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The available evidence suggests that the lethality of glioblastoma is
driven by small subpopulations of cells that self-renew and exhibit
tumorigenicity. It remains unclear whether tumorigenicity exists as
a static property of a few cells or as a dynamically acquired prop-
erty. We used tumor-sphere and xenograft formation as assays for
tumorigenicity and examined subclones isolated from established
and primary glioblastoma lines. Our results indicate that glioblas-
toma tumorigenicity is largely deterministic, yet the property can
be acquired spontaneously at low frequencies. Further, these
dynamic transitions are governed by epigenetic reprogramming
through the lysine-specific demethylase 1 (LSD1). LSD depletion
increases trimethylation of histone 3 lysine 4 at the avian
myelocytomatosis viral oncogene homolog (MYC) locus, which el-
evates MYC expression. MYC, in turn, regulates oligodendrocyte
lineage transcription factor 2 (OLIG2), SRY (sex determining region Y)-
box 2 (SOX2), and POU class 3 homeobox 2 (POU3F2), a core set of
transcription factors required for reprogramming glioblastoma cells
into stem-like states. Our model suggests epigenetic regulation of
key transcription factors governs transitions between tumorigenic
states and provides a framework for glioblastoma therapeutic
development.
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Glioblastoma is the most common primary brain cancer and
remains one of the deadliest of malignancies despite con-

temporary treatment strategies (1), with near-uniform fatality
within 2 y of diagnosis (2, 3). There is growing evidence that the
lethality of this tumor is driven by subpopulations of cells with
properties of self-renewal and tumorigenicity (4)—that is, the
capacity to generate phenocopies of the original tumor when
transplanted (5, 6). How glioblastoma cells retain or gain tu-
morigenicity while the bulk of the tumor does not remains a
fundamental question. Conceptualization of this phenomenon
includes the elite and stochastic models (7). The elite model
states that restricted cell subpopulations harbor intrinsic tu-
morigenic properties that cannot be acquired once lost. The
stochastic model, on the other hand, presupposes that all cells
within a population are intrinsically comparable in their ability to
spontaneously acquire or lose tumorigenicity.
Epigenetic alterations are stable, long-term changes in cellular

phenotype that are not due to variations in DNA sequence (8).
One means by which epigenetic alterations impact cell phenotype
involves modulation of transcriptional activity via histone modifi-
cation (9). Here we demonstrate that glioblastoma tumorigenicity
is best conceptualized by a hybrid elite-stochastic model governed
by histone modification through the lysine-specific demethylase 1
(LSD1; aka KDM1A) (10). This modification, in turn, influences
the expression of key transcription factors required to reprogram

glioblastoma cells into a stem-like state, including avian myelo-
cytomatosis viral oncogene homolog (MYC) (11), oligodendrocyte
lineage transcription factor 2 (OLIG2), SRY (sex determining
region Y)-box 2 (SOX2), and POU class 3 homeobox 2 (POU3F2)
(12). Our results suggest that the framework governing glioblas-
toma tumorigenicity parallels that described in mammalian de-
velopment, where cell fate is dictated by epigenetic and hierarchical
regulation of a core set of transcription factors (13).

Results
Examination of Models of Glioblastoma Tumorigenicity. Two accepted
assays of tumorigenicity include tumor-sphere (TS) formation—that
is, cellular capacity to propagate in serum-free media as aggregates
in suspension (14)—and xenograft growth—that is, cellular capacity
to initiate tumor formation upon transplant into immunocompro-
mised mice (5). A purely elite model predicts two distinct types of
subclones: (i) clones derived from elite cells that are capable of both
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TS and xenograft formation and (ii) clones derived from nonelite
cells with neither capability. On the other hand, a purely stochastic
model predicts that cells derived from all subclones will show equal
capacities for both TS and xenograft formation (Fig. 1A).
To test these models, we isolated subclones derived from single

cells of three well-characterized, patient-derived glioblastoma
lines with tumorigenic properties: U87MG, a line established for
over 40 y (15); 83, a line that underwent ∼30 passages (16); and
CMK3, a line that underwent <5 passages (17). To assess the
extent of their genetic homogeneity, the subclones were profiled
by Affymetrix Human Mapping 250K Nsp Arrays and whole
exome sequencing (Fig. S1 and Datasets S1–S3). We observed
∼1% of genetic variation between the various subclones of

U87MG and 83. We did not uncover any recurrent genetic
events associated with tumorigenicity. Moreover, the level of
genetic variation detected was within the range of systematic or
genotyping errors. We therefore considered these subclones to
be genomically isogenic within statistical error of SNP arrays and
exome sequencing.
Approximately 50% of subclones generated from the estab-

lished glioblastoma line U87MG were capable of both TS and
xenograft formation (Fig. 1B). Moreover, these capacities were
mostly stable between independent experiments, suggesting that
tumorigenicity is substantially an intrinsic property of the sub-
clones. Similar clone-to-clone variations in tumorigenicity were
observed for 83 and CMK3 (Fig. S2 A and B). These clone-to-
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Fig. 1. Glioblastoma tumorigenicity shows hybrid features of elite and stochastic models. (A) Schematic representation of each model and its predictions.
Colored circles represent cells with (green) and without (gray) capacity for tumor formation. (B) Subclones of U87MG were passaged under serum/adherent
conditions and tested for ability of single-cell suspensions to propagate as TSs. In parallel, the subclones were tested for ability to form s.c. xenografts. A plus
sign denotes formation of at least one tumor in the five mice injected with the various subclones. Results of two independent experiments are shown (Left).
Vertical scatter plot depicts frequencies of TS formation grouped by xenograft formation ability per Exp 1 (Right). Error bars, SD. (C) Subclones of a low
TS-forming subclone, U87MG-SC1, were tested for TS and xenograft formation capacity. (Top) Schematic depicting the experiment. For each subclone, cells
were split into two independent cultures when the cell number reached 1 × 105 and passaged for 20 additional passages before single-cell TS formation and
xenograft assays. (Bottom) Percentages of single-cell suspensions from each U87MG-SC1 subclone that formed TS as well as the xenograft formation capacity
of each subclone. A plus sign denotes formation of at least one tumor in the five mice injected (Bottom).
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clone variations support the elite model of tumorigenicity.
Further, we observed that the degree of variance (e.g., subclone-
to-subclone variation) in TS formation among the U87MG
subclones exceeded that expected from experimental handling
(Fig. S2C), suggesting that the intrinsic properties of these
subclones contributed to the overall variance of TS formation.
On the other hand, we noted that a few subclones exhibited

changes in tumorigenicity, such as U87MG-SC11 (Fig. 1B). This
observation suggested a stochastic component to tumorigenicity.
To further characterize this stochastic component, we isolated 17
single cell-derived subclones from U87MG-SC1, a line incapable
of TS or xenograft formation, and tested whether these sub-
clones can spontaneously acquire these properties of tumorige-
nicity. Importantly, for each subclone, cells were split into two
independent cultures when the cell number reached 1 × 105. The
cultures were then assessed in terms of TS- and xenograft-
forming capacities after 20 additional passages (Fig. 1C). In the
first set of cultures, one U87MG-SC1 subclone acquired the
capacities for TS and xenograft formation, whereas in the second
set a distinct subclone acquired these capacities. These obser-
vations suggest that a stochastic event occurring after the culture
split induced tumorigenicity. Overall, our findings suggest that
tumorigenicity in glioblastoma cells is best described by a hybrid
model that is largely deterministic (elite) but with opportunities
for dynamic (stochastic) interchange between nontumorigenic
and tumorigenic states.

Requirement of MYC Expression in Glioblastoma Tumorigenicity. To
elucidate the molecular determinants that mediate tumorigenic-
ity, we performed expression profiling of the U87MG subclones.
Realizing the hazards of signature creation from a limited dataset
(18), we tested whether the subclones of differing tumorigenicity
can be distinguished based on a previously published gene sig-
nature that correlated with tumorigenicity in a series of short-
term–passaged, patient-derived glioblastoma lines (19). Principal
component analysis and hierarchical clustering using this signa-
ture partitioned our subclones by their intrinsic tumorigenicity
(Fig. 2 A and B). This observation suggested that the physiology
underlying tumorigenicity in U87MG is analogous to that pre-
viously observed in short-term–passaged glioblastoma lines.
Supporting this hypothesis, tumorigenic subclones of U87MG
exhibited increased expression of CD133, a cell surface marker
associated with glioblastoma tumorigenicity (5, 6) (Fig. S3A).
Pathway analysis of our tumorigenicity signature did not reveal

enrichment for any particular biologic processes. We next ex-
plored whether these genes were commonly regulated by a master
transcription factor. To this end, we identified gene signatures
associated with transcription factors implicated in glioblastoma
pathogenesis (20, 21) and determined their overlap with the tu-
morigenicity signature (19). Using this approach, we identified
MYC (21). Of the 342 genes in the tumorigenicity signature that
were evaluable across microarray platforms, 61 (17.8%) over-
lapped with the 1,416 evaluable genes in the MYC signature. This
overlap was significantly higher than would be expected by chance
(1,416/11,532 total genes, or 12.3%; χ2 two-tailed P < 0.0001;
Fig. 2C and Dataset S4). Supporting the importance of MYC
as a tumorigenicity determinant, tumorigenic U87MG subclones
consistently exhibited increased expression of MYC as well as
established MYC target genes, including growth arrest and
DNA-damage–inducible beta (GADD45B) (22), lactate de-
hydrogenase A (LDHA) (23), and telomerase reverse transcrip-
tase (TERT) (24) (Fig. S3B). Notably, spontaneous acquisition of
tumorigenicity by U87MG-SC1 subclones (Fig. 1C) was accompa-
nied by increased MYC expression (Fig. 2D). MYC expression also
tracked closely with tumorigenicity in the glioblastoma lines 83 and
CMK3 (Fig. S3 C and D).
As further evidence of the critical role of MYC as a determinant

of tumorigenicity, its exogenous expression in U87MG-SC1 re-

stored cellular capacity for xenograft formation (Fig. S3E). Fur-
ther, MYC silencing in a tumorigenic U87MG subclone, U87MG-
SC10, abolished its tumorigenicity (Fig. S3F).
To gain assurance that the findings are not specific to estab-

lished glioblastoma lines, we performed experiments using freshly
isolated human glioblastoma specimens. Each specimen was im-
mediately processed for MYC immunoblotting, cell culture, and
xenograft growth in nude mice. The three specimens out of eight
that could be cultured as TSs and formed xenografts also har-
bored the highest expression levels of MYC (Fig. 2E). Of note,
lines derived from the two specimens with the highest MYC ex-
pression (CMK3 and CMK7) propagated as xenografts after 10
serial passages, whereas the line derived from the specimen with
the lower MYC expression (CMK12) failed to propagate beyond
10 passages. Second, we tested whether subpopulations from a
single glioblastoma specimen differing in tumorigenicity differed
in MYC expression. A2B5 is a cell surface ganglioside epitope
expressed on glial progenitors and marks glioblastoma cells with
enhanced tumorigenicity (25). When cells from fresh glioblas-
toma specimens from two independent patients were FACS
sorted into high and low A2B5-expressing subpopulations, those
showing high expression showed 2–3-fold higher MYC expression
relative to those with low expression (Fig. S4A).
To analyze the association of MYC expression with tumorige-

nicity in a larger number of clinical glioblastoma specimens, we
took a bioinformatics approach. Using The Cancer Genome Atlas
(TCGA) glioblastoma database, we found that MYC expression is
elevated in all glioblastoma subtypes relative to normal human
cerebrum (Fig. 2F). Moreover, MYC expression was elevated in
recurrent glioblastomas relative to newly diagnosed glioblastomas
(Fig. 2G). Expression of a MYC core signature (21) further cor-
related with a gene signature associated with tumorigenicity in
glioblastomas (26) (r = 0.64; Fig. 2H). These results support an
association between MYC expression and tumorigenicity.
We additionally confirmed the association between MYC ex-

pression and tumorigenicity in three genetically engineered murine
models (GEMMs) of glioblastoma. Cyclin-dependent kinase in-
hibitor 2A (Cdkn2a, also known as Ink4a/Arf)-null neural stem/
progenitor cells (NSCs/NPCs) (27), which are not tumorigenic,
formed lethal intracranial tumors upon exogenous MYC expression
(Fig. 2I). Exogenous expression of platelet-derived growth factor
beta (PDGFB) in the NSC/NPC line increased its tumorigenicity
(27, 28) (Fig. S4B). This tumorigenicity was abolished upon doxy-
cycline-inducible MYC shRNA silencing in this line (Fig. S4C).
Similar loss of tumorigenicity following MYC shRNA silencing was
also observed in a line derived from an hGFPA-Cre+: Tp53lox/lox;
Ptenlox/+ GEMM (29) (Fig. S4D). Overall, these observations
demonstrated consistent associations between MYC expression
and tumorigenicity.

MYC Modulates Transcription Factors That Mediate Tumorigenicity.
Having established the association between MYC and tumorige-
nicity, we next investigated the molecular mechanism underlying
this association. Core transcription factors that mediate reprog-
ramming of glioblastoma into more stem-like states were recently
identified (12). Because tumorigenicity is a property associated
with a stem-like state (5), we examined the genetic interaction
between MYC and these core transcription factors. MYC shRNA
knockdown in U87MG decreased the expression levels of three of
the four transcription factors sufficient for glioblastoma reprog-
ramming, including OLIG2, SOX2, and POU3F2 (Fig. 3A). This
result was recapitulated using the glioblastoma line 83 (16)
(Fig. S5A). Additionally, exogenous MYC expression in U87MG
induced the expression of these reprogramming factors (Fig. 3B).
In contrast, siRNA knockdown of POU3F2, SOX2, or OLIG2 in
U87MG did not affect MYC expression, suggesting that MYC is
not downstream of these three transcription factors (Fig. 3C).
These results were also recapitulated in the 83 glioblastoma line
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(Fig. S5B). Moreover, the expression levels of MYC, OLIG2,
SOX2, and POU3F2 were elevated in a tumorigenic murine
Cdkn2a (Ink4a/Arf), Pdgfb+ glioblastoma line (27, 28) relative to
its nontumorigenic precursor Cdkn2a (Ink4a/Arf) astrocyte line
(Fig. 3D). Similar results were observed in a tumorigenic murine
hGFPA-Cre+: Tp53lox/lox; Ptenlox/+ glioblastoma line and its non-
tumorigenic precursor hGFPA-Cre+: Tp53lox/lox astrocyte line (29)
(Fig. S5C).
Consistent with our hypothesis of a MYC-OLIG2 regulatory

axis, immunohistochemical (IHC) analysis of a panel of 65 human
glioblastoma specimens showed a tight association between
MYC and OLIG2 (30) staining. Of the specimens with high
MYC staining, 96% showed high OLIG2 staining (Materials and
Methods). In contrast, only 11% of specimens with undetectable

MYC staining showed high OLIG2 staining (P < 0.05; Fig. 3E).
Colabeling immunofluorescence (IF) experiments further dem-
onstrated that between 7% and 15% of glioblastoma cells
stained positive for both MYC and OLIG2 (Fig. 3F).
Analysis of TCGA glioblastoma trancriptome datasets revealed

that the mRNA expression of OLIG2, SOX2, and POU3F2
closely correlated with one another (Fig. S6), supporting their
regulation by a common regulator. Further supporting this hy-
pothesis, immunostaining of SOX2, like OLIG2, closely tracked
with MYC (Fig. S7).

Epigenetic Regulation of MYC Expression by LSD1. Despite the near
isogenicity of the U87MG and 83 subclones (Fig. S1), the sub-
clones exhibit differing tumorigenicity (Fig. 1B). We thus
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hypothesized that tumorigenicity and MYC expression are
epigenetically modulated. Trimethylation of histone 3 lysine 4
(H3K4me3) and lysine 27 (H3K27me3) are histone marks found
in chromatin regions with modulated transcriptional activity
(31–33). H3K4me3 favors relaxed chromatin and increased
transcription, whereas H3K27me3 typically represses transcrip-
tion. We first tested the association between MYC expression and
the abundance of H3K4me3 in a panel of short-term–passaged
glioblastoma lines that differed in tumorigenicity (34). We ob-
served that the abundance of H3K4me3 at the MYC locus cor-
related closely with MYC expression (r2 = 0.93; Fig. 4A).

We next performed chromatin immunoprecipitation (ChIP) to
assess the relative abundance of H3K4me3 and H3K27me3 at the
MYC locus in a panel of subclones of the glioblastoma line 83 (16)
that differed in MYC expression (Fig. 4B) and tumorigenicity (Fig.
4C). We found that high H3K4me3 tracked closely with tumori-
genicity and high MYC expression, whereas high H3K27me3
tracked closely with lack of tumorigenicity and lowMYC expression
(Fig. 4D). Moreover, a U87MG-SC1 subclone that spontaneously
acquired tumorigenicity and high MYC expression exhibited higher
H3K4me3 and lower H3K27me3 levels at theMYC locus relative to
a nontumorigenic U87MG-SC1 subclone (Fig. 4E).
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To better establish chromatin remodeling as a mechanism for
regulation of MYC expression, we next determined whether
perturbations that alter tumorigenicity simultaneously altered
H3K4me3 to H3K27me3 distribution at theMYC locus. Culturing
CMK3 (17), normally cultured as TSs in serum-free media, in the
presence of serum significantly diminished its tumorigenicity rel-
ative to cells cultured under TS conditions (Fig. 4F). This loss of
tumorigenicity was associated with a decrease in MYC expression
(Fig. 4G) and an increase in the ratio of H3K27me3 to H3K4me3
at the MYC locus (Fig. 4H). Finally, in the eight freshly resected
glioblastoma specimens (Fig. 2E), the three tumorigenic, high-
MYC specimens harbored significantly higher levels of H3K4me3
at the MYC locus relative to the remaining nontumorigenic

specimens (Fig. 4I). These results support our hypothesis that
epigenetic regulation of MYC serves as a determinant of glio-
blastoma tumorigenicity.
The KDM family of histone lysine demethylases is primarily

responsible for regulating histone marks including H3K4 and
H3K27 trimethylation (35). We hypothesized that members of
this family may modulate the relative abundance of H3K4 tri-
methylation at the MYC locus. To test this hypothesis, we con-
ducted a targeted RT-PCR screen to identify members of the
KDM family previously shown to modulate H3K4 methylation
and determine if any members exhibit expression patterns that
correlated with MYC expression. Of those tested, a correlation
was found only for LSD1 (KDM1A) (Fig. 5A). LSD1 catalyzes
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that propagated as TSs following graded LSD1 knockdown. All error bars, SD.

Kozono et al. PNAS | Published online July 9, 2015 | E4061

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S



the demethylation of H3K4me2 and H3K4me1 and promotes
loss of H3K4me3 to repress gene expression (10, 36). As such, we
hypothesized that LSD1 expression regulates H3K4me3 ho-
meostasis at the MYC locus. Supporting this hypothesis, LSD1
mRNA levels inversely correlated with H3K4me3 at the MYC
locus for all subclones of the glioblastoma line 83 (Fig. 5B).
LSD1 silencing in the glioblastoma line 83 induced increased
H3K4me3 abundance at the MYC locus and increased MYC
expression (Fig. 5C). Moreover, suppression of CMK3 tumor-
igenicity by serum addition led to increased LSD1 expression
(Fig. 5D). Additionally, a U87MG-SC1 subclone that spontaneously
acquired tumorigenicity (and increased H3K4me3 at the MYC
locus) exhibited decreased expression of LSD1 relative to a
nontumorigenic subclone (Fig. 5E). The tumorigenic U87MG
subclones consistently exhibited higher MYC and lower LSD1
expression relative to the nontumorigenic subclones (Fig.
S8A). Finally, decreased LSD1 expression tracked closely with
increased MYC H3K4me3 and MYC expression in both the
murine Cdkn2a (Ink4a/Arf), Pdgfb+ and the hGFPA-Cre+:
p53lox/lox; Ptenlox/+ glioblastoma models (Fig. S8B).
To demonstrate the clinical pertinence of our tissue culture

findings, we characterized the LSD1 expression levels in our
panel of eight freshly resected glioblastoma specimens. We
found that the three tumorigenic, high-MYC specimens har-
bored significantly lower expression of LSD1 relative to the
remaining nontumorigenic specimens (Fig. 5F). Moreover, single
glioblastoma cells were isolated from one freshly dissected clinical
specimen without culture and subjected to quantitative PCR
(qPCR) analysis of MYC and LSD1 expression. Consistent with our
MYC IHC stain (Fig. 3E), we found that ∼10% of the analyzed
cells exhibited significantly elevated MYC mRNA expression. The
LSD1 expression in these high MYC-expressing cells was signifi-
cantly lower relative to the low MYC-expressing cells (Fig. 5G). In
aggregate, our results suggest that LSD1 regulates transitions in
tumorigenicity through epigenetic modulation of MYC.
Interestingly, previous reports suggest that LSD1 silencing or

pharmacologic inhibition exerts antineoplastic effects (12, 37). In
contrast, our results suggest that LSD1 knockdown induces
MYC expression and tumorigenicity. We hypothesized that the
discrepant results may be the consequence of differing levels of
LSD1 knockdown. Efficient silencing of LSD1 may induce cell
death. However, transient, partial silencing of the LSD1 level
may facilitate transitions between tumorigenic states, as we ob-
served. Supporting this hypothesis, titration of LSD1 siRNA
transfection revealed that the lower range of siRNA transfection
was conducive to tumorigenicity, as evidenced by increased TS
formation, whereas higher ranges were associated with cell death
and lowered MYC expression (Fig. 5H).

Discussion
Although elegantly engineered murine models have been created
for in vivo studies of glioblastoma tumorigenicity (38, 39), their
pertinence to the human disease warrants careful interpretation
(40). Ultimately, thoughtful interpretation of these results in the
context of clinically derived specimens and cell lines is warranted. In
this context, we studied how cell subpopulations retain or gain tu-
morigenicity using glioblastoma cell lines that underwent variable
numbers of passages and validated our observations using clinical
specimens. Our results are largely consistent with studies in murine
models indicating that tumorigenicity is largely an intrinsic property
of the cell (38, 39). However, tumorigenicity can also be gained or
lost as a result of what appear to be stochastic fluctuations (41) in
the expression of epigenetic regulators such as LSD1 (10). These
changes initiate altered regulation of a cascade of transcription
factors capable of cellular reprogramming (42), including MYC
(43), ultimately transforming the cellular capacity for tumorigenicity
(Fig. 6). Our results indicate that this reprogramming did not fun-
damentally alter the expression of genes that determine the glio-

blastoma subtype (Fig. S9). The capacity for spontaneous transition
in cell states provides a potential mechanism for acquired thera-
peutic resistance and warrants consideration in rational design of
combinatorial therapy. Importantly, it places an emphasis on
targeting the transition between nontumorigenic and tumori-
genic states, rather than a static population of elite cells.
There is emerging or renewed interest in targeting the genes

implicated in our study [i.e., LSD1 (37, 44) and MYC (45, 46)] as
an anticancer strategy. Notably, these genes, and downstream
factors including OLIG2 and SOX2, modulate cellular pheno-
types in a dose-dependent manner (47–49). Consequently, their
expression is tightly regulated during normal development (50,
51). Our observation that LSD1 silencing can promote tumori-
genicity or cell death depending on the level of knockdown
represents an extreme version of this dose dependency. This may
partly explain the variability in responses to LSD1 inhibition
observed in differing contexts. For instance, LSD1 inhibitors
have been shown to inhibit the growth of teratocarcinoma, em-
bryonic carcinoma, and seminoma cells (44). On the other hand,
LSD1 depletion increased migration and invasion of androgen-
independent prostate cancer cells (52). The dichotomy of this
“Janus” effect (53) bears relevance given the nonuniform phar-
macologic distribution of therapeutic agents within tumors (54,
55). The mechanistic basis for the dichotomy is thus an impor-
tant area of active exploration.
Molecular and phenotypic cell-to-cell variability within a clonal

population, shown here for LSD1, has been previously described
for other genes (56). The observed heterogeneity in LSD1 and
MYC expression within glioblastoma cell populations is somewhat
anti-intuitive, particularly in the context of long-term–passaged
cell lines, where one may expect the more robust tumorigenic cells
to eventually dominate the population. It remains unclear whether
heterogeneity is maintained because nontumorigenic cells con-
tribute to the overall in vitro or in vivo fitness of the cell pop-
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ulation (57), from stochasticity inherent to molecular interactions
(58, 59) or from interaction with the tumor microenvironment
(60). Understanding the basis of cell individuality within cancer
may be of value in shaping therapeutic paradigms.

Materials and Methods
Cell Lines, Culture, and TS Formation Assays. U87MG and derived subclones
were propagated in DMEM + 15% (vol/vol) FBS + 100 U/mL penicillin/100 ng/
mL streptomycin in tissue culture-treated plates at 37 °C in humidified
5% (vol/vol) CO2. The glioblastoma lines CMK3 and 83 were passaged as TSs
in complete NeuroCult NS-A (Stemcell Technologies), including 20 ng/mL
recombinant human (rh) EGF + 10 ng/mL rh bFGF (FGF2) + 2 μg/mL heparin +
100 U/mL penicillin/100 ng/mL streptomycin (TS media). Primary glioblas-
toma lines CMK1–13 were derived from fresh surgical specimens after
written informed consent. Subclones of U87MG, CMK3, and 83 were derived
by plating of single cells. Approximately 10% of the plated cells gave rise to
propagating subclones. Specimens were dissociated and propagated under
serum/adherent and TS conditions.

Single-cell TS formation assays were performed by placing single cells by
limiting dilution into individual wells of ultra-low attachment 96-well plates
(Corning Incorporated) containing 100 μL TS media. After 2 wk, wells were
scored as positive if by visual inspection they contained an aggregate of ≥16
cells. Approximately 100 single cells were scored in each experiment.

For MYC knockdown, MYC shRNA sequence TRCN0000416981 (The RNAi
Consortium, Broad Institute of MIT and Harvard) was cloned into the Tet-
pLKO.1-puro doxycycline-inducible vector. For exogenous expression, cells
were transduced with MYC via the pMIG vector as previously described (61).

Xenograft Studies. The s.c. xenografts were generated by injecting in the
flanks of homozygous NCr nude mice (Charles River Laboratories) either
trypsinized cells propagated under serum/adherent conditions and sus-
pended in PBS or cells propagated under TS growth conditions. Tumor xe-
nograft volume was assessed by a pair of calipers according to the formula
π(length)(width)2/6. Intracranial xenografts were generated by anesthetiz-
ing mice with ketamine 150 mg/kg and xylazine 12 mg/kg i.p. (Phoenix
Pharmaceuticals) before head fixation in a stereotactic frame (Stoelting),
injection of cells through a 27-gauge needle for 2 min at 2 mm lateral and
posterior to the bregma and 3 mm below the dura, and incision closure
with Vetbond (3M Co.). Tumor specimens were formalin fixed and paraffin
embedded before sectioning and hematoxylin/eosin (H&E) staining, IF, or
immunohistochemistry studies.

Details on murine tumor model studies are provided in SI Materials
and Methods.

Immunostaining and Molecular Techniques. ChIP and qPCR were performed as
previously described (62, 63). Normalized Ct (ΔCt) values were calculated by
subtracting the Ct obtained with input DNA from that obtained with
immunoprecipitated DNA [ΔCt = Ct (IP) – Ct (input)].

For single-cell qPCR, ∼2,000 cells isolated from a freshly resected clinical
specimen were loaded onto a 17–25 μm C1 single-cell Auto Prep IFC chamber
(Fluidigm), and cell capture was performed according to the manufacturer’s
instructions. Capture efficiency was 77% (74/96 wells occupied with a single
cell) as determined by fluorescent microscopy. Both the empty wells (7) and
doublet-occupied wells (15) were noted and excluded from further analysis.
Upon capture, reverse transcription and cDNA preamplification were per-
formed according to the manufacturer’s instructions (Fluidigm). cDNA was
then harvested and assessed using Flex Six ChIP to examine the expression
levels of MYC, LSD1, GAPDH, and ACTIN.

Primers, antibodies, and detailed immunostaining methods are provided
in SI Materials and Methods.

Statistics. Murine survival following xenograft implantation was plotted
using the Kaplan–Meier method and compared using the log-rank test. The

Levene test for equality of variances (64) was used to assess for statistically
significant differences in the variability of tumor-sphere (TS) formation rates
among subclones compared with control. To demonstrate enrichment of
genes driven by MYC in the tumorigenicity signature, χ2 analysis was per-
formed as a two-tailed test with P < 0.05. All analyses were performed using
SAS JMP 9.0.

Bioinformatics.
SNP analyses. Whole-genome DNA was extracted from 10 clones using a DNA
extraction kit (Qiagen) and profiled using Human Mapping 250K NSP Arrays
(Affymetrix). The 10 sample .CEL files were analyzed using Genotyping
Console Version 4.1.3.840 (Affymetrix) following the manufacturer’s in-
structions. The dataset is available under Gene Expression Omnibus (GEO)
accession no. GSE56316.
Gene expression analyses. RNA samples from glioblastoma cell lines including
U87MG subclones in the midlogarithmic growth phase were analyzed using
Affymetrix HT HG-U133A arrays. Robust Multichip Average (RMA) gene-
centric expression summary values were computed using RMAExpress (65),
using a custom chip definition file (CDF) generated using AffyProbeMiner
(66). The dataset is available under GEO accession no. GSE54967.

Principal component analysis was performed using MultiExperiment
Viewer v4.6 (67) with the subset of genes in a published tumorigenicity
signature (19). Significance Analysis of Microarrays (68) was performed to
identify genes whose expression levels differed significantly between high
versus low TS-forming U87MG subclones.
TCGA analyses. Preprocessed level 3 data were obtained from TCGA (69) for
582 glioblastoma specimens. Specimens were categorized according to
TCGA subtype—proneural, neural, mesenchymal, or classical—as previously
defined (70). A normalized expression value for each gene was calculated by
subtracting the gene’s mean expression value across the dataset and then
dividing by its SD. Signature scores were calculated by summing the nor-
malized expression values of all genes up-regulated in the signature and
subtracting the normalized expression values of all genes down-regulated in
the signature. Signatures used include the core MYC regulated genes (21)
and the xenograft tumorigenicity genes (26). The resultant signature scores
were plotted, and Pearson’s correlation coefficients were determined.
Epigenetic analyses of histone modifications. Published ChIP-seq data (34) were
downloaded to assess H3K4me3 abundance at theMYC locus (MYC gene + 2 kb
upstream) of four glioblastoma (CSC) and an NSC line. Mean H3K4me3
abundance was plotted against MYC expression determined by Affymetrix
HG-U133 Plus 2 arrays using probeset 202431_s_at. Correlation was analyzed
by linear regression.
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Dana-Farber/Harvard Cancer Center institutional review board under pro-
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