (33) 55 (38)

Necrosis measurement on mri scans

Pre-operative imaging of the Groningen cohort was used to measure the volume of central 
necrosis in relation to total tumor volume. Volume contrast-enhanced T1 MRIs suitable for 
volume measurements were available for 24 of 30 patients. Amongst the 6 patients lacking 
a scan of sufficient quality, there were 3 PN IDH1mut, 2 CLAS-like and 1 MES-like tumor. The 
scans were analyzed three-dimensionally in Brainlab iPlan® Cranial planning software version 
3.0 (Brainlab AG, Feldkirchen, Germany), on which the enhanced area was interpreted as 
vital tumor, and the non-enhanced central area of the tumor as necrosis. As a measurement 
for total tumor area the enhanced and the non-enhanced central area were added up. 
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IHC procedure

Sections were cut from FFPE tissue in series and IHC staining was performed as described 
previously [18]. Sections were stained for Carbonic anhydrase IX (CAIX), CD34, Endoglin 
(ENG), collagen type IV alpha 1 (ColIV) and α-smooth muscle actin (α-SMA). 

Morphometrical analyses

The microvascular density (MVD) was microscopically assessed using the Chalkley grid. 
The average number of vessels per mm2, average vessel area and vessel perimeter were 
determined using computer-assisted morphometry. 

Histological evaluation

The expression levels of CAIX, CD34, ENG, ColIV and α-SMA were quantified using Aperio 
ImageScope software. Vital tumor tissue was delineated on every individual section and 
staining, and hypoxic tissue was delineated using the CAIX staining pattern as guidance. The 
positive pixel percentage was calculated by division of the surface area found positive (in 
pixels) by the total area of the vital, normoxic or hypoxic field (in pixels), a method previously 
applied by others [19,20]. Since staining for α-SMA and ColIV was specifically identified 
around vessels, an indication of the thickness of these layers was obtained by dividing the 
number of positive pixels by the total vessel perimeter of that sample.

Microfluidic cards

RNA was purified from 30 snap-frozen GBM biopsy samples and reverse transcribed to 
cDNA. Custom-designed Taqman array Micro Fluidic Cards (low-density array, Applied 
Biosystems, Foster City, CA) were used to obtain gene expression analyses of these samples 
by analysis on a ViiATM 7 real-time sequence detection system (Applied Biosystems). Assays 
were included for 31 genes of interest and one endogenous control.

Statistical analysis

Statistical analyses were performed using SPSS software version 22.0 (SPSS, Chicago, IL) 
and visualized using Graphpad Prism version 5 (Graphpad Software Inc, San Diego, CA). 
Correlations were calculated by Spearman’s rho (SR). Normal distributions were tested by 
one-way ANOVA or t-test and data not normally distributed was tested by a Kruskal-Wallis test 
or Mann-Whitney U test. The multiple group comparisons were followed up by either Tukey’s 
or Dunn’s post-hoc tests. Two-sided P-values <0.05 were considered significant and reported.
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Results

PN IDH1mut tumors have a better prognosis than MES-like tumors

The probability of overall survival (OS) was assessed to determine whether IHC-based 
molecular stratification identified subclasses with similar survival periods as those that 
were initially reported for the transcription-based molecular subclasses [7,8]. Kaplan-Meier 
analysis revealed that the survival of PN IDH1mut, CLAS-like and MES-like subclasses differed 
(P<0.05, Log-rank test, Supplemental Figure 1) similar to the originally identified molecular 
subclasses [7,8].

Hypoxic and necrotic tissue areas are more prevalent in MES-like GBMs

The MES subclass has been considered the most angiogenic subclass that also displays 
a higher level of necrosis [21]. Since hypoxia is known to be a potent inducer of neo-
angiogenesis and areas of hypoxia often surround necrotic tissue [22,23], we determined the 
size of necrotic and hypoxic tissue on pre-operative MRIs and in biopsied tissue specimens, 
respectively. 
 The volume of central necrosis and total tumor volume were calculated in 3D, for which 
central non-enhanced areas were interpreted as necrosis and volumetrically compared to 
the contrast-enhanced total tumor size (Figure 1A). These measurements pointed out that the 
volume of necrotic tissue was correlated with total tumor volume (SR = 0.824, P<0.01, Figure 
1B), illustrating that larger tumors tend to have more necrosis. Since PN IDH1mut tumors 
appeared smaller on the scans (but not significantly), the level of necrosis needed to be 
corrected for total tumor volume. The percentage of necrosis, when expressed against the 
total tumor volume, still showed a trend for a lower level of necrosis in PN IDH1mut tumors 
(Figure 1C).
 The level of hypoxia was assessed through CAIX on tissue sections, a marker known 
to be suitable for the identification of tumor hypoxia [24]. Staining for CAIX was observed in 
only a fraction of the vital tissue area and could indeed be observed around necrosis (Figure 
1D). The staining for CAIX was significantly enriched in the tissue areas that were selected as 
hypoxic (all P-values <0.001, Supplemental Figure 2). Of the GBM subclasses the MES-like 
group appeared to have relatively the largest hypoxic area (Figure 1E).
 In order to connect the necrosis and hypoxia measurements the correlation was 
determined, which identified an association between the parameters (SR = 0.4838, P<0.05, 
Figure 1F). Although the association is already significant as it is, it is conceivable that it 
would be stronger if the percentage of hypoxic tissue would be a little higher. It is very 
likely that the level of hypoxia in our analyses did underestimate the true level of hypoxia, as 
our tissue samples were obtained from vital tumor areas to be most suitable for diagnostic 
procedures.
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Figure 1. The rate of necrosis is associated with total tumor volume and MES-like tumors have a relatively higher 

percentage of hypoxic tumor area. Pre-operative radiographic scans of patients were analyzed for the volume of necrosis 
and total tumor, in which the total tumor area (right image) and the central necrosis (middle image) were delineated 
(A). The volume of necrosis was found to gradually increase with total tumor volume (SR = 0.824, P<0.01) (B), but the 
percentage of necrosis only showed a trend for a lower level of necrosis in PN IDH1mut GBMs (C). A representative 
micrograph of CAIX staining is shown (D), where ‘N’ indicates necrotic tissue, and the arrowheads indicate staining for 
CAIX. A rim surrounding the necrosis is depicted that was positive for CAIX expression. Quantification of these positive 
CAIX sites and comparing them against total vital tumor area indicated that the percentage of hypoxic tissue is higher 
in MES-like GBMs compared to CLAS-like GBMs (E). The percentage of hypoxic tumor area was found to be associated 
with the proportion of necrosis measured on the MRIs (SR = 0.4838, P<0.05) (F). Horizontal lines represent median 
score of the groups; scale bar = 250 µm; *: P<0.05.
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 Figure 2. Endothelial marker expression is increased in MES-like GBMs that on average have larger vessels. The 
expression patterns of endothelial marker CD34 (A) and neo-endothelial marker ENG (D) is lowest in PN IDH1mut tumors 
and highest in MES tumors at mRNA level (B, E). When this is evaluated at protein level, the differences between the 
subclasses do not maintain for CD34 expression (C), but a trend can still be observed for elevated expression of ENG 
in MES-like tumors (F). Morphometric assessments of vessels, including Chalkley grid score (A), average vessel area 
(C), and vessel perimeter (D) showed that MES-like GBMs have larger vessels than PN IDH1mut GBMs, but the number 
of vessels per mm2 (B) did not differ. Horizontal lines represent median values; scale bar = 50 µm; *: P<0.05, **: P<0.01, 
***: P<0.001.

Endothelial marker expression and MVD in GBM subclasses

Then the expression of endothelial markers CD34 (Figure 2A) and neo-endothelial marker 
ENG (Figure 2D) was assessed in order to analyze the vascularization patterns. The mRNA 
expression level in the Verhaak cohort indicated that CD34 and ENG are upregulated in MES 
tumors in comparison to PN tumors (Figure 2B, E). At protein level the relative expression of 
CD34 was however not different between the molecular subclasses (Figure 2C). Similarly, 
no differences in relative protein expression of ENG were observed either (Figure 2F). 
Using the staining pattern for CAIX as guidance, we then assessed whether the expression 
differed between normoxic and hypoxic tissue areas. Also in this subdivision of the tissue the 
expression of endothelial markers remained similar in all subclasses (Supplemental Figure 3).
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 The vascularization pattern analysis was then continued by the assessment of multiple 
MVD-parameters. A Chalkley grid evaluation pointed out that MES-like tumors have larger 
vessels than PN IDH1mut tumors (Figure 2G, P<0.05). The average vessel area and vessel 
perimeter were also found to be larger in MES-like tumors (Figure 2I, J; P<0.01), but the 
number of vessels was not different between the subclasses (Figure 2H). Between normoxic 
and hypoxic tissue areas only CLAS-like tumors were found to have more vessels in the 
hypoxic areas (P<0.001), and no differences were observed for the other MVD-parameters 
(Supplemental Figure 3).

Vessels of molecular subclasses are not different in maturation status

The vascular maturation status of PN IDH1mut, CLAS-like and MES-like GBMs was then 
assessed by IHC analyses for the expression of the basement membrane marker ColIV 
(Figure 3A) and pericyte coverage of vessels was assessed by staining for α-SMA (Figure 3E). 
The mRNA expression of these markers in the Verhaak cohort [8] indicated a lower expression 
level of COL4A1 in PN tumors (Figure 3B), and an increased expression level of ACTA2 in 
MES tumors (Figure 3F). At protein level we observed similar patterns in the Groningen cohort 
by IHC analyses (Figure 3C, G). 

Figure 3. The vascular maturation status of GBM subclasses is rather similar. The mRNA expression of basement 
membrane marker ColIV (A) is highest in CLAS and MES GBMs (B). At protein level the expression of ColIV still shows 
a trend for higher expression in MES-like GBMs when corrected for total tissue area (C), but this trend disappears when 
the layer thickness of ColIV is determined through division of the positive pixels by the total vascular perimeter (D). For 
α-SMA (E) an increased mRNA expression level was also observed for MES tumors (F), but this remained a significant 
difference at protein level when we corrected for total tissue area (G). The correction for the total vascular perimeter 
eventually reduced the differences in α-SMA expression to a trend for elevated expression in MES-like tumors (H). 
Horizontal lines represent median values; scale bar = 50 µm; **: P<0.01, ***: P<0.001.
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 However, as we had observed differences in MVD-values between the subclasses, 
we decided to correct for the endothelial lining of the vessels. The positive pixel count was 
therefore divided by the total vascular perimeter measurement. By doing so, the trend for 
lower ColIV expression in PN IDH1mut tumors was not maintained (Figure 3D). The trend for 
increased α-SMA expression in MES-like tumors was still visible, but a little less clear (Figure 
3H). The comparison of hypoxic and normoxic tissue did not report differences in vascular 
maturation status between the subclasses (Supplemental Figure 4).

Angiogenic signaling pathway upregulation is not associated with GBM subclasses

Finally, to assess whether angiogenic signaling was different in molecular subclasses of 
GBM the expression levels of several angiogenic signaling factors was quantified. The 
most important angiogenic functions of the specific signaling molecules are summarized in 
Supplemental Table 2. 
Out of the 31 assessed factors, only 4 were differentially expressed in the subclasses. The 
pro-angiogenic factors angiopoietin-2 (ANGPT2) and vascular endothelial growth factor A 
(VEGFA) were found to be expressed at a higher level by CLAS-like tumors (Figure 4A, 
B). In addition to these pro-angiogenic factors, the expression of matrix metalloproteinase 
2 (MMP2) was also elevated in CLAS-like tumors (Figure 4C). However, its endogenous 
inhibitor, tissue inhibitor of metallopeptidase 1 (TIMP1), was also upregulated in CLAS-like 
tumors (Figure 4E).
 When the expression of the MMPs was related to the expression of their corresponding 
endogenous inhibitors (TIMPs), it appeared that while MMP2 was differentially expressed 
at an absolute level, the corrected expression ratio MMP2/TIMP1 did not differ between the 
molecular subtypes (Figure 4G). On the contrary, uncorrected MMP9 was not differentially 
expressed (Figure 4D), but the MMP9/TIMP2 ratio was different between the subclasses with 
the highest level observed for CLAS-like GBMs (Figure 4H). 
 In Figure 4I the differential expression of the assessed angiogenic targets in molecular 
subclasses is depicted in a Venn diagram. It can be appreciated that the molecular 
subclasses of GBM have highly similar expression patterns of angiogenic factors.
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Figure 4. Ample angiogenic signaling factors are differentially expressed in GBM subclasses, preferably affecting the 
CLAS-like GBMs. Of the 31 angiogenic signaling factors that were analyzed, 4 were found to be differentially expressed 
between the subclasses as was evaluated by qRT-PCR. The pro-angiogenic factors ANGPT2 (A) and VEGFA (B) were 
found to be highly expressed in CLAS-like GBMs. VEGFA expression was also high in MES-like tumors, but with a 
bigger variation in expression level and therefore not significantly different. MMP2 (C) was upregulated in CLAS-like 
GBMs, but this was accompanied by upregulated expression of its endogenous inhibitor TIMP1 (E). MMP9 (D) and its 
inhibitor TIMP2 (F) were not differentially expressed in the subclasses. Dividing the expression of the tissue proteases 
by the expression levels of their endogenous inhibitors revealed that there was no differential expression of MMP2/
TIMP1 (G), but MMP9/TIMP2 was actually upregulated in CLAS-like GBMs (H). In the Venn diagram the differential 
expression of angiogenic factors can be appreciated, with the majority of markers in the middle shared region, thereby 
reflecting the similarity in signaling patterns of the molecular subclasses (I). Individual mRNA ratios per tumor are 
displayed and horizontal lines represent median expression values; *: P<0.05.
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Discussion

Because of the highly vascularized nature of GBMs we hypothesized that anti-angiogenic 
therapy could have an effect in these tumors. The novel therapeutics that seemed promising 
in pre-clinical studies, unfortunately, only rarely produced similar results in clinical trials. 
For example Bevacizumab, a promising anti-angiogenic drug in the pre-clinical setting, 
only resulted in an improvement of progression-free survival and left the overall survival of 
patients unaltered in two large Phase 3 randomized clinical trials when it was added to 
standard chemotherapy for newly diagnosed GBM patients [25,26]. A slight improvement 
in overall survival was observed for Bevacizumab addition to chemotherapy (Lomustine) 
for recurrent GBM patients [27], but it is evident that more extensive research is needed to 
identify patients that could potentially benefit from these types of treatments. Therefore, in 
this study we aimed to identify vascular abnormalities specific of the PN IDH1mut, CLAS-like 
and MES-like subclasses of GBM.
 In agreement with previous reports, we found that MES-like tumors are enriched for 
necrosis [21]. As it is known that necrotic tissue is often surrounded by hypoxic areas [22], 
and hypoxia is a potent inducer of angiogenesis, high angiogenic potential was expected 
from MES tumors. By performing extensive characterization of the vasculature we were able 
to establish that MES-like tumors have larger, but not more vessels than other subclasses. 
This contradicted our hypotheses, since active angiogenesis would likely have resulted 
in predominantly small, newly formed vessels. Previous studies have however shown that 
larger vessels do not necessarily indicate better oxygenation, as the oxygenation status 
is more dependent on blood flow rate and diffusion distance from the vessel to the cells 
[28]. Therefore, an increased flow rate in these tumors could still have resulted in a lower 
oxygenation level in MES-like tumors. Reduced perfusion in the MES-like tumors thus provides 
a potential connection between the larger vessel size in this subclass and the increased rate 
of necrosis and hypoxia. In this regard it would be interesting to analyze vaso-occlusive 
events in GBM, which itself has a profound effect on blood flow and oxygenation of target 
tissues [29].
 Furthermore, neo-angiogenesis could also be reflected by a more abundant expression 
of endothelial markers and a lower maturation rate of vessels. These hypotheses were partly 
confirmed by the data from the TCGA data repository, as those indicated elevated expression 
levels of endothelial markers CD34 and ENG in MES tumors at the mRNA level. At the protein 
level we were unable to identify such differences. Against our expectation, we found that 
the vessel maturity markers α-SMA and ColIV were elevated at mRNA level in the MES-
like subclass compared to the PN IDH1mut subclass, and a similar trend was also observed 
at protein level. Because we established through morphometry that MES-like tumors have 
larger vessels we then applied a correction for vessel size. This correction led to fading of 
the differences observed at protein level, implying that the vessel size explained (part of) the 
differences in expression and there is no true difference in basement membrane deposition 
or pericyte coverage around the vessels of GBM subclasses. We believe that although the 
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corrections for the number of vessels and vessel perimeter introduced differences between 
the mRNA and protein analyses, they can provide very useful information. It was due to these 
corrections that we were able to elucidate that the increased expression level of basement 
membrane and pericyte markers could actually be explained by an increase of vascular size.
The current study did not reveal an association between the angiogenic signaling network 
and GBM subclasses. As outlined earlier, genetic aberrations linked to particular molecular 
subclasses were presumed to affect different angiogenic downstream targets, however 
the expression of these targets appeared not to be different between the subclasses. 
Surprisingly, the few upregulated angiogenic targets were actually highest in CLAS-like and 
not MES-like tumors.
 Given the scarceness of pre-clinical data it is interesting that a clinical trial with anti-
angiogenic therapy (Bevacizumab) has included an analysis for the molecular subtypes. 
In this trial standard of care was supplemented with Bevacizumab (anti-VEGFA treatment) 
and especially the IDH1 wild-type PN tumors benefited from the addition of Bevacizumab 
[10]. Since our selection of PN tumors was based on an IDH1 mutation, we were unable to 
address this subset of PN tumors.
 In conclusion, we report that although MES-like GBMs have larger vessels and 
PN IDH1mut tumors tend to possess less necrosis and hypoxia, no major differences in 
angiogenic signaling patterns were observed between GBM subclasses at the time of 
diagnosis. Although our study did not functionally address neo-angiogenesis, by the use 
of vascularization patterns and signaling signatures as a measure for the outcome of neo-
angiogenic processes, our findings challenge the concept of MES GBMs being more 
angiogenic. It can be presumed that the lack of correction in prior studies possibly has led 
to the erroneous expectation of increased angiogenic activity in the MES subclass. As such, 
our results do not support attempts to differentiate anti-angiogenic treatment according to 
the GBM molecular subtypes assessed in this study. 
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Supporting information

Supplemental methods

Patient population

PN samples harbored the IDH1R132H mutation, CLAS samples had EGFR amplification 
combined with EGFR and EGFRvIII (over)expression, whereas MES tumors had high 
expression of at least 2 important MES markers (phosphatase and tensin homolog [PTEN], 
vimentin [VIM] and/or chitinase 3-like 1 [YKL40]). The samples in the current study represent 
samples that were described previously and other IDH1R132H mutant GBM samples [1]. The 
data from the Verhaak cohort were generated through the Genechip Human Genome HT-
HG-U133A platform [2]. 

Detailed IHC procedure

Sections of 4 µm-thickness were cut from FFPE tissue in series and these were used for 
detection of expression of Carbonic anhydrase IX (CAIX), CD34, Endoglin (ENG), collagen 
type IV alpha 1 (ColIV) and α-smooth muscle actin (α-SMA). The tissue sections were 
deparaffinized in xylol and rehydrated in graded ethanol series. The staining for CAIX did not 
require an antigen retrieval step, but for CD34, Col IV and ENG IHC-staining heat-induced 
antigen retrieval was performed for 15 minutes in Tris-HCl/EDTA buffer pH 9.0, EDTA buffer 
pH 8.0 and Tris/HCl pH 9.0, respectively. The staining for α-SMA required incubation of the 
slides overnight in Tris/HCl buffer pH 9.0 at 80ºC. Endogenous peroxidase was blocked 
for 30 minutes using 0.3% H2O2. Then the tissue sections were incubated with mouse anti-
CAIX (1:50, Clone M75, Siemens Medical Diagnostics, Erlangen, Germany), mouse anti-
CD34 primary antibody (ready-to use, Clone QBend10, Beckman Coulter, Marseille, France), 
mouse anti-ENG (1:1000, Clone 3A9, Novus Biologicals, Littleton, CO), rabbit anti-ColIV 
(1:100, MP Biomedicals, Santa Ana, CA) or mouse anti-α-SMA (1:800, Clone 1A4, DAKO, 
Glostrup, Denmark) for 1 hour at room temperature. For detection of CAIX, ColIV, ENG and 
α-SMA sections were incubated with appropriate secondary and tertiary HRP-conjugated 
antibodies (DAKO, 1:100), both for 30 minutes 1:100 diluted in 1% BSA in PBS with the addition 
of 1% AB-serum. For CD34-detection sections were incubated with alkaline phosphatase-
conjugated goat anti-mouse antibody (DAKO, 1:500) for 30 minutes. The immunoreactivity of 
CAIX, ColIV, ENG and α-SMA was visualized using 3,3-diaminobenzidine (DAB) solution, and 
CD34-staining was visualized by Fast Red TR/Naphthol AS-MX-phosphate (Sigma-Aldrich, 
St. Louis, MO). Cell nuclei were counterstained using hematoxylin for all types of stainings.
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Morphometrical analyses

Tissue sections stained for CD34 were assessed in 5 hot-spot fields at 200x magnification 
(0.196 µm2) for Chalkley score evaluations [3-5]. To quantify the average vessel area and 
vessel perimeter digital scans of the IHC-stainings for CD34, ENG, ColIV and α-SMA were 
obtained by scanning the slides with a C9600 NanoZoomer (Hamamatsu Photonics KK, 
Hamamatsu City, Japan). All computer-assisted morphometry was subsequently performed 
on these scans using Aperio ImageScope software version 12.1.0 (Leica Microsystems, 
Vista, CA). Vessels with a diameter of minimally 5 µm were manually delineated on both the 
scans of ColIV and α-SMA stained tissue sections for quantification of the vessel area and 
vessel perimeter.

Histological evaluation

The expression level of hypoxia marker CA-IX, endothelial markers CD34 and ENG, 
basement membrane marker ColIV and pericyte marker α-SMA were quantified using Aperio 
ImageScope software. Vital tumor tissue was manually delineated for every individual section 
and staining, and hypoxic tissue was delineated using the CAIX staining pattern as guidance. 
False positive staining in vessel lumina due to the presence of erythrocytes was excluded 
from analyses. 
Positive staining for α-SMA and ColIV was primarily observed at the surrounding of vessels. 
First of all, the positive pixel percentage was calculated by division of the surface area 
found positive (in pixels) by the total area of the vital, normoxic or hypoxic field (in pixels). 
Secondly, since staining for α-SMA and ColIV was specifically identified around vessels, we 
also attempted to obtain an indication of the thickness of these layers by dividing the number 
of positive pixels by the total vessel perimeter of that specific tissue sample.
CD34 and ENG showed clear vessel-associated expression, but both of them also stained 
areas where no clear vessel lumen could be observed, i.e. areas that could well be interpreted 
as sites of neo-angiogenesis. Therefore, these stainings were analyzed only for positive pixel 
percentage.

Microfluidic cards

RNA was purified from 30 snap-frozen GBM biopsy samples using TRIzol reagent (Invitrogen, 
Karlsruhe, Germany). RNA was precipitated with isopropanol and the air-dried pellet was 
resuspended in RNase-free water. RNA content was quantified using Nanodrop ND-1000 
IV spectrophotometer. Up to 1 µg RNA was reverse transcribed using Superscript II reverse 
transcriptase (Invitrogen, Karlsruhe, Germany) and random hexamer primers (Promega, 
Leiden, the Netherlands). Successful cDNA synthesis was confirmed through PCR for 
GAPDH. Quantitative gene expression analyses were obtained with Taqman assays which 
were preloaded onto custom-designed Taqman array Micro Fluidic Cards (low-density array, 
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Applied Biosystems, Foster City, CA). The custom-designed arrays contained 8 sample fill 
reservoirs, each with 16 detectors in triplicate (48 assays per fill reservoir). The qRT-PCR was 
performed in triplicate with the Taqman® Universal PCR Master Mix (without AmpErase® 
UNG, Applied Biosystems), using cDNA at concentration 2.5 ng/µl (100 µl per fill reservoir) 
on an ABI ViiATM 7 real-time sequence detection system (Applied Biosystems). 
Assays were included for 31 genes of interest and one endogenous control (see table 
below), implying that two consecutive slots were required to be loaded with the same sample 
to obtain all measurements for one sample. The following settings were used for qRT-PCR: 
50ºC for 2 minutes and initial denaturation at 95ºC for 10 minutes, followed by 40 cycles of 
amplification at 95ºC for 15 seconds and 60ºC for 10 minutes. Gene expression for each 
assay was measured as fold change in amplication relative to a reference gene. Data was 
analyzed using the comparative Ct method with ViiATM software (v1.2.4, Applied Biosystems). 
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Supplemental Figures

Supplemental Figure 1. The probability of overall survival for MES-like GBMs is significantly worse than for other GBM 
subclasses. Kaplan-Meier analysis for molecular subclasses of GBM confirms the previously described worse survival 
pattern for MES-like GBMs compared to other subclasses. Statistical evaluation was performed by the Log-rank test 
(P<0.05).

Supplemental Figure 2. Separation of normoxic and hypoxic tumor areas based on CAIX expression. The quantification 
of CAIX as a selection marker for normoxic and hypoxic tissue areas illustrates enrichment of CAIX expression in 
hypoxic tissue areas in all subclasses. Horizontal lines represent median scores of the groups; ***: P<0.001.
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Supplemental Figure 3. Endothelial marker expression and MVD values in normoxic and hypoxic tumor areas. Endothelial 
markers CD34 (A) and ENG (B) were expressed at similar levels in all subclasses in both normoxic and hypoxic tumor 
areas. The number of vessels per mm2 is increased in hypoxic areas in CLAS-like GBMs, but not in the other subclasses 
(C). The vessel area is largest in MES-like tumors but only significantly larger in normoxic areas (D), whereas the vessel 
perimeter in MES-like tumors is increased in both normoxic and hypoxic tumor areas (E). Horizontal lines represent 
median scores of the groups; *: P<0.05, **: P<0.01.

Supplemental Figure 4. The vascular maturation status is similar in normoxic and hypoxic tumor areas. No differences 
and comparable patterns were observed in normoxic and hypoxic tumor areas for the ColIV positive pixel fraction (A), 
ColIV layer thickness (B), α-SMA positive pixel fraction (C) and α-SMA layer thickness (D). Horizontal lines represent 
median scores of the groups.

192 | Chapter 8



Supplemental Tables

Supplemental Table 1. Microfluidic card details.

GENE SYMBOL GENE NAME ASSAY ID

ANGPT1 Angiopoietin 1 Hs00375822_m1

ANGPT2 Angiopoietin 2 Hs01048042_m1

CXCL12 Chemokine (C-X-C motif) ligand 12 Hs00171022_m1

CXCR4 Chemokine (C-X-C motif) receptor 4 Hs00237052_m1

DLL4 Delta-like 4 (Drosophila) Hs00184092_m1

EFNB1 Ephrin-B1 Hs00270004_m1

EFNB2 Ephrin-B2 Hs00187950_m1

EPHB2 EPH receptor B2 Hs00362096_m1

FGF1 Fibroblast growth factor 1 Hs01092738_m1

FGF2 Fibroblast growth factor 2 Hs00266645_m1

FLT1 Fms-related tyrosine kinase 1 Hs01052961_m1

GAPDH Glyceraldehyde-2-phosphate dehydrogenase Hs99999905_m1

HIF1A Hypoxia inducible factor 1, alpha subunit Hs00153153_m1

IL8 Interleukin 8 Hs00174103_m1

KDR Kinase insert domain receptor (a type III receptor tyrosine kinase Hs00911700_m1

MMP2 Matrix metalloproteinase 2 Hs01548727_m1

MMP9 Matrix metalloproteinase 9 Hs00234579_m1

NOTCH1 Notch 1 Hs01062014_m1

NOCTH2 Notch 2 Hs01050702_m1

NOTCH4 Notch 4 Hs00965889_m1

NRP2 Neuropilin 2 Hs00187290_m1

PDGFB Platelet-derived growth factor beta polypeptide Hs00966522_m1

PDGFRB Platelet-derived growth factor receptor, beta polypeptide Hs01019589_m1

PGF Placental growth factor Hs00182176_m1

TEK TEK tyrosine kinase, endothelial Hs00945146_m1

TGFB1 Transforming growth factor, beta 1 Hs00998133_m1

TGFBR1 Transforming growth factor, beta receptor 1 Hs00610320_m1

TGFBR2 Transforming growth factor, beta receptor II Hs00234253_m1

TIMP1 TIMP metallopeptidase inhibitor 1 Hs00171558_m1

TIMP2 TIMP metallopeptidase inhibitor 2 Hs00234278_m1

VEGFA Vascular endothelial growth factor A Hs00900055_m1

VEGFC Vascular endothelial growth factor C Hs00153458_m1
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Supplemental Table 2. Summary of the factors assessed as representatives of different angiogenic signaling pathways.

GENE PUTATIVE ROLE IN ANGIOGENESIS

Angiopoietin-TIE-2 pathway

ANGPT1 (Ang1) Vessel stabilization/maturation, tightening of the EC barrier, vessel growth 
stimulation under hypoxic conditions

ANGPT2 (Ang2) VEGF-dependent vessel destabilization, pericyte detachment and 
sensitization of endothelial cells to proangiogenic signaling

TEK (TIE2) Receptor for Ang-1 and Ang-2

Delta-notch pathway

DLL4 Signaling of tip cells in angiogenic sprouting

NOTCH1/2/4 Receptors for DLL4, activation of Notch decreases VEGFR2 and VEGFR3 
expression

Ephrins

EFNB1 EC-migration and attachment 

EFNB2 EC-migration and attachment; mediation of interaction between ECs and 
vascular smooth muscle cells

EPHB2 Receptor for Ephrin B-type ligands

Growth factor signaling

FGF1 EC migration, proliferation and tube formation

FGF2 (bFGF) EC migration, proliferation and tube formation

PGF Recruitment and activation of various cell types that upregulate pro-
angiogenic factors

PDGFB Pericyte maturation and induction of VEGF

PDGFRB Receptor for PDGFB

TGFB1 Induction of other angiogenic factors (e.g. FGF-2, PDGF and PDGFR)

TGFBR1 Receptor for TGFB

TGFBR2 Receptor for TGFB

Tissue remodeling factors

MMP2/9 Degradation of extracellular matrix proteins to facilitate angiogenesis

TIMP1 Endogenous inhibitor of MMP2

TIMP2 Endogenous inhibitor of MMP9

VEGF pathway

FLT1 (VEGFR1) Receptor for VEGFC and PGF; decoy receptor for KDR

KDR (FLK-1, VEGFR2) Receptor for VEGFA, plays a role in endothelial cell maturation

NRP2 Receptor for VEGFA and VEGFC; interaction between NRP2 and KDR upon 
VEGF binding

VEGFA Induction of sprouting, EC proliferation, and a pleiotropy of other pro-
angiogenic factors

VEGFC Induction of sprouting and vessel permeability
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Continued Supplemental Table 2. Summary of the factors assessed as representatives of different angiogenic signaling 

pathways.

GENE PUTATIVE ROLE IN ANGIOGENESIS

Other angiogenic signaling factors

CXCL12 (SDF-1) EC migration; hypoxia activates CXCL12-CXCR4 axis

CXCR4 Receptor for CXCL12; induction of CXCR4 by VEGF

HIF1A Pro-angiogenic signaling factor; induction of multiple angiogenic signaling 
pathways

IL8 (CXCL8) EC migration, proliferation and tube formation; expressed under hypoxic 
conditions; increases MMP2 and MMP9 expression
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Abstract

Glioblastoma (GBM) is a highly aggressive brain tumor characterized by a high rate of 
vascularization. However, therapeutic targeting of the vasculature through anti-vascular 
endothelial growth factor A (VEGFA) treatment has been disappointing, for which 
Angiopoietin-2 (Ang-2) upregulation has partly been held accountable. In this study we 
therefore explored the interplay of Ang-2 and VEGFA and their effect on angiogenesis 
in GBM, especially in the context of molecular subclasses. In a large patient cohort we 
identified that especially combined high expression of Ang-2 and VEGFA predicted poor 
overall survival of GBM patients. The high expression of both factors was also associated 
with increased IL-8 expression in GBM tissues, but in vitro stimulation with Ang-2 and/or 
VEGFA did not indicate tumor or endothelial cell-specific IL-8 responses. Glioblastoma stem 
cells (GSCs) of the mesenchymal (MES) subtype showed dramatically higher expression of 
IL8 when compared to proneural (PN) GSCs. Secreted IL-8 derived from MES GSCs induced 
endothelial proliferation and tube formation, and the MES GBMs had increased counts of 
proliferating endothelial cells. Our results highlight a critical pro-angiogenic role of IL-8 in 
MES GBMs.
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Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in adults [1,2]. 
Current standard of care comprises maximal safe surgical resection with concurrent chemo-
radiation followed by maintenance chemotherapy [3,4]. Despite application of optimal 
treatment, the prognosis of patients diagnosed with GBM has remained rather disappointing 
with a median survival of only 15 months [4]. Development of more effective therapies is 
therefore urgently needed. Given the highly vascularized nature of GBMs and the correlation 
between tumor angiogenesis and disease severity [5-7], the potential of therapy targeting 
the vascular compartment has been intensively studied.
 Vascular endothelial growth factor A (VEGFA) is a central player in angiogenesis 
and can be induced by a variety of angiogenic signaling pathways as well as hypoxia [8-
10]. Therapeutic targeting of VEGFA and its corresponding receptors has therefore been 
assessed broadly. For example, anti-VEGFA therapy using Bevacizumab was initially 
proven to be successful in recurrent GBM [11,12], but the results of Phase III Bevacizumab 
trials in newly diagnosed GBM have provided less encouraging results [13,14]. Although 
Bevacizumab treatment in newly diagnosed GBMs resulted in an increase in progression-
free survival (PFS), an effect on overall survival (OS) was never observed. This response 
pattern possibly reflects an initial effect of the therapy, which is later compromised by the 
development of resistance mechanisms. A potential resistance mechanism could be the 
exploitation of alternative angiogenic signaling pathways, and due to the strong dependency 
of VEGF signaling on Angiopoietin/Tie-2 (Ang/Tie-2) signaling, this pathway is of particular 
interest for treatment resistance. 
 Ang/Tie-2 signaling involves the competitive binding of the ligands angiopoietin-1 
(Ang-1) and angiopoietin-2 (Ang-2) to their receptor Tie-2 [15,16]. Ang-1 binding to Tie-2 
results in vessel stabilization, while Ang-2 binding results either in vessel destabilization in 
the absence of VEGFA or in vessel proliferation when VEGFA is present. The Ang-1/Ang-2 
ratio was found to correlate with OS in GBM patients and high levels of Ang-2 correlated 
with resistance to anti-VEGFA therapy [17,18]. Ectopic expression of Ang-2 in GBM cells 
was found to mediate the diminished effects of anti-VEGF therapy by increasing vascular 
permeability in mouse models [19]. Alternatively, elevated Ang-2 levels following treatment 
also increases attraction of bone marrow derived cells that assist perivascularly in the 
protection of vulnerable vasculature [20]. Therapeutic targeting of Ang-2 has shown broad 
anti-tumor activity in a number of preclinical solid tumor models, and the addition of anti-
Ang-2 treatment to cytotoxic drugs or anti-VEGF treatment has resulted in superior effects 
over single-agent therapy alone [21,22]. Two recent studies used this combination approach 
in preclinical GBM models and both studies indicated superb effects of the addition of Ang2-
inhibition to anti-VEGFA monotherapy [23,24]. 
 In the current study we evaluated the association of Ang-2 and VEGFA expression 
in GBMs with patient survival and vascularization patterns. The signaling levels through 
alternate angiogenic signaling pathways were quantified and led to the identification of IL-8 



upregulation in pro-angiogenic and MES GBMs. The functional role of this signaling route 
was explored through in vitro angiogenesis assays and immunohistochemistry on patient 
GBM tissue.

Methods

Patient populations

Data were retrieved of two independent GBM cohorts from public data repositories made 
available by the Cancer Research Network (TCGA, http://cancergenome.nih.gov/) and the 
National Cancer Institute of the United States (Repository for Molecular Brain Neoplasia Data 
[REMBRANDT]) [25,26]. The third cohort concerned the Groningen cohort that comprised 
an additional set of 28 GBMs on which the vascular assessments were performed. The 
details and clinical characteristics of the cohorts are summarized in Table 1, and additional 
experimental details are reported in the Supplemental Methods.

Table 1. Summary of GBM patient characteristics in the different cohorts.

CHARACTERISTIC TCGA COHORT REMBRANDT COHORT GRONINGEN COHORT

Number of patients (n) 525 151 28

Mean age at diagnosis (95% CI) 58 (56-59) N/A 54 (48-59)

Median OS in days (range) 327 (2-3881) 509 (8-3614) 353 (62-1447)

Male sex (%) 320 (61) 79 (62%)* 18 (64)

Female sex (%) 205 (39) 48 (38%)* 10 (36)

*: The gender of 24 patients was not available from the database. 

 All experiments including the use of human tissue were in accord with the Declaration 
of Helsinki and were conducted under the ‘Code of Conduct for dealing responsibly with 
human tissue in the context of health research’ published by the Federation of Dutch Medical 
Scientific Societies in 2011 [27]. The research was performed on the leftover material and all 
tissues were handled coded and anonymously.

Survival analyses

For the survival analyses the TCGA and REMBRANDT cohort were stratified into below and 
above median expression groups for Ang-2 and VEGFA expression. The combined high 
expression group (both Ang-2 and VEGFA above median) was compared against tumors 
with either one or both Ang-2 and VEGFA expressed below median. The significance of 
Ang-2 and/or VEGFA expression for survival was assessed by log-rank testing (univariate) 
and Cox regressions (multivariate), and compared with the known prognostic factors age at 

200 | Chapter 9



diagnosis (≤ or >55 years) and Karnofsky performance scores (KPS, ≤ or >60). All variables 
with a significance level ≤0.05 were included in the multivariate analysis. 

Immunohistochemistry

GBM tissue sections were stained with antibodies against α-SMA (1A4, Dako, Glostrup, 
Denmark) and ColIV (MP Biomedicals, Santa Ana, CA). The staining for α-SMA and ColIV 
were analyzed as described previously for the assessment of vascular parameters [28]. For 
the quantification of proliferating endothelial cells tissue sections from proneural (PN) and 
mesenchymal (MES) GBMs were double-stained for CD34 (QBEnd10, Beckman Coulter, 
Marseille, France) and Ki-67 (MIB1, Dako). 

qRT-PCR

RNA was purified from snap-frozen GBM samples or in vitro tissue cultures and reverse-
transcribed to cDNA. Samples were analyzed either using previously described custom-
designed Taqman Micro Fluidic Cards (Applied Biosystems, Foster City, CA) [28] or 
individual gene expression (Taqman) assays for IL8, STAT3, CEBPB, TAZ, RPS27 or GAPDH 
on a ViiaTM 7 real-time PCR system (Applied Biosystems).

Cell culture and recombinant proteins

U87 cells were maintained in DMEM/F-12 (Lonza, Verviers, Belgium) supplemented with 1% 
fetal bovine serum (FBS, Sigma-Aldrich, Munich, Germany) and 1% penicillin/streptomycin 
solution (pen/strep, Lonza). Human dermal microvascular endothelial cells (HMEC-1) were 
kindly provided by Dr. E.W. Ades (CDC, Atlanta, USA) [29] via Prof. G. Molema and the 
UMCG Endothelial Cell Facility and maintained in M-199 medium (Lonza) supplemented with 
10% FBS, 10% human serum (Sigma-Aldrich), pen/strep and L-glutamine (Lonza). GSCs 
were maintained in DMEM/F12 (Lonza) supplemented with 10% B27 (Life Technologies, 
Bleiswijk, the Netherlands), 20 ng/ml bFGF and EGF (Life Technologies) and pen/strep. 
Carrier-free recombinant human VEGFA165 (from here on referred to as VEGFA), Ang-2 and 
IL-8 were obtained commercially (R&D Systems, Minneapolis, MN).

Proliferation assay

For the evaluation of effects on proliferation the Chemicon® 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrasodium bromide (MTT) cell proliferation assay was performed according to the 
manufacturer’s instructions (Merck Millipore, Darmstadt, Gemany). Each condition was assessed 
in triplicate, averaged from three independent assays and plotted relative to the control.
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Apoptosis assay

Effects on apoptosis were assessed through staining for Cleaved Caspase 3 (Clone Asp175, 
Cell Signaling Technology, Danvers, MA). A total of 5 images was quantified per condition 
and averaged data from three independent experiments are plotted relative to the control.

Protein secretion

IL-8 protein secretion levels were measured using a human IL-8 enzyme-linked immunosorbent 
assay (ELISA) according to the manufacturer’s protocol (R&D Systems).

Capillary-like tube formation assay

After 24 hour serum starvation 5×103 HMEC-1 cells were seeded on growth factor-reduced 
Matrigel® in µ-Slides for Angiogenesis (Ibidi, Munich, Germany). After 5 hours incubation at 
37°C each well was photographed and image analysis was carried out using Angiogenesis 
Analyzer [30] in ImageJ.

Statistical analysis

All statistical analyses were performed using SPSS software version 22.0 (SPSS, Chicago), 
and visualized using Graphpad Prism version 5 (Graphpad Software Inc, San Diego, CA). 
Differences between groups were determined by a one-way ANOVA or t-test when data were 
normally distributed, and by a Kruskal-Wallis test or Mann-Whitney U test when data were not 
normally distributed. The multiple group comparisons were followed up by either Tukey’s or 
Dunn’s post-hoc tests. Reported correlations concern Pearson r correlations. P-values <0.05 
were considered significant and in all cases exact two-sided P-values were reported.

Results

High expression of ANGPT2 and VEGFA is associated with a worse prognosis and IL8 upregulation

The expression levels of the pro-angiogenic factors Ang-2 and VEGFA were determined 
in 525 patients with GBM obtained from the TCGA cohort (n=525) and was examined for 
possible correlation with OS. Patients were divided into high and low expressing tumors 
based on the median expression level. The Kaplan-Meier analysis of these groups revealed 
that high expression of ANGPT2 (P<0.01) and VEGFA (P<0.05) was independently associated 
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with a worse prognosis (Figure 1A, B). Then a combination variable was constructed to 
separate tumors with high expression of both ANGPT2 and VEGFA (ANGPT2*VEGFAhigh) 
from the other tumors. Kaplan-Meier analysis of this stratification of patients revealed that the 
combined high expression of these pro-angiogenic factors was also associated with worse 
survival (P<0.001, Figure 1C). 

Figure 1. Combined high expression of Ang-2 and VEGFA associates with survival and increased IL-8 expression. The 
expression level of ANGPT2 (A), VEGFA (B) and the combined high expression of ANGPT2 and VEGFA (C) associated 
with poorer survival of GBM patients (TCGA cohort). The differential expression of these factors (above or below median) 
did not associate with microvascular density (D), vessel size (E) or vessel perimeter (F) (Groningen cohort). Individual 
values per patient are displayed and horizontal lines represent median scores. (G) Profiling of several angiogenic 
mRNAs identified IL8 and MMP9 as the targets upregulated most in the tumors with combined high expression of 
ANGPT2 and VEGFA; *: P<0.05, **: P<0.01.

 A Cox regression analysis was performed to compare the prognostic value of ANGPT2, 
VEGFA and the combined high expression of both factors, which indicated that only the 
combined high expression maintained significant prognostic value (P=0.040, Table 2). These 
results were replicated in the REMBRANT cohort (n=151), and subsequently the prognostic 
value of the angiogenic factors was also assessed in a Cox regression that included the 
known prognostic factors age at diagnosis and KPS. In this model only age at diagnosis and 
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KPS maintained prognostic significance (Supplemental Table 1). Of the angiogenic factors 
ANGPT2*VEGFA had the highest HR. 

Table 2. Univariate and multivariate analyses of possible prognostic parameters for OS of GBM patients in the TCGA 
and REMBRANDT cohort.

Characteristic
UNIVARIATE ANALYSIS MULTIVARIATE ANALYSIS

HR (95% CI) P-VALUE HR (95% CI) P-VALUE

TCGA cohort (n=525)

ANGPT2 1.344 (1.103-1.637) 0.003 1.015 (0.745-1.384) 0.924

VEGFA 1.260 (1.036-1.532) 0.021 0.952 (0.712-1.273) 0.740

ANGPT2*VEGFA 1.524 (1.238-1.875) <0.001 1.562 (1.021-2.388) 0.040

REMBRANDT cohort (n=151)

ANGPT2 1.212 (0.869-1.690) 0.256

VEGFA 1.261 (0.905-1.758) 0.171

ANGPT2*VEGFA 1.518 (1.055-2.185) 0.024

 To further assess the role of Ang-2 and VEGFA in GBM angiogenesis a set of 28 tumors 
was assembled (Groningen cohort). Similar to the survival analyses, this cohort was also 
subdivided in groups based on differential expression of ANGPT2, VEGFA or a combination 
of both. The microvascular density (MVD) was analyzed on tissue sections for the number of 
vessels per mm2, average vessel area (size) and vessel perimeter, but all MVD-parameters 
did not differ significantly between tumors in association with ANGPT2 and/or VEGFA 
expression (Figure 1D-F). 
 We then continued with profiling of the angiogenic signaling of the Groningen cohort. The 
comparison of tumors with above median expression of ANGPT2 and VEGFA with the other 
GBMs showed several significant differences between these groups, with IL8 and MMP9 
as the strongest upregulated transcripts in the angiogenic sub-group (ANGPT2*VEGFAhigh, 
Figure 1G). In addition DLL4, NOTCH4, FLT1 and PGF were also found to be upregulated in 
these tumors. Since IL-8 is well-known for its pro-angiogenic effects we decided to focus on 
this target.

The expression of ANPT2 and VEGFA is associated with IL8 expression

The results from the Groningen cohort indicating that IL8 expression is higher in tumors that 
also have higher than median expression of ANGPT2 and VEGFA was then further explored 
in both the Groningen and TCGA cohort. In the smaller Groningen cohort, the GBMs were 
dichotomized as those above or below median ANGPT2 and/or VEGFA expression as 
described above. In all these groups higher expression levels of ANGPT2 and/or VEGFA 
were associated with increased IL8 levels (Figure 2A-C). Similarly, results obtained from the 
TCGA cohort confirmed the patterns observed in the Groningen cohort (Supplemental Figure 
1).
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Figure 2. ANGPT2 and VEGFA expression associate with increased IL8 expression. In the Groningen cohort tumors with 
higher than median ANGPT2 expression (A) and tumors with higher than median expression of ANGPT2 and VEGFA (C) 
expressed significantly higher levels of IL-8 mRNA as well. A similar but non-significant trend was observed for tumors 
with above median expression of VEGFA (B). Box-and-whiskers were generated according to Tukey’s method with the 
box representing the 25th and 75th percentile, and whiskers represent 1.5×IQR. Values outside these intervals are 
plotted as individual points. The expression levels of ANGPT2 (D), VEGFA (E) and IL-8 (F), explored in the larger TCGA 
cohort, were all positively correlated; *: P<0.05, ***: P<0.001.

 Additionally, correlations between the expression levels of these three factors were 
assessed in the larger TCGA cohort. Significant positive correlations were identified between 
ANGPT2 and IL8 (r =0.4532, P<0.001, Figure 2D), VEGFA and IL8 (r = 0.5909, P<0.001, Figure 
2E) and between ANGPT2 and VEGFA (r = 0.6312. P<0.001, Figure 2F). The analyses in the 
Groningen cohort only reproduced the association between ANGPT2 and IL8 expression 
(r=0.7093, P<0.01, Online Resource 4), but did not identify any other correlations.

Effects of Ang-2 and VEGFA stimulation on tumor and endothelial cells

To explore whether the expression level of IL-8 can be modulated by Ang-2 or VEGFA we 
continued with the stimulation of HMEC-1s using recombinant Ang-2 and VEGFA proteins. 
The concentration used for Ang-2 (400 ng/ml) and VEGFA (100 ng/ml) were chosen based 
on results in tube formation assays in which they produced inhibitory and stimulatory effects, 
respectively (data not shown). The single or dual stimulation did not significantly alter 
proliferation or apoptosis in HMEC-1 cells (Figure 3A,B), but especially VEGFA stimulation 
induced IL8 transcription 1, 4 and 24 hours after stimulation (Figure 3C). This induction did 
not translate into significantly different secretion levels of IL-8 protein (Figure 3D). 
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Figure 3. Effect of Ang-2 and/or VEGFA stimulation on U87 GBM cells and HMEC-1 endothelial cells. The proliferation 
(A) and rate of CC3-mediated apoptosis (B) in HMEC-1 was unaltered following stimulation with Ang-2 and/or VEGFA 
after 72 and 24 hours, respectively. The transcription of IL8 was upregulated mainly following VEGFA stimulation at 
different time points (C), but the 24-hour secretion level of IL-8 was unaltered in HMEC-1 cells (D). The proliferation of 
U87 cells was slightly inhibited after dual stimulation with Ang-2 and VEGFA (E), but CC3-mediated apoptosis levels 
were unaltered (F). VEGFA induced upregulation of IL-8 transcription in U87 only at the 1-hour time point (G), but 24-
hour secretion levels of IL-8 were indifferent between the conditions (H). Assays were repeated three times and mean 
values ± standard deviations are displayed; *: P<0.05, **: P<0.01, ***: P<0.001, all relative to control.

 The dual stimulation of U87 cells inhibited 72-hour proliferation by 11 percent (P<0.05, 
Figure 3E), but did not induce apoptosis (Figure 3F). The induction of IL8 transcription 
detected in HMEC-1 was less pronounced in U87 cells treated with Ang-2 and VEGFA (Figure 
3G). IL-8 secretion by U87 cells following stimulation was relatively unaffected (Figure 3H), 
similar to the effects observed in HMEC-1 cells.

MES subtype associates with increased IL8 expression and IL-8 mediates in vitro angiogenesis

We then shifted our focus to GBM stem-like cells (GSCs) that have been shown to better 
reflect the phenotype of the human disease [31,32]. GBMs of the MES subtype have been 
reported to express higher levels of angiogenic markers than their PN counterparts [33]. 
Analyses of gene expression in MES GBMs showed higher mRNA levels of ANGPT2, VEGFA 
and IL8 (TCGA cohort, Figure 4A-C). MES GSCs exhibited a dramatically higher expression 
of IL8 mRNA in comparison to PN GSCs (P<0.001, Figure 4D). Unlike in HMEC-1s and U87 
cells, the mRNA expression in MES GSCs correlated with a concordantly higher IL-8 protein 
secretion (P<0.001, Figure 4E). 
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Figure 4. IL-8 is upregulated in MES GSCs and mediates in vitro angiogenesis. Expression levels of ANGPT2, VEGFA, 
and IL8 mRNA are upregulated in MES versus PN GBMs (TCGA cohort, A-C). MES GSCs (GSC 20, 28 and 267) display 
higher levels of the mRNA transcript in comparison to PN GSCs (GSC 8-11, 11 and 23) (D). The secretion level of IL-8 
also indicated increased IL-8 secretion by MES GSCs in comparison to PN GSCs (E). CM of GSCs only had minor 
effects on HMEC-1 proliferation, with a trend for inhibition of HMEC-1 proliferation when an IL-8 was neutralized in 
MES GSC28 CM (F). Representative images of tube formation assays are displayed (G) that illustrate enhanced tube 
formation by the addition of MES CM and significant inhibition of tube formation when IL-8 is neutralized in GSC28 CM 
(H). The variation in individual assays is also shown (I). Assays were repeated five (proliferation) or six (tube formation) 
times and mean values with standard error of the mean (SEM) are plotted; *: P<0.05, ***: P<0.001.
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 To test whether IL-8 would be capable of inducing a MES transition in PN GSCs we 
treated PN GSCs (GSC11 and 23) with recombinant human IL-8 and tested the induction 
of master MES transcriptional regulators at different time points. There were only minor 
differences between control and stimulated cells regarding STAT3, CEBPB and TAZ 
expression (Supplemental Figure 2), leading us to conclude that IL-8 did not directly control 
the MES transition of the PN GSCs. We therefore continued with the exploration of the 
paracrine effect of PN and MES GSCs on endothelium.
 The functional implications of IL-8 secretion on angiogenesis were then further 
addressed through the use of conditioned medium (CM) from PN and MES GSCs. The 
treatment of endothelial cells with GSC CM in general did not substantially affect endothelial 
cell proliferation, but interestingly the addition of an IL-8 neutralizing antibody only resulted 
in a partial (non-significant) inhibition when added to CM from MES GSC28 (Figure 4F). 
Similarly, in tube formation assays CM from both GSC subtypes generally enhanced the rate 
of tube formation compared to controls (Figure 5G, H), but the addition of the IL-8 neutralizing 
antibody only prevented the enhancement of tube formation in the case of MES CM. These 
results together illustrate that IL-8 is an important mediator of MES-induced angiogenesis in 
GBM.

MES GBMs have more proliferating endothelial cells

To test the hypothesis that MES GBMs have higher levels of IL-8 which could serve as signals 
for angiogenesis, the level of dividing endothelial cells was quantified on GBM tissue from 
patients. The average number of double-stained cells for CD34 (endothelial marker) and Ki-
67 (proliferation marker) was confirmed to be higher in MES GBMs (P<0.01, Figure 5A, B). In 
summary of these findings we propose a model in which MES GSCs secrete IL-8 that affects 
the survival and proliferation of endothelial cells in a paracrine fashion (Figure 5C). 

Figure 5. MES GBMs have more proliferating endothelial cells. A photomicrograph of a double stained GBM sample for 
CD34 in red and Ki67 in brown is depicted (A). The black arrowheads indicate CD34+Ki67+ cells. Scale bar is 100 µm. 
Quantification of the double stained cells indicated that MES GBM tissue had a significantly higher percentage of PECs 
in comparison to the PN GBM tissues (B). (C) Proposed model of vessel expansion due to increased IL-8 secretion by 
MES GSCs ; Scale bar = 100 µm; **: P<0.05.
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Discussion

In previous studies it has been shown that Ang-2 and VEGFA individually are associated 
with a worse prognosis for GBM patients [5,17,34]. In this study, we show that the combined 
higher expression of Ang-2 and VEGFA is even stronger associated with a worse prognosis, 
although this factor did not qualify as independent prognostic variable in a multivariate analysis 
including the known prognostic factors age and KPS. Functionally, increased expression of 
Ang-2 and VEGFA could not be linked to increased vascularity, but the examination of an 
angiogenic transcriptional profile identified a strong association between high Ang-2 and 
VEGFA expression and IL-8 expression.
 IL-8, a chemokine also known as CXCL8, was initially discovered for its pro-
inflammatory functions, but the contributions of IL-8 to other tumorigenic processes are 
now well documented [35,36]. IL-8 expression is associated with glioma grade [37], and 
within GBMs, a 3-fold higher expression of IL-8 was associated with diminished patient 
survival [38]. The suppression of the upstream regulator ING4 illustrated the pro-tumoral 
effects of enhanced IL-8-signaling in an in vivo GBM model [39], which was tightly related 
to increased vascularity. Another study confirmed that IL-8 in the secretome of GBM cells 
was a major pro-angiogenic factor through endothelial CXCR2-signaling [38]. Since we also 
initially discovered the association between a pro-angiogenic phenotype and elevated IL-8 
expression, we focused this study on the role of IL-8 in GBM angiogenesis. 
 In addition to the association with the pro-angiogenic phenotype, the expression of IL-8 
was also found to be elevated in MES GBMs. Molecular GBM subtypes that associate with 
survival and response to therapy have been described previously, and the MES subtype 
was initially described as the more vascularized and angiogenic subtype [33,40]. We have 
previously reported that MES GBMs do have larger but not necessarily more vessels, and the 
angiogenic signaling profile of the PN, classical (CLAS) and MES subtypes were rather similar 
[28]. In this study we looked at the PN and MES subtype and found a clear upregulation of 
IL8 expression in and secretion from MES GSCs, and we showed that IL-8 is a key mediator 
of the paracrine pro-angiogenic effect of MES GSCs. 
 Previous studies in other tumor entities have shed light on the effect of IL-8 on the tumor 
cell compartment, but since the responses detected in the GSCs were limited we primarily 
focused on the paracrine effect of IL-8 on endothelial cells. In epithelial cancers, IL-8 has been 
reported to induce an epithelial-to-mesenchymal transition (EMT) [41], which was also shown 
in relatively more differentiated GBM models through IL-8-mediated F-actin polymerization 
[42]. Besides the notion that IL-8 can regulate GSC stemness in the perivascular niche [43], 
the pro-tumorigenic effects of IL-8 in GBM are quite unclear. Whether GBM cells express the 
IL-8 receptors (CXCR1 and CXCR2) is an ongoing debate and conflicting data have been 
reported [35,44-46]. Since the treatment of our PN GSCs did not induce an upregulation of the 
important MES transcriptional regulators STAT3, C/EBPβ and TAZ [47,48], we hypothesize 
that IL-8 upregulation is not necessarily instructive for the MES subtype of these GSCs, but 
moreover a side effect of the subclass transcriptional pattern that is active in the tumor cells. 
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With binding sites present for AP-1 and NF-κB in the promoter region of IL-8, maintenance 
of IL-8 expression in MES GBMs is likely sustained. GBMs of the MES subtype generally 
suffer more from hypoxia and in hypoxic glioma cultures, AP-1 functions as a critical oxygen-
sensitive transcriptional factor for IL-8 [28,45], while NF-κB is highly expressed in MES GSCs 
and regulates the MES differentiation [49]. 
 Another prominent characteristic of MES GBMs is tumor cell invasion of which IL-8 is 
known to be a potent inducer. An IL-8 neutralizing antibody as well as a CXCR1 blocking 
antibody significantly inhibited glioma cell invasion in vitro [46]. Since it was also shown that 
IL-8 can directly enhance the protease production in endothelial cells [50], we speculate that 
targeting of the IL-8 signaling axis could also affect tumor invasiveness. 
 In summary, we showed that the combined high expression of Ang-2 and VEGFA is a 
stronger prognostic factor than Ang-2 and VEGFA alone. This pro-angiogenic phenotype is 
strongly associated with increased IL-8 expression, and we propose that this factor has a key 
role in pro-angiogenic signaling of tumor cells in MES GBMs. Given the diverse involvement 
of IL-8 in gliomagenesis, further exploration of its role and potential druggability in especially 
highly angiogenic and MES GBMs could be a promising path for future studies. 
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Supporting information

Supplemental methods

Patient populations and survival analyses

For both the TCGA cohort and the REMBRANDT cohort gene expression data obtained with 
the Genechip Human Genome HT-HG-U133A platform were retrieved. For the TCGA cohort 
this concerned a total of 525 patients from who level 3 gene expression data and clinical 
characteristics including survival. We defined survival as the time interval from surgery until 
the date of death. Since the KPS value was missing for 139 of the 525 patients, the analysis 
reported in Supplemental Table 1 was performed on the remaining 386 patients of the TCGA 
tumor set.
 The gene expression data for the REMBRANDT cohort with accompanying clinical 
characteristics were available for 151 GBM patients, and the analysis of the data from this 
database was performed using BRB-ArrayTools developed by Dr. Richard Simon and BRB-
ArrayTools Development Team. Log-transformation and median centering of the genes was 
performed. Because age at diagnosis was only available as a range parameter of 5 years 
this variable was excluded from further analyses, while the gender status was missing for 24 
patients.
 All patients in the Groningen cohort underwent surgical debulking in the University 
Medical Center Groningen in the period August 2006 to May 2012.

CM preparation

GBM cells were stimulated with recombinant human Ang-2 and/or VEGFA for 6 hours, 
after which the cells were washed with Hank’s Balanced Salt Solution (HBSS, Lonza) and 
fresh serum-free culture medium was added. Supernatant were collected after 24 hours of 
conditioning and filtered through 0.22 µm filters (Corning, New York, NY) and applied as 
indicated in functional in vitro experimentation.

Proliferation assay

For the proliferation assays 2.5×103 cells were seeded in 96-wells plates and treated as 
indicated. MTT reagent was added after 72 hours, incubated with the cells for 4 hours and 
formazan crystals were formed. Then 0.04N HCl in isopropanol was added and thoroughly 
mixed to dissolve the formazan. Directly after dissolving the absorbance was measured at 570 
nm and a reference wavelength of 630 nm (Varioskan, Thermo Fisher Scientific, Waltham, MA).
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Apoptosis assay

To assess the induction of apoptosis following stimulation cells were seeded in chamber 
slides (Thermo Fisher Scientific) and stimulated with recombinant proteins or conditioned 
medium for 24 hours. Then the cells were fixed using 4% paraformaldehyde and stained for 
Cleaved Caspase-3 through immunofluorescent staining. Aspecific binding of antibodies 
was blocked using 0.2% non-fat dry milk in phosphate-buffered saline (PBS) for 30 minutes. 
Then slides were incubated with 1:400 diluted rabbit anti-Cleaved Caspase-3 antibody 
(Clone Asp175, Cell Signaling Technology, Danvers, MA). Cells were washed with PBS 
and incubated with a 1:200 diluted goat anti-rabbit antibody with an Alexa Fluor 555 label 
(Life Technologies, Carlsbad, CA) for 30 minutes. After another PBS wash nuclei were 
counterstained with DAPI. The experiment was repeated three times and in each experiment 
A172 GBM cells treated with recombinant human sTRAIL (100 ng/ml for 24 hours, Preprotech, 
Rocky Hill, NJ) were used as a positive control. A total of 5 images at 10x magnification were 
obtained per condition, from which the Cleaved Caspase-3-negative fraction was quantified. 
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Supplemental Figures

Supplemental Figure 1. Expression of ANGPT2 and VEGFA associates with increased IL8 expression in the TCGA 
cohort. In the TCGA cohort tumors with higher than median expression of ANGPT2 (A), VEGFA (B) or both ANGPT2 
and VEGFA (C) all expressed significantly higher levels of IL-8 mRNA. The correlation between ANGPT2 and IL8 was 
significant (r=0.7093, P<0.001) (D), while VEGFA and IL8 as well as ANGPT2 and IL8 were not significantly associated 
(E, F).

Supplemental Figure 2. No induction of MES transcriptional regulators in PN GSCs following IL-8 stimulation. The 
stimulation of GSC11 (A) and GSC23 (B) with 100 ng/ml IL-8 did not induce strong upregulation of master MES 
transcription factors after 8, 24 or 48 hours. 
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Supplemental Table

Supplemental Table 1. Univariate and multivariate analyses of possible and known prognostic parameters for OS of GBM 
patients in the TCGA cohort.

CHARACTERISTIC
UNIVARIATE ANALYSIS MULTIVARIATE ANALYSIS

HR (95% CI) P-VALUE HR (95% CI) P-VALUE

TCGA cohort (n=386)

KPS 2.330 (1.778-3.052) <0.001 1.978 (1.497-2.613) <0.001

Age at diagnosis 2.086 (1.632-2.666) <0.001 1.777 (1.374-2.297) <0.001

ANGPT2 1.394 (1.103-1.762) 0.005 1.024 (0.703-1.491) 0.903

VEGFA 1.335 (1.060-1.683) 0.014 0.883 (0.634-1.231) 0.464

ANGPT2*VEGFA 1.645 (1.282-2.110) <0.001 1.445 (0.870-2.399) 0.155
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Abstract

The significance of tumor angiogenesis for solid neoplasms was already recognized almost 
half a century ago, and still today extensive interdependency between tumor and endothelial 
cells is implicated in tumor progression. Glioblastoma (GBM), a malignant brain tumor that 
gives patients a uniformly dismal prognosis, is heavily vascularized and therapies targeting 
the vasculature are extensively tested for these tumors. The understanding of therapy 
refractoriness is limited, and we therefore aimed to address potential off-target effects of 
pro-angiogenic factors on GBM tumor cells with this study.
 In this study, we have explored the effects of key pro-angiogenic factors Angiopoietin-2 
(Ang-2) and VEGFA on tumor cells and the indirect tumor-mediated effects on angiogenesis. 
To this end we examined the effects of GBM cell stimulation with Ang-2 and/or VEGFA on in 
vitro and in ovo angiogenesis assays. An in vivo GBM model was utilized to study the effects 
of stimulation in a more multifactorial model.
 We found that supernatants from GBM cell models (A172, U251, U87 and GSC23) 
uniformly reduced in vitro tube formation following dual stimulation, and similarly supernatants 
applied on a developing chorioallantoic membrane in ovo resulted in decreased capillary 
formation when GBM cells (U87 and GSC23) were stimulated with both Ang-2 and VEGFA. 
The stimulation of GBM xenografts in vivo did not affect tumor progression or vascularization 
parameters.
 The results of our study suggest that Ang-2 and VEGFA stimulation of GBM cells can 
instigate reduced angiogenesis in vitro and in ovo, but not in vivo.
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Introduction

Glioblastoma (GBM) is the most common primary brain tumor in adults with no curative 
therapies available [1]. Over the last decade therapeutic targeting of angiogenesis in these 
highly vascularized tumors has been persistently explored, but has been unable to result in 
durable responses in the GBM patients thus far [2]. Amongst the multitude of angiogenic 
signaling routes available, VEGFA and Angiopoietin (Ang) signaling have been considered 
important for glioma angiogenesis [3]. VEGFA had long been recognized as a central pro-
angiogenic factor [4,5], also in GBM [6,7], but the identification of Ang-2 and its effect on 
angiogenesis represents a later area of research [8,9]. Currently, the extent of crosstalk 
between angiogenic signaling pathways is still incompletely elucidated, but for instance the 
VEGF-dependency of the Ang/Tie-signaling effect has been studied relatively well [10]. 
 Ang-1 expression was observed in normal brain as well as in tumor cells, while Ang-2 
expression was reported exclusively in tumor [11-15]. Since the expression of Ang-1 was 
rather uniform throughout gliomas and Ang-2 was observed in preferentially smaller vessels, 
the focus for tumor neoangiogenesis is on Ang-2 [12,13]. Furthermore, the expression of 
VEGFA and Ang-2 is higher in malignant glioma versus lower-grade glioma [11,13,16], and 
an increase in Ang-2-positive vessels in higher-grade gliomas was identified [17]. A relative 
increase of Ang-2 in comparison to Ang-1 expression was correlated with GBM patient 
survival [18], which together indicates that increased expression of Ang-2 and VEGFA 
associates with increased tumor vascularization and shorter patient survival.
 Continuous upregulation of Ang-2 in vivo resulted in abnormal vascular structures that 
are generally not seen in glioma [19], suggesting that Ang-2 normally functions in a temporally 
and spatially organized manner. Since Ang-2 immunoreactivity localized specifically to 
activated endothelial cells, regularly in the absence of supporting vascular cells (i.e. pericytes 
[12,13,15]), the function of Ang-2 was then implicated in the early phases of angiogenesis 
[12]. Furthermore, in vivo studies in a rat glioma model suggested that contrary to the general 
assumption, tumors did not start as avascular masses [10,20]. Actually, engrafted tumor 
cells were shown to coopt pre-existing vasculature first, which was followed by massive 
necrosis and finally the orchestration of a tumor-mediated pro-angiogenic response. The 
expression pattern of Ang-2 and VEGFA was highly suggestive of an important role of both 
signaling molecules in this pro-angiogenic response at the tumor margin. 
 Interestingly, although the expression levels and patterns of these angiogenic ligands 
clearly deviate from healthy physiological situations, results from embryonic studies and other 
disease models are often applied to tumor or GBM angiogenesis. Insight into angiogenic 
crosstalk and off-target effects of angiogenic factors could contribute to our understanding 
of the refractoriness to the anti-angiogenic therapies that are currently being explored in 
GBM. For that reason, we have assessed the tumoral effects and tumor-mediated effects of 
Ang-2 and VEGFA stimulation on angiogenesis with in vitro, in ovo, and in vivo GBM models.
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Methods

Cell culture and recombinant proteins

A172, U251 and U87 cells were maintained in DMEM/F-12 (Lonza, Verviers, Belgium) 
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Munich, Germany) and 1% 
penicillin/streptomycin solution (pen/strep, Lonza). GSC23 cells were maintained in DMEM/
F12 (Lonza) supplemented with 2% B27 (Life Technologies, Bleiswijk, the Netherlands), 20 
ng/ml bFGF and EGF (Life Technologies) and 1% pen/strep. Human dermal microvascular 
endothelial cells (HMEC-1) were kindly provided by Dr. E.W. Ades (CDC, Atlanta, USA) 
via Prof. G. Molema and the UMCG Endothelial Cell Facility [21] and maintained in M-199 
medium (Lonza) supplemented with 10% FBS, 10% human serum (Sigma-Aldrich), pen/
strep and L-glutamine (Lonza). 
 Carrier-free recombinant human VEGFA165 (from here on referred to as VEGFA) and 
carrier-free recombinant human Ang-2 were obtained commercially (R&D Systems, 
Minneapolis, MN).

Conditioned medium (CM) preparation

GBM cells were stimulated with Ang-2 (400 ng/ml) and/or VEGFA (100 ng/ml) for the 
preparation of CM. Cells were stimulated with recombinant proteins and 6 hours after onset 
of stimulation the cells were washed with Hanks Balanced Salt Solution (HBSS, Lonza) and 
the medium was replaced by fresh serum-free culture medium. After 24 hours conditioning 
the supernatants were collected and cellular debris was removed by filtration through a 0.20 
µM sterile syringe filter (Corning, New York, NY).

Proliferation assay

For assessment of the effect of Ang-2 and/or VEGFA on proliferation the Chemicon® 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT) cell proliferation assay 
was performed according to the manufacturer’s instructions (Merck Millipore, Darmstadt, 
Gemany). Briefly, 2.5×103 cells were seeded in 96 wells plates and treated with Ang-2 and/
or VEGFA. MTT reagent was added after 72 hours incubation and formazan crystal formation 
was allowed for 4 hours. Then 0.04N HCl in isopropanol was added and thoroughly mixed 
to dissolve the formazan. Directly after dissolving the absorbance was measured at 570 nm 
and a reference wavelength of 630 nm (Varioskan, Thermo Fisher Scientific, Waltham, MA). 
Conditions were performed in triplicate and repeated three times.
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Apoptosis assay

To assess the induction of apoptosis following stimulation with Ang-2 and/or VEGFA 2.5×104 
cells were seeded in poly-L-lysine-coated chamber slides (Thermo Fisher Scientific) and 
stimulated with recombinant Ang-2 and/or VEGFA or CM during 24 hours. Then the cells 
were fixed using 4% paraformaldehyde and stained for Cleaved Caspase-3 through 
immunofluorescence. Aspecific binding of antibodies was blocked using 0.2% non-fat 
dry milk in phosphate-buffered saline (PBS) for 30 minutes. Then slides were incubated 
with 1:400 diluted rabbit anti-Cleaved Caspase-3 antibody (Clone Asp175, Cell Signaling 
Technology, Danvers, MA). Cells were washed with PBS and incubated with a 1:200 diluted 
goat anti-rabbit antibody with an Alexa Fluor 555 label (Life Technologies, Carlsbad, CA) for 
30 minutes. Cells were again washed with PBS and finally nuclei were counterstained with 
DAPI. 
 The experiment was repeated three times and in each experiment A172 GBM cells 
treated with recombinant human sTRAIL (100 ng/ml for 24 hours, Preprotech, Rocky Hill, NJ) 
were used as a positive control. A total of 5 images at 10× magnification were obtained per 
condition, from which the Cleaved Caspase-3-negative fraction was quantified. 

Capillary-like tube formation assay

Growth factor-reduced Matrigel® was plated in µ-Slides for Angiogenesis (Ibidi, Munich, 
Germany) and incubated at 37°C for 30 minutes. HMEC-1 cells were serum-starved 24 
hours prior to the tube formation assay and 5×103 cells were seeded in each well. After 5 
hours incubation at 37°C each well was photographed. Image analysis was carried out using 
Angiogenesis Analyzer [22] in ImageJ. Conditions were assessed in triplicate and assays 
were repeated 5 times. 

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were obtained from Het Anker B.V. (Ochten, the Netherlands) and 
cultured in an egg incubator (38°C, 60% humidity) with continuous movement. After 3 days 
the eggs were kept in a steady position and a small punch was created in the top of the 
egg so that an air sac would form. After an additional 4 days of incubation the hole was 
slightly extended and 500 µl of recombinant protein solution (Ang-2 and/or VEGFA) or CM 
was applied onto the newly formed CAM. The stimulation step in each experiment was 
commenced with 15 viable eggs per condition. The eggs were then left for another 2 days 
incubation, after which the membranes were excised and 3 images were obtained from each 
CAM. The microvessel density was analyzed using Aperio Imagescope software version 
12.1.0 and averaged per CAM. 
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In vitro invasion assay

Transwell inserts (8.0 μm pore size, Corning, New York, NY) were coated with 1.5 mg/ml 
Collagen Type I solution (Sigma-Aldrich) overnight at 37°C. Cells were serum starved for 
24 hours, and then 2.5×104 cells were seeded in coated transwell inserts with indicated 
recombinant proteins for stimulation. Medium with 10% serum was used as chemo-attractant, 
and 0.1% serum as a control condition. After 24 hours membranes were washed, cells were 
fixed in methanol and stained with hematoxylin for 10 minutes. Non-migrated cells inside 
the transwell were removed using a cotton swab and membranes were photographed 
for quantification purposes. Averaged values ± standard deviations from 4 independent 
experiments are shown.

In vivo animal study

Female nude mice (Foxn1nu) aged 8 weeks were engrafted intracranially with 1.0×105 GSC23 
cells through previously implanted guide-screws [23]. To allow for in vivo bioluminescent 
imaging the GSCs were transduced with pCignal lenti-CMV-luc viral particles to express 
luciferase (SA Biosciences, Frederick, MO). After the tumor cell engraftment mice were 
left alone to recover and dosing was commenced 14 days later. Intratumoral dosing with 
recombinant human proteins Ang-2 (100 ng per dose) and VEGFA (25 ng per dose) was 
thereafter applied via the guide-screw system for 3 weeks biweekly. 
 After 3 weeks of dosing, mice were injected intravenously in the tail veins with 50 µl of 
pimonidazole hydrochloride (15 mg/ml in PBS, Hypoxyprobe, Inc., Burlington, MA) and 50 
µl 30 mg/ml high molecular weight FITC-dextran (30 mg/ml in PBS, MW 2000 kDa, Sigma-
Aldrich) 30 minutes prior to sacrificing. The mice were euthanized through CO2 inhalation 
and all of the animals completed the study. 
 The brains were collected and stored in 10% Formalin during 48 hours for fixation. After 
fixation tissues were processed and embedded in paraffin. Tissue sections of 3 μm thickness 
were prepared using a microtome for downstream analyses. All animal procedures were 
reviewed and approved by the Institutional Animal Care and Use Committee at the M.D. 
Anderson Cancer Center.

In vivo imaging

Tumor growth was monitored throughout the study at indicated time points (Figure 4A) using 
an in vivo bioluminescence imaging system (Ivis® 200, Perkin Elmer, Waltham, MA). Prior 
to imaging mice were injected with 200 μl of D-Luciferin sodium salt (15 mg/ml in PBS, Gold 
biotechnology, Olivette, MO) and after 15 minutes incubation mice were scanned with a 30 
seconds exposure time window. Imaging was analyzed using Living Image software version 
4.5 (Perkin Elmer).
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Immunohistochemistry

Mouse brain tissue sections were stained with antibodies against CD34 (MEC14.7, Abcam, 
Cambridge, UK), Nestin (10C2, Santa Cruz, Heidelberg, Germany) and FITC (Abcam). 
Briefly, sections were deparaffinized, rehydrated and heat-induced antigen retrieval using 
10 mM sodium citrate buffer (pH 6.0) was performed. Endogenous peroxidase was blocked 
for 30 minutes using 0.3% H2O2 and subsequently the sections were incubated with primary 
antibodies as indicated above, followed by incubation with secondary and tertiary peroxidase-
labeled antibodies. Antibody binding was visualized through 3,3’-diaminobenzidine 
incubation for 10 minutes, and slides were counterstained with hematoxylin for 2 minutes.

Morphometrical analyses

Morphometrical analyses were performed using Aperio Imagescope software version 12.1.0 
(Leica Biosystems, Nussloch, Germany). Endothelial cells visualized by CD34 staining were 
quantified as a measure for vascularization level. The CD34-positive pixel fraction relative to 
the vital tumor area was quantified and expressed as a percentage. Blood vessel leakiness 
was examined through quantification of FITC-extravasation into blood vessel surrounding 
tissues. Also here, the area strongly positive for FITC was expressed as a percentage relative 
to total tumor area. Finally, invasion of tumor cells from the tumor bulk was assessed in a 
rim of approximately 10 cell layers adjacent to the tumor bulk. In this selected area Nestin-
positive pixels were expressed as a percentage relative to the selected invasion area in 
pixels.

Statistical analyses

All statistical analyses were performed using Graphpad Prism version 5 (Graphpad 
Software Inc, San Diego, CA). Multiple group comparisons were assessed through One-way 
ANOVA or Kruskal-Wallis tests depending on the data distribution, and they were followed 
up by Bonferroni or Dunn’s post-hoc tests, respectively. Differences between two groups 
were determined by an independent t-test. Associations were assessed using Pearson’s 
correlation coefficient or Spearman’s rho depending on the data distribution. Data are plotted 
as averaged values from independent experiments ± standard deviation (SD). P-values 
<0.05 were considered significant and exact two-sided P-values are reported.
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Results

CM from GBM cells stimulated with Ang-2 and VEGFA reduces in vitro tube formation

Although the effect of pro-angiogenic factors Ang-2 and VEGFA has been explored 
extensively on endothelium directly, we focus ourselves in this study on the effects on tumor 
cells and the paracrine effect from these cells on endothelial cells. Dosages of Ang-2 (400 
ng/ml) and VEGFA (100 ng/ml) were selected according to previously observed functional 
inhibitory and stimulatory effects of these factors in tube formation assays, respectively 
(data not shown). To evaluate the effects of Ang-2 and VEGFA on angiogenesis via GBM 
cells we started with in vitro assays in which angiogenic properties could be stimulated 
with recombinant proteins or CM. To assess the interplay of Ang-2 and VEGFA in capillary-
like tube formation assays HMEC-1 cells were first stimulated with either Ang-2 or VEGFA 
alone, or a combination of both. Ang-2 alone inhibited tube formation for up to 25%, and 
VEGFA caused a non-significant increase in tube formation of around 5% (Supplemental 
Figure 1). The dual stimulation unexpectedly resulted in a decrease of tube formation with 
an effect size up to 30%, where a synergistic pro-angiogenic effect was expected based on 
literature. These results indicate that VEGFA stimulates tube formation, while Ang-2 alone 
or in combination with VEGFA inhibits tube formation. These effects were not explained by 
alterations in the rates of proliferation and apoptosis (Chapter 3). 
 In order to examine the paracrine effects of GBM cells, we collected CM from these 
cells from the 4 different stimulation conditions, and added the CM to the HMEC-1 cells in the 
tube formation assay (Figure 1A). CM from all the GBM cells that were stimulated with either 
Ang-2 or VEGFA alone did not influence the rate of tube formation by HMEC-1 cells, but dual 
stimulated CM consistently reduced the level of tube formation (Figure 1B). The rate of tube 
formation was reduced with 24 to 34 % relative to CM collected from unstimulated GBM cells. 

Ang-2 and VEGFA have a limited impact on proliferation and apoptosis rates

To rule out that proliferation or apoptosis rates confounded the paracrine anti-angiogenic 
effects in the in vitro assay, we then assessed proliferation rates using MTT assays 72 hours 
after stimulation, while apoptosis was examined by staining for Cleaved Caspase-3. First 
we looked at the effect of direct stimulation of GBM cells (A172, U251, U87 and GSC23) 
with Ang-2 and/or VEGFA. This stimulation did not substantially influence proliferation and 
apoptosis rates, apart from a slight inhibition of proliferation of U87 cells that were stimulated 
with both Ang-2 and VEGFA (11%, P<0.05, Supplemental Figure 2).
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Figure 1. CM from dual stimulated GBM cells reduces tube formation in endothelial cells. GBM cells were stimulated 
with Ang-2 and/or VEGFA and the CM from these cells were added in tube formation assays. Representative 
photomicrographs showing the tube formation assay after 5 hours development are displayed (A). Quantification of the 
total tube length indicated that single stimulation with Ang-2 or VEGFA did not alter tube formation measures, but CM 
from dual stimulated cells consistently inhibited HMEC-1 tube formation (B). Conditions were examined in triplicate in 5 
independent experiments, and averaged data ± SD are shown; *: P<0.05, ***: P<0.001 all relative to control.

 Since no strong effects on proliferation or apoptosis were observed in this setting we then 
continued with the examination of the effect of GBM cell CM on the proliferation of endothelial 
cells. For this purpose, CM from 4 different GBM cells collected under 4 different conditions 
(unstimulated, single stimulation with Ang-2 or VEGFA, and dual stimulation with Ang-2 and 
VEGFA) was added to HMEC-1 cells. Relative to the control conditions, the stimulation of 
tumor cells during the preparation of the CM with Ang-2 and VEGFA did not alter either the 
proliferation (Figure 2A) or apoptosis of HMEC-1 cells (Figure 2B). These results indicate 
that the paracrine anti-angiogenic effect that we identified in the tube formation is seemingly 
independent from effects on proliferation or apoptosis.
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Figure 2. Proliferation and apoptosis rates of endothelial cells are unaffected by CM from GBM cells stimulated with Ang-
2 and/or VEGFA. CM from single or dual stimulated GBM cells when added to HMEC-1 cells did not influence 72-hour 
proliferation rates relative to control CM (A). Similarly, no change in apoptosis levels were detected in response to CM 
from Ang-2 and/or VEGFA stimulated GBM CM relative to control CM (B). Conditions were examined in triplicate in 5 
independent experiments, and averaged data ± SD are plotted.

CM from Ang-2 and VEGFA-stimulated GBM cells attenuates capillary formation in the CAM

The effect of Ang-2 and VEGFA on angiogenesis was next examined in the CAM model. 
Ang-2 and VEGFA were added to the developing CAM and after 2 days incubation the 
CAMs were excised and the capillary density was quantified while excluding larger vessels 
(Supplemental Figure 3A). Single Ang-2 stimulation resulted in a decrease of capillary density, 
but on average VEGFA alone or in combination with Ang-2 increased capillary formation by 
about 35 to 40% (Supplemental Figure 3B).
 Then CM from GBM cells in the CAM model showed effects similar to those observed in 
the tube formation assays (Figure 3A). While CM from tumor cells stimulated with either Ang-
2 or VEGFA did not introduce differences in the level of capillary formation, CM from dual 
stimulated GBM cells significantly inhibited capillary development by approximately 40% 
with U87 CM and 50% with GSC23 CM (P-values <0.05, Figure 3B). 
 Taken together we conclude that although the results from the direct stimulation in 
vitro and in ovo are in some aspects contradictory, dual stimulation of GBM cells seems to 
consistently result in the secretion of certain factors that exert anti-angiogenic effects.
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Figure 3. CM from dual stimulated GBM cells reduces capillary formation in the developing CAM. Representative 
photomicrographs of excised CAMs illustrating the capillary density following stimulation with CM from Ang-2 and/or 
VEGFA-treated U87 and GSC23 cells (A). CM from GBM cells stimulated with Ang-2 or VEGFA alone did not influence 
the capillary density relative to the GBM control CM, but CM from dual-stimulated U87 and GSC23 cells reduced 
capillary development in the CAM (B). For each condition 15 eggs were treated. Horizontal lines represent mean 
values; *: P<0.05; **: P<0.01.

Ang-2 and VEGFA stimulation do not enhance GBM xenograft growth

Next, to examine whether the application of recombinant human proteins would also 
influence the level of angiogenesis and ultimately the rate of tumor growth in a model system 
that reflects the cellular microenvironment of a GBM more closely we then moved to an in 
vivo orthotopic xenograft model. In total, 32 mice were engrafted with 1.0×105 luciferase-
transfected GSC23 cells and subsequent dosing with recombinant human Ang-2 (100 ng) 
and/or VEGFA (25 ng) was applied intratumoral through the previously implanted guide-
screw system. The rationale for selecting human proteins as stimulatory agents was that 
this would likely maximize the effects of the action via the engrafted human tumor cells, and 
thus emphasize the action of the agents via tumor cells that resulted in the paracrine anti-
angiogenic effects. 
 Twice weekly dosing was commenced 13 days after tumor cell engraftment, and tumor 
growth was monitored throughout the study with in vivo bioluminescent imaging before 
treatment initiation, after 2 and after 3 weeks of treatment (Figure 4A). The obtained cranial 
images of the mice at these time points are displayed (Figure 4B) and the quantification of 
the total radiance indicated that the treatment with Ang-2 and/or VEGFA did not introduce 
differences in tumor growth between the experimental groups (Figure 4C).
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Figure 4. Ang-2 and VEGFA do not influence in vivo tumor growth kinetics. Orthotopic implantation of GBM cells was 
followed by intracranial dosing with Ang-2 (100 ng) and/or VEGFA (25 ng) twice weekly for 3 weeks after which the 
study was terminated (A). Per group 8 mice were treated and in vivo bioluminescent images from the mice prior to 
treatment, after 2 weeks treatment and before study termination are shown (B). Quantification of the imaging data 
is depicted in the last panel, illustrating highly similar tumor signals in all experimental groups (C). Horizontal lines 
represent median values.

Vascularization patterns and invasive behavior are not influenced by Ang-2 or VEGFA stimulation

Mouse xenografts were histologically assessed through IHC. To examine the level of 
vascularization, CD34 staining was performed, and the pixels positive for CD34 were 
quantified in relation to the positive pixel count for vital tumor area. This analysis showed no 
differences between groups (Figure 5B). Actually, the strong association between the pixel 
count for CD34 positivity and vital tumor area (Figure 5C, SR = 0.7922, P<0.001) hinted that 
tumor growth would be a better predictor of vascularization levels. By analyzing the level of 
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vascularization in xenografts and the contralateral (unaffected) hemisphere, we established 
that vascularization levels are significantly enhanced in the engrafted sites (Supplemental 
Figure 4).

Figure 5. Ang-2 and VEGFA do not affect vascularization levels, vascular leakiness or invasion rates. Through CD34 
staining vascularization levels were assessed (A, scale bar = 100 µm). Vascularization levels were indifferent between 
groups (B), but staining for CD34 was positively correlated with vital tumor volume (C). Vascular leakiness was assessed 
through FITC-staining (D, scale bar = 100 µm), which did not result in significant differences between experimental 
groups (E). The extent of FITC-extravasation did not associate with absolute CD34-positive pixel counts (F). Invasion 
was assessed through staining for Nestin (G, scale bar = 200 µm), and this process was unaffected by Ang-2 and/or 
VEGFA stimulation (H). The area measurement of the selected invasion site was positively correlated with the border 
perimeter along which the invasion was quantified (I). Horizontal lines represent median values.

 To assess vascular integrity, the mice were perfused with high molecular weight FITC-
dextran, which could thereafter be detected on the tissues by IHC (Figure 5D). The extent 
of staining for FITC in vessel-surrounding tissues could then be interpreted as a marker 
for vascular leakiness, and given that Ang-2 is well-known for its ability to cause pericyte 
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detachment, increased leakiness in Ang-2-stimulated xenografts was anticipated. Upon 
gross examination, extensive variation in most of these staining quantifications was noted. 
Then, a slight increase in vascular leakiness or at least the identification of several outliers with 
enhanced vascular leakiness in particularly the mice treated with Ang-2 and/or VEGFA could 
be observed (Figure 5E). The level of vascular leakiness was unrelated to the vascularization 
level (Figure 5F), thus indicating that any observed effects are likely related to the applied 
treatments.
 Lastly, the extent of invasion was quantified through staining for human Nestin (Figure 
5G). Since we had detected Ang-2-mediated induction of invasion in vitro (Supplemental 
Figure 5), we were interested to see whether such effects were also elicited by the stimulations 
applied in the xenograft study. A rim of approximately 10 cell layers was selected and 
herein the amount of cells that stained positive for Nestin was examined, thus providing a 
measurement for invasive xenograft growth. A slight trend for decreased invasiveness or 
a decrease in variation was introduced by dual stimulation with Ang-2 and VEGFA, but no 
significant differences between the groups were detected (Figure 5H). To control for the 
thickness of the invasive layer that was selected per tumor the correlation between tumor 
border length and the pixel count of the selected invasive area was plotted (Figure 5I), which 
indicated that highly similar regions were selected per tumor (r = 0.9673, P<0.001).

Discussion

In this study, we have explored the tumoral effects of the angiogenic signaling factors Ang-2 
and VEGFA. Generally, the effect of these factors is assessed on the endothelium, but given 
the abundance of GBM cells in a tumor, we were interested to see what ‘off-target’ effects 
these factors could exert. We identified that stimulation of tumor cells with both factors in 
concert exert robust paracrine anti-angiogenic effects in in vitro tube formation assays and 
in ovo CAM assays. Intratumoral stimulation in vivo unfortunately did not elicit similar effects 
and tumor growth remained unaffected.
 Obviously, a major shortcoming is that we do not know how Ang-2 and VEGFA stimulation 
alter GBM cell secretomes. Without that we are unable to predict whether the anti-angiogenic 
effects in vitro and in ovo were introduced by a reduction of an individual or more likely 
multiple pro-angiogenic factors, or whether actual anti-angiogenic factor(s) were produced 
by the GBM cells in response to the stimulations. To answer these questions, supernatants 
from stable isotope-labeled GBM cells stimulated with Ang-2 and/or VEGFA could be 
analyzed in a quantitative manner with liquid chromatography and mass spectrometry (LC-
MS/MS, [24]).
 Second, the observation that only dual stimulation introduces this paradoxical paracrine 
effect further complicates the paradigm. The experimental set-up does not allow for continuous 
tracking of read-out parameters, but the effects under study evolve continuously and 
surely introduce secondary effects. Heaps of experiments could be performed to enhance 
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understanding of such processes and especially cell-specific expression modulation would 
be interesting, but also in this matter, having a hint of which pathways were affected in these 
models to narrow the options down would be helpful.
 At this time, however, the results presented here do insinuate that the stimulatory effects 
of Ang-2 and VEGFA are limited in a multiform model. Given the importance that has been 
ascribed however to both these pathways in literature [3], and the relative success that has 
been achieved with combined inhibition of these pathways at least in vivo, it is surprising 
that vascularization levels were unaltered in Ang-2 and/or VEGFA-treated xenografts in 
comparison to the PBS-treated controls. We hypothesize that the angiogenic signaling pool 
in these xenografts is already saturated and additionally influenced in a more multifactorial 
manner than under controlled in vitro GBM cell culture conditions. This ultimately prevented 
the in vivo translation of the in vitro detected stimulation-induced anti-angiogenic effects. 
Alternatively, yet importantly, the choice for stimulation with human recombinant proteins 
potentially hampered the vascular effects.
 The fact that endothelial expression levels are doubled in xenografted areas in 
comparison to contralateral unaffected striatal areas indicates that tumor cells exert a pro-
angiogenic effect in this in vivo GBM model. These results are in concordance with a previous 
report that described that increased endothelial cell number allowed the GSC pool to expand 
in vivo and a converse reduction in GSCs following application of vascular depleting therapy 
[25]. These results suggest that tumor-mediated angiogenesis is important in glioma, 
and additionally, several trans-differentiation mechanisms in which tumor cells acquire 
vascular characteristics have been described of which the clinical relevance is currently 
not established [26-29]. Our study could potentially provide insight into these previously 
overlooked ‘off-target’ effects of angiogenic factors, and particularly the quantitative analysis 
of human mRNA profiles from the xenografts could give insight in these tumoral effects.
 In conclusion, we have identified in vitro and in ovo reduction of GBM cell-mediated 
angiogenesis, but no modulation in vivo modulation of angiogenesis or tumor growth was 
observed. The study also provided insight into the (limited) potential of angiogenic stimulation 
in an in vivo GBM xenograft model. 
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Supporting information

Supplemental Figures

Supplemental Figure 1. Proliferation and apoptosis rates of tumor cells are relatively unaffected by direct stimulation with 
Ang-2 and/or VEGFA. Proliferation rates 72 hours after stimulation were slightly inhibited in A172 cells after any type of 
stimulation and even significantly in U87 following dual Ang-2/VEGFA stimulation (A). Apoptosis rates were unaffected 
by Ang-2 and/or VEGFA stimulation in 4 GBM cell cultures (B). Conditions were examined in triplicate in 5 independent 
experiments, and averaged data ± SD are plotted; *: P<0.05, **: P<0.01, ***: P<0.001 all relative to the control.
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Supplemental Figure 2. Ang-2 inhibits capillary-like tube formation in endothelial cells. Representative photomicrographs 
showing the tube formation assay after 5 hours with HMEC-1 cells in the presence of recombinant human Ang-2 and/
or VEGFA (A). Stimulation of the cells with Ang-2 alone or Ang-2 in combination with VEGFA significantly inhibited the 
tube formation (B). Each condition in the tube formation assay was performed in triplicate and mean values ± SD from 
5 independent experiments are plotted; **: P<0.01 relative to the control.

Supplemental Figure 3. Ang-2 inhibits vascular development in the CAM. Representative photomicrographs of excised 
CAMs illustrating the capillary density following stimulation with recombinant human Ang-2 (400 ng/ml) and/or VEGFA 
(100 ng/ml) (A). In comparison to Ang-2 stimulation alone, which led to a non-significant reduction in capillary density, 
dual stimulation with Ang-2 and VEGFA increased the capillary density in the CAMs (B). Horizontal lines represent mean 
values; *: P<0.05.
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Supplemental Figure 4. Vascularization levels are increased in orthotopic GBM xenografts. To examine whether CD34 
levels are increased in tumor versus non-tumor areas the CD34-positive pixel fraction was determined in both the 
engrafted striatum of control mice and in the contralateral unaffected hemisphere. Representative images are depicted 
(A, scale bar = 100 µm) that illustrate increased vascularization that was statistically confirmed using the paired 
measurements from the 8 mice of the control group (B). Horizontal lines represent mean values; **: P<0.01.

Supplemental Figure 5. Ang-2 and VEGFA effect on in vitro GBM invasion. In Boyden chamber assays the effect of Ang-
2 and/or VEGFA stimulation on U87 invasiveness was assessed. Images of membranes after 24 hours of incubation 
are shown (A), and increased invasiveness following Ang-2 stimulation was observed (B). The red tick on the Y-axis 
represents the level of invasion with 0.1% FBS in the lower chamber. Mean valus ± SD are plotted; *: P<0.05.
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Abstract

Due to the highly vascularized nature of the malignant brain tumor glioblastoma (GBM) anti-
angiogenic therapy could potentially be beneficial for this disease. Therapeutic targeting 
of single angiogenic factors has resulted in marginal improvements, and the exploitation 
of alternate angiogenic signaling pathways has been suggested to mediate therapy 
refractoriness. In the current study we have therefore therapeutically inhibited the ligands, 
Angiopoietin-2 (Ang-2) and VEGFA, alone or in combination and have examined the effects 
of this approach on in vivo xenograft growth, vascularization parameters and invasive growth. 
Additionally, effects of treatment discontinuation were also assessed. We found that although 
tumor growth was unaffected, Ang-2 and VEGFA inhibition resulted in expected reduced 
CD34 (endothelial) and α-SMA (pericyte) expression levels, respectively. L1-10-mediated 
Ang-2 inhibition also introduced increased necrosis in mouse xenografts that resembled 
guillande necrosis. Bevacizumab-discontinued xenografts tended to grow slightly more 
invasively, but vascular integrity was unaffected by the applied treatments. In conclusion, 
although vascular parameters were physiologically affected by L1-10 and/or Bevacizumab 
treatment, in vivo GBM xenograft growth was unaffected.
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Introduction

Glioblastoma (GBM) is a highly malignant brain tumor that unexceptionally results in short 
survival. Standard of care comprises of maximal safe surgical resection, followed by chemo-
radiation [1-3]. The high degree of tumor vascularization [4] has encouraged extensive 
exploration of anti-angiogenic therapeutic approaches for these malignant brain neoplasms, 
but results have been disappointing in GBM [5]. Accelerated approval was granted to 
Bevacizumab in 2009 for recurrent GBMs based on durable objective radiological responses 
in two Phase II trials [6,7]. As add-on treatment to current standard of care in the upfront 
setting, however, Bevacizumab is not indicated, because it did not result in durable responses 
and only marginal increases in progression-free survival in two independent Phase III clinical 
trials [8,9]. 
 Bevacizumab is a humanized monoclonal antibody against vascular endothelial growth 
factor A (VEGFA, [10]) and was developed as a potential anti-tumor agent due to its critical 
involvement in angiogenesis. When tumors progress they outgrow the originally available 
nutrient and oxygen supply, rendering neoangiogenesis a necessary process for continued 
tumor progression [11,12]. In tumor angiogenesis and also in gliomas, VEGFA has been 
centrally implicated [13,14], can be induced by hypoxia [15,16], and protein expression 
correlates with glioma grade and degree of vascularization [17].
 Therapeutic targeting of VEGFA-signaling in GBM has however been associated with 
the development of resistance mechanisms [18]. The upregulation of factors from alternate 
signaling pathways can confer this resistance, and particularly Angiopoietin-2 has been 
identified as a mediator with VEGFA-targeting therapies. In vivo Ang-2 has been shown to 
diminish the survival benefit from VEGF receptor inhibition [19], and to mediate vascular 
permeabilization and macrophage recruitment [20]. Clinically Ang-2 has been suggested as 
a mediator of resistance following Bevacizumab treatment [21]. For these reasons, targeting 
of both VEGFA and Ang-2 has been explored in vivo in GBM xenograft models. These 
studies have pointed out that the addition of Ang-2 inhibition enhances the anti-tumor effects 
observed with VEGFA inhibition alone, survival was extended significantly as well [22,23].
 In response to VEGF inhibition enhanced invasive growth has also been reported in 
vivo [24-27] and in GBM patients treated with Bevacizumab [27,28]. These findings could 
illustrate the initial response that is observed with anti-angiogenic therapy, but the subsequent 
induction of invasion represents unintended malignant disease progression. Therefore, in this 
study we have examined the effects of dual inhibition of VEGFA and Ang-2 in an in vivo GBM 
model and xenografts collected during the dosing period and after treatment discontinuation 
are compared in parallel. To this end, the effects of the therapies were assessed on tumor 
growth, vascularization parameters, invasion, necrosis and hypoxia.



Methods

Cell culture and treatments

GSC23 cells were maintained in DMEM/F12 (Lonza, Verviers, Belgium) supplemented 
with 2% B27 (Life Technologies, Bleiswijk, the Netherlands), 20 ng/ml bFGF and EGF (Life 
Technologies) and 1% pen/strep (Lonza). For in vivo imaging purposes the cells were 
transduced with pCignal lenti-CMV-luc particles to express luciferase (SA Biosciences, 
Frederick, MO) and transduced cells were selected through antibiotic selection with 
puromycin.
 For the inhibition of Ang-2 and VEGFA-signaling drugs against the respective ligands 
were utilized. Ang-2 was inhibited with an Fc-fusion protein that was kindly provided by 
Amgen (Cambridge, MA), while VEGFA was inhibited with the commercially available 
monoclonal antibody Bevacizumab. 

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs, obtained from het Anker B.V. (Ochten, the Netherlands) were 
cultured in an egg incubator (38°C, 60% humidity) for 3 days with continuous movement 
to prevent attachment of the yolk sac to the eggshell. Then the eggs were kept in a steady 
position and a small punch was created in the top of the egg so that an air sac could form. 
Then the eggs were left undisturbed for another 4 days, and the holes in the eggs were 
slightly enlarged to expose the membrane for treatment application. A volume of 500 µl 
antibody solution containing 400 ng/ml L1-10 and/or 500 ng/ml Bevacizumab was added to 
the newly formed CAM using 15 viable eggs per treatment condition. The eggs were then 
further incubated for 2 days, after which the membranes were excised and photographed. 
The microvessel density was analyzed on 5 representative images per CAM using Aperio 
Imagescope software version 12.1.0 and the data was averaged per CAM.

In vivo mouse study

The in vivo study was designed in a way that both the direct treatment effects could be 
explored as well as the rebound that has been described in patients after treatment withdrawal. 
Therefore 50 female 8-week-old nude (Foxn1nu) mice were engrafted intracranially with 
2.0×105 GSC23 cells through previously implanted guide-screws [29]. After the mice were 
given 2 weeks recovery time, twice weekly treatment for a period of 4 weeks was commenced 
with L1-10 (4 mg/kg converted to single doses of 0.1 mg) and/or Bevacizumab (5 mg/kg, 
converted to single doses of 0.08 mg). After the dosing period 6 mice were sacrificed 
per group (termination time point T1), and another 6 mice were left without treatment for 
exploration of the rebound effect. The second group of mice was terminated 10 days after 
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treatment cessation (termination time point T2). 
 Prior to termination the mice were injected intravenously in their tail veins with 50 µl 
of pimonidazole hydrochloride (15 mg/ml in PBS, Hypoxyprobe, Inc., Burlington, MA) and 
50 µl of high molecular weight FITC-dextran (30 mg/ml in PBS, MW 2000 kDa, Sigma-
Aldrich). The mice were euthanized 30 minutes post-injection through CO2 inhalation. The 
mouse brains were collected and fixed in 10% formalin solution for 48 hours. Thereafter 
tissues were processed, embedded in paraffin and sections were prepared for downstream 
immunohistochemical analyses. All animal procedures were reviewed and approved by the 
Institutional Animal Care and Use Committee at the M.D. Anderson Cancer Center.

In vivo imaging

Tumor growth kinetics were monitored throughout the study, first confirming tumor cell 
engraftment on the day of implantation, and subsequently prior to treatment initiation, right 
after treatment cessation and prior to the first termination time point (T1) and also the second 
termination time point (T2). The in vivo bioluminescent images were obtained using an in 
vivo bioluminescence imaging system (Ivis® 200, Perkin Elmer, Waltham, MA). Tumor 
visualization was achieved through intraperitoneal injection with 200 μl of D-Luciferin sodium 
salt (15 mg/ml in PBS, Gold biotechnology, Olivette, MO) and scanning of the mice after 15 
minutes incubation. During all imaging sessions 30 seconds exposure times were used and 
the images were analyzed with Living Image software version 4.5 (Perkin Elmer).

Immunohistochemistry

For IHC purposes mouse brain tissue sections were deparaffinized and rehydrated in a 
graded ethanol series. For the H&E staining slides were incubated with hematoxylin for 10 
minutes, rinsed in water, incubated in Eosin for 2 minutes and dehydrated. Additionally, 
specific staining with antibodies was performed against CD34 (MEC14.7, Abcam, Cambridge, 
UK), FITC (Abcam), Nestin (10C2, Santa Cruz, Heidelberg, Germany) and pimonidazole 
(4.3.11.3, Hypoxyprobe). For the CD34, FITC and Nestin stainings heat-induced antigen 
retrieval using 10 mM sodium citrate buffer (pH 6.0) was performed, while pimonidazole 
staining required 0.1% protease pre-treatment for 30 minutes. Endogenous peroxidase was 
blocked with 0.3% H2O2 for 30 minutes and subsequently the sections were incubated with 
primary antibodies. Incubation with secondary and tertiary peroxidase-labeled antibodies 
was performed for signal enhancement and enzyme linking. Antigen expression was then 
visualized with 3,3’-diaminobenzidine and nuclei were counterstained with hematoxylin.
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Histological evaluation and morphometrical analyses

Morphometrical analyses were all performed in Aperio Imagescope software version 12.1.0 
(Leica Biosystems, Nussloch, Germany). The level of vascularization in the mouse tumors 
was assessed by quantification of the positive pixel fraction. The vital tumor area was 
selected and the level of vascularization was expressed as the percentage of CD34-positive 
pixels within the pixel count for vital tumor area. The measurement for vascular integrity 
was obtained through area quantification of FITC-positive pixels within the vital tumor area 
and was also expressed as a percentage. The level of invasion was quantified in a rim of 
approximately 10 cell layers adjacent to the tumor bulk. In this specific area the percentage 
of Nestin-positive pixels was expressed in comparison to the selected area of approximately 
10 cell layers in width. Lastly, necrotic and hypoxic tissue areas were both quantified in 
relation to total tumor area and expressed as a percentage. Necrosis was identified on H&E-
stained sections, while hypoxia was scored in those areas where tumor nuclei were stained 
positively.

Statistical analyses

Statistical analyses were performed using Graphpad Prism version 5 (Graphpad Software 
Inc, San Diego, CA). Multiple group comparisons were determined through One-way 
ANOVAs or Kruskal-Wallis tests depending on the data distribution, and they were followed 
up by Bonferroni or Dunn’s post-hoc tests, respectively. P-values <0.05 were considered 
significant and exact two-sided P-values are reported.

Results

L1-10 and Bevacizumab reduce capillary formation in the developing CAM

The effect of dual inhibition of Ang-2 and VEGFA was assessed through in vivo xenograft 
studies using orthotopic tumor cell engraftment. But first, the effect of the inhibitors was 
assessed in an in ovo angiogenesis assay. CAMs of developing fertilized eggs were stimulated 
in the time window that capillary development in this membrane takes place and 2 days 
after application of the inhibitors the membranes were excised from the eggs, photographed 
and capillary density was examined. The focus in this experiment was specifically on the 
developing microvasculature and for that reason larger vessels were excluded from the 
quantification (Figure 1A). The single treatments with L1-10 or Bevacizumab alone both 
resulted in reduced capillary density in the CAMs of respectively 25 and 27% (Figure 1B), while 
the mean reduction in capillary density in the dual-treated membranes was insignificant. In 
the CAM model, both inhibitors as single agents were able to reduce capillary development, 
but combination treatment did not provide indications for synergistic anti-angiogenic effects. 
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Figure 1. L1-10 and Bevacizumab treatment reduce capillary formation in the developing CAM. Representative images of 
CAMs treated with L1-10, Bevacizumab or a combination of both are displayed (A). Capillary formation was quantified 
and the single treatment with either L1-10 or Bevacizumab reduced capillary formation in the CAM (B). The combination 
treatment did not significantly alter capillary formation. Horizontal lines represent mean values; *: P<0.05.

L1-10 and/or Bevacizumab do not reduce GBM xenograft growth

Inhibition of Ang-2 and/or VEGFA was then assessed further with in vivo orthotopic xenograft 
models in mice. Female nude mice were implanted with GBM cells and tumor growth was 
monitored throughout the study as indicated in Figure 2A. The study was commenced with 
49 mice and each group was randomly assigned 12 or 13 (control group) mice prior to the 
start of dosing. The experimental design prescribed dosing for 4 weeks, after which half of 
the groups would be sacrificed, and the 6 mice left of each group would be sacrificed after 
an additional tumor development window of 10 days was allowed. Three mice were found 
dead and could not be included in the analyses (1 control mouse, 1 Bevacizumab-treated 
mouse and 1 L1-10 plus Bevacizumab-treated mouse). 
 Additionally, several mice presented with symptoms that required early euthanasia and 
these mice were also excluded from further analyses (2 control mice, 6 L1-10-treated mice, 
2 Bevacizumab-treated mice and 2 L1-10 plus Bevacizumab-treated mice). One mouse 
was excluded from further study due to lack of tumor engraftment which belonged to the 
control group. This finally resulted in the inclusion of 9 mice in the control group (5 T1, 4 T2), 
6 L1-10-treated mice (all T1), 10 Bevacizumab-treated mice (6 T1, 4 T2) and 9 L1-10 plus 
Bevacizumab-treated mice (5 T1, 4 T2). The imaging results of the in vivo bioluminescence 
are displayed in Figure 2B. The quantification of these images indicated that there was 
possibly a slight trend for reduced tumor growth with Bevacizumab-treatment at day 37 right 
after the dosing schedule was finished (Figure 1C), but this trend was no longer present 10 
days post-treatment cessation.
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Figure 2. L1-10 and Bevacizumab treatment ultimately does not slow in vivo GBM growth. Mice were intracranially 
implanted with GSC23 cells and subsequently dosed intraperitoneally with L1-10 and/or Bevacizumab (A). Half of 
the study groups were terminated right after finishing the 4-week long dosing schedule (T1), while the others were 
sacrificed 10 days after treatment cessation (T2). Bioluminescent images of mice throughout the study that are included 
in downstream analyses are depicted in the second panel (B). The quantification of the bioluminescent images hinted 
towards a trend for reduced tumor growth right after the dosing schedule (T1) in Bevacizumab treatment alone or in 
combination with L1-10, but this trend was no longer present 10 days after treatment cessation at T2 (C). Horizontal 
lines represent median values.

Vascularization levels are reduced following L1-10 and Bevacizumab treatment

To examine how the applied treatments impacted vascularization levels and vascular 
function the FFPE tissue was assessed with CD34 endothelial staining (Figure 3A) and FITC-
extravasation (Figure 3D) from the circulation was quantified. First, the level of CD34 staining 
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in relation to the total tumor area was quantified, and compared between the treatment 
groups at the termination time points. The CD34 level was significantly different between 
groups at T1, but due to variation the post-hoc tests were insignificant (Figure 3B). The 
data indicate that the largest reduction in vascularization was achieved with Bevacizumab-
treatment, and also combination treatment with L1-10 seemed to reduce vascularization 
levels when the mice were on treatment. Interestingly, the reduction in vascularization level 
in the combination-treated mice was no longer maintained after the treatment was abrogated 
and median CD34 expression were similar to the control group level at T2. Overall, the extent 
of vascularization could be correlated with total tumor size (Figure 3C, r = 0.7461, P<0.001). 

Figure 3. Vascularization levels are temporarily reduced by Bevacizumab treatment, but vessel integrity remains 
unaltered. Through CD34 staining (A, scale bar = 100 µm) the level of vascularization were determined in relation to 
total vital tumor area in the mouse xenografts. At T1 differences between groups were present and likely Bevacizumab 
can be held responsible for the reduction in CD34-positivity in the single Bevacizumab treatment and the combination 
setting with L1-10 (B). At T2 no differences were detected between groups. The level of vascularization was positively 
associated with the 2D measurement of tumor size (C). Vascular integrity was examined through staining for FITC 
extravasation (D, scale bar = 100 µm). No differences were observed at both time points between groups (E) and the 
extent of FITC extravasation was not associated with the level of vascularization (F). The extent of pericyte coverage was 
assessed with staining for α-SMA (G, scale bar = 100 µm). At T1 a trend for enhanced α-SMA staining was observed 
with L1-10 treatment (H), but a strong association between the α-SMA positive pixel count and the CD34 positive pixel 
count suggests that relative pericyte coverage for unaffected (I). Horizontal lines represent median values.
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 Vascular integrity or vascular leakiness was next assessed with staining for FITC-
extravasation. Since the mice were perfused with FITC-labeled high molecular weight dextran, 
staining for this marker outside vasculature could here be interpreted as increased vascular 
leakiness. The quantification of this staining did not indicate any changes in response to the 
treatments that were applied (Figure 3E), and the extent of vascular leakiness was unrelated 
to the extent of vascularization (Figure 3F).
 Pericytes can function as vascular supporting cells and enhanced coverage of vessels 
with pericytes is considered a marker for vascular maturation and functionally thought to 
decrease vascular permeability. Interestingly, staining for pericytes with α-SMA (Figure 3G) 
presented a trend for increased pericyte expression in L1-10-treated tumors (Figure 3H), 
while vascular leakiness was not affected as assessed with the FITC staining described 
above. The correlation between the α-SMA positive pixel count and the CD34 positive 
pixel count (SR = 0.7027, P<0.001) also suggests that pericyte coverage was not different 
between groups (Figure 3I). The fact that the outliers in the plot are equally spread over all 
treatment condition strengthens this conclusion.

Bevacizumab discontinuation potentially induced tumor invasiveness

Clinical study reports have speculated on the potential induction of enhanced invasive tumor 
growth following Bevacizumab-treatment in patients. In this study, we have assessed this 
malignant tumor behavior through staining for human Nestin and subsequent quantification 
of human tumor cells in a 10-cell layer thick rim adjacent to the tumor border (Figure 4A).

Figure 4. Invasive growth of GBM xenografts is unaffected by L1-10 and Bevacizumab treatment. The extent of invasive 
growth was measured on mouse brains with xenografts stained for Nestin (A, scale bar = 200 µm). The level of invasion 
was similar at T1, while at T2 a trend for increased invasive growth in tumors treated with Bevacizumab could be 
observed (B). A strong correlation between the selected invasion area and the tumor border length along which 
invasion was quantified confirmed that areas were selected consistently in the different mouse samples (C). Horizontal 
lines represent median values.

 The data from this analysis show substantial variation, especially at T1, and do not 
provide any indication for differences in invasive tumor behavior when mice are on anti-
angiogenic treatment with either L1-10 and/or Bevacizumab (Figure 4B). However, at T2 a 
decrease in variation was observed, and a trend for increased invasiveness in Bevacizumab-
treated mice was seen. The combination-treatment with L1-10 and Bevacizumab showed 
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more variation and on average resulted in comparable invasion levels to the control group. 
Technically we were able to show that the analyzed areas in all tumors were relatively similar 
and the total analyzed area in pixels was strongly associated with the tumor border length 
along which the invasion was quantified (Figure 4C). The results from this analysis strengthen 
the suspected enhanced invasiveness following Bevacizumab discontinuation.

L1-10 induces necrosis in GBM xenografts

Angiogenesis is often considered a malignant process through which tumors can attempt 
to satisfy increased nutrient and oxygen requirements, and anti-angiogenic therapies could 
from this perspective be intended to prevent the provision of these increased requirements. 
The starvation of tumor cells in this paradigm should then result in necrosis and eventually 
result in tumor regression. We have looked at the levels of necrosis and hypoxia with this 
paradigm in mind. Necrosis was quantified on H&E sections and especially guillande 
necrosis could be observed in several mouse xenografts (Figure 5A). 

Figure 5. L1-10 treatment induces in vivo necrosis in GBM xenografts, but does not significantly alter hypoxia levels. On 
H&E stained mouse brain sections necrosis area was quantified in relation to total tumor area (A, scale bar = 200 µm). 
At T1 necrotic areas were only observed in the xenografts of mice that were treated with L1-10, which was deemed 
a significant increase in necrosis (B). At T2 no differences in necrosis were observed, but due to presentation with 
neurological symptoms none of the mice treated with L1-10 only survived until this time point. The level of necrosis was 
unrelated to the total tumor volume (C). Hypoxia levels were assessed after staining for FITC and hypoxic areas were 
quantified in relation to total tumor area (D, scale bar = 200 µm). At T1 L1-10 treatment seemed to increase hypoxia 
levels, but this trend was insignificant (E). The comparison of hypoxia levels between tumors with or without necrosis 
returned an insignificant trend for increased hypoxia in tumors with necrosis (F). Horizontal lines represent median 
values; *: P<0.05.
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 The quantification of these areas at the different termination time points revealed that 
particularly the mice treated with L1-10 presented with extensive necrotic areas at T1 (Figure 
5B, P<0.05). No differences in necrosis were observed at T2, at which time it was no longer 
possible to include L1-10-treated mice (as commented on before).
 Hypoxic areas can often be detected surrounding necrotic tissue areas due to tumor 
cell migration from the necrotic areas and a consequential increase of cell density in these 
areas. The staining for pimonidazole allowed us to identify nuclei of hypoxic cells (Figure 5D), 
and also here a trend for increased hypoxia in L1-10-treated tumors could be observed at T1 
(Figure 5E). The difference in the percentage hypoxia was determined between tumors with 
and without necrosis, and a non-significant increase in average hypoxia percentage was 
observed in tumors with necrotic areas (Figure 5F). These results suggest that necrosis and 
hypoxia levels could be induced through the administration of an anti-Ang-2 treatment.

Discussion

In the current study we have evaluated the benefit of Ang-2 inhibition with L1-10 alone and in 
combination to the VEGFA inhibitor Bevacizumab in a mouse GBM xenograft model. To allow 
for the analysis of effects while mice were on treatment and after discontinuation of treatment, 
tissue was collected for examination right after the dosing schedule was completed and 10 
days after treatment discontinuation. In this xenograft model tumor growth was unaffected by 
the applied treatments, although the physiological effects of the inhibitors could be detected 
through morphological assessments. 
 The manuscript commenced with the exploration of more physiological effects of the 
inhibitors on the developing CAM, which confirmed that both drugs reduced capillary formation 
and exerted anti-angiogenic effects [30]. Similarly, in the GBM xenograft model we noticed 
that the established physiological effects of both inhibitors could be detected. We reach this 
conclusion through the reduced CD34 positivity in Bevaziumab-treated xenografts, while 
the increased α-SMA staining in L1-10-treated xenografts could be explained by reduced 
Ang-2-mediated pericyte detachment. These effects explicitly focus on vascular responses, 
which could potentially signify substantial cross-reactivity between the humanized drugs 
that were applied in this study with host tissue components. The situation however remains 
complicated and relatively uncontrolled for, and these findings do not substantiate the cross-
reactivity of alternate induced messengers or signaling processes.
 Another challenging aspect is the comparison and relation of the in vivo collected results to 
reports from clinical experiences with Bevacizumab especially in regard to the vascular leakiness 
data. Following Bevacizumab treatment, the contrast enhancement on T1-weighted MRI reduces 
in patients [31], but in our in vivo model vascular integrity was unaffected by both Bevacizumab 
and L1-10 treatment. It should be noted that the variation in the groups is substantial and the 
group sizes were small, but a trend could not be appreciated either. This discordance is highly 
undesirable and it calls the translational value of the in vivo xenograft model into question. To the 
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contrary, the fact that L1-10 treatment resulted in abundant necrosis did introduce a clinically 
important GBM characteristic that is infrequently observed in in vivo GBM models. 
 Invasion has been a topic of interest with respect to Bevacizumab treatment since 
several in vitro and clinical reports as well have described increased invasiveness following 
treatment [25-28,32]. In this regard, particularly the loss of the L1-10 group before termination 
point T2 is disappointing, since Ang-2 has been suggested as the mediator of the induced 
invasive behavior with Bevacizumab treatment [27,28]. Our data however do seem to support 
the suggestion that Bevacizumab discontinuation can enhance the invasive behavior of GBM 
cells, and the addition of L1-10 as a treatment to Bevacizumab seems to reduce the invasive 
behavior after treatment has been discontinued. Due to data variation and group sizes, it is 
currently not possible to draw stronger conclusions from this study.
 Looking more closely at angiogenesis, extensive similarities can be appreciated 
with endothelial cell activation. In response to endothelial cell activation vascular integrity 
decreases and cytokine production is increased, and importantly endothelial cells are able to 
participate in the inflammatory response through upregulation of adhesion molecules [33]. In 
this study we have focused on the vascular effects of Ang-2 and VEGFA inhibition, but recent 
evidence signifies that angiogenic factors can have important contributions to inflammatory 
responses as well [34]. Ang-2 is required for the generation of an inflammatory response 
[35] and acts as a chemoattractant for immune cells in gliomas [20,36,37]. Increased 
infiltration of immune cells has been associated with glioma grade [38] and immune cells 
have been reported to mediate anti-angiogenic therapy refractoriness [39]. It would therefore 
be very interesting to evaluate the effects of the current therapies and those after therapy 
discontinuation in an immunocompetent animal model.
 To conclude, we have shown that in vivo inhibition of Ang-2 and VEGFA modulates 
isolated vascular parameters, but tumor progression was unaffected. Since the survival 
prolonging effects of the combinatorial inhibition of Ang-2 and VEGFA in vivo have been 
associated with a M2-to-M1 phenotype switch of macrophages [23] and the benefit from 
combination therapy was impaired when immune cell recruitment was prevented [22], it is 
to be expected that the interactions with the immune compartment are critical to the ultimate 
success of anti-angiogenic therapies.
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Abstract

Klotho is a kidney-derived protein that has been shown to exert anti-tumor effects in a 
variety of malignancies. Expression of Klotho is generally reduced in cancerous cells and 
contradictory effects of Klotho on angiogenesis have been reported. To assess whether 
Klotho inhibits tumor angiogenesis we explored the effects of exogenous Klotho stimulation 
in glioblastoma (GBM) models. GBM is an aggressive brain tumor that is amongst the most 
vascularized solid cancers. We investigated the direct and indirect, GBM cell-mediated, 
effects of Klotho in in vitro tube formation assays, in ovo chorioallantoic membrane (CAM) 
assays, and in vivo mouse GBM xenograft studies. We found that Klotho directly inhibits 
microvascular endothelial cell tube formation at a low dose that does not affect proliferation 
or induce apoptosis. Klotho-treated GBM cell-conditioned medium (U251, U87 and GSC23 
cells) exerted similar anti-angiogenic effects in tube formation assays. In ovo stimulation with 
Klotho did not alter capillary formation in the CAM, while supernatants from Klotho-stimulated 
GBM cells (U87 and GSC23) reduced the in ovo capillary vascularization. In vivo, we were 
unable to identify an effect of intracranial or intraperitoneal Klotho treatment on GBM growth, 
tumor vascularization, or survival, in mouse GBM models. We found that Klotho is an inhibitor 
of tumor-mediated angiogenesis in vitro and in ovo, but was ineffective as a treatment in 
mouse GBM models.
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Introduction

Glioblastoma (GBM) is an aggressive primary brain tumor characterized by a high degree 
of aberrant vascularization and short median patient survival [1]. Anti-angiogenic treatment 
strategies, centered around inhibition of vascular endothelial growth factor (VEGF), have 
so far not uniformly resulted in substantial improved overall survival in a trial setting [2-7]. 
A novel endogenous anti-tumor factor, Klotho, has recently been investigated in numerous 
types of cancer, including lung cancer [8], pancreatic carcinoma [9], breast cancer [10], 
hepatocellular carcinoma [11], colorectal carcinoma [12], diffuse large B cell lymphoma 
[13], melanoma [14] and ovarian carcinoma [15]. Klotho is a transmembrane protein most 
abundantly expressed in the kidney and in the choroid plexus, where it is shed to the blood, 
urine, and cerebrospinal fluid [16,17]. Both soluble and locally expressed Klotho exert 
anti-tumor effects. Klotho expression is generally decreased in tumors due to promoter 
hypermethylation [18-25], and Klotho expression has also been found to be decreased 
in GBM [26]. Furthermore, Klotho-negative tumors are generally associated with a worse 
prognosis in a variety of cancers [20]. In general, it has been described that Klotho anti-
tumor effects are due to inhibition of proliferation [9-11,13,26-28] and migration [29-31], as 
well as to induction of apoptosis [11,13,21,26], often as a result of inhibitory effects on IGF1/
PI3K/Akt signaling [9,10,27,29]. It is unknown whether soluble non-tumor-derived Klotho is 
effective against GBM and whether its anti-tumor effects are also exerted by modulation of 
tumor angiogenesis. While it has long been known that Klotho deficiency in mice results in 
impaired angiogenesis in hind-limb ischemia models [32,33], suggesting that it may be a pro-
angiogenic factor, the choroid layer of the retina in Klotho-/- mice is disorganized with dilated 
blood vessels [34], indicating that Klotho can also have anti-angiogenic effects. Furthermore, 
the findings that Klotho inhibits both tumor growth [8-13,15] and the development of 
atherosclerotic plaques in animal models [35] could signify that Klotho may have differential 
effects with regard to angiogenesis in different tissues, as angiogenesis is considered vital 
to the progression of these disease processes. To assess the effect of soluble non-tumor-
derived Klotho in angiogenesis and tumor angiogenesis, as well as the effects on GBM, we 
investigated the effect of Klotho treatment in vitro, in ovo, and in vivo in various angiogenesis 
and GBM models.

Materials and methods

Cell culture

Human GBM cell lines A172, U251, and U87 were cultured in DMEM/F-12 (Lonza, Belgium), 
supplemented with 10% fetal bovine serum (Sigma-Aldrich, Germany) and 1% penicillin/



streptomycin (Lonza). Human GBM cell line GSC23 with stem-like characteristics was 
cultured in DMEM/F-12 supplemented with 2% B27, 20 ng/ml bFGF, and 20 ng/ml EGF 
(Life Technologies, USA), and 1% penicillin/streptomycin. Human dermal microvascular 
endothelial cells (HMEC-1) were kindly provided by dr. E.W. Ades (CDC, Atlanta, USA), 
through Prof. G. Molema and the UMCG Endothelial Cell Facility [36]. HMEC-1 were grown 
in M-199 medium (Lonza), supplemented with 10% FBS, 10% human serum (Sigma-Aldrich), 
1% penicillin/streptomycin and 1% L-glutamine (Lonza).

Conditioned medium (CM) preparation

GBM cell lines (A172, U251, U87, and GSC23) were stimulated with recombinant human 
Klotho (aa 34-981; R&D Systems, USA) at a concentration of 40 pM, equivalent to 5.2 ng/
ml) for 6 hours, after which cells were washed with Hank’s Balanced Salt Solution (HBSS, 
Lonza) and fresh serum-free culture medium was added. After 24 hours of conditioning, 
supernatants were collected and filtered through 0.22 µm filters (Corning, USA).

Proliferation assay

We used the Chemicon® 3-(4,5-dimethylthiazol-2-yl)-2,3-diphenyl tetrasodium bromide 
(MTT) cell proliferation assay according to manufacturer instructions (Merck Millipore, 
Germany). Briefly, 2.5×103 cells per well (U87, GSC23 or HMEC-1) were seeded in 96-wells 
plates and treated with 5.2 ng/ml Klotho or PBS for the examination of the direct effects, 
and indirect effects were examined through the addition of CM from PBS-treated or Klotho-
treated GBM cells. MTT reagent was added after 72 hours of incubation and formazan 
crystal formation was allowed for 4 hours, after which 0.04 N HCl/isopropanol was admixed 
thoroughly by pipetting up and down. Absorbance was measured directly afterwards on a 
Varioskan (Thermo Fisher Scientific, USA) at 570 nm with a reference wavelength of 630 nm. 
Conditions were performed in triplicate and experiments were performed three times.

Apoptosis assay

For assessment of apoptosis, 2.5×104 cells were seeded in poly-L-lysine-coated chamber 
slides (Thermo Fisher Scientific). Cells were stimulated with 5.2 ng/ml recombinant Klotho 
or PBS (U87, GSC23, HMEC-1), or with PBS-CM or Klotho-CM for 24 hours (HMEC-1), after 
which the cells were fixed using 4% paraformaldehyde, blocked using 0.2% non-fat dry milk 
in PBS for 30 minutes, and incubated with anti-cleaved caspase-3 (1:400; clone Asp175, Cell 
Signaling Technology, USA) for 1 hour. After washing with PBS and incubation with goat anti-
rabbit-Alexa Fluor 555 (1:200; Life Technologies) for 30 minutes, cells were counterstained 
with DAPI. A total of 5 images at a 100× magnification was obtained per condition. The 
cleaved caspase-3-negative fraction was quantified. A172 cells treated for 24 hours with 
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recombinant human sTRAIL (100 ng/ml; Preprotech, USA) were used as a positive control 
for each experiment. Experiments were performed three times.

In vitro invasion assay

Transwell inserts with 8.0 µm pores in polycarbonate membranes (Corning, USA) were coated 
overnight at 37°C with 1.5 mg/ml collagen I solution (Sigma-Aldrich). U87 cells were serum-
starved for 24 hours and 2.5×104 cells were seeded in coated inserts with 5.2 ng/ml Klotho 
or PBS. Medium with 10% serum was used in the lower chamber as a chemoattractant for 
the stimulation conditions, while 0.1% serum was used as a negative control. After 24 hours, 
membranes were washed, fixed in methanol and stained with hematoxylin for 10 minutes. 
Non-migrated cells on the upper chamber side of the membrane were removed using a 
cotton swab and excised membranes were photographed, taking 5 images per membrane. 
Experiments were performed five times.

Tube formation assay

µ-Slides for Angiogenesis (Ibidi, Germany) were inoculated with growth factor-reduced 
Matrigel® (Corning) and incubated at 37°C for 30 minutes. HMEC-1 cells were serum-
starved for 24 hours and 5×103 cells were seeded per well. HMEC-1 cells were stimulated 
with Klotho (5.2 ng/ml) or PBS (direct effects) during this assay, or they were treated with 
PBS-CM or Klotho-CM from tumor cells. After incubation of 5 hours at 37°C, the formed 
capillary-like endothelial cell networks were photographed. Angiogenesis Analyzer [37] in 
ImageJ was used for quantifications. Stimulations were performed in triplicate and assays 
were performed three to five times.

Chorioallantoic membrane (CAM) assay

Freshly fertilized chicken eggs were purchased from Het Anker B.V. (Ochten, The Netherlands) 
and incubated at 38°C with a humidity of 60% and continuous rotatory movement. On the 
third day of incubation, a small hole was created at the apex to allow for the formation of 
an air sac, and from day 3 onwards, the eggs were kept fixed. After 7 days, the holes were 
enlarged and 500 µl of recombinant Klotho (5.2 ng/ml) or PBS, or 500 µl of PBS-CM or 
Klotho-CM (from U87 or GSC23 cells) was pipetted carefully onto the CAM of viable eggs. 
The eggs were further incubated for 48 hours, after which the CAMs were excised and the 
chicken embryos were euthanized. A total of three microphotographs were taken from each 
membrane. The capillary density was determined using Aperio ImageScope 12.1.0. The 
CAM assay is illustrated in Supplemental Figure 1).
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In vivo GBM xenograft study

All animal procedures were reviewed and approved by the Institutional Animal Care and 
Use Committee at the M.D. Anderson Cancer Center (Houston, TX, USA). We performed 
an intracranial treatment study with GSC23 cells and a fixed endpoint, and intraperitoneal 
treatment studies with GSC23 and GSC20 cells. In the latter study we aimed to examine 
the effects of prolonged Klotho treatment on tumor growth and survival, and GBM stem-
like cells with differential molecular phenotypes were used to take a degree of molecular 
heterogeneity into account. For the intracranial study, female nude mice (Foxn1nu) of 8 weeks 
of age were injected intracranially with 1.0×105 GSC23 cells through a previously implanted 
guide-screw system [38]. Treatment commenced 14 days after tumor cell implantation and 
intratumor dosing with recombinant human Klotho (25 ng per dose) or PBS was applied 
biweekly using the guide-screw system, for the duration of 3 weeks. For the examination 
of vascular integrity on post-mortem tissue sections, mice were injected intravenously 
with 50 µl of high-molecular weight FITC-dextran (30 mg/ml in PBS, MW 2000 kDa, Sigma-
Aldrich) 30 minutes prior to termination. Mice were euthanized by CO2 inhalation, brains were 
collected and fixed in 10% formalin for 48 hours, before further processing and embedding 
in paraffin. For the survival studies, we used 7-week-old mice, injected with 1.0×105 GSC23 
cells or 5.0×105 GSC20 cells, which were treated starting from 11 days post-engraftment. 
Cell numbers were adjusted according to previous experiences with intracranial xenograft 
progression to provide the maximum treatment window. Mice were treated thrice weekly 
with 0.5 µg of human recombinant Klotho or PBS. Mice were sacrificed when they displayed 
neurological symptoms (seizures, inactivity and/or ataxia), suffered severe weight loss (≥25% 
body weight) of when they were moribund. 

In vivo bioluminescence imaging

Cells had been transfected with pCignal lenti-CMV-luc viral particles to express luciferase 
(SA Biosciences, USA), allowing for in vivo bioluminescence assessment of tumor growth in 
the fixed-endpoint study on days 13 (baseline, prior to the initiation of treatment), 28, and 
34 (prior to study termination), on an in vivo bioluminescence imaging system (Ivis® 200, 
Perkin Elmer, USA). For the studies assessing survival, in vivo bioluminescent scanning was 
performed at day 10 (baseline, prior to initiation of treatment) and was subsequently followed 
up weekly as long as tumor size could be scanned reliably. Before imaging, mice were 
injected with 200 µl of D-luciferin sodium salt solution (15 mg/ml in PBS; Gold Biotechnology, 
USA). After 15 minutes of incubation, mice were scanned with a 30 seconds exposure time 
window and analysis was performed on Living Image software version 4.5 (Perkin Elmer).

272 | Chapter 12



Immunohistochemistry

Mouse brain 3 µm paraffin sections were stained with antibodies against CD34 (1:100; 
MEC14.7, Abcam, UK), Nestin (1:100; 10C2, Santa Cruz Biotechnology, USA), and FITC 
(1:50; ab19492, Abcam). Briefly, sections were deparaffinized and re-hydrated, and 
underwent heat-induced epitope retrieval in 10 mM sodium citrate buffer (pH 6.0) for 15 
minutes. Endogenous peroxidase was inactivated for 30 minutes in 0.3% H2O2/PBS, followed 
by incubation with primary antibodies for 1 hour, by appropriate horseradish peroxidase-
labeled secondary and tertiary antibodies. The chromogenic reaction was performed 
using 3,3’-diaminobenzidine (DAB) and hydrogen peroxidase for 10 minutes, followed by 
hematoxylin counterstaining.

Statistical analysis

Statistical analysis was performed using Graphpad Prism version 5 (Graphpad Software 
Inc, USA). Normally distributed data were compared using a t test or ANOVA followed by 
Bonferroni’s correction for multiple-group comparisons. Non-normally distributed data were 
compared using a Mann-Whitney U test or Kruskal-Wallis test followed by Dunn’s post-hoc 
correction for multiple-group comparisons. Correlations were assessed using Pearson’s 
or Spearman’s correlation coefficient, depending on the distribution. Data are plotted as 
averaged values from independent experiments ± standard deviation (SD). Two-sided 
P-values <0.05 were considered significant.

Results

To assess the effects of Klotho on tumor angiogenesis, we first investigated the direct effects 
of Klotho on endothelial cells in vitro, as well as the indirect effects of Klotho through the use 
of CM from GBM cell lines that had been stimulated with Klotho on microvascular endothelial 
cells in vitro. We then investigated the direct and indirect effects of Klotho in ovo, proceeding 
to assessing the effects of Klotho in in vivo mouse models of GBM, in which both the 
vasculature and the tumor itself are subject to treatment. We opted for stimulating GBM cell 
lines in vitro and in vivo with recombinant Klotho protein to explore the potential use of Klotho 
as a feasible treatment option, rather than overexpressing Klotho in cells. Endogenous Klotho 
expression in GBM cell lines was undetectable (data not shown), precluding potentially 
confounding effects of endogenous Klotho expression.
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Klotho inhibits angiogenesis in vitro but not in ovo

As it is currently unclear whether Klotho modulates angiogenesis in a direct manner, we 
stimulated HMEC-1 cells in vitro with recombinant Klotho at concentrations of 20 pM (2.6 ng/
ml), 40 pM (5.2 ng/ml), and 400 pM (52 ng/ml; a typically used concentration for recombinant 
Klotho in vitro [39,40]). For the assessment of in vitro tube formation we obtained three 
representative measures, which were the number of nodes (points where at least three 
branches come together), the number of junctions (points where at least three branches 
come together that are all part of a closed loop), and the total tube length. A concentration-
dependent inhibitory effect of Klotho was observed (Figure 1A, B), with a trend of 14 to 24% 
reduction in these parameters of in vitro angiogenesis with 2.6 ng/ml Klotho and a significant 
decrease of 26 to 43% with 5.2 ng/ml Klotho. Stimulation with 52 ng/ml did not exacerbate 
this effect further (data not shown). 

Figure 1. Klotho inhibits tube formation in vitro but not angiogenesis in ovo. HMEC-1 cells were treated with recombinant 
human Klotho (2.6 ng/ml or 5.2 ng/ml) for 5 hours in tube formation assays (A). The quantification indicated that Klotho 
reduced in vitro network formation (B). Developing CAMs were treated with recombinant Klotho (5.2 ng/ml) or PBS and 
the effect on capillary formation in the membrane was examined (C). Similar levels of capillary density were quantified 
with either PBS or Klotho treatment (D). Mean values of tube formation parameters are expressed relative to the control 
± SD, capillary density in the CAM is averaged per egg and horizontal lines depict mean values; *: P<0.05.

274 | Chapter 12



 Because alternate processes like proliferation and apoptosis could potentially confound 
the identified effects in the tube formation assay, we then assessed whether the applied 
concentration of Klotho affected these processes independently. These assays confirmed 
that indeed stimulation of HMEC-1, U87, and GSC23 cells with 5.2 ng/ml Klotho did not 
significantly affect proliferation (Supplemental Figure 2A) or induce apoptosis (Supplemental 
Figure 2B). It is thus unlikely that we were observing cellular processes potentially interfering 
with the ability of endothelial cells to self-organize in capillary-like network structures.
 The effect of Klotho stimulation on angiogenesis was then further studied through the 
application of PBS (control) or human Klotho onto developing CAMs of chicken embryos 
(Figure 1C, N = 15 per condition). Quantification of the capillary density of these membranes, 
in which we focused exclusively on the small capillaries and therefore excluded the larger 
collecting vasculature, indicated that Klotho did not alter the level of capillary density in the 
CAMs (Figure 1D).

Klotho-treated GBM cells reduce in vitro and in ovo angiogenesis

Since it is long known that tumor cells are able to instigate angiogenesis, we were interested 
to see whether the effects of supernatants from GBM cell lines treated with Klotho would differ 
from the effects of PBS-treated GBM cell lines. For this purpose GBM cell lines (A172, U251, 
U87, and GSC23) were treated with Klotho (5.2 ng/ml) and supernatants were collected after 
24 hours of conditioning. Note that the CM used in these experiments did not contain any 
recombinant Klotho, only the supernatants produced after 6 hours of exposure to Klotho or 
PBS. Klotho stimulation resulted in a significant decrease of in vitro tube formation with CM 
from 3 (U251, U87, GSC23) out of 4 cell lines (Figure 2A, B, Supplemental Figure 3).
 Similar to the experimental setting in which endothelial cells were directly stimulated with 
Klotho, we needed to assess whether effects on proliferation or apoptosis rates of HMEC-1 
cells were confounding the in vitro reduction in tube formation. Also in this setting we were 
unable to identify significant alterations of these processes (Supplemental Figure 4A, B), 
strengthening the hypothesis that the CM from tumor cells inhibited in vitro angiogenesis.
Using PBS-CM and Klotho-CM from U87 and GSC23 cell lines as a treatment for in ovo 
CAMs, we observed a significant decrease in mean capillary density in Klotho-CM-treated 
membranes of 45 and 36%, respectively (Figure 2C, D). Taken together, these results 
indicate that Klotho treatment reduces GBM-mediated in ovo angiogenesis.
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Figure 2. Klotho inhibits GBM cell line-induced tumor angiogenesis in vitro and in ovo. CM was added to HMEMC-1 cells 
to explore effects of tumor cell conditioning by Klotho in tube formation assays (A). CM after Klotho treatment of A172, 
U251, U87, and GSC23 cells decreased tube formation of HMEC-1 cells in vitro, compared to CM after PBS treatment 
(B). Photomicrographs are depicted of PBS-CM-treated and Klotho-CM-treated CAM membranes (CAM) from cell 
lines U87 and GSC23 (C). Quantification of capillary density in panel C shows Klotho-mediated reduction of capillary 
formation in ovo (D). Mean values of tube formation parameters are expressed relative to the control ± SD, capillary 
density is averaged per CAM and horizontal lines depict mean values; *: P<0.05; **: P<0.01.

Intracranial klotho treatment did not modulate GBM growth and angiogenesis in vivo

To explore whether Klotho treatment would affect tumor progression and angiogenesis, we 
then implanted GBM cells orthotopically in female nude mice. Intracranial Klotho treatment 
(25 ng) was applied twice weekly for 3 weeks and tumor progression was followed in vivo 
over the course of the treatment by in vivo bioluminescence as schematically depicted in 
Figure 3A. The quantification of these images indicated that no differences in luminosity were 
observed between the Klotho-treated and PBS-treated groups (Figure 3B, C), suggesting 
that the total tumor sizes were comparable. 
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Figure 3. Intracranial Klotho treatment does not affect GBM growth in vivo in mice. The outline of the study is schematically 
depicted (A). Images of brains are depicted to observe xenograft growth in response to PBS and Klotho treatment in 
mice on days 13, 28, and 34 (B). Luminosity quantification of panel B, indicating that there were no differences in tumor 
size between the groups throughout the study (C, bars depict median flux values).

 The vascularization level, vascular leakiness, and invasion in the xenografts were then 
assessed with immunohistochemistry (IHC). We used CD34 as an endothelial marker (Figure 
4A) and we quantified CD34 positivity relative to the tumor surface area on the tissue section. 
No differences in CD34 expression were detected between PBS-treated and Klotho-treated 
xenografts (Figure 4B), but the strong positive correlation between CD34 positivity and tumor 
surface area indicates that vascularization was relatively similar after correction for tumor 
size (Figure 4C).
 Vascular leakiness was assessed through staining for FITC (Figure 4D), which was 
introduced in the circulation of the mice 30 minutes prior to termination. The high molecular 
weight labelling of the FITC allowed the use of this marker for vascular leakiness, since 
extravasation of this marker would then indicate increased vascular hyperpermeability. 
Vascular leakiness also remained unaffected by Klotho treatment (Figure 4E), and the level 
of vascular leakiness was found to be unrelated to the level of vascularization (Figure 4F).
 Finally, invasive growth of the xenografts was quantified on an IHC staining for human 
Nestin (Figure 4G). We had found indications that Klotho was able to reduce in vitro invasion 
of U87 cells (Supplemental Figure 5), and by quantifying the positivity for Nestin (i.e. tumor 
cells) in the peritumoral region of approximately 10 cell layers, we were able to assess the 
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degree of in vivo invasion. Klotho did not change the degree of invasion (Figure 4H) and the 
significant positive correlation between the surface area in which invasion was quantified and 
the length of the tumor border along which this quantification area was selected confirmed 
that invasion was quantified in areas of similar sizes in the xenografts (Figure 4I).

Figure 4. Immunohistochemistry indicates that intracranial Klotho treatment does not affect vascularization, vascular 
leakage, and invasion in GBM in mice. CD34 positivity (A) was not different between Klotho-treated and PBS-treated 
mice (B), and CD34 positivity correlates with tumor surface area (C). FITC positivity (D) was not different between Klotho-
treated and PBS-treated mice (E). FITC positivity did not significantly correlate with CD34 positivity (F). Peritumoral 
Nestin staining (G) was not different between Klotho-treated and PBS-treated mice (H). Peritumoral Nestin positivity 
correlated with tumor border length along which invasion was quantified (I). Scale bars indicate 100 µm (CD34, FITC) 
or 200 µm (Nestin) and plotted bars depict median values.
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Intraperitoneal klotho treatment did not affect survival in vivo

Ultimately, we used GSC23 and GSC20 to investigate the effect of prolonged Klotho treatment 
on GBM tumor growth in vivo (Figures 5A, 6A). We performed this survival study with two 
types of stem-like GBM cell lines to examine the potentially different response from GBM 
xenografts with different molecular phenotypes [41]. 

Figure 5. Intraperitoneal Klotho treatment does not affect GSC23 GBM growth or survival in mice. The experimental 
outline is depicted (A). Imaging results of in vivo bioluminescence imaging is shown to monitor xenograft growth 
following PBS or Klotho treatrment (B). Luminosity quantification of panel B, indicating that there were no differences 
in tumor size between the groups throughout the study (C). Bars depict median flux values. Kaplan-Meier analysis of 
survival, indicating that there was no difference in survival between Klotho-treated and PBS-treated mice (D).

 Both experiments commenced with 10 mice per experimental group, but since one 
mouse did not survive the bolting, the Klotho treatment group only consisted of 9 mice. An 
additional 2 mice were excluded from further study, as these mice did not show successful 
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engraftment while they were treated with vehicle (PBS). This left the control group of the 
GSC20 study with 8 mice for the analysis. Pre-treatment bioluminescent tumor signals were 
similar across groups for both cell lines (Figure 5B, C and Figure 6B, C). Intraperitoneal 
Klotho treatment did not affect tumor size or survival for either GSC23 (Figure 5B-D) or 
GSC20 (Figure 6B-D) during follow-up and up to termination.

Figure 6. Intraperitoneal Klotho treatment does not affect GSC20 GBM growth or survival in mice. The experimental 
outline is depicted (A). Imaging results on day 11, 18, 24, 30, 39, 45, 53, 59 to illustrate xenograft growth in the mice 
under PBS or Klotho treatment (B). Luminosity quantification of B), indicating that there were no differences in tumor 
size between the groups throughout the study (C, bars depict median flux values). Kaplan-Meier analysis of survival, 
indicating that there was no difference in survival between Klotho-treated and PBS-treated mice (D).
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Discussion

In this study, we assessed the direct and indirect effects of Klotho on angiogenesis using 
tube formation assays in vitro, the CAM assay in ovo, and finally in vivo GBM xenograft 
mouse models. We found that Klotho, even at a low concentration, inhibits the tumor-
mediated angiogenic behavior of GBM cell lines in vitro. Strikingly, in the in ovo CAM model 
of angiogenesis, supernatants from Klotho-treated GBM cells were also found to inhibit the 
angiogenic response in comparison to supernatants from PBS-treated GBM cells. These 
effects were consistent across multiple cell lines, adding to the robustness of our findings. 
 However, we unfortunately did not observe an effect of Klotho treatment on GBM 
growth or vascularization in in vivo mouse models, using both intracranial and intraperitoneal 
treatment, and two different cell lines for the latter treatment strategy. It is possible that 
the increased microenvironmental complexity in in vivo models relative to in vitro culture 
conditions conferred resistance to our treatment. To ensure delivery of Klotho to the tumor, 
we employed multiple treatment strategies, including direct intratumoral injection. We do 
not know whether intraperitoneally injected Klotho, which has previously been shown to be 
effective in a variety of conditions [42,43] including pancreatic cancer [9], breast cancer [10], 
and lung cancer [8], effectively reached the brain tumor, although the general impairment of 
the blood-brain barrier in GBM, the FITC positivity we observed in the tumors, and the lack 
of an effect upon intracranial treatment suggest that the delivery was likely effective, but the 
treatment was not. We cannot exclude that a more frequent dosage regimen, a different 
dose, or the employment of Klotho as an add-on treatment to a different chemotherapeutic 
drug may have produced different in vivo results. Furthermore, we do not know how tumor 
engraftment and growth may have been affected by Klotho, had we performed our studies 
in transgenic Klotho-overexpressing mice, or with tumor cells overexpressing Klotho, both 
of which approaches have yielded promising results in other tumor entities previously 
[8,12,13,15].
 This is the first study in which the effects of Klotho on tumor angiogenesis have been 
assessed and observed. In recent years, Klotho has been shown to inhibit proliferation of 
and to induce apoptosis in many different cancer cell types, as well as to inhibit migration 
[9,10,13,26-29,31]. It is a promising finding, perhaps for other tumors that are less 
aggressively pro-angiogenic than GBM, that Klotho was found to inhibit tumor angiogenesis 
in our study. Furthermore, although the exact mechanism is unclear, this effect may be tumor 
cell-mediated rather than ligand-targeted, potentially preventing a pro-invasive response to 
the treatment-induced decrease in neovascularization [44], as suggested by the finding that 
Klotho inhibited migration of U87 cells. While it is unknown via which mechanism Klotho 
inhibited tumor angiogenesis in our in vitro and in ovo experiments, it is possible that inhibition 
of IGF1/PI3K/Akt signaling [45,46], inhibition of Wnt signaling [47,48], and inhibition of TGFβ1 
signaling [8] played a role. 
 Our attempts to characterize the direct effects of Klotho on angiogenesis have revealed 
inhibitory effects on tube formation of HMEC-1 cells, which is difficult to appraise in light of the 
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current body of evidence for pro-angiogenic effects of Klotho in the literature. We know that 
Klotho deficiency in both heterozygotes and homozygotes results in impaired angiogenesis 
compared to WT littermates in hind limb ischemia models [32,33,49], suggesting a 
general pro-angiogenic effect. However, in the retina, the choroid layer of Klotho-/- severely 
degenerates as it becomes increasingly disorganized with large and dilated blood vessels 
[34], suggesting important anti-angiogenic effects of Klotho in the retina. Furthermore, in the 
same study, Klotho was found to inhibit VEGF release from retinal pigmented epithelium. 
It is therefore likely that Klotho has differential effects on angiogenesis in different tissues. 
Perhaps the HMEC-1 cell line and tube formation assay we employed are the reason for the 
differences between the anti-angiogenic effects found in our study and the pro-angiogenic 
effects described by Markiewicz et al., using primary, isolated human dermal microvascular 
endothelial cells and scratch assays [50] and Mazzotta et al., who also used primary, isolated 
human dermal microvascular endothelial cells, and both scratch assays and tube formation 
assays [51]. Mazzotta et al. used a Klotho concentration similar to ours, while Markiewicz 
et al. used a 100-fold higher concentration. We also still know relatively little about Klotho-
endothelial cell interactions, other than that Klotho appears to bind to endothelial cells [52] 
and that it protects the endothelium from VEGF-induced TRPC1-mediated calcium entry and 
subsequent µ-calpain overactivation by forming a complex with TRPC1 and VEGFR2 that 
promotes TRPC1 internalization [53]. It is yet to be investigated whether this mechanism 
is involved, or whether Klotho is linked to angiogenesis via other pathways, or entirely via 
other cell types. While we did not observe any direct effect of Klotho on angiogenesis in the 
CAM model, we do not know whether the use of chicken Klotho (which is not commercially 
available), would have better elucidated this issue in an in ovo model. 
 To conclude, we found that Klotho acts as an inhibitor of tumor angiogenesis associated 
with GBM in vitro and in ovo, although in vivo experiments did not result in any therapeutic 
benefit or any measureable difference in vascularization in GBM. Given the robustness 
of inhibition of tumor angiogenesis in several models, it is imaginable that Klotho is able 
to counteract angiogenesis in other tumor entities. Although the effects did not prove to 
be beneficial for GBM xenografts, anti-angiogenic effects of Klotho treatment could have 
contributed to the identified anti-tumor activity in other studies, thus casting Klotho in a new 
light as an inhibitor of tumor angiogenesis.
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Supporting information

Supplemental Figures

Supplemental Figure 1. Experimental in ovo procedure for the CAM angiogenesis assay. Viability was assessed visually 
by trans-illumination of the eggs (A). The apical opening is created on day 3 after fertilization and it allows for an air sac 
to form, providing room for the application of treatment solution, which is pipetted into the hole after slight enlargement 
on day 7. CAMs are exposed through further enlargement of the opening after 48 hours of treatment, on day 9 (B). 
CAMs are excised and allowed to unfold in formalin, which is subsequently aspirated for image acquisition (C). The 
capillary bed surface area is quantified (D). Larger vascular structures are excluded from analyses.
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Supplemental Figure 2. Klotho does not affect proliferation or apoptosis of GBM cell lines and endothelial cells. 
Recombinant human Klotho treatment (5.2 ng/ml) does not significantly affect proliferation of U87, GSC23, or HMEC-1 
cells after 72 hours (A). Klotho treatment (5.2 ng/ml) does not induce apoptosis in U87, GSC23, or HMEC-1 cells after 24 
hours (B). Mean proliferation and apoptosis rates , averaged from minimally 3 independent experiments, are expressed 
relative to the control ± SD.

Supplemental Figure 3. Klotho inhibits GBM cell line-induced tumor angiogenesis in vitro. Klotho-treated CM from GBM 
cells reduces the number of nodes (A) and the number junctions (B) relative to PBS-treated CM from GBM cells in 
tube formation assays. Mean values of tube formation parameters, averaged from 5 independent experiments, are 
expressed relative to the control ± SD; *: P<0.05; **: P<0.01.
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Supplemental Figure 4. Klotho-CM does not affect proliferation or apoptosis of GBM cell lines. CM after Klotho treatment 
of A172, U251, U87, and GSC23 does not significantly affect proliferation HMEC-1 cells after 72 hours (A). CM after 
Klotho treatment of A172, U251, U87, and GSC23 does not induce apoptosis of HMEC-1 cells after 24 hours (B). Mean 
proliferation and apoptosis rates, averaged from 3 independent experiments, are expressed relative to the control ± 
SD.

Supplemental Figure 5. Recombinant Klotho inhibits the migration of U87 cells in vitro. Photomicrographs of transwell 
insert membranes depicting migrated cells after PBS treatment and Klotho treatment (A). The quantification of the 
number of invading cells indicates that Klotho treatment (5.2 ng/ml) for 24 hours significantly inhibits migration of U87 
cells compared to PBS treatment (B). A 0.1% fetal bovine serum condition (FBS) served as a non-migratory control, 
the migration level of which is indicated by the red tick on the y-axis. Mean counts of invading cells, averaged from 5 
independent experiments, are expressed relative to the control ± SD; *: P<0.05.
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Chapter 13
Summary, discussion and future perspectives



Summary and discussion

Glioblastoma (GBM), a highly malignant brain neoplasm, represents one of the most complex 
types of cancer. The diagnosis GBM leaves patients with a dismal prognosis and limited 
therapeutic options are available, which all can only transiently halt disease progression. 
Better understanding of the genetic machinery that results in this devastating disease is 
hoped to improve these perspectives and over the last decade the molecular classification 
of GBMs has moved on apace. During the initiation of the studies described in the thesis, 
molecular subclasses based on transcriptional profiles had just been identified [1-3], and 
a vast majority of studies evaluating the druggable targets within these subclasses was 
underway. 
 With Part I of the thesis we have aimed to contribute to this understanding by performing 
several studies on GBM tumor material that was surgically resected from patients. First, 
we explored the possibility of molecular subclassification of GBMs in Chapter 3 on tumor 
material that is already routinely obtained for diagnosing patients, and with the use of 
only widely used pathological methods. To prevent using up the available tissue and to 
allow for the analyses of an extensive panel of markers, we created a tissue microarray 
that contained GBM tumor tissue from 167 patients. Through the application of primarily 
immunohistochemical stainings, we were able to subclassify two-thirds of the tumors into 
proneural (PN), classical (CLAS) and mesenchymal (MES) subclasses. 
 In Chapter 5 and Chapter 6 we assessed the influence of environmental stimuli on 
subclass identity of GBM tumor cells. Glioma stem-like cells (GSCs) are endowed with tumor-
initiating properties [4] and some studies have shown the role of GSCs in clinical relapse 
due to therapy refractoriness [5-7]. Microenvironmental support is provided to the GSCs as 
they reside in their preferential perivascular niche [8], and we showed that both TGF-β and 
hypoxia can induce the expression of MES markers in glioma cell models. This should be 
interpreted as malignant progression, since a PN-to-MES transition has been observed at 
disease recurrence and the MES phenotype has been reported to mediate radio-resistance 
[2,7]. These studies indicate that environmental cues, as we also discussed extensively in 
Chapter 2, can contribute significantly to GBM progression.
 Due to extensive associations between receptors with tyrosine kinase domains and the 
above-described molecular subclasses, we explored kinase activity profiles of molecular 
subclasses in Chapter 4. Unexpectedly, only few phosphorylation sites on the array were 
found to associate with molecular subclasses, irrespective of the mutational status of, for 
example, GBMs of the CLAS subtype. This suggests that although receptor expression 
levels are aberrant in subgroups of tumors, substantial ongoing cross-talk between multiple 
signaling routes in GBMs prevented the identification of canonically exploited signaling 
pathways. It is also possible that the substantial percentage of non-tumor cells in GBM tissue 
lysates desensitized the array, and together these findings complicate therapeutic target 
selection in GBM further.
 Part II of the thesis then shifted focus to the role of angiogenesis in GBM. The examination 
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of vascular parameters in Chapter 8 on GBM tissue sections indicated that the ascribed 
angiogenic profile to the MES subclass could have been confounded by the fact that these 
tumors had a similar number of vessels, but that these were merely larger in size. It should 
be noted that the functional interpretation would benefit greatly from insight into the perfusion 
status, because pro-thrombotic mechanisms [9], vascular normalization [10,11] and edema 
[10] represent significant modifiers of vascular effects.
 In Chapter 9 we subsequently identified IL-8 as a potentially important mediator of 
the vascular enlargement that we observed in MES GBM tissue from patients. IL-8 was 
substantially higher expressed in pro-angiogenic tumor, MES GSC lines and the addition 
of an IL-8 neutralizing antibody only reduced angiogenesis when it was added to the 
conditioned medium of MES GSCs. It could however be noted that the in vitro results in 
this chapter are limited in effect size, but the differences in, for example, in vitro serum 
requirements between cell lines severely impeded absolute quantitation of paracrine effects 
and could have prevented the identification of actual larger effect sizes. The exploration of 
IL-8 inhibition in an in vivo xenograft model comparing the effect of treatment on engrafted 
PN and MES GSCs could substantiate our findings further.
 In contrast to the microenvironmental approach adopted in the studies where subclass 
plasticity was assessed, we next examined the effects of key angiogenic mediators with a 
strong focus on tumor cell altering effects instead. Angiopoietin-2 (Ang-2) and VEGFA, well-
known for their pro-angiogenic effects in glioma angiogenesis [12], exerted an unexpected 
indirect anti-angiogenic effect when they were used to stimulate tumor cells in vitro as is 
described in Chapter 10. In vivo stimulation with these agents, however, did not alter tumor 
growth or vascularization parameters, potentially signifying the inability of angiogenesis 
modulation in xenograft GBM models. In contrast, the inhibition of Ang-2 and VEGFA in 
Chapter 11 in the exact same model did result in reduced expression of vascular parameters.
 The discrepancies between these studies could potentially be explained by several 
factors. First, the fact that an anti-angiogenic effect with conditioned medium from GBM cells 
is observed relative to the control PBS-stimulation condition, perhaps needs to be rephrased 
to reduced pro-angiogenic effects of GBM cells on endothelium. Second, the expression 
analyses of angiogenic signaling molecules in Chapter 8 and Chapter 9 illustrate that a 
multitude of signaling routes are exploited in GBMs, which allows the xenografts to already 
reach a vascular saturation stage even before application of our treatments. It is possible 
that the selection of this xenograft GBM model prevented the detection of the anti-angiogenic 
properties of Klotho in Chapter 12.
 Two recent reports allow us to compare the combined Ang-2 and VEGFA inhibition 
that we performed in our immunocompromised model to studies that were performed in 
immunocompetent GBM models. The reports of the other studies indicated that the recruitment 
of macrophages and the phenotypical transition of these following combined Ang-2 and 
VEGFA inhibition served a crucial role in the survival extension that was achieved in their in 
vivo studies [13,14]. Since we were unable to identify an effect on tumor growth or survival, we 
conclude that the immunocompromised environment under which our in vivo experiment was 
performed likely contributed substantially to treatment outcome. The multifaceted properties 
of both Ang-2 and VEGFA are also extensively reviewed in Chapter 7, and we speculate that 
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the pro-inflammatory effects of especially Ang-2 likely have more potential in an anti-tumor 
approach than the combined anti-angiogenesis approach that was employed by us [13-15]. 

Future perspectives

Although we want to acknowledge the substantial advancements in our understanding of 
the elusive complexity and molecular heterogeneity of GBMs by The Cancer Genome Atlas 
initiative and associated groups, the therapeutic implications of the extensive molecular 
classification have thus far not been groundbreaking. Apart from selective benefit from the 
anti-angiogenic drug Bevacizumab in PN tumors that do not harbor a mutation in the isocitrate 
dehydrogenase 1 gene (IDH1, [16]), to our knowledge no selective therapeutic benefit of 
molecular GBM subclasses has been reported. An ongoing clinical trial that specifically 
focuses on epidermal growth factor receptor (EGFR) amplification, an aberration associated 
with the transcriptionally described CLAS subgroup, is another example of a trial that is at an 
advanced clinical stage, but notably also addresses a specific molecular aberration and not 
an expression pattern. Clinically a tendency can thus be observed that specific aberrations 
are targeted instead of an expression signature. Additionally, the field has progressed with the 
identification of molecular heterogeneity of GBMs in methylation patterns [17] and genomic 
profiles that independently resulted in an alternative GBM classification [18]. The aberrations 
described in the latter study have recently been adopted by the new WHO guidelines [19] 
and studies to be initiated will very likely focus on these aberrations.
 By focusing on specific molecular aberrations as described in the 2016 WHO 
guidelines, it is ensured that tumor specific alterations are studied, given that molecular 
aberrations in these tumors generally do not concern somatic mutations. The increase in 
GBM incidence with age also argues for that notion [20]. The morphometrical analyses of 
the tumor vasculature in this thesis and the high percentage of myeloid cell content in freshly 
isolated biopsies both call into question whether transcriptional profiling of whole GBM tissue 
that exhibits such cellular heterogeneity is appropriate and in many ways has allowed us 
to appreciate another dimension of multiform in GBM. Lower tumor cell percentages could 
have masked many small but important tumor specific properties. 
 The discordant results obtained with in vivo experimentation in this thesis shed light on 
the important differences between in vitro, in ovo and in vivo models that were employed for 
our experiments. It underscores the artificial aspect of in vitro culturing, as we are, for example, 
simply unable to define whether conditioned medium from GBM tumor cells exerted a pro-
angiogenic effect due to the extensive set of experimental parameters that are controlled. 
Unfortunately this controlled experimental environment is not inspired by physiological or 
clinical considerations, but merely to allow for the observation of consistent effects. Improved 
in vitro models that would allow more physiological (co-)culturing conditions could help us 
gain insight into the crucial interactions that ultimately contribute to tumor progression. 
Complementary approaches involving both clinically relevant xenograft models alongside 
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immunocompetent transgenic mouse models will be needed to reach definitive conclusions 
on the role the microenvironment in GBM. 
 As a concluding remark, I believe that the field could advance by investing more in the 
study of therapy refractoriness. The distressing situation that patients with GBM undergo 
fully justifies the exploration of novel, currently unapproved therapies for this disease. From 
a research perspective, however, a balance is required between the exploration of novel 
promising agents and the attempts to understand why other agents did not provide benefit, 
because the latter could very well be our next step to improved therapeutic efficacy. To 
accomplish this, advances in understanding of basic tumor biology, plasticity, therapy 
response and resistance are fundamental.
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Nederlandse samenvatting

Achtergrond

Glioblastomen

Het aantal patiënten dat in Nederland werd gediagnosticeerd met een hersentumor groeide 
in de periode tussen 1989 en 2015 van circa 800 tot 1200 gevallen per jaar, waarbij ook 
de overlevingsduur gemiddeld genomen toenam (Nederlandse Kankerregistratie). Deze 
laatste trend is echter in verminderde mate waarneembaar bij het zeer agressieve type 
hersentumor glioblastoom waarop de studies in dit proefschrift zich hoofdzakelijk hebben 
gericht. Glioblastomen komen vaker voor bij mannen dan bij vrouwen, en de incidentie neemt 
toe naarmate de leeftijd stijgt. In Amerika werd jaarlijks 3.2 keer de diagnose glioblastoom 
gesteld in de periode van 2009 tot 2013 per 100,000 personen in de bevolking [1].
 Glioblastomen kunnen ontstaan als primaire of secundaire tumoren [2]. Een tumor wordt 
primair of de novo genoemd wanneer de tumor zich heeft ontwikkeld zonder dat er bewijs kan 
worden gevonden voor een eerder aanwezige en minder agressieve tumor. Een secundaire 
tumor, daarentegen, ontwikkelt zich juist uit een reeds eerder aanwezige en minder agressieve 
tumor. Deze secundaire of ook wel progressieve variant van het glioblastoom presenteert 
zich op genetisch niveau met mutaties in het isocitraat dehydrogenase 1 (IDH1)-gen. Omdat 
de aanwezigheid van deze afwijking in recente studies ook een verband vertoonde met 
overlevingsduur, is in de huidige richtlijn voor hersentumorclassificatie het onderscheid 
tussen glioblastomen met en zonder afwijkingen in het IDH1-gen opgenomen [3,4]. 
 Ondanks deze classificatie zijn er momenteel geen verschillen in de therapie die 
wordt toegepast bij glioblastoompatiënten. De standaardbehandeling omvat tumorresectie 
(chirurgische verwijdering van de tumor) voor zover dat mogelijk is zonder functieverlies, en 
vervolgens wordt radio- en chemotherapie toegepast [5,6]. De toevoeging van deze laatste 
therapiemodaliteiten is noodzakelijk, omdat glioblastomen infiltratief in het omliggende 
weefsel groeien waardoor de tumorresectie eigenlijk nooit volledig is. Ondanks de toepassing 
van de multimodale therapie keert het glioblastoom echter bij praktisch alle patiënten terug, 
en in dit stadium is slechts in een beperkt aantal gevallen een tweede tumorresectie mogelijk. 
De medicatie die in enkele gevallen kan worden geëxploreerd na het teruggroeien van de 
tumor bevindt zich echter veelal nog in het experimentele stadium, wat het resultaat is van 
een gebrek aan zowel bewezen effectieve als potentieel geschikte middelen. De mediane 
overleving, het tijdspunt na de diagnose waarop de helft van de patiënten nog in leven 
is, bedraagt voor het glioblastoom ongeveer 15 maanden, en gemiddeld is 2 jaar na de 
diagnose nog maximaal 30% van de patiënten in leven [5,6].



Moleculaire heterogeniteit

In de zoektocht naar aangrijpingspunten (targets) voor therapie binnen het glioblastoom is 
in de jaren 2000 gestart met het karakteriseren van deze tumoren. Glioblastomen worden 
gekenmerkt door een uitgebreide diversiteit aan patronen (heterogeniteit) op moleculair 
niveau, en de rationale van dit initiatief was het in kaart brengen van deze verscheidenheid 
aan patronen. Met het hierin verkregen inzicht hoopte men vervolgens targets te kunnen 
identificeren waarop therapie zou kunnen worden gericht. 
 De eerste karakterisatie welke in dit kader werd uitgevoerd betrof het expressieprofiel 
op messenger ribonucleïnezuur (mRNA)-niveau. De mRNA-transcripten zijn eigenlijk de 
tussenstap tussen het DNA (ons erfelijke materiaal), en de eiwitten, die de uiteindelijke 
effectorfuncties uitvoeren binnen organismen. Deze karakterisatie op mRNA-niveau 
leidde tot verschillende voorstellen omtrent het bestaan van moleculaire subgroepen van 
glioblastomen, waarvan de proneurale (PN), klassieke (CLAS) en mesenchymale (MES) 
de meest consistent beschreven subgroepen zijn [7-9]. Deze subgroepen worden allen 
gekenmerkt door de expressie van een specifieke set genen, verschillen in overlevingsduur 
en gevoeligheid voor therapie. In vervolgstudies zijn ook afwijkingen op andere niveaus in 
verband gebracht met deze subgroepen [9,10].

Angiogenese

Een ander kenmerk waarmee het glioblastoom zich onderscheidt van andere tumoren is de 
hoge graad van angiogenese (bloedvatnieuwvorming). Glioblastomen behoren tot de meest 
vaatrijke kankers en er is een verband beschreven tussen de maligniteit en vascularisatiegraad 
van gliomen [11-13]. De aanwezigheid van microvasculaire proliferatie (bloedvatkluwens) 
is zelfs een kenmerk voor de diagnose glioblastoom zoals gesteld door de patholoog [4], 
en verschillende angiogene factoren komen verhoogd tot expressie in deze tumoren [14-
18]. Om onder andere deze redenen is de potentie van antiangiogene (bloedvatgerichte) 
therapie onderzocht. De signaalroutes die hierbij betrokken zijn in de verschillende stadia 
van angiogenese zijn uiterst divers, maar vanwege de hoge expressie van de vasculaire 
endotheliale groeifactor A (VEGFA) hebben de eerste studies zich voornamelijk op deze 
factor gericht. Momenteel is zelfs een middel (Bevacizumab, anti-VEGFA) tegen deze factor 
goedgekeurd voor klinische toepassing bij een recidief glioblastoom (een glioblastoom wat 
is teruggekeerd na de eerste behandelingsronde). De uiteindelijke netto bijdrage van deze 
toegevoegde antiangiogene behandeling is echter omstreden [19,20], en recent hebben 
verschillende studies de aangrijping op alternatieve angiogene signaalroutes alleen of als 
aanvulling op anti-VEGFA-behandeling onderzocht.
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Resultaten van dit proefschrift

Middels de in Deel I van dit proefschrift beschreven studies hebben wij gepoogd de 
verschillende moleculaire karakteristieken van het glioblastoom verder in kaart te brengen, 
en tevens is de plasticiteit (veranderlijkheid) van de mRNA-expressieprofielen onderzocht. 
Om de bepaling van die moleculaire subtypen te vergemakkelijken, omdat het bepalen 
van een genoombreed expressieprofiel per tumor een kostbare exercitie is, hebben wij in 
Hoofdstuk 3 gepoogd een methode te ontwikkelen om glioblastomen te classificeren in PN, 
CLAS en MES subgroepen op basis van eiwitexpressieprofielen. Deze studie is uitgevoerd 
met tumorweefsels die reeds waren afgenomen van 167 patiënten voor diagnostische 
doeleinden, en per tumor zijn verschillende ponsjes in een verzamelblok opgenomen. 
Van dit verzamelblok zijn vervolgens dunne plakjes gesneden (3 µm) waarop middels 
immunohistochemische technieken specifieke eiwitten konden worden aangetoond voor 
bestudering met microscopie. Door het gebruik van deze methode kon de expressie van 
een grote set eiwitten worden bepaald waarbij het risico dat het kostbare tumorweefsel zou 
worden opgebruikt werd geminimaliseerd. Middels deze benadering was het mogelijk om 
twee derde van de glioblastomen in te delen in de moleculaire subtypen (PN, CLAS of MES).
 In Hoofdstuk 5 en Hoofdstuk 6 hebben we de invloed van omgevingsstimuli onderzocht 
op de plasticiteit van de moleculaire subtypen met glioblastoomtumorcellen. Stamcelachtige 
glioomcellen zijn uitgerust met tumor-initiërende eigenschappen [21], en verschillende 
studies hebben de cruciale rol van deze stamcelachtige glioomcellen beschreven in de 
progressie van glioblastomen, welke te wijten bleek te zijn aan de ongevoeligheid van deze 
cellen voor de hedendaags beschikbare therapie [22-24]. De stamcelachtige glioomcellen 
worden tevens ondersteund door de omgevingscellen tijdens het verblijf in de bij voorkeur 
perivasculaire niche [25], en wij hebben laten zien dat de transformerende groeifactor bèta 
(TGF-β) en een verlaagde zuurstofspanning (hypoxie) de expressie van markers van MES-
subtype kunnen induceren. Dit proces kan geïnterpreteerd worden als maligne progressie 
van de tumor, aangezien de PN-naar-MES transitie is beschreven bij recidiverende tumoren 
die oorspronkelijk het PN-subtype kenden [26], en daarnaast is beschreven dat tumoren van 
het MES-subtype ongevoelig zijn gebleken voor radiotherapie [24]. Deze studies suggereren 
dat omgevingsstimuli, zoals we dat ook uitgebreid bespreken in het review in Hoofdstuk 2, 
een belangrijke invloed hebben op maligne progressie van het glioblastoom.
 Vervolgens is getracht om verschillen in kinaseactiviteit te onderzoeken tussen de 
moleculaire subgroepen in Hoofdstuk 4. Een kinase is een enzym dat een fosfaatgroep 
kan aanbrengen op eiwitten, wat de activiteit van dat molecuul direct kan beïnvloeden. Via 
dit mechanisme kan daardoor een signaalroute worden bediend, en vanwege de grote 
aantallen posities (het aantal tyrosineaminozuren) waarop een fosfaatgroep kan worden 
aangebracht, kan hierin een complex aansturingsmechanisme worden versleuteld. In deze 
studie hebben wij ons gericht op de tyrosine kinaseactiviteit, omdat reeds verschillende 
afwijkingen in receptoren met tyrosine kinaseactiviteit in verband zijn gebracht met de 
moleculaire subgroepen. Voor dit experiment zijn de actieve kinases uit biopten van 
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glioblastoompatiënten geïsoleerd en vervolgens zijn deze aangebracht op een array 
welke specifieke eiwitsequenties bevatte met daarin tyrosine aminozuren, waarmee in de 
tijd gevolgd kon worden of deze gefosforyleerd werden. Deze kinase activiteitsprofielen 
bleken onverwacht nauwelijks verbanden te vertonen met de moleculaire subgroepen, 
wat suggereert dat ondanks dat de expressieniveaus van de receptoren afwijkt in 
glioblastomen, de hieraan verbonden signaaltransductieroutes op een complexere wijze dan  
vooraf verwacht met elkaar in verband staan. Dit bemoeilijkt de herkenning van de 
signaaltransductieroutes die een belangrijke rol spelen in de progressie van glioblastomen.
 In Deel II van het proefschrift is de focus vervolgens verschoven naar de rol van angiogenese 
in het glioblastoom. Onderzoek aan de vasculaire parameters (bijvoorbeeld vaatgrootte en 
vaatomtrek) en de opbouw van het omliggende steunweefsel heeft in Hoofdstuk 8 uitgewezen 
dat de aan het MES-subtype toegeschreven verhoogde angiogenese niet kan worden 
toegedicht aan een toename in het aantal vaten, maar juist aan een toename in de gemiddelde 
grootte van de bloedvaten. Het is echter wel van belang om hier te benoemen dat de functionele 
interpretatie van deze waarneming kracht zou kunnen worden bijgezet als deze aangevuld 
had kunnen worden met gegevens van de perfusiestatus in de onderzochte weefsels, omdat 
stollingsmechanismen [27], vaatnormalisatie [28,29] en oedeem [28] belangrijke regulatoren 
kunnen zijn van vasculaire effecten.
 In Hoofdstuk 9 beschrijven we vervolgens de ontdekking van interleukine-8 als een 
mogelijke regulator van deze vaatvergroting in MES-glioblastomen. De expressie van 
interleukine-8 was beduidend hoger in proangiogene tumoren, in vitro-(lab)kweken van 
stamcelachtige glioomcellen en het blokkeren van interleukine-8 signaaltransductie leidde 
enkel wanneer dit werd toegepast bij medium van MES-stamcelachtige glioomcellen tot 
een reductie in angiogenese. Tevens werd op tumormateriaal van glioblastoompatiënten 
vastgesteld dat het aantal delende bloedvatcellen hoger lag in tumoren met het MES-
subtype, wat duidt op een versterkte groei van de bloedvaten in MES-glioblastomen. 
Vermeldenswaardig is dat de effectgrootte van de remming van de angiogenese beperkt 
was, waar de strikte en hoge serumeisen van de bloedvatcellen versus de noodzaak van een 
serumvrije kweek voor de stamcelachtige glioomcellen waarschijnlijk een grote invloed op 
heeft gehad. Een interessante vervolgstap voor deze deelstudie zou zijn om te onderzoeken 
of de toediening van een remmer voor interleukine-8 inderdaad enkel baat heeft bij muizen 
die met een tumor van het MES-subtype zijn geïmplanteerd.
 In tegenstelling tot de eerder beschreven studies waarin de plasticiteit van de subgroepen 
werd onderzocht in respons op stimuli uit de omgeving, hebben we in Hoofdstuk 10 onderzocht 
wat het effect van de angiogene factoren angiopoietine-2 en VEGFA op glioblastoomtumorcellen 
is. Middels de in vitro-celkweken leken deze proangiogene factoren in een volledig tegengesteld 
antiangiogeen effect te resulteren. De in vivo-stimulatieproef, een studie die werd uitgevoerd in 
een muismodel waarin glioblastoomcellen werden geïmplanteerd in de breintjes van muizen, 
bleek echter geen effect op tumorgroei of vasculaire parameters te bewerkstelligen. De juiste 
interpretatie van deze resultaten kan zijn dat een toename van deze factoren geen invloed heeft 
op de groei van glioblastomen, maar het is ook denkbaar dat in het hier gebruikte diermodel het 
simpelweg onmogelijk was om tumor angiogenese te moduleren. Echter, het feit dat de remming 
van angiopoietine-2 en VEGFA in Hoofdstuk 11 wel resulteerde in verminderde expressie van 
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vasculaire parameters, ondersteunt deze hypothese niet volledig.
 Voor de tegenstelling tussen deze studies kunnen verschillende potentiële oorzaken 
worden voorgesteld. Ten eerste, het feit dat een antiangiogeen effect met het geconditioneerde 
medium van glioblastoomcellen werd waargenomen, zou wellicht geherformuleerd kunnen 
worden tot een gereduceerd proangiogeen effect van glioblastoomcellen op bloedvatcellen. 
Ten tweede, de expressieanalyse van angiogene factoren in Hoofdstuk 8 en Hoofdstuk 9 
illustreert duidelijk dat een veelheid aan signaaltransductieroutes wordt gebruikt door het 
glioblastoom, waardoor het denkbaar is dat de uit de geïmplanteerde glioblastoomcellen 
gevormde tumor in de muizen (in vivo) een verzadigingsstatus had bereikt alvorens de 
stimulatie met angiopoietine-2 en VEGFA werd toegediend. Vanuit deze benadering is het 
ook mogelijk dat de selectie van het diermodel de detectie van de antiangiogene werking 
van het eiwit Klotho heeft beperkt in Hoofdstuk 12.
 Twee recente artikelen maken het mogelijk om de gecombineerde remming van 
angiopoietine-2 en VEGFA die wij hebben uitgevoerd in een immuungecompromitteerd 
muismodel met de uitvoering van een vergelijkbare remming in een immuuncompetente 
muismodellen. Deze artikelen beschrijven beide dat de immuuncellen een cruciale rol hadden 
in het antitumoreffect van de gecombineerde remming van angiopoietine-2 en VEGFA in de 
muismodellen [30,31]. Omdat in onze studie een dergelijk effect niet detecteerbaar was 
en uitgerekend de immuuncomponent niet aanwezig was in ons model, concluderen wij 
dat het zeer goed mogelijk is dat de afwezigheid van het immuunsysteem een belangrijke 
bijdrage heeft geleverd aan de uitkomst van deze studie. De veelzijdige rol die met name 
angiopoietine-2 lijkt uit te oefenen wordt verder beschreven in Hoofdstuk 7, en wij speculeren 
dat beïnvloeding van de pro-inflammatoire effecten van angiopoietine-2 [32] waarschijnlijk 
meer potentie heeft in een antitumor benadering dan de door ons gevolgde antiangiogene 
benadering.

Toekomstperspectieven

Ondanks dat we graag willen erkennen dat het inzicht in de complexiteit en moleculaire 
heterogeniteit zich enorm heeft ontwikkeld door de inspanningen van het ‘The Cancer 
Genome Atlas’ (TCGA)-initiatief en de daaraan geaffilieerde groepen, is helaas niet te 
zeggen dat de therapeutische implicaties van deze moleculaire classificatie baanbrekend 
zijn geweest. Behalve het specifieke voordeel voor PN-tumoren die geen mutatie in het 
IDH1-gen dragen [33], is er voor zover bij ons bekend geen selectief voordeel van de op 
mRNA-profielen gebaseerde subgroepen voor onderzochte therapieën gevonden. Ook in de 
lopende studies valt op dat men zich meer en meer toelegt op de aangrijping van specifieke 
moleculaire afwijkingen en niet op mRNA-expressieprofielen. Een lopende klinische studie, 
die zich in een vergevorderd stadium bevindt, richt zich bijvoorbeeld op de amplificatie van 
de epidermale groeifactor receptor (EGFR) en niet op de CLAS-subgroep waarvoor ook 
verhoogde expressie van het EGFR-gen als kenmerk is opgenomen. Daar komt bij dat de 
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karakterisatie van heterogeniteit in glioblastomen inmiddels verder is doorgezet en ook is 
gevonden op het niveau van methylatiepatronen (epigenetische modulatie welke middels 
de koppeling van methylgroepen in het genoom de activiteit van genen reguleert, [10]), en 
specifieke genomische profielen op basis van genmutaties en chromosoomdeleties [34]. De 
laatste studie heeft zelfs geresulteerd in een onafhankelijk en alternatief classificatiesysteem 
voor gliomen en deze genetische afwijkingen zijn ook (gedeeltelijk) opgenomen in de meest 
recente classificatierichtlijn van de Wereldgezondheidsorganisatie [4]. Het is daarom ook de 
verwachting dat nieuw aan te vangen studies zich zullen richten op deze afwijkingen. 
 Door de classificatie van glioblastomen uit te voeren op basis van de specifieke moleculaire 
afwijkingen in de richtlijn uit 2016, heeft men zich er van verzekerd dat tumorspecifieke 
afwijkingen worden bestudeerd. Een aanname hierin is wel dat deze afwijkingen of mutaties 
in het genoom (desoxyribonucleïnezuur, DNA) zich enkel hebben voorgedaan in de tumor, en 
geen reeds aangeboren afwijkingen in het volledige organisme betreffen. Dat de incidentie 
van het glioblastoom toeneemt met de leeftijd ondersteunt deze gedachte [1], omdat in de tijd 
afwijkingen in bijvoorbeeld het DNA zich ophopen en worden doorgegeven aan de nieuw te 
vormen dochtercellen, wat het risico op maligne progressie of tumorvorming doet toenemen 
op een hogere leeftijd. De bestudering van de expressieprofielen, zoals dat is gedaan door 
bijvoorbeeld de TCGA en ook door onszelf, lijkt in belangrijke mate inzicht te hebben gegeven 
in de diversiteit in steuncellen tussen subgroepen in plaats van daadwerkelijke verschillen 
tussen de tumorcellen. Dit wordt ondersteund door het verband tussen het MES-subtype en 
angiogenese op mRNA-niveau, maar wat na morfometrische analyse mogelijk verklaard leek 
te kunnen worden door enkel een verschil in bloedvatgrootte. Ook het substantiële aandeel 
van myeloïde cellen in tumorweefsel, zoals we dat hebben gedetecteerd in verse biopten 
van glioblastoompatiënten, stelt aan de kaak of de karakterisatie van een stuk tumorweefsel 
met een dusdanig divers celpatroon geschikt is als analysemateriaal.
 De tegengestelde resultaten die werden verkregen met de in vivo-experimenten stippen 
daarnaast ook belangrijke verschillen aan tussen in vitro-, in ovo- (in eieren) en in vivo-
onderzoeksmodellen. De tegenstellingen benadrukken het artificiële aspect van de modellen 
en in het bijzonder dat van in vitro-celkweken, omdat we bijvoorbeeld niet in staat zijn om 
vast te stellen of het geconditioneerde medium van tumorcellen een stimulerende of juist 
een remmende uitwerking heeft op angiogeneseprocessen van endotheelcellen. Dit heeft 
te maken met de veelheid aan parameters die worden gecontroleerd om dit experiment op 
een reproduceerbare manier uit te voeren, maar helaas worden in de meeste gevallen deze 
parameters niet constant gehouden vanwege fysiologische of klinische overwegingen. Indien 
dergelijke overwegingen hier wel aan ten grondslag zouden liggen, dan zou het een bijdrage 
kunnen leveren aan de klinische relevantie van de experimentele bevindingen. Het is daarom 
van het grootste belang dat verbeterde in vitro-kweekmodellen worden ontwikkeld die meer 
fysiologische cokweken van cellen mogelijk maken, om op die wijze inzicht te verkrijgen in 
de cruciale interacties tussen verschillende celtypen. Aanvullende benaderingen, bestaande 
uit klinisch relevante tumorimplantaties in diermodellen die eveneens bestudering van de 
fenomenen in een imuuncompetente setting mogelijk maken, zijn noodzakelijk om tot meer 
solide conclusies te komen omtrent de rol van de micro-omgeving in glioblastomen.
  Als afsluitende opmerking zou ik willen stellen dat het veld zich verder zou kunnen 
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ontwikkelen door meer in te zetten op het begrijpen van therapieresistentie. Resistentie 
houdt in deze context in dat een tumor ongevoelig is voor een bepaalde behandeling, wat 
zich kan voordoen als inerte of adaptieve resistentie. Bij inerte resistentie is de tumor nooit 
gevoelig geweest voor deze therapie, terwijl bij adaptieve resistentie een tumor ongevoelig is 
geworden tijdens de behandeling, maar initieel leek de behandeling wel een antitumoreffect 
te bewerkstelligen. Hoewel de vreselijke situatie waarin glioblastoompatiënten verkeren 
volledig rechtvaardigt dat elke mogelijke behandeling wordt aangegrepen die een potentieel 
gunstig effect zou kunnen hebben, is het vanuit een onderzoeksperspectief bezien van belang 
dat hierin naar een balans wordt gestreefd met het onderzoek naar therapieresistentie. Een 
verbeterd inzicht in de reden waarom een therapie niet heeft gewerkt, kan net zo goed onze 
volgende stap betekenen naar een betere behandeling. Om dit te bereiken is het van belang 
dat we meer gaan begrijpen van de basale tumorbiologie, de plasticiteit, de therapierespons 
en -resistentie.
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Verschillende perioden in het buitenland zowel voor als tijdens de promotie hebben onze 
relatie aan een forse vuurdoop onderworpen, maar hebben ons ook allebei doen beseffen 
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