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ABSTRACT 

 

 

Introduction: Glioblastoma multiforme (GBM) are highly lethal primary brain 

tumors and consist of heterogeneous cell populations. Because this distinct 

character, GBM cells adapt to various factors in tumor microenvironment. 

Among diverse populations of GBM, glioblastoma stem cells (GSCs) have 

been reported that are highly tumorigenic, chemo- and radio-resistant, and 

tumor recurring properties. Although many studies made efforts to define 

specific markers such as CD133, recent studies raised a possibility that CD133 

may be insufficient marker to represent all of GSCs. Thus, identification of 

novel markers as GSCs is important for the prevention and treatment with GBM 

t. Here, I suggest that BST-2 is one of the crucial markers and regulators of self-

renewal abilities in GSCs. Overexpressed BST-2 is demonstrated in many types 

of cancers that enhanced tumor aggressiveness, including invasion, metastasis 

and drug-resistance. Moreover, hypomethylation of BST-2 in its promoter leads 

to enhance the expression of BST-2 in GBM. However, the relevance between 

high levels of BST-2 and stemness in GBM is remained unknown. 

 

Methods: To evaluate the roles of BST-2 in GSCs, I have established cancer 

stem cell (CSC)-like cells possessing the capacity to maintain self-renewal. To 

confirm the effect of BST-2 on tumorigenicity, I used xenograft and serial 

transplantation mouse models. Gain or loss of function was examined by 

transfection with BST-2 expression construct and BST-2 mRNA-specific 
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si/shRNA. To identify potential microenvironments enhancing BST-2 

expression, GBM cells were incubated in a hypoxic incubator with a 94:5:1 % 

mixture of N2:CO2:O2.  

 

Results: Upregulation of the BST-2 is correlated with poor survival of GBM 

patients. In vitro experiments showed that the BST-2 expression was enhanced 

in cultured spheroid GBM cells, while this expression was abolished in the 

presence of differentiation factors, suggesting an essential role of BST-2 on 

stem cell-like property in GBM. Knockdown of BST-2 expression with shRNA 

or siRNA in sphere-formed GBM leads to loss of their stemness properties. In 

vivo models, subcutaneously injection with spheroid cells into the dorsal flank 

of Balb/c nude mice exhibited more tumorigenic and self-renewal capacities. 

The sphere-formed cells were generated from the primary and secondary 

tumors, at that time, BST-2 positive cell populations were maintained during 

the development of secondary tumors. From the mechanistic studies, BST-2 

inhibited GSK3 activity, resulting in activation of the -catenin signaling 

pathway. In addition, BST-2 contains the binding motifs of HIF-1 and STAT3 

in its promoter regions that was synergistically promoted the transcription 

activity and expression of BST-2 in a hypoxic microenvironment. 

 

Conclusions: Taken together, these studies were demonstrated the crucial roles 

of BST-2 as a CSC marker in GBM and these results are novel findings that are 

may suggest a potential therapeutic target in patients with GBMs. 

------------------------------------- 
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INTRODUCTION 

 

Tumors are initiated by combination with heterogeneous cell populations, 

which have various biological characteristics rather than a homogeneous single 

cell (1). These distinct phenotypes of tumors play an important key role in 

adaptation from fluctuations in tumor microenvironments, persistent 

mutagenesis and epigenetic changes (1, 2). In the heterogeneous neoplastic 

compartment, some tumors contain cellular fractions, which can initiate tumors 

when (these fractions were) transplanted into secondary mice. These cell 

populations are considered as cancer stem cells (CSCs) possessing tumor 

initiation capability, and have been found in many tumors (3-6). Although 

CSCs formed a very small population of cancer cells, the own features are 

associated with normal stem cells and lead to metastasis, therapeutic resistance 

and recurrence. Therefore, identification of CSC biomarkers  and 

development of CSC-specific therapeutic targets are essential for the 

improvement of survival and quality of life in cancer patients. Among many 

tumors, molecular bases of heterogeneity and specific populations having 

tumor-initiating potential in glioblastoma multiforme (GBM) were reported 

from many studies (3, 7-10).  

GBM is the most lethal primary brain tumor with short survival rate and 

limited response to cancer therapy. The median survival of GBM patients 

treated with various therapies, including surgical resection, radiation and 

chemotherapy is less than 16 months (11, 12). Over the decades, poor prognosis 
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of GBM patients has not significantly recovered and underscored the 

difficulties and challenges in effectively detection and treatment of this lethal 

cancer (13). Numerous studies suggest that GBM possesses highly tumorigenic 

and stem-cell like populations and this populations are called glioblastoma stem 

cells (GSCs). Furthermore, GSCs are responsible for self-renewal of GBM, 

resistance to chemo- and radio-therapy, and tumor recurrence (14-16). 

Numerous studies were performed to identify the markers of GSCs, and 

reported that CD133-positive populations are enriched for the CSC marker in 

human GMB (5, 6, 17). However, several groups have reported that CD133-

negative cells also possessed tumor-initiating potential, which indicates the 

diversity of GSCs in GBM (10, 18). Therefore, identification of novel 

molecules as GSC markers and elucidation of their mechanisms are essential 

for the development of therapeutics for GSCs in GBM patients.  

Bone marrow stromal antigen 2 (BST-2), also called as CD317 and Tetherin, 

was originally identified as a cell surface protein that is preferentially expressed 

in terminally differentiated human B cells. It is a type II membrane protein 

containing an N-terminal in the cytoplasm, one membrane spanning domain, 

and modified C-terminus by the addition of a glycosyl-phosphatidylinositol 

(gpi) anchor (20). BST-2 was discovered as a suppressor to HIV-1 infection in 

the absence of viral protein unique (Vpu) (19). BST-2 inhibits retrovirus 

infection by blocking the dissemination of virus particles from infected cells, 

and suggests a general molecule to inhibit enveloped virus diffuse (19). It is 

offended by the Vpu, which targets BST-2 to destruction through the -TrCP2-

dependent pathway (21). According to these studies, BST-2 forms cysteine-
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linked dimers on the cell surface, and prevents dimerization by mutation in the 

cysteine residues (20). It is also known to be involved in pre-B cell growth via 

cell-cell interaction (22) and development of plasma cells in multiple myeloma 

(23, 24). Previous studies also found that interferon gamma (IFN-γ)-induced 

BST-2 expression is associated with the recruitment of monocytes to the 

inflammatory regions in human endothelial cells (25). However, studies 

associated the functions of BST-2 in cancer have been poorly understood. 

Recently, it was reported that BST-2 is overexpressed in several types of solid 

tumors (24, 26-33) that exhibited invasiveness and drug-resistant phenotypes 

(24, 30-33). Moreover, Etcheverry and his colleagues reported that five genes 

including BST-2 were overexpressed with promoter hypomethylation in GBM 

(34). In addition, BST-2 expression is up-regulated in brain tumors, including 

GBM (26, 33, 34) and is involved in cancer invasion (31, 32), drug-resistance 

(32) and poor prognosis(30). Although these data suggest the importance of 

BST-2 in cancer progression, chemoresistance and prognosis as well as GSCs, 

the critical roles of BST-2 in GBM are not well known, indicating the crucial 

roles of BST-2 in GBM should be clarified. 

The tumor microenvironment is the cellular environment surrounding tumors 

to support the growth and evolution of cancerous cells that includes stromal 

cells (immune cells and fibroblasts), signaling molecules, extracellular matrix 

(ECM),  and extrinsic environments such as pH and hypoxic conditions. There 

are strongly related between the tumor and the surrounding microenvironment 

and this interaction is well defined (35-38). Hypoxic environment is a 

predominant phenomenon of tumor microenvironments, including GBM and 
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promotes cancer cell proliferation and angiogenesis by upregulation of the 

hypoxia-inducible factors (HIFs) (38). Evidences reported from numerous 

studies have been established a role of reduced oxygen availability in the 

maintenance of stem cells (39-41). In addition, hypoxia is an important 

microenvironment to drive tumor progression by regulation of tumor 

angiogenesis, tumor cell metabolism, motility, proliferation and survival, and 

promotes a more aggressive tumor phenotype (23). Interestingly, hypoxia also 

plays a pivotal role in microenvironmental factor to enhance the activity of 

CSCs by increase the expression of stem cell factors such as Oct4, c-Myc, 

Nanog (2), and Notch signaling (22), which are direct or indirect targets of HIF. 

The effects of hypoxia-mediated HIFs on CSCs are well established in cancer 

biology. However, the potential downstream targets of HIFs to maintain CSCs  

need to further clarification.  

In this study, I investigated novel signaling molecules associated with the 

regulation of the cancer stem cell-like capacities of GBM. To do this, human 

GBM cell lines and primary cells were maintained in CSC culture medium to 

identify novel makers from spheroid cells. I identified that BST-2 is highly 

expressed in spheroid cells than their parental cells. Further I demonstrated that 

BST-2 is a potential molecule for maintenance of the CSC properties by 

regulation of the -catenin activity. The expression of BST-2 was directly 

regulated by HIF-1 in hypoxic conditions and this event is associated with the 

regulation of stemness as well as stem cell properties in GBM. In summary, 

BST-2 is an important factor to regulate CSC properties in GBM and this 

expression is regulated by HIF-1 in hypoxic condition. These data are novel 
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findings and upregulation of BST-2 is may associated with a poor clinical 

prognosis in GBM. Overall, I suggest that hypoxia-induced BST-2 upregulation 

is a novel marker for CSCs in human GBM. 
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MATERIALS AND METHODS 
 

1. Cell culture, conditions of spheroid formation and differentiation 

Human GBM cell lines (U87, U118, U138, U251, U373, Hs683 and T98G) and 

GBM primary cells (# 14, 28 and 30) provided by Seoul National University 

Hospital (SNUH) were maintained at 37℃ and 5 % CO2 in complete media 

(Dullbecco’s Modified Eagle Medium (DMEM, Hyclone) supplemented with 

10 % fetal bovine serum (FBS, Gibco) and penicillin/streptomycin (Gibco)). 

For spheroid culture, the single cell suspension form parental cells were re-

suspended in serum-free-DMEM containing 50 ng/ml of basic fibroblast 

growth factor (bFGF), 50 ng/ml of epidermal growth factor (EGF, peprotech), 

N2 and B27 supplement (Gibco) and these modified medium was named CSC 

medium. Cells were plated at an initial concentration of 1×104 cells/ml in 10 

ml cell culture flasks at 37℃ and 5 % CO2 for spheres formation and these 

spheroid cells were named spheroid cells. Primary spheroids were formed after 

5-7 days and then passaged by gently dissociating the spheres into a single cell 

suspension before re-plating the cells under the same conditions. For 

differentiation, cells were plated an a density of 1×104 cells/ml and cultured 

with CSC medium for 5-7 days, and then bFGF and EGF were withdrawn from 

the medium and 10% FBS or BMP-2 were added to promote differentiation. 

 

2. Immunofluorescence 

Tissues for this project was provided by prof. Park in the National Cancer 

Center. Forty three GBM patient tissue specimens were de-paraffinized with 
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xylene and washed with ethanol. For antigen unmasking, slides were incubated 

in 10 mM sodium citrate buffer (pH 6.0) and maintained at a sub-boiling 

temperature for 10 min. Subsequently, slides were blocked with 1% BSA in 

PBS for 1 h and then incubated with primary antibodies at 4℃ overnight: 

rabbit-anti-BST-2 antibody (1:100) (Abcam), FITC-conjugated-anti-CD133 

(Miltenyi Biotec), mouse-anti--catenin antibody and mouse-anti-activated--

catenin antibody (Santa Cruz). They were incubated with appropriate secondary 

antibodies. Stained slides were mounted in VECTASHIELD mounting media 

with DAPI (Vector Laboratories) and visualized under a confocal laser scanning 

microscope (Carl Zeiss).   

 

3. Western blotting analysis 

Cells were washed twice with cold PBS, and then lysed cells in RIPA buffer 

containing protease and phosphatase inhibitors. Lysates were centrifuged at 

13000 rpm for 20 min at 4°C, and supernatants were collected. Lysates were 

separated by 8-12 % Sodium dodecyl sulfate-Polyacrylamide gel (SDS-PAGE) 

and transferred onto nitrocellulose membranes (Millipore). Then membranes 

were blocked with 5% milk for 1 h and incubated with primary antibodies 

overnight. After washing, membranes were treated with peroxidase-conjugated 

secondary antibodies, rewashed, and then visualized using an enhanced 

chemiluminescence (ECL) system (Amersham). We used the following primary 

antibodies : anti-tyrosine-phospho-STAT3, anti-total STAT3, anti-SOX2, anti-

OCT4, anti-GFAP, anti-CNPase, anti-Cyclin D1, anti-c-Myc and anti-serin-

phospho-GSK3 (Cell Signaling Technology), and anti--tubulin 
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(NeoMarkers), and anti--catenin, anti-GSK3, and anti-HIF1 (Santa Cruz), 

and anti-BST-2 (Abcam), and anti-active--catenin (Millipore), and anti-

tyrosine-phospho-GSK3 (Upstate). 

 

4. Quantitative real-time PCR and RT-PCR 

Total RNA was isolated using the Trizol reagent (TaKaRa) and cDNA was 

synthesized using a QuantiTech Reverse Transcription Kit (Qiagen). 

Quantitative reverse-transcription PCR (qRT-PCR) was performed using the 

Eva Green qPCR Master Mix (abm). qRT-PCR with Applied Biosystems 7300 

Real-time PCR System (Life Technologies). The raw data were analyzed by 

comparative Ct quantification. For this experiments, primers against BST-2 and 

CD133 were purchased from Qiagen.  

 

5. si/shRNA for knockdown of gene 

BST-2 was knocked down by transfection with siBST-2 (5’-

AAGCGTGAGAATCGCGGAC-3’; Qiagen), respectively. AllStars Negative 

Control siRNA (Qiagen) was used as a non-targeting RNAs (siNT). siRNA 

transfection was performed using the HiPerfect Transfection Reagent (Qiagen), 

according to the manufacturer’s protocol. The BST-2 knocked down stable cell 

lines established using shNT and shBST-2 constructs  

 

6. Xenograft and serial transplantation 

To confirm the tumorigenic property, the adherent parental cells (AD) and 

single cells dissociated from CSC-like spheroid cells (SP) were re-suspended 
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in 100 l of PBS, in aliquots of 1×102 to 1×105 cells. These aliquots were 

injected into intradermis of 6-week-old NOD/SCID mice (n = 5, SLC). After, 

implantation, the recipient mice monitored for general health status and 

presence of intradermal tumors. After 1 month observing difference of tumor 

size between AD and SP, tumors were collected. Next to examine the self-

renewal ability in vivo, 1×102 of AD and SP cells were injected into 

NOD/SCID mice (n = 10) following the same manual. After 1month of 

injection, tumors were harvested with 0.2 mm3 of mass and each tumors were 

serial transplanted into two recipients. Remaining tumor tissues were fixed for 

histological analysis. After 5 weeks of serial transplantation, SP cell-inoculated 

mouse generated significantly large tumor mass but AD have no tumors. 

Excised tumors from SP-transplanted mouse were dissociated and used for 

FACS analysis.       

 

7. Immunohistochemistry 

Fixed (4% paraformaldehyde) paraffin-embedded tissue was used to section at 

6m and then de-paraffinize with xylene and ethanol. The slides were incubated 

in 10 mM sodium citrate buffer (pH 6.0) and maintained at a sub-boiling 

temperature for 10 min. Endogenous peroxidase activity was inhibited using 3% 

hydrogen peroxide for 10 min, and specimens were then washed with PBS. 

Slides were in blocked with 5% goat serum for 1 h at room temperature. 

Immunohistochemical labelling was performed using antibodies with overnight 

incubation of primary antibodies at 4℃, followed by 1 h incubation of 
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biotinylated secondary antibodies and solutions for color development provided 

in a ABC kit (Vecor Laboratories) used according to the manufacturer’s 

instructions. The following primary antibodies were used: rabbit anti-BST-2 

antibody (1:100) (Abcam), rabbit anti-CD133 antibody (1:100) (Biorbyt), and 

rabbit anti-tyrosin-phosphorylated STAT3 antibody (1:100) (Cell signaling).  

 

8. Flowcytometry 

Xenograft-derived tumor cells were dissociated into single cell suspensions and 

labeled with the following antibodies: anti-BST-2-alexa 647 (1:100, 

BioLegend), anti-CD133 (1:100, Santa Cruz) and anti-mouse-FITC (1:250, 

BioLegend). For unstained groups, cells were incubated with anti-rabbit-alexa 

555 (Cell Signaling) and anti-mouse-FITC (BioLegend). For blocking of Fc 

receptors in flow cytometric analysis, cells were pre-incubated with purified 

anti-CD16/CD32 antibody (BioLegend). The stained cells were analyzed on the 

FACS Canto II (BD Biosciences). 

 

9. DNA Transfection and reporter assay 

GBM cell lines were transfected with Lipofectamine 2000 (Invitrogen), and 

GBM primary cells were transfected with lipofectamin LTX (Invitrogen). For 

overexpression of gene, cells were transfected with the following constructs: 

pCMV-vector (Mock), pCMV-constitutively activated STAT3 (caSTAT3), 

pCMV-wild type HIF1 (wtHIF1), pCMV-BST-2 (BST-2). For reporter assay, 

cells were co-transfected with DNAs (wtHIF1, caSTAT3, and BST-2), pCMV-

-galactosidase, and either promoter-luciferase reporter construct or TOP-Flash 
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reporters. After 24 h, cells were harvested and luciferase activities were 

determined using the Luciferase Assay system (Promega).  

 

10. Hypoxia stimulation 

Cells were divided and cultured in hypoxia (1% O2) and normoxia (20% O2), 

respectively, for different time and collected for analysis. Hypoxic culture 

conditions were established using an O2/CO2 incubator (Vision science) 

equipped with O2/CO2 sensors, and connected to N2 and CO2 gas cylinders. 

 

11. Statistical analysis 

Data are presented as mean ± standard error of means (S.E.M). Statistical 

analysis of differences among groups was determined by Two-tailed Student’s 

t-test. A P value denoted the presence of statistically significant difference is 

presented on each data.   
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RESULTS 

 

Highly expressed BST-2 is correlated with GBM patient survival. 

Although previous studies have evaluated high level of BST-2 in various types 

of cancer including GBM (26-28, 30-33, 42-44), function of BST-2 and 

characters of BST-2-expressing cells are remain unknown. To determine 

whether BST-2 mRNA expression correlates with other CSC markers for 

various brain tumors or not, I utilized the National Cancer Institute’s Repository 

for Molecular Brain Neoplasia Data (REMBRANDT) database (Fig 1). I found 

that expression patterns of BST-2 in tree types of brain tumors (GBM, 

astrocytoma and oligodendroglioma) are similar to CD133 expression patterns 

and these expressions are grade-dependently up-regulated. Because BST-2 is 

highly expressed in GBM, we check the correlation between BST-2 expression 

levels and patient survival in gliomas and GBMs by utilizing REMBRANDT. 

I found that more than two-fold up-regulation of BST-2 mRNA correlated with 

a significant decrease in survival (Fig 2). These result suggesting that BST-2-

expressing cells had relationships to GBM poor prognosis. Next, we performed 

CD133/BST-2 dual immunofluorescence staining of the GBM patient tissues 

(n=43) in order to determine the relationship of BST-2 with the GSCs. I 

assessed GBM surgical biopsy specimens labeled with antibodies against BST-

2 and CD133, a GBM stem cell marker (Fig 3A). The BST-2 and/or CD133 

enriched cell populations were counted (Fig 3B) and only 29 % of Dapi-positive 

cells were express BST-2 and/or CD133. The 20 % of Dapi-positive cells was 
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CD133 enriched and 75 % of CD133-positive cells were BST-2 expressed 

(15%). And also, 24 % of Dapi-positive cells was BST-2 enriched and almost 

62% of BST-2-positive cells was CD133 expressed. These results suggest that 

BST-2-positive cells express stem cell-associated markers and can involve 

CSCs. Therefore, I hypothesized that BST-2 may contribute to CSC properties 

in GBM.    

 

BST-2 overexpressing GBM cells have the characteristics of CSC.  

In GBM surgical biopsies, levels of BST-2 and cd133 were correlated. To 

confirm this correlation, expression levels of mRNA and protein were 

evaluated in various GBM cell lines. The BST-2 overexpression was detected 

in CD133 highly expressed cell lines (Fig 4A). Then, I confirmed that whether 

cells can generate sphere-form under CSC culture conditions and I found that 

the sphere-forming activity of the GBM cell lines was observed in CD133/BST-

2 highly expressed cell lines (Fig 4B). Although GBM cell lines cultured with 

CSC medium for sphere formation, BST-2 and CD133 expression levels was 

maintained (Fig 4B). To evaluate GBM spheroid cells have the characteristics 

of CSC, I checked secondary subcloned spheres forming ability, an indicator of 

CSC. GBM spheres can be further dissociated into a single-cell suspension and 

then re-plated as a single cell in fresh CSC medium to produce secondary 

subcloned spheroids (Fig 5A and B). Thus, I have established GSC-like 

spheroid cells from various GBM cell lines and primary GBMs by culturing in 

serum-free media with N2/B27 supplement in the presence of bFGF and EGF 

(CSC media) (45). Then I want to know whether BST-2 expression is up-
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regulated in spheroid cells or not. Interestingly, high level of BST-2 expression 

observed in spheroid cells compared with adherent parental cells (Fig 5). 

Simultaneously, the various CSC marker including CD133, Nanog, Oct4 and 

Sox2 were increased in spheroid cells. And also, STAT3 is highly activated in 

spheroid cells. According to the previous study, STAT3 activation contributes 

to BST-2 expression (32). Through these results, I hypothesized that 

overexpressed BST-2 by STAT3 activation may play key roles in CSCs. 

 

BST-2 is an essential molecule for maintenance of CSC properties. 

To certify BST-2 as a marker of CSC, I searched for molecules is expressed 

and activated under differentiation condition with spheroid cells (Fig 7). 

Spheroid cells acquired stem-like phenotype are transformed to adherent type 

by treating the differentiation factor like FBS (Fig 7A). Then, these cells 

prepared for western blot analysis and I found that, compared to their 

differentiated counterparts, elevated level of BST-2, various CSC makers and 

activated STAT3 in spheroid cells were decreased under treatment of 

differentiation factor, FBS for 24 h. The CSC markers such as Nanog, Sox2 and 

Oct4 were decreased with BST-2 levels. Notably, GFAP (an astrocytes marker) 

was increased by treating differentiation factors. CNPase (an oligodendrocytes 

marker) was consistently enhanced in spheroid cells and remained during the 

differentiation (Fig 6B). Alternatively, BMP-2 has been reported to be involved 

in differentiation of neural progenitor cells (46). Therefore, I examined 

differentiation by treating BMP-2 in spheroid cells, and I found that BST-2 and 

other CSC makers are decreased under BMP-2-treated conditions (Fig 7C). 
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These results shows that BST-2 is a novel molecule expressed in CSC-like 

spheroid cells.  

 

Knockdown of BST-2 accompanied by depletion of self-renewal ability in 

spheroid cells.  

Next, I investigated whether BST-2 is involved in the maintenance of the stem-

like properties of self-renewing cells. To achieve this, U118 GBM cell lines 

were transfected with siRNA directed against BST-2 or a non-targeting control 

and then cultured in CSC medium for 1 week. The spheroid cells treating BST-

2 siRNA showed significantly reduced spheroid formation as compared with 

non-targeting control spheroid cells (Fig 8A). Moreover, after dissociation of 

spheroid cells, I transfected spheroid cells divided into single cells with siRNA 

directed against BST-2 and non-targeting control and then cultured in CSC 

medium for 1 week. Secondary subclone sphere forming ability was depleted 

by BST-2 knockdown (Fig 8B). Transient BST-2 expression signaling 

inhibition had deprived the cells of their self-renewing capacity. Clonogenic 

growth of spheres is an in vitro indicators of self-renewal in normal stem cells 

and GCSs. To determine the clonogenic potential of BST-2 knock down, I 

established shBST-2 stable GBM cells and performed limiting dilution assays 

(LDA). The primary GBM cells (#28) were transfected with shNT(GBM#28-

shNT) and shBST-2(GBM#28-shBST-2) constructs, and shBST-2-expressing 

cells were selected by treating hygromycin. These cells were plated into 96-

well plates with various seeding numbers. The spheres were readily formed by 

GBM#28-shNT cells but not by GBM#28-shBST-2 cells (Fig 8C). These 
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results suggest that BST-2 is potential regulator in self-renewing ability of 

GBMs. 

 

Spheroid cells can generate tumors in xenograft and serial transplantation.  

Had been established the essential role of BST-2 in the maintenance of the 

tumor-initiating potential of spheroid cells. Next I checked to determine if BST-

2 highly existed in tumor development and serial transplantation of spheroid 

cells in vivo. CSCs is defined by their capacity to enhancing tumors that 

resemble the malignancy on injections into NOD/SCID mice (35). I first 

performed in vivo injections of spheroid cells (SP) and their parental cells (AD) 

derived from U118 cells with a limiting dilution of the cell numbers (1x102 ~ 

1x105). Although there are small numbers of single cells, the U118SP cells 

induced tumor incidence and tumor volume effectively on xenograft than 

U118AD cells (Fig 9A and B). These results show that spheroid cells had more 

tumorigenicity than parental cells. Xenotransplantation, followed by serial 

transplantation models (Fig 9C), is now regarded as an essential criterion in 

defining CSCs. Therefore, to examine serial transplantation, I injected again 

1x102 of U118AD and U118SP cells into the immune-compromised 

NOD/SCID mice and after 4 weeks, could confirmed that spheroid cells have 

more tumor incidence (Fig 9D). Then, I want to know how much level of BST-

2 expression is up-regulated in tumor specimens and I performed the IHC. BST-

2, CD133 and phosphorylated STAT3 were highly expressed in U118SP-

injected tumor mass than U118AD (Fig 9E). Several groups have reported that 

xenografted tumors through a serial transplantation have CSC features, such as 



17 

 

chemoresistance and invasiveness, and express various GSC markers (7-9, 47). 

Therefore, I want to check the ratio of BST-2 in serial transplanted tumor mass 

and correlation between BST-2 and CD133. After tumor developments (Fig 9D 

and E), several mice are selected for serial transplantation (AD : #3, #7 / SP : 

#4, #7), extracted the tumor mass (5 mm3) and secondary transplanted into 

intradermis of new NOD/SCID mice. After 5 weeks, I found that secondary 

tumor growth is effectively enhanced in U118SP-serial transplanted mouse (#4-

1, #4-2, #7-1 and #7-2) than U118AD (Fig 10A). Then I dissociated tumor mass 

into single cells and stained with antibodies against BST-2 and CD133 (Fig 

10B). I found BST-2 positive cell populations (8.45~59.8 %) and CD133 

positive cell populations (4.12~28.2 %) in secondary tumor mass. The 

correlation between BST-2 and CD133 expression observed in xenografts by 

flow cytometry and immunostaining suggest that BST-2 might exist to regulate 

stemness in GSCs. 

 

BST-2 regulates Wnt/-catenin signaling pathway.  

All things taken together, BST-2 is a potential regulator of GSCs but its 

consequences have until very recently been unknown especially in cancer 

biology. Because if BST-2 is essential factors of maintenance of GSCs, they 

have effect on a key signaling pathways, I further examined which signaling 

pathway is regulated by BST-2. According to several reports, they assured that 

signaling pathways associated with oncogenesis, such as the Wnt, Notch and 

Sonic hedgehog (Shh) signaling pathways, may regulate CSC self-renewal (4, 

48-50). I therefore hypothesized that BST-2 overexpression in GBM cells 
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might effect on the signaling involved in CSCs. To test this hypothesis, I 

transfected BST-2 and TOP-Flash reporter construct simultaneously in GBM 

primary cells. TOP-Flash reporter activity was enhanced by BST-2 

overexpression (Fig 11A). Furthermore, to confirmed nuclear translocation of 

-catenin, I transfected BST-2 in GBM primary cells and after 24 h of 

transfection, transfected cells were stained with antibodies for detecting -

catenin and active--catenin. In the absence of BST-2, -catenin was located in 

cytoplasm and activated -catenin was not detected. Whereas, overexpressed 

BST-2 leads to nuclear translocation of activated -catenin can binds to 

TCF/LEF motif of target molecules (Fig 11B). Next, I want to know what 

molecule is regulated by BST-2 and I examined western blot analysis by using 

BST-2 transfected GBM primary cells. Because nuclear translocation of 

activated -catenin was observed, I thought that BST-2 might regulate upper 

levels of -catenin activation. Thus I checked activities of GSK3, a 

serine/threonine protein kinase. BST-2 overexpression reduced tyrosine-

phosphorylation and induced serine-phosphorylation of GSK3 (Fig 11C). 

Without Wnt stimulation, phosphorylation and degradation mechanisms of -

catenin through GSK3 kinase activity is well defined (51). Four different 

residues have been illustrated in the GSK-3 molecule and it has been certainly 

established that phosphorylation of serine 21 or 9 correlate with the inhibition 

of its kinase activity (52). However, BST-2 overexpression has no effect on 

serine phosphorylated GSK3 levels. Alternatively, tyrosine phosphorylation of 

GSK3 was inhibited by overexpression of BST-2, tyrosine phosphorylation 
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existent in locations 279 and 216 in GSK3, appears to correlate with an increase 

of its kinase activity (52). In order to determine involvement of BST-2 in 

canonical Wnt signaling pathway, BST-2 transfected GBM cells were treated 

with conditioned medium including Wnt3a (Wnt3a C.M.). Wnt3a and BST-2 

synergistically enhance TOP-Flash activity than conditions of BST-2 

transfection only or Wnt3a treatment only (Fig 11D). Together, these data 

demonstrated that BST-2 regulates Wnt/-catenin signaling pathway by 

inhibiting tyrosine phosphorylation of GSK3.   

 

HIF1 and STAT3 are candidate genes to regulate BST-2 expression.  

Through these results, I suggest that BST-2 is an effective regulator of stemness 

in GBMs by inducing the -catenin signaling pathway. I found that BST-2 is 

up-regulated and correlated with overall survival in glioma and GBM patients 

(Fig 1). And also found that BST-2 is highly expressed and sustained during 

the serial xenotransplantation mouse models (Fig 8-9). Then, next aim was to 

determine which transcription regulators could be successfully induced BST-2 

expression. As a first step, I searched for promoter sequences of BST-2 and 

several regions of STAT3 binding motifs (yellow box) and hypoxia response 

elements (HRE, blue box) were observed in human BST-2 promoter (Fig 12). 

In previous study, I suggested that BST-2 transcriptionally conducted by 

STAT3 phosphorylation (32) and several studies also described that STAT3 is 

a transcription factor of BST-2 (29, 30, 43, 45). However, mechanisms 

underlying BST-2 transcriptional regulation by HIF1 remain definitely 

unknown. Because hypoxia-induced STAT3 phosphorylation was well 
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explained in cancer progressions (53, 54), I considered that BST-2 enhanced by 

incubating under hypoxic condition. After 24 h of incubation with 1% O2, I 

found increased BST-2 proteins in various GBM cell lines (Fig 13A). Further, 

I want to check a series of BST-2 expression process including STAT3 

phosphorylation under hypoxic condition. The phosphorylation of STAT3 and 

BST-2 expression were regulated in a time-dependent manner of hypoxia (Fig 

13B). These data represented that hypoxia-induced STAT3 phosphorylation is 

a powerful inducer of BST-2 expression. Notwithstanding, because HIF1 

binding motif existed on BST-2 promoter region, I cannot rule out the 

possibility that HIF1 could directly contribute to BST-2 expression. 

 

HIF1 and STAT3 cooperatively enhance BST-2 promoter activity. 

To answer the question about HIF1 binding to BST-2 promoter, I 

manufactured a series of luciferase reporter constructs containing different 

deletion segments of human BST-2 promoter sequence , including HRE and 

binding sites for STAT3 (Fig 14A). GBM primary cells were co-transfected 

with a series of BST-2 promoter-luciferase reporter constructs, constitutively 

activated STAT3 construct or wild-type HIF1 construct and a -galactosidase 

construct. After 24 h of transfection, luciferase activities were measured. As 

shown in Fig 14B, deletion of HRE located within -1.2 ~ -0.7 kb completely 

abolished HIF1-induced BST-2 promoter activity. These results show that 

HIF1 might bind to HRE on -1.2 kb to -0.7 kb of BST-2 promoter. As shown 

in Fig 14C, even if various regions of STAT3 binding motifs were deleted, 
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BST-2 promoter activity was maintained. These data also shows that STAT3 

might bind to proximal promoter of BST-2. Next, to evaluate whether HIF1 

and STAT3 effect on BST-2 promoter cooperatively, GBM primary cells were 

co-transfected with wtSTAT3 and wtHIF1. In co-transfected group, BST-2 

promoter activity was further increased than wtSTAT3 transfected only (Fig 

14D). Through these results, I found that HIF1 is novel regulators of BST-2 

transcription. Taken together, I suggest that HIF1 regulates BST-2 expression 

as a cooperator of STAT3.  

 

Hypoxia-induced BST-2 enhanced CSC properties by regulating -catenin 

signaling pathway  

Solid tumors including GBM are known as exposed by severe hypoxia. Low 

pH, and nutrient starvation and among them, hypoxia is dominant character in 

microenvironment of GBMs (39, 55). To confirmed -catenin signaling 

pathway under hypoxic condition, GBM primary cells were incubated on 

hypoxic chamber for 48 h. In hypoxic stimulation, increased BST-2 expression 

was accompanied with increasing active--catenin and Wnt target genes 

including c-Myc, Cyclin D1 and Oct4. However, expression levels of other 

CSC markers such as CD133 and Sox2 were not changed (Fig 15A). Many 

studies have shown that hypoxia promotes the self-renewal capability as well 

as promoting a more stem-like phonotype in the non-stem population with 

increase neurosphere formation by enhancing important stem cell factors (39-

41, 56-58). Furthermore, to evaluate hypoxia effect on sphere formation, U87 
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cells having low levels of BST-2 and poor sphere forming ability than other 

GBM cell lines were cultured with CSC medium and incubated under hypoxic 

condition for 10 days (Fig 15B ). While U87 cells cannot generate spheroid 

when cultured in normoxic condition, O2-depletion (1% O2) effects on sphere 

formation and BST-2 expression. These results indicate that hypoxia is 

important factor for gain of stemness in GBMs and BST-2 is novel target of 

HIFs in this conditions.   

  

Hypoxia-induced BST-2 has an important role in maintenance of CSC 

properties. 

In conclusion, hypoxic condition accompanied with STAT3 phosphorylation 

and HIF1, and then activated STAT3 and HIF1 cooperatively induce BST-

2 expression by binding to BST-2 promoter. Thus, up-regulated BST-2 inhibits 

kinase activity of GSK3 and consequently -catenin was activated and 

translocated to nucleus. Ultimately, through this series of process, stemness is 

acquired and maintained in GBMs (Fig 16). These finding suggests novel 

mechanism maintaining stemness through BST-2 considered a new CSC 

marker and hypoxia is important microenvironment in this mechanisms.  
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Figure 1. Expression patterns of BST-2 and CSC markers in 

REMBRANDT.  

Expression of BST-2 and various CSC markers mRNA in non-tumor, GBM, 

astrocytoma and oligodendroglioma was examined in REMBRANDT database. 

bars, S.D. ∗, p < 0.01, ∗∗, p < 0.001, ∗∗∗, p < 0.0001. 
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Figure 2. Human GBM patient survival is correlated with BST-2 mRNA 

expression patterns.  

Clinical data from REMBRANDT indicates that higher levels of BST-2 mRNA 

in gliomas and GBMs correlate with poor patient survival. ∗∗∗, p < 0.0001 

with comparison of survival probabilities for patients with up-regulated BST-2 

expression to those with down-regulated BST-2 in all gliomas. ∗, p < 0.01 with 

comparison of survival probabilities for patients with up-regulated BST-2 

expression to those with down-regulated BST-2 in GBMs.   
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Figure 3. BST-2 and CD133 positive populations in GBM patient tissues.  

(A) Representative GBM patient tissues co-stained with BST-2 and CD133. (B) 

BST-2 (red) and CD133 (green) positive populations were analyzed by 

counting and normalizing with DAPI counts (n = 43).   
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Figure 4. The strong correlation between BST-2 expression and sphere 

forming ability in GBM cell lines.  

(A) Cells from a range of human GBM cell lines were lysed and analyzed from 

mRNAs and protein levels of BST-2 and CD133. Columns, means of 

triplicate samples; bars, S.D. (B) Various GBM cell lines which have the 

morphological features of adherent (AD) were cultured with CSCs medium for 

1 week (SP). After sphere formation, each spheroid were stained with anti-BST-

2 (red), anti-CD133 (green) and DAPI solution (blue). 
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Figure 5. GBM spheroid cells have the characteristics of CSCs.  

Photomicrographs of the sphere (× 40) demonstrated the typical appearance 

of GBM cell lines and primary cells grown using the sphere culture system. 

Spheroid cells were dissociated into a single-cell suspension and then re-plated 

as a single cell in fresh medium to produce secondary subcloned spheres. 
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Figure 6. Expression levels of BST-2 and CSC makers increased in 

spheroid cells.  

Expression of BST-2 and various CSC markers are enhanced in spheroid cells 

than adherent parental cells (AD).  
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Figure 7. BST-2 is a specific marker of spheroid cells.  

(A) Adherent cells showed adherent growth in conventional 10 % serum 

contained medium (SCM). Spheroid cells showed non-adherent sphere growth 

in CSC medium. Spheroid cells treated with SCM for 1 week attached to 

bottoms of plate and transformed to adherent cells. (B) Western blot analysis of 

BST-2, CSC markers including CD133 and various brain cell markers 

expression in spheroid cells (SP) compared to 10 % FBS treated (1 day)  SP 

cells. Under differentiating conditions, the progeny of the proliferating cells can 

be differentiated into neuron (GFAP) and oligodendrocytes (CNPase). (C) SP 

cells treated with 100ng/ml of BMP-2 for 1 week and then, following the same 

manual. 
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Figure 8. Silencing of BST-2 impairs the self-renewal ability of GBM cells.  

(A)  GBM cell lines transfected with 50nM siBST-2 were cultured with CSC 

mediums and observed for 1 week compared to transfected with non-targeting 

siRNA (siNT). The number of sphere-forming cells per unit areas (5 mm2) of 

support can be counted from a microscope and presented by graph. Abolished 

BST-2 mRNA levels were examined by using qPCR analysis. (B) spheroid cells 

were dissociated into single cells and simultaneously performed re-plating and 

siRNA transfection. For 1 week, secondary sphere formation is observed. The 

number of sphere-forming cells was counted and abolished BST-2 mRNA 

levels were also examined. Columns, means of triplicate unit area or means 

of triplicate samples; bars, S.D. ∗, p < 0.01, ∗∗, p < 0.001, ∗∗∗, p < 0.0001. 

(C) Limiting dilution sphere-forming assay. Each cells were plated into 96-well 

plates with various seeding number (2.5-160 cells per well, 48 wells per each 

condition). R2 > 0.95.  
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Figure 9. Spheroid cells had higher tumorigenic property in xenograft 

models.  

(A) Intradermal tumors formed by adherent U118 (U118AD) and spheroid 

U118 (U118SP) are shown (n = 5). (B) Tumor volume was measured at the 

indicated times after xenograft of GBM cells. (C) Schematic design of serial 

transplantation models. (D) Mice implanted with U118AD and U118SP 

(1×102) for 4 weeks and tumor mass indicated by blue arrow (n = 10). (E) 

Representative hematoxylin-eosin staining of tumors and 

immunohistochemical detection of BST-2, CD133 and activated STAT3 in 

paraffin section from mice tumor. BST-2 and CD133 positive cells were 

visualized by brown DAB staining. Because activates STAT3 locates in nucleus, 

activated STAT3 positive cells were unstained with DAB. Scale bar = 100 m.  
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Figure 10. Spheroid cells had higher self-renewal property upon serial 

transplantation.  

(A) Mice serial transplanted with U118AD and U118SP tumor mass (5 mm3) 

for 5 weeks (n = 2). (B) Flow cytometry analysis of BST-2 and CD133 positive 

cells in secondary tumor mass. Cells prepared for the injection into mice and 

isolated form the serial transplanted tumors were used for the analysis.  
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Figure 11. BST-2 regulates Wnt/-catenin signaling pathway by 

prohibiting a GSK3 activity.  

(A) BST-2 overexpression in cultured GBM primary cells results increased 

TOP-Flash activity and TOP-Flash activity was normalized relative to that of 

-galactosidase. (B) GBM primary cells were transfected with Mock (as a 

control vector) and BST-2 constructs. After 24 h of transfection, cells were 

fixed, permeabilized, and co-stained with antibodies against BST-2 (red), -

catenin (green) and activated -catenin (green). Nucleus was stained by using 

mounting solution included DAPI. (C) Western blot analysis to presenting 

activation levels of GSK3 proteins in BST-2 overexpressed GBM primary cells. 

(D) TOP-Flash activity of BST-2 transfected GBM cells were measured with 

FOP-Flash after Wnt3A conditioned medium (C.M.). Columns, means of 

triplicate samples; bars, S.D. ∗, p < 0.01, ∗∗, p < 0.001, ∗∗∗, p < 0.0001.    
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Figure 12. Positions of STAT3-binding motifs and HREs on the BST-2 

promoter. 

Positions of putative STAT3-binding motif (yellow box) and HRE (blue box) 

on the human BST-2 promoter.  
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Figure 13. Protein levels of BST-2 are increased under hypoxic condition. 

(A) Increased BST-2 expression under 24 h of hypoxic (1 % O2) condition. (B) 

U118 cell lines were treated with hypoxia (1 % O2) for different times as 

indicated. Under hypoxic conditions, STAT3 activates and decreased gradually 

after 24 h, and BST-2 protein levels increased time-dependent manner.  
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Figure 14. HIF1 and STAT3 cooperatively regulate BST-2 promoter 

activity. 

(A) Serial deletion mutant of the BST-2 promoter. (B) GBM primary cells were 

co-transfected with variously deleted BST-2 reporter constructs and wild type 

HIF1 (wtHIF1). After 24 h of culture, BST-2 luciferase activity was 

measured. (C) GBM primary cells were co-transfected with variously deleted 

BST-2 reporter constructs and constitutively activated STAT3 (caSTAT3). After 

24 h of culture, BST-2 luciferase activity was measured. (D) GBM primary cells 

were co-transfected with full-length of BST-2 reporter construct and various 

combination of wtSTAT3 and wtHIF1. All measurement values are 

normalized to that of -galactosidase. Columns, means of triplicate samples; 

bars, S.D. ∗, p < 0.01, ∗∗, p < 0.001, ∗∗∗, p < 0.0001. 
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Figure 15. Hypoxia enhanced -catenin target genes and CSC properties. 

(A) GBM primary cells incubated in hypoxia chamber for 48 h. To avoid HIF1 

degradation, cells were harvested in five minutes. Western blot analysis to 

presenting -catenin downstream target genes (c-Myc, Cyclin D1 and Oct4) in 

hypoxic stimulated GBM primary cells (B) GBM cell lines (U87) cultured in 

CSC mediums under hypoxia (1 % O2) and observed for 10 days compared to 

normoxia. The number of sphere-forming cells per unit areas (5 mm2) of 

support can be counted from microscope and presented by graph. Columns, 

means of triplicate unit area; bars, S.D. ∗∗∗, p < 0.0001. 

 

 

 

 

  



46 

 

 
 

Figure 16. Schematic summary of hypoxia-induced BST-2 effects on 

stemness in GBMs. 
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DISCUSSION 

 

  To develop effective therapy in GBM, many scientists have been discovered 

several markers that represent CSC properties. Among them, CD133, SSEA-1 

and integrin 6 identified valuable CSCs, specifically GSCs, however, these 

markers cannot be represented all of self-renewing properties in GBM. Due to 

intra-tumoral heterogeneity of GSCs, understanding the differential phenotypes 

of GSCs regulated by tumor microenvironments is an important in the 

development of GBM therapeutics.   

  In this study, I demonstrated that BST-2 is  a potential novel marker of 

GSCs and regulation of this expression may have  valuable therapeutic 

strategy  in combination with CD133. BST-2 expression was upregulated in 

hypoxic environment and enriched BST-2 expression contributes to maintain 

the self-renewal properties of GSCs by regulating Wnt/-catenin activity. 

Overall, targeting BST-2 expression plays an important role in maintaining the 

GSC phenotypes and may provide a valuable therapeutic strategy for GBM.  

There are three experimental evidences that BST-2 is a suitable for GSC 

marker.  

 

BST-2 is an essential molecule in spheroid cells  

 

I found that the expression of BST-2 transcripts is increased in various brain 

tumor patients (Fig. 1). The levels of BST-2 expression (> 2 fold) are similar to 
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known GSC markers such as CD133, Sox2, c-Myc and Nestin. Although Klf4 

and Ssea-1 were also reported as important therapeutic target molecules in 

CSCs, these molecules have no significance between non-tumor and various 

brain tumors. Interestingly, BST-2 expression is closely correlated with 

survival of GBM patients that were analyzed from the REMBRANDT database 

(Fig. 2). These results suggest that BST-2 plays an important role in 

development and/or maintaining of GBM. I further observed that  BST-2 

expression was partially co-localized with the expression of CD133 in tissues 

of GBM patients (Fig. 3). Although low levels of BST-2 and CD133 are co-

localized, the expression patterns of these molecules are closely correlated in 

GBM cell lines (Fig. 4A). Recently, many studies  reported that CD133 

negative cells also have self-renewal activity in GBM (18, 24, 59), suggesting  

certain molecules are essential for stemness and BST-2 may have this potential. 

To investigate the roles of BST-2 as CSCs, I first analyzed spheroid formation, 

a well-known property of CSCs. Actually, this formation was well established 

under CSC culture medium in BST-2 and CD133 up-regulated GBM cells, 

compared with that of low levels of these expression (Fig. 4B). In addition, this 

formation was much faster when subcloned these cells were cultured in the 

same medium as well as in primary GBM cells (Fig 5). Because the core region 

of spheroid-formed cells is exposed to low levels of O2, the spheroid culture 

system is well designed conditions to observe hypoxic tumor 

microenvironment. The expression of BST-2 and CSC markers, including 

CD133, Nanog, Oct4 and Sox2 is elevated, but also tyrosine phosphorylation 

of STAT3, one of known transcription factors for BST-2, is increased in 
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spheroid cultured cells (Fig. 6). Even if the genes of CSC markers are observed 

in CSCs, the expression of these markers is disappeared under the 

differentiation conditions supplemented with FBS. In fact, many studies 

revealed that CSC markers typically down-regulated in differentiated GSCs (25, 

60, 61). To determine the role of BST-2 as a CSC marker, spheroid cultured 

cells were supplemented with FBS to differentiate and determined their 

expression patterns. In Figure 7, although the levels of BST-2 and CSC markers 

were increased in spheroid cultured cells, these levels were decreased in the 

presence of differentiation factors such as FBS and BMP2. Furthermore, 

silencing of BST-2 impaired the self-renewal ability and spheroid formation of 

GBM cells (Fig 8), suggesting potential role of BST-2 as a CSC marker. 

However, although BST-2 was silenced by shRNA, several a little sphere-

forming cells were remained. This phenomenon may be resulted in other CSC 

regulators. These results indicate that BST-2 is a potential CSC factor to 

contribute spheroid formation in GBM.    

The possibility that  BST-2 is a CSC marker was confirmed in tumor 

xenograft and serial transplantation models of mice (Fig. 9-10). Spheroid cells 

have more tumorigenic ability than parental cells when cells were intradermally 

injected in the mice (Fig. 9). The number of injected cells is important in tumor 

formation, therefore, cancer cells were serially diluted to examine  

tumorigenicity that is well established in vivo model(35, 36). The tumorigenic 

incidence and tumor mass were higher in mice injected with spheroid-formed 

cells (1  102) (6/10) than those of parental cells (3/10). Immunohistochemical 

analysis exhibited that higher levels of BST-2 and CD133 expression as well 
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as STAT3 activation were observed in tumor tissues of spheroid cell-injection 

compared with those of adherent cell-injection. However, BST-2 silencing in 

GBM cells did not affect cell proliferation, indicating that BST-2 is associated 

with tumor –initiation, but not tumor growth. These data suggest that higher 

tumor mass in spheroid cell-injected mice may be important in tumor 

microenvironment. To investigate this possibility, I performed serial 

transplantation model using  primary tumor (5mm3) obtained from tumor 

xenograft model, which tumors include various tumor environmental factors 

such as stromal cells. As expected, larger secondary tumor mass was observed 

in mice with primary tumor-transplantation, which was induced from spheroid 

cells. In addition, BST-2- and CD133-positive cell populations were observed 

in secondary tumors (Fig. 10B). However, these secondary tumor mass and the 

populations of BST-2- and CD133-positive cells were less in mice transplanted 

with primary tumors derived from adhered parental cells(Fig. 10). These results 

indicate that up-regulation of BST-2 expression is maintained in tumors derived 

from serially transplanted spheroid cells and plays an important role in 

maintaining GSC properties.  

 

BST-2 regulates key signaling of stemness. 

 

 I have been curious how BST-2 can regulate self-renewal ability and  

whether BST-2 contributes to important signaling pathways in GSCs or not. 

Numerous  signaling pathways, including Wnt, Notch, and Hedgehog (Hh)  

are involved in CSCs as well as in normal stem cells(50). Among these 
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signaling, activation of the Wnt/-catenin signaling plays an important role in 

radioresistance in GBM due to regulate self-renewal pathway in GSCs (35, 48, 

63), therefore, regulation of this signaling emerges  crucial therapeutic target 

for GBM therapy (62). To determine the role of BST-2 on Wnt/-catenin 

signaling, TOP-Flash activity, a widely used technique to examine Wnt/-

catenin signaling, was measured and this activity was enhanced in BST-2-

overexpressed GBM cells (Fig. 11). This result indicates that activated -

catenin was translocated into the nucleus because  the TOP-Flash plasmid 

contains three copies of TCF binding sites and these binding sites are available 

for activated -catenin (37). To confirm the activation and nucleus 

translocation of -catenin, immunostaining analysis was performed in BST-2 

overexpression cells. The result showed that immunostained activated -

catenin in the nucleus was increased in BST-2 expression cells (Fig. 11B, 

green). Wnt/-catenin signaling is regulated by phosphorylation of -catenin 

through its upstream GSK3 kinase, which leads to degradation of -catenin 

followed by phosphorylation (51). The GSK3 has four different 

phosphorylation sites and the kinase activity is regulated by its phosphorylation 

(52). Mai and his colleague reported that phosphorylation of GSK3at serine 

9 and GSK3at serine 21 residues is associated with inactive form of GSK3 

and phosphorylation of tyrosine 216 and 279 residues of GSK3 and GSK3 

is associated with activate feature of their kinase activity (38). Surprisingly, 

BST-2 decreased tyrosine phosphorylation of GSK3,  without affecting serine 

phosphorylation, indicating that BST-2 can affect active form of GSK3, but not 
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inactive form of GSK3 (Fig. 11C). The TOP-Flash activities were 

synergistically increased in GBM primary cells when cells were incubated with 

both Wnt3a and BST-2 compared with in the presence of either Wnt3a or BST-

2 (Fig 11D). These results clearly indicate that BST-2 regulates canonical 

Wnt/-catenin signaling pathway, resulting in the regulation of GSC properties 

and provide novel mechanisms to maintain GSCs via Wnt/-catenin signaling.  

  

Hypoxic conditions enhance BST-2 expression. 

 

BST-2 is recently reported that the expression is up-regulated in many types 

of aggressive cancer, including transformed GBM from astrocytomas (27-33, 

44). However, the roles of BST-2 in cancer as well as  certain markers of GBM 

were little understood. The CSCs and their specific markers are regulated by 

complex networks with the tumor microenvironments. Therefore, 

understanding of the BST-2 expression and tumor environment is important in 

the development of therapeutic strategies in GBM. Interestingly, BST-2 

promoter region (-1.2 kb ~ 0) includes three HREs and STAT3 binding motifs, 

respectively (Fig. 12), suggesting that the expression of BST-2 may be 

regulated at the transcriptional levels via hypoxia and/or STAT3. In fact, I 

previously reported that the functions of STAT3 as a transcription factor for the 

regulation of the expression and promoter activity of BST-2 are well 

established (32), however, the direct binding mechanisms of HIF-1 on BST-

2 promoter and transcriptionally regulation of BST-2 expression by HIF-1 are 

not identified although hypoxia is one of the important tumor 
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microenvironments. Importantly, the levels of BST-2 protein  were increased 

in hypoxia conditions (Fig. 13A). Under hypoxic conditions, STAT3 is 

upstream regulator of HIF-1 and active form of STAT3 regulates HIF-1 

stability (53). Like this report, although HIF-1 expression was increased 

within 30 min and in a time-dependent manner in hypoxia conditions, STAT3 

is phosphorylated about 12 h with concomitantly up-regulation of BST-2 

expression in GBM cells (Fig. 13B). These findings indicate that hypoxic 

microenvironment is one of important factors for BST-2 up-regulation, 

however, other microenvironments such as interaction with stromal cells and 

low pH are unknown for up-regulation of BST-2. In addition, it is unclear 

between HIF-1 and active STAT3, which  are more important and critical 

factor for BST-2 up-regulation. To identify this, I performed BST-2 promoter 

activity using deletion mutant constructs against HIF-1 and STAT3 (Fig. 14A). 

I found that the fragments of the BST-2 promoter regions from the -1.2 to -0.7 

kb for HIF-1 and -0.3 to +10 kb for STAT3, respectively, are essential for  

the BST-2 promoter activities (Fig. 14B and C). In addition, BST-2 promoter 

activities were synergistically increased in the presence of both HIF-1 and 

STAT3 compared with STAT3 alone (Fig. 14D). These results have not 

reported and novel findings. The strong correlation between the expression of 

CSCs and hypoxic microenvironment is well demonstrated (41, 55, 58). In 

hypoxic conditions, not only BST-2 expression but also active -catenin and 

downstream target molecules (c-Myc, Cyclin D1 and Oct4) are elevated (Fig. 

15A) and chronic  stimulation of hypoxic conditions up to 10 days leads to 
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increase CSC-like spheroid formation in U87 cells (Fig. 15B). Because the 

hypoxic conditions maintain GSCs and promote reprogramming of CSC 

features, hypoxia-dependent inducible molecules in cancer are predictable for 

CSC markers. For this reason, my results indicate that hypoxia-induced BST-2 

may play a GSC marker and regulation of BST-2 expression may provide 

valuable therapeutic target for GBM treatment. 

 

In summary, my study revealed potential new mechanisms by which hypoxia-

induced up-regulation of BST-2 contributes to stemness of GSCs. This study 

suggests that BST-2 is a crucial marker for the development of new approaches 

to targeted therapy in patients with GBM. 
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국문 초록 

 

서론: 교모세포종은 매우 치명적인 뇌종양이며 이종세포집단으로 구

성되어 있다. 이러한 독특한 특성 때문에, 교모세포종은 종양 미세환

경에서 다양한 요소에 적응할 수 있다. 교모세포종의 다양한 개체군 

중에서, 교모세포종 암줄기세포는 높은 종양 형성능, 약물 치료와 방

사능 치료에 대한 저항성 그리고 암 재발의 원인으로 보고되어 왔다. 

많은 연구들이 CD133 과 같은 특별한 표지자를 규명하기 위해 노력을 

기울여왔으나, 최근 밝혀진 연구들에서 CD133 이 모든 교모세포종 줄

기세포를 대표할만한 표지자가 아닐 수 있음을 제시하였다. 따라서, 

교모세포종 줄기세포를 나타내는 새로운 표지자를 찾는 일은 교모세

포종 치료에 매우 중요한 부분이 될 것이다. 여기에서 본 연구자는 

BST-2 가 교모세포종 줄기세포에서 중요한 표지자 중 하나이며 자가

재생의 조절자임을 제시하고자 한다. 많은 종류의 암에서 과발현된 

BST-2 는 침윤, 전이 그리고 약물저항성을 포함한 종양의 공격성을 향

상시킨다고 증명되었다. 뿐만 아니라, 교모세포종에서 BST-2 프로모터

의 메틸화가 감소되어 BST-2 단백질의 발현이 높게 증가되어 있다고 

보고된 바 있다. 그러나 BST-2 의 과발현과 암줄기세포의 자가형성능

간의 연관성에 대하여는 알려진 바가 없다.    
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방법: 교모세포종 줄기세포에서 BST-2 의 역할을 평가하기 위해서, 자

가재생을 유지하기 위한 능력을 소유하고 있는 암줄기세포 유사 세포

주 (spheroid cells)를 확립하였다. 종양 형성능에서 BST-2 의 효과를 확

인하기 위해, 이종이식과 연속이식 마우스 모델을 사용하였다. BST-2

의 기능을 확인하기 위해 BST-2 의 과발현 DNA 와 siRNA 를 이용한 

형질전환을 통해 실험을 수행하였다. BST-2 발현을 높이는 미세환경

과 유사한 환경을 만들어주기 위해, 교모세포종 세포를 저산소 인큐

베이터를 이용하여 1% 산소에서 배양시켰다. 

결과: 교모세포종 줄기세포에서 BST-2 가 과발현되어 있으며, 이러한 

현상이 환자의 예후와 밀접한 관계가 있음을 확인하였다. In vitro 에서 

BST-2 의 발현은 Spheroid 세포에 특이적으로 나타났으며, spheroid 세

포를 분화시키면 그 발현이 감소됨을 확인하였다. 또한 BST-2 의 

knockdwon 이 줄기세포능의 고갈로 이어진다는 것을 발견하였다. In 

vivo 모델에서, spheroid 세포가 모세포에 비해 암 형성능이 뛰어난 것

을 확인하였고, 1 차 종양 뿐 아니라 2 차 종양도 형성할 수 있었다. 분

자수준의 메카니즘에서는, 과발현된 BST-2 가 GSK3 의 활성을 억제함

으로써 베타카테닌의 활성을 유도한다는 사실을 발견하였다. 강력한 

종양 미세환경이며 암줄기세포를 조절한다고 알려진 저산소 환경에서 

BST-2 의 발현이 증가되었다. BST-2 프로모터에는 HIF1와 STAT3 가 

바인딩 할 수 있는 motif 가 존재하였으며, 이러한 전사조절인자는 

BST-2 프로모터에 동시에 작용하여 시너지효과를 나타내었다.  
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결론: 결론적으로 교모세포종에서 암줄기세포마커로서의 BST-2 의 역

할에 관한 연구에서는 암줄기세포 조절의 새로운 메커니즘을 밝혔으

며, 교모세포종 환자의 새로운 치료적 타깃을 위한 특별한 마커를 제

시하였다,  

 

------------------------------------- 
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