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Abstract

Background. Diffuse intrinsic pontine glioma (DIPG) is a pediatric lethal high-grade brainstem glioma with no
effective therapies. OLIG2 (oligodendrocyte transcription factor 2) was reported to be critical for the growth
of a DIPG cell line CCHMC-DIPG-1. Surprisingly, we found that the CCHMC-DIPG-1 cells express little OLIG2
and exhibit a mesenchymal phenotype, which raised a question regarding the role of OLIG2 in the growth of
DIPG cells.

Methods. We evaluated the function of OLIG2 in different DIPG cell lines through molecular and genetic approaches
and performed transcriptomic and genomic landscape profiling including whole-genome bisulfite sequencing,
RNA-seq, ATAC-seq, and ChIP-seq. shRNA-mediated knockdown and CRISPR-Cas9-mediated knockout approaches
were utilized to assess OLIG2 functions in DIPG cell growth.

Results. We found that DIPG cells are phenotypically heterogeneous and exhibit the characteristics of distinct
malignant gliomas including proneural, classical, and mesenchymal subtypes. OLIG2 knockdown did not impact
the growth of CCHMC-DIPG-1 cells, wherein OLIG2 is epigenetically silenced. Moreover, OL/G2 deletion did not
substantially impair OLIG2-expressing proneural-like DIPG growth but led to an upregulation of HIPPO-YAP1 and
epidermal growth factor receptor (EGFR) signaling and a tumor phenotype shift. Targeting HIPPO-YAP1 and EGFR
signaling in OLIG2-deficient DIPG cells inhibited tumor cell growth.

Conclusions. Our data indicate that OLIG2 is dispensable for DIPG growth but regulates the phenotypic switch
of DIPG tumor cells. OLIG2 downregulation leads to deregulation of adaptive YAP1 and EGFR signaling. Targeting
YAP1 and EGFR pathways inhibits the growth of OLIG2-deficient DIPG cells, pointing to a therapeutic potential by
targeting adaptive signaling to treat DIPG tumors with nominal OLIG2 expression.
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Key Points

Importance of the Study

Our findings indicate that DIPG cells exhibit dis-
tinct tumor phenotypes. Although OLIG2 expres-
sion can be detected in proneural DIPG cells, a set
of DIPG cells express little to no OLIG2 and exhibit
a mesenchymal-like or classical-like tumor pheno-
types. In contrast to the previous report, we found
that the growth of CCHMC-DIPG-1 cells is inde-
pendent of OLIG2 expression. In addition, deletion
of OLIG2 in OLIG2-expressing proneural-like DIPG
cells does not substantially inhibit tumor cell growth.

Diffuse intrinsic pontine glioma (DIPG), also known as dif-
fuse midline glioma, arises from the midline of the brain
located close to the centers controlling vital functions and
primary sensorimotor axons rendering them inoperable.
DIPGs are fatal tumors, which are inoperable and resistant
to chemo- and radiotherapy, representing a leading cause
of brain tumor-associated death in children with a median
survival of only 8-11 months."? DIPG tumors are highly het-
erogeneous with distinct molecular signatures. Genomic
analysis revealed that a majority of DIPG tumors harbor a
lysine 27 to methionine (K27M) mutation in histone H3.3 or
H3.1 (H3.3 K27M and H3.1 K27M, respectively),?¢ although
a subset of DIPG tumors have wild-type histone H3.3. In ad-
dition, amplification of PDGFRA, which is correlated with ol-
igodendrocyte precursor cell (OPC) proliferation, occurs in
the majority of DIPG patients.”® Neonatal induction of H3.3
K27M promotes self-renewal in the neural progenitors and,
in cooperation with PDGFRA amplification and p53 loss, ac-
celerates the malignant transformation of neural progen-
itors into DIPG-like tumors in a murine model of DIPG."0"

Based on gene expression patterns, malignant high-
grade gliomas such as glioblastomas (GBM) can be clas-
sified into distinct subtypes exhibiting proneural, classical,
and mesenchymal phenotypes.’? The proneural subtype is
associated with an oligodendrocyte lineage signature, eg,
with expression of an oligodendrocyte lineage gene OLIG2,
the classical subgroup is strongly associated with the as-
trocytic lineage, eg, with expression of epidermal growth
factor receptor (EGFR), and the mesenchymal subgroup
is associated with pathways including YAP1, TGF-3, and
NF-xB signaling.’? Stem-like progenitors and/or OLIG2*
OPC-like progenitors in the pons have been suggested as
a cell of origin for DIPG tumors.*%'® Recent genome-wide
transcriptional and single-cell transcriptomic analyses of
DIPGs revealed a prominent OPC-like population with a
stemness-associated signature.’'8

Rather lack of OLIG2 causes a shift of proneural-
like phenotype toward an OLIG2-low mesenchymal-
like or a classical phenotype with YAP1 and EGFR
signaling upregulation, which confers therapeutic
vulnerabilities. Combined targeting of adaptive YAP1
and EGFR signaling effectively inhibited the growth of
DIPG cells with negligible-OLIG2. Understanding the
vulnerability of distinct DIPGs is important for patient
stratification and for the development of new ther-
apies to treat aggressive DIPGs.

OLIG2 (oligodendrocyte transcription factor 2) has been
shown to regulate PDGFRA expression during oligodendro-
cyte lineage development.’®?0 OLIG2 is also expressed in
early primitive OPCs (eg, pri-OPC or pre-OPC) exhibiting the
stemness signature in malignant gliomas and DIPGs."%2122
OLIG2 expression can be detected in DIPG tumors, how-
ever, some DIPGs express very low levels or no OLIG2.81823
Although the subclassification of OLIG2 expression in DIPG
gliomas is not fully defined, given the similar nature of high-
grade gliomas between DIPGs and GBM tumors, OLIG2
expression is likely enriched in the proneural subgroup
tumors but exhibits low levels or is absent entirely in clas-
sical or mesenchymal tumors.’? The existence of classical
and mesenchymal-like DIPGs and GBM tumors with mar-
ginal OLIG2 expression suggests a nonessential function of
OLIG2 in the growth of these subtypes of malignant gliomas
complemented by other as yet unidentified pathways.

A recent study by Anderson et al. reported that shRNA-
mediated OLIG2 knockdown in a DIPG cell line CCHMC-
DIPG-1 (referred to here as CC-DIPG-1) inhibits tumor cell
growth in vitro and tumor formation in xenografts, con-
cluding an important requirement for OLIG2 in the growth
of these cells.?* However, unexpectedly, we found that
the CC-DIPG-1 cell line exhibits minimal OLIG2 expres-
sion and manifests a mesenchymal tumor phenotype.
Whole-genome DNA methylation analysis revealed that
the promotor region of OLIG2 was heavily methylated in
CC-DIPG-1 cells, while DNA demethylation treatment led to
upregulation of OLIG2, suggesting that OL/G2 expression
is intrinsically silenced by hypermethylation in CC-DIPG-1
cells. We further showed that targeting residual OLIG2
using an shRNA did not inhibit the growth of CC-DIPG-1
cells; this is in contrast to the reported essential role of
OLIG2 in CC-DIPG-1 growth.?* Transcriptomics profiling
reveals distinct tumor phenotypes in DIPGs, similar to
GBM. Strikingly, we uncovered a strong upregulation of
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EGFR and YAP1 signaling in the OLIG2-nominal CC-DIPG-1
line and OLIG2-knockout (KO) DIPG cell lines. Elevation of
EGFR and YAP1 in the OLIG2-deficient cells likely sustains
cell growth and proliferation of OLIG2-deficient DIPG cells.
Inhibition of YAP1 and EGFR signaling impaired the growth
of OLIG2-deficient DIPG cells, suggesting that targeting
YAP1 and EGFR signaling may sensitize DIPG tumor cells
that have low or negligible levels of OLIG2 to the pathway
inhibition. Thus, our studies suggest a potential strategy
for the treatment of OLIG2-low DIPG tumors.

Methods
Patient-Derived DIPG Cell Lines

All human cell cultures were generated with informed con-
sent and in compliance with Institutional Review Board (IRB)-
approved protocols at Cincinnati Children’s Hospital Medical
Center. CCHMC-DIPG-1 (H3.3-wild type, not H3.3-K27M as
stated in the previous report?®) and CCHMC-DIPG2 (H3.3-
K27M) cells were cultured at the time of autopsy in two dif-
ferent subjects, respectively. Patient-derived primary SU-DIPG
series cell lines are the gift from Dr. Michelle Monje at Stanford
University'® as described in the Supplementary Methods.

Cell Culture, Proliferation, and Invasion Assays

The DIPG cell lines were cultured as previously re-
ported.?® Cell proliferation was assayed using WST-1
cell proliferation assay kit (Roche, 5015944001). Cell
invasion was assessed by Boyden Chamber assay (BD
Biosciences). See the Supplementary Methods for
details.

Subcutaneous Transplantation

NOD scid gamma (NSG) mice were from CCHMC animal
core. DIPG cells were subcutaneously transplanted into
the flank of NSG mice. All procedures were performed ac-
cording to the Institutional Animal Care and Use Committee
approved protocol at CCHMC. See the Supplementary
Methods for details.

Gene Knockdown and KO in DIPG Cell Lines

Gene knockdown and KO in DIPG cell lines were generated
by using lenti-pGreenPuro shRNA (SBI System Biosciences)
and Lenti-CRISPRv2 (Addgenes 52961) vectors, respec-
tively. See the Supplementary Methods for details.

Immunochemistry

Cryosections from tumor tissues or neurospheres, or cul-
tured cells on the coverslips were immunostained with pri-
mary antibodies (anti-OLIG2, YAP1, EGFR, SOX2, or BrdU),
followed by fluorescence-conjugated secondary antibodies
and 4',6-diamidino-2-phenylindole (DAPI) counterstaining

as described previously.?’ See the Supplementary Methods
for details.

Western Blotting and Quantitative RT-PCR

For western blotting, DIPG cells were lysed in radio-
immunoprecipitation assay buffer with protease and
phosphatase inhibitors. Proteins were separated via 12%
SDS-polyacrylamide gel electrophoresis. Antibodies are
listed in the Supplementary Materials. For quantitative
RT-PCR (qRT-PCR), RNAs were extracted from DIPG cells using
TRIzol Reagent (Life Technologies). cDNA was synthesized
from RNA using iScript Reverse Transcription Supermix
(Bio-Rad, #1708 841). qRT-PCR was performed using the
StepOnePlus Real-Time PCR System (Applied Biosystems).
See the Supplementary Methods for details.

RNA-Seq, ATAC-Seq, ChIP-Seq, DNA
Methylation, and Data Analysis

RNAs of DIPG cells were extracted using the RNeasy Mini Kit
(Qiagen) and RNA-seq libraries were prepared using lllumina
RNA-Seq Preparation Kit and sequenced by a HiSeq 2500 se-
quencer. RNA-Seq data were analyzed by alignment to hg19
using TopHat with default settings as described previously.?'
ChIP-Seq and ATAC-Seq were performed as previously de-
scribed.??6 For ATAC-seq and ChlP-seq, the sequencing
data were aligned to hg19 genome assembly and the peak
calling was generated by using model-based analysis of
ChlP-seq (MACS; https:/github.com/macs3-project/MACS).
Whole-genome DNA methylation profiling was analyzed
using reduced representation bisulfite sequencing (RRBS).?”
Integrative Genomics Viewer (IGV) (https://igv.org) was used
to read the peaks of target genes. See the Supplementary
Methods for details.

Statistical Methods

Detailed information of all the statistical analyses per-
formed is described in the Supplementary Methods.

Results

OLIG2 Expression Is Barely Detectable in
CC-DIPG-1 Cells In Vitro and In Vivo

While investigating the expression level of OLIG2 in DIPG cell
lines by qRT-PCR analysis, we found that expression of OLIG2
in CC-DIPG-1 was minimal, in contrast to robust OL/G2 expres-
sion in CCHMC-DIPG2 (CC-DIPG-2), SU-DIPG-IV, SU-DIPG-VI,
and SU-DIPG-XIII lines?® (Figure 1A).This is in contrast to a pre-
vious report of robust OLIG2 expression in CC-DIPG-1 cells.?*
To validate the observation at the protein level, we performed
western blot analysis and showed that OLIG2 protein expres-
sion was negligible in a set of DIPG cells including CC-DIPG-1
and SU-DIPG-XXXVI cells, as well as human astrocytes,
whereas staining was intense in SU-DIPG-IV, SU-DIPG-XIll, and
CC-DIPG-2 cells (Figure 1B). Moreover, immunofluorescence
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staining indicated that OLIG2 and stemness marker SOX2
were barely detected in CC-DIPG-1 cells compared with robust
expression in SU-DIPG-IV, SU-DIPG-XIII, and CC-DIPG-C2 cell
lines (Figure 1C).

To investigate OLIG2 expression in DIPG xenografts
in vivo, we transplanted CC-DIPG-1 cells, SU-DIPG-VI
cells, and mGBM cells (a mouse glioma cell line) into
the flanks of NSG mice. OLIG2 expression was de-
tected in the SU-DIPG-VI and mGBM tumors (Figure
1D), but, in contrast to the previous report,?* OLIG2

was hardly detected by immunofluorescence or by
immunohistochemistry staining in CC-DIPG-1 xeno-
grafts (Figure 1D and E).

To determine if the passaging of CC-DIPG-1 cells had
led to the loss of OLIG2 expression, we examined OLIG2
expression in the early passage CC-DIPG-1 cells obtained
from the tumor isolated from the DIPG patient. OLIG2 was
barely detected in these cells by immunostaining (Figure
1F). These data suggest minimal OLIG2 expression is in-
trinsic to CC-DIPG-1 cells.
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Genome-Wide DNA Methylation Analysis
Reveals That OLIG2 Is Epigenetically Silenced in
CC-DIPG-1 Cells

DNA methylation can result in a repressed chromatin
state that inhibits gene transcription.?® To investigate the
genomic DNA methylation landscape of the CC-DIPG-1
cells, we performed whole-genome bisulfite sequencing
of DIPG cell lines. The genome-wide methylation pattern
of CC-DIPG-1 was distinguished from that of SU-DIPG-IV,
SU-DIPG-XIII, and CC-DIPG-2 cells (Figure 2A).The pairwise
Pearson’s correlation analysis indicated that the DNA meth-
ylation patterns of SU-DIPG-IV and CC-DIPG-2 cells were
closely related but distinct from that of CC-DIPG-1 cells
(Figure 2A). We found that in promoters and gene bodies
of OLIG2 and SOX2, CpG sites were hypermethylated in
CC-DIPG-1 cells compared with SU-DIPG-1V, SU-DIPG-XIII,
and CC-DIPG-2 cells (Figure 2B). The hypermethylation on
the promotor region of OLIG2 indicates a transcriptionally
silenced state for OLIG2 transcription.

To test whether DNA demethylation would increase
OLIG2 expression in CCHMC-DIPG-1 cells, we treated
CCHMC-DIPG-1 cells with a DNA demethylating agent

decitabine. qRT-PCR and western blot analyses showed
that the expression level of OLIG2 mRNA and protein in-
creased in response to the treatment in a dose-dependent
manner (Supplementary Figure S1A and B). This observa-
tion is consistent with a previous report that decitabine
treatment resulted in re-expression of OLIG2 in non-OLIG2-
expressing acute myeloid leukemia cells.3° Our results sug-
gest that DNA hypermethylation in the promoter/enhancer
elements of OLIG2 at least in part leads to epigenetic silen-
cing of OLIG2 expression in the CCHMC-DIPG-1 cells.

To further assess the chromatin accessibility landscape
in DIPG cells, we performed the ATAC-seq assay, which
identifies transposase-accessible chromatin.26 ATAC-seq
results revealed distinct patterns of chromatin accessi-
bility between CC-DIPG-1 and CC-DIPG-2 cells (Figure 2C
and D). The open chromatin regions such as the OLIG2
and SOX2 loci in the CC-DIPG-2 cells were closed in
CC-DIPG-1 cells (Figure 2E). Consistent with these findings,
ChlIP-sequencing analysis of an activating histone mark
H3K27ac showed that this mark was present on the pro-
moter regions of OLIG2 and SOX2 in CC-DIPG-2 cells but
not in CC-DIPG-1 cells (Figure 2E). These observations in-
dicate that the chromatin regions in the gene loci of OLIG2
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and SOX2 are hardly accessible in CC-DIPG-1 cells and
that these genes are silenced in CC-DIPG-1 cells. Together,
these observations of the hyper-DNA methylation and
closed chromatin state at the promoter region of OLIG2
locus suggest that OLIG2 expression in CC-DIPG-1 is inher-
ently repressed.

OLIG2 Depletion Does Not Affect the Growth of
CC-DIPG-1 Cells In Vitro or In Vivo

To assess proliferation of CC-DIPG-1 cells, we performed
the WST-1 assay for cell proliferation and survival.
Intriguingly, we found that OLIG2-deficient CC-DIPG-1
cells appeared to grow more rapidly than OLIG2-positive
DIPG cell lines such as SU-DIPG-IV and CC-DIPG-2 (Figure
3A).The previous study reported that knockdown of OLIG2
in the CC-DIPG-1 cells reduced tumor growth.?* To fur-
ther determine whether the residual OLIG2 expression in
CC-DIPG-1 cells was required for proliferation, we trans-
duced CC-DIPG-1 cells with a lentivirus expressing an
shRNA designed to target OL/G2 (lenti-shOLIG2) or with
a control non-targeted shRNA vector. The expression of
the shRNA targeting OLIG2 further reduced the residual
level of OLIG2 mRNA in CC-DIPG-1 cells (Figure 3B). In the
WST-1 cell proliferation assay, there was not a significant
difference between the growth of CC-DIPG-1 cells treated
with control and lenti-shOLIG2 (Figure 3C). Similarly,
OLIG2 knockdown did not affect the growth of another
OLIG2-deficient SU-DIPG-XXXVI cells (Supplementary
Figure S2A).

To investigate whether there is a difference in tumor
growth in vivo after OLIG2 depletion of CC-DIPG-1 cells,
we subcutaneously transplanted the CC-DIPG-1 cells (4 x
10°) treated with lenti-control and shOLIG2 into NSG mice.
Both resulted in tumors in NSG mice with 100% penetrance
(Figure 3D). The tumor weights were comparable in xeno-
grafts between the CC-DIPG-1 cells that expressed lenti-
control and shOLIG2 (Figure 3E). OLIG2 expression was
barely detectable in CC-DIPG-1 cells transduced with either
lenti-control or shOLIG2 by immunocytochemistry (Figure
3F).These data confirmed that OLIG2 is not required for the
growth of CC-DIPG-1 cells in vitro or as xenografts, con-
trasting with the previous report that OLIG2 was necessary
for the growth of these cells.?*

OLIG2 Deletion Does Not Affect the Proliferation
of DIPG Cells

Our observation that growth is not impaired in OLIG2-
deficient CC-DIPG-1 cells prompted us to determine
whether OLIG2 is required for the growth of other OLIG2*
DIPG cell lines. We used a lenti-CRISPR-Cas9-sgRNA
system®! to KO OLIG2 in OLIG2-expressing DIPG lines,
SU-DIPG-IV and CC-DIPG-2. Cells were transduced with
a retrovirus carrying a doxycycline-inducible lenti-Cas9-
sgRNA against OLIG2 that also expresses a Green fluores-
cent protein (GFP) reporter. After doxycycline treatment,
GFP* single cells were sorted into 96-well plates to select
individual OLIG2-KO clones. Selected OLIG2-KO clones
were validated for OLIG2 gene deletion by both Sanger

DNA sequencing and western blot analyses (Figure 3G and
H; Supplementary Figure S3).

To compare the growth between cells that express
OLIG2 and OLIG2-KO cell lines, we assessed cell prolifer-
ation using the WST-1 cell proliferation assay. KO of OLIG2
in SU-DIPG-IV and CC-DIPG-2 cells did not decrease pro-
liferation rates (Figure 3l and J). This is in contrast to the
previous report that OLIG2 knockdown substantially re-
duced the proliferation of SU-DIPG-IV cells.?* Similar to the
observations in vitro, deletion of OLIG2 in SU-DIPG-IV or
CC-DIPG-2 cell lines did not significantly alter tumor cell
proliferation compared to the parental cells as assayed
by BrdU incorporation (Figure 3K and L). These data sup-
port the conclusion that OLIG2 maintenance is not essen-
tial for proliferation in the set of OLIG2-expressing DIPG
cells tested.

To investigate the effect of OLIG2 KO on cell-invasive be-
haviors, we utilized a Boyden chamber assay to examine
cell invasion of OLIG2-WT and OLIG2-KO SU-DIPG4 cells
and found that that there was no significant difference be-
tween OLIG2-WT and OLIG2-KO cells in terms of cell in-
vasiveness (Supplementary Figure S4A and B). However,
OLIG2-deleted DIPG cells exhibit an increase in cell adhe-
siveness and a decrease in tumorsphere formation com-
pared with OLIG2-WT cells (Supplementary Figure S4C),
which is in keeping with the phenotypic shift of OLIG2-
depleted glioma cells as previously reported.?' These ob-
servations suggest that OLIG2 is not required for DIPG cell
invasiveness but regulates cell adhesiveness.

CC-DIPG-1 Exhibits a Mesenchymal-Like
Phenotype With Upregulation of YAP1 and EGFR

Given that CC-DIPG-1 cells exhibit DNA methylation and
chromatin accessibility patterns that differ from those
of other DIPG cell lines, we hypothesized that the tran-
scriptome of CC-DIPG-1 cells would also be distinct. We
performed RNA-seq transcriptome profiling of DIPG cell
lines and compared the data to transcriptomes of human
neural stem cells (Figure 4A). The transcriptomic profile
of CC-DIPG-1 is unique when compared to that of OLIG2-
positive DIPG cells CC-DIPG-2, SU-DIPG-IV, and SU-DIPG-
XIIl (Figure 4A). When compared with signature genes of
GBM subtypes' (Supplementary Table 1), OLIG2-positive
DIPG cell lines have gene expression patterns similar to
that of the proneural subgroup, whereas the CC-DIPG-1
expression pattern closely resembles the mesenchymal
subgroup in GBM (Figure 4B and C). SU-DIPG-XIV and
SU-DIPG-XXXIIl tumors, which also have low or negligible
levels of OLIG2 expression, resemble the classical and mes-
enchymal subgroup of GBM, respectively (Supplementary
Figure S5). Pathway analysis indicated that classical and
mesenchymal tumor-associated pathways such as EGFR,
YAP, and NF-xB signaling were elevated in OLIG2-nominal
CC-DIPG-1 cells compared with OLIG2-expressing DIPG
cells (Figure 4D). Consistent with these findings, gene set
enrichment analysis (GSEA) of gene expression revealed
stronger EGFR and YAP1 signaling in CC-DIPG-1 cells com-
pared with the other OLIG2-positive cells evaluated (Figure
4E and F).
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Fig.4 CC-DIPG-1 cells have high levels of EGFR and YAP1 expression. (A) Heatmap of the gene expression in DIPG cell lines and human neural

stem cells (NSC). (B) Spearman correlation coefficients of gene expre

ssion patterns of DIPG cell lines with those of different GBM subtypes

based on the signature genes for GBM classification in TCGA. (C) Heatmap of expression levels of the signature genes in proneural (PN) and mes-

enchymal (MES) GBMs that are substantially differentiated in two group

s of DIPG cells. (D) Bar diagram showing signaling pathways enriched in

CC-DIPG-1 cells compared with DIPG-2. (E, F) GSEA plots of (E) EGFR signaling and (F) YAP signaling signatures in CC-DIPG-1 and CC-DIPG-2 cells.
(G) Chromatin accessibility and H3K27ac ChIP-seq profiles at EGFR and YAP1 loci in CC-DIPG-1 and CC-DIPG-2 cells. (H) Western blot showing

EGFR and YAP1 expression in indicated DIPG cells. () Confocal immunofl

YAP1 (red) in CC-DIPG-1, CC-DIPG-2, and SU-DIPG-IV cells. Scale bars,

dermal growth factor receptor; GBM, glioblastoma.

At the chromatin level, ATAC signals were enriched at
transcription start sites and in gene bodies of YAP7 and
EGFR loci in CC-DIPG-1 cells compared with DIPG-2 cells,
and these open chromatin regions were associated with
H3K27ac (Figure 4G), an activating histone mark for gene
transcription.3? In contrast to OLIG2-expressing CC-DIPG-2,
SU-DIPG-IV, SU-DIPG-XXI, SU-DIPG-XIII, SU-DIPG-XVII,

uorescence microscopy images showing expression of EGFR (green) and
10 pm. Abbreviations: DIPG, diffuse intrinsic pontine glioma; EGFR, epi-

or SU-DIPG-XXYV cells, the high expression levels of EGFR
and YAP1 in OLIG2-nominal CC-DIPG-1 cells and SU-DIPG-
XXXVI were confirmed by western blot (Figure 4H) and
immunofluorescent staining (Figure 4l). Together, the low
expression of OLIG2 and SOX2 with elevated YAP1 and
EGFR expression is consistent with the mesenchymal-like
phenotype of CC-DIPG-1 cells.
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Deletion of OLIGZ in Proneural-Like DIPG Cells
Leads to Activation of YAP1 and EGFR Signaling
and a Tumor Phenotype Shift

Previous studies showed that deletion of OL/IG2 induced
a shift in tumor phenotype in a proneural GBM mouse
model.?’ To determine whether OLIG2 regulates tumor
phenotypes in OLIG2-expressing DIPG cell lines, we
knocked out OL/G2 in SU-DIPG-IV using the CRISPR-Cas9
system (Supplementary Figure 2). Transcriptome pro-
filing analysis by RNA-seq identified a set of differen-
tially expressed genes that are significantly upregulated
and downregulated by more than 2-fold in OLIG2-KO
cells compared to control wild-type cells (Figure 5A).
By interrogating gene expression signatures from the
Molecular Signatures Database,®® we found that the
HIPPO-YAP pathway (eg, YAP1, TEAD1/2, and FZD3),
EGFR signaling, and TGF-p signaling were substantially
enriched (Figure 5B and C), whereas the pathway genes
associated with oligodendrocyte lineage development
(eg, SOX10 and MYT1) as well as normal glial and neu-
ronal development (eg, SLC1A1 and SORCS3) were
downregulated in OLIG2-KO cells (Figure 5C).

GSEA of differentially regulated genes revealed a
strong enrichment of classical-like GBM signature genes,
but not mesenchymal signature genes, in OLIG2-KO cells
compared with OLIG2 wild-type SU-DIPG-IV proneural-
like tumor cells (Figure 5D). This is consistent with the
previous observation that OLIG2 deletion resulted in a
tumor phenotype transition from proneural to classical
GBM in a mouse glioma model.?" Furthermore, we found
that there was a marked upregulation of HIPPO_YAP
conserved signatures in addition to EGFR pathways in
OLIG2-KO DIPG cells (Figure 5E). These observations
suggest that deletion of OLI/G2 alters gene expression
patterns and results in a change in the DIPG tumor cell
phenotype.

gRT-PCR analyses further confirmed the upregulation
of YAP1 and EGFR pathway genes in OL/IG2-KO DIPG-IV
cells (Figure 5F). In addition, when individual clones de-
rived from single cells were examined by western blot, we
found that YAP1 pathway proteins were upregulated in all
subclones (4/4), and that EGFR was upregulated in a ma-
jority of individual clones (3/4) (Figure 5G). Immunostaining
further confirmed the upregulation of YAP1 and EGFR
in the OLIG2-KO DIPG-IV tumor cells (Figure 5H and I).
Intriguingly, the expression of SOX2 was not significantly
altered in these cells (Figure 5F and G).These data indicate
that YAP1 and EGFR expression is negatively regulated by
OLIG2 in proneural-like DIPG cells but that OLIG2 does not
regulate SOX2 expression.

YAP1 Signaling Is Negatively Correlated With
OLIG2 and Is Regulated by SOX2 in DIPG Cells

We next analyzed gene expression data of DIPG tumor
tissues available in the TCGA database (GSE26576). In pa-
tients, levels of OLIG2 and YAPT are negatively correlated,
despite the levels of OLIG2 and EGFR are not statistically
correlated (Figure 6A and B), suggesting that YAP1 levels
are reciprocal to OL/G2 in the DIPG tumor tissues. A re-
cent study indicated that OLIG2 overexpression in a glioma
stem cell line3* reduced the levels of the activating histone
mark H3K27ac on the promoter and enhancer elements of
the YAP1 gene locus compared with control (Figure 6C).
To determine the relationship between OLIG2 and YAP1
expression in DIPG cells, we over-expressed OLIG2 using
a lentiviral vector in CC-DIPG-1 cells, which expressed a
high level of YAP1, and found that OLIG2 overexpression
inhibited YAP1 expression, but had no apparent effect
on EGFR expression (Figure 6D), suggesting that OLIG2
overexpression represses the YAP1 expression level in the
DIPG cells.

SOX2 overexpression increased the signals of the
H3K27ac histone mark on the promotor element of YAP7in
the GBM cells®* (Figure 6C). Therefore, we then examined
whether SOX2 is required for YAP1 expression. shRNA-
mediated SOX2 knockdown resulted in a downregulation
of YAPT expression in OLIG2-KO SU-DIPG-IV cells (Figure
6E). In addition, western blot analysis showed that SOX2
knockdown led to a reduction of YAP1 expression in the
OLIG2-KO SU-DIPG-IV cells (Figure 6F). To determine the
role of OLIG2 and SOX2 in the DIPG cell growth, we de-
pleted SOX2 in DIPG-IV cells using shRNA with or without
OLIG2 KO. Knockdown of SOX2 alone did not affect cell
growth compared to control cells; however, SOX2 knock-
down together with OLIG2 KO resulted in a significant
reduction of tumor cell growth (Figure 6G). These observa-
tions suggest that SOX2 and OLIG2 together are required
for pro-neural-like DIPG cell proliferation.

Inhibition of YAP1 and EGFR Signaling Impairs
Growth of OLIG2-Deficient DIPG Cells

Given the upregulation of EGFR and YAP1 pathways in
OLIG2-negligible or deficient DIPG cells, we next exam-
ined whether inhibition of these pathways could impede
these tumor cell proliferation. Treatment of CC-DIPG-1
cells with the EGFR inhibitor gefitinib?' or the YAP1 inhib-
itor verteporfin® alone reduced cell growth to a certain ex-
tent (Figure 6H), while the combination of verteporfin and
gefitinib substantially attenuated cell growth of CC-DIPG-1
cells (Figure 6H). Treatment with gefitinib, verteporfin,

normalized enrichment score; P value, represents the statistical significance of the enrichment score. (F) gRT-PCR analysis for the indicated
genes in wild-type SU-DIPG-IV cells and three OLIG2-KO subclones. Data are presented as means + SEM; n = 3 independent experiments;
*P < .05, **P < .01, ***P < .001; one-way ANOVA with multiple comparisons test. (G) Representative western blots show expression of S0X2,
EGFR, YAP1, and OLIG2 in wild-type and OL/IG2-KO SU-DIPG-IV cells. GAPDH was detected as a loading control. (H-1) Confocal immunofluores-
cence microscopy images showing expression of (H) OLIG2 and YAP1 and (I) EGFR in wild-type DIPG-1V and OL/G2-KO0 subclones. Scale bars in
H and I, 100 um. Abbreviations: DIPG, diffuse intrinsic pontine glioma; GSEA, gene set enrichment analysis; OLIG2, oligodendrocyte transcription

factor 2; qRT-PCR, quantitative RT-PCR.
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Fig.6 Targeting OLIG2/S0X2 and YAP1/EGFR signaling inhibits the growth of DIPG cells. (A, B) The correlations of OL/G2 expression with (A)
YAP1 and (B) EGFR expression in DIPG tumor tissues. r, correlation score; Pvalue, statistical significance of the correlation score. (C) H3K27ac
signal over the YAP1 locus in control, OLIG2-overexpressing, or SOX2-overexpressing differentiated GBM cells. (D) Representative western blots
for EGFR, YAP1, and OLIG2 in control and CC-DIPG-1 cells that over-express OLIG2. GAPDH was detected as a loading control. (E) qRT-PCR anal-
ysis of YAP7 in wild-type SU-DIPG-1V cells and OL/G2-K0O subclones with and without shSOX2 expression. Data are presented as means + SEM;
n = 3independent experiments; *P< .05, **P< .01; ***P < .001; one-way ANOVA with multiple comparisons test. (F) Representative western blots
show for SOX2, YAP1, and OLIG2 in wild-type SU-DIPG-IV and OL/G2-KO subclones with and without shSOX2 expression. GAPDH was detected
as a loading control. (G) Proliferation of wild-type DIPG-IV cells and OL/G2-KO subclones with and without shSOX2 expression determined
using the WST-1 assay. Data are presented as means + SEM; n = 3 independent experiments; *P< .05, **P<.01; ***P < .001; two-tailed Student’s
t-test. (H) Cell growth of CC-DIPG-1, CC-DIPG-2, and SU-DIPG-IV cells treated with gefitinib (GFB) or verteporfin (VPN) or the combination (VPN
+ GFB) at the indicated times after treatment initiation. Data are presented as means + SEM; n = 3 independent experiments; *P < .05, **P < .01,
***P < 001; one-way ANOVA with multiple comparisons test. (I) Cell growth of CC-DIPG-1, CC-DIPG-2, and SU-DIPG-IV cells after treatment with
the combination of gefitinib and verteporfin. Data are presented as means + SEM; n = 3 independent experiments; *P< .05, one-way ANOVA with
multiple comparisons test. (J) Cell growth of DIPG-IV and its OL/IG2-KO subclones treated with gefitinib and verteporfin or the combination for
72 h. Data are presented as means + SEM; n = 3 independent experiments; **P< .01, ***P<.001; one-way ANOVA with multiple comparisons test.
Abbreviations: DIPG, diffuse intrinsic pontine glioma; EGFR, epidermal growth factor receptor; qRT-PCR, quantitative RT-PCR.
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and the combination did not substantially inhibit the ex-
pansion of OLIG2-expressing CC-DIPG-2 and SU-DIPG-IV
cells with low EGFR and YAP1 signaling (Figure 61 and
J). Moreover, the combined treatment with verteporfin
and gefitinib more strongly inhibited cell proliferation of
OLIG2-nominal CC-DIPG-1 cells than OLIG2-expressing
CC-DIPG-2 and SU-DIPG-IV cells (Figure 6K). Further,
the proliferation of OLIG2-KO SU-DIPG-IV cells was
more strongly attenuated by combined verteporfin and
gefitinib treatment than was the growth of the wild-type
SU-DIPG-IV cells (Figure 6L). These results suggest that
OLIG2 nominal or deficient DIPG cells are more sensitive
to inhibition of adaptive EGFR and YAP1 signaling.

Discussion

Our studies reveal that DIPG cells are highly heteroge-
neous and exhibit distinct tumor phenotypes. Although
most DIPG cell lines resemble the proneural subtype
of high-grade gliomas, a set of DIPG cell lines, such
as CC-DIPG-1, SU-DIPG-XXXIII, and DIPG-XXXVI, lack
or have low levels of OLIG2 expression and exhibit
mesenchymal-like or classical-like phenotypes, sug-
gesting that different DIPG tumor cells with unique mo-
lecular signatures might be derived from distinct lineage
cells of origin. Our observations of negligible OLIG2
expression in CC-DIPG-1 cells do not agree with a pre-
vious report?* that OLIG2 is important for CC-DIPG-1
cell growth. In addition, CRISPR-Cas9 KO of OLIGZ2 in
OLIG2-expressing SU-DIPG-IV and CC-DIPG-2 cells did
not substantially impair tumor cell proliferation. Thus,
our data indicate that OLIG2 is not essentially required
for maintaining tumor cell growth in the DIPG cell lines
tested. In the previous report, the lentivirally expressed
shRNA was designed to inhibit OLIG2 expression in
the OLIG2-nominal CC-DIPG-1 cells,?* however, OLIG2
knockdown was not shown for CCHMC-DIPG-1 cells. We
hypothesize that the shRNA used in the Anderson et al's
study had off-target effects.

Although the patient tumor tissues, from which
CC-DIPG-1 was initially isolated, showed OLIG2
immunoreactivity in some cell populations (data not
shown), the CC-DIPG-1 cell line derived from this tissue ex-
hibited minimal OLIG2 expression. DIPG tumors are heter-
ogeneous, and distinct tumorigenic subpopulations have
been detected in DIPG tumors isolated from patients.'”?8
Thus, the minimal OLIG2 expression in CC-DIPG-1 cells
might be due in part to subclonal selection during the cul-
ture or from different tumor cell populations within the
tumor tissues.

The precise mechanism of OLIGZ2 silencing in CC-DIPG-1
cells is not known. Our whole-genome DNA methylation pro-
filing revealed that the promoter and gene body elements
of OLIG2 are hypermethylated in CC-DIPG-1 cells. Indeed,
DNA demethylation by decitabine treatment results in
re-expression and upregulation of OLIG2 in CC-DIPG-1 cells,
suggesting that DNA hypermethylation contributes to OLIG2
silencing. However, decitabine treatment did not alter the
expression of YAP1 and EGFR substantially (Supplementary
Figure 1B).This might be in part due to the moderate increase

of OLIG2 levels after decitabine treatment compared with the
expression level of OLIG2 in other OLIG2-expressing DIPG
cells (Supplementary Figure 1A), which may not be sufficient
to repress the expression of YAP7 and EGFR.The exact mech-
anisms underlying YAP1 and EGFR expression remain to be
determined. In addition, the chromatin landscape assessed
by ATAC-seq indicates that the OLIG2 locus is not accessible
in CC-DIPG-1 cells. Thus, these two features of epigenetic si-
lencing by DNA hypermethylation and chromatin inacces-
sibility likely contribute to the negligible OLIG2 expression
observed in CC-DIPG-1 cells. OLIG2 expression was absent or
minimal in early and late passage cells, suggesting that the
loss of OLIG2 expression is intrinsic to CC-DIPG-1 cells.

In contrast to the DNA methylation pattern in the OLIG2
locus in CC-DIPG-1 cells, the methylation level of the
EGFR locus was comparable to the DIPG cell lines evalu-
ated (data not shown), indicating that elevation of EGFR
levels in CC-DIPG-1 cells is independent of DNA methyla-
tion regulation. At present, it is not clear whether or how
H3.3K27M or H3.1K27M mutations influence OLIG2 ex-
pression in DIPG cells.

It is worth noting that OLIG2-nominal CC-DIPG-1 cells pro-
liferate more rapidly than other DIPG cell lines tested (Figure
3A). Elevation of both EGFR and YAP1 signaling, which are
often associated with more aggressive and therapy-resistant
human cancers,3¢ likely contribute to this rapid growth pheno-
type. Notably, based on the gene expression profiles, OLIG2
deletion in proneural-like DIPG cells led to the upregulation of
YAP1 and EGFR signaling, suggesting a phenotypic transition
from proneural to a mesenchymal-like or classical-like tumor
signature in the absence of OLIG2. A similar tumor phenotype
shift caused by OLIG2 loss in murine GBM cells?' suggests a
conserved role of OLIG2 in regulating tumor phenotypes in
both GBM and DIPG cells.

Transcriptomic analysis revealed an activation of
HIPPO-YAP and EGFR pathways in OLIG2-deficient tu-
mors. Targeting of EGFR and YAP1 signaling with phar-
macological inhibitors suppressed the growth of
OLIG2-deficient DIPG cell lines and OLIG2-KO DIPG cells.
This indicates that OLIG2 inhibition can lead to the sen-
sitization of DIPG cells to inhibitors of EGFR and YAP1
signaling, which confer a therapeutic vulnerability in
these DIPG cells. Combined inhibition of HIPPO-YAP1
and EGFR signaling might offer an approach for targeting
and inhibiting the growth of OLIG2-nominal or deficient
DIPG cells, though in vivo therapeutic efficacy of EGFR/
YAP inhibition on OLIG2-WT and OLIG2-deficient DIPG
cells remains to be determined. This observation might
also have an implication for targeting therapy-resistant
aggressive mesenchymal human malignant gliomas,
which express low levels of OLIG2.37

In summary, in contrast to the previous report, our
data shown here indicate that OLIG2 is hardly detect-
able in the mesenchymal-like CC-DIPG-1 cells. KO of
OLIG2 in OLIG2-expressing DIPG cells suggests that
OLIG2 is not essentially required for maintaining pro-
liferation in the tested DIPG cell lines, while OLIG2
deficiency or deletion leads to a shift of the tumor
phenotype identity in the DIPG cells with elevation of
EGFR and YAP1 signaling. However, our results do not
address whether OLIG2 is required for the initiation
of DIPG tumorigenesis. It is possible that OLIG2 has
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a stage-dependent function during DIPG tumor devel-
opment and progression. Although it has been shown
the OLIG2 is important for glioma initiation during tu-
morigenesis in a murine model of GBM,?" much work
remains to be done in order to understand the func-
tion of OLIG2 in DIPG tumorigenesis, progression, and
maintenance.
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