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ABSTRACT 

During tumor development, stromal cells are co-opted to the tumor milieu and 

provide favorable conditions for the tumor. Hypoxia stimulates cancer cells to 

acquire a more malignant phenotype via activation of hypoxia-inducible factor 1 

(HIF-1). Given that cancer cells and astrocytes in glioblastomas coexist in a hypoxic 

microenvironment, I examined whether astrocytes affect the adaptation of 

glioblastoma cells to hypoxia. Astrocyte-derived chemokine C–C motif ligand 20 

(CCL20) was identified using cytokine arrays, and its role in glioblastoma 

development was evaluated in patient-derived xenograft mouse models. Astrocytes 

augmented HIF-1α expression in glioblastoma cells under hypoxia. The expression 

of HIF-1 downstream genes, cancer colony formation, and Matrigel invasion of 

glioblastoma cells were stimulated by conditioned medium from astrocytes pre-

exposed to hypoxia. CCL20 was secreted in a hypoxia-dependent manner from 

astrocytes and busted the hypoxic induction of HIF-1α in glioblastoma cells. 

Mechanistically, the CCL20/CCR6 signaling pathway upregulates HIF-1α by 

stimulating nuclear factor kappa B (NF-κB)-driven transactivation of the HIF1A 

gene. Compared with the control tumors, chemokine receptor 6 (CCR6)-deficient 

glioblastoma xenografts grew more slowly, with poor vascularization, and expressed 

lower levels of HIF-1α and its downstream proteins. Furthermore, CCR6 expression 
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was correlated with HIF-1α expression in GEO and TCGA datasets from human 

glioblastoma tissues. These results suggest that glioblastoma cells adapt well to 

hypoxic stress by virtue of CCL20 derived from neighboring astrocytes. 

Keywords: glioblastoma, astrocyte, hypoxia, HIF-1, CCL20, CCR6   

Student Number: 2014-31465  
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INTRODUCTION 

1.1 Glioblastoma multiforme 

Glioblastoma (GBM) is the most aggressive malignant primary brain tumor in 

adults and one of the most lethal human cancers (Thakkar et al., 2014), and 

corresponds to grade IV based on World Health Organization (WHO) Classification 

(Louis et al., 2007). It is also the most commonly occurring tumors of the central 

nervous system (CNS), which account for almost 45.2% of malignant primary tumor 

of brain, 54% of all gliomas, and 16% of all primary brain and CNS tumors (Ostrom 

et al., 2013). It can occur at any age but the peak incidence is between 55 to 60 years 

(Ohgaki and Kleihues, 2005). Incidence is slightly higher in men than women (1.6:1) 

and in Caucasians relative to other ethnicities (Ellor et al., 2014). GBMs can be 

classified as primary or de novo, arising without a known precursor; or secondary, 

where a low-grade tumor transforms over time into GBM (Davis, 2016). A majority 

of GBMs are primary, and these patients tend to be older aged and have a poorer 

prognosis than patients with secondary GBMs (Wilson et al., 2014). Despite 

advances in treatment modalities it remains largely incurable. Patients usually have 

a median survival of approximately 14 to 15 months from the diagnosis (Davis, 

2016; Hanif et al., 2017; Olar and Aldape, 2014). Treatment is complex and initially 

consists of maximal-safe surgical resection followed by radiation therapy with 
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concurrent temozolomide chemotherapy followed by six cycles of maintenance 

temozolomide (Stupp et al., 2005).  
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1.2 Tumor microenvironment  

Cancers are not just masses of malignant cells but complex ‘rogue’ organs, to 

which many other stromal cells are recruited and can be corrupted by the 

transformed cells. Interactions between malignant and its stromal cells create the 

tumor microenvironment (TME) (Balkwill et al., 2012). Apart from malignant cells, 

the TME contains cells of the immune system, the tumor vasculature and lymphatics, 

as well as fibroblasts, vascular, glial, smooth muscle, epithelial and sometimes 

adipocytes (Li et al., 2007; Quail and Joyce, 2013). While several of these cell types 

are also prevalent in brain tumors (Figure 1) (Quail and Joyce, 2017), none of these 

cells are themselves malignant, due to their environment, their interactions with each 

other, and directly or indirectly with the cancer cells, they acquire an abnormal 

phenotype and altered function (Li et al., 2007). The microenvironment of cancer 

cells provides the necessary signals that turn on the transcription factors. Thus, it is 

the stromal or non-malignant cells that induce the requisite transcription programs 

allowing the necessary mesenchymal phenotypes to invade distant tissues and 

establish a new environment (Karnoub et al., 2007). Furthermore, TME has 

increasingly been shown to dictate aberrant tissue function and play a critical role in 

the subsequent evolution of more stubborn and advanced malignancies (Mroue and 

Bissell, 2013). Oncologists have also found that when the microenvironment in a 

healthy state, it can help protect against tumorigenesis and invasion. By contrast, if 

it is not in a healthy state, it will become an accomplice (Wang et al., 2017). Although 



4 

 

the mechanism underlying the malignant features of glioblastoma is not fully 

understood, the interplay between cancer cells and stromal cells is believed to 

contribute to tumor aggressiveness (Charles et al., 2012; Lorger, 2012). Depending 

on the tumor microenvironment, growth factor and chemokine production by 

stromal cells is altered leading to direct stimulation of tumor cell growth and 

recruitment of precursor cells, which themselves respond with abnormal growth and 

proliferation (Landskron et al., 2014; Zamarron and Chen, 2011).  
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Figure 1. Cellular components of the brain tumor microenvironment. 
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1.3 Tumor hypoxia and hypoxia-inducible factors 

A common feature of most tumors is a low level of oxygen, called hypoxia. 

Oxygen is only able to diffuse 100–180 um from a capillary to cells before it is 

completely metabolized (Powis and Kirkpatrick, 2004). Therefore, any cell located 

greater than this distance from a blood vessel will be hypoxic. Hypoxia may occur 

when aberrant blood vessels are shut down by becoming compressed or obstructed 

by growth, a feature commonly observed during the rapid growth of tumors 

(Semenza, 2000). During hypoxia, cancer cells can survive and grow by virtue of 

hypoxia-inducible factors (HIFs) (Semenza, 2003; Vaupel, 2004). HIFs are 

heterodimeric transcription factors that consist of the constitutive β-subunit [also 

known as aryl hydrocarbon receptor nuclear translocator (ARNT)] and α-subunits, 

HIF-1α and HIF-2α (Keith et al., 2011). HIF-1 was originally identified in studies of 

the human EPO gene, which encodes erythropoietin, the glycoprotein hormone that 

controls red blood cell production (Semenza and Wang, 1992). In hypoxia, the α-/β- 

heterodimer binds to a core pentanucleotide sequence (RCGTG) in the hypoxia 

response elements (HREs) of target genes (Weidemann and Johnson, 2008). HIF-β 

subunits are non-oxygen-responsive nuclear proteins that also have other roles in 

transcription (Wenger, 2002).                 

HIF-1α protein stability is negatively regulated by prolyl hydroxylase domain 

protein (PHD)-dependent hydroxylation (Two independent site Pro402 and Pro564 
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in human HIF-1α), which leads to Von Hippel–Lindau protein (VHL)-dependent 

ubiquitination and proteasome-dependent degradation under normoxic conditions 

(Masson et al., 2001; Srinivas et al., 1999). In addition, the transcriptional activity of 

HIF is modulated through asparaginyl hydroxylation by Factor Inhibiting HIF-1 

(FIH-1) (Ke and Costa, 2006; Lando et al., 2002b). In the presence of oxygen, FIH 

hydroxylates a conserved asparagine residue within the carboxyl terminal 

transactivation domains (C-TADs) of two HIF-α isoforms: Asn803 in human HIF-

1α and Asn851 in human HIF-2α (Hewitson et al., 2002; Lando et al., 2002a). 

Tumor adaptation to hypoxia is generally provided by HIF-1 (composed of 

HIF-1α and ARNT), which transactivates 100 or more genes (Ke and Costa, 2006; 

Semenza, 1998). As a transcription factor, it affects and regulates the expression of 

a significant number of gene targets involved in angiogenesis, metabolic adaptation, 

survival and migration (Liao and Johnson, 2007; Luo and Semenza, 2011; Semenza, 

2012). One important HIF-1 function is to promote angiogenesis; HIF-1 directs 

migration of mature endothelial cells toward a hypoxic environment (Carmeliet et 

al., 1998; Genbacev et al., 1997). This is done via HIF-1 regulation of vascular 

endothelial growth factor (VEGF) transcription (Dery et al., 2005). VEGF is a major 

regulator of angiogenesis, which promotes endothelial cell migration toward a 

hypoxic area (Vaupel, 2004). HIF-1 also can regulate anaerobic metabolism. HIF-1 

helps hypoxic tumor cells to shift glucose metabolism from the more efficient 

oxidative phosphorylation to the less efficient glycolytic pathway in order to 
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maintain their energy production (the Warburg effect) (Weinhouse, 1956). For this 

reason, hypoxic cells tend to consume more glucose in order to meet their energy 

needs. HIF-1 mediates this metabolic conversion through the induction of enzymes 

involved in the glycolysis pathway and overexpression of glucose transporters 

(GLUTs) which increase glucose import into tumor cells (Denko, 2008). Altogether, 

HIF-1 activation in tumor cells is one of the key masters orchestrating their 

adaptation mechanisms to the hypoxia environment. 
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1.4 Astrocytes in brain tumor microenvironment 

Astrocytes represent the most abundant fraction of glial cell types in the adult 

brain (Jakel and Dimou, 2017). Over the past 30 years it has become clear that 

astrocytes are responsible for a wide variety of complex and essential functions in 

the healthy CNS. These functions are broad, the maintenance of water and ion 

homeostasis, the participation in the tripartite synapse as well as the contribution to 

the blood–brain barrier maintenance are among the most important astrocytic 

functions (Kimelberg, 2010). While the function of astrocytes in the TME not yet 

completely understood.  

In the past four decades, many researchers have focused primarily on the tumor 

cells. However, emerging evidence indicates that tumors are composed of tumor 

parenchyma and stroma two discrete but interactive parts that crosstalk to promote 

tumor growth (Kalluri, 2016; Kalluri and Zeisberg, 2006). Recently, many 

investigations support the notion that tumor stromal cells play important roles in 

tumor initiation, progression and metastasis (Kalluri, 2016; Shiga et al., 2015). 

Astrocytes, which reside mostly in the brain, act as glioma-favorable stromal cells 

that promote cancer growth and invasion (O'Brien et al., 2013; Placone et al., 2016). 

Indeed, astrocytes stimulate glioblastoma cell migration and invasion through the 

secretion of cytokines, including chemokine C-C motif ligand 7 (CCL7), interleukin 

(IL)-6, and IL-8 (Rath et al., 2013). Moreover, astrocytes are closely related to the 
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malignant phenotype of gliomas, and they play important roles in chemo-resistance 

of gliomas (Lin et al., 2010). The mechanism is activated astrocytes surround and 

infiltrate glioma cells and protect them from cytotoxic effects caused by various 

chemotherapeutic agents (Li et al., 2017). Recent studies showed that through direct 

contact with glioma cells and infiltrating around the tumor, astrocytes demonstrated 

protective effects for glioma against chemotherapeutic drugs, which might reveal the 

mechanism underlying the unsatisfactory clinical outcomes of chemotherapy (Chen 

et al., 2015; Irvin et al., 2017). 

However, it should be noted that such roles of astrocytes in glioblastoma 

progression have been investigated only under normoxic conditions. Hypoxia often 

develops in rapidly growing glioblastoma and stimulates cancer cells to acquire a 

more malignant phenotype. Given that glioblastoma cells and astrocytes coexist 

under the same microenvironment, the glioblastoma‒astrocyte interplay may be 

altered during hypoxia. However, little is known regarding the role of astrocytes in 

glioblastoma adaptation to hypoxia. Therefore, the aim of this study was to find 

astrocyte, which is one of brain stromal cells to contributing the glioblastoma process 

under hypoxia.  
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1.5 Chemokine C-C motif ligand 20 

Chemokines are a large family of small cytokines (Generally 8–12 kDa in size) 

involved in a variety of immunoregulatory and proinflammatory responses, 

primarily by virtue of their leukocyte chemotaxis activity (Miller and Krangel, 1992; 

Oppenheim et al., 1991; Wray et al., 2001). Within the chemokine family, there are 

four subgroups (CXC, CC, CX3C, and C chemokines) that are defined by the 

positioning of the conserved cysteines near the amino-terminus (Keeley et al., 2010; 

Strieter et al., 2004). Approximately 20 chemokine receptors and 50 chemokines 

have been identified in humans, which are listed in Table 1. Chemokines also play 

an important role in the progression of cancers. They are involved in tumor growth, 

senescence, angiogenesis, epithelial mesenchymal transition, metastasis and 

immune evasion (Koizumi et al., 2007; Sarvaiya et al., 2013; Singh et al., 2007). 

Chemokine C-C motif ligand 20 (CCL20), also known as macrophage 

inflammatory protein 3 alpha (MIP-3α) (Rossi et al., 1997), liver and activation 

regulated chemokine (LARC) (Hieshima et al., 1997), and Exodus-1 (Hromas et al., 

1997), was first discovered and characterized in hepatocytes (Hieshima et al., 1997) 

and later shown to be expressed in the lung (Power et al., 1997) and various 

connective and lymphatic tissues (Baba et al., 1997; Cremel et al., 2005). The 

CCL20 promoter region contains a putative TATA and CAAT box and possible 

binding sites for different transcription factors, like nuclear factor-kappa B (NF-κB), 

activator protein-1 (AP-1) and AP-2, CAAT/enhancer-binding protein (C-EBP), 
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stimulating protein-1 (SP1) and the epithelium-specific ETS-like transcription factor 

1 (ESE-1) (Harant et al., 2001; Nelson et al., 2001; Sugita et al., 2002). The receptor 

for CCL20 is a 7-transmembrane G-protein coupled receptor of the beta chemokine 

family (Yamazaki et al., 2008). C-C chemokine receptor type 6 (CCR6) is one of 11 

identified receptors belonging to the CC family of chemokine receptors (Table 1). 

While most chemokine receptors bind to multiple chemokines, providing a certain 

redundancy to the system. However, CCR6 is unique with respect to the fact that this 

receptor is found to bind only a single chemokine ligand, the homeostatic and 

inflammatory CCL20 (Yang et al., 1999). In addition, the levels of CCL20 and 

CCR6 are elevated in many human cancers, and CCL20/CCR6 interaction 

participates in the development and progression of cancer (Frick et al., 2013; Ghadjar 

et al., 2008; Kirshberg et al., 2011; Rubie et al., 2006). Moreover, the investigation 

of the relationship between CCR6/CCL20 expression and liver cancer prognosis 

showed that CCR6 was closely associated with the overall survival rate of liver 

cancer, which had no significant correlation with CCL20 (Du et al., 2014).  

In this work, I investigated that astrocytes secrete CCL20 under hypoxic 

conditions, thereby reinforcing glioblastoma adaptation to hypoxia via the 

CCR6/NF-κB signaling pathway. Such roles of CCL20 and CCR6 were also 

investigated in xenografts and glioblastoma specimens from patients.  
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Table 1.  List of the chemokine receptors and chemokine ligands that bind to the receptors. 

  

Chemokine Receptor Chemokine Ligands 

CXCR1 CXCL6, CXCL8 

CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, 

CXCL8, CXCL6 

CXCR3 CXCL4, CXCL9, CXCL10, CXCL11, 

CXCR4 CXCL12 

CXCR5 CXCL13 

CXCR6 CXCL16 

CXCR7 CXCL12, CXCL11 

CCR1 CCL3, CCL4, CCL5, CCL7, CCL14, CCL15, 

CCL16, CCL23 

CCR2 CCL2, CCL7, CCL8, CCL12, CCL13 

CCR3 CCL5, CCL7, CCL11, CCL13, CCL15, CCL24, 

CCL26, CCL28 

CCR4 CCL2, CCL3, CCL5, CCL17, CCL22 

CCR5 CCL3, CCL4, CCL5, CCL8 

CCR6 CCL20 

CCR7 CCL19, CCL21 

CCR8 CCL1, CCL4, CCL17 

CCR9 CCL25 

CCR10 CCL27, CCL28 

CCR11 CCL2, CCL7, CCL8, CCL12, CCL13, CCL19, 

CCL21, CCL25 

CX3CR1 CX3CL1 

XCR1 XCL1, XCL2 
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MATERIAL AND METHODS 

Cell lines and culture conditions 

Human astrocytes and glioblastoma cell-lines (U87 and U251) were obtained 

from Applied Biological Materials Inc (Richmond, Canada) and American Type 

Culture Collection (Manassas, VA), respectively. The HMO6 human microglial cell 

line was kindly provided by Dr. SU Kim (University of British Columbia, Canada). 

Astrocytes were cultured in Type-1 collagen-coated dishes (Millipore, Billerica, 

MA). Astrocytes, HMO6, U87, and U251 cells were incubated in Dulbecco's 

Modified Eagles Medium (Sigma-Aldrich, St Louis, MO), supplemented with 10% 

heat-inactivated fetal bovine serum, at 20% O2/5% CO2 for normoxic condition or 

at 1% O2/5% CO2 for hypoxic condition. For co-culture, glioblastoma cells and 

astrocytes were seeded at the same density (2×104 cells/well) in the lower and upper 

chambers of 24-transwell plates, respectively. Conditioned medium (CM; 6 ml per 

100 mm dish) was collected from the cells after 48 h-incubation (~1×107 cells total), 

filtered, mixed with an equal volume of fresh medium.  

Information on antibodies 

Antibodies against: HIF-1α (Novus, NB100-479), HIF-2α (Novus, NB-132), 

CCR6 (Novus, NBP1-131236), CCL20 (Novus, AF360 or R&D Systems, 
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MAB360), BDNF (Novus, NBP2-36705), SDF-1α (Santa Cruz; sc-28876), RelA 

(Santa Cruz; sc-8008), phospho-RelA/Ser536 (Santa Cruz; sc-33020), RelB (Santa 

Cruz; sc-48366), IKKα/β (Santa Cruz; sc-7607), phospho-IKKα/β/Ser180/Ser181 

(Santa Cruz; sc-23470-R), JNK (Santa Cruz; sc-7345), phosphor-JNK/Thr183 

(Santa Cruz; sc-135645), Lamin-B (Santa Cruz; sc-6216) , β-tubulin (Santa Cruz; 

sc-9104), β-actin (Santa Cruz; sc-47778), c-Src (Santa Cruz; sc-8056), phospho-c-

Src/Tyr416 (Cell Signaling; #6943), Akt (Cell Signaling; #9272), phospho-

Akt/Ser473 (Cell Signaling; #4060) or Flag (Sigma-Aldrich; F7425). 

Small Interfering RNAs, Plasmids, and Transfection  

Small interfering RNAs (siRNAs) were provided from Integrated DNA 

Technologies (Coralville, IA). The nucleotide sequences of siRNAs and non-

targeting RNA are summarized in Table 2. The erythropoietin enhancer-luciferase 

and CMV promoter-β-galactosidase plasmids were kindly given by Dr. Eric Huang 

(University of Utah), and the IκBα promoter-luciferase plasmid was constructed by 

genomic PCR and blunt-end ligation. Cells were transfected using Lipofectamine 

3000 (ThermoFisher Scientific). Non-targeting RNA or pcDNA was transfected into 

cells in the control groups to adjust the total amount of administered nucleotides. 

CCR6-targeting (shCCR6) or non-targeting (shCtr) lentiviral particles were 

purchased from Sigma-Aldrich. The RNA sequence of shCCR6 was 5’-

UUCAACCACAUUAAAGAAACG-3’ and that of shCtr was 5’-
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UACAACAGCCACAACGUCUAU-3’. The viral infection was performed by 

incubating U87 or GBM131 cells with lentiviral particles for 48 h in the presence of 

5 ug/ml polybrene (Santa Cruz). Five puromycin (2 ug/ml)-resistant colonies were 

pooled and the mixed cell lines were used for intracranial xenograft.  
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Table 2. Nucleotide sequences of siRNAs and PCR primers.  

 

  

Purposes Targets Sequences (5’ to 3’) 

siRNAs non-targeting 

human BDNF 

human CCL20 

human SDF-1α 

human CCR6 

human RelA 

human RelB 

human HIF-1α 

UUGAGCAAUUCACGUUCAUUU 

CCUAGAUCAGAACAGGAAUCCACAT 

GGUUUAGUGCUUAUCUAAUUUGUGC 

CUCUCCGUCAGCCGCAUUGCCCGCT 

CCAUUGUACAGGCGACUAAGUCATT 

GGAGUACCCUGAGGCUAUAACUCGC 

GCCCGUCUAUGACAAGAAAUCCACA 

CUGAUGACCAGCAACUUGA 

RT-qPCR 

Primers 

human VEGF 

 

human CA9 

 

human BNIP3 

 

human LOX 

 

human HIF-1α 

 

human 18s 

 

forward 

reverse 

forward 

reverse 

forward 

reverse 

forward 

reverse 

forward 

reverse 

forward 

reverse 

GGTGAAGTTCATGGATGTCT 

TCTGCATTCACATTTGTTGT 

GTGTAGTCAGAGACCCCTCA 

GGAAGAAAACAGTGCCTATG 

TTCTGAAAGTTTTCCTTCCA 

TGTTGCAAGCTCAGAAGTAA 

GTAGCCATAGTCACAGGATG 

ACCAAGGGACATCAGATTTC 

TCATCTGTGCTTTCATGTCA 

GTTGCCACTTCCACATAATG 

CACAGACCTGTTATTGCTCA 

GTTAATTCCGATAACGAACG 

ChIP 

Primers 

human HIF1A 

 

forward 

reverse 

ACATCTGAGCAACGAGACCA 

CCTGGTCCCAAACATGCATC 
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Western blot analysis 

Proteins in cell lysates were separated on SDS-polyacrylamide (8%–12%) gels, 

and transferred to an Immobilon-P membrane (Millipore). Membranes were blocked 

with a Tris/saline solution containing 5% skim milk and 0.1% Tween-20 for 1 h and 

then incubated overnight at 4°C with an antibody against: HIF-1α (diluted 1:1000), 

HIF-2α (diluted 1:1000), CCR6 (1:1000), BDNF (1:1000), SDF-1α (1:500), RelA 

(1:500), phospho-RelA/Ser536 (1:500), RelB (1:500), c-Src, phospho-c-Src/Tyr416 

(1:1000), Akt (1:1000), phospho-Akt/Ser473 (1:1000), IKKα/β (1:1000), phospho-

IKKα/β/Ser180/Ser181 (1:1000), JNK (1:1000), phosphor-JNK/Thr183 (1:1000), 

Lamin-B (1:5000), β-tubulin (1:5000), or β-actin (1:5000). Blots were incubated for 

1 h with a peroxidase-conjugated anti-mouse or anti-rabbit antibody (1:5000, Santa 

Cruz), and then stained using the Enhanced Chemiluminescence (ECL)-plus kit 

(Thermo Fisher Scientific, Waltham, MA).  

Reporter assays 

Erythropoietin (EPO)-enhancer luciferase reporter plasmids were co-

transfected into cells with the β-galactosidase plasmid. The total amount of applied 

DNAs was adjusted by adding pcDNA. After stabilized for 16 h, transfected cells 

were split at a density of 8 × 104 cells/well, and further cultured in 12-well dishes for 

24 h. After incubated under normoxic or hypoxic conditions for 16 h, cells were 
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lysed to measure luciferase activity. β-galactosidase activity in each lysate was 

assayed to normalize transfection efficiency. 

Analyzing endothelial tube and cancer colony formation 

To analyze endothelial tube formation, human umbilical vein endothelial cells 

(HUVECs; 5×104/well) were cultured in Matrigel-coated plates for 16 h and further 

incubated in astrocyte CM. Vessel length and tube area were quantified using Image 

J software. To analyze the formation of cancer cell colonies, glioblastoma cells 

(2×103/well) were suspended in 0.4% top agar and cultured in 0.8% agar-coated 

dishes for 21 days. A cell mass with a diameter greater than 50 um was counted as a 

colony. 

Invasion assays 

Cells (2×104/well) were suspended in 200 ul serum-free medium and seeded 

onto the upper chamber of a Boyden chamber with a Matrigel-coated membrane. A 

mixture of fresh and CM (1:1) was placed into the lower chamber as a 

chemoattractant. Cells were incubated under normoxic or hypoxic conditions for 12 

h. Cells on the lower side of the membrane were fixed and stained with 

hematoxylin/eosin. Penetrating cells were counted on the microscopic images from 

four random fields. 
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Protein profiling arrays 

Proteins in CM were identified using ARY005 antibody arrays (R&D Systems, 

Minneapolis, MN, USA). Culture supernatants were applied to arrays overnight at 

4°C. The arrays were incubated overnight with biotinylated antibodies and 

horseradish peroxidase-conjugated streptavidin. The arrays were treated with a 

luminescence-detecting reagent and exposed to X-ray film. Spot intensities were 

analyzed using Image J software (NIH, Bethesda, MD, USA). 

Quantitative RT-PCR and Chromatin immunoprecipitation (ChIP)  

The cDNAs were synthesized from 1 ug of TRIzol-extracted RNAs using Tetro 

cDNA synthesis Kit (Bioline, Taunton, MA), and amplified using SensiFAST™ 

SYBR® No-ROX Kit (Bioline). Real-time PCR was analyzed using the CFX 

manager software (Bio-Rad, Hercules, CA). 18S RNA was used as an internal 

standard for normalizing mRNA levels. For ChIP assay, cells were fixed with 1% 

formaldehyde, lysed with 1% SDS, sonicated, and centrifuged. The RelA-containing 

chromatin complexes were precipitated using anti-RelA antibody and Protein-G 

beads. Chromatin DNAs were extracted in the phenol/chloroform/isoamylalcohol 

mixture, and quantified by real-time PCR. PCR primer sequences are summarized 

in Table 2. 
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Immunofluorescent analyses 

Glioblastoma cells on a glass coverslip were fixed in 4% paraformaldehyde for 

15 min, and treated with 0.1% Triton X-100 at 37°C for 30 min and with 3% BSA 

for 2 h. Cells were incubated with anti-p65 antibody (1:100, Santa Cruz) at 4°C 

overnight, sequentially with fluorescein isothiocyanate-conjugated goat anti-rabbit 

IgG (1:200) for 1 h, mounted, and viewed under an Olympus microscope. Nuclei 

were stained with 4’,6-diamidino-2-phenyl-indole (DAPI). Normal brain and tumor 

sections (5 um) were deparaffinized, rehydrated in a graded alcohol series, and 

heated for 15 min in 10 mM sodium citrate (pH 6.0) to retrieve antigens. Sections 

were sequentially incubated with blocking solution for 1 h, with anti-CCL20 (1:100 

R&D Systems), anti-CA9 (1:100, Santa Cruz) or anti-mouse GFAP (1:100, #70R-

35624, Fitzgerald Industries International) antibody overnight at 4°C, and Alexa 

488/555/633-conjugated anti-rabbit, anti-mouse or anti-goat secondary antibody 

(1:200, Invitrogen) for 1 h. The fluorescence images were captured under Olympus 

fluorescence microscope.  

Glioblastoma specimens and their derivative cells 

After receiving informed consents, glioma specimens and clinical records were 

obtained from patients undergoing surgery at Samsung Medical Center in 

accordance with its institutional review board (IRB file No. SMC-2010-04-004). 
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Within hours after surgical removal, tumor specimens were enzymatically 

dissociated into single cells, following the procedures previously reported (Lee et al., 

2006; Toledo et al., 2015). Patient derived Glioblastoma cells were grown in neural 

basal media (ThermoFisher Scientific) supplemented with N2/B27 (ThermoFisher 

Scientific), epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF-2) 

(20 ng/ml) (PeproTech) on laminin (Sigma) -coated polystyrene plates and passaged 

as previously described (Lee et al., 2006).  

Neurosphere formation (limiting dilution) assay 

Patient-derived glioblastoma cells were dissociated into single-cell suspensions 

and then plated into 96-well plates with various seeding densities (1 to 100 cells per 

well). Cells were incubated at 37°C for 2 weeks. At the time of quantification, each 

well was examined for formation of neurosphere-like cell aggregates. 

Orthotopic glioblastoma xenografts  

All animal studies were performed with approval from the Seoul National 

University Institutional Animal Care and Use Committee (approval # SNU-151027-

1) and (approval # SMC-20151209001). BALB/cAnNCrj-nu/nu mice (8 weeks, 

male) were purchased from Charles River Japan (Yokohama, Japan). Stable U87 or 

GBM131 cell lines (2 × 105 cells/mouse) were grafted in mouse brains using a 
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stereotaxic injection. Mice were deeply anesthetized with avertin (250 mg/kg) and 

placed in a mouse stereotaxic frame (David Kopf Instruments, Tujunga, CA). Under 

deep anesthesia, a sagittal incision was made to expose the skull, and a burr hole was 

drilled at 0.5 mm anterior and 1.7 mm lateral to bregma. A Hamilton syringe 

(Hamilton, Reno, NV) with a 26-gauge needle was inserted at the depth of 3 mm 

from brain surface for infusion of cancer cells. The cells were injected over 5 min at 

a speed of 1 ul/min. The burr hole was then filled with dental cement (Sun Medical 

Co., Moriyama, Japan). Brains were removed on the 32nd day (U87) or the 55th day 

(GBM131) after cell injection and fixed using 10 % formalin for 24 h. The tissues 

were paraffin-embedded, and cut at a thickness of 5 um. Sections were stained with 

hematoxylin and eosin (H&E) stain, and subsequently examined using a light 

microscope for histopathological examination. Tumor volume was calculated by an 

equation of v = ab2/2 (v, volume; a, length; b, width).  

Immunohistochemistry 

The xenograft sections (5 um) were deparaffinized, heated to retrieve antigens, 

and briefly treated with 3% H2O2. They were incubated with one of primary 

antibodies; anti-HIF-1α, anti-CCR6 (1:100, Novus), anti-CD31 (1:50, Thermo 

Fisher Scientific), anti-CA9 (1:100, Santa Cruz), and anti-VEGF (1:100, Santa Cruz). 

They were reacted with a biotinylated secondary antibody (1:500; Vector 

Laboratories). The immune complexes were visualized using the Vectastatin ABC 
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kit (Vector Laboratories), and the sections were counterstained with hematoxylin. 

The expression level of examined protein was evaluated based on percentage of 

immune-positive cells.  

Bioinformatics analysis 

The glioblastoma dataset GSE2223, which includes 4 normal brain and 28 

glioblastoma microarray data, was imported from Gene Expression Omnibus (GEO) 

(www.ncbi.nlm.nih.gov/geo). Raw data were deposited into the Stanford Microarray 

Database, and analyzed using the software Gene-Pix Pro (version 5.1). Data were 

filtered based on the background signal (signal-over-background ratio > 1.5 and 

regression correlation > 0.6), and normalized by the LOWESS algorithm in the 

TIGR MIDAS program of the TM4 microarray software suite. The Cancer Genome 

Atlas (TCGA) dataset (Cell 2013) for 145 human glioblastoma tissues was 

downloaded from the cBioPortal for cancer genomics (www.cbioportal.org), where 

mRNA data were obtained in the form of normalized RSEM value. Gene set 

enrichment analysis (GSEA) was performed using a predefined HIF-1 gene set 

(upregulated by HIF-1), which included known HIF-1 target genes and hypoxia-

regulated genes in the MSigDB databases C2 curated gene sets, CP canonical 

pathways and C3 motif gene sets (www.broadinstitute.org/gsea/msigdb). The genes 

included in the HIF-1 gene set are listed in Table 3 and Table 4. The gene sets with 

P < 0.05 and false discovery rate (FDR) < 0.3 were considered significantly enriched. 

http://www.cbioportal.org/
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GSEA was performed according to the modified t-statistics from the class 

comparison analysis using GSEA algorithm v2.0 

(http://www.broadinstitute.org/gsea). The expression level of CCR6 was used as a 

phenotype label, and ‘metric for ranking genes’ was set to analyze Pearson 

correlation.  

Statistical analysis  

All data were analyzed using Microsoft Excel (2013) and SPSS Statistics 

version 19 (Chicago, IL, USA). Results are expressed as means ± standard deviation. 

An unpaired, two-sided Student’s t-test was used to compare two groups, and first-

order correlation was calculated using Pearson’s correlation. The association 

between CCR6 expression and survival rate was analyzed by Cox regression 

analysis. P values less than 0.05 were considered to indicate statistical significance.  
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RESULTS 

Astrocytes reinforce the HIF-1 signaling pathway in glioblastoma cells under 

hypoxia 

To examine the reciprocal influences on hypoxic responses between 

glioblastoma cells and astrocytes, I adopted a co-culture system using transwell 

chambers. Glioblastoma cell lines (U87 and U251) and astrocytes were co-cultured 

under hypoxic conditions, and cells in the lower chambers were lysed. HIF-1α and 

HIF-2α were induced under hypoxia in glioblastoma cells and astrocytes. In 

astrocytes, HIF-1α and HIF-2α levels were not significantly affected by co-culturing 

with glioblastoma cells (Figure 2A, left). In contrast, HIF-1α in hypoxic 

glioblastoma cells was substantially induced by co-culturing with astrocytes, 

whereas HIF-2α was induced to a lesser extent (Figure 2A, right). To examine the 

paracrine effect of astrocytes on glioblastoma response to hypoxia, glioblastoma 

cells were incubated in a mixture (1:1) of fresh medium and conditioned medium 

(CM) from astrocytes. The hypoxic induction of HIF-1α was stimulated by 

normoxic astrocyte CM and, to a greater extent, by hypoxic astrocyte CM (Figure 

2B). Compared with HIF-1α, HIF-2α was induced to a lesser extent by the CM. 

Given that the CM from HMO6 microglial cells did not affect HIF-1α expression in 

glioblastoma cells (Figure 2C), astrocytes may secret a unique factor(s) to stimulate 
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HIF-1α expression. Reporter activity reflecting HIF-driven transcription was also 

increased in astrocyte CM (Figure 3A). The mRNA levels of HIF-1 target genes, 

namely VEGF, carbonic anhydrase 9 (CA9), BCL2 interacting protein 3 (BNIP3), 

and lysyl oxidase (LOX), were enhanced in hypoxic astrocyte CM (Figure 3B). 

These results suggest that astrocytes produce a paracrine factor(s) that enhances HIF-

1α expression in glioblastoma cells under hypoxia.  
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Figure 2. Astrocytes potentiate the HIF-1 signaling pathway in glioblastoma cells. 

(A) Astrocytes were co-cultured with glioblastoma cells in a Boyden chamber under 

normoxia (N) or hypoxia (H) for 8 h. Cells in a lower chamber were lysed for 

Western blotting (left). The blots were quantified using the Image J program and the 

means + s.d. from three independent experiments are plotted (right). * denotes P < 

0.05 versus the mono-culture group. (B) CM were collected from glioblastoma cells 

or astrocytes that had been incubated under normoxia or hypoxia for 48 h. 

Glioblastoma cells were cultured in a mixture of CM and fresh medium for 8 h. (C) 

CM were collected from glioblastoma or microglia (HMO6) cells that had been 

incubated under normoxia or hypoxia for 48 h. Glioblastoma cells were cultured in 

a mixture of a CM and a fresh medium under normoxia (N) or hypoxia (H) for 8 h. 
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Figure 3.  Astrocytes promotes the HIF-1 activity and target genes. 

(A) The EPO enhancer-luciferase and β-gal plasmids (1 ug of each plasmid) were 

co-transfected into glioblastoma cells. Cells were incubated in astrocyte CM for 16 

h, and subjected to luciferase assay. Luciferase activity was normalized to β-gal 

activity. (B) Glioblastoma cells were incubated in CM for 16 h, and lysed for RT-

qPCR. * denotes P < 0.05 versus the Ctr-CM group. All experiments were carried 

out 3 or more times and results are presented as the means + s.d.  
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Astrocytes augment the hypoxia-induced changes in glioblastoma cell behavior 

The angiogenic potential of glioblastoma cells was evaluated by measuring 

VEGF. Glioblastoma cells were incubated in astrocyte CM, washed with saline to 

remove astrocyte-derived VEGF, and further incubated in fresh medium under 

hypoxic conditions. VEGF production in glioblastoma cells was enhanced by 

normoxic astrocyte CM and, to a greater extent, by hypoxic astrocyte CM (Figure 

4A). I next examined endothelial tube formation. Glioblastoma-derived medium 

was applied to the culture dishes containing HUVECs. Endothelial tube formation 

was highly stimulated by medium from glioblastoma cells subjected to hypoxia with 

hypoxic astrocyte CM (Figure 4B). I next performed a colony formation assay to 

evaluate the ability of cells to overcome hypoxic stress, because the central areas of 

colonies are hypoxic due to limited oxygen diffusion. Colony numbers were 

increased in the presence of the CM from hypoxic astrocytes (Figure 5A). Cell 

invasion was also examined because HIF-1 promotes cancer invasion. Cell invasion 

was significantly increased in hypoxic astrocyte CM (Figure 5B). These results 

indicate that astrocytes augment the hypoxic changes in glioblastoma cell behavior.  
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Figure 4. Astrocytes stimulates the angiogenic potential. 

(A) Glioblastoma cells were incubated in the conditioned media under hypoxia for 

24 h. After glioblastoma cells were washed with PBS to remove the conditioned 

media, the cells were further incubated in a fresh medium for 1 h under normoxia. 

The media in glioblastoma cell culture were collected to measure the VEGF content 

using the ELISA kit provided by R&D Systems (Minneapolis, MN). (B) HUVECs 

were cultured in the media from glioblastoma cells on Matrigel™-coated plates for 

16 h under normoxia, as described in the panel A. The images of tube formation were 

captured at 40x magnification under a microscope, and tube lengths (mm) and tube 

area (% of total area) were quantitatively analyzed using the Image J program.  
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Figure 5. Astrocytes stimulates the malignant behavior of glioblastoma cells. 

(A) The colony-forming assay was performed by seeding glioblastoma cells into soft agar. 

Colonies over 50 um diameter were counted on day 21 after seeding. Representative images 

of colonies are presented in the left panel. (B) The invasion assay was performed by 

seeding glioblastoma cells (2×104 cell per well) to an upper chamber. Glioblastoma 

cells, which were passed through an interface membrane, were stained and counted 

after 12 h incubation. Representative images of the down-side of the membrane are 

presented in the left panel. Each result in gar graphs is expressed as the mean + s.d. (n 

= 3), and * denotes P < 0.05 versus the Ctr-CM group. 
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Astrocyte-derived CCL20 enhances hypoxic induction of HIF-1α in glioblastoma 

cells 

To examine whether the astrocyte-derived factor(s) in CM is a polypeptide, 

astrocyte CM was heated or treated with trypsin. Consequently, the HIF-1α-inducing 

effect of astrocyte CM was nearly abolished by these treatments (Figure 6A and 6B). 

These results encouraged us to search for a peptide-based paracrine factor(s) in 

astrocyte CM using cytokine arrays (Figure 6C and 6D). Three candidates that were 

more enriched in astrocyte CM than glioblastoma CM were identified: brain-derived 

neurotropic factor (BDNF), CCL20, and stromal cell-derived factor 1α (SDF1α). To 

determine the cytokine responsible for HIF-1α induction, each of the three 

candidates was knocked down in astrocytes using siRNAs. Based on the gene-

silencing efficiency (Figure 7A), I chose two different siRNAs for each candidate. 

Knockdown of BDNF or CCL20, but not SDF1α, attenuated HIF-1α induction by 

astrocyte CM (Figure 7B). To confirm the HIF-1α-enhancing effects of the two 

cytokines, neutralizing antibodies were administered to astrocyte CM. The anti-

CCL20 antibody alone abolished the HIF-1α-enhancing effect of the astrocyte CM 

(Figure 7C). ELISAs revealed that CCL20 is secreted from astrocytes at high levels 

(Figure 8A). In the mRNA levels, astrocytes expressed CCL20 at a higher level than 

U87 cells (Figure 8B). Interestingly, the CCL20 expression in astrocytes was 

significantly increased under hypoxia, and further augmented by co-culture with 

U87 cells. Given that glioblastoma-associated astrocytes reside near cancer cells and 
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are often exposed to hypoxia, it is expected that glioblastoma-associated astrocytes 

produce CCL20 more abundantly than normal brain astrocytes. Moreover, the cell 

invasion-promoting effect of hypoxic astrocyte CM was abolished by knocking 

down CCL20 (Figure 8C). The astrocyte-derived CCL20 promotes glioma cell 

invasion presumably by inducing HIF-1α. Collectively, these results indicate that 

CCL20 is the hypoxia-induced, astrocyte-derived cytokine that stimulates HIF-1α 

expression in glioblastoma cells.  
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Figure 6.  Identification of astrocyte-derived cytokines  

(A, B) Astrocyte CM were heated at 95oC for 20 min (marked with H) or incubated 

with 0.2 mg/ml of trypsin for 24 h (marked with T). Glioblastoma cells were cultured 

in the pre-treated CM for 8 h, and subjected to Western blotting. (C) Each CM was 

applied to cytokine antibody arrays (top). The cytokines in white boxes are more 

enriched in astrocyte CM than in glioblastoma CM. Mean intensities of cytokines 

from two experiments are plotted (bottom). (D) The mean pixel density of each dot on 

ARY005 antibody array was quantified using the Image J software. The mean spot densities 

from 2 arrays are plotted. 
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Figure 7.  Astrocyte-derived CCL20 promotes HIF-1α induction in glioblastoma cells. 

(A) The conditioned media were collected from 2 day-cultured astrocyte cells that 

had been transfected with the indicated siRNAs at a 60 nM concentration. The media 

were examined by Western blotting using anti-BDNF, anti-CCL20 and anti-SDF1α. The 

blots were stained with Coomassie blue to verify no differences in protein amounts. (B) CMs 

were collected from astrocytes transfected with 60 nM siRNAs. Glioblastoma cells 

were cultured in the CMs for 8 h and subjected to Western blotting. (C) Glioblastoma 

cells were cultured for 8 h in the CM that had been pre-incubated with anti-BDNF or 

anti-CCL20 antibody, and subjected to Western blotting for HIF-1α.  
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Figure 8.  Astrocyte-derived CCL20 promotes the invasion of glioblastoma cells. 

(A) The concentrations of CCL20 in the indicated media were analyzed using an 

ELISA kit. Results are expressed as the mean + s.d. (n=3). (B) Astrocytes were co-

cultured with U87 cells in a Boyden chamber under normoxia (N) or hypoxia (H) for 24 h. 

Cells in a lower chamber were lysed for RT-qPCR. * denotes P < 0.05 versus the mono-

culture normoxia group. # denotes P < 0.05 versus the co-culture normoxia group. 

All experiments were carried out 3 times and results are presented as the means + 

s.d. (C) Glioblastoma cells, which had been transfected with control or CCL20 

siRNA, were seeded onto the upper chamber of the transwell dish, and incubated in 

the indicated CMs for 12 h. Cells, which passed through an interface membrane, 

were stained with hematoxylin/eosin and counted (right). Each bar represents the 

mean + s.d. (n = 3). * denotes P < 0.05.    
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CCL20 promotes de novo synthesis of HIF-1α at the transcriptional level 

To further verify the effect of CCL20 on HIF-1α expression, glioblastoma cells 

were treated with a recombinant peptide of CCL20. CCL20 slightly induced HIF-

1α even under normoxia, and highly stimulated HIF-1α expression in U87 and U251 

under hypoxia (Figure 9A). HIF-driven transcription was also enhanced by CCL20 

under either normoxia or hypoxia (Figure 9B). CCL20 functions via its specific 

receptor, chemokine C-C motif receptor 6 (CCR6). CCR6 is expressed in U87 and 

U251 examined herein. More importantly, CCR6 knockdown attenuated CCL20-

induced expression of HIF-1α (Figure 9C). In addition, I examined the HIF-1α 

induction via the CCL20-CCR6 axis in patient-derived glioblastoma cell lines 

GBM131, GBM783, and GBM464, which were transfected with non-targeting or 

CCR6-targeting shRNA. The CCR6-silencing efficacy of the shRNA was verified 

by Western blotting (Figure 9D). CCL20 enhanced the hypoxic levels of HIF-1α in 

these GBM cells lines, which was reversed by CCR6 knockdown (Figure 9E). 

These results indicate that CCL20 boosts the hypoxic induction of HIF-1α in 

glioblastoma via the CCR6 signaling pathway. To understand how CCL20 increases 

HIF-1α expression, I first determined whether CCL20 stabilizes the HIF-1α protein, 

because HIF-1α is degraded in an oxygen-dependent manner (Lee et al., 2011). 

However, the rate of HIF-1α degradation was not affected by CCL20 (Figure 10A). 

I next examined the synthesis of the HIF-1α protein in the presence of 

dimethyloxaloylglycine (DMOG), which induces accumulation of newly 



46 

 

synthesized HIF-1α proteins by stabilizing them (Ayrapetov et al., 2011). 

Interestingly, de novo synthesis of HIF-1α protein was stimulated by CCL20 

(Figure 10B). HIF-1α mRNA levels were also increased by CCL20 (Figure 11A) 

as well as by astrocyte CM (Figure 11B). However, the half-life of HIF-1α mRNA 

was not affected by CCL20 (Figure 11C), which prompted us to investigate the role 

of CCL20 in HIF1A transactivation. 
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Figure 9.  CCL20 upregulates HIF-1α protein levels and activity.   

(A) Glioblastoma cells were treated with a recombinant peptide of CCL20 for 4 h, 

and then subjected to normoxia or hypoxia for 8 h. HIF-1α was analyzed by Western 

blotting. (B) Cells, which had been transfected with the erythropoietin enhancer-

luciferase plasmid, were treated with CCL20 for 4 h, and then incubated under 

normoxia or hypoxia for 16 h. (C) CCR6-knocked down cells were treated with 

CCL20 for 4 h, incubated under normoxia or hypoxia for 8 h. (D) shRNA 

knockdown for CCR6 gene was performed with GBM cells. CCR6 knockdown was 

confirmed with western blot analyses. (E) The GBM (131/783/464) stable cells were 

incubated with 50 ng/mL of CCL20 under normoxia or hypoxia for 8 h, and 

subjected to Western blotting.  
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Figure 10.  CCL20 facilitates de novo synthesis of HIF-1α.  

(A) Glioblastoma cells were incubated under hypoxia in the presence or absence of 

50 ng/ml of CCL20 for 8 h, and then exposed to 20% oxygen. Cells were harvested 

at the indicated times and lysed for Western blotting. The intensities of blots were 

measured using Image J and plotted to analyze the decay rate of HIF-1α protein. (B) 

Glioblastoma cells were pre-treated with 100 uM cycloheximide for 1 h and washed 

with PBS. Cells were incubated with a new medium containing 50 ng/ml of CCL20 

or PBS for 4 h, and then treated with 20 uM DMOG to stabilize HIF-1α. Cells were 

harvested at the indicated times for Western blotting.  
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Figure 11.  CCL20 facilitates transcription levels of HIF-1α 

(A) Cells were treated with CCL20 for 4 h, and then exposed to normoxia or hypoxia 

for 8 h. The mRNA levels were quantified by RT-qPCR. (B) Cells were incubated in 

astrocyte CM under normoxia or hypoxia for 4 h. The mRNA levels were quantified by 

RT-qPCR. All data are presented as the mean + s.d. (n = 3) and * denotes P < 0.05 versus 

the control values. (C) CCL20 does not affect the stability of HIF-1α mRNA. 

Glioblastoma cells, which had been treated with 50 ng/ml of CCL20 (or PBS), were 

treated with 5 ug/ml of actinomycin D and harvested at the indicated times. The mRNA 

levels were analyzed by qRT-PCR. All experiments were performed three times and 

results are expressed as the means + s.d.  
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CCL20 upregulates HIF-1α through NF-κB activation. 

NF-κB acts as a transcription factor of the HIF1A gene (Gorlach and Bonello, 

2008). It was recently demonstrated that CCL20 activates NF-κB in thyroid and 

breast cell lines (Marsigliante et al., 2013; Zeng et al., 2014). Therefore, I 

investigated whether CCL20 induces NF-κB-mediated transcription of the HIF1A 

gene in glioblastoma cells. I analyzed NF-κB activity using an IκB-α promoter‒

luciferase reporter plasmid with tumor necrosis factor-α (TNF-α) as a reference 

cytokine. Astrocyte CM activated NF-κB in both glioblastoma cell lines, which was 

attenuated by CCL20 knockdown (Figure 12A). Recombinant CCL20 also 

mimicked the effect of hypoxic astrocyte CM (Figure 12B). The CCL20-induced 

expression of HIF-1α protein and mRNA was attenuated by knocking down NF-κB 

RelA (Figure 13A and 13B), but not by knocking down NF-κB RelB (Figure 13C 

and 13D). This result suggests that RelA takes part in HIF-1α expression as a 

downstream of CCR6. As expected, the HIF-1α mRNA induction by astrocyte CM 

was also blocked specifically by RelA knockdown (Figure 14A and 14B). In 

addition, Ser536 phosphorylation (Figure 15A and 15B), nuclear translocation 

(Figure 15C, 16A and 16B), and HIF1A promoter binding (Figure 16C and 16D) 

of RelA were stimulated by either CCL20 or astrocyte CM. Together, these findings 

suggest that the CCL20-induced activation of the HIF1A gene is mediated by NF-

κB RelA.  
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Figure 12. CCL20 promotes the NF-κB activity. 

(A) Glioblastoma cells were co-transfected with the IκBα promoter-luciferase plasmid, the 

β-gal plasmid, and 60 nM control or CCL20 siRNA. Cells were incubated in the indicated 

CMs for 16 h, and lysed for luciferase assay. TNF-α (20 ng/ml) was used as a positive 

control for NF-κB activation. (B) Glioblastoma cells, which had been co-transfected with 

IκBα promoter-luciferase and β-gal plasmids, were treated with 50 ng/ml of CCL20 for 16 

h. TNF-α (20 ng/ml) was used as a positive control for NF-κB activation.  
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Figure 13. CCL20 promotes the HIF-1α protein and transcription through NF-κB RelA. 

(A, C) Glioblastoma cells, which had been transfected with two different siRNAs (80 

nM) targeting RelA or RelB, were pre-treated with 50 ng/mL of CCL20 for 4 h, and 

then subjected to hypoxia for 8 h. HIF-1α protein levels were analyzed by Western 

blotting. (B, D) Glioblastoma cells, which had been transfected with two different 

siRNAs (80 nM) targeting RelA or RelB, were treated with 50 ng/mL of CCL20 for 

4 h, and then subjected to hypoxia for 24 h. HIF-1α mRNA levels were analyzed by 

RT-qPCR. 
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Figure 14. Astrocytes conditioned media promotes the HIF-1α transcription through NF-

κB RelA. 

(A, B) Glioblastoma cells, which had been transfected with two different siRNAs (80 

nM) targeting RelA or RelB, were pretreated with A(H)-CM for 4 h, and then 

subjected to hypoxia for 24 h. HIF-1α mRNA levels were analyzed by qRT-PCR. 
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Figure 15. CCL20 promotes the HIF-1α transcription through RelA 

phosphorylation.  

(A, B) Western blotting was performed in GBM cells treated with CCL20 of A(H)-

CM using anti-RelA or anti-phospho-RelA antibody. (C) Western blotting with anti-

RelA antibody was performed in the total, nuclear and cytoplasmic fractions of 

glioblastoma cells treated with CCL20 for 1 h.  
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Figure 16. CCL20 promotes the HIF-1α transcription through RelA activation. 

(A, B) Glioblastoma cells attached on cover slips were treated with 50 ng/ml of 

CCL20 or A(H)-CM for 1 h and fixed. Cells were incubated sequentially with anti-

NF-κB RelA antibody, Alexa 488 (or Alexa 555)-conjugated secondary antibody, 

and DAPI. Representative images were captured at ×400 magnification. (C, D) 

Glioblastoma cells were treated with 50 ng/ml of CCL20, A(H)-CM or TNF-α for 1 

h, and then fixed with 1% formalin. The chromatin complex was precipitated with 

non-immunized (IgG) or anti-RelA antiserum. Eluted DNAs were applied to real-

time PCR with a primer set for the NF-κB binding element in the HIF1A gene. The 

RelA binding to the HIF1A gene was presented as the percentage of the input DNA. 

All experiments were performed three times and results are expressed as the means 

+ s.d., and * denotes P < 0.05.   
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CCL20 activates NF-κB via the Src-Akt-IKK pathway 

Based on a report (Marsigliante et al., 2013) demonstrating that the CCL20‒

CCR6 interaction activates NF-κB in breast cells via the Src-Akt pathway, I 

investigated the mechanism underlying CCL20-induced NF-κB activation. In U87 

and U251 cells, CCL20 and hypoxic astrocyte CM both induced the phosphorylation 

of c-Src, Akt, IKK, and RelA (Figure 17A and 17B). Given that these 

phosphorylation events were attenuated by a Src inhibitor, PP2 (Figure 17C and 

17B), c-Src is likely the upstream regulator of these signaling components. When 

the phosphorylation of Akt was blocked by the PI3K inhibitor Wortmannin, the 

CCL20-induced phosphorylation of IKK and RelA was attenuated (Figure 18A and 

18B), indicating that Akt is located upstream of the IKK-RelA pathway. Moreover, 

HIF-1α induction by CCL20 (Figure 19A) or by astrocyte CM (Figure 19B) was 

attenuated by either PP2 or Wortmannin. In three patient-derived glioblastoma cell 

lines, CCL20 also augmented the hypoxic induction of HIF-1α, which was abolished 

by PP2, Wortmannin, or a NF-κB inhibitor Bay 11-7082 (Figure 19C). These 

results suggest that CCL20 augments the hypoxic induction of HIF-1α in 

glioblastoma via the CCR6/Src/Akt/IKK/NF-κB pathway. To examine the role of 

this pathway in glioblastoma cell behavior, I performed a cell invasion assay. 

CCL20-induced cell invasion was noticeably attenuated by Wortmannin and RelA 

knockdown (Figure 20A and 20B). Furthermore, RelA overexpression rescued the 

hypoxia-induced cell invasion even in CCR6 knockdown cells (Figure 20C). These 
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results suggest that this pathway could be a potential target for preventing 

glioblastoma invasion. A summary of this pathway is illustrated in Figure 21.  
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Figure 17. CCL20 activates the Src-PI3K-Akt-NFκB pathway.  

(A) Glioblastoma cells were treated with 50 ng/ml of CCL20 for the indicated times, 

and subjected to Western blotting. (B, C) Glioblastoma cells were treated with A(H)-

CM or CCL20 (50 ng/ml) and DMSO or PP2 (10 uM) for 30 min in the top panel 

or for 60 min in the bottom pane. The protein phosphorylation was detected using 

specific antibodies.   
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Figure 18. CCL20 activates the Akt-IKK-NFκB pathway.  

(A, B) Glioblastoma cells were treated with CCL20 (50 ng/ml) or A(H)-CM and 

DMSO or Wortmannin (100 nM) for 30 min in the top panel or for 60 min in the 

bottom panel, and subjected to Western blotting.  
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Figure 19. CCL20 activates the Src-PI3K-Akt-NFκB-HIF-1α pathway.  

(A, B) Glioblastoma cells were treated with 50 ng/ml of CCL20 or A(H)-CM, 10 

uM PP2, and/or 100 nM Wortmannin and subjected to 8 h-hypoxia. The cell lysates 

were subjected to Western blotting. (C) Patient derived Glioblastoma cells were 

treated with 50 ng/ml of CCL20, 10 uM PP2, 100 nM wortmanin and/or 5 uM 

Bay11-7082 under hypoxia for 8 h. The data are representative immunoblots from 

three independent experiments. 

 

  



68 

 

 

  



69 

 

Figure 20. CCL20 stimulates glioblastoma cells invasion via the AKT and NF-κB 

pathway. 

(A) Glioblastoma cells were pre-treated 100 nM Wortmannin for 2 h, and were 

subjected to the invasion assay with 50 ng/ml of CCL20 for 12 h. (B) Glioblastoma 

cells, which had been transfected with 80 nM RelA siRNA, were subjected to the 

invasion assay with CCL20 for 12 h. (C) Glioblastoma cells (U87-shCtr or U87-

shCCR6), which had been overexpressed with pcDNA or RelA, were seeded onto 

the upper chamber of the transwell dish, and treated with CCL20 (50 ng/ml) for 12 

h under normoxia or hypoxia conditions. Cells, which passed through an interface 

membrane, were stained with hematoxylin/eosin and counted (right). Each bar 

represents the mean + s.d. (n = 3). * denotes P < 0.05. Representative images of the 

down-side of the membrane are presented in the left panel. Each bar in the right panel 

represents the mean + s.d. (n = 3). * denotes P < 0.05 versus the Ctr group. 
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Figure 21. Summary for the role of astrocyte-derived CCL20 in glioblastoma 

response to hypoxia.   
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Effect of CCR6 signaling on the tumor growth of orthotopic U87 xenografts 

To investigate the role of CCR6 signaling in glioblastoma development, I first 

established stable cell lines expressing the CCR6-targeting shRNA (U87-shCCR6) 

or the control shRNA (U87-shCtr). CCL20 failed to enhance hypoxic induction by 

HIF-1α in U87-shCCR6 cells (Figure 22A), and knockdown of CCR6 did not affect 

the proliferation of U87 cells (data not shown). Given that CCL20/CCR6 signaling 

upregulates HIF-1α, I determined whether this signaling facilitates glioblastoma cell 

invasion, because HIF-1α facilitates cell invasion under hypoxia (Kaur et al., 2005). 

CCL20 stimulated the invasion of U87-shCtr cells under normoxia and hypoxia. 

However, such an effect of CCL20 was not observed in U87-shCCR6 cells (Figure 

22B), suggesting that CCL20 stimulates glioblastoma cell invasion through CCR6. 

To graft glioblastoma tumors in nude mice, the stable cell lines were injected into 

mouse brains using a stereotaxic device. The experiments were terminated on day 

32, because the brain tissues of living mice were required for histological analyses. 

The mean body weight was higher in U87-shCCR6 tumors than in U87-shCtr 

tumors (Figure 22C). Dissection and H&E staining of brains revealed that 

glioblastoma tumor growth was significantly retarded by CCR6 knockdown (Figure 

22D). The knockdown of CCR6 was confirmed in U87-shCCR6 tumors 

immunohistochemically (Figure 23A). Moreover, the vascular area (CD31-positive) 

and expression of HIF-1α and its targets (VEGF and CA9) were profoundly reduced 

in U87-shCCR6 tumors relative to U87-shCtr tumors. To examine whether mouse 
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astrocytes express CCL20 in hypoxic areas of grafted glioblastomas, mouse glial 

fibrillary acidic protein (an astrocyte marker, GFAP), CA9 (a hypoxia marker), and 

CCL20 were co-stained using different fluorescent tracers. Normal brain tissues on 

the contralateral side of grafted tumors were also stained as a reference. Many 

astrocytes were detected within the glioblastoma and were found to express CCL20 

at a higher level than in the normal brain. More importantly, a greater level of CCL20 

was expressed in tumor-associated astrocytes in the hypoxic area than in the 

normoxic area (Figure 23B). These findings further support that CCL20 is produced 

by astrocytes in a hypoxia-dependent manner, thereby augmenting hypoxic 

expression of HIF-1α in glioblastoma cells via the CCR6 signaling pathway. 
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Figure 22. CCR6 promotes tumorigenesis in glioblastoma tumors. 

(A) U87-shCtr and U87-shCCR6 stable cell lines were incubated with 50 ng/mL of 

CCL20 under normoxia or hypoxia for 8 h, and subjected to Western blotting. (B) 

Cells were seeded onto the upper chamber of a transwell dish. After 12 h-incubation, 

cells on the interface membrane were stained with hematoxylin/eosin (left) and 

counted (right). Each bar represents the mean + s.d. (n = 3). (C) U87-shCtr or U87-

shCCR6 cells were implanted into the mouse brain. Mice were weighed every week 

and plotted as the means ± s.d (n=10). *, p < 0.05. (D) Brain tissues were fixed and 

cut serially on the coronal planes. Each tissue slice was stained with H&E to measure 

tumor volume (left). The margins of tumors are marked with white dot-lines. Based 

on the images, tumor volumes were evaluated and presented as box plots (right).  
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Figure 23. CCR6 promotes the HIF-1 signaling pathway in glioblastoma tumors. 

(A) CCR6, HIF-1α, VEGF, CA9, and CD31 were immunohistochemically stained 

in grafted glioblastoma specimens. Cells expressing CCR6 or HIF-1α were counted, 

and VEGF, CA9, or CD31 positive areas were measured using Image J. * denotes P 

< 0.05 versus the U87-shCtr group and n.s means no significant difference between 

two groups. (B) Tissue specimens of U87-shCtr glioblastomas and normal mouse 

brains on the contralateral side of grafted tumors were subjected to triple 

immunofluorescence staining with anti-GFAP (green), anti-CCL20 (purple) and 

anti-CA9 (red) antibodies. The immune complexes and DAPI-stained nuclei were 

visualized under a confocal laser scanning microscope. Based on the expression of 

CA9, normoxic (N) and hypoxic (H) zones were demarcated by dashed white lines. 

Scale bar = 50 μm. 
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Effect of CCR6 signaling on neurosphere formation and xenograft growth in 

patient-derived glioblastoma cells 

To investigate the role of CCR6 signaling in patient-derived glioblastoma, I 

established GBM131, GBM783 and GBM464 stable cell lines expressing shCtr or 

shCCR6. The CCR6 knockdown in these cell lines was verified as shown in Figure 

9D. I first carried out neurosphere formation assay to examine the role of the CCL20-

CCR6 signaling in self-renewal and differentiation of glioma stem cells. When 

cultured with CCL20, all of three cell lines formed much larger neurospheres in two 

weeks compared with PBS-treated cell lines (Figure 24A, left). Moreover, CCL20 

increased the numbers of neurospheres in three cell lines (Figure 24A, right). 

However, when CCR6 was knocked down, the neurosphere formation effect of 

CCL20 was almost completely abolished, strongly indicating that the CCL20-CCR6 

signaling potentiates the tumorigenic potential in glioblastoma. I next induced 

intracranial tumors by injecting GBM131 stable cell lines into the brains of nude 

mice. Mice in the GBM131-shCtr group showed a severe loss of body weight after 

55 days, whereas mice in the GBM131-shCCR6 group maintained body weight 

until day 70 (Figure 24B). In addition, mice in the shCCR6 group survived longer 

than those in the shCtr group (Figure 24C). In H&E-stained brain tissues, GBM131-

shCCR6 tumors were detected to be much smaller than GBM131-shCtr tumors 

(Figure 25A). Immunohistochemical analyses showed that tumor vessel formation 

and expressions of HIF-1α, VEGF and CA9 were significantly lower in shCCR6 
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tumors versus shCtr tumors (Figure 25B). Collectively, these data further support 

out notion that the CCR6 signaling reinforces the HIF-mediated hypoxic responses 

and enhances the oncogenic potential in glioblastoma.  
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Figure 24. CCR6 promotes tumorigenesis in patient derived glioblastoma cells. 

(A) In vitro tumorsphere-forming limiting dilution assays (LDAs) in GBM cells 

(131, 783 and 464) transfected with control shRNA or CCR6 shRNA. Cells were 

plated at varying densities (1 to 100 cells per well) and cultured for 2 weeks. The 

wells containing no spheroid were counted and plotted (right). Representative 

images of cells are shown in the left panels. (B) GBM131-shCtr or GBM131-

shCCR6 cells were implanted into the mouse brain. Mice were weighed every week 

and plotted as the means ± s.d (n=10). *, p < 0.05. (C) Kaplan-Meier survival plots 

of mice injected with GBM131-shCtr or GBM131-shCCR6 cells (10 mice per 

group). P value was determined by log-rank test. 
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Figure 25. CCR6 promotes tumorigenesis and hypoxic response in patient derived 

glioblastoma cells. 

(A) Brain tissues were fixed and cut serially on the coronal planes. Each tissue slice 

was stained with H&E to measure tumor volume (left). The margins of tumors are 

marked with white dot-lines. Based on the images, tumor volumes were evaluated 

and presented as box plots (right). * denotes P < 0.05. (B) CCR6, HIF-1α, VEGF, 

CA9, and CD31 were immunohistochemically stained in grafted glioblastoma 

specimens. Cells expressing CCR6 or HIF-1α were counted, and VEGF, CA9, or 

CD31 positive areas were measured using Image J. * denotes P < 0.05 versus the 

U87-shCtr group. 
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Correlation between CCR6 and HIF-1α expression in human glioblastoma 

tissues 

To examine the involvement of CCL20 or CCR6 in HIF-1α expression on a 

larger scale, I performed bioinformatics analyses using public glioblastoma datasets. 

I first used the GEO dataset GSE2223 (n = 32) to compare the mRNA levels of 

CCL20, CCR6, and HIF-1α between normal brain and glioblastoma tissues (Figure 

26A). HIF-1α, CCR6, and CCL20 expression levels were significantly (P < 0.01) 

higher in glioblastoma tissues than in normal brain tissues. The statistical analyses 

also revealed that CCR6 and CCL20 expression was positively correlated with HIF-

1α expression (Figure 26B). I rechecked these correlations using the TCGA dataset 

Cell 2013 (n=145). Pearson’s correlation analysis showed that only CCR6 

expression was significantly correlated with HIF-1α expression (Figure 26C). 

CCL20 expression also appeared to correlate with HIF-1α, but statistically showed 

no significance. GSEA was also performed to examine whether HIF-1 target genes 

are regulated along with CCR6 or CCL20 (Figure 27A). HIF-1 target genes, which 

are listed in Table 3 and Table 4, were upregulated in CCR6_high or CCL20_high 

group. As expected, many HIF-1 target genes were enriched in CCR6_high or 

CCL20_high group (Figure 27B). Taken together, these results suggest that the 

CCL20/CCR6-driven expression of HIF-1α is associated with glioblastoma 

progression. 
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Figure 26. Correlation between CCR6 and HIF-1α expressions in human glioblastoma 

databases. 

(A) Relative levels of CCR6, CCL20 and HIF-1α mRNAs in 4 normal brains and 28 

glioblastomas on the GSE2223 dataset. * denotes P < 0.05 versus the normal group. 

(B) CCR6 or CCL20 expression is plotted as a function of HIF-1α expression using 

the GSE2223 dataset. Pearson correlation analysis was performed. (C) The mRNA 

levels in glioblastoma tissues were obtained from TCGA dataset Cell 2013. CCR6 

or CCL20 expression is plotted as a function of HIF-1α expression. Pearson 

correlation analyses are performed.  
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Figure 27. Correlation between CCR6 (or CCL20) and HIF-1α expressions in human 

glioblastoma databases. 

(A) Based on the median value of CCR6 or CCL20 mRNA in TCGA dataset Cell 

2013, tissues were divided into CCR6 or CCL20_high and low groups. HIF-1 target 

genes were selected based on MSigDB v5.2. The heat map shows that HIF-1 target genes 

are differentially expressed between CCR6 or CCL20_high and low groups. (B) GSEA 

analysis was performed to examine the enrichment of HIF-1 target genes in CCR6_high or 

CCL20_high glioblastoma tissues.  
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Table 3. List of genes correlating positively with CCR6 the TCGA dataset. 

Gene symbol Gene name 
Enrichment  

Score 

SLC2A3 
solute carrier family 2 (facilitated glucose transporter), 

member3 
0.0172 

BACH1 
BTB and CNC homology 1, basic leucine zipper 

transcription factor 1 
0.0345 

STK4 serine/threonine kinase 4 0.0474 

KLF7 Kruppel-like factor 7 (ubiquitous) 0.0578 

NDRG1 N-myc downstream regulated gene 1 0.0711 

GBE1 

glucan (1,4-alpha-), branching enzyme 1 (glycogen 

branching enzyme, Andersen disease, glycogen storage 

disease type IV) 

0.0832 

HK2 hexokinase 2 0.0953 

ERO1L ERO1-like (S. cerevisiae) 0.1076 

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 0.1173 

NADSYN1 NAD synthetase 1 0.1307 

UFM1 ubiquitin-fold modifier 1 0.1439 

CDK19 Cyclin-dependent kinase 19 0.1556 

CTTN cortactin 0.1664 

INSIG2 insulin induced gene 2 0.1783 

CLPB ClpB caseinolytic peptidase B homolog (E. coli) 0.1911 

KDM4C Lysine-specific demethylase 4C  0.1997 

PPP1R15A protein phosphatase 1, regulatory (inhibitor) subunit 15A 0.2071 

JMJD6 Bifunctional arginine demethylase and lysyl-hydroxylase 0.2114 

BNIP2 BCL2/adenovirus E1B 19kDa interacting protein 2 0.2221 

DIDO1 death inducer-obliterator 1 0.2321 

CCNI cyclin I 0.2444 

GOSR2 golgi SNAP receptor complex member 2 0.2501 

AMPD3 adenosine monophosphate deaminase (isoform E) 0.2615 

GPRIN3 GPRIN family member 3 0.2702 

ERICH1 glutamate-rich 1 0.2783 

BHLHE40 Class E basic helix-loop-helix protein 40 0.2892 

SERGEF secretion regulating guanine nucleotide exchange factor 0.2981 

ICAM1 
intercellular adhesion molecule 1 (CD54), human 

rhinovirus receptor 
0.3071 

PLIN2 perilipin 2 0.3138 

VEGFA Vascular endothelial growth factor A 0.3196 

LOX lysyl oxidase 0.3211 

P4HA2 
procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide II 
0.3314 
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PPFIA4 
protein tyrosine phosphatase, receptor type, f polypeptide 

(PTPRF), interacting protein (liprin), alpha 4 
0.3357 

RIOK3 RIO kinase 3 (yeast) 0.3311 

OSMR oncostatin M receptor 0.3344 

GYS1 glycogen synthase 1 (muscle) 0.3316 

ELL2 elongation factor, RNA polymerase II, 2 0.3413 

RNASE4 ribonuclease, RNase A family, 4 0.3404 

BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like 0.3381 

SERPINE1 
serpin peptidase inhibitor, clade E (nexin, plasminogen 

activator inhibitor type 1), member 1 
0.3477 

RORA RAR-related orphan receptor A 0.3565 

SOD2 superoxide dismutase 2, mitochondrial 0.3639 

CLK3 CDC-like kinase 3 0.3721 

F3 coagulation factor III (thromboplastin, tissue factor) 0.3817 

SLC2A1 
solute carrier family 2 (facilitated glucose transporter), 

member 1 
0.3893 

IL6 interleukin 6 (interferon, beta 2) 0.399 

PFKP phosphofructokinase, platelet 0.4015 

LDHA lactate dehydrogenase A 0.4085 

MAFF 
v-maf musculoaponeurotic fibrosarcoma oncogene 

homolog F (avian) 
0.4162 

PLOD2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 0.3988 

ZBTB25 zinc finger and BTB domain containing 25 0.4072 

GNA13 guanine nucleotide binding protein (G protein), alpha 13 0.4154 

ANGPTL4 angiopoietin-like 4 0.4206 

LCORL ligand dependent nuclear receptor corepressor-like 0.4182 

C4orf3 chromosome 4 open reading frame 3 0.4121 

CITED2 
Cbp/p300-interacting transactivator, with Glu/Asp-rich 

carboxy-terminal domain, 2 
0.4179 

NFIL3 nuclear factor, interleukin 3 regulated 0.4237 

KIAA2013 KIAA2013 0.4305 

STARD4 START domain containing 4, sterol regulated 0.4379 

GPI glucose phosphate isomerase 0.4439 

PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 0.4341 

TIPARP TCDD-inducible poly(ADP-ribose) polymerase 0.4221 

P4HA1 
procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide I 
0.4285 

ALDOA aldolase A, fructose-bisphosphate 0.4355 

LARP6 La ribonucleoprotein domain family, member 6 0.4411 

KLHL24 kelch-like 24 (Drosophila) 0.4471 

ATF3 activating transcription factor 3 0.4546 

ADM adrenomedullin 0.4556 

KDM4B Lysine-specific demethylase 4B 0.4388 

EGLN1 egl nine homolog 1 (C. elegans) 0.4434 



90 

 

NOL3 
nucleolar protein 3 (apoptosis repressor with CARD 

domain) 
0.4431 

CEBPB CCAAT/enhancer binding protein (C/EBP), beta 0.4345 

FAM13A  family with sequence similarity 13, member A 0.4364 

KDM3A Lysine-specific demethylase 3A 0.4419 

ENO2 enolase 2 (gamma, neuronal) 0.4426 

TC2N Tandem C2 domains nuclear protein 0.4458 

ABCB6 
ATP-binding cassette, sub-family B (MDR/TAP), 

member 6 
0.4434 

RBPJ Recombining binding protein suppressor of hairless 0.4351 

PEX13 peroxisome biogenesis factor 13 0.4388 

MXI1 MAX interactor 1 0.4368 

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 0.4426 

PDK1 pyruvate dehydrogenase kinase, isozyme 1 0.4473 

INSIG1 insulin induced gene 1 0.4506 

ANG angiogenin, ribonuclease, RNase A family, 5 0.4417 

JUN jun oncogene 0.4407 

TMEM65 transmembrane protein 65 0.4315 

MED6 
mediator of RNA polymerase II transcription, subunit 6 

homolog (S. cerevisiae) 
0.4041 

PGK1 phosphoglycerate kinase 1 0.4093 

CCNG2 cyclin G2 0.4118 

ANKRD37 ankyrin repeat domain 37 0.4167 

BHLHE41 Basic helix-loop-helix family, member e41 0.4147 

NAMPT Nicotinamide phosphoribosyltransferase 0.415 

LOC154761 
family with sequence similarity 115, member C 

pseudogene 
0.4207 

WDR54 WD repeat domain 54 0.4181 

SPAG4 sperm associated antigen 4 0.4052 

THAP8 THAP domain containing 8 0.3502 

PPP1R3C protein phosphatase 1, regulatory (inhibitor) subunit 3C 0.3435 

C7orf68 Chromosome 7 Open Reading Frame 68 0.3382 

CEBPD CCAAT/enhancer binding protein (C/EBP), delta 0.3241 

SAP30 Sin3A-associated protein, 30kDa 0.3278 

PDLIM4 PDZ and LIM domain 4 0.3214 

PRPSAP1 
phosphoribosyl pyrophosphate synthetase-associated 

protein 1 
0.3156 

GADD45A growth arrest and DNA-damage-inducible, alpha 0.3156 

KLF4 Kruppel-like factor 4 (gut) 0.3114 

CCND2 cyclin D2 0.2775 

NKX3-2 NK3 homeobox 2 0.2546 

  



91 

 

Table 4. List of genes correlating positively with CCL20 the TCGA dataset.                                                                                                   

Gene symbol Gene name 
Enrichment  

Score 

PLIN2 perilipin 2 0.043933 

CEBPD CCAAT/enhancer binding protein (C/EBP), delta 0.065885 

CEBPB CCAAT/enhancer binding protein (C/EBP), beta 0.087552 

PLOD2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 0.107765 

ICAM1 intercellular adhesion molecule 1 (CD54), human 

rhinovirus receptor 
0.128259 

ANG angiogenin, ribonuclease, RNase A family, 5 0.148286 

OSMR oncostatin M receptor 0.165981 

ELL2 elongation factor, RNA polymerase II, 2 0.183705 

SOD2 superoxide dismutase 2, mitochondrial 0.200991 

LOX lysyl oxidase 0.217461 

SPAG4 sperm associated antigen 4 0.234663 

ANGPTL4 angiopoietin-like 4 0.249454 

TIPARP TCDD-inducible poly(ADP-ribose) polymerase 0.266016 

NDRG1 N-myc downstream regulated gene 1 0.280841 

RNASE4 ribonuclease, RNase A family, 4 0.292828 

P4HA2 procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide II 
0.308388 

AMPD3 adenosine monophosphate deaminase (isoform E) 0.324278 

SLC2A3 solute carrier family 2 (facilitated glucose transporter), 

member 3 
0.340027 

MAFF v-maf musculoaponeurotic fibrosarcoma oncogene 

homolog F (avian) 
0.355061 

LDHA lactate dehydrogenase A 0.367994 

IL6 interleukin 6 (interferon, beta 2) 0.381141 

SERPINE1 serpin peptidase inhibitor, clade E (nexin, plasminogen 

activator inhibitor type 1), member 1 
0.394007 

INSIG2 insulin induced gene 2 0.408328 

ADM adrenomedullin 0.422178 

PGK1 phosphoglycerate kinase 1 0.430126 

TPI1 Triosephosphate Isomerase 1 0.441203 

BHLHE40 Class E basic helix-loop-helix protein 40 0.454339 

BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like 0.467142 

PPP1R15A protein phosphatase 1, regulatory (inhibitor) subunit 15A 0.480496 

ANKRD37 ankyrin repeat domain 37 0.492306 

GADD45A growth arrest and DNA-damage-inducible, alpha 0.503564 

P4HA1 procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide I 
0.516574 
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LOC154761 family with sequence similarity 115, member C 

pseudogene 
0.519069 

NOL3 nucleolar protein 3 (apoptosis repressor with CARD 

domain) 
0.531101 

C4orf3 chromosome 4 open reading frame 3 0.542382 

ERO1L ERO1-like (S. cerevisiae) 0.552611 

GBE1 glucan (1,4-alpha-), branching enzyme 1 (glycogen 

branching enzyme, Andersen disease, glycogen storage 

disease type IV) 

0.564463 

PDLIM4 PDZ and LIM domain 4 0.565821 

ATF3 activating transcription factor 3 0.566597 

BACH1 BTB and CNC homology 1, basic leucine zipper 

transcription factor 1 
0.571532 

F3 coagulation factor III (thromboplastin, tissue factor) 0.577508 

ALDOA aldolase A, fructose-bisphosphate 0.582524 

GYS1 glycogen synthase 1 (muscle) 0.581215 

PPP1R3C protein phosphatase 1, regulatory (inhibitor) subunit 3C 0.586738 

BNIP2 BCL2/adenovirus E1B 19kDa interacting protein 2 0.594809 

PEX13 peroxisome biogenesis factor 13 0.598629 

SLC2A1 solute carrier family 2 (facilitated glucose transporter), 

member 1 
0.602446 

DPCD Deleted In Primary Ciliary Dyskinesia Homolog 

(Mouse) 
0.607423 

GPRIN3 GPRIN family member 3 0.615099 

JUN jun oncogene 0.623505 

JMJD6 Bifunctional arginine demethylase and lysyl-hydroxylase 0.616514 

UFM1 ubiquitin-fold modifier 1 0.618211 

SAP30 Sin3A-associated protein, 30kDa 0.604767 

VEGFA Vascular endothelial growth factor A 0.608233 

ENO2 enolase 2 (gamma, neuronal) 0.613279 

RIOK3 RIO kinase 3 (yeast) 0.618038 

CCR6 Chemokine receptor 6 0.600826 

STARD4 START domain containing 4, sterol regulated 0.590154 

NFIL3 nuclear factor, interleukin 3 regulated 0.595364 

RORA RAR-related orphan receptor A 0.595899 

CITED2 Cbp/p300-interacting transactivator, with Glu/Asp-rich 

carboxy-terminal domain, 2 
0.599634 

FAM110C Family With Sequence Similarity 110 Member C 0.600044 

ERICH1 glutamate-rich 1 0.602681 

NADSYN1 NAD synthetase 1 0.599789 

LARP6 La ribonucleoprotein domain family, member 6 0.592288 

PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 0.584781 

SERGEF secretion regulating guanine nucleotide exchange factor 0.582454 

GPI glucose phosphate isomerase 0.575703 
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HK2 hexokinase 2 0.558908 

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 0.559651 

TC2N Tandem C2 domains nuclear protein 0.556495 

EGLN1 egl nine homolog 1 (C. elegans) 0.559367 

PDK1 pyruvate dehydrogenase kinase, isozyme 1 0.554916 

HCFC1R1 host cell factor C1 regulator 1 0.543089 

CTTN cortactin 0.539639 

KDM4C Lysine-specific demethylase 4C  0.538791 

GOSR2 golgi SNAP receptor complex member 2 0.500219 

PRPSAP1 phosphoribosyl pyrophosphate synthetase-associated 

protein 1 
0.488507 

WDR54 WD repeat domain 54 0.486516 

KLF4 Kruppel-like factor 4 (gut) 0.463218 

INSIG1 insulin induced gene 2 0.462736 

KIAA2013 KIAA2013 0.443215 

ZBTB25 zinc finger and BTB domain containing 25 0.424888 

TMEM65 transmembrane protein 65 0.411158 

STK4 serine/threonine kinase 4 0.398286 

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 0.369927 

PPFIA4 protein tyrosine phosphatase, receptor type, f polypeptide 

(PTPRF), interacting protein (liprin), alpha 4 
0.364487 

PFKP phosphofructokinase, platelet 0.340149 

MED6 mediator of RNA polymerase II transcription, subunit 6 

homolog (S. cerevisiae) 
0.305188 

MXI1 MAX interactor 1 0.275902 

CCNI cyclin I 0.274251 

CLK3 CDC-like kinase 3 0.259948 

FOXD1 Forkhead Box D1 0.251423 

RBPJ Recombining binding protein suppressor of hairless 0.242595 

STC2 stanniocalcin 2 0.236541 

KLHL24 kelch-like 24 (Drosophila) 0.239212 

CCNG2 cyclin G2 0.241951 

KLF7 Kruppel-like factor 7 (ubiquitous) 0.239562 

ABCB6 ATP-binding cassette, sub-family B (MDR/TAP), 

member 6 
0.220321 

GNA13 guanine nucleotide binding protein (G protein), alpha 13 0.192634 

SCD stearoyl-CoA desaturase  0.171721 

EPO erythropoietin 0.176167 

CCND2 cyclin D2 0.169164 

CLPB ClpB caseinolytic peptidase B homolog (E. coli) 0.124815 

DIDO1 death inducer-obliterator 1 0.102559 

THAP8 THAP domain containing 8 0.101631 
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DISCUSSION 

Herein, I discovered a new role for astrocytes in glioblastoma adaptation to a 

hypoxic microenvironment. With respect to the tumor‒stroma interplay, few studies 

have demonstrated that astrocytes potentiate the invasiveness of glioblastoma cells 

(Gagliano et al., 2009; Rath et al., 2013). In this study, I revealed for the first time 

that astrocytes help glioblastoma cells cope with an oxygen-deficient milieu. 

Furthermore, I clarified the mechanism by which astrocytes reinforce the HIF-1-

mediated hypoxic responses of glioblastoma cells. Astrocytes under hypoxic 

conditions secrete CCL20, which targets its receptor CCR6 in glioblastoma cells. 

Then, stimulated CCR6 activates NF-κB via its downstream signaling pathway, and 

in turn, NF-κB facilitates de novo synthesis of HIF-1α at the transcriptional level. 

Accordingly, astrocytes in the hypoxic area of glioblastoma are not naïve bystanders, 

but rather a renegade that supports tumor adaptation to hypoxia.  

Hypoxia and genetic alterations in glioblastoma cooperatively contribute to 

HIF-1α overexpression, which promotes cancer evolution (Kaur et al., 2005). HIF-

1, present at high levels in human tumors, plays crucial roles in tumor promotion by 

up-regulating its target genes, which are involved in anaerobic energy metabolism, 

angiogenesis, cell survival, cell invasion and drug resistance (Semenza, 2003; Yeo 

et al., 2004). HIF-1α acts as a tumor promoter by producing various growth factors, 
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such as VEGF, fibroblast growth factor, platelet-derived growth factor, and 

hepatocyte growth factor (Fischer et al., 2005; Yang et al., 2012). Therefore, it is 

apparent that the inhibition of HIF-1 activity may be a strategy for treating cancer. 

For example, HIF-1α inhibition blocks hypoxia-induced invasion of glioma cells 

both in vitro and in vivo (Mendez et al., 2010). HIF-1α is also highly expressed in 

human glioblastoma specimens (Giannopoulou et al., 2006) and is associated with 

poor patient survival (Korkolopoulou et al., 2004). Given such roles for HIF-1α in 

glioblastoma, astrocytes are expected to assist glioblastoma cells in gaining 

malignant behaviors via HIF-1α overexpression.   

CCL20, which belongs to the C-C chemokine family, is the only ligand for 

CCR6; this exclusive binding is referred to as the CCL20/CCR6 axis (Schutyser et 

al., 2003). CCL20 is well known to act as a potent chemoattractant for lymphocytes 

(McColl, 2002). Moreover, CCL20 expression is often upregulated in tumor tissues 

and serum (Klemm et al., 2014; Vicinus et al., 2013; Yamauchi et al., 2003), and a 

high level of CCL20 is associated with metastasis and poor prognosis (Ding et al., 

2012). Recently, many clinical studies have demonstrated that the CCL20/CCR6 

axis is associated with poor outcomes of cancers, such as colorectal and 

hepatocellular carcinomas (Ding et al., 2012; Ghadjar et al., 2009). CCR6 is also 

considered to be a possible early prognostic marker for cancer metastasis (Ghadjar 

et al., 2008; Rubie et al., 2006). The expression of CCR6 has been found to be 

elevated in the tumor tissues of glioblastoma (Wang et al., 2012). In our study, we 



96 

 

observed the expression of CCR6 in GBM cells. Interestingly, we found that 

knockdown of CCR6 inhibited the CCL20-induced GBM cell invasion, strongly 

indicating an important role of CCR6 in brain cancer. Another studies also have 

shown that activation of CCR6 by CCL20 can induce the proliferation of 

endometrial adenocarcinoma cells (Wallace et al., 2011), and promote the invasion 

of pancreatic cancer cells (Kimsey et al., 2004). In addition, recent work shows that 

the CCL20/CCR6 axis participates in the invasion and metastasis of hepatocellular 

carcinoma (Du et al., 2014), as well as the CCL20 and CCR6 were both found to be 

expressed to a greater extent in high-grade than in low-grade glioma tissues (Wang 

et al., 2012). Given the many reports on the critical roles of HIF-1α in tumor 

progression, the correlation between CCL20 and glioblastoma aggressiveness may 

be attributed to HIF-1α overexpression mediated by the CCL20/CCR6 axis.  

NF-κB is a heterodimeric complex composed of p65 (RelA) and p50, and it 

activates genes that encode pro-inflammatory cytokines (Tak and Firestein, 2001). 

The NF-κB complex is normally confined to the cytosol through its interaction with 

the IκB protein; upon stimulation, IκB is degraded and NF-κB is activated (Zhi et al., 

2015). Activation of NF-κB is a frequent event in several tumors. Deregulated NF-

κB activation is often oncogenic through the promotion of tumor growth and 

invasion, the suppression of programmed cell death, as well as resistance to therapy 

(Okamoto et al., 2007; Rayet and Gelinas, 1999; Xia et al., 2014). Studies looking at 

the non-hypoxic induction of HIF-1 have shown a number of indirect links between 



97 

 

the HIF-1 and NF-κB transcription pathways (Yoshida et al., 2013). In neuronal cells, 

a HIF-dependent up-regulation of erythropoietin has been described to prevent 

excitotoxin-induced apoptosis through Jak2 NF-κB cross-talk (Digicaylioglu and 

Lipton, 2001), whereas in human embryonic kidney cells, TNF-α stimulates the 

accumulation of ubiquitinated HIF-1 via an NF-κB–dependent pathway (Zhou et al., 

2003). In addition, chemokines are often expressed in response to NF-κB activation, 

many of which further potentiate inflammatory reactions by activating NF-κB (i.e., 

NF-κB not only acts as an upstream regulator of chemokines but is also regulated as 

a downstream effector of cytokines). As was shown in breast cells (Marsigliante et 

al., 2013), CCL20 activates NF-κB in glioblastoma cells through the 

CCR6/Src/Akt/IKK pathway, which drives HIF1A activation. My results suggest 

that astrocytes potentiate the hypoxic induction of HIF-1α in glioblastoma cells via 

the signaling pathway cascading from CCL20 to NF-κB.  

How is CCL20 secretion induced from astrocytes under hypoxia? A previous 

study demonstrated that CCL20 is produced in astrocytes of mouse brains with 

encephalomyelitis, and that its synthesis and secretion are induced in cultured 

astrocytes stimulated with IL-1β and TNF-α (Ambrosini et al., 2003). However, 

whether NF-κB is responsible for CCL20 induction in cytokine-activated astrocytes 

was not examined at that time; rather, it was demonstrated by a recent study (Li et 

al., 2014). The NF-κB inhibitor, raloxifene inhibited nuclear p65 and phosphorylated 

p65 expression in IL-1β-stimulated astrocytes, which suggests that the anti-
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inflammatory action of raloxifene toward CCL20 astrocytic production could result 

from molecular mechanisms involving modulation of NF-κB signaling via 

inhibition of p65 translocation and activation. In addition, Battaglia et al. intensively 

investigated the precise mechanism underlying the hypoxic induction of CCL20 

(Battaglia et al., 2008). According to their report, NF-κB p50 is induced in human 

monocytes under hypoxia, whereas other NF-κB members are suppressed. A 

hypoxia response element (HRE) is present in the CCL20 promoter, but its 

nucleotide sequence differs from the conserved HIF-binding sequence. NF-κB p50, 

but not HIF-1, targets the HRE and drives transcription of CCL20. However, it is 

unknown whether this event observed in monocytes occurs in astrocytes. However, 

I can speculate the possible involvement of NF-κB in the hypoxic induction of 

astrocyte CCL20, which remains an open question.  

In conclusion, astrocytes and cancer cells in glioblastomas reside together 

spaciously and temporally; therefore, both types of cells are simultaneously exposed 

to a hypoxic microenvironment. This study was performed to determine how 

astrocytes affect cancer cells in response to hypoxia. I demonstrated that astrocytes 

secrete higher levels of CCL20 during hypoxia, and in turn, CCL20 upregulates 

HIF-1α at the transcriptional level in glioblastoma cells through CCR6-mediated 

NF-κB activation. Through this mechanism, astrocytes may provide a tumor milieu 

that is favorable to glioblastoma cells under hypoxic stress.   
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국문 초록  

종양세포의 성장과정에서 암세포 주변에 있는 기질세포들은 

암세포가 잘 성장할 수 있도록 적절한 미세 환경을 제공해준다. 

저산소 유도 인자 HIF-1은 저산소 환경에서 암세포를 악화 시킨다. 

실제로 뇌 종양 미세환경에서는 성상세포와 아교모세포종 세포는 

공존한다. 본 연구에서는 성상세포가 아교모세포종의 저산소 반응에 

대한 영향을 연구하였다. 아교모세포종의 저산소 환경 적응을 돕는 

물질이 성상세포로부터 분비된 CCL20 라는 것을 cytokine array 

방법을 통하여 발견하였고 아교모세포종에 대한 역할은 patient-

derived xenograft 마우스 모델을 통하여 증명하였다. 성상세포는 

저산소 환경에서 아교모세포종의 HIF-1α의 단백질 발현을 

증가시켰다. 성상세포의 저산소 조건 배양액에 의하여 

아교모세포종의 HIF-1 하위 유전자 발현, 암세포의 군락 형성, 

암세포의 침습 능력이 증가하였다. 연구결과 성상세포로부터 

분비되는 CCL20가 저산소 환경에서 아교모세포종의 HIF-1α 단백질 

발현을 증가하는 요소임을 밝혔고 그 기전으로는 CCL20-CCR6-NF-κB 

signal pathway를 통하여 HIF1A 유전자 전사를 조절하였다. 
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동물실험에서는 CCR6을 knockdown 시킨 군에서 종양의 성장이 

느렸고 혈관 형성과 HIF-1α의 발현 및 그 하위 유전자 발현도 

현저하게 줄어들었다. 이밖에 GEO 와 TCGA datasets를 통한 

Informatics분석에서도 CCR6와 HIF-1α의 발현이 연관성 있음을 밝혔다. 

이와 같은 결과들로부터 성상세포로부터 분비되는 CCL20가 

아교모세포종이 저산소에 잘 적응하도록 돕는 역할을 한다는 것을 

밝혔다. 

Keywords: 아교모세포종, 성상세포, 저산소, 저산소 유도인자-1, 

CCL20, CCR6 
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