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Abstract
Tumor cell plasticity contributes to functional and morphologic heterogeneity. To uncover the underlying

mechanisms of this plasticity, we examined glioma stem-like cells (GSC) where we found that the biologic
interconversion between GSCs and differentiated non-GSCs is functionally plastic and accompanied by gain or
loss of polycomb repressive complex 2 (PRC2), a complex thatmodifies chromatin structure. PRC2mediates lysine
27 trimethylation on histoneH3 and inGSC it affected pluripotency or development-associated genes (e.g.,Nanog,
Wnt1, and BMP5) together with alterations in the subcellular localization of EZH2, a catalytic component of PRC2.
Intriguingly, exogenous expression of EZH2-dNLS, which lacks nuclear localization sequence, impaired the
repression ofNanog expression under differentiation conditions. RNA interference (RNAi)–mediated attenuation
or pharmacologic inhibition of EZH2 had little to no effect on apoptosis or bromodeoxyuridine incorporation in
GSCs, but it disrupted morphologic interconversion and impaired GSC integration into the brain tissue, thereby
improving survival of GSC-bearing mice. Pathologic analysis of human glioma specimens revealed that the
number of tumor cells with nuclear EZH2 is larger around tumor vessels and the invasive front, suggesting that
nuclear EZH2 may help reprogram tumor cells in close proximity to this microenvironment. Our results indicate
that epigenetic regulation by PRC2 is a keymediator of tumor cell plasticity, which is required for the adaptationof
glioblastoma cells to their microenvironment. Thus, PRC2-targeted therapy may reduce tumor cell plasticity and
tumor heterogeneity, offering a new paradigm for glioma treatment. Cancer Res; 73(14); 4559–70. �2013 AACR.

Introduction
Cancers are mostly composed of heterogeneous cell popula-

tions. A significant degree of morphologic and lineage hetero-

geneity may contribute to tumor expansion, invasion, metas-
tasis, and drug resistance (1). These multiple distinct subpo-
pulations of cancer cells within tumors may derive from a
limited source of cancer cells, called cancer stem cells (CSC),
which may have plasticity and respond to signals from their
microenvironment (1–3). Such stem-like cancer cells have
been well characterized in glioblastoma multiforme, and are
referred to as glioma stem-like cell (GSC; refs. 4–7). These cells
are considered to be capable of aberrantly differentiating into
diverse cell types in response to oncogenic cues. Although
CSCs can differentiate into non-CSCs, the reverse process is
now also being considered (8, 9). This phenotypic plasticity
between CSCs and non-CSCs may be regulated by signals
within the tumor microenvironment.

Alongside known genetic changes, aberrant epigenetic
alterations have emerged as common hallmarks of many
cancers including glioblastoma (10–12). Epigenetic silencing
in cancer cells is mediated by at least twomechanisms, namely
polycomb repressive complex 2 (PRC2)–mediated histone
H3 lysine 27 trimethylation (H3K27me3) and DNA methyla-
tion–mediated gene silencing, the latter of which is closely
associated with H3K9 di- or tri-methylation (H3K9me2/3;
refs. 13–15). A significant difference between the two mechan-
isms centers on the stability of transcriptional repression;
H3K27me3-mediated gene silencing can change dynamically
as opposed to DNA methylation within CpG islands, which
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is highly stable without artificially altering key factors in the
cells (16).

In vertebrates, PRC2-mediated H3K27me3 processes confer
stemness and control organism development by regulating the
expression of developmental genes during embryonic devel-
opment (17–19). In particular, a recent study showed that
deletion of the histone methyltransferase of PRC2, Ezh2, in
mice changes the balance between differentiation and self-
renewal of cortical progenitor cells, thus altering the rates of
neurogenesis and developmental timing (20). Given the roles of
PRC2-mediated H3K27me3 during development, plastic and
dynamic interconversion between CSCs and non-CSCs may
also be associated with PRC2-mediated H3K27me3 epigenetic
process.

In this context, using glioblastoma as a highly heteroge-
neous tumor model, we investigated the PRC2-mediated
H3K27me3 mechanism that regulate the interconversion
between GSCs and non-GSCs, which may be a key process
involved in the cancer phenotype including formation of
tissue heterogeneity. Our study also provides evidence that
support tumor cell plasticity as a potential therapeutic target
against human gliomas.

Materials and Methods
Primary tumors, establishment of glioma-initiating
cells, and human neural stem cells

Glioma tissue samples were obtained from 3 patients
(# 1228, 0316, and 0125) undergoing surgical treatment at
the Nagoya University Hospital (Nagoya, Japan), after they
provided written informed consent. The procedures used for
derivation of GSCs were described previously (21, 22).
Serum-induced brain tumor cells (S-BTC) were established
by culturing GSCs in Dulbecco's Modified Eagle Medium
(Invitrogen) containing FBS. We examined different concen-
trations of FBS (0.1%, 1%, and 10%) and found that even low
concentrations of serum (0.1% and 1%) still showed the same
morphologic conversion as with 10% serum, although the
effects were less stable. Therefore, we used 10% serum as
reported previously (5). A human neural stem cell (NSC)
line, namely HB1.F3, was generated from the human fetal
telencephalon as described previously (23). GFP coding
sequence was ligated into the multiple cloning site of
pLNCX2 retrovirus vector (TAKARA). Virus containing the
pLNCX2-GFP construct was used to infect 1228-GSC and
0316-GSC lines according to a previously reported protocol
(15). GSC lines (1228, 0316, and 0125) stably expressing the
GFP under the Nestin promoter using pE/nestin:EGFP con-
struct (GSC-pE-Nes) were also generated (24). About the
EZH2 exogenous expression, a hemagglutinin (HA)-tagged
short hairpin RNA (shRNA)–insensitive EZH2 expression
construct (EZH2-exp) was generated by PCR-based site-
directed mutagenesis to create CATGCAGGCAAGTTTACGA
(five mutated residues are shown in italic font) and cloned
into pcDNA3-mRFP vector (13032; Addgene). We also mod-
ified this EZH2-exp construct and generated shRNA-insen-
sitive EZH2 lacking nuclear localization signal (NLS; deletion
of 491–495 amino acids of EZH2, which correspond to the
NLS; ref. 25).

Antibodies
Anti-b-tubulin (Tuj-1; Millipore), anti-GFAP (Z0334;

DAKO), anti-human Nestin (MAB1259; R&D Systems),
anti-Nanog (9092; Cell Signaling Technology), anti-EZH2
(AC22; Cell Signaling Technology), anti-SUZ12 (37375; Cell
Signaling Technology), anti-EED (05-1320; Millipore), and
anti-CD133 (130-190-422; Miltenyi Biotec) were used for
immunocytochemistry. Rabbit anti-human EZH2 (36-6300;
Zymed), mouse anti-EZH2 (AC22), mouse monoclonal anti-
human glial fibrillary acidic protein (GFAP; M0761; DAKO),
and rabbit polyclonal anti-human Nestin (AB5922; Millipore)
were used for immunohistochemistry. Antibodies against
EZH2 (AC22; Cell Signaling Technology), K27 trimethylated
histone H3 (07-449; Millipore), anti-histone H3 (ab1791;
Abcam), inhibitor of IkB kinase a (IKKa; sc-7182; Santa
Cruz Biotechnology), and b-actin (BH10D10; Cell Signaling
Technology) were used for immunoblotting.

Sphere formation assay in 96-well plates
GSCs were converted into S-BTCs after 3 weeks of contin-

uous exposure to serum. S-BTCs were trypsinized and placed
into 96-well plates (50 cells/well) in NBE media with N2 and
B27 supplements, basic fibroblast growth factor (bFGF), and
EGF, as described earlier. Seven days after seeding, spheres
were counted (each sphere contained more than 10 cells). The
rate of sphere formation was then calculated by (the number
of spheres/the number of cells seeded) � 100. On average,
51.1% � 11.3% (1228-S-BTC) and 57.9% � 10.2% (0316-S-BTC)
of the cells reformed spheres.

3-Deazaneplanocin A treatment of cells
3-Deazaneplanocin A (DZNep) was synthesized from a

commercially available cyclopentenone derivative (CAS:
163317-01-9; CHEMSTEP) as described elsewhere (26). Spec-
troscopic data of the synthesized DZNep were identical to
those used in a previous study (26).

RNA interference
Retroviral vectors were designed [RNA interference (RNAi)-

Ready pSIREN-RetroQVector; ClontechLaboratories] encoding
a shRNA directed against EZH2 (target sequences of 50-CATG-
TAGACAGGTGTATGA-30, Ver. C or 50-ATATGACTGCTTCC-
TACAT-30, Ver. B; ref. 15) or directed against WNT1 (target
sequences of 50-CATCGAATCCTGCACGTGT-30, Ver. 1 or 50-
CCACGAACCUGCUUACAGA-30, Ver. 2). A detailed protocol
was described previously (15). Cells were incubatedwith viruses
[multiplicity of infection (MOI) ¼ 0.4] in the presence of retro-
nectin (40 mg/mL; TAKARA). Both constructs could reduce
EZH2 or Wnt1 expression around 70% to 80%. For control
purposes, we used an shRNA vector targeting luciferase (Luc;
synthesized by BD Biosciences) and an empty vector (mock).

Transfection of the BMP5 gene
A retrovirus vector was manipulated (pLNCX2; Clontech

Laboratories) to encode full-length BMP5 (accession number,
NM_021073). The target vectorwas cotransfectedwith pVSV-G
(TAKARA) into GP2-293 cells (TAKARA) and virus-containing
medium obtained according to the manufacturer's protocol.
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Real-time PCR analyses
Total RNA was isolated using TRIzol (Invitrogen), and 2 mg

was reverse transcribed with Superscript Reverse Transcriptase
(Invitrogen). TaqMan or SYBR Green quantitative PCR (qPCR)
was then conducted in duplicate for the target genes, with the
oligonucleotide primers used shown in Supplementary Table
S1. Relative values to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) expression were used for normalization.

RNA expression microarray and data analysis
Targets for microarray hybridization were generated from

RNA according to the manufacturer's instructions (Agilent
Technologies). Whole Human Genome Microarrays (Agilent
Technologies), were used for gene expression profiling. In each
array, unreliable probes (identified using the same protocol as
GeneSpring software; Agilent Technologies) were considered
as missing-values in the following statistical analysis. The
expression level signals were log2-transformed and normal-
ized, so that the (log2-transformed) expression levels of each
array had zero mean and unit variance. Pearson correlation
coefficient and its statistical significance were computed.
Principal component analysis (PCA) was applied to expression
data obtained from each analysis.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were con-

ducted on the basis of a modification of previously published
methods (13). The lysate was incubated with either 10 mL of anti-
K4 dimethylated histone H3 (07-030; Millipore), anti-K27 tri-
methylated histone H3 (07-449; Millipore), or anti-histone H3
(ab1791; Abcam) antibody. An aliquot (2%) of total lysate was
incubated with 10 mL TE buffer [10 mmol/L Tris (pH 8.0) and 1
mmol/L EDTA] at 4�C overnight as a negative control. Because
the number of GSCs was limited, we needed to increase the
signal and reduce the background of ChIP. The amount of
antibody was optimized for each modification to get the max-
imum amount of DNA while keeping the signal-to-noise ratio
high. We used a magnetic bead system to reduce the loss of
material during thewashing step (10003D; Life Technologies). To
minimize the loss of DNA, we used conventional phenol chlo-
roform DNA extraction instead of column extraction system.
ChIP products were used for confirmation ChIP-PCR, with the
relevant oligonucleotide primers shown in Supplementary Table
S1. TaqMan or SYBRGreen qPCRwas conducted in anABI Prism
7000 (Applied Biosystems) in triplicate for the target genes.

ChIP-microarray analyses
We analyzed ChIP products as probes on the 88K promoter

array (G4475A; Agilent Technologies). A detailed protocol for
ChIP-microarray (ChIP-chip) was described previously (13, 15).
Resultswere analyzedby theneighborhood errormodel inChIP
Analytics software; a probe X was considered "bound" if P(X) <
0.05 and at least one neighboring probe had P(X) < 0.1 (version
1.1; Agilent Technologies). After probes were identified by the
software, probes with signal ratio (target/input) for each target
gene >2.0 were further selected. The data of our microarray
analysis are available in the Array express (http://www.ebi.ac
.uk/arrayexpress) with accession code: E-TABM-1121.

Methylated CpG island amplification-microarray
Global analysis using methylated CpG island amplification-

microarray (MCAM) technology was carried out using DNA
from the cell lines and normal brain tissue as described
previously (27–29). The data of our microarray analysis are
available in the Array express (http://www.ebi.ac.uk/arrayex-
press) with accession codes: E-TABM-1122.

Bisulfite pyrosequencing methylation analysis
We conducted bisulfite treatment as reported previously

(29). Primer sequences and conditions used for methylation
determination are shown in Supplementary Table S1. The
methylation levels at three CpG sites were averaged to repre-
sent the degree of methylation for the Nanog gene.

Cell growth assay
GSCs (1 � 104) were plated in 12-well culture dishes for 24

hours before DZNep treatment (5 or 10 mmol/L). GSCs were
treated with DZNep or PBS (control) for 72 hours and trans-
ferred to NBE media without DZNep. Cell numbers were
determined every 3 days. Experiments were carried out inde-
pendently in triplicate.

Bromodeoxyuridine incorporation assay
Bromodeoxyuridine (BrdUrd) incorporation was assessed

using a FACSCalibur apparatus (Becton Dickinson) according
to the manufacturer's instructions.

Animal experiments
Animal experiments were carried out according to the

principles described in the Guide for the Care and Use of
Laboratory Animals prepared by the Office of the Prime
Minister of Japan. We stereotactically injected GSCs or S-BTCs
resuspended in 5 mL PBS into 5- to 6-week-old nonobese
diabetic/severe combined immunodeficient (NOD/SCID)
female mice (SLC). Four weeks after the GFP-expressing GSCs
(1228- and 0316-GSC-GFP) were inoculated in the brain of
NOD/SCID mice, the presence of GFP-expressing tumors was
confirmed by an in vivo spectral imaging system (Maestro2;
CRi). On the same day, mice bearing GFP-expressing gliomas
were injected with DZNep (50 mg) or PBS (control) via single
intratumoral (i.t.) injection route. Another 4 weeks after the
initiation of treatment, the presence of tumorswas determined
by biofluorescence imaging. Furthermore, the survival time
was evaluated by the Kaplan–Meier method.

Brain slice model
The brains of female BALB/c nude mice were cut into 300-

mm coronal slices by a vibratome (VT 1000 E; Leica), which
were transferred onto 30-mm Millicell-CM inserts (pore size,
0.4 mm; Millipore) in 6-well culture plates. EZH2-shRNA-,
BMP5-expressing-, or Wnt1-shRNA–transduced GSC spheres
or control GSC spheres were placed onto the brain slices. After
7-day culture, the slice was fixed with 4% paraformaldehyde
and immunostained with mouse monoclonal anti-human
GFAP (M0761; DAKO) and rabbit polyclonal anti-human Nes-
tin (AB5922; Millipore) antibodies. The fluorescent areas were
quantified with the Developer Toolbox 1.7 software (GE
Healthcare).
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Results
Characterization of GSCs from human glioblastoma

We established GSC lines (1228-, 0316-, and 0125-GSCs) that
were capable of reproducibly forming tumors in the brain of
NOD/SCID mice even with 102 cells and were serially trans-
plantable (Supplementary Table S2). The expression of CD133,
Nestin, and Nanog, as CSC markers or pluripotency-related
markers, was positive in the majority of cell lines (Fig. 1A and
Supplementary Fig. S1A). Genome-wide expression profiles of
0316- and 1228-GSCs were similar to each other and resembled
the ones obtained with NSCs, whereas gene expression profiles
of the parental glioblastoma tumors were markedly distinct
(Supplementary Fig. S1B and S1C).

We next generated the GSC lines stably expressing the
enhanced GFP (EGFP) under the Nestin promoter (GSCs-pE-
Nes), activity of which reflects NSC properties (Fig. 1B; ref. 24).
To examine how GSCs-pE-Nes lines differentiate in an in vivo
environment over time, cells were inoculated in the brain of
NOD/SCID mice (Fig. 1B). GSCs-pE-Nes outgrew rapidly and
showed still high level of Nestin expression and almost no
detectable level of GFAP (glial marker) expression after 1 week.
GSCs-pE-Nes gradually converted into differentiated tumor
cells, and after 4 weeks, themajority of GSCs-pE-Nes expressed
GFAP, whereas the minority expressed Nestin in the tumors.
Because the assays for CSC showed their potential for self-
renewal, tumor propagation, and differentiation, our model
seems to fit the CSC model (30).

We next examined whether serum exposure in vitro could
also direct the progression of GSCs into differentiated tumor
cells as was observed in the brain of NOD/SCID mice. Sphere-
forming GSCs became adherent in response to serumwithin 48
hours andwere termed S-BTCs. The expression levels ofCD133,
Nestin, and Nanog were reproducibly downregulated after
continuous serum exposure (Fig. 1C and E and Supplementary
Fig. S1E). In contrast, the expression of differentiationmarkers,
GFAP and neuron-specific class IIIb-tubulin (neuronalmarker,
b III tubulin), was upregulated in S-BTCs as compared with the
corresponding GSCs along with an attenuation of tumorige-
nicity in NOD/SCIDmice as reported previously (Fig. 1D and E;
Supplementary Table S2; ref. 5). Comparison of cell growth
between GSCs and S-BTCs indicated that the attenuation of
tumorigenicity in S-BTC was not simply because of reduced
proliferation (Fig. 1F). These observations indicated that a
unique feature of primary glioblastoma-derived GSCs in our
model is their ability to initiate the differentiation program
in response to environmental conditions (i.e., orthotopic site
of NOD/SCID mice or serum exposure), via downregulation of
Nanog and other pluripotency-related genes and induction of
the differentiation-related genes in S-BTCs (31).

Bidirectional interconvertibility between GSCs and
S-BTCs

Although the possibility of bidirectional interconvertibility
between CSCs and non-CSCs has been mentioned, it has been
little explored (8, 9). In our GSC model, we found that if the
serum was withdrawn in the S-BTC culture after 3 weeks of
continuous exposure, tumor cells reformed spheroids again
(revertant-GSCs, Rev-GSCs; Fig. 2A). It is possible that this

simply reflected clonal selection of minor populations, in
which "unresponsive-GSCs" maintain GSC characteristics in
serum conditions and may contribute to reforming spheres
following return to NBE. However, via limiting dilution anal-
ysis, more than half of S-BTCs have the capability of reconvert-
ing intoGSCs (seeMaterials andMethods). Consistent with the
morphologic interconversion between GSCs and S-BTCs,
intrinsic neural stem cell marker profiles were found in these
Rev-GSCs (Fig. 2B and Supplementary Fig. S1D). Furthermore,
GSCs-pE-Nes lost the EGFP expression by 96 hours in serum-
containing culture and reexpressed EGFP following return to
NBE for 72 hours (Fig. 2C). This reversible Nestin promoter
activity retained until medium change at 3 to 4 weeks. More
importantly, in contrast to the attenuated tumorigenicity of S-
BTCs, Rev-GSCs recovered high tumorigenicity capabilities in
the brain of NOD/SCID mice, indicating that conversion of
GSCs to S-BTCs is functionally plastic and reversible within a
certain period of time (Supplementary Table S2).

Epigenetic silencing mediated by PRC2-H3K27me3 in
GSCs

BecauseNanogexpressiondisplayed the best correlationwith
plastic interconversion among the pluripotency-related mar-
kers, being consistently downregulated in response to serum,
we examined how epigenetic mechanisms affected Nanog
expression (Fig. 3A). Although DNA methylation of this gene
was not altered and seemed not to be involved in this silencing
process, H3K27me3 on theNanog promoter was approximately
3-fold enriched after serum addition to GSCs. Downregulation
of EZH2 via a shRNA knockdown system (EZH2-KD; Supple-
mentary Fig. S2A) in GSCs suppressed enrichment of
H3K27me3 at theNanog promoter after serum exposure, which
resulted in sustained expression of Nanog (Fig. 3A and B). This
derepression of Nanog by EZH2-KD was rescued by exogenous
expression of an shRNA-insensitive EZH2 (EZH2-exp), in which
the target site of shRNA was mutated (Fig. 3B).

Intriguingly, subcellular localization of EZH2 seemed to be
associated with morphologic conversion of GSCs in response
to serum, although the expression level of EZH2 was not
remarkably different between GSCs and S-BTCs (Fig. 3C–E
and Supplementary Fig. S1F). Immunofluorescence analysis
revealed that EZH2 was localized in both the nucleus and
cytoplasm of GSCs. After serum exposure, it translocated
primarily into the nucleus of more than 50% of the cells within
24 to 48 hours and subsequently retracted into the cytoplasm
by 72 hours (Fig. 3C and D). The amount of EZH2 in the
cytosolic and nuclear fractions as assessed byWestern blotting
seemed to parallel the observations in the immunofluores-
cence images (Fig. 3E). Other components of PRC2, such as
EED and SUZ12, also behaved similarly to EZH2, suggesting
that these PRC2 components work together in the nucleus
(Supplementary Fig. S2B and S2C). Consistently, we found that
exogenous expression of the shRNA-insensitive EZH2 lacking
nuclear localization sequence (EZH2-dNLS), which localized
predominantly in the cytosol (25), failed to rescue the dere-
pression of Nanog in GSCs after serum exposure (Fig. 3B).
These data indicated that dynamic translocation of PRC2
during the phenotypic conversion of GSCs played an important
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Figure 1. Phenotypic change of glioma-stem cells in in vivo and in serum. A, mRNA expression of stem cell markers (CD133 and Nestin) and pluripotency-
related marker (Nanog) in GSCs and NSCs. Y-axis indicates relative expression ratio of target mRNA/GAPDH mRNA. B, GSC lines stably expressing
the EGFP under the Nestin promoter (top) in the brain of mice (middle). More than 50% of the cells in the spheres expressed high level of EGFP
(top, right). Percentage of Nestin- and GFAP-positive cells in 4 different high-power fields (bottom; mean � SD). �, P < 0.05. Blue, 40,6-diamidino-2-
phenylindole (DAPI) staining. Bar, 50 mm.mRNA expression (mean� SD) ofCD133,Nestin, andNanog (C) and differentiationmarkers (GFAP and b III tubulin,
D) in GSCs and S-BTCs. �, P < 0.05. E, immunofluorescence of GSCs and S-BTSCs (3 weeks after serum exposure) with GFAP, b III tubulin, and Nestin.
Bar, 20 mm. F, in vitro cell growth of GSCs and S-BTCs (mean � SD). �, P < 0.05.
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role in epigenetic reprogramming of H3K27me3-repressive
mark in certain loci, such as Nanog.

Depletion of EZH2 suppresses interconversion of GSCs
and S-BTCs

Next, we investigated the effect of inhibition of EZH2 on GSC
conversion. EZH2-KD attenuated the ability of GSCs to differ-
entiate into S-BTC in response to serum, in contrast to control
GSCs (Fig. 3F). Attenuated GSC conversion by EZH2-KD was
rescued by exogenous expression of EZH2-exp, whereas EZH2-
dNLS failed to rescue it in GSCs after serum exposure (Supple-
mentary Fig. S1G). These results were supported by the findings
showing the effects of a potent PRC2 inhibitor, DZNep, onGSCs
(32). Although DZNep affects multiple methyltransferases via
inhibition of S-adenosylhomocysteine hydrolase, it preferen-
tially disrupts thePRC2 activity. Global gene expression analysis
revealed that the DZNep-mediated profile change was signif-
icantly correlated with EZH2-KD-mediated changes in 1228-
GSCs (P < 0.001; Supplementary Fig. S2D), suggesting that
pharmacologic inhibition of PRC2 by this compound results
in the elimination of EZH2 and other PRC2 components from
the target loci. Expression profiles analyzed by PCA revealed

that GSCs with DZNep treatment in the serum condition more
closely resembled the original GSCs than S-BTCs (Supplemen-
tary Fig. S2E). DZNep-treated cells retained a spheroid shape
with high Nestin expression but no GFAP expression after
serum exposure (Fig. 3G). Of note, DZNep also inhibited the
conversion of S-BTCs to Rev-GSCs after withdrawal of serum
(Fig. 3H). Thus, EZH2 depletion/inhibition impaired the bidi-
rectional conversion betweenGSCs and S-BTCs, indicating that
a switch from an active to silent state of particular gene sets
regulated by PRC2-H3K27me3 in each cell type might be a key
mechanism underlying the phenotypic plasticity observed.

Global analyses of the genes regulated byPRC2-mediated
H3K27me3 and DNA methylation in GSCs and S-BTCs

To decipher the global target genes of PRC2-mediated
H3K27me3 in the process of interconversion, we conducted
ChIP microarray (ChIP-chip) analysis on GSCs and S-BTCs.
Initial validation of our ChIP-chip analysis is described in Sup-
plementary Fig. S3 and Supplementary Table S3. Of note, 217,
1,024, and 1,525 genes in 1228-GSCs, 0316-GSCs, and 0125-GSCs,
respectively, showed enrichment of H3K27me3 (Fig. 4A; Sup-
plementary Fig. S3A–S3C; Supplementary Table S4). During
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the conversion of GSCs to S-BTCs, both gain and loss of
H3K27me3 marks were found in 1228-GSCs and 0316-GSCs
(Fig. 4A and Supplementary Table S4). Comparison of ChIP-chip
and gene expression array analyses during this process revealed
that genes with H3K27me3 enrichment were significantly down-
regulated in both GSC lines (P ¼ 4.5 � 10�7 in 1228-GSCs and
-S-BTCs, and P¼ 5.4� 10�9 in 0316-GSCs and -S-BTCs; based on
x2 test), indicating that these epigenetic alterations reflect and
likely mediate gene expression (Supplementary Table S5).
In contrast, patterns of DNA methylation were remarkably

stable after continuous exposure to serum for a month. Initial
validation of theMCAManalysis is described in Supplementary
Fig. S3D and Supplementary Table S3. Global analysis of
promoter CpG island DNA methylation status showed no
reproducible differences between GSCs and S-BTCs over 1
month (Fig. 4A).

BMP5 and Wnt1 are the targets of PRC2-mediated
H3K27me3 in the process of interconversion
Among theH3K27me3 target genes, GSCs gainedH3K27me3

at the BMP5 promoter and lost H3K27me3 at the Wnt1 pro-
moter during the conversion to S-BTCs. The expression of
these genes was inversely correlated with alterations of
H3K27me3 status in GSCs, suggesting that PRC2-mediated
H3K27me3 regulates the interconversion of GSCs via switching
of these target genes (Fig. 4B and C).
To further examinewhether PRC2-mediated gene regulation

is obligatory for the plasticity of GSCs during adaptation to
surrounding environments, we applied an ex vivo brain tissue
model, which was analogous to the physiologic environment
(Fig. 4D; ref. 33). GSCs were transduced retrovirally withWnt1-
shRNA, EZH2-shRNA, or BMP5 (Supplementary Fig. S4A). The
off-target effects of EZH2-shRNA and Wnt1-shRNA constructs
were excluded using shRNA targeting different regions of the
genes (Supplementary Fig. S4B–S4D). Control GSCs spread to
and integrated into the surrounding brain tissue during 14 days
while displaying increased expression of GFAP and decreased
expression of Nestin, as observed in the in vitro cell culture
system (Figs. 1E and 4D). In contrast, BMP5-overexressing
GSCs, Wnt1-KD GSCs, and EZH2-KD GSCs retained spheroid
morphology and failed to expand in brain tissues. Nestin
expressionwas retained andGFAP expressionwas not induced
in those manipulated cells. To evaluate the relationship
between the initial adaptation of GSCs into the surrounding
brain tissue and subcellular localization of EZH2, GSCs-pE-Nes
were cultured for a short period (7 days) on mouse brain slice
(Fig. 4E). GSCs-pE-Nes spread to and integrated into the
surrounding brain tissue. Intriguingly, the remaining sphere-
like tumor cells expressed EGFP under the control of theNestin
promoter and nuclear EZH2, whereas reduction of EGFP and
cytoplasmic EZH2 were observed in spindle-shaped differen-
tiated tumor cells spread in the brain parenchyma.
The growth of these transduced GSCs was not significantly

different from the parent GSCs (Supplementary Fig. S4E).
These data suggested that inhibition of EZH2 and dysregula-
tion of associated H3K27me3 target genes in GSCs impaired
their integration into surrounding environments and may
prevent tumor mass formation.

Dysregulation of PRC2-mediated H3K27me3 and its
target genes abrogates tumorigenicity

In the context of glioblastoma treatment, we evaluated the
effects of EZH2-KD and DZNep on GSC growth (32, 34).
Inhibition of EZH2 resulted in slight to moderate growth
suppression, no significant effect on apoptosis (sub-G1 frac-
tion), as well as slightly decreased BrdUrd incorporation, in
both 1228- and 0316-GSCs (Supplementary Fig. S5).

Antitumorigenic effects by EZH2 depletion/inhibition were
also confirmed in an orthotopic mouse model. Furthermore,
Wnt1 depletion and BMP5 overexpression also markedly
attenuated tumorigenicity (Supplementary Fig. S5I). It is plau-
sible that the antitumorigenic effects of EZH2 depletion/inhi-
bitionmay be due to their defective self-renewal potential, as it
has been previously shown that EZH2 contributes to the self-
renewal of GSCs (6, 34). However, given the above experimental
evidence obtained with in vivo, in vitro, and ex vivo analyses,
dysregulation of EZH2 and its associated genes may decrease
the tumorigenicity of GSCs not only by defective self-renewal
potential, but also by diminished plasticity, thereby suppres-
sing GSC conversion into other cell types during adaptation to
new environments.

Heterogeneous localization of EZH2 associated with
glioblastoma cell differentiation

Our data showed that cancer cells usurp the PRC2-mediated
H3K27me3 processes to mediate functional conversion in
response to environmental cues, which was associated with
subcellular localization of EZH2. Xenografts of GSCs in NOD/
SCID mice showed regional variations in subcellular localiza-
tion of EZH2 (Fig. 5A andB). In the tumor/normal brain border,
certain populations of cells showed prominent nuclear local-
ization of EZH2 together with high level of Nestin expression.
In contrast, EZH2 was expressed in the cytoplasm of tumor
cells in the core region of the tumor. Furthermore, the expres-
sion level of EZH2 in the tumor periphery seems to be slightly
higher than in the core region, suggesting that the level of EZH2
might also be associated with tumor cell differentiation.

We next investigated the expression pattern of EZH2 in
clinical glioblastoma tissues (Fig. 5C–F). EZH2 levels were
abnormally elevated in gliomas as compared with normal brain
tissues, with higher expression correlating with tumor grade
(Supplementary Fig. S2F). Notably, localization of EZH2 was
highly heterogeneous in glioblastomas (Fig. 5D–F). In particu-
lar, the number of tumor cells with nuclear EZH2 was larger
around tumor vessels and at the invasion front as compared
with other tumor sites in which tumor cells with cytoplasmic
EZH2 were dominant, suggesting that nuclear EZH2 may be
involved in the process of reprogramming the tumor cells that
are in close proximity to surrounding environmental factors.
A double-labeling confocal image showed nuclear localization
of EZH2 in certain cells (around the tumor vessel), and cyto-
plasmic colocalization of EZH2 and GFAP in other cells, par-
ticularly in seemingly differentiated tumor cells (Fig. 5E and F).
Thus, rather than a simple association of high EZH2 expression
with more aggressive forms, subcellular location of EZH2 may
play a role in tumor heterogeneity and tumor cell differentiation
regulated by PRC2-mediated epigenetic plasticity.
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Discussion
In the current study, we showed that tumor differentiation

was associated with plastic epigenetic program that involves
the dynamic loss and acquisition of histone marks as recently
shown in melanoma (35). Phenotypic plasticity may exist
between CSCs and non-CSCs within tumors (8, 36), which was
invariably impaired by genetic knockdown or pharmacologic
inhibition of the enzymatic components of PRC2. In response
to extrinsic cues, the PRC2-mediatedH3K27me3 gene silencing
machinery seems to be a critical mediator of cancer-initiating
cell plasticity via switching of target genes to adapt the tumor
cells to their environment.

Recent studies showed that PRC2 not only acts to promote
self-renewal, but also controls fate choices within the multipo-
tent lineage in neural and muscle development (17–20, 37, 38).
In addition to the normal cell differentiation, we recently
showed that PRC2-mediated H3K27me3 regulatory pathways

of miR-1275 may contribute to the tissue heterogeneity in
glioblastomas (22).

The dynamic enrichment of the H3K27me3-repressive mark
at the Nanog promoter locus was significantly detected in
parallel with the downregulation of Nanog in S-BTCs, which
functions as a key regulator for sustaining pluripotency (39).
This repression of Nanog was closely associated with subcel-
lular localization of EZH2/PRC2 in GSCs, indicating that
dynamic translocation of EZH2/PRC2 during the phenotypic
conversion of GSCs played an important role in epigenetic
reprogramming. In addition to Nanog, we found that multiple
GSC lines commonly showed altered expression of BMP5, a
TGF-b family protein, and Wnt1, which seemed to be the
targets of EZH2/PRC2, during the conversion. This is consis-
tent with several studies showing thatBMP orWnt family genes
are involved in maintaining stemness or stem cell differenti-
ation (1, 2, 6, 7). Although activation of the Wnt pathway is
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involved in stage-dependent regulation of neural precursor cell
fate, a functional cross-talk exists between TGF-b and Wnt
signaling in controlling the fate of neural stemcells switch from
non-neurogenic cell division to differentiation (40, 41). Knock-
down of EZH2 or Wnt1, overexpression of BMP5, or pharma-
cologic inhibition of EZH2 decreased plasticity of GSCs and
impaired integration of GSCs into the brain parenchyma. Thus,
in addition to PRC2-mediated regulatorymechanisms of stem-
ness functions (42–44), we found here the novel aspect of
EZH2/PRC2 in tumorigenesis; plastic epigenetic regulation by
EZH2/PRC2 may confer tissue cell plasticity to GSCs to adapt
to the microenvironment, which may explain the formation of
tissue heterogeneity.
EZH2 expression was previously found to be elevated in

several aggressive cancers (45, 46). Studies of pancreatic and
breast cancers showed that nuclear accumulation of EZH2 is
strongly associated with poor differentiation of cancers (47,
48). Rather than aproof that EZH2 is antioncogenic, we showed
prominent levels of intratumoral heterogeneous EZH2 expres-
sion in glioblastoma. Immunofluorescence analysis revealed
that around tumor vessels and at the invasion front where
tumor cells were in close proximity to surrounding environ-
mental factors, there was dominant localization of EZH2 in the
nucleus. In contrast, substantial colocalization of both EZH2
and GFAP in the cytoplasm was observed in more differenti-
ated tumor cells. These consistencies between EZH2 subcel-
lular localization and tumor differentiation suggest that PRC2-
mediated epigenetic plasticity in glioblastoma contributes to
intratumoral heterogeneity. In a mouse model, cytosolic Ezh2
was found to control cellular signaling via itsmethyltransferase
activity (25). Although the precise roles of cytosolic EZH2 in
glioblastoma cells are not clear, our data suggest that the
dynamic shift in the localization of EZH2 is fundamentally
linked to tumor cell differentiation.
Thus, our data convincingly showed that the phenotypic

interconversion between GSCs and S-BTCs is controlled by the
H3K27methylation status that is mediated by EZH2. However,
these two states may not be simply regarded as representing
the stem- and non-stem glioma cells, as S-BTC status may still
contain a certain population of "stem cells" and vice versa.
We still need further studies to clarify the precise regulatory
mechanisms of CSC plasticity.
Part of the CSC hypothesis stipulates that aberrant self-

renewal may be a mechanism that mediates tumorigenicity/
recurrence by replenishing the CSC pool; therefore, developing
CSC-specific therapies should be required. However, our data

showed that interconversion between GSCs and non-GSCs
exist, which may raise the possibility that therapeutic elimi-
nation of CSCs is followed by their regeneration from residual
non-CSCs, allowing tumor regrowth and clinical relapse (8).
Inhibition of EZH2 activity abrogates plasticity and eliminates
tumorigenesis in an orthotopic model. Intratumoral hetero-
geneity is linked to therapeutic resistance, tumor recurrence,
andmetastatic progression. Further considerations are needed
to translate our observations into clinical therapy, as the
current study was conducted in an xenograft model in which
the implanted tissue was not native to human glioma cells.
Nevertheless, our data provide important new insights into
molecular mechanisms for brain tumorigenesis that may be
relevant to other neoplasms. Targeting plasticitymay provide a
new paradigm in cancer treatment.
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