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Glioblastoma (GBM) is a cancer comprised of morphologically,
genetically, and phenotypically diverse cells. However, an un-
derstanding of the functional significance of intratumoral hetero-
geneity is lacking. We devised a method to isolate and functionally
profile tumorigenic clones from patient glioblastoma samples.
Individual clones demonstrated unique proliferation and differen-
tiation abilities. Importantly, naïve patient tumors included clones
that were temozolomide resistant, indicating that resistance to
conventional GBM therapy can preexist in untreated tumors at
a clonal level. Further, candidate therapies for resistant clones were
detected with clone-specific drug screening. Genomic analyses
revealed genes and pathways that associate with specific functional
behavior of single clones. Our results suggest that functional clonal
profiling used to identify tumorigenic and drug-resistant tumor
clones will lead to the discovery of new GBM clone-specific treat-
ment strategies.
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Glioblastoma (GBM) is the most common and most aggres-
sive primary malignant brain tumor in adults. Despite major

efforts to improve GBM survival, radiation therapy with concurrent
temozolomide (TMZ) chemotherapy achieves only a median sur-
vival of 15 months with few long-term survivors. Many patients fail
to respond to TMZ, and treatment of all patients at disease pro-
gression uniformly fails.
Glioblastoma is one of the first cancer types systematically

studied at a genomic and transcriptomic level (1–3). Tran-
scriptional profiling of GBM samples has revealed a landscape
of intertumoral heterogeneity with distinct molecular tumor
subtypes, although only slight prognostic differences are ap-
parent in patients except for a clearly better prognosis in the
CIMP+/IDH1 mutant subgroup (1, 4–6). Increasing evidence
suggests that cancer tissues are more complex than previously
thought, as tumors comprise considerable intratumoral het-
erogeneity with mixtures of genetically distinct subclones that
likely escape therapy and cause disease progression (4, 7–10).
In particular, GBM is a cancer type comprised of morpholog-
ically and phenotypically diverse cells (11). Recent studies have
also uncovered genetic diversity apparent in subsamples of in-
dividual patient GBMs (12–15), and more recently in single
GBM cells (9). Disease recurrence is associated with muta-
tional events that are not shared with the primary tumor sug-
gesting evolution from minority populations present at time of
initial diagnosis (10).

Understanding the links between genetic and functional
behavior of individual GBM clones, derived from single pa-
tient samples, will be essential to decipher patient-specific
molecular mechanisms of GBM progression and therapeutic
resistance. The study of bulk tumors provides a mixture of
different signals from a heterogeneous set of clones and cur-
rent single cell approaches are amenable to genomics but not
functional studies. Here, we provide a detailed analysis of single
cell derived clones from patient GBM samples using a method
that directly links clonal molecular changes with functional
properties. Parallel phenotypic and genomic analysis of these
clones reveals a diverse landscape of functional and genetic
heterogeneity, as well as insights into drug sensitivity pathways
in glioblastoma.

Significance

Glioblastoma is an incurable brain tumor. It is characterized by
intratumoral phenotypic and genetic heterogeneity, but the
functional significance of this heterogeneity is unclear. We
devised an integrated functional and genomic strategy to ob-
tain single cell-derived tumor clones directly from patient
tumors to identify mechanisms of aggressive clone behavior
and drug resistance. Genomic analysis of single clones iden-
tified genes associated with clonal phenotypes. We predict
that integration of functional and genomic analysis at a clonal
level will be essential for understanding evolution and ther-
apeutic resistance of human cancer, and will lead to the dis-
covery of novel driver mechanisms and clone-specific cancer
treatment.
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Results
Single Cell-Derived Clones of Human Glioblastoma Exhibit Functional
Heterogeneity. To enable functional characterization of hetero-
geneous clones in glioblastoma, we devised a method to isolate
and grow individual clones from patient tumors using flow
cytometry sorting (FACS) and single cell plating in stem cell
culture conditions (Fig. 1A). We generated 44 individual single
cell derived clones from four patient tumors. All tested clones
established typical GBM tumors after orthotopic injection in
mice, indicating their tumorigenic potential (SI Appendix, Table
S1 and Fig. S1 A–D and Fig. 1B).
We next functionally characterized individual clones. We

identified heterogeneous expression of key GBM proteins phos-
phatase and tensin homolog (PTEN), epidermal growth factor
receptor (EGFR), and the constitutively active EGFR deletion
mutant, EGFRvIII (2, 3, 10, 16), in three tumors, indicating that
distinct known molecular GBM drivers vary at a clonal level (Fig.
2A and SI Appendix, Fig. S2) and suggesting limitations to targeted
therapies based solely on bulk GBM analysis. In identical cul-
ture conditions and with each result consistent in at least two

independent experiments with clones of different passages, the
clones exhibited wide and independent variation in proliferation
and differentiation abilities (Fig. 2B and SI Appendix, Figs. S3 and
S4 A–C), demonstrating intrinsic distinct functional properties.
We then assessed clonal population response to the conven-

tional GBM chemotherapeutic agent TMZ (17), in at least three
independent experiments with clones of different passages. Two
tumors contained clones with heterogeneous TMZ responses: 2
of 8 tested populations in the naïve tumor GBM-472 showed
significantly increased resistance to TMZ (P = 0.0011, t test with
Welch correction; clones 472_8, 472_18), whereas 1 clone of 10 in
the recurrent tumor GBM-482 was relatively sensitive (P < 10−4;
482_9; Fig. 2C). We observed only TMZ-resistant clones from
the two additional naïve and recurrent tumors. TMZ response
and proliferation ability was not significantly correlated (SI Ap-
pendix, Figs. S5 and S6). Clonal analysis of O6-methylguanin-
DNA methyltransferase (MGMT), a common biomarker of TMZ
resistance in GBM (18), showed variable promoter methylation
and protein expression levels that were inconsistent with TMZ
response (Fig. 2 D and E and SI Appendix, Fig. S7). These data
show that TMZ-resistant clones are present ab initio and stably in
untreated patient tumors and are not necessarily acquired under
therapeutic selection pressure.
Given that many GBM clones were TMZ resistant, we sought

to identify potential alternative chemotherapeutic agents. We
screened six to eight individual clones from each of three tumors
with the National Cancer Institute (NCI) oncology library of 98
drugs and found that every tested tumor showed clone by clone
variability in responses to multiple drugs (Fig. 2F and SI Ap-
pendix, Table S2 and Figs. S8 and S9). These data readily suggest
reasons why this disease is so refractory to chemotherapies
and suggest that clone-specific therapies could be developed
for GBM treatment.

Integrated Analysis of Functional and Genomic Clonal Heterogeneity
Predicts Pathways of Drug Resistance. Copy number (CN) profiling
of all samples with Affymetrix SNP6.0 microarrays reveals a
landscape of clonal genetic heterogeneity, consistent with pub-
lished observations (2, 3, 9) (Fig. 3A). All tumors carried hallmark
GBM alterations such as chr7 gains and chr10 losses, validating
our genetic data. Phylogenetic analysis of CN profiles confirms
the heterogeneous genetic composition of GBMs and shows that
clones of common origin are genetically closer to each other than
to those from other tumor samples (Fig. 3B and SI Appendix, Fig.
S10). We did not find single clones from one patient crossing into
the genomic space of another. These results suggest that the im-
pact of our stem cell culturing on genetic stability is negligible
compared with clonal genetic heterogeneity. They also suggest
that unsorted populations have one or more dominant clones: two
unsorted populations (GBM-489, GBM-498) most resemble single
clones (489_13, 498_5) and thus likely have single dominant
clones, whereas the unsorted population of tumor GBM-472 is
similar to multiple clones or the primary tumor sample and thus is
likely polyclonal.
CN analysis reveals clonal chromosomal and focal genomic

alterations (Fig. 3C and SI Appendix, Fig. S11 A–C). For example,
gain of chr7 appears in a subset of clones from tumor GBM-482,
whereas chr3 gain is only observed in clone 482_3 (Fig. 3D and SI
Appendix, Fig. S12). Fluorescence in situ hybridization (FISH)
validates these amplifications and highlights gain of chr3 in clone
482_3 as a minor cell population of the primary tissue, as well as
the genetic homogeneity of derived clones (Fig. 3D and SI Ap-
pendix, Fig. S13). These data confirm genetic polyclonality in
sample GBM-482 and provide evidence that our derived clones
are homogeneous and originate from the primary tumor sample.
Clonal genetic heterogeneity is also apparent at the gene level

(Fig. 3E and SI Appendix, Table S3 and Fig. S14). The most
frequent clonal variation comprises hallmark GBM events such
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Fig. 1. Single cell-derived clonal cultures from primary GBMs show a neural
precursor phenotype and are tumorigenic. (A) Functional characterization of
single cell-derived clones. Glioblastoma samples were dissociated into single
cell suspensions. Cells were then sorted using stem cell markers to enrich for
clonogenic activity. Single live cells were then expanded in EGF/FGF media
and analyzed functionally and genomically. (B) Immunostaining of a repre-
sentative xenograft shows tumor formation with an infiltrative phenotype
reminiscent of human GBM cell behavior in situ (green, human nestinl; red,
human GFAP; blue, DAPI).
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as EGFR amplification (2). In total, we found copy number
alterations in 456 genes, including 31 of 100 published frequently
CN altered genes in GBM (2) (P = 1.2 × 10−25; OR, 19; Fisher’s
exact test; SI Appendix, Fig. S15). Clonally altered genes are
enriched in functions such as regulation of fibroblast proliferation
[6 genes; false discovery rate (FDR), P = 0.022 from g:Profiler
(19)], and signaling pathways such as PI3K/AKT (2) (13 genes;
FDR, P = 0.014), TGFβ (20) (3 genes; FDR, P = 0.0080), and
mTOR (21) (5 genes; FDR, P = 0.020), suggesting that genetic
alterations contribute to functional clonal heterogeneity (SI Ap-
pendix, Table S4 and Fig. S16). However, we did not observe
statistically significant correlations between genetic pathway
alterations and clonal chemoresistance.
Clonal heterogeneity is also evident at the level of gene ex-

pression (Fig. 4). We performed microarray analysis of 32 GBM
clones from all four tumors and two unsorted populations (GBM-
472 and GBM-489). Principal component analysis of clonal ex-
pression profiles shows extensive heterogeneity within each tumor

(Fig. 4A). Most clones from the same tumor were more similar to
each other than to clones from a different tumor at the level of
transcription, generally confirming our observed pattern of genetic
heterogeneity. However, a few clones were more similar to clones
from another tumor, in agreement with previous observations from
single cell RNA sequencing (9). In particular, the TMZ-sensitive
clone 482_9 is clearly distinct from other clones of GBM-482.
Transcriptional profiling of bulk tumors shows that GBM

comprises several distinct subtypes, generally agreed to be clas-
sical, proneural, and mesenchymal (1, 4, 6, 22). We sought to
analyze the relationship of clonal subtypes and TMZ sensitivity.
Using the previously defined subtype signatures, we calculated
subtype scores for 29 GBM clones from all four tumors and two
unsorted populations (GBM-472 and GBM-489) to distinguish
between the three subtypes. Consistent with recent RNA-seq based
subtyping of single GBM cells (9), these clones show a hybrid
cellular state with high scores in more than one subtype (Fig. 4B
and SI Appendix, Fig. S17). The TMZ-sensitive clone 482_9
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scores lower in mesenchymal and higher in proneural and clas-
sical subtypes compared with resistant clones of tumor GBM-
482, suggesting that functional heterogeneity of drug response is
driven by transcriptional heterogeneity and that a mixture of
clones of different subtypes is present in the bulk tumor.
To further explore variable TMZ sensitivity within single pa-

tient tumors, we compared gene expression profiles of GBM-482
clones. We ranked 777 genes with the most pronounced differ-
ential expression in the TMZ-sensitive clone relative to mean
expression in six TMZ-resistant clones (absolute z-score > 2;

Fig. 4C and SI Appendix, Table S5). This list includes a signif-
icant enrichment of 28 known cancer genes (P = 2.5 × 10−4;
OR, 2.2), suggesting that known cancer pathways are involved
in differential drug response of clones of GBM-482. For ex-
ample, the well-defined GBM oncogenes hepatocyte growth
factor receptor (MET) and EGFR show reduced expression in
the TMZ-sensitive clone of GBM-482. qRT-PCR assays con-
firm the results of microarray analysis and validate dramatic
up-regulation of EGFR and MET in TMZ-resistant clones
(>10-fold; Fig. 4D).
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Pathway enrichment analysis (19) of differentially expressed
genes in the TMZ-sensitive clone highlights multiple significant
pathways and processes (FDR, P < 0.05; Fig. 4E and SI Ap-
pendix, Table S6). These include ion channels, neurotransmitter
signaling, and synaptic membrane genes with increased expres-
sion (e.g., KCNH4, GRM3, and CACNG5), whereas genes in-
volved in cell migration (MET) and angiogenesis (WNT7B,
EGF) are down-regulated compared with resistant clones.
GRM3 encodes a glutamate receptor involved in growth, pro-
liferation, and survival of glioma and melanoma cells (23). Acti-
vation of MET enhances GBM cell migration (24) and tumor cell
resistance in response to DNA damage (25). WNT7B and EGF
have been shown to induce vasculature in the central nervous
system (26, 27). Interestingly, the TMZ-sensitive clone shows in-
creased expression of several genes involved in neurotransmitter
signaling such as glutamate receptors (GRIA2, GRIK3, and
GRIN2D) (28). Neurotransmitters are involved in brain development
and proliferation of progenitor cells (29); however, their role in
tumor biology is less established. This protein family includes
targets of approved drugs and therefore is an interesting candi-
date for drug repurposing studies. Our data suggest that clonal
chemo-response in GBM may be altered by modulation of neu-
rotransmitter signaling, and this deserves future exploration. We
demonstrate an example where transcriptional clonal heterogene-
ity correlates with variable drug response and points to po-
tential therapeutic mechanisms that could render resistant
clones as sensitive.

Discussion
The very name of this tumor type, glioblastoma multiforme, has
long defined its morphologic heterogeneous nature. There is
increasing appreciation that intratumoral genetic heterogeneity
is central to GBM biology (9, 14) and therapeutic resistance (10).
A number of recent studies demonstrated intratumoral het-

erogeneity in GBM by showing regional variation and cell-to-cell
differences in expression of receptor tyrosine kinases (12, 13, 15).

Also, recent studies of GBM geography demonstrate maps of
regional copy number and gene expression differences that im-
portantly shed light on mechanisms of intratumoral clonal evo-
lution in space and time and show that individual tumors can
contain cells corresponding to different GBM subgroups (14).
These observations have been extended by a single cell genomic
analysis of a large number of GBM cells from five patient
tumors, which strikingly reveals the genomic complexity of
this tumor (9).
To date, however, these features of genetic heterogeneity have

not been directly linked to functional readouts such as drug re-
sponse, growth, or differentiation potential. Unless we consider
functional analysis from single cell derived populations, it will be
difficult to find the precise driver genes and molecular pathways
responsible for aggressive behavior of individual clones in a het-
erogeneous tumor, particularly if those clones are rare. Direct
functional-genomic correlations at a clonal level will be essential
to developing new GBM therapies.
In this study, we developed a strategy to analyze pro-

spectively isolated single GBM clones from fresh tumors that
links genotypes of individual subclones with tumorigenic,
proliferative, differentiation, and, most importantly, drug re-
sponsiveness properties. Our proof-of-principle drug screen
shows that single tumors contain clones that respond differ-
ently to known cancer drugs, thus highlighting the opportunity
to identify resistant clones, define prognostic biomarkers, and
develop clone-specific combination therapies. Importantly, a
clonal analysis of the standard GBM biomarker MGMT did
not correlate with TMZ responsiveness, suggesting that new
biomarkers of drug responsiveness are sorely needed, consis-
tent with more recent bulk GBM genomic analyses which
highlight the subgroup limitations of this marker (1). We
predict that further studies of larger groups of patient tumors and
derived clones are likely to yield additional clonal vulnerabilities
that will have clinical relevance.
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Understanding the significance of cancer genetic heterogeneity
and the impact on cancer relapse is enormously challenging and
will require multiple approaches. The integration of genomics
techniques with sophisticated bioinformatic analysis and, most
importantly, clonal functional assays, provide a direct starting
point, as it will identify tumor subpopulations that drive growth
and therapeutic resistance. Future developments of this strategy
would consider deep sequencing of bulk tumors and clones com-
bined with computational inference of intratumoral clonal struc-
ture (30). In addition, combining single cell approaches (9) with
single clone derived functional analysis are likely to give a clearer
picture of GBM heterogeneity and the significance of genomic di-
versity. Although our approach may not capture all relevant clones
in the primary patient sample, our study focuses on the critical tu-
morigenic fraction, as functional assays for the bulk population have
not been developed. We predict that clone-specific functional pro-
filing of GBMs will help identify aggressive clones, new cancer driver
mechanisms, molecular signatures, and therapeutic vulnerabilities
emphasizing the potential of cancer treatment at a clone-specific
level. We envisage a similar clonal functional analysis strategy will
be applicable to deciphering heterogeneity in other types of cancer.
One potential application of this approach will be the development
of anticipatory therapy, directed at the most aggressive relapse-ini-
tiating clones identified at the time of patient diagnosis.

Materials and Methods
Two naïve and two recurrent tumors originated from four individual
patients. Single cell-derived clonal populations were retrieved by FACS live
sorting and expanded in stem cell conditions. Intracranial cell transplantation
involved injection of 100,000 cells into immuno-compromised (NSG) mice.
Immunohistochemistry was performed on paraffin-embedded tissue. Clonal
protein expression of EGFRvIII was analyzed with Western blots using
EGFRvIII-transfected human fetal brain cells (HF7450NS) as a control. Differ-
entiation assays were carried out in growth factor withdrawal conditions.

AlamarBlue assay was performed for cell survival analysis after drug treatment
(temozolomide; National Cancer Institute oncology drug library). MGMT
promoter methylation was determined by nested two-stage methylation-
specific PCR (18), using CpGenome Universal Methylated DNA (Millipore)
and patient blood DNA as controls. Genetic profiling of GBM samples was
carried out with Affymetrix Human SNP Array 6.0 microarrays, using
CRMAv2 (31) for preprocessing, the CBS algorithm (32) for genome seg-
mentation, and custom R scripts for filtering and global analyses. Broad
genomic segments were filtered. Matched blood reference was used for
three tumors, whereas a median diploid genome of 226 patients (33) com-
bined with filtering of polymorphic copy number variants (34) was used on
the unmatched tumor GBM-489. Phylogenetic analysis of copy number
variation was conducted with a Markov Chain Monte Carlo procedure using
the MrBayes software (35). To enumerate copy number changes of chro-
mosomes 7, 3, and 17, the Urovision probe kit (Abbott Laboratories) was
used. Transcriptional profiling was performed with Affymetrix Human Gene
1.0 ST microarrays, using the RMA algorithm for preprocessing and z-scores
for differential expression estimation. Pathway enrichment analysis was
performed with g:Profiler (19) and visualized as Enrichment Maps (36) with
Cytoscape. All experiments were conducted on cell cultures below 20 pas-
sages. The identity of all samples was confirmed by genotyping analysis with
Genotyping Console (Partek), and by short tantem repeats (STR) analysis.
Extended description of methods is available in SI Appendix, SI Materials
and Methods.
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