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Abstract

Object—Tumor-initiating cells are uniquely resilient to current treatment modalities and play an 

important role in tumor resistance and recurrence. The lack of specific tumor-initiating cell 

markers to identify and target these cells presents a major obstacle to effective directed therapy.

Methods—To identify tumor-initiating cell markers in primary brain tumors, the authors 

compared the proteomes of glioma tumor-initiating cells to their differentiated progeny using a 

novel, nongel/shotgun-based, multidimensional liquid-chromatography protein separation 

technique. An in vivo xenograft model was used to demonstrate the tumorigenic and stem cell 

properties of these cells. Western blot and immunofluorescence analyses were used to confirm 

findings of upregulated ciliary neurotrophic factor receptor subunit–α (CNTFRα) in 

undifferentiated tumor-initiating cells and gliomas of increasing tumor grade. Sequencing of the 

CNTFRα coding regions was performed for mutation analysis. Finally, antibody-dependent cell-

mediated cytotoxicity was used to establish the role of CNTFRα as a potential immunotherapeutic 

target.

Results—Ciliary neurotrophic factor receptor subunit–α expression was increased in tumor-

initiating cells and was decreased in the cells' differentiated progeny, and expression levels 

increased with glioma grade. Mutations of CNTFRα are not common in gliomas. Functional 
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studies using CNTF treatment in glioma tumor-initiating cells showed induction of differentiation 

through the CNTFRα pathway. Treatment with anti-CNTFRα antibody resulted in increased 

antibody-dependent cell-mediated cytotoxicity in CNTFRα expressing DAOY cells but not in cell 

lines that lack CNTFRα.

Conclusions—These data indicate that CNTFRα plays a role in the formation or maintenance of 

tumor-initiating cells in gliomas, is a marker that correlates with histological grade, may underlie 

treatment resistance in some cases, and is a potential therapeutic target.
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OVER the last decade, cells shown to initiate tumors have been identified and have been 

speculated to be cancer stem cells.18,39 These tumor-initiating cells are thought to share the 

same genetic changes of the tumors they populate while retaining stem cell 

characteristics.18,35 Controversy exists within the literature regarding the most accurate 

definition of these tumor-initiating cells. Several stem cell-like properties of this cell 

population have been identified, which include tumorigenesis2,18,35 and expression of the 

markers Nestin, Sox2,22 and cytoplasmic nCoR.32 This cell's infiltrative nature and ability to 

invade brain parenchyma is thought to reflect the underlying malignant nature of tumors1 

and the progression of disease. Tumor-initiating cells were first discovered in leukemia but 

have since been shown to be present in solid tumors including glioma.6,10,16,17,39 In vivo 

glioma studies have demonstrated that these cells are uniquely resilient to current treatment 

regimens, contributing to both cancer resistance and recurrence.4 To achieve remission or 

cure in resistant tumors, including primary brain tumors, it will be necessary to eradicate this 

tumor-initiating cell population, as well as their differentiated progeny. However, due to the 

lack of specific markers, in vitro identification of these cells has presented a major challenge 

to their targeting and achieving cure. To identify new biomarkers and potential therapeutic 

targets we sought to find unique proteins from glioma-derived tumor-initiating cells.

To identify novel proteins specific to tumor-initiating cells, we compared the proteomes of 

glioma tumor-initiating cells with their differentiated progeny. We developed a concurrent 

population of tumor-initiating cells and their specific progeny for analysis following 

incubation of isolated glioma tumor-initiating cells with RA.32 Proteomic analysis of the 

glioma tumor-initiating cells and their progeny was performed using a newly developed 

nongel/shotgun-based multidimensional liquid-chromatography protein separation, followed 

by MS/MS sequencing (CIEF-nRPLC-MS/MS).43 Compared with conventional 2D 

polyacrylamide gel electrophoresis (2D PAGE), this multidimensional liquid-

chromatography protein separation and MS/MS sequencing approach allows for a 15-fold 

increase in sensitivity in identifying proteins.43 Using this technique, we were able to isolate 

proteins in undifferentiated tumor-initiating cells with a difference in relative expression 

compared with their differentiated progeny. These proteins included CNTFRα.

Ciliary neurotrophic factor is a member of the neuropoietic cytokine family and is 

structurally and functionally homologous to interleukin-6.7,8,23 Ciliary neurotrophic factor 

binds to CNTFRα and forms a complex with glycoprotein 130 and leukemia inhibitory 
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factor receptor β to act on the downstream Jak/Stat signaling pathway.40 This pathway has 

been implicated in mechanisms of differentiation, proliferation, migration, and apoptosis in 

several cell lines34 and has a prosurvival effect in neuronal populations.14,28 Ciliary 

neurotrophic factor has also been shown to induce astrocytic differentiation in neural stem 

cells and may suppress the growth of glioma cell lines in vitro.11,12,15,22,31,32 The CNTF 

receptor is expressed in neuronal cell populations and has been demonstrated in mature 

astrocytes after mechanical injury.13 Moreover, CNTFRα mRNA has been detected in 

human gliomas,44 as well as in developing embryonic rat and mouse brains.13,25 Taken 

together, these prior studies indicate a potential role for CNTFRα in tumor-initiating cells, 

glioma pathogenesis, and as a therapeutically targetable membrane protein.

Methods

Glioblastoma Tumor-Initiating Cell Isolation and Differentiation

Tumor-initiating cells were isolated and treated as previously described.32 Briefly, a freshly 

resected glioblastoma specimen was procured and confirmed as glioblastoma by 

histopathological analysis. Cells from this tumor were dissociated by enzymatic digestion 

and automated mechanical disaggregation (MediMachine, Becton Dickinson). Cells were 

grown on poly-D-lysine/laminin coated dishes in DMEM/F12 medium (Invitrogen) with N-2 

supplement (0.5 Invitrogen), B-27 supplement without vitamin A (0.5×, Invitrogen), basic 

fibroblast growth factor (20 ng/ml, Invitrogen), and epidermal growth factor (20 ng/ml, 

R&D Systems). Media were changed every other day, and growth factors were added at 24-

hour intervals. Nestin- and Sox2-expressing cells were selected and amplified. The 

glioblastoma origin of amplified cells was confirmed through karyotype analysis as 

described previously.32 Tumor-initiating cell differentiation was carried out in the 

aforementioned medium modified with the addition of RA (1 μM) and the removal of 

growth factors.

In Vivo Analysis of Tumor-Initiating Cell Properties

To confirm the tumorigenic characteristics of the tumor-initiating cell culture, cells cultured 

in the aforementioned media were resuspended in 5 μl PBS (40,000 cells/μl) and were 

stereotactically injected into 10 nude athymic mice. The mice were euthanized by carbon 

dioxide asphyxiation and cervical dislocation at the onset of neurological symptoms (5 

weeks). The brain was embedded in paraffin and cut at 5-μm sections. These sections were 

stained using H & E, and immunofluorescence was performed as described below. 

Fluorescence in situ hybridization, using probes directed against the human X chromosome 

(CEP X Spectrum Orange, Abbott Laboratories) or mouse X (Empire Genomics), was 

performed on the paraffin-embedded tissue sections using the manufacturer's protocol to 

confirm the human origin of infiltrating cells within the mouse brain. The mice were used in 

this study with the approval from the National Institute of Neurological Disorders and 

Stroke Office of Animal Care and Use.

Proteomic Profile Generation and Comparison

Samples of tumor-initiating cells before and after RA treatment were isolated for proteomic 

profiling. Tissues were analyzed using an online combination of CIEF with nRPLC followed 
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by MS/MS, developed by Calibrant Biosystems, as previously described.43 This method 

separates peptides based on differences in isoelectric point and hydrophobicity. Briefly, 

prepared cells were digested with trypsin and filled into a CIEF capillary with ampholytes. 

The focused peptides were sampled into a total of 12 unique fractions. These fractions were 

analyzed in sequence, and the elutants from nRPLC were monitored by a quadrupole time-

of-flight micro mass spectrometer (Waters). Peptide and protein identifications were 

performed using MASCOT 2.0 (Matrix Science) utilizing a reverse database search 

approach to determine a false-positive rate. Comparison of proteomic profiles between 

control tumor-initiating cells and their differentiated progeny was performed using Excel 

software (Microsoft Corp.).

Clinical Materials

Tissues were collected from the Surgical Neurology Branch at the National Institute of 

Neurological Disorders and Stroke and from the Cleveland Clinic Foundation. All tissues 

and clinical information were obtained as part of an institutional review board–approved 

study at the respective institutions.

Western Blot Analysis

Western blot analysis was performed as previously described.32 Briefly, frozen tissues were 

dissected and dissociated in T-PER lysis solution (Thermo Scientific). Thirty micrograms of 

total protein was resolved on Nu-PAGE Novex Bis-Tris Gel (Invitrogen). Polyclonal 

CNTFRα antibody (Santa Cruz Biotechnology) was applied to Western blotting. Anti–β-

actin monoclonal antibody (Sigma-Aldrich, Inc.) was used as an internal loading control.

Immunofluorescence Analysis

For double immunofluorescence staining, tumor sections or the tumor-initiating cell 

monolayer and floating spheres were fixed in Histochoice (AMRESCO) with 0.1% Triton 

X-100 for 12 minutes. The cells were washed in PBS and blocked in 5% normal serum 

matching the host of the secondary antibody and were incubated with primary antibodies 

overnight at 4°C. Spheres, sections, or monolayer cells were incubated in a rhodamine 

TRITC-conjugated secondary antibody (Jackson ImmunoResearch) for 1 hour at 4°C. The 

second primary antibody was applied overnight at 4°C after incubation with normal serum 

matching the host of that secondary antibody. Sections were incubated in a fluorescein 

isothiocyanate–conjugated secondary antibody (Jackson ImmunoResearch). The cells were 

treated with Hoechst 33342 (Invitrogen) at room temperature for nuclear staining. After 

washing in PBS, the sections were mounted with Vectashield mounting medium (Vector 

Laboratories), and coverslips were applied.

CNTFRα Sequencing

Genomic DNA was extracted from human glioblastoma tissue using a Wizard Genomic 

DNA Purification Kit (Promega Corp.). The entire coding sequence of the CNTFRα gene 

was amplified through polymerase chain reaction and was directly sequenced by 

DyeTerminator Sequencing Protocol (Perkin-Elmer) on an automated sequencer (ABI 
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373A). Sequence analysis and mutation identification were performed using GCG software 

package (GCG Lite, National Institutes of Health).

Antibody-Dependent Cell-Mediated Cytotoxicity

DAOY, U87, or HeLa cell lines were placed into culture and incubated with either IgG or 

anti-CNTFRα antibody (Santa Cruz) for 30 minutes. Following antibody incubation, the 

cells were washed with PBS and were incubated for 6 or 24 hours with complement serum 

(Calbiochem). Cell death was visualized using trypan blue staining.

Results

Stem Cell and Tumorigenic Characteristics of Tumor-Initiating Cells

Tumor-initiating cells were established from freshly resected human glioblastoma tissue. 

Cultured cells were maintained in an undifferentiated state as confirmed by the neurosphere 

phenotype in culture (Fig. 1 left), as well as by immunostaining for the neural stem cell 

markers Nestin and Sox2 (Fig. 1). Tumorigenic characteristics of these cells were confirmed 

using a xenograft mouse model (Fig. 2). Intracranial implantation of undifferentiated tumor-

initiating cells demonstrated diffuse infiltration into surrounding parenchyma, a key feature 

of human glioblastoma.26 These cells were identified within white matter tracts such as the 

corpus callosum and anterior commissure, and several nests of tumor-initiating cells were 

identified in the parenchyma distant from the injection site. Interestingly, tumor cells 

growing within the ventricle exhibited a neurosphere morphology and stained positively for 

Sox2 and Nestin but not GFAP. Tumor-initiating cells located near the ventricular border 

had a radial morphology and expressed higher levels of GFAP, while stem cell marker 

expression was weaker. Within the corpus callosum, migrating tumor cells stained positively 

for GFAP and showed decreased Nestin and Sox2 expression. Fluorescence in situ 

hybridization analysis showed human X-chromosome staining in Nestin/Sox2-positive cells, 

confirming the human origin of the diffusely infiltrating tumor-initiating cells (Fig. 2D and 

H).

CIEF-nRPLC-MS/MS Identifies Proteome Differences in Undifferentiated and Differentiated 
Tumor-Initiating Cells

As previously described, differentiation of tumor-initiating cells was induced by treatment 

with RA and confirmed by loss of Nestin and Sox2 expression.32,45 Furthermore, 

differentiated astrocyte phenotypes were confirmed with increased GFAP expression and 

nuclear translocation of N-CoR.32 Both undifferentiated tumor-initiating cells and their RA-

treated differentiated progeny were analyzed using CIEF-nRPLC-MS/MS. Peptide 

identification was based on 3 runs of a single tissue sample and was limited by high-mass-

accuracy (60 ppm) and high-confidence (5% false-positive) hits to fully tryptic proteins. 

This allowed for detection of 19,904 peptides, leading to the identification of more than 

3700 distinct proteins. Expression differences between the undifferentiated and the 

differentiated tumor-initiating cell proteomes yielded approximately 175 proteins with a 

difference in relative expression.
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CNTFRα Expression Is Upregulated in Human Glioma Tumor-Initiating Cells and 
Correlates With Glioma Tumor Grade

Expression of CNTFRα by CIEF-nRPLC-MS/MS was minimally identified in differentiated 

tumor-initiating cells but was 3.7 times greater in their undifferentiated counterparts. This 

was confirmed by both Western blot (Fig. 3 upper) and immunostaining (Fig. 3 lower), 

which showed decreased CNTFRα expression in RA-treated (1 μM), differentiated tumor-

initiating cells. Using Western blot, immunohistochemical, and immunofluorescence 

analyses, CNTFRα expression was also seen to be evaluated in cancer cell lines including 

the U87 glioma cell line, the U373 glioma cell line, HeLa cervical cancer cells, MCF-7 

breast cancer cells, and the DAOY medulloblastoma cell line. CNTFRα was expressed by 

DAOY cells (Fig. 4 upper) but not in U87, U373, or MCF-7 cell lines (Fig. 4 lower). 

Furthermore, CNTFRα in DAOY cells was lost after RA treatment, indicating the potential 

existence of a tumor-initiating cell component in these cells (Fig. 4 upper). CNTFRα 

expression was then tested in 35 human primary brain tumors, including 7 low-grade 

astrocytomas (Grade II), 10 anaplastic astrocytomas (Grade III), and 18 glioblastomas 

(Grade IV). CNTFRα protein was present in all 35 gliomas. CNTFRα expression in 

malignant glioma tissue (Fig. 5 upper) was associated with increasing glioma pathological 

grade (Fig. 5 lower).

CNTFRα Is Infrequently Mutated in Human Glioblastomas and Remains Functional in 
Cultured Tumor-Initiating Cells

The CNTF pathway's role in astroglial differentiation led us to consider CNTFRα genetic 

mutations as a potential explanation of aberrant expression in less differentiated highly 

malignant tumors of the CNS. To further elucidate the role that CNTF plays in the 

differentiation of malignant gliomas, we genetically sequenced the malignant gliomas from 

the study patients. Using primers for all 7 exons (Table 1), we tested the CNTFRα gene in 

32 human malignant glioma samples by sequencing the entire coding region. Thirty-one 

tumors (97% of tumors analyzed) did not harbor a genetic defect in the CNTFRα coding 

sequence. Only 1 tumor (3%) contained a genetic missense mutation (T151A) in exon 2 

(Fig. 6).

To determine the effect of CNTF pathway induction in primary brain tumors, we evaluated 

its function in resected malignant glioma tumor-initiating cells. We treated cultured tumor-

initiating cells with CNTF (50 mM) while withholding other growth factors and examined 

GFAP expression and proliferation using immunofluorescence. Following treatment, glioma 

tumor-initiating cells lost Sox2 expression (Fig. 7 upper) and began to express GFAP (Fig. 7 

lower), which increased with prolonged exposure from 36 to 96 hours. Compared with 

tumor-initiating cells grown in control media, CNTF signaling was shown to induce 

differentiation while control media maintained the cells in an undifferentiated state.

CNTFRα as a Potential Immunotherapeutic Target for Glioblastoma

To assess the potential of CNTFRα as a therapeutic target, ADCC was developed and tested 

using a polyclonal antibody against the extracellular C-terminal27 of CNTFRα. Given its 

abundant CNTFRα expression, the DAOY cell line was used as a model for targeted 

therapy. Because HeLa and U87 cells were found to lack CNTFRα expression, these cells 
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were compared with CNTFRα-expressing DAOY cells in their response to ADCC using the 

CNTFRα polyclonal antibody. Antibody-dependent cell-mediated cytotoxicity had no effect 

on U87 or HeLa cells but induced lysis in DAOY cells, which increased with prolonged 

exposure to the antibody and complement (Fig. 8). The DAOY cells treated with IgG and 

complement did not induce lysis, showing the specificity of this assay for CNTFRα.

Discussion

We sought to identify novel glioma tumor-initiating cell markers using a newly developed 

proteomic technique, CIEF-nRPLC-MS/MS. Compared with traditional methods, this 

technique allows identification of a wider spectrum of proteins, including membrane 

proteins, that may have the greatest potential for diagnostic and therapeutic targeting.43

The stem cell nature of these tumor-initiating cells was suggested in vitro by their 

characteristic neurosphere morphology and by positive staining for stem cell markers Nestin 

and Sox2 (Fig. 1). An in vivo xenograft mouse model further confirmed the tumorigenic and 

stem cell–like characteristics of these cells. After implantation into mouse brain, the 

undifferentiated human (confirmed by fluorescence in situ hybridization; Fig. 2D and H) 

tumor-initiating cells infiltrated diffusely throughout the mouse brain parenchyma and were 

found in large numbers within white matter tracts, mimicking some of the phenotypic 

characteristics of diffuse human gliomas. The injected cells stained positively for markers 

Nestin and Sox2, further suggesting their potential stem cell–like nature. Interestingly, cells 

injected directly into the mouse ventricle maintained, after 5 weeks, a morphology 

reminiscent of neurospheres seen typically in vitro and stained more strongly for Sox2 and 

Nestin than tumor cells seen elsewhere in the brain. Also, many cells at the interface 

between the ventricular mass and the adjacent parenchyma strongly expressed GFAP and 

displayed a radial glia-like morphology. Although we were unable to demonstrate 

definitively that the radial glia-like cells were human in origin, the presence of human cells 

within white matter tracts and parenchymal rests in the hemisphere contralateral to the 

ventricular injection site strongly suggests that tumor-initiating cells begin to differentiate 

and migrate in response to attachment to a substrate and chemotactic factors present within 

the parenchyma. Many similar properties of neurospheres have been previously 

demonstrated in vitro.46 Taken together, these in vitro immunofluorescence and in vivo 

xenograft data strongly suggest the tumorigenicity of the cell line used. Although technically 

challenging due to the toxic nature of RA, future intracranial models utilizing completely 

differentiated cell cultures should be pursued to confirm the tumorigenicity of these cells.

From the membrane proteins that had a relative difference in expression, we found elevated 

levels of CNTFRα in tumor-initiating cells with stem cell–like properties. Because CNTFRα 

plays a critical role in glial differentiation,11,12,15,32,37 we explored its impact on tumor-

initiating cell differentiation pathways. Specifically, we examined the differences in 

CNTFRα expression in glioma tumor-initiating cells compared with their progeny, potential 

correlations between CNTFRα expression and histological grade, the differentiation potency 

of the CNTFRα pathway in glioma tumor-initiating cells, as well as CNTFRα as a potential 

therapeutic target of treatment of CNTFRα-expressing primary brain neoplasms.
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Consistent with previous studies showing that CNTFRα mRNA is upregulated in human 

gliomas,44 the current study strongly implies that the upregulation of CNTFRα is derived 

from tumor-initiating cells (Figs. 2 and 3). Studies have demonstrated that in gliomas and 

other brain tumors, the tumor-initiating cell component increases with tumor grade.3 In the 

current study, immunofluorescence and immunohistochemical analysis showed significant 

staining for CNTFRα, suggesting an abundance of tumor-initiating cells within glioblastoma 

(Fig. 5 upper). Moreover, Western blot analysis of 32 different glial tumors revealed a direct 

correlation between CNTFRα expression and tumor pathological grade (Fig. 5 lower). These 

data provide evidence for the prognostic use of CNTFRα and suggest that tumor-initiating 

cells play a role in glioma tumorigenicity.

Because CNTF signaling plays an important role in cell survival and 

differentiation,11,12,15,32 we postulated that the genetic loss of proper regulation could 

contribute to aberrant inhibition of differentiation and sustained survival of the glioma 

tumor-initiating cell population. Genetic analysis identified a mutation in only 1 (3%) of 32 

gliomas tested. However, in the mutant, both wild type (T) and mutant (A) nucleic acids 

were present (Fig. 6). Thus, it appears that a genetic mutation in CNTFRα is unlikely to 

contribute to malignant glioma tumorigenesis, and the findings of a single mutation in one 

patient could be interpreted as a “passenger” mutation that has no effect on the fitness of the 

cell. Additionally, we found that CNTF was still able to drive the differentiation (Fig. 7 

upper and lower) of glioma tumor-initiating cells, indicating a properly functioning CNTF 

receptor. Nonetheless, lack of a direct genetic mutation affecting CNTF expression does not 

preclude a genetic cause. Mutations in upstream and downstream regulators of CNTFRα 

may still contribute to pathogenesis in glioma by affecting receptor/ligand balance and may 

warrant future analysis.

Based on the present data suggesting CNTFRα as a putative tumor-initiating cell marker, we 

considered the therapeutic potential of CNTFRα modulators. Previous reports have shown 

that direct treatment with CNTF ligand in combination with the CNTFRα subunit 

suppressed growth in C6 glioma cells,31 suggesting the potential role for CNTF therapy. 

Also, the use of drugs to potentiate chemotherapy or radiotherapy by inducing cancer cell 

proliferation or differentiation is a developing treatment paradigm.24 As we have shown, 

CNTF ligand causes the stem cell–like tumor-initiating cell component in gliomas to 

differentiate (Fig. 7 upper and lower). While these findings indicate that CNTF could play a 

role as an adjuvant therapeutic agent, clinical use of recombinant human CNTF in 

amyotrophic lateral sclerosis30 and direct use of the ligand have been associated with 

systemic toxic effects.29 To avoid systemic toxicity, recombinant human CNTF may need to 

be delivered locally or reformulated. Alternatively, downstream effectors in the CNTF 

signaling pathway might be targeted using small molecule analogs. Currently, downstream 

effectors including inhibitors for Stat-3 signaling and N-CoR are under investigation for 

therapeutic application.32

Recently, clinical trials using monoclonal antibodies for targeted radiotherapy5,36 and 

recombinant toxin therapy21 have been attempted. While these trials have demonstrated 

tumor reduction, toxicity due to nonspecific antibody binding remains a problem, thus 

restricting therapeutic potential. Furthermore, trials using targeted antibody-mediated 
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immunotherapy have been attempted in gliomas with some early success.38 However, these 

trials are limited to patients harboring a specific genotype (that is, epidermal growth factor 

receptor–expressing tumors). The current in vitro results demonstrate that immunological 

targeting of CNTFRα induces cell death in the CNTFRα-expressing DAOY cells but not in 

U87 or HeLa cells, which lack the receptor (Fig. 8), suggesting the potential for targeting 

cells overexpressing CNTFRα.

As previously shown, specificity of an overexpressed marker is based on relative levels of 

target protein in tumor versus normal tissue.9,19,33,41,42 Even though our results show slight 

CNTFRα expression in differentiated tumor-initiating cells, these levels are minimal 

compared with their undifferentiated counterparts (Fig. 3 upper and lower). Similarly, there 

has been evidence of CNTFRα expression in normal CNS tissue.20 Immunofluorescence, 

immunohistochemical, and Western blot analyses of glioblastoma and surrounding tissue in 

the current study (Fig. 5 upper and lower) showed relatively insignificant CNTFRα 

expression in surrounding tissue when compared with the strong staining found in 

glioblastoma tumor-initiating cells. These results suggest that the immunological targeting 

of tumor-initiating cells using CNTFRα should be considered despite minimal expression of 

CNTFRα in differentiated cells and normal tissue. Future investigation should assess the 

quantitative difference in CNTFRα expression in tumor-initiating cells compared with 

various other human tissues. Future immunotherapeutic studies may also include the use of a 

humanized monoclonal antibody in ADCC, the use of tumor-initiating cells in ADCC and 

evaluation of treatment in in vivo models.

These results suggest an important role for CNTFRα in primary brain tumors, based on 

robust expression levels in both whole tumor extracts and purified tumor-initiating cells. The 

clinical implications of CNTFRα as a tumor-initiating cell marker include insight into the 

understanding of the pathogenesis of these tumors, a tool in the histological diagnosis of 

high-grade gliomas and the potential to be used for targeted imaging, radiotherapy, or 

chemotherapy. Furthermore, CNTFRα may be a promising therapeutic target, both through 

receptor-directed immunotherapy and receptor-mediated prodifferentiation effects.

Conclusions

Ciliary neurotrophic factor receptor subunit–α is up-regulated in tumor-initiating cells, and 

its expression directly correlates with pathological grade. Thus, CNTFRα is a potential 

marker for tumor-initiating cells and can aid in the diagnosis and prognosis of glioblastoma. 

Furthermore, CNTFRα can be used as a target for imaging, radiotherapy, chemotherapy, and 

immunotherapy in the treatment of malignant glioma.
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Abbreviations used in this paper

ADCC antibody-dependent cell-mediated cytotoxicity

CIEF capillary isoelectric focusing

CNTF ciliary neurotrophic factor

CNTFRα CNTF receptor subunit–α

IgG immunoglobulin G

MS mass spectrometry

MS/MS tandem mass spectrometry

N-COR nuclear receptor corepressor

nRPLC nano–reversed-phase liquid chromatography

PBS phosphate-buffered saline

RA retinoic acid
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Fig. 1. 
Stem cell phenotype marker expression in glioblastoma-derived tumor-initiating cells. Left: 
Low-magnification immunofluorescence staining for Sox2 (green) and Nestin (red) in 

cultured tumor-initiating cells. Right: High-magnification immunofluorescence staining for 

Sox2 (red) and Nestin (green) showing the neurosphere morphology of glioblastoma-

derived tumor-initiating cells in culture. Nuclei of cells are counterstained with DAPI (blue). 

Original magnification ×5 (left) and ×40 (right).
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Fig. 2. 
Xenograft tumor-initiating cells showing an infiltrative phenotype and stem cell markers in 

mouse brain parenchyma. A–D: Intraventricular injection of tumor-initiating cells. H & E 

staining of a brain section showing that the intraventricular cells maintain a neurosphere 

morphology. A portion of cells demonstrate a radial-glial morphology at the ependymal 

surface, suggesting invasion (A). Immunofluorescence staining for GFAP (green) and 

Nestin (red) showing Nestin-positive staining within the intraventricular tumor-initiating 

component as well as cells within the corpus callosum. The intraventricular cell component 

is negative for GFAP while cells along the ependymal surface and within the corpus 

callosum stain intensely for GFAP (B). Immunofluorescence staining for Sox-2 (purple) and 

GFAP (green) showing a similar pattern (C). Fluorescence in situ hybridization (FISH) 

analysis of the intraventricular cell mass confirming the human origin of the tumor-initiating 

cells (red staining for human X chromosome) (D). E–H: Tumor cells within the corpus 

callosum. H & E staining of a brain section showing high cellularity within the corpus 

callosum, away from the site of injection, suggesting the presence of tumor cells (E). 

Immunofluorescence staining for GFAP (green) and Nestin (red) showing the presence of 

Nestin- and GFAP-positive tumor cells within the corpus callosum (F). Immunofluorescence 

staining for Sox-2 (purple) and Nestin (green) showing a similar pattern (G). Fluorescence 

in situ hybridization analysis of the tumor cells confirming their human origin (red staining 

for human X chromosome) (H). Original magnification ×10 (A–C), ×20 (D), ×10 (E–G) and 

×20 (H).
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Fig. 3. 
Ciliary neurotrophic factor receptor subunit–α is selectively expressed in undifferentiated 

tumor-initiating cells. Upper: Western blot analysis showing decreased CNTRFα 

(molecular weight 27 kD) expression in glioma-derived tumor-initiating cells with 1 μM RA 

treatment over 24 and 48 hours. The CNTRFα expression decreased with RA treatment over 

time. The β-actin was used as internal positive quantitative controls. Lower: 
Immunofluorescence staining for CNTRFα in 1-μM RA-treated tumor-initiating cells 

showing a marked decrease in CNTFRα expression. Cell nuclei are counterstained with 

DAPI, showing the cytoplasmic location of CNTRFα.

Lu et al. Page 15

J Neurosurg. Author manuscript; available in PMC 2016 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Ciliary neurotrophic factor receptor subunit–α is selectively expressed in glioblastoma and 

DAOY cells. Upper: Immunofluorescence staining for CNTFRα in control and 1 μM RA-

treated DAOY cells, a medulloblastoma cell line. The DAOY cells incubated in control 

media show robust staining of CNTFRα, which is down-regulated with RA treatment. 

Nuclei are counterstained with DAPI. Lower: Western blot for CNTFRα from glioma cell 

lines U87 and U373, breast cancer cell line MCF7, cultured tumor-initiating cells, and 

patient glioblastoma tissue. Lanes 4–6 show CNTFRα expression in glioblastoma tissue and 

glioma-derived tumor-initiating cells (TIC). Lanes 1–3 show lack of CNTFRα expression in 

the other cell lines.
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Fig. 5. 
Ciliary neurotrophic factor receptor subunit–α expression is confirmed in a patient's 

glioblastoma tissue and increases with glioma grade. Upper: Immunofluorescence staining 

(left) and immunohisto-chemical analysis (right) for CNTFRα from a patient's glioblastoma 

tissue. Lower: Western blot for CNTFRα from normal brain tissue (N) and whole lysate 

from Grade II, Grade III and Grade IV glioma tissue. Ciliary neurotrophic factor receptor 

subunit–α expression increases with glioma tumor grade. Original magnification ×40.

Lu et al. Page 17

J Neurosurg. Author manuscript; available in PMC 2016 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Mutation analysis in CNTFRα coding sequence from a patient with glioblastoma. Mutation 

analysis showing a missense mutation (T151A) in the only patient (W28) of 32 sampled 

(lower). This mutation occurred in exon 2 and coded for a tryptophan to arginine (W→R) 

change. Representative sequencing profile for normal CNTFRα exon 2 coding region 

(upper).
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Fig. 7. 
Ciliary neurotrophic factor ligand treatment of glioma tumor-initiating cells. Upper: 
Immunofluorescence staining of tumor-initiating cells treated with CNTF ligand (50 ng/ml) 

after removal of control growth factors demonstrating Sox2 loss. This suggests 

differentiation of tumor-initiating cells through an intact CNTF pathway. Nuclei are 

counterstained with DAPI. Lower: Immunofluorescence staining showing GFAP expression 

in 50 ng/ml CNTF ligand-treated tumor-initiating cells. Compared with tumor-initiating 

cells treated with control media, GFAP expression is markedly increased in tumor-initiating 

cells after 36 and 72 hours of treatment. Original magnification ×20.
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Fig. 8. 
Antibody-dependent cell-mediated cytotoxicity induces cytotoxic effect in DAOY cells. 

Trypan blue staining showed a cytotoxic effect by treatment with a CNTFRα specific 

antibody and complement serum. The DAOY cells were lysed after 6 hours of treatment, 

which increased with 24 hours. Immunoglobulin G served as a negative control, underlining 

the necessity of the anti–CNTFRα antibody in DAOY ADCC. The U87 and HeLa cells 

(both lacking CNTFRα) were not affected by treatment.
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TABLE 1

Primer sets used for CNTFRα exon sequencing

Exon Forward Primer Sequence Reverse Primer Sequence

1 5′-CAGTCTTGCCTGAGAACAG(G)-3′ 5′-GAGTCAGGATGCAGCTATG(C)-3′

2 5′-CTGTGACCTGTGACTTTTG(C)-3′ 5′-GTCTGGGTCTCAAGGAAG-3′

3a 5′-GCTCCAAGAATGCCCTGAC-3′ 5′-GTATGGACAGAGGGCATGG-3′

3b 5′-(G)CTCCAAGAATGCCCTGAC-3′ 5′-GCACTGTTACGAACATCAAG-3′

4 5′-CTTGATGTTCGTAACAGTGC-3′ 5′-CACACATCCACTTACATTCC-3′

5 5′-GGAGTTGACAAAGTGGGTTG-3′ 5′-CCACTCACTGCACATGATTC-3′

6 5′-CATGCTCACTTCCTCTGG(AG)-3′ 5′-(CA)GCAAAGCCAGGAGGTAG-3′

7 5′-GAATGGTATGTCTCATGAGC-3′ 5′-CACTGTAGAGACAGGCAG-3′
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