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Summary

Glioblastoma (GBM) is thought to be driven by a sub-population of cancer stem cells (CSCs) that
self-renew and recapitulate tumor heterogeneity, yet remain poorly understood. Here we present a
comparative histone modification analysis of GBM CSCs that reveals widespread activation of
genes normally held in check by Polycomb repressors. These activated targets include a large set
of developmental transcription factors (TFs) whose coordinated activation is unique to the CSCs.
We demonstrate that a critical factor in the set, ASCL1, activates Wnt signaling by repressing the
negative regulator DKKI. We show that ASCL1 is essential for maintenance and in vivo
tumorigenicity of GBM CSCs. Genomewide binding profiles for ASCL1 and the Wnt effector
LEF1 provide mechanistic insight and suggest widespread interactions between the TF module
and the signaling pathway. Our findings demonstrate regulatory connections between ASCL1,
Wht signaling and collaborating TFs that are essential for the maintenance and tumorigenicity of
GBM CSCs.
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Introduction

The importance of epigenetic regulation in cancer initiation and progression is now well
recognized (Baylin and Jones, 2011; Pujadas and Feinberg, 2012). Aberrant DNA
methylation patterns and recurrent mutations in genes encoding chromatin-modifying
enzymes have been documented in a wide range of tumors. Cancer cells maintain distinctive
transcriptional programs that reflect their lineage, differentiation stage and cellular
environment. These transcriptional programs are driven by transcription factors (TFs) that
interact with regulatory sequences, and by proteins that modulate the chromatin state of
specific loci. Transcriptional and epigenetic programs can exhibit striking heterogeneity
within a tumor and may distinguish cancer stem cells (CSCs) or other sub-populations of
clinical significance. However, these malignant programs and their variability remain poorly
understood.

Chromatin state maps provide a general and systematic means for gauging the activity and
epigenetic state of promoters, genes and other regulatory elements within a particular cell
type (Bell et al., 2011; Zhou et al., 2011). These maps are acquired by coupling chromatin
immunoprecipitation with deep sequencing (ChlP-Seq), and are typically applied to histone
modifications that mark different types of functional sequence elements. Chromatin data can
be integrated with TF recognition motifs or binding profiles to gain more specific insight
into the regulators and pathways that activate these sequence elements in specific cellular
contexts (ENCODE Project Consortium, 2012; Ernst et al., 2011). Although these
approaches have been applied to cancer models to a limited extent (Baylin and Jones, 2011),
their potential has yet to be explored systematically.

Glioblastoma (GBM) is the most common malignant brain tumor in adults and is associated
with poor prognosis despite aggressive treatment. Transcriptional profiling studies have
revealed biologically relevant GBM subtypes associated with survival and response to
therapy, as well as specific dysregulated cellular pathways (Huse and Holland, 2010).
Furthermore, epigenetic regulators, including the Polycomb repressors EZH2 and BMI1, and
specific DNA methylation changes have been linked to disease pathology, prognosis and
therapeutic responses (Suva et al., 2009; Bruggeman et al., 2007; Lee et al., 2008). Recent
work has also shown that epigenetic resetting by induced pluripotent stem cell
reprogramming followed by lineage differentiation can override the malignant properties of
GBM (Stricker et al., 2013). However, little is known about the control mechanisms that
drive these transcriptional programs and their contribution to the malignant phenotype in
GBM.

Recent studies have documented sub-populations of GBM cells with tumor-propagating
capacity that are believed to constitute the tumor's driving force and to play a major role in
tumor recurrence and resistance to therapy (Bao et al., 2006; Chen et al., 2012; Singh et al.,
2004). This subpopulation can be prospectively isolated ex vivo with specific cell surface
markers (Singh et al., 2003; Son et al., 2009) or defined culture conditions (Lee et al., 2006;
Lottaz et al., 2010; Wakimoto et al., 2009) and expanded /n vitro as gliomaspheres. Upon
serial xenotransplantation, these cells initiate tumors that closely phenocopy the patient's
parental tumor both morphologically and genetically (Galli et al., 2004; Singh et al., 2004;
Wakimoto et al., 2009). Because of their unlimited self-renewal capacity and their ability to
seed malignant tumors /n vivo this sub-population satisfies major criteria for cancer stem
cells (CSCs) (Valent et al., 2012).

Here we combined chromatin profiling, computational analysis and directed cellular
perturbations to characterize transcriptional and epigenetic regulatory programs in GBM
CSCs. Comparative analysis of chromatin maps for GBM CSCs, differentiated GBM cells
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and non-malignant neural cells reveals a module of developmental TFs that is coordinately
activated in the CSCs. Functional analysis suggests that these TFs play essential roles in
GBM CSCs. In particular, we show that ASCL1 directly activates Wnt signaling and is
essential for GBM CSC maintenance and /n vivo tumorigenicity. Genome-wide maps for
ASCL1 and the Wnt effector LEF1 suggest specific mechanisms and widespread interplay
between the TF module and the signaling pathway. Our findings thus provide global and
mechanistic insight into the regulatory programs that drive a CSC-like population critical for
GBM pathogenesis.

Comparative epigenomic analysis of GBM CSCs and human astrocytes

We focused our study on four GBM CSC lines derived from different human tumors that
were defined functionally through their ability to initiate tumors in a xenotransplantation
model (Wakimoto et al., 2009; Wakimoto et al., 2011). These lines grow as gliomaspheres
(Figure 1A; see Experimental Procedures) and express the CSC cell surface markers CD133
and SSEA-1 (Figure 1B) and the neural progenitor intermediate filament Nestin (Figure
S1A). GBM CSCs show differentiation potential towards the neuronal and astrocytic
lineages, as shown by MAP-2 and GFAP expression respectively (Figures S1B). Orthotopic
xenotransplantation of a limited number of GBM CSCs leads to formation of tumors that
recapitulate GBM morphology with diffuse infiltration of the brain parenchyma (Figure
1C).

We systematically examined the transcriptional and epigenetic landscapes of GBM CSCs by
profiling histone H3 lysine 4 trimethylation (H3K4me3; a marker of transcriptional
initiation), lysine 36 trimethylation (H3K36me3; transcriptional elongation), and H3 lysine 4
monomethylation (H3K4mel; candidate enhancers) (Figure 1D; Table S1) (Zhou et al.,
2011). We also mapped H3 lysine 27 trimethylation (H3K27me3), a repressive mark
catalyzed by the Polycomb protein EZH2. For comparison, we also profiled normal human
astrocytes (NHA) isolated from fetal brain, ES cell-derived neural stem cells (NS; Figure
S1C-F) (Conti et al., 2005) and previously characterized serum-cultured GBM cell lines
derived from the same patient tumors as our GBM CSCs (Wakimoto et al., 2009). These
traditional GBM lines grow as adherent monolayers, do not express GBM CSC cell-surface
markers and fail to initiate tumors upon orthotopic xenotransplantation in limiting dilution
assays (Figure S1G-J).

We initially focused our attention on the four GBM CSC lines using the NHA as normal
comparators. For each cell type, we classified over 20,000 gene promoters as “active” (only
H3K4me3 detected) or “repressed” (H3K27me3 detected, with or without H3K4me3, or
neither mark) (Figure S2A; Table S2). H3K27me3-marked promoters are maintained in an
inactive state by Polycomb complexes, while promoters with neither mark are frequently
repressed through DNA hypermethylation (Meissner et al., 2008). We compared
assignments between cell types in order to identify genes that are differentially regulated in
a majority of the GBM CSC lines relative to NHA. Promoters that are ‘active’ in NHA
retain this state in GBM CSCs in a vast majority of cases (n=11586; 94% of NHA
H3K4me3 genes) (Figure 1E), consistent with many of these being housekeeping genes
(Mikkelsen et al., 2007). In contrast, promoters that are ‘repressed” in NHA frequently
change their chromatin state in GBM CSCs in the following manner. Repressed promoters
with H3K27me3 and H3K4me3 (“bivalent’) in NHA predominantly lose H3K27me3 and
become activated in GBM CSCs (n=1057; 59% of NHA bivalent promoters) (Figure 1E).
Repressed promoters with H3K27me3-only in NHA often lose H3K27me3 and switch to the
unmarked state in GBM CSCs (n=591; 48% of NHA H3K27me3 genes). Repressed
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promoters that are unmarked in NHA tend to retain this state in GBM CSCs (n=5110; 88%)
(Figure 1E). Notably, an analogous comparison of NS cells to GBM CSCs also revealed
frequent switching of loci from bivalent (or H3K27me3-only) in the non-malignant cells to
active/H3K4me3 in the CSCs (61%; Figure S2B). In contrast, only 33% of genes with
bivalent chromatin state in NS cells switched to active/H3K4me3 in the non-malignant NHA
(Figure S2C). These statistics suggest that genes marked by H3K27me3 in non-malignant
contexts frequently lose the Polycomb-associated mark and switch their chromatin state in
GBM CSCs.

We next examined how the chromatin state transitions correspond to changes in gene
expression. As expected, genes that switch from “bivalent” in NHA to H3K4me3-only in
GBM CSC are expressed at significantly higher levels in the malignant cell lines (Figure
S2D). In contrast, genes that switch from H3K27me3-only in NHA to unmarked in GBM
CSCs show little or no change in their expression, suggesting that transcriptional changes
are unlikely to underlie this epigenetic switch (Figure S2E). We therefore considered the
possibility that these loci may become DNA methylated in the CSCs, as would be consistent
with prior reports of Polycomb targets becoming hyper-methylated in cancer (Ohm et al.,
2007; Schlesinger et al., 2007; Widschwendter et al., 2007). To test this, we profiled DNA
methylation in three GBM CSC lines (see Experimental Procedures). We found that loci
marked by H3K27me3-only in the NHA become hyper-methylated in the GBM CSCs at a
rate that is two-fold higher than bivalent loci (Figure 1F). Taken together, these findings
suggest that repressive Polycomb complexes are lost from a subset of their target loci in
GBM CSCs, with initially bivalent genes undergoing transcriptional activation and
H3K27me3-only genes acquiring DNA hyper-methylation.

Widespread TF activation in GBM CSCs

To gain insight into the regulatory consequences of the chromatin state transitions, we
examined the identities of genes with *active’ chromatin in GBM CSCs, but ‘repressed’
chromatin in NHA. Unbiased functional enrichment analysis (Dennis et al., 2003) revealed a
significant over-representation of terms related to development and transcriptional
regulation (Figure 2A; Table S3). In contrast, we failed to detect significant enrichment for
genes that were repressed in GBM CSCs but active in NHA (T able S3). We therefore
focused our attention on the set of developmental TFs (n=90) that are differentially activated
in GBM CSCs (Table $4). These include factors previously associated with GBM such as
SOX2(Gangemi et al., 2009), OL/GZ (Ligon et al., 2004), HE'YZ (Hulleman et al., 2009)
and several HOX genes (Murat et al., 2008). However, most of the TFs we detected have not
yet been described in this context. Although the CSC lines used in this study were derived
from different patients and harbor different genetic aberrations (Wakimoto et al., 2011), a
majority of the implicated TFs is active in all four CSC lines (Figure 2B). Conventional
mMRNA microarray profiles confirm that these TFs are expressed at significantly higher
levels in the four CSCs than NHA (Figure 2C). Consistent with their role as developmental
regulators, most of these TFs are marked with bivalent chromatin or H3K27me3 in ES and
NS cells, as well as in primary non-malignant brain sections (Figure S3) (Zhu et al., 2013).
In contrast, we identified few TFs (n=16) that are selectively repressed in the CSCs (Figure
2D). This suggests that a common set of TFs loses Polycomb repression and is induced in
GBM CSCs.

To better understand their specificities, we also studied the chromatin states of the activated
TF genes in representative cell models, including NHA, ES-derived NS cells, the CSCs and
serum-grown GBM cell lines. Clustering the TFs on the basis of their promoter H3K27me3
signals distinguished four subsets: (i) “cancer TFs” active in GBM CSCs and traditional
GBM cell lines; (ii) “CSC TFs” exclusively active in GBM CSCs; (iii) “stem-cell TFs”
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active in CSCs and NS cells; and (iv) NHA-repressed TFs active in all the other cell types
(Figure 2B).

ASCL1 induces Wnt signaling in GBM CSCs

The distinctive chromatin patterns of the CSC TFs prompted us to further explore their
functional significance (Figure 2B; Figure 1G). We specifically examined whether any of
these TFs affect signaling pathways that are essential for GBM CSC proliferation, such as
Notch, Hedgehog and Wnt (Clement et al., 2007; Shih and Holland, 2006; Zheng et al.,
2010). We ectopically expressed each CSC TF in NHA and measured the expression of
canonical target genes for each of these pathways (Figure 3A).

We found that ASCL1 (also known as MASH1) induces AX/NZ, a canonical Wnt target
(Figure 3A). ASCL1I mRNA is highly expressed in all four CSC cell lines but not in NHA
or NS cells (Figure 3B). To confirm the functional connection between ASCL1 and AX/NZ,
we depleted ASCL1in GBM CSCs by shRNA-mediated knockdown (Figure 3C),
whereupon we observed significantly reduced AX/N.Z2 expression (Figure 3D). We also
used a Wnt-responsive luciferase reporter system to test whether ASCL1 control of AXINZ
is associated with a general induction of Wnt signaling and TCF/LEF transcriptional
regulation (Firestein et al., 2008; Veeman et al., 2003). Indeed, ASCL1 increased reporter
gene expression >10-fold compared to a control vector with mutated TCF/LEF sites (Figure
3E). ASCL1-mediated induction of the reporter was dramatically enhanced by co-
stimulation with Wnt3a, suggesting a synergistic mode of action with autocrine or paracrine
Whnt stimulation. Taken together, these results establish ASCL1 as a regulator of Wnt
signaling in GBM CSCs.

To assess the functional role of ASCL1 in CSC maintenance, we performed single-cell
sphere-formation assays of GBM CSCs after sShRNA-mediated ASCL 1 knock-down
(Clement et al., 2007; Galli et al., 2004). Only 2% of ASCL 1-depleted CSCs retained the
capacity to reform gliomaspheres after 14 days compared to nearly 20% of control cells
(Figure 3F and 3G). In addition, spheres generated by ASCL 1 knock-down cells were
significantly smaller (p<10~14; Figure 3H). Mice orthotopically injected with ASCL 1-
depleted GBM CSCs showed prolonged survival compared to those xenotransplanted with
control CSCs (p<0.01; Figure 3l). Thus, ASCL1 is essential for maintenance and
propagation of GBM CSCs.

We next examined ASCL 1 expression in primary GBMs, using published gene expression
profiles (Verhaak et al, 2010; Sun et al., 2006). ASCL1 is expressed at markedly higher
levels in tumors relative to normal brain. However, its expression varies significantly
between molecular subtypes (Kruskal-Wallis p< 10716), with significantly higher levels in
proneural tumors (Figure 3K). ASCL1 also correlates with tumor grade, with increasing
expression in Grade Il and 111 astrocytomas and Grade 1V GBMs of proneural subtype
(Figure 3L). The functional link between ASCL 1 and AX/INZis further supported by
significantly correlated expression across the GBM tumors (Pearson's p=0.52; p<10~14;
Figure 3J). Furthermore, flow cytometric staining in acutely dissociated human GBM
shows that ASCL1 is expressed in a subpopulation of cells with high levels of SOX2, a
marker for GBM subpopulations with CSCs properties (Figure 3M, Figure $4). This result
is supported by /n situhybridization (ISH) in human GBM samples where ASCL 1
expression is restricted to a subset of SOX2-positive cells (Figure 3N).

ASCL1 promotes Wnt signaling directly by repressing DKK1

To identify the direct regulatory targets of ASCL1, we used ChIP-Seq to map ASCL1 in
MGG8 CSCs (see Experimental Procedures; Figure S5). The mapped ASCL1 binding
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sites are highly enriched for its cognate sequence motif and include the known target DL/ 1
(Figure Sb). We found that ASCL1 binds to candidate enhancers (marked by H3K4me1l) in
the vicinity of several genes involved in Wnt regulation, including £ZD5, DKK1, TCF7and
TCF7L1(Figured4A). To test whether these candidates represent direct functional targets,
we ectopically expressed ASCL1 in NHA and measured changes in their expression. The
effect of ASCL1 on Wnt pathway genes was moderate with the exception of 10-fold
downregulation of DKKZ (Figure 4B). This is consistent with a previous report of ASCL1
being a negative regulator of DKKZ in small cell lung cancer cell lines (Osada et al., 2008).
In GBM CSCs, ASCL1 binds to an H3K4mel-marked regulatory element located 5.7 kb
upstream of the DKK1 TSS (Figure 4C) which adopts a chromatin configuration
characteristic of an inactive or ‘poised’ enhancer. In NHA, which do not express ASCL 1,
this element is also enriched for H3K27ac and thus assumes an *active enhancer’ state,
consistent with the high expression of DKKZ1 in these cells (Figure 4D).

To test whether repression of DKK1 is the primary mechanism by which ASCL1 modulates
Whnt signaling, we simultaneously transfected DKKZ and ASCL 1 into NHA, and measured
Whnt activation using the Wnt reporter. As shown in Figure 4E, exogenous DKK1
expression completely abrogates the inducing effect of ASCL1. These data support a model
in which ASCL1 activates Wnt signaling by repressing a regulatory element upstream of the
negative Wnt regulator DKK1. The association is also supported in clinical contexts by a
significant anti-correlation in ASCL1 and DKKZ expression across primary GBM tumors
(Pearson's p=—0.6; p<10~2%; Figure 4F). Given the dependency of GBM CSCs on Wnt
signaling (Zhang et al., 2011; Zheng et al., 2010), this regulatory function may explain the
critical role of ASCL1 in GBM CSC maintenance.

LEF1 mediates reciprocal interactions between Wnt signaling and CSC TFs

To gain further insight into the Wnt signaling pathway in GBM CSCs, we mapped LEF1, a
high-mobility group TF that regulates Wnt targets (see Experimental Procedures; Figure
S6). We identified over 3000 LEF1 binding sites, which are highly enriched for the LEF/
TCF motif and include the known Wnt target CCND1 (Clevers, 2006). The vast majority of
these sites (82%) resides outside of promoter regions, consistent with the original
identification of LEF1 at an enhancer (Travis et al., 1991). Notably, nearly half of the CSC
and stem-cell TF genes are proximal to H3K4mel-marked candidate regulatory elements
bound by LEF1 (Figure 5A; Table S5). To test whether these TFs are downstream of the
Whnt pathway, we measured their expression in NHA cells stimulated with ASCL 7 cDNA
and Wnt3a protein. We detected significant induction of six TFs, indicating their
responsiveness to Wnt signaling (Figure 5B). Taken together, these results suggest that
cross-talk between a network of activated TFs and Whnt signaling is critical for maintaining
GBM CSC regulatory programs (Figure 5C).

Discussion

Cancer genome sequencing and complementary mechanistic studies have accelerated our
understanding of cancer genetics. However, technical issues and the heterogeneity typical of
many tumors have limited comprehension of the epigenetic aberrations that contribute to
tumor pathology. Here we combined recently established epigenomic technologies with an
in vitro CSC model with tumor initiating capacity in order to characterize the epigenetic and
transcriptional programs that drive malignant brain tumors. By comparing these GBM CSCs
to serum-grown GBM lines and non-malignant neural cell models, we identify a large
network of TFs activated in the CSCs in combinations unlikely to occur in normal
physiologic contexts. Deregulation of this network is associated with loss of H3K27me3 at
TF promoters and may reflect ineffective Polycomb repression in the CSCs. We speculate
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that diminished epigenetic silencing and promiscuous TF activation might confer a
competitive advantage by allowing GBM CSCs to respond to the varied requirements of
their malignant state, altered genetic makeup and environment.

Among the CSC TFs, ASCL1 emerged as a potent upstream regulator of the Wnt signaling
pathway, which was recently shown to be critical for GBM CSC maintenance (Zhang et al.,
2011; Zheng et al., 2010). ASCL 1 over-expression induces Wnt signaling in normal
astrocytes, while its knock-down in GBM CSCs markedy reduces activity of the pathway.
We show that Wnt activation is mediated through DKK1, a secreted Wnt inhibitor that is
directly repressed by ASCL1. We also find evidence that Wnt signaling feeds back upon the
CSC TF genes via multiple LEF1 target sites in their vicinity. The clinical relevance of these
interactions is supported by increased ASCL 1 expression in primary astrocytomas and
GBMs, and a correlation between ASCL 7 and the Wt target gene AX/N.2across tumor
samples.

In conclusion, we describe an aberrant epigenetic landscape in GBM CSCs and the
induction of a non-physiologic TF module that is linked to Wnt signaling and essential for
CSC maintenance and tumorigenicity. Our findings thus shed light on the regulatory
circuitry of this CSC model and propose specific factors and interacting pathways as
candidates for translational study.

Experimental Procedures

Cell Culture

Surgical specimens of GBM tumors were collected at Massachusetts General Hospital with
approval by the Institutional Review Board. Mechanically minced tissue was triturated and
then cells were grown as gliomaspheres in serum-free neural stem cell medium [Neurobasal
medium (Invitrogen) supplemented with 3 mmol/L L-glutamine (Mediatech), 1X B27
supplement (Invitrogen), 0.5X N2 supplement (Invitrogen), 2 ug/mL heparin (Sigma), 20
ng/mL recombinant human EGF (R & D systems), 20 ng/mL recombinant human FGF2 (R
& D systems), and 0.5X penicillin G/streptomycin sulfate], as previously described
(Wakimoto et al., 2009). Genomic copy number alterations and tumor xenograft
histopathology for these CSCs have been described (Wakimoto et al., 2011). From the same
tumors, traditional GBM cells lines, grown as adherent monolayer in DMEM 10% FCS were
derived as previously described (Wakimoto et al., 2009). GBM CSC differentiation was
induced using 5% FCS and withdrawal of growth factors for 7 days on poly-L-ornithin and
laminin coated plates (see below for details). Staining was performed for nestin (Santa Cruz,
1: 400), MAP-2 (Chemicon, 1: 150), and GFAP (Sigma, 1: 400).

Human ES-derived neural stem (NS) cells generated from H9 ES cells were obtained from
Millipore and grown and passaged in neural stem-cell medium consisting of a 1:1 mix of
DMEM/F12:Neurobasal (Invitrogen), 0.5X N2 (Invitrogen), 0.5X B27 (Invitrogen), 1X
Glutamax, and 0.1 mM beta-mercaptoethanol, which was supplemented with 20 ng/ul of
both EGF and FGF-2 (R&D). NS cells were grown on poly-L-ornithin and laminin coated
plates. Poly-L-ornithine/laminin plates were generated as such: A 20 ug/ml solution of poly-
L-ornithine (Sigma) in water was added to plates and plates were incubated at 37°C for 1
hour. The poly-L-ornithine solution was then removed, plates were washed three times with
PBS, and then 5 ul/ml solution of laminin (Sigma) in PBS was added to plates and plates
were incubated at 37°C for at least 3 hours. Cells were passaged using manual dissociation.

For differentiation into astrocytes, when cells were 80-90% confluent, the media was
changed to NS medium with 3% FCS and without EGF or FGF-2. After 4 days, cells were
fixed for immunofluorescence. For differentiation into neurons, NS cells were grown to 90%
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confluency. Then, medium was changed to either NS medium but without N2 and
supplemented with 1X B27 or ENStem-A Neuronal Differentiation Medium (Chemicon)
supplemented with L-glutamine (2mM). After 2 weeks cells were fixed for
immunofluorescence.

For immunofluorescence cells were washed 1X with PBS and then fixed with 4%
paraformaldehyde for 30 minutes. Cells were washed 3X with PBS and blocked for 2 hours
(5% normal goat serum, 0.3% Triton X-100, PBS). Then primary antibodies in blocking
solution were added and cells were incubated overnight at 4°C. The next day, cells were
washed twice with PBS and then 2X with blocking solution. Secondary antibody in blocking
solution was added and cells were incubated for 2 hours at room temperature. Cells were
then washed 3-5 times with PBS, then counterstained with DAPI/1XPBS solution. Primary
antibodies include anti-nestin 1:500 (Chemicon Cat SCR060), anti-Sox2 1:200 (Chemicon
Cat SCR019), anti-BLBP 1:500 (Chemicon Cat AB9558), anti-GFAP (Chemicon Cat
SCRO019), anti-betalll tubulin 1:500 (Chemicon Cat SCR060), and anti-MAP2 1:200
(Chemicon SCR019). Secondary antibodies were Alexa Fluor 488 (goat anti-rabbit 1gG,
Invitrogen Cat A-11008) at 1:200 and Alexa Fluor 555 (goat anti-mouse 1gG, Invitrogen Cat
A-21422) at 1:200.

Normal human astrocytes (NHA) were obtained from Lonza and propagated according to
the manufacturer's specifications.

FACS Analysis

CD133 (Miltenyi Biotec CD133/1 PE cat # 130-080-801 and SSEA-1 (BD Biosciences cat #
560127) antibodies were used according to manufacturer's instruction. For TF staining in
primary tumor, primary human glioblastomas were obtained from patients operated at
Massachusetts General Hospital in accordance with an approved IRB protocol (2005-
P-001609/16). Briefly, tumors were dissociated to single cell suspension using a Brain
Tumor Dissociation Kit (Miltenyi Biotec), depleted for CD45-positive immune cells using
microbeads and a MACS separator (Miltenyi Biotec). Cells were stained with SOX2 (R+D
Systems) and ASCL1 (BD Pharmingen) antibodies conjugated to Alexa Fluor 647 or Alexa
Fluor 488 using Alexa Fluor Protein Labeling kits (Invitrogen). Flow cytometric analysis
was conducted with an LSR 11 flow cytometer (BD Biosciences) and analysis was performed
with FlowJo software (Treestar).

ChlP-Seq Assay

ChIP assays were carried out on cultures of approximately 1 x 10° cells per sample and
epitope, following the general procedures outlined in (Ku et al., 2008; Mikkelsen et al.,
2007). Immunoprecipitation was performed using antibodies against H3K4me3 (Millipore
07-473), H3K27me3 (Millipore 07449), H3K36me3 (Abcam 9050), H3K4mel (Abcam
8895), ASCL1 (Epitomics T091) or LEF1 (Abcam 53293). ChIP DNA samples were used to
prepare sequencing libraries, which were then sequenced on the Illumina Genome Analyzer
Il or HiSeq by standard procedures. We sequenced an input control for each cell type for use
in normalization. Read alignment to the hg19 human reference genome was performed with
Bowtie (Langmead et al., 2009) and density maps were generated with read extension to 200
bp with IGVtools (Robinson et al., 2011; Thorvaldsdottir et al., 2013). When several reads
with same start position and direction were present, only one was kept for further analysis.
Two replicates that were available for MGG8 GBM CSCs were merged into a single track.
Visualization was performed with IGV. ChIP-Seq dataset statistics are summarized in Table
S1 and data are available for viewing at http://www.broadinstitute.org/cgi-bin/epigenomics/
public/prod/cloneportal.cgi?data=rheinbay GBMCSC.
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DNA methylation assay and analysis

For each sample, about 1 x 10° cells were harvested and genomic DNA was isolated using
the QiaAMP DNA mini kit following manufacturer's instructions. DNA was eluted in 100
uL water, treated with RNase (37°C for 30 mins), cleaned up again with the QiaAMP DNA
mini Kit.

Data were processed using the Illumina BeadStudio software. Probes with p-value calls
above 0.05 were discarded and [ values for two replicates for each sample were averaged.
Probes with 3=0.75 were classified as “hypermethylated”. Data are available through GEO
(GSE46016).

Detection of regions enriched for histone modifications

Genomic regions enriched for a histone mark were identified using a sliding window
approach as previously described (Mikkelsen et al., 2007) with several modifications. We
adapted the previous approach for the highly copy-number variant genomes of the GBM
CSCs with the help of an unenriched input sequencing track generated from whole-cell
extract (WCE). In short, a fixed size window of 1 kb was used to scan the genome in 100 bp
steps for local enrichment of ChIP signal. Significance of signal in each window was
assessed based on the assumption that random read alignment would follow a Poisson
distribution with parameter Achip- Achip Was adjusted for local variation in genome copy
number by multiplication with the observed-to-expected ratio (O/E) for unenriched input
reads in this region (Mikkelsen et al., 2010). To increase numeric stability in regions of
heterozygous deletions, we calculated this O/E ratio based on input reads in the scoring
window as well as in a 10 kb and a 100 kb region centered at the current window, and used
the maximal value of these three. When all three input O/E ratios were zero, Aygjusted Was set
to equal Achyp. Poisson p-values were then calculated for each window with Aqgjusted- P-
values were corrected for multiple-hypothesis testing using the Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995) and only windows with significance p<10~>
were kept. Finally, adjacent (distance <1kb) enriched windows were merged into a single
interval. For histone modifications in NS and NHA cells, we applied the same algorithm and
parameters albeit without background correction. Genomic regions enriched for ASCL1 or
LEF1 were identified with MACS (Zhang et al., 2008) No background correction as
described above was applied; instead, peaks identified in the WCE track served to remove
spurious TF peaks.

Transcription start sites (TSS) for genes from the hg19 human genome assembly were
defined as region from 500 bp upstream to 2 kb downstream as previously described
(Mikkelsen et al., 2007). Chromatin state calls for transcription start sites were then made
based on a minimal overlap of 500 bp of enriched intervals with the 2.5 kb TSS region. A
consensus set of TSS chromatin states in the CSCs was generated with the chromatin state of
the majority (=3 out of 4 CSC lines) assigned to summarized “CSC” cell type. 87%
(n=20,422) of TSS satisfied the majority criterion and were thus included in the consensus
set.

Functional gene enrichment analysis

Functional enrichment in gene sets was determined using the DAVID functional annotation
tool with “FAT” GeneOntology terms (Dennis et al., 2003; version 6.7). Benjamini-
Hochberg p-values correcting for multiple hypothesis testing were used for further
interpretation.
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Generation of aberrantly active TF set

TFs were identified as those aberrantly active genes that were contained in the GO:0003700
transcription factor activity set or in the set of human TFs defined in (Vaquerizas et al.,
2009). We manually removed TFs whose chromatin state was incorrectly of ambiguously
called by our algorithm to generate the final list of TFs. MYCN was also removed because
of focal amplification in the MGGS8 cell line. For the TF chromatin state heatmap, we
extracted H3K4me3 and H3K27me3 signal, respectively, in 40 bins covering a 5 kb region
around the annotated TSS from density maps. For both H3K4me3 and H3K27me3, several
control genes with similar chromatin state in all samples were chosen (Table $4) and served
to scale signal for each sample. TFs were ordered based on their H3K27me3 signal using
hierarchical clustering (R, 2008), and H3K4me3 and H3K27me3 maps were overlayed to
generate the final map. Cells exceeding 15% of maximum signal for H3K4me3 and
H3K27me3 (“bivalent”) were additionally enhanced with orange color.

RNA extraction and gene expression analyses

Total RNA was isolated from cells using Trizol Reagent (Invitrogen) and purified using the
RNeasy Kit (Qiagen). Gene expression data were acquired with Affymetrix Human Genome
U133 2.0 Arrays. CEL files were normalized with RMA and multiple probe sets per gene
were collapsed by taking the maximum expression value using the GenePattern package
(Reich et al., 2006). Gene expression data for NHA was included from Balani et al., 2009.
(GSE12305). Normal brain and astrocytoma transcriptome profiles were used from (Sun et
al., 2006; GSE4290) and processed as described above. TCGA combined expression data
and subtype information was obtained from (Verhaak et al., 2010).

Motif analyses

We used the HOMER software package (Heinz et al., 2010) to search for de novo enriched
motifs in TF peak regions.

Overexpression and knockdown experiments

Human cDNA for ASCL1, OLIG1, OLIGZ, HEYZ, LHX2and ENZ2were cloned into a
lentiviral plasmid and sequence verified. Primers used are listed in Table S6. For
knockdown experiments, ASCL 1 lentiviral ShRNA set from Open Biosystems was used
(RHS4533-NM_004316) of which TRCN0000013551 (CCCGAACTGATGCGCTGCAAA)
yielded sufficient knockdown. The same sequence was also used in vector pGIPZ
(RHS4430-101103529) to allow for GFP sorting. Lentiviruses were produced as previously
described (Barde et al., 2010). Briefly, cDNA coding or shRNA plasmids were cotransfected
with GAG/POL and VSV plasmids into 293T packaging cells to produce the virus used to
infect the target cells (NHA or GBM CSC). Viral supernatant was concentrated by
ultracentrifugation using an SW41Ti rotor (Beckman Coulter) at 28,000 rpm for 120 min.
Using GFP control, efficiency of infection was estimated as greater than 90% (data not
shown). For maximal homogeneity, NHA were selected using 0.75 ug/ml puromycin for 5
days and GBM CSC were either selected using 2 ug/ml puromycin or sorted for GFP
depending on vector used. After selection, RNA was extracted (Qiagen RNeasy Kit)
following manufacturer's instructions.

Real-time quantitative reverse transcriptase-PCR

For gene expression assays, cDNA was obtained using Moloney murine leukemia virus
reverse transcriptase and RNase H minus (Promega). Typically, 250 ng of template total
RNA and 250 ng of random hexamers were used per reaction. Real-time PCR amplification
was performed using Power SYBR mix and specific PCR primers, in a 7500 Fast PCR
instrument (Applied Biosystems). Relative quantification of each target, normalized to an
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endogenous control (GAPDH), was performed using the comparative Ct method (Applied
Biosystems). Error bars indicate standard error of the mean. Primer sequences are listed in
Table S6.

Luciferase assay

TOPFLASH-Firefly and FOPFLASH-Renilla plasmids were co-transfected with ASCL 1
lentivirus or control vector in 293T cells using Fugene6, as previously described (Firestein
et al., 2008; Veeman et al., 2003). When indicated, Wnt3a was added at 100ng/ml (R&D
5036-WN-010). Luciferase activity was measured after 48 hours using a Dual-Luciferase
Reporter assay System (Promega E1910) according to manufacturer's instructions.

Sphere-formation assay

GFP-sorted GBM CSC spheres, infected either with lentiviral control vector or with ASCL1
shRNA vector, were mechanically dissociated into single cells and plate at a density of one
cell per well in 96 well plates, in triplicate. Sphere number was assessed 2 weeks later under
a fluorescence microscope. For sphere diameter quantification, five pictures were taken per
condition at 100x magnification. At least 60 spheres per conditions were measured with
Image J.

Tumorigenicity study

Intracranial injections of 5000 cells from acutely dissociated gliomaspheres were performed
with a stereotactic apparatus (Kopf Instruments) at coordinates 2.2 mm lateral relative to
Bregma point and 2.5 mm deep from dura mater. Four severe combined immunodeficient
(SCID) mice were used per condition. Kaplan-Meier curves and statistical significance (log-
rank test) were calculated with the R survival package (R, 2008). Animal experiments were
approved by protocol number 2009N000061.

RNA in-situ hybridization (ISH)

mRNA was detected in FFPE (formalin-fixed, paraffin-embedded) tissue sections using
Quantigene ViewRNA (Affymetrix, CA). Probes for ASCL1 (type 1, red, VA1-11908,
Affymetrix, CA) and Sox2 (type 6, blue, VA-11765) were used following the manufacturer's
instructions for two-color chromogenic ISH. Tissue sections were prepared for hybridization
by fixation in 10% formaldehyde, deparaffinization, boiling for 10 minutes, and digestion
with protease for 20 minutes. Hybridization was performed for 2 hours at 40°C. Signal
amplification and detection were performed using standard conditions for Fast Red and Fast
Blue substrates. Tissues were counterstained with hematoxylin and visualized with a
standard bright field microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the GBM CSC chromatin landscape

(A) GBM CSCs used for this study grow as gliomaspheres in serum-free neurobasal media.
(B) FACS analysis of MGG8 GBM CSCs shows positivity for the GBM stem cell markers
SSEA-1 and CD133. (C) Mouse brain cross-section after orthotopic xenotransplantation of
MGG8 GBM CSCs (left). Higher magnification of tumor tissue depicts cytonuclear
pleomorphism, mitotic and apoptotic figures (center) and infiltration along white matter
tracks (right). (D) Schematic overview of study strategy. (E) Breakdown of TSS chromatin
state in NHA (H3K4me3 only, H3K4me3+H3K27me3, H3K27me3 only, neither mark) and
their consensus chromatin state in the GBM CSCs (see Experimental Procedures). A large
fraction (59%) of genes bivalent in NHA becomes activated (H3K4me3 only, green) in
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GBM CSCs. (F) Fraction of DNA hyper-methylated ($=0.75) probes in MGG4, MGG6, and
MGG8 GBM CSCs contingent on NHA chromatin state of the probe. Probes marked with
H3K27me3 only are twice as likely to become DNA methylated than those marked with
both H3K4me3 and H3K27me3. (G) Chromatin state of six CSC-TFs in one representative
GBM CSC line, matched serum-grown GBM cell line, NS and NHA. All TFs are active
(H3K4me3 at promoter, H3K36me3 over the transcript) in GBM CSCs, but not NHA or
serum-grown GBM cells as indicated by large domains of H3K27me3.
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Figure 2. Aberrant activation and repression of TF Polycomb targetsin GBM CSCs

(A) Representative top scoring functional terms enriched in genes active (H3K4me3 only) in
GBM CSCs but repressed in NHA (see also Table S3). Scores are calculated based on
Benjamini-Hochberg corrected p-values (see Experimental procedures). (B) H3K4me3
(green) and H3K27me3 signal (red) at aberrantly activated TF loci (—2.5kb to +2.5 kb from
TSS) for indicated cell types. Orange indicates overlap of H3K4me3 and H3K27me3 signal
(“bivalent”). Genes were clustered based on H3K27me3 signal. (C) Microarray gene
expression data for activated TFs confirms chromatin state data (GSE46016). Red indicates
high, blue low expression normalized by row. The expression changes are consistent with
the chromatin changes, although the magnitude of expression change across samples is more
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variable. (D) Chromatin state and gene expression data for NHA-active, GBM CSC
repressed TF loci. Color scheme as in (B) and (C).
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Figure 3. ASCL 1 isan upstream regulator of the Wnt pathway

(A) Relative expression of Wnt, Notch and Shh targets after ectopic lentiviral expression of
indicated TF in NHA measured by RT-gPCR. * indicates not detectable. (B) mMRNA levels
of ASCL1in NS, NHA and GBM CSCs measured on Affymetrix microarray (GSE46016).
(C) Relative levels of ASCL 1 after shRNA-mediated knock-down MGG4 CSCs by RT-
gPCR. (D) Repression of AX/NZ2upon knockdown of ASCL1in MGG4 CSCs (t-test
p<0.005). (E) Schematic of Wnt activation experiment and relative luciferase expression for
a TCF/LEF-responsive promoter (TOPFLASH-Firefly) relative to a scrambled response
element (FOPFLASH-Renilla) in 293T cells after lentiviral transfection with ASCL1 and
addition of Wnt3a. ** indicates one-tailed t-test p<0.01, * indicates p<0.05. Individual

Cell Rep. Author manuscript; available in PMC 2013 November 30.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rheinbay et al.

Page 22

examples (F) and quantification (G) of MGG4 CSC sphere-forming capacity in control and
ASCL I-depleted cells. (H) Quantification of sphere diameter in control and ASCL 1-
depleted cells. (1) Kaplan-Meier survival curve for mice injected with 5,000 control (blue
line) or ASCL I-depleted MGG4 CSCs (log-rank p-value <0.01). (J) Scatter plot shows
correlation between AX/N2and ASCL 1 expression across 200 primary GBM samples
(Verhaak et al., 2010). Each point denotes a single tumor sample. (K) TCGA ASCL1 (left)
and AX/INZ (right) expression (Verhaak et al., 2010) correlate across molecular subtypes.
Distributions for subtypes are significantly different from each other (Kruskal-Wallis p<4 x
10"17(ASCL 1) and p<8 x 1078 (AXIN2)). (L) ASCL 1 expression (Sun et al., 2006) is
increased in GBM, most strongly in the proneural subtype, and lower grade astrocytomas,
relative to non-neoplastic brain, suggesting that ASCL 1 induction may be an early event in
gliomagenesis. (M) Intracellular staining and flow cytometric detection of the nuclear stem
cell marker SOX2 and ASCL1 in primary GBM. The population of ASCL1+ cells (23.8%)
is entirely contained within the SOX2+ compartment. Notably, the ASCL1+ subpopulation
also displays highest levels of SOX2 expression. (N) RNA-ISH for SOXZ (blue dots) and
ASCL1 (red dots) in primary GBM shows expression of ASCL1 in a restricted subset of
SOX2+ cells.

Error bars in RT-qPCR experiments indicate standard error of the mean.
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Figure4. ASCL 1 regulates Wnt signaling through DKK1
(A) ChIP-Seq of ASCL1 in MGG8 CSCs (pink track) reveals enrichment at H3K4mel-

marked distal elements in several Wnt pathway gene loci (grey shading). (B) Relative

MRNA level change for ASCL1-bound Wnt pathway genes in NHA after ectopic expression
of ASCL1. (C) ChIP-Seq maps depict the chromatin environment of the DKKZ gene locus
and the ASCL1-bound enhancer (grey shading) in MGG8 CSCs and NHA. In the absence of
ASCL1, the element is activated (as indicated by H3K27 acetylation in NHA) and DKKZ is
expressed (increase in active marks H3K4me3, H3K4mel, H3K27ac and H3K36me3). (D)
Expression levels of DKKZin NS, NHA and GBM CSCs measured by microarray. (E)
Expression changes of a TCF/LEF-responsive reporter (TOPFLASH-Firefly) relative to
scrambled response elements (FOPFLASH-Renilla) in 293T cells after stimulation with the
indicated combinations of Wnt3a protein and lentivirally-transfected ASCL 1 and DKK1.
DKK1 overexpression abrogates ASCL1-mediated Wnt induction. (F) DKKZ and ASCL1
expression patterns are inversely correlated in 200 GBM samples (Verhaak et al., 2010).
Each point denotes a tumor sample.
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Error bars in RT-qPCR experiments indicate standard error of the mean.
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Figure5. Cross-talk of the TF module and Wnt signaling in GBM CSCs

(A) ChIP-Seq of LEF1 (purple track) in MGG8 CSCs reveals enrichment at H3K4mel-
marked distal elements near several TF loci. (B) Relative mRNA level changes for Wnt-
responsive TFs with distal elements bound by LEF1 after transfection of NHA with ASCL1
and stimulation with Wnt3a measured by RT-gPCR. Error bars indicate standard error of the
mean.

(C) A model for cross-talk between aberrantly activated TFs and Wnt signaling in non-stem
GBM cells and NHA (top) versus GBM CSCs (bottom). In non-stem GBM cells and NHA,
Polycomb complexes repress TFs, including ASCL1. In the absence of ASCL1 protein, the
DKK1 upstream regulatory elements is active, the locus is transcribed, and expressed DKK1
inhibits Wnt signaling. In GBM CSCs, Polycomb repression is lost at many TF loci,
including ASCL 1. ASCL1 binds to the DKK1 regulatory element, thereby repressing DKK1
expression and activating Wnt signaling. Active Wnt signaling feeds back upon loci
encoding several other TFs that are aberrantly active in GBM CSCs.
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