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e R132H IDH1 and P53/ATRX knockdown block differentiation
of human neural progenitors

e The differentiation block is mediated by transcriptional
silencing of SOX2

e The SOX2 promoter disassociates from its enhancer because
of disrupted chromatin looping

e Reduced binding of CTCF to hypermethylated DNA motifs
alters chromatin conformation
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SUMMARY

Low-grade astrocytomas (LGAs) carry nheomorphic
mutations in isocitrate dehydrogenase (IDH) concur-
rently with P53 and ATRX loss. To model LGA forma-
tion, we introduced R132H IDH1, P53 shRNA, and
ATRX shRNA into human neural stem cells (NSCs).
These oncogenic hits blocked NSC differentiation,
increased invasiveness in vivo, and led to a DNA
methylation and transcriptional profile resembling
IDH1 mutant human LGAs. The differentiation block
was caused by transcriptional silencing of the tran-
scription factor SOX2 secondary to disassociation
of its promoter from a putative enhancer. This
occurred because of reduced binding of the chro-
matin organizer CTCF to its DNA motifs and disrup-
ted chromatin looping. Our human model of IDH
mutant LGA formation implicates impaired NSC dif-
ferentiation because of repression of SOX2 as an
early driver of gliomagenesis.
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INTRODUCTION

Diffuse low-grade gliomas (LGGs) are slow-growing (World Health
Organization [WHQ] grade Il) brain tumors that occur in early adult
life (Brat et al., 2015; Ceccarelli et al., 2016) and progress to high-
grade gliomas. Current treatments for LGGs are ineffective and
often induce hypermutated recurrent tumors (Johnson et al,,
2014), highlighting the need for improved understanding of LGG
biology. LGGs are classified as astrocytomas and oligodendro-
gliomas. The single most prevalent genetic change in either type
is mutationinthe isocitrate dehydrogenase (IDH) gene family (Par-
sons et al., 2008; Yan et al., 2009). Among IDH-mutated LGGs,
astrocytomas carry concurrent P53 and chromatin remodeler
ATRX loss-of-function mutations, whereas oligodendrogliomas
carry 1p/19q co-deletion and TERT promoter mutations (Brat
et al., 2015). The presence of mutant IDH in two divergent tumor
lineages suggests that it is a common genetic driver that occurs
early in a multipotent progenitor cell (Bardella et al., 2016; Pirozzi
et al., 2017; Tirosh et al., 2016; Venteicher et al., 2017).

IDH normally converts isocitrate to a-ketoglutarate (zKG).
Heterozygous neomorphic mutations in the catalytic site of IDH
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(R132H in the cytosolic isoform IDH1) result in production of
the oncometabolite 2-hydroxyglutarate (2HG) (Dang et al.,
2009). 2HG competitively inhibits «KG-dependent dioxygenases
responsible for demethylation of DNA and histones (Xu et al.,
2011). DNA methylation and histone modifications dynamically
shape the epigenome, which we define as heritable transcrip-
tional states determined by means other than changes in the
DNA sequence. Inhibition of DNA and histone demethylation
by 2HG leads to a hypermethylated epigenetic state that may
cause dysregulation of oncogenes and tumor suppressors (Fig-
ueroa et al., 2010; Lu et al., 2012; Turcan et al., 2012). Flavahan
et al. (2016) postulated that hypermethylation may disrupt the
binding of the methylation-sensitive chromatin organizer CTCF,
leading to chromatin disorganization and aberrant expression
of oncogenes in IDH-mutated high-grade gliomas. Other groups
have linked the accumulation of 2HG and epigenetic hyperme-
thylation to a block in differentiation that predisposes to
oncogenesis (Figueroa et al., 2010; Lu et al., 2012; Saha et al.,
2014; Turcan et al., 2012). Recent mouse models have
suggested that expression of mutant IDH1 in progenitors of the
subventricular zone (SVZ) may induce a pre-tumorigenic state
(Bardella et al., 2016; Pirozzi et al., 2017; Sasaki et al., 2012).
The mechanism whereby the IDH1 mutation cooperates with
loss of P53 and ATRX to promote low-grade astrocytoma
(LGA) formation remains unknown.

We modeled mutant IDH1 LGA formation in neural stem cells
(NSCs) derived from human embryonic stem cells (RESCs). We
systematically introduced the 3 core genetic changes found in
LGA via lentiviral expression of R132H mutant IDH1 and short
hairpin RNA (shRNA)-mediated knockdown of P53 and ATRX
to study the progression of gliomagenesis on an oncogenic hit-
by-hit basis. We show that the combination of 3 hits blocks
NSC differentiation and evokes brain invasiveness. The differen-
tiation block is caused by transcriptional downregulation of the
transcription factor SOX2, the master regulator of NSC multipo-
tency. The etiology of this transcriptional silencing is disrupted
chromatin looping because of hypermethylation of DNA binding
sites for the chromatin insulator CTCF, leading to disassociation
of the SOX2 promoter from critical enhancer elements.

RESULTS

Generation of Human NSCs with Astrocytoma Mutations

We generated neural progenitor lineages from hESCs modified
with a HES5::GFP bacterial artificial chromosome (BAC) reporter
(Placantonakis et al., 2009; Figure 1A; Figure S1A). This reporter
identifies early neuroepithelial multipotent precursors, termed
rosettes, in which activation of Notch signaling results in tran-
scription of the HES5 gene. Human ESC colonies were differen-
tiated into HES5::GFP+ rosette NSCs (Edri et al., 2015; Elkabetz
et al., 2008; Figure 1A; Figures S1A-S1C), which were mechan-
ically picked and further differentiated into monolayers of EGF/
FGF2-responsive NSCs (Figure 1A; Figure S2). Such NSCs are
thought to resemble adult SVZ neural progenitors in the adult
SVZ, which we hypothesize are the cell of origin in LGA (Bardella
et al., 2016). These NSCs are enriched for Nestin (~90% posi-
tive), lose HES5::GFP expression (Edri et al., 2015), and are mul-
tipotent, as demonstrated by directed differentiation to all three
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arms of the neuroglial lineage: neurons, oligodendrocytes,
and astrocytes (Figures S2A-S2E; Elkabetz et al., 2008; Tabar
et al., 2005).

To test how mutant IDH1 and loss of P53 and ATRX work
together to promote gliomagenesis, we serially introduced an
IDH1-mCherry fusion gene (R132H or wild-type or mCherry
alone) into NSCs via a lentivirus (Figures 1B and 1C), generated
a pure population by fluorescence-activated cell sorting (FACS)
isolation, and added lentiviral shRNA against P53, followed by
shRNA against ATRX (Figures 1B and 1C). We focused on con-
ditions that are most biologically relevant: vector only (“vector”),
mutant IDH1 alone (“1 hit”), mutant IDH1 with P53 knockdown
(“2 hits”), and mutant IDH1 with P53 and ATRX knockdown
(“3 hits”). Mutant IDH1 NSCs with ATRX knockdown in a wild-
type P53 background resulted in poor cell viability (Figure 1C),
which precluded subsequent P53 knockdown. Immunofluores-
cent microscopy, gPCR, and immunoblot verified that our lines
were expressing IDH1-mCherry and knocking down P53 and
ATRX (Figures 1D-1G).

The DNA Methylome, Transcriptome, and Karyotype of
IDH-Mutated NSCs Resemble Those of Human LGA

Using mass spectrometry (MS), we found a more than 1,000-fold
increase in the oncometabolite 2HG among all samples that con-
tained the IDH1 mutation (Figure 2A). Elevated 2HG levels induce
DNA hypermethylation in glioma (Figueroa et al., 2010; Turcan
et al.,, 2012). To understand the roles of mutant IDH1, P53,
and ATRX in our NSCs, we profiled their DNA methylomes and
transcriptomes using lllumina 450K methylation arrays and
RNA sequencing (RNA-seq), respectively. Global assessment
of CpG sites in promoters and genes and within CpG islands
showed elevated levels of methylation under all conditions that
included mutant IDH1 (Figure 2B). Increased global methylation
was seen across all chromosomes (Figure S3A). Interestingly,
we discovered a large number of differentially methylated CpG
regions among 1-, 2- and 3-hit conditions (Figure S3B).

We compared our DNA methylation data with 270 human
LGGs from The Cancer Genome Atlas (TCGA) (Brat et al.,
2015). Using supervised hierarchical clustering based on the
top 5,000 most variable methylation sites from TCGA samples,
we found that IDH-mutated LGGs clustered separately from
wild-type IDH LGGs (Figure 2C). NSCs transduced with vector
alone were the most dissimilar sample (orange dendrogram in
Figure 2C). Mutant-IDH1 NSCs clustered with mutant IDH1 gli-
omas (violet dendrogram in Figure 2C), suggesting epigenetic
similarity.

To determine transcriptional similarities between our NSCs
and human LGG, we used RNA-seq data from 239 TCGA pa-
tients (Brat et al., 2015). We analyzed RNA-seq data from our
NSCs using the same pipeline employed by the TCGA. Super-
vised hierarchical clustering using the top 500 most variable
TCGA genes resulted in four groups that closely resembled clus-
ters identified by TCGA: wild-type IDH gliomas, IDH mutant 1p/
199 co-deleted gliomas (oligodendrogliomas), IDH mutant 1p/
19q intact gliomas (astrocytomas), and a mixed group of IDH-
mutated gliomas (Figure 2D). 1-hit NSCs grouped with mutant
IDH1 1p/19q intact astrocytomas, whereas 3-hit NSCs clustered
with the mixed group of mutant IDH1 gliomas. Vector and 2-hit
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Figure 1. Generation of Human NSCs with Ectopically Expressed R132H IDH1, P53 Knockdown, and ATRX Knockdown

(A) Human ESCs (OCT3/4+, HES5::GFP—) were progressed to rosette NSCs (ZO1+, PLZF+, Hes5::GFP+) over 2 weeks with the transforming growth factor
(TGF-pB) inhibitor SB431542 (TGFBi, 10 uM) and noggin (100 ng/mL). HES5::GFP+ rosette structures were mechanically dissociated and plated at high densities in
EGF and FGF2 over 4 weeks to produce NSCs growing as a monolayer (Nestin+, HES5:: GFP—).

(B) Lentiviral constructs used to engineer NSCs. Pgg1,,, EF1a promoter; Pyy1; H1 promoter; Pye, U6 promoter; RFP, red fluorescent protein.

(C) Wild-type NSCs were infected with lentiviruses to constitutively express either mCherry alone (vector only), wild-type IDH1-mCherry, or mutant R132H-IDH1-
mCherry (1-hit). Cells were then purified for mCherry via FACS. Following these transductions and sorts, cells were transduced with shRNA lentiviruses against
P53 or ATRX in either order. Cells that received ATRX shRNA as the second hit became unviable.

(D) Immunofluorescence microscopy of mCherry, HES5::GFP, and R132H-IDH1 in vector and 1-hit NSCs.

(E) Western blot using antibodies against P53, ATRX, the R132H mutation, and total IDH1. HSP90, loading control.

(F) gRT-PCR of TP53 mRNA levels across different conditions (n = 3/condition; ANOVA F4 1) = 48.49, p = 0.0048). *p < 0.05, post hoc Dunnett’s test; ns, not

significant.

(G) gRT-PCR of ATRX mRNA levels across different conditions (n = 3/condition). *p < 0.05, t test between vector and 3-hit conditions.

In (F) and (G), error bars represent SEM.

NSCs grouped with the wild-type IDH and mutant IDH1 1p/19q
co-deleted oligodendroglioma groups, respectively.

Given the known roles of P53 and ATRX in genomic integrity
(Negrini et al., 2010; Ramamoorthy and Smith, 2015; Ritchie
et al., 2008), we performed a karyotype analysis (Figure S3C).
2-hit and 3-hit NSCs had abnormal nuclei (n = 20 karyotypes/
condition). We observed significantly elevated numbers of chro-
mosomal fragments in 3-hit NSCs (Figure 2E, i), suggesting
genomic instability, a known feature of LGGs (Brat et al., 2015;
Cohen et al., 2015). The 3-hit culture had evidence of premature
sister chromatid separation (Figure 2E, ii), likely because of loss
of ATRX, which also leads to alternative lengthening of telomeres
(ALT) (Ramamoorthy and Smith, 2015). To test whether ALT was
utilized by our NSCs, we performed co-stains for two markers
that co-localize in nuclei of ALT cells, PML and TRF1 (Yeager
et al., 1999). We found that only 3-hit NSCs showed nuclear
co-localization of the markers (Figure 2F). Collectively, these re-

sults show the epigenetic, transcriptional, and karyotypic simi-
larity of 3-hit NSCs and IDH mutant LGA.

Effects of the 3 Hits on the Cell Cycle, Cell Death, and
Brain Invasion

Using in vitro growth assays, we found that two conditions, 1-hit
and mutant IDH1 with ATRX knockdown, grew more slowly than
the others (Figure 3A). This finding correlated with cell cycle al-
terations (Figures 3B and 3C). To test whether apoptosis contrib-
uted to growth differences, we performed terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) assays (Figures
3D and 3E). 1-hit and mutant IDH with ATRX knockdown NSCs
had significantly elevated levels of TUNEL+ cells. P53 knock-
down under the 2-hit and 3-hit conditions decreased TUNEL
staining to control levels. A similar pattern was observed with
flow cytometric assessment of the cell death marker Annexin V
(Figures 3F and 3G; Figure S3D). These findings indicated that

Cell Reports 27, 1267-1280, October 31, 2017 1269



OPEN

ACCESS
CellPress

I\/IIethy] l\/llethyl C
2-hydroxyglutarate levels promoter CpG  gene body CpG TCGA DNA methylation comparison
% M 10 = - - = A
108 o * 396,337 sites 208,339 sites M wt IDH gliomas methylationlevel ~ mutant IDH1 gliomas [l
%‘ f = % M vector NSCs 0h1 mutant IDH1 NSCs [l
§ ° 0.8 =
= L6 E i
3} 6= |: H *
a 5 G
a © 3 | kel
2 204 I I I AL E ] s
b * . o
£ g : 3
02 - I 8
GO $ & O $f & @ @
O ¥ LT ¥
Aqjc., N q/\\ ,b\\ 400 N ‘L‘\ ,b\\
dendrogram groups (n=3) .
D TCGA RNA-seq comparison E karyotyping
wt IDH gliomas ~ I o 15 =
I mutant IDH1 (1p/19q intact) o ! £ v ¢
W mutant IDH1 (1p/19q co-deleted) 4 4 é 8 *
10
2 hit NSCs | vector NSCs 1 hit NSCs | 3 hit NSCs _§_ o
\|/ |/ St VY e
2E S5 <0
[T
g8
123
) 2
3 0
= ¢ & @
8 4?’0 NS oS
s
= i 3 hit NSC nucleus
A 25BN 4
Py
LR,
e, VuseA ,
= ”ﬁt s % ;
e, g S uie
dendrogram groups (n=4) . o ., "‘ L) 3
Py ) "I'.'-o""l‘
F PML TRF1 merge Vo v
@ 5 - N . ..._[ e
o} P> pre-mature chromatid seperation
5 S 4+
S +
g o 3
E
+ E
3' 2
o 1+
£ k]
-—
™ X 0-
S
&L

Figure 2. Metabolic, Transcriptional, Epigenetic, and Karyotypic Properties of Transgenic NSCs

(A) Quantitative MS for 2HG in genetically modified NSCs (n = 6/condition, ANOVA F 4 30 = 17.91, p < 0.0001). *p < 0.05, post hoc Dunnett’s test.

(B) Boxplots of beta (methylation) values of CpG sites with probes at genome-wide sites marked as promoters (—1.5 kb to +0.5 kb from TSS, n = 396,337 CpG
sites) and at gene bodies (coding and non-coding regions of a gene, n = 208,339 sites). NSCs with IDH1 mutation have globally elevated levels of methylation.
Statistics for promoter CpGs: n = 2 arrays/condition, ANOVA F3 122696y = 475.5, p < 0.0001. Statistics for gene body CpGs: n = 2 arrays/condition, ANOVA
Fs,123352) = 283.7, p < 0.0001. ***p < 0.0001, post hoc Tukey’s test. The error bars (whiskers) indicate 10-90™ percentile.

(C) Hierarchical clustering of NSCs with LGGs (wild-type and mutant IDH1 demarcated) using the top 5,000 most variable loci defined among TCGA samples. The
first three dendrogram levels are highlighted.

(D) Hierarchical clustering of NSCs with LGGs (wild-type versus mutant IDH1 and 1p/19q status demarcated) using the top 500 most variable genes defined
among TCGA samples. The first four dendrogram levels are highlighted.

(E) i the number of chromosome fragments per cell were significantly increased in 3-hit NSCs (n = 20, ANOVA F3 76)= 11, p = 0.0004). *p < 0.05, post hoc Tukey’s
test. ii: 3-hit NSCs had a high frequency of premature chromatid separation (red arrowheads).

(F) PML and TRF1 show co-localization in ~3.1% of 3-hit NSCs but are not detected in vector NSCs (n = 3 trials, > 3 fields per trial; n = 139 total vector NSCs,
n = 165 total 3-hit NSCs; “p < 0.05, paired t test).

decreased cellular proliferation and increased cell death caused Diffuse brain infiltration is a hallmark of LGA. To understand

by R132H IDH1 were rescued by P53 knockdown under the 2-hit
and 3-hit conditions. Furthermore, these experiments indicated
that loss of ATRX as the second hit leads to non-viable cells.
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whether our model replicates this aspect of the disease,
we generated xenografts in non-obese diabetic (NOD).severe
combined immunodeficiency (SCID) mice by injecting cells
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Figure 3. Mutant IDH1, P53 shRNA, and ATRX shRNA Differentially Alter NSC Growth Rate, Cell Death, and Invasiveness

(A) In vitro growth assay. NSCs were plated at equal densities, and absorbance was measured by WST-1 daily to determine cellular proliferation (n = 3/condition,
ANOVA F(4 5 = 35.81, p < 0.001). **p < 0.01, post hoc Dunnett’s test.

B) Representative flow cytometric cell cycle analysis.

C) Quantification of cell cycle phases (n = 3/condition, ANOVA F(; 4y = 7.98, p = 0.0003). **p < 0.01, post hoc Dunnett’s test.

D) Representative immunofluorescence microscopic image of TUNEL staining.

E) Quantification of TUNEL+ cells in (D) (n = 3/condition, ANOVA F 1g = 17.58, p = 0.0208). *p < 0.05, post hoc Tukey’s test.

F) Representative histogram plots of Annexin V flow cytometry.

G) Annexin V was significantly elevated in 1-hit and R132H/ATRX knockdown (KD) NSCs (n = 3/condition, ANOVA Fs 12 = 16.5, p < 0.0001). *p < 0.05, post hoc
Tukey’s test.

(H) In vivo invasion assay. mCherry immunostaining of brain sections showing xenografts of NSCs (2.5 x 10° cells, 4 weeks post-injection) in the frontal lobe of
NOD.SCID mice. The dotted rectangles outline the injection tracks.

(I) Quantification of the percentage of mCherry+ NSCs in binned distances away from the injection site (n = 3-10 mice/condition, > 3 fields per mouse). Above the
150 um cutoff, the 3-hit condition was significantly different from all others (two-way ANOVA F3 16) = 9.487, p < 0.001). *q < 0.05, post hoc Benjamini correction.
In (A), (C), (G), and (), error bars represent SEM.

(
(
(
(
(
(

into the frontal lobe and quantifying cellular migration from
the injection site 4 weeks later (Figures 3H and 3I). In vivo
xenografts of 3-hit but not 1-hit, 2-hit, or vector NSCs
recapitulated the diffuse invasive nature of LGA, a key clinical
feature.

3 Hits Block NSC Differentiation

Expression of mutant IDH1 in progenitor cells inhibits differenti-
ation (Figueroa et al., 2010; Lu et al., 2012; Pirozzi et al., 2017;
Rosiak et al., 2016; Turcan et al., 2012; Xu et al., 2011). However,
the effect of combined IDH mutation and P53/ATRX loss on NSC
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self-renewal and differentiation is not known. Under self-renew-
ing conditions, immunofluorescent staining of our NSCs showed
expression of Nestin, an NSC marker, in more than 90% of cells
in all groups, with no significant staining for the differentiation
markers GFAP (astrocytic), TUJ1 (neuronal), or NG2 (oligoden-
droglial) (Figure 4A). Flow cytometric staining with CD133, a sur-
face NSC marker (Uchida et al., 2000), and CD44, a restricted
glial progenitor marker (Liu et al., 2004), revealed a different trend
(Figures 4B and 4C; Figures S4A and S4B). Vector and 2-hit
NSCs were CD133"9" and CD44"°%, whereas 1-hit and 3-hit
NSCs became CD133" and CD44"9", These findings sug-
gested a switching stem-like phenotype with serial introduction
of the core mutations.

We next subjected these cells to extreme limiting dilution as-
says to test their ability to clonally form spheres from single cells
under self-renewing conditions (Figure 4D). The 1-hit line had a
mildly diminished ability to form spheres, but addition of P53
and ATRX knockdown rescued this deficit. To look for differ-
ences in differentiation capabilities, we directed NSCs to differ-
entiate to neurons and astrocytes (Figures 4E and 4F). Similar
to the flow cytometry analysis, a switching phenotype emerged.
Although control and 2-hit NSCs were able to differentiate, 1-hit
and 3-hit cells showed a nearly complete differentiation block.

SOX2 Is Transcriptionally Downregulated by the 3 Hits
To identify transcription factors (TFs) that correlated with the
differentiation phenotype, we performed RNA-seq analysis. We
discovered 2,577 genes that were differentially regulated among
all four conditions (log, fold change [logoFC] > 2 and qy e < 0.05)
(Figure 4G). We performed k means clustering and visualized
the results on a scaled heatmap (Figure S4C; Table S2). Two of
15 clusters correlated with the differentiation phenotype and
contained genes that were high (cluster 2) or low (cluster 8) under
conditions capable of differentiation. Within these two clusters,
there were 291 genes and 23 candidate TFs (Figure 4H).

One of the candidates was SOX2 (sex-determining region
Y-box2), which was downregulated under conditions (1- and
3-hit) that had a differentiation block. SOX2 is a master regulator
of NSC self-renewal and multipotency (Amador-Arjona et al.,

2015; Ferri et al., 2004; Lodato et al., 2013). Using qRT-PCR,
we confirmed that SOX2 mRNA was downregulated ~10-fold
in 1-hit and 3-hit NSCs and ~5-fold in 2-hit NSCs (Figure S4D).
By immunoblot and immunofluorescence, SOX2 protein showed
the same expression pattern as SOX2 mRNA (Figures 41 and 4J).
We noticed a similar trend with mRNA levels of SOX1, a closely
related gene, and the pro-neuronal differentiation TFs NEUROD1
and NGN2, which are maintained in a bivalent (poised) state
by SOX2 (Amador-Arjona et al., 2015; Lodato et al., 2013;
Figure S4C). Compared with vector NSCs, 3-hit NSCs injected
into the mouse brain showed lower SOX2 protein levels in vivo
(Figure S5A).

To validate our observations regarding SOX2 levels, we per-
formed immunohistochemistry (IHC) and immunofluorescence
staining for SOX2 in human specimens (Table S1). We assessed
the level of SOX2 in the human cadaveric SVZ, which showed
SOX2M9" NSCs and ependymal cells (Figure 4K; Figures S5B
and S5C) (Baer et al., 2007). When we profiled brain-infiltrating
IDH1/P53/ATRX-mutated LGA cells using IHC and immunofluo-
rescence techniques for SOX2, we found low levels of SOX2
relative to NSCs in the SVZ (n = 7) (Figure 4L; Figures S5C
and S5D). These findings support our hypothesis that SOX2
is downregulated in the gliomagenic transformation of NSCs
and reproduce previous observations that SOX2 expression is
relatively low in low-grade gliomas (Annovazzi et al., 2011; Guo
et al., 2011; Ma et al., 2008).

The Genomic Region Surrounding the SOX2 Locus Is
Hypermethylated and Has Diminished CTCF Occupancy
To investigate the mechanism of SOX2 downregulation, we
examined the methylation status of the SOX2 promoter using
our methylation array data. We found no appreciable DNA
methylation change in 3-hit relative to vector NSCs (Figure 5A).
We confirmed this finding by comparing wild-type IDH (n = 53)
and mutant IDH (n = 157) LGGs from TCGA (Brat et al., 2015).
When we examined a 1.2-Mb-wide genomic region surrounding
the SOX2 locus, we observed increased DNA methylation in spe-
cific areas upstream and downstream of SOX2 in 3-hit versus
vector NSCs and a similar trend when comparing mutant with

Figure 4. Impaired Differentiation in 3-Hit NSCs Is Associated with Transcriptional Downregulation of SOX2
(A) Immunofluorescence quantification of Nestin, GFAP, TUJ1, and NG2 in NSCs cultured with EGF/FGF2.
(B) Flow cytometric detection of CD133 (n = 3/condition, ANOVA F4,109) = 53.09, p < 0.0001). and CD44 (n = 3/condition, ANOVA F4 10 = 6.83, p < 0.001). *p < 0.05,

post hoc Tukey’s test.

(C) CD133 and CD44 dual-color flow cytometry (n = 3/condition, multiple t tests). “p < 0.05.
(D) Sphere formation assay in limiting dilutions (n = 3/condition, 2 pairwise tests, p < 0.001).

(E) Representative immunofluorescence microscopic images of GFAP and TUJ1 in cultures that were differentiated to astrocytes (top) or neurons (bottom).
(F) Quantification of immunofluorescence markers in astrocytic (top) or neuronal (bottom) differentiation conditions. Astrocyte differentiation: n = 3/condition,
ANOVA F4,40) = 10.75, p < 0.0001. Neuronal differentiation: n = 3/condition, ANOVA F 40 = 86.68, p < 0.0001. *p < 0.05, post hoc Tukey’s test.

(G) Vector, 1-hit, 2-hit, and 3-hit NSCs were subjected to RNA-seq in duplicates. We found 2,577 differentially expressed genes (log,FC > 2 and qyajue < 0.05).
Genes were clustered into 15 k means groups and represented on a heatmap with no column clustering. Two of the 15 groups had genes with expression patterns
that strongly correlated or anti-correlated with the ability of NSCs to differentiate (n = 291 genes). Within these 2 groups, we identified 23 transcription factors with
ingenuity pathway analysis (IPA).

(H) Transcription factors from (G) were visualized on a heatmap. The list includes SOX2, whose levels correlated with the ability of cells to differentiate.

(I) Western blot of NSCs shows that SOX2 protein is downregulated most heavily in 1-hit and 3-hit NSCs and to a lesser degree in 2-hit NSCs. HSP908, loading
control.

(J) Immunofluorescence microscopy of NSCs stained for SOX2.

(K) Cadaver tissue immunohistochemical staining of SOX2 reveals SOX2"9" ependymal cells and NSCs in the SVZ (n = 2 adult patients).

(L) LGA tumors (IDH-mutated, P53 and ATRX loss, 1p/19q intact) showing diffuse brain infiltration containing predominantly SOX2'° tumor cells (n = 3 tumors).
In (A)-(C) and (F), error bars represent SEM.
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Figure 5. Mutant IDH1-Mediated Hypermethylation around the SOX2 Locus Leads to Diminished CTCF Occupancy

(A) The SOX2 locus (~6 kb window) aligned to 450K methylation array tracks of NSCs with the indicated transgenes (n = 2) and averaged methylation beta values
from TCGA grade Il wild-type IDH gliomas (n = 53) and mutant IDH, 1p/19q intact astrocytomas (n = 157). The SOX2 locus has low levels of methylation under all of
these conditions. RefSeq genes are shown.

(B) The region (~1 Mb) containing the SOX2 locus with tracks from (A). Shown below each pair of tracks is the calculated FC in methylation beta value. Mutant IDH
astrocytomas versus wild-type IDH gliomas share a similar pattern of changes in methylation as the comparison of 3-hit NSCs versus vector NSCs.

(C) CTCF ChlP-seq tracks from grade lll and IV gliomas (Flavahan et al., 2016). Red, mutant IDH grade Ill gliomas; green, wild-type IDH grade IV gliomas.

(D) CTCF motif analysis of each ChIP peak reveals high-confidence CTCF motif locations with CpG sites highlighted in red (MEME suite motif scanning, p < 0.001)
(E) Targeted bisulfite sequencing of CpG sites within the indicated CTCF motifs. Ten clones of vector and 3-hit NSCs were sequenced for every site. The most
robust hypermethylation in 3-hit NSCs was observed in a CTCF site upstream of SOX2 (j).

(F) CTCF ChIP-gPCR of each corresponding CTCF site. CTCF occupancy was reduced approximately ~2-fold in every site assayed (p < 0.01, multiple t tests).
Error bars represent SEM.
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(B) 4C using the SOX2 promoter as bait reveals strong long-range downstream contacts in vector NSCs that are diminished in 3-hit NSCs (n = 2/condition,

p < 0.001).
(legend continued on next page)
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wild-type IDH gliomas in TCGA (Figure 5B). We therefore hypoth-
esized that there may be other regulatory elements sensitive to
methylation in these regions.

CTCF functions as a genomic insulator but can also facilitate
contacts between promoters and enhancers (Bell et al., 1999;
Kim et al., 2007; Phillips and Corces, 2009). As an insulator,
CTCEF is necessary for delimiting borders between topologically
associating domains (TADs) (Dixon et al., 2012; Nora et al.,
2012). Its binding to its DNA motifs is sensitive to methylation
(Bell and Felsenfeld, 2000; Wang et al., 2012). Flavahan et al.
(2016) showed that DNA hypermethylation in IDH-mutated
high-grade gliomas causes the promoter of an oncogene
(PDGFRA) to ectopically associate with an enhancer in a neigh-
boring TAD because of disruption of CTCF binding and loss of
inter-TAD insulation. Using available CTCF chromatin immuno-
precipitation sequencing (ChlP-seq) data from wild-type and
mutated IDH high-grade gliomas from Flavahan et al. (2016),
we identified CTCF sites around the SOX2 gene with CpGs in
their motifs (Figures 5C and 5D). This raised the possibility that
downregulation of SOX2 in 3-hit NSCs could be due to aberrant
chromatin looping brought about by reduced CTCF binding at
hypermethylated motifs.

All four CTCF motifs upstream of the SOX2 promoter and a
single site ~1 Mb downstream had CpGs directly in the motif,
suggesting sensitivity to methylation. To understand whether
direct hypermethylation of CTCF sites could lead to decreased
CTCF occupancy at these CTCF sites, we performed targeted
bisulfite sequencing of vector and 3-hit NSCs (n = 10/motif) (Fig-
ure 5E). We found higher levels of methylation in 3 of 5 sites
examined. The hypermethylation in 3-hit NSCs was particularly
prominent at a CTCF motif 11 kb upstream of the SOX2 gene
(Figure 5E, i). To assess whether CTCF occupancy at these
motifs had changed, we performed ChIP-qPCR for CTCF (Fig-
ure 5F). Every site assayed had an ~2-fold decrease in CTCF
occupancy, supporting the hypothesis that DNA hypermethyla-
tion in 3-hit NSCs leads to reduced CTCF occupancy around
the SOX2 locus.

The SOX2 Promoter Has Diminished Contacts with
Putative Downstream Long-Range Enhancer Regions
under 3-Hit Conditions

Because CTCF organizes chromatin looping, we analyzed pub-
licly available HiC plots of NSCs (Dixon et al., 2015) and found
that SOX2 has strong contacts with multiple areas within its
TAD (Figure 6A; Figure S6A). To understand whether loss of
CTCF binding affects chromatin contacts at the SOX2 locus,
we performed circularized chromosome conformation capture
(4C-seq) using the SOX2 promoter as bait to identify genomic
interactions that may regulate its expression (Figure 6B; Fig-
ure S6B). We discovered strong cis interactions ~700 kb down-
stream of SOX2 in our control NSCs. These interactions were all

apparent in NSC HiC data (Figure 6A) and significantly reduced in
3-hit NSCs.

To determine whether this strong long-range contact repre-
sents a promoter-enhancer interaction, we examined available
epigenome data from the Roadmap Epigenome Project (Kun-
daje et al., 2015; Figure 6C). Remarkably, for nearly every cell
type examined (n = 127), a transcriptionally active transcriptional
start site (TSS) at the SOX2 gene correlated with the presence of
enhancers ~0.5-1 Mb downstream of the gene. To see whether
this same pattern of chromatin contacts is maintained in other
cell types, we examined the HiC profiles of hESCs, which ex-
press high levels of SOX2, and IMR90 lung fibroblasts, which
are low for SOX2 (Figures 6D and 6E; Figures S6A, S6C, and
S6D). We found that hESCs maintained a HiC profile very similar
to that of NSCs. In contrast, in IMR90 cells, TAD boundaries were
similar, but SOX2 did not have robust contacts with the genomic
regions that corresponded to the enhancer elements. These
findings suggest that, in LGA, SOX2 downregulation is due to
aberrant chromatin looping that results in disassociation of the
SOX2 promoter from a downstream enhancer.

Ectopic Expression of SOX2 Rescues the Block in
Differentiation

To validate the critical role of SOX2 in gliomagenesis, we
ectopically expressed SOX2 under all conditions studied and
subjected them to astrocytic and neuronal differentiation.
NSCs were transduced with a lentivirus constitutively expressing
SOX2-P2A-GFP or an empty vector (Figure 7A; Figure S7A). After
ectopic SOX2 expression, 3-hit cells showed differentiation
levels similar to control NSCs (Figures 7B and 7C; Figures S7B
and S7C). This finding suggested that restoring SOX2 expres-
sion in 3-hit NSCs was sufficient to rescue the differentiation
block and confirmed a central role for transcriptional downregu-
lation of SOX2 in LGA formation.

DISCUSSION

The role of individual oncogenes and tumor suppressors in the
initiation of LGA remains poorly understood. Mutant IDH1 is a
shared core mutation in both LGA and oligodendroglioma (Brat
et al.,, 2015; Parsons et al., 2008), suggesting that the cell
of origin is a shared neuroglial progenitor (Bardella et al., 2016;
Rosiak et al., 2016).

Our model shows that combination of the 3 oncogenic hits
promotes gliomagenesis not by altering cell growth but by
arresting differentiation of NSCs (Pirozzi et al., 2017; Rosiak
et al., 2016; Sulkowski et al., 2017), which become locked in a
self-renewing and brain-invasive state. Several lines of evidence
support the notion that the IDH1 mutation is the inciting onco-
genic hit in LGA. First, exome sequencing of IDH-mutated astro-
cytoma at initial diagnosis and recurrence showed that, although

(C) Epigenetic states of the genomic region downstream of SOX2. Epigenetic data are from the NIH Roadmap Epigenetics Consortium (Kundaje et al., 2015). Each
row represents a cell type (n = 127), with integrated epigenome data corresponding to 25 different chromatin states (see legend). Cell types that are high for SOX2
have active TSSs and epigenetic marks in enhancer elements downstream of SOX2 that correspond to 4C and HiC contact signals in (A) and (B) (purple

highlighting).

(D and E) HiC plot of (D) hESCs (SOX2 high) and (E) IMR90 lung fibroblasts (SOX2 low) using the same 1.2-Mb genomic window as in (A). These plots demonstrate

the genomic organization differences within the TAD that contains SOX2.
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Figure 7. SOX2 Overexpression Rescues the Differentiation Block in 3-Hit NSCs

(A) Lentiviral constructs used for overexpression of SOX2. Ppgk, PGK promoter.

(B and C) Vector and 3-hit NSCs were transduced with (i) empty vector or (i) SOX2-P2A-GFP lentivirus, directed to differentiate to astrocytes (B) or neurons (C)
and immunostained for Nestin, GFAP, TUJ1, and NG2. There was no difference between cultures overexpressing SOX2 (n = 3/condition, ANOVA F 4 40 = 1.224 for
astrocytic and ANOVA F, 40) = 2.1 for neuronal differentiation, both p > 0.05). The expected differentiation profiles were seen with empty vector (n = 3/condition,
ANOVA F4 40) = 48.65 for astrocytic and ANOVA F 40 = 113 for neuronal differentiation, both p < 0.0001). *p < 0.05, post hoc Tukey’s test. Error bars

represent SEM.

the IDH1 is preserved, distinct clonal mutations in P53 and ATRX
emerge at recurrence (Johnson et al., 2014). Second, expression
of mutant IDH1 alone in progenitor cells leads to pre-tumorigenic
changes (Bardella et al., 2016; Figueroa et al., 2010; Lu et al.,
2012; Pirozzi et al., 2017; Rosiak et al., 2016; Saha et al., 2014;
Turcan et al., 2012). Third, germline mosaicism for neomorphic
IDH mutations in Ollier disease can result in brain astrocytomas
(Amary et al., 2011; Bonnet et al., 2016; Pansuriya et al., 2011). In
contrast, loss of ATRX by itself in a wild-type P53 background
does not lead to brain tumor formation (Seah et al., 2008). Simi-
larly, TP53 loss in the brain does not result in tumor formation by
itself unless other oncogenes are introduced (Liu et al., 2011;
Zheng et al., 2008). We therefore propose that the most likely
order of the 3 oncogenic hits is IDH mutation followed by loss
of P53 and, finally, loss of ATRX.

We identified transcriptional downregulation of SOX2 as a
central mechanism underlying the differentiation block. Our hy-
pothesis that SOX2 is downregulated in the transition from
NSCs to LGA tumor cells was corroborated by immunostaining
of human cadaveric adult SVZ tissue and IDH1 mutant LGA.

SOX2 is not only required for self-renewal but is also the guardian
of NSC multipotency by helping maintain bivalent chromatin
marks on pro-differentiation genes. Therefore, its downregula-
tion in 3-hit NSCs provides a robust explanation for the acquired
arrest in differentiation.

Despite the global DNA hypermethylation induced by mutant
IDH1, we did not find hypermethylation of the SOX2 promoter.
In mouse ESCs, expression of SOX2 is maintained by chromo-
somal looping and association with cis downstream enhancers
(Li et al., 2014; Sikorska et al., 2008). Our study provides evi-
dence that, in human NSCs, SOX2 expression is dependent
on contact with enhancers 700 kb downstream via CTCF-
dependent chromatin looping. This chromatin loop is disrupted
in 3-hit NSCs because of hypermethylation of CTCF motifs
flanking the SOX2 locus, leading to decreased SOX2 expression
and differentiation block. This disruption in chromatin confor-
mation mechanistically resembles the findings of Flavahan
et al. (2016) in IDH-mutated high-grade glioma. However, we
show that unraveling of chromatin leads to disassociation of
the SOX2 promoter from its enhancer and a differentiation block
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rather than ectopic activation of an oncogene from a neigh-
boring TAD.

Our model provides a tractable platform to study serial addi-
tion of clinically relevant oncogenic hits to human NSCs. We
used this system to study the earliest stages of IDH-mutated
LGA formation and discovered a fundamental gliomagenesis
mechanism revolving around abnormal chromatin looping, tran-
scriptional downregulation of SOX2, and impaired NSC differen-
tiation. Our findings underscore the importance of chromatin
conformation as a critical epigenetic mechanism of tumor initia-
tion in LGA and, likely, other malignancies.

EXPERIMENTAL PROCEDURES

Detailed methods can be found in the Supplemental Experimental Procedures.
Human ESCs with an HES5::GFP reporter (Placantonakis et al., 2009) were
used to derive NSCs and their progeny (astrocytes, neurons, and oligodendro-
cytes). All hESC experiments were approved by New York University (NYU)
Embryonic Stem Cell Research Oversight Committee (ESCRO) (Protocol
14-00267). NSCs were maintained in medium containing EGF and FGF2. Sta-
ble NSC lines were generated by delivering transgenes with lentiviruses. Stan-
dard techniques and analyses were used for flow cytometry, extreme limiting
dilution sphere assays, qPCR, immunoblot, immunofluorescence, and IHC.
Animal procedures were performed according to Institutional Animal Care
and Use Committee (IACUC) Protocol 160403 at NYU. For xenograft invasion
assays, male NOD.SCID mice (6-8 weeks) were stereotactically injected with
2.5 x 10° NSCs in the frontal lobe, as described previously (Bayin et al., 2014).
Xenografts were analyzed 4 weeks after injection. Images were processed
with ImageJ software.

NSCs were harvested under self-renewing conditions for RNA-seq, DNA
methylation profiling with lllumina 450K arrays, MS, and 4C-seq. RNA-seq
and DNA methylation data from our NSCs were compared with TCGA data
(Brat et al., 2015). Data were visualized with the R software suite (https://
www.r-project.org). To generate a 4C library for sequencing, we adapted
our recently described protocol (Raviram et al., 2016; Rocha et al., 2016) to
capture interactions from the SOX2 promoter.

CTCF ChlIP-seq data from 2 grade Ill mutant IDH and 2 grade IV wild-type
IDH datasets (GEO: GSE70991), as in Flavahan et al. (2016), were used to iden-
tify CTCF binding sites near the SOX2 locus. All tracks were plotted on the
same intensity scale. We visualized the 25-state imputed chromHMM model,
which uses integrative data from 127 cell lines that had at least five different
chromatin marks used to annotate the epigenome (Kundaje et al., 2015). For
HiC data (GEO: GSE35156 and GSE52457), publicly available (Dixon et al.,
2012, 2015) datasets from lung fibroblasts (IMR90), H1 hESCs, and NSCs
were used (Lazaris et al., 2017).

Statistical comparisons were performed with t test, %2 test, and ANOVA
(one- and two-way). Statistical significance was set at p < 0.05. Significant
ANOVA comparisons were followed by post hoc Tukey’s test, Dunnett’s
test, or Benjamini false discovery rate correction. Statistical analyses were
performed using Prism 7 (GraphPad) software. The n value signifies biological
replicates. Statistics for RNA-seq, 450K methylation array, and 4C analysis
were performed using built-in statistical methods in bioinformatics packages
and/or the R software suite (https://www.r-project.org).

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq, methylation array, and 4C-seq data
reported in this paper is GEO: GSE94962.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at
https://doi.org/10.1016/j.celrep.2017.10.009.
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