
Detection of glioblastoma intratumor heterogeneity in 
radiosensitivity using patient-derived neurosphere cultures

Joseph H. McAbee1,2,3, Charlotte Degorre-Kerbaul1, Kristin Valdez1, Astrid Wendler2, Uma 
T. Shankavaram1, Colin Watts4, Kevin Camphausen1, Philip J. Tofilon1

1 Radiation Oncology Branch, NCI, Bethesda, MD, USA

2 Department of Clinical Neurosciences, University of Cambridge, Cambridge, UK

3 Wake Forest University School of Medicine, Winston-Salem, NC, USA

4 Department of Neurosurgery, Institute of Cancer Genome Sciences, University of Birmingham, 
Birmingham, UK

Abstract

Purpose—Glioblastoma (GBM) is characterized by extensive clonal diversity suggesting the 

presence of tumor cells with varying degrees of treatment sensitivity. Radiotherapy is an integral 

part of glioblastoma treatment. Whether GBMs are comprised of spatially distinct cellular 

populations with uniform or varying degrees of radiosensitivity has not been established.

Methods—Spatially distinct regions of three GBMs (J3, J7 and J14) were resected and unique 

cell lines were derived from each region. DNA from cell lines, corresponding tumor fragments, 

and patient blood was extracted for whole exome sequencing. Variants, clonal composition, and 

functional implications were compared and analyzed with superFreq and IPA. Limiting dilution 

assays were performed on cell lines to measure intrinsic radiosensitivity.

Results—Based on WES, cell lines generated from different regions of the same tumor were 

more closely correlated with their tumor of origin than the other GBMs. Variant and clonal 

composition comparisons showed that cell lines from distinct tumors displayed increasing levels 

of ITH with J3 and J14 having the lowest and highest, respectively. The radiosensitivities of the 

cell lines generated from the J3 tumor were similar as were those generated from the J7 tumor. 

However, the radiosensitivities of the 2 cell lines generated from the J14 tumor (J14T3 and J14T6) 

were significantly different with J14T6 being more sensitive than J14T3.

Conclusion—Data suggest a tumor dependent ITH in radiosensitivity. The existence of ITH in 

radiosensitivity may impact not only the initial therapeutic response but also the effectiveness of 

retreatment protocols.
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Introduction

Glioblastoma (GBM) is the most common form of malignant, primary brain cancer [1]. 

Despite surgical resection and extensive postoperative treatment, which typically includes 

radiotherapy, GBM inevitably recurs and patients succumb to the disease within two years 

[2]. Most GBM recurrences are predominately within 2 cm of the initial radiation treatment 

volume [3–6]. In addition, radiotherapy dose escalation results in similar recurrence patterns 

and fails to improve local control of tumor growth [7]. Thus, although radiotherapy provides 

a survival advantage, GBM is considered a radioresistant tumor. Defining the molecules and 

processes that mediate the radioresistance of GBM cells may lead to the identification of 

targeted radiosensitizers and the overall improvement of treatment outcomes.

Complicating the development of more effective radiotherapy for GBM is the potential 

for intratumor heterogeneity (ITH) in radiosensitivity. In terms of genetic, epigenetic and 

transcriptome measurements [8–11], GBMs have been shown to display ITH, consistent 

with a high degree of clonal diversity. Based on the analysis of cell lines generated from 

the same surgical specimen and cultured in serum containing media, GBMs have long been 

suggested to also be comprised of clones with various intrinsic radiosensitivities [12–15]. 

However, more recent investigations have shown that GBM cell lines derived using this 

approach have little in common with the biology of their tumor of origin [16]. In contrast, 

cell lines generated from GBMs as neurosphere cultures under serum-free conditions have 

been shown to contain GBM stem-like cells (GSCs) and to better simulate the genetics and 

gene expression patterns of their original tumors [17–19].

In the study described here, the potential for ITH in intrinsic radiosensitivity was 

addressed by using neurosphere lines derived from 2 spatially distinct fragments obtained 

by fluorescence-guided surgical resection of 3 GBMs [20]. The two lines from each 

tumor were compared in terms of their genomics and radiosensitivity. Whole exome 

sequencing confirmed that cell lines were most similar to their tumors of origin, while also 

maintaining heterogeneity between cell lines from the same patient. A significant difference 

in radiosensitivity was detected between the two cell lines isolated from one of the three 

tumors, suggesting the potential for the ITH in radiosensitivity in a tumor-dependent 

manner.

Methods

Glioblastoma collection and derivation of cell lines

Patients underwent 5-ALA fluorescence-guided surgical resection at Addenbrooke’s 

Hospital. Fluorescence and image guidance were utilized to resect spatially distinct tissue 

fragments from 5-ALA-fluorescent, non-necrotic tumor mass [20]. Patient and tumor 

characteristics including preoperative T1-weighted magnetic resonance images are presented 

in Supplemental Methods and Supplemental Fig. 1. Collected fragments were divided in 

half for both tissue bank storage (with matched whole blood) and cell line derivation 

[20]. Informed consent for specimen collection and research use was obtained prior to 

surgery. Protocols were compliant with UK Human Tissue Act 2004 and approved by 

Local Regional Ethics Committee (LREC ref. 04/Q0108/60). Resected tissue fragments 
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were minced, enzymatically disaggregated using Accutase and passed through 40 μm 

sterile filters to generate single cell suspensions. After addition of RBC Lysis buffer and 

incubation at room temperature for 5 min, suspensions were washed several times with 

HBSS. Cells were counted and resuspended at 1.0*105 cells/ml in T25 or T75 flasks in 

serum-free media (Neurobasal A (Invitrogen), 20 mM L-glutamine, 1% PSF solution, 20 

ng/ ml hEGF (Sigma), 20 ng/ml hFGF (R&D systems), 2% B27 (Invitrogen), and 1% 

N2 (Invitrogen)) [21]. After 7–10 days, cells began to form neurospheres, which were 

disaggregated with Accutase and then plated as single cells on extracellular matrix-coated 

T75 flasks (Sigma) to form adherent monolayers. Cells were split weekly with Accutase 

and single cell suspensions were frozen after two successful passages and stored in freezing 

media (serum-free media with 10% DMSO).

Whole exome sequencing and analysis

DNA was extracted from tissue fragments and cell lines with AllPrep DNA/RNA Mini Kits 

(Qiagen) according to protocol. DNA was extracted from blood samples with DNeasy Blood 

and Tissue Kits (Qiagen) according to protocol. Genomic DNA underwent whole exome 

sequencing (WES) at the Center for Cancer Research Genomics Technology Laboratory, 

Frederick, Maryland. Library prep was done according to Agilent SureSelect XT (All 

Exon V5 + UTR) protocol and sequenced on an Illumina HiSeq4000 using paired-end 

sequencing to an average sequencing depth of > 180x. Alignment and variant calling were 

performed with the Center for Cancer Research Collaborative Bioinformatics Resource 

(CCBR) pipeline (https://github.com/CCBR/Pipeliner). After filtering germline and non-

protein-altering variants, variants (SNVs and indels) with allelic frequency (VAF) > 5%, 

were identified for each sample. VAFs for identified SNVs and indels were used to calculate 

Jaccard Similarity Coefficients for all combinations of samples. Using SNVs and CNAs, 

SuperFreq software was used to define clonal frequencies in each samples [22]. Ingenuity 

Pathway Analysis (IPA) software was used to define functional implications.

In vitro radiosensitivity

Cell line radiosensitivity was assessed using the limiting dilution assay. Serial dilutions of 

single cells were seeded into 96-well plates and 24 h later irradiated (1–3 Gy) using a 320 

kV Xray machine (Precision X-Ray Inc., dose rate = 2.3 Gy/min). Plates were incubated 

for 2–3 weeks and examined by light microscopy to determine the number of positive wells 

[23]. Positive well refers to any well with 1 or more neurospheres, which are defined as an 

aggregate of at least 30 cells. Extreme Limiting Dilution Analysis online software (ELDA) 

was utilized to calculate survival fractions (https://bioinf.wehi.edu.au/software/elda/) [24]. 

The results are the mean of 3 independent experiments in which 1 plate was used per dose of 

radiation.

Results

Whole exome sequencing (WES)

Because the clonal diversity within a tumor (i.e., intratumor heterogeneity) is typically 

established according to genetic alterations, initial analyses involved WES with a focus on 

neurosphere cell lines established from the same GBM. Specifically, two spatially distinct 
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specimens were resected from 3 patients with the diagnosis of glioblastoma. Each surgical 

specimen was then divided into two sections: half was submitted for WES and the other half 

used to derive a neurosphere cell line, which was subsequently submitted for WES. Initially, 

variant profiles generated from cell lines and tumor fragments were compared according to 

Jaccard similarity coefficients, which grade similarity from 0–1.00. As shown in Fig. 1a, 

cell lines and tumor fragments isolated from the same tumor (J3, J7 or J14) were similar to 

each other and not to samples from the other 2 tumors. This lack of similarity is consistent 

with the expected inter-tumor heterogeneity. Cell lines compared to their respective tumor 

fragments showed varying degrees of similarity, suggesting that, in general, the cell lines 

were representative of the in situ tumor. The similarity coefficients for the 2 cell lines 

derived from the same tumor were 34% for J14 cell lines, 52% for J7s and 75% for J3s, 

suggesting that the paired cell lines reflect different levels of intra-tumor heterogeneity. As 

an additional assessment of the relative amount of heterogeneity reflected by the cell lines 

derived from spatially distinct regions, mutation burdens were compared (Fig. 1b). As shown 

by Venn diagrams (Fig. 1b), the percentage of mutations in common between cell lines from 

a given tumor also suggested that the level of ITH reflected by paired cell lines could be 

ranked as J14 > J7 > J3.

As an additional approach to defining the genetic diversity between the paired cell lines, 

WES results were subjected to superFreq analysis. superFreq utilizes somatic SNVs and 

CNAs to cluster genes according to similar coverage and VAF; clonalities are calculated 

with clones sorted by predicted size [22]. Figure 2a shows a superFreq-generated SNV 

heatmap for the two tumor fragments and two neurosphere lines derived from tumor J3. 

From this clustering it appears that the two cell lines are more similar than the two tumor 

fragments. The clonality of the individual variants in the J3T1 and J3T4 cell lines were 

directly compared in Fig. 2b. Each line represents a single variant; the end of each line 

corresponds to the clonality of each variant in the individual cell lines. As shown, most 

variants seem to be shared between cell lines with minor differences in clonality, suggesting 

that J3T1 and J3T4 lines exhibit a relatively low amount of ITH. The superFreq heatmap 

for the J7 tumor also showed that the two cell lines cluster together as do the two tumor 

fragments (Fig. 3a). However, as shown in Fig. 3b, whereas many of the individual variants 

are similar between J7T1 and J7T3 cell lines, there are also a number of variants that 

are present in one of the cell lines but not in the other indicative of a greater degree 

of diversity in variant clonality than the J3 cell lines. Finally, superFreq analyses of J14 

tumor components are shown in Fig. 4. As for the other tumors, the J14 cell lines are 

more similar to each other than the tumor fragments (Fig. 4a). In the heat map there are 

extensive differences in SNV presence and frequency between J14T3 cells and J14T6 cells, 

a number of which are mirrored in their respective tumor fragments. The differences in 

J14T3 and J14T6 clonality is clearly evident in Fig. 4b, which of the 3 pairs of tumor cell 

lines evaluated shows the largest number of variants detected in one cell line and absent in 

the other. Consistent with Fig. 1, superFreq analyses estimate that the greatest degree of ITH 

is reflected by the cell lines generated from the J14 tumor followed by J7 with the least 

detected in the J3 cell lines.
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Radiosensitivity

The limiting dilution assay (LDA) was then used to determine the radiosensitivity of the 

tumor cell lines. Serial dilutions of each cell line were seeded to 96-well plates; 24 h 

later individual plates were irradiated and returned to the incubator. After 2–3 weeks, the 

wells were scored as positive or negative, based on the presence of a neurosphere; survival 

curves were constructed using Extreme Limiting Dilution Assay software [24]. For each cell 

line, representative neurosphere frequency results plotted as a function of cells seeded are 

shown for each radiation dose in Fig. 5a. Based on results from 3 independent experiments, 

radiation survival curves were then generated (Fig. 5b). For the cell lines derived from the 

J3 and J7 tumors, no difference in radiosensitivity was detected. However, for the J14 cell 

lines, which displayed the greatest level of ITH, there was a difference in radiosensitivity 

between the J14 cell lines with J14T3 significantly more resistant than J14T6. To determine 

whether specific mutations may account for the difference in radiosensitivity detected in the 

J14 cell lines, the unique variants (see Fig. 1b) in J14T3 and J14T6 cells were subjected 

to IPA (supplemental Fig. 1). Among the top molecular and cellular processes associated 

with the mutations detected in J14T3 cells, but not in J14T6 cells were cell cycle and DNA 

replication, recombination, and repair.

Conclusions

Although characterized by extensive clonal diversity, whether the radioresistance of GBMs 

is the result of a uniform response among the various clones or the presence of a resistant 

subpopulation remains unclear. As an approach to begin to address this issue, we used 

GSC cultures initiated from spatially distinct sections of the same GBM. GSCs are a 

clonogenic subpopulation considered critical to the development and maintenance of GBMs. 

Moreover, GSCs, as compared to bulk tumor cells, are thought to be responsible for GBM 

radioresistance [25]. Thus, GSCs appear to provide a clinically relevant in vitro model for 

investigating not only the basic biology of GBMs, but also, specifically, their radioresponse.

In the study described here, genomic analyses suggested that GSC cell lines derived 

from the same GBM corresponded to different degrees of clonal diversity. Cell lines 

established from the J3 tumor appeared similar with respect to genomic alterations and 

thus not consistent with presence of ITH. In contrast, cell lines generated from the J7 

tumor displayed a detectable level of clonal diversity with substantially more detected in 

the J14 cell lines. Whereas the radiosensitivity of cell lines from the J3 tumor did not 

differ nor did those from the J7, the J14 cell lines were significantly different in terms 

of radiosensitivity. Based on the analysis of only 2 fragments from each tumor, it is not 

possible to conclude whether the results from the J3 and J7 tumor cell lines were due to 

the absence of ITH in radiosensitivity or simply an inadequate number of tumor fragments 

evaluated. However, the significant difference in radiosensitivity between the cell lines 

derived for the J14 tumor illustrates the potential for ITH in radiosensitivity. The specific 

mechanism responsible for the difference in radiosensitivity of the J14 cell lines was not 

apparent from functional analyses (IPA) of their genetic alterations, which is consistent 

with mutation profiles typically not being predictive of tumor radiosensitivity. However, a 

quantitative comparison of the genomic profiles showed that the cell lines generated from 
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the J14 tumor had a greater discrepancy in the number of mutations than the cell lines from 

J3 and J7 tumors, which had similar radiosensitivities. These results suggest that the more 

disparate tumor clones are in terms of mutational burden, the higher the possibility of a 

difference in their radioresponse and ITH in radiosensitivity.

The limitations of this study include the use of only 3 tumors and that only 2 fragments 

from each tumor were evaluated, which may underestimate the presence of ITH in 

radiosensitivity. The existence of ITH in GBM radiosensitivity is likely to have the 

most proximate clinical impact on the treatment for recurrent tumors. Whereas molecular 

differences have been detected between newly diagnosed and recurrent GBM, whether 

these affect radiosensitivity and the response to re-irradiation remain to be determined. 

Although some GBMs respond better than others to radiotherapy, the vast majority recur 

and require additional therapy. If ITH in clonal radiosensitivity was present at the time 

of the initial treatment, recurrence is likely to involve the selection and emergence of 

the radioresistant subpopulations, which would portend a poor response to a re-irradiation 

protocol (e.g. the J14 tumor evaluated herein). However, because about 50% of recurrent 

GBMs respond to a second course of radiotherapy (43% 6-month PFS) [26], analyses of the 

initial surgical specimen for ITH and tumor cell radiosensitivity may aid in selecting patients 

for re-irradiation protocols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Correlation between samples and variant burden. a Jaccard similarity coefficients (Jaccard 

Index) were based on variant allele frequencies (vaf) of all J3, J7, and J14 samples 

sequenced. Germline variants, variants with vaf < 0.05, and non-protein altering variants 

were removed for this analysis. b Venn diagrams display the number (and %) of unique and 

shared variants (SNVs and indels) between cell lines for J3T1 and J3T4, J7T1 and J7T3, 

and J14T3 and J14T6. Non-synonymous, protein-altering mutations with vaf > 0.05 were 

included in the analysis
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Fig. 2. 
J3 superFreq analysis. a Heatmaps comparing presence and frequencies of protein-altering 

SNVs that change significantly between J3 samples. Genes are assigned unique colors if 

they are repeatedly mutated (more than one SNV is detected for that gene). b Variant 

shift analysis charts the differences in relative clonality, or cellular fraction of the sample, 

across J3 cell lines for each variant detected in the corresponding heatmap. Each variant is 

represented by an individual line
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Fig. 3. 
J7 superFreq analysis. a Heatmaps comparing presence and frequencies of protein-altering 

SNVs that change significantly between J7 samples. Genes are assigned unique colors if 

they are repeatedly mutated (more than one SNV is detected for that gene). b Variant 

shift analysis charts the differences in relative clonality, or cellular fraction of the sample, 

across J7 cell lines for each variant detected in the corresponding heatmap. Each variant is 

represented by an individual line
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Fig. 4. 
J14 superFreq analysis. a Heatmaps comparing presence and frequencies of protein-altering 

SNVs that change significantly between J14 samples. Genes are assigned unique colors 

if they are repeatedly mutated (more than one SNV is detected for that gene). b Variant 

shift analysis charts the differences in relative clonality, or cellular fraction of the sample, 

across J14 cell lines for each variant detected in the corresponding heatmap. Each variant is 

represented by an individual line
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Fig. 5. 
Limiting dilution assays. Stem cell frequency estimates (with confidence intervals) 

generated through ELDA and survival fraction as a function of radiation dose (last column) 

for a J3T1 and J3T4, b J7T1 and J7T3, and c J14T3 and J14T6. Black, red, green, and 

blue lines correspond to 0, 1, 2, and 3 Gy, respectively. Dotted lines represent confidence 

intervals. Survival fractions were calculated by dividing inverse of stem cell frequency 

estimate by inverse of stem cell frequency estimate of the control group. *p < 0.05 by 2-way 

ANOVA
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