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ABSTRACT
◥

Understanding the cancer stem cell (CSC) landscape in
diffuse intrinsic pontine glioma (DIPG) is desperately needed
to address treatment resistance and identify novel therapeutic
approaches. Patient-derived DIPG cells demonstrated hetero-
geneous expression of aldehyde dehydrogenase (ALDH) and
CD133 by flow cytometry. Transcriptome-level characterization
identified elevated mRNA levels of MYC, E2F, DNA damage
repair (DDR) genes, glycolytic metabolism, and mTOR signaling
in ALDHþ compared with ALDH�, supporting a stem-like
phenotype and indicating a druggable target. ALDHþ cells
demonstrated increased proliferation, neurosphere formation,
and initiated tumors that resulted in decreased survival when
orthotopically implanted. Pharmacologic MAPK/PI3K/mTOR

targeting downregulated MYC, E2F, and DDR mRNAs and
reduced glycolytic metabolism. In vivo PI3K/mTOR targeting
inhibited tumor growth in both flank and an ALDHþ orthotopic
tumor model likely by reducing cancer stemness. In summary,
we describe existence of ALDHþ DIPGs with proliferative
properties due to increased metabolism, which may be regulated
by the microenvironment and likely contributing to drug resis-
tance and tumor recurrence.

Implications: Characterization of ALDHþ DIPGs coupled with
targeting MAPK/PI3K/mTOR signaling provides an impetus for
molecularly targeted therapy aimed at addressing the CSC pheno-
type in DIPG.

Introduction
Diffuse intrinsic pontine glioma (DIPG) is a uniformly lethal

pediatric brain tumor that arises in the midline brain during adoles-
cence (1, 2). DIPG is the most common and aggressive pediatric brain
stem cancer with a median 5-year survival of 1% (1). The sensitive
location and diffuse nature of the tumor makes full resection unfea-
sible; therefore, targeted radiation has been the standard therapy to
alleviate pain and temporarily preserve neurologic function (1, 3).
More than 250 clinical trials testing different chemotherapeutic regi-
mens and combinations with radiation have onlymarginally increased
survival over existing radiotherapy; this lack of clinical efficacy has
prompted recent research interest in the development of molecular
targeted therapies for DIPG (2, 3).

Cancer stem cells (CSC) have been increasingly identified in a
number of malignancies over the past decade including high-grade
gliomas (4–6). CSCs can be characterized by their unlimited self-
renewal properties, ability to produce differentiated tumor cells, high
tumorgenicity, and are thought to drive drug resistance (7, 8). Evidence
suggests that CSCs maintain a different metabolic phenotype than
non-CSC differentiated bulk tumor cells, which may drive prolifera-
tion and evasion of apoptosis (9). Specifically, in glioblastoma multi-
forme (GBM), the cell surface stem cell marker CD133 marks brain
tumor-initiating cells (BTIC) where an increase of CD133þ cells in
brain malignancy correlates with elevated aggressiveness, higher
tumor grade, and tumor recurrence (10). In DIPG, CD133þ cells
have been identified and their neural stem cell–like phenotype has been
reported (11). However, CD133 has shown to identify only a subset of
self-renewing cancer-initiating cells in glioma (12) and CD133 is also
expressed in normal neural cells (13), necessitating the evaluation of
other CSC markers. Aldehyde dehydrogenase (ALDH) is highly
expressed in many malignancies including gliomas and is implicated
in increased cell proliferation, maintenance of CSC properties and to
negatively impact patient survival (14, 15). ALDH isotype ALDH1,
specifically ALDH1A, is predominantly found in tumor-initiating cells
in gliomas (16). Expression of stem cell factors CD133 and ALDH are
correlated in multiple brain malignancies resulting in double-positive
CD133þ/ALDHþ cells; however, it remains to be investigated whether
these cells are particularly aggressive, initiate tumor recurrence, or
contribute to treatment resistance in DIPG (17).

Mutations in histone 3, H3.3 and H3.1/2 K27M as well as G34R/V,
result in a broad loss of di- and trimethylation, leading to elevated
acetylation, unfolding of the chromatin structure, and increased
aberrant transcription (18, 19). In DIPG, important work has eluci-
dated mutations in genes encoding histone 3, HIST1H3B (H3.1),
HIST1H3A (H3.2), and H3F3A (H3.3), which exhibit tumors with
distinct active regulatory elements, oncogenic reprogramming, and
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result in heterogeneous enhancer architecture dependent on the
oncohistone variant (20). In particular, the H3.3K27M variant have
highly accessible enhancer elements regulating retinoic acid (RA)
receptor-mediated signaling compared with H3.1K27M variants (20),
where ALDH is a key enzyme (21). Overexpression of RA signaling has
been observed to coincide with overexpression of ALDHþ CSCs (22)
and therefore could explain increased aggressiveness and treatment
resistance observed clinically in theH3.3K27Mmutation inDIPG (23).
In addition to mutations in histone H3.1 or H3.3 (80%), ongoing
characterization of the genomic landscape of DIPG has led to identi-
fications of cooccurring mutations in Activin A receptor type I
(ACVR1; 20%–32%), TP53 (22%–40%), PDGFRA (32%), PI3KR1/
PIK3CA (15%; refs. 3, 24) and amplification of PDGFR resulting in
receptor tyrosine kinase (RTK)/PI3K/mTOR pathway activation in
50% of DIPG tumors (2, 24). Thus, it comes with no surprise that
preclinical single-agent targeting of PI3K/mTORpathway inDIPGhas
seemed promising to date (2, 25).

However, single-agent therapy targeting PI3K/mTOR pathway in
other malignancies has produced insufficient long-term clinical
response to date (2, 26–29). The lack of long-term response stems
from acquired resistance occurring in tumors as a result of targeted
single-agent therapy (30, 31) and a compensatory upregulation in
associated MAPK pathway following PI3K inhibition due to cross-
talk (30–34). Meta-analysis of 1,000 high-grade pediatric glioma and
DIPG samples revealed alterations in theMAPKpathway as well as the
PI3K pathway, indicating additional druggable targets (24). Dual
inhibition of MAPK and PI3K/mTOR pathway in DIPGs has shown
to induce synergistic antitumor effects in cells by inhibiting growth,
inducing death, and therefore may be efficacious in reducing tumor
resistance (2, 35).

We posit the high rate of relapse in patients with DIPG may be
linked to the presence of a resistant CSC, and targeting this subpop-
ulation is of particular interest to advance effective tumor eradication.
The aim of this study was to determine whether DIPGs, like other
malignancies of the brain, harbor aggressive, stem-like subpopulations
needing to be considered for the design of effective therapies. Fur-
thermore, we sought to determine whether targeted therapy inhibiting
theMAPK and PI3K/mTOR signaling axes, individually and together,
show promise in targeting DIPG cells in particular the stem-like
ALDHþ subpopulations, ultimately leading to improvements in
patient outcome by addressing treatment resistance in this disease.

Materials and Methods
Cell lines

Human SU-DIPG IV, SU-DIPG XIII cell lines (36) were kindly
provided by Drs. Maachani and Souweidane (Pediatric Neurologi-
cal Surgery, Weill Cornell Medicine), SU-DIPG 29 by Dr. Monje-
Deisseroth (Neurology, Stanford University) and HSJD-DIPG 007
(DIPG 007) (37) by Dr. Venneti (Neuropathology, Michigan Medi-
cine, University of Michigan). SU-DIPG XIII cells were infected with
FUGW plasmid-expressing luciferase and GFP (38). HSJD-DIPG 007
(DIPG 007) cells was infected with pLVX-IRES-mCherry to obtain
DIPG 007 cherry–positive expressing cells (39). Cells were maintained
in tumor stem neurobasal-A medium mixed 1:1 with DMEM F-12
supplemented 10 mmol/L HEPES, 100 mm sodium pyruvate, nones-
sential amino acids, GlutaMAX-I supplement, 100� antibiotic-anti-
mycotic, B27(-A) (all reagents from Invitrogen) and 20 ng/mL of
human-FGF (20 ng/mL), human-EGF and humanPDGF-AB (all from
Shenandoah Biotech) each as well as 10 ng/mL heparin (Stemcell
Technologies). Cells obtained from other institutions were not

reauthenticated in our laboratory. Human SF7761 and SF8628 cell
lines, obtained from Millipore, were cultured according to the man-
ufacturer. Each lot ofMillipore’s cells was genotyped by STRanalysis to
verify the unique identity of the cell line. For 2D proliferation assays,
DIPG 007 cells were maintained in tumor stem neurobasal-Amedium
mixed 1:1 with DMEM F-12, 10 mmol/L. HEPES, 100 mm sodium
pyruvate, nonessential amino acids, GlutaMAX-I, 100� antibiotic-
antimycotic, and 10% FBS. Neurospheres were dissociated in TrypLE
Express (Thermo Fisher Scientific) and 2D cultures with Trypsin-
EDTA (Gibco). All cell lines were regularly checked for Mycoplasma
contamination using MycoAlert Mycoplasma Detection Kit (Lonza).
Cell lines were cultured for a period of approximately 2 months, after
which they were replaced by new thaws.

Therapeutics
PD0325901 (PD-901), GSK2126458 (GSK-458), and GDC-0084

were purchased from Cayman Chemicals. Stock solutions were pre-
pared in DMSO. Control wells were incubated with media containing
0.1% DMSO carrier solvent.

DIPG mouse models and in vivo drug treatment
All animals were maintained in accordance with the University of

Michigan’s Institutional Animal Care and Use Committee guidelines
approved protocol (UCUCA PRO00008646).

Orthotopic xenograft model
DIPG 007-luciferase–expressing cells sorted for ALDH (�) or left

unsorted were intracranially implanted into 5- to 7-week-old male
NOD.Cg-PrkdcscidIl2rgtm1WjlISzJ (NSG, The Jackson Laboratory)
mice using a protocol adapted from Monje and colleagues (11). In
brief, the skull was exposed by a 1-cm incision to expose the area of the
lambdoid suture. A small 26-g burr hole using an electric drill was
made 1 mm to the right of the sagittal suture and 0.8 mm posterior to
the lambdoid suture. Using a stereotactic setup, 1� 105 cells in 2 mL of
serum-free media were implanted 5 mm deep from the skull surface at
a rate of 1 mL per minute using a 26-g Hamilton syringe. Mice were
monitored for tumor growth using bioluminescence imaging and body
weight changes. Mice implanted with 1 � 105 ALDHþ or ALDH�

DIPG-007-luc cells were randomly assigned to a GDC-0084 (ALDHþ:
n¼ 4;ALDH�:n¼ 3) orVEHcontrol (ALDHþ:n¼ 2;ALDH�:n¼ 2)
treated group at approximately day 80 postimplantation. GDC-0084
was administered via oral gavage at 10mg/kg, daily for 14 days. In vivo
bioluminescence imaging (BLI) was acquired before treatment initi-
ation and at day 14.

Flank xenograft model
Four- to 6-week-oldmale NSGmice (The Jackson Laboratory) were

inoculated with 2 � 106 SF8628 cells in 1:1 suspension of serum-free
media with Matrigel (BD Biosciences) via subcutaneous injection in
right and left flanks. Tumor-bearing mice were randomly assigned to
GSK-458 (n¼ 6, 8 tumors) or vehicle control (VEH, n¼ 4, 6 tumors)-
treated groups. Tumor progressionwasmonitored biweekly via caliper
and treatment initiated via oral gavage at a 3 mg/kg dose daily for 14
consecutive days when tumor volume reached approximately 100 to
150 mm3.

For all drug treatment studies with GSK-458 or GDC-0084, the
vehicle control formulation was as follows: 2% DMSO, 40% PEG, 2%
Tween-80 in 1� PBS.

Immunoblot analysis
Cells were seeded 24 hours prior to treatment and incubated with

the respective inhibitors for 2 hours or as otherwise indicated. Cells
were lysed with RIPA lysis buffer (Thermo Fisher Scientific)
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supplemented with protease inhibitors (Complete Protease Inhibitor
Cocktail, Roche) and phosphatase inhibitors (PhosSTOP, Roche).
Western blotting was performed as described previously (32). Primary
antibodies were obtained from Cell Signaling Technology against
pErk1/2 (Thr202/Tyr204), pAKT (S473), total ERK, AKT, and sec-
ondaryHRP-conjugated antibodies from (Jackson ImmunoResearch).
ECL-Plus substrate (Bio-Rad) and Bio-Rad ChemiDoc MP imager
were used according to the manufacturer’s recommendations.

Reverse-phase protein arrays
SU-DIPG XIII cells were treated for indicated times and cell lysates

were prepared in reverse-phase protein array (RPPA) lysis buffer (1%
Triton X-100, 50 mmol/L HEPES, pH 7.4, 150 mmol/L NaCl,
1.5 mmol/L MgCl2, 1 mmol/L EGTA, 100 mmol/L NaF, 10 mmol/
LNa pyrophosphate, 1mmol/LNa3VO4, and 10% glycerol, containing
freshly added protease and phosphatase inhibitors (Roche) and 60 mg
of protein was submitted for RPPA analysis). RPPA was performed by
RPPACore atMDAndersonCancer Center (Houston, TX). For RPPA
description, materials and methods as well as RPPA core publication,
refer to https://www.mdanderson.org/research/research-resources/
core-facilities/functional-proteomics-rppa-core.html.

Aldefluor assay and CD133 flow cytometry
The Aldefluor kit (Stemcell Technologies) was used to identify

cell populations with high ALDH enzymatic activity according to
the manufacturer’s recommendations. For CD133 costaining, APC-
conjugated CD133 (BD Pharmingen) or APC-conjugated isotype
control IgG1 was used (BD Pharmingen). Cells were analyzed on
Synergy Head cell sorter at the UMMS Flow Cytometry Core and FCS
Express 7 cytometry software. In all cases, debris, dead cells, and
doublets were gated out prior to sorting to ensure purity. Sorted cells
were counted using trypan blue to ensure desired number of live cells.
When cells were sorted for orthotopic implantation and for the
Bromouridine sequencing (Bru-seq) experiment, top 10% of ALDHþ

and the bottom 10% of ALDH� cells were included in the sort.

Proliferation assays
A total of 2,500 cells/well were plated in 96-well plates. Cell viability

was assessed using a CellTiter-Glo Luminescent viability assay (Pro-
mega) or AlamarBlue Cell Viability assay (Invitrogen) and Envision
multi-label plate reader (PerkinElmer) at 24, 48, and 96 hours post-
treatment according to the manufacturer’s recommendations. Assays
were conducted at least three times with inhibitors each run in
triplicate.

Neurosphere assay
Neurosphere size and formation was evaluated for 10 days by using

250,000 cells sorted and treated cells after plating inflasks and analyzed
by taking images of three different field of views per condition on day 3,
7, and 10. Neurosphere size and number was quantified in ImageJ
software and averaged over the three fields of view for four indepen-
dent experiments as performed by three different raters.

Clonogenic assay
SF8628 cells were stained with Aldelfluor and FACS sorted, live/

dead cells were counted to ensure viability following sorting, and
500 ALDHþ and ALDH� cells per well were plated in triplicates.
On day 14, media was removed and colonies were stained using
crystal violet (0.1% in 20% methanol; Sigma-Aldrich). Colonies
were manually counted if they contained >50 cells as assessed by
microscopy.

Bru-seq
SU-DIPG XIII cells were treated with 100 nmol/L of PD-901, 100

nmol/L of GSK-458, 50 nmol/L PD-901 þ 50 nmol/L GSK-458
(combination), or equimolar DMSO for 2 hours. Bru-seq was per-
formed as described previously (32, 40). cDNA libraries were
sequenced at the University of Michigan Sequencing Core using an
Illumina HiSeq 2500 and NovaSeq sequencers as described previous-
ly (40, 41). The sequencing reads were mapped using STAR onto the
hg38 human reference genome and analyzed using Gencode 27 gene
annotation. Gene set enrichment analysis (GSEA) of rLogFC-ranked
gene lists was performed to identify up- and downregulated gene sets.
The only cutoff used on the gene set was that genes had to have >10
normalized counts. The gene sets were obtained fromversion 4.0 of the
Molecular Signatures Database (http://www.broadinstitute.org/gsea/
msigdb/index.jsp). Gene sets with FDR corrected P values <0.01 were
considered to be significantly enriched and were used in the analysis.

qRT-PCR
RNA was extracted using QIAshredder and RNeasy Mini Kit

(Qiagen) and reverse transcription performed with QuantiTect
Reverse Transcription Kit (Qiagen) using 1 to 1.5 mg RNA. qRT-
PCR was performed with QuantiTect SYBR Green PCR Kit (Qiagen)
on Eppendorf Realplex 2 Master cycler. Samples were run in technical
replicates. qRT-PCR primers are listed in Supplementary Table S4.

Histology
Formalin-fixed tissue was paraffin embedded and sectioned at the

University ofMichigan Cancer Center core facility. H&E and antibody
stains were performed using standard IHC/IF protocols with the
following antibodies: anti-Nestin (Chemicon), anti-Ki67 (DAKO),
anti-ALDH1 (BD Transduction Labs), or anti-H3K27M (Sigma
Aldrich) and developed with a biotinylated-secondary antibody by
a peroxidase HRP system (Vectastain Elite ABC Kit, Vector Labora-
tories) and DAB substrate (Vector Laboratories) following the man-
ufacturer’s instructions. Anti-H3K27M was developed using a fluo-
rescent-conjugated anti-rabbit IgG secondary (Alexa Fluor 594, Invi-
trogen). Sections were counterstained CytoSeal 60 (Thermo Fisher
Scientific) or ProLong Gold Antifade Reagent (Life Technologies).
Microscopy was performed with an Evos FLc microscope (Life Tech-
nologies). Quantification was performed using ImageJ software of
three separate fields of view of three separate sections. All images were
scored by 3 different raters. One-way ANOVA were performed to
obtain P values for multiple comparisons from Tukey post hoc tests.

In vivo and ex vivo BLI
In vivo BLI was performed using IVIS Spectrum Imaging System

(PerkinElmer) according to the manufacturer using intraperitoneal
injection of 100 mL of D-luciferin (40 mg/mL stock, Promega). Quan-
tification of total flux (photons per second, p/s/cm3) was performed at
indicated time points. For ex vivo BLI, mice were injected with same
concentration of luciferin prior to sacrifice and extraction of the brain.
BLI was acquired using IVIS Lumina LT Series III (PerkinElmer).

BOILED-Egg predictive model for drug delivery
BOILED-Egg predictive model (SwissADME, http://www.

swissadme.ch/index.php; ref. 42) was used to predict the blood–brain
barrier (BBB) penetration and gastrointestinal (GI) absorption of
GSK-458 and GDC-0084. The molecular structure of each molecule
was submitted as a simplified molecular-input line-entry system
(SMILES) into the online database where evaluation of BBB penetra-
tion and gastrointestinal absorption, a function of the position of the
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molecule in the WLOGP versus TPSA referential, was plotted. The
white region is a high probability that the molecule will be absorbed by
the GI tract and the yellow region (yolk) is a high probability of BBB
penetration.

Cryo-fluorescence tomography
Murine brain from mCherry-labeled DIPG 007 ALDHþ implanted

cells was removed on day 91 postimplantation, resected immediately
on dry ice and shipped to Emit Imaging where brain was embedded in
OCT. Imaging was performed on an Xerra Imaging System (EMIT
Imaging). Cryo-fluorescence tomography (CFT) was conducted auto-
matically in the Emit unit using a minimal field of view and 30-mm
thick sections. Brightfield images and cherry fluorescencewas acquired
using an automatically determined exposure: (i) excitation 470, emis-
sion filter 511/20, average exposure 98ms; (ii) excitation 555, emission
filter 585/11, average exposure 25 ms; (iii) excitation 555, emission
filter 610/10, average exposure 226 ms.

Single-cell RNA sequencing analysis
Primary H3K27M-glioma biopsy samples were collected and pro-

cessed for single-cell RNA sequencing (Sc-RNA-seq) as described
previously (43). The Sc-RNA-seq data are publicly available at GEO
or the Broad Institute Single-Cell Portal (GSE102130/https://single
cell.broadinstitute.org/single_cell/study/SCP147/single-cell-analysis-
in-pediatric-midline-gliomas-with-histone-h3k27m-mutation). Data
were read and analyzed using Microsoft Excel. Immune cells were
filtered from the dataset and identified based on expression of cell
type–specific immune markers (T cell: “CD3E”, “CD3D”, “CD3G”,
“CD8A”, “CD8B”, “CD4”, “FOXP3”, Myeloid: “CD14”, “CXCR2”,
“ITGAM”, “EMR1”, “MNDA”, Dendritic cell: “CD14”, “ITGAM”,
“ITGAX”, “CX3CR1”, B cell: “MS4A1”, “CD19”, “CD79A”, “CD79B”,
“IGJ”). Average expression of ALDHgenes was calculated per immune
cell population.

Resource availability
The datasets supporting the current study are available in the

“Supplementary Excel File” as well as from the corresponding
author upon request and are available on GEO (accession number
GSE149682).

Statistical analysis
All statistical analyses were performed using GraphPad Prism v7

(GraphPad Software). Statistical analysis is presented of no fewer than
three independent experiments and data represent mean � SEM. P
values were calculated using unpaired t test or one-way ANOVA
followed by Tukey post hoc test. For survival analysis, Kaplan–Meier
survival curves were generated and log-rank (Mantel–Cox) tests were
used to compare survival curves. In all cases, alpha was set at P ≤ 0.05.

Results
Heterogeneity in stem cell marker expression of ALDHs and
CD133 among DIPGs

DIPGs are very aggressive childhood gliomas and new therapies are
desperately needed. In other forms of glioma, stem cells have been
shown to contribute to aggressiveness and recurrence driving the
development of novel therapies to attack this “stem cell niche”. Here,
we sought to characterize stem cell marker expression of six DIPG cell
lines, which included cells derived from surgical biopsy with no prior
known treatment or early postmortem autopsy where treatment
included radiotherapy and chemotherapy. Cells either harbored the

H3.1K27M mutation or the H3.3K27M mutation (Supplementary
Table S1) and were evaluated for expression of known glioma stem
cell markers, ALDHandCD133 (Supplementary Table S1; Fig. 1A–F).

ALDHþ cells were identified utilizing Aldefluor staining assay
and CD133þ cells with a CD133 antibody by flow cytometry. We
identified high ALDH expression in SU-DIPG IV, SU-DIPG XIII,
and HSJD-DIPG 007 (DIPG 007) lines (Fig. 1A, B and E), but low
expression in the SF7761 and SF8628 lines and SU-DIPG 29 line
(Fig. 1C, D and F). Interestingly, high CD133 expression was
observed in SU-DIPG XIII, SF7761, and SU-DIPG 29 DIPG lines
(Fig. 1B, C and F). Double positive populations (ALDHþ/CD133þ)
were only detected in the SU-DIPG XIII cells. These results suggest
existence of a CSC populations within DIPG tumors and are
indicative of tumor heterogeneity within DIPG.

ALDHþ DIPG cells exhibit a more “stem-like” transcriptome
profile

Because of the transient nature and high cellular plasticity described
for stem-like cells, a nascent RNA-seq technology using bromouridine
(BrdUrd) labeling and RNA-seq (Bru-Seq) was performed to gain
insight into transcriptomic differences between ALDHþ and ALDH�

DIPG cells. We chose the SU-DIPG XIII cells for this approach due to
their high level of ALDH and their double positivity with CD133 cell
surface expression (Fig. 1B). In brief, SU-DIPG XIII cells were
incubated for 30 minutes with BrdUrd to label nascent RNA, were
then stained with Aldefluor reagent and cells were sorted using FACS
into ALDH� populations. Total RNA was purified from the two
different fractions and nascent RNA was captured using anti-BrdUrd
antibodies conjugated to magnetic beads.

Nascent RNAwas then converted into a cDNA library, sequenced as
described previously (32, 40) andmapped to the humanhg38 reference
sequence as (Fig. 2A). Bru-seq data revealed that ALDHþ cells exhibit
significantly induced or increased gene sets in Hallmark pathways
related to E2F targets, MYC targets, and DNA damage repair
(DDR; Fig. 2B). Specifically, we observed homologous recombination
genes RECQL4, RAD51, RFC2, and BRCA1 upregulated but the
individual genes did not reach statistical significance (Supplementary
Table S2). We found that ALDHþ cells exhibit higher expression of
canonical “stem-cell” reprogramming genes, for example, E2F1/2,
OLIG1, NES, andMYC (Supplementary Table S2), which was verified
using qRT-PCR (Fig. 2C). This demonstrates that the ALDHþ DIPG
cell population exhibits a genetic profile capable of stem cell mainte-
nance, observed in other forms of brain malignancies (17). Bru-seq
data revealed ALDHþ cells demonstrated differential mean reads per
kilobasemillion (RPKM) values in a subset of 13 genes from theALDH
family compared with ALDH� cells (Fig. 2D) with the greatest RPKM
increase over ALDH� observed in ALDH1B1. Not surprisingly,
ALDHþ cells collectively demonstrated differential metabolic activity
compared with ALDH� DIPG cells, although individual gene
changes were minor and not statistically significant (Supplementary
Table S3). These changes include the putative metabolic oncogene
PHGDH, a rate-limiting step in the conversion of 3-phosphoglyc-
erate to serine (44) and glycolytic ENO1 and ENO1-ITI, which are
commonly overexpressed in tumors promoting the Warburg effect
where the pathway is transcriptionally regulated by RAS and
MYC (45–47). qRT-PCR confirmation for ENO1, MAT2A, and
PSAT1 are depicted in Fig. 2E.

The importance of ALDH gene expression in DIPG was further
validated by analyses of publicly available Sc-RNA-seq data performed
ofDIPGbiopsymaterial obtained from sevenDIPGpatients harboring
K27Mmutations in histone H3.3 or H3.1 (48). Our analysis indicated
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elevated expression across many genes in the ALDH gene family
when malignant cells were compared with immune cells or oligo-
dendrocytes isolated from these tumors (Fig. 2F). Second, of the
immune cells, ALDH2 expression was largely observed in dendritic
and myeloid immune cells (Fig. 2G). Although this patient cohort
is too small to reach statistical significance, analyses of these
Sc-RNA-seq data provides validation of elevated ALDH gene
family expression in DIPG.

Patient-derived ALDHþ DIPG cells demonstrate stem-like
properties

To determine whether ALDHþ SU-DIPG XIII cells exhibit stem-
like characteristics including tumor-initiating properties compared
with ALDH� cells as described in other malignancies, we performed
proliferation andneurosphere formation assays onALDH-sorted cells.
ALDHþ cells demonstrated significantly greater proliferation than
ALDH� cells following FACS sorting measured at various time points
(Fig. 3A). By 96 hours, the observed proliferation differences were no
longer significant perhaps indicative of ALDH� cells regaining expres-
sion of ALDH (Supplementary Fig. S6), retaining expression of other
stem cell markers or ALDHþ cells losing their high ALDHþ expres-
sion. ALDHþ cells demonstrated significantly greater neurosphere size
compared with ALDH� cells at day 3 through day 10 following FACs
sorting (Fig. 3B and C). By day 10, ALDHþ cells retained a signif-
icantly greater number of neurospheres, further indicative of increased
proliferation compared with ALDH� cells (Fig. 3D).

Next, we evaluated SF8628 DIPG patient-derived cells, which
exhibit a smaller total population of ALDHþ cells compared with
SU-DIPG XIII (Fig. 1B andD) to see whether this line harbored these
stem-like features. ALDHþ SF8628 cells demonstrated significantly
increased colony formation and colony size compared with ALDH�

cells (Fig. 3E and F). Together, these data demonstrate tumor heter-
ogenous ALDH expression, which when elevated (ALDHþ cells)
resulted in a more proliferative subpopulation compared to ALDH�

cells.

Tumor-initiating capability of ALDHþ DIPG stem cells in vivo
To determine the tumor-initiating capability of ALDHþ cells

in vivo, luciferase-labeled DIPG 007 cells (DIPG 007-luc) were FACS
sorted into ALDHþ, ALDH� populations or left unsorted and
implanted into the pons of immunocompromised mice. In the unsort-
ed population, roughly 16% of DIPG cells were ALDHþ and 80%
ALDH� (Supplementary Fig. S1A). BLI confirmed tumor growth in
the ALDHþ and unsorted groups with tumor initiation observed
around 60 days postimplantation as measured by an increase in
bioluminescence over baseline. By week 12, average total flux was
significantly greater in ALDHþ mice compared with ALDH� mice
(Fig. 4A and B) with unsorted implanted mice having the greatest
measure of total luminescence comparedwith both groups.Ex vivoBLI
of resected brains confirmed the presence of tumors in the pons where
data corroborated in vivo findings of increased bioluminescence
activity inALDHþ and unsorted brain tumors comparedwithALDH�

Figure 1.

Heterogeneity of stem cell marker expression among DIPGs. A–F, Flow cytometry of SU-DIPG IV, SU-DIPG XIII, SF8628, SF7761, HSJD-DIPG 007, and SU-DIPG 29,
respectively, stained with Aldefluor and APC conjugated CD133 antibody. Representative images are depicted of one of three independent experiments.
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(Fig. 4C). Kaplan–Meier survival curves indicated that ALDHþ and
unsorted tumor-bearing mice exhibited significantly decreased sur-
vival compared with ALDH� implanted mice. Median survival was
100, 137, and 86 days for ALDHþ, ALDH�, and unsorted mice,
respectively. ALDH� mice with no signs of tumor burden, such as
an increase in BLI signal or body weight loss, were typically sacrificed
160 to 220 days postimplantation. (Fig. 4D).

In a different cohort, we orthotopically implanted mCherry-labeled
DIPG 007 cells FACS sorted for ALDH. Once significant weight loss
had been observed between day 88 and 91 postimplantation, brains
were removed, cryopreserved, and embedded in OCT prior to per-
forming CFT imaging (Xerra, Emit Imaging) using the 555-excitation
laser to visualize distribution of cherry-positive DIPG cells in the
murine brain (Fig. 4E). 3D reconstructions of the CFT imaging

Figure 2.

Transcriptome analysis of ALDHþ

cells reveals “stem-like” profile.
A, Diagram illustrating the main
steps in Bru-seq for comprehensive
transcriptome analysis performed
in sorted SU-DIPG XIII cells.B,GSEA
from the Hallmark database of
induced pathways in ALDHþ cells
compared with ALDH� cells. C,
qRT-PCR analysis of canonical
“stem-cell” reprogramming genes
in sorted DIPG cells. Data were nor-
malized to GAPDH and fold change
was calculated compared with
ALDHþ with values �SEM. P values
calculated with an unpaired t test.
D, Sequencing reads from nascent
RNA expressed as reads per thou-
sand base pairs per 1 million reads
(RPKM) of selected ALDH-family
genes. E, qRT-PCR analysis of
metabolism genes in sorted DIPG
cells. Data normalized to GAPDH
and fold change was calculated
compared with ALDHþ with values
�SEM. P values calculated with an
unpaired t test. F and G, Data from
single-cell RNA sequencing (48)
presented as transcript per million
(TPM) values from seven DIPG biop-
sies. F, ALDH gene-family expression
in malignant, immune, and oligoden-
drocyte cells. M¼malignant cells; I¼
immune cells; O¼ oligodendrocytes.
G,ALDH2geneexpression in immune
cells from DIPG patient tissues.
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demonstrated a diffuse tumor cell infiltration in the implanted brains
with the most densely populated DIPGs located near the implantation
site (pons) in the 555 nm excitation maximum intensity projection
images and becoming more diffuse moving through the midline and
frontal cortex of the brain with no clear tumor boarders.

We first immunostained resected brain tissue sections for H3K27M
expression to confirm the presence of DIPG cells in the ALDHþ,
ALDH�, and unsorted implanted mice. We observed that although all
implanted mice had cells positive for H3K27M compared with normal
brains (NSG), ALDHþ, and unsorted implants had substantially more
robust H3K27M staining compared with ALDH� implants, indicative
of DIPG tumor-initiating cells (Fig. 4F). The presence of positive
H3K27M cells was most dense near the implantation site in the pons
becoming more diffuse moving toward the front of the brain. Next, we
probed for Ki67 to determine the presence of proliferating cells in the

brain tissue. A similar diffuse staining patternwas observed inALDHþ

and unsorted tumors demonstrating robust staining compared with
ALDH� brain tissue, which had fewer cells positive for Ki67, dem-
onstrating a more aggressive nature of the ALDHþ subpopulation
(Fig. 4F). To determine whether tissue from mice implanted with
ALDHþ, ALDH�, and unsorted cells exhibited varying stem cell–like
characteristics, we evaluated the expression of Nestin, a neural stem
cell lineagemarker. Dense Nestin-positive cells were observed near the
implantation site in the pons with the staining characteristic becoming
more diffuse moving further from the implantation site. Although
ALDHþ, ALDH�, and unsorted brain tissue had cells positive for
Nestin, tumors from ALDHþ and unsorted implantations demon-
strated greater numbers of Nestin-positive cells compared with
ALDH� implantations. Morphologically, tumor tissue from ALDHþ

and unsorted mice appeared more disorganized, indicative of high-

Figure 3.

ALDHþ DIPG cells demonstrate an aggressive stem-like phenotype in vitro. A, Alamar Blue proliferation assays were performed in ALDH FACS sorted SU-DIPG XIII
cells. Data plotted asmean RFU values� SEM from three independent experiments. P values calculated with a one-wayANOVA followed by a Tukey post hoc test to
correct for multiple comparisons. NS, not significant. B, Representative phase-contrast images of ALDH-sorted SU-DIPG XIII cells at 10� with scale bar ¼ 500 mm.
C,Sphere size data (mm)quantified in ImageJplotted as averageof 4 experiments�SEM.D,Spherenumberwasquantifiedonday 10. Plot represents the averageof 4
experiments�SEM. P values for C and D calculated with a one-way ANOVA followed by Tukey post hoc test to correct for multiple comparisons. E, Representative
image of FACS sorted SF8628 cells on day 14. F, Percent change of crystal violate stained colonies �SEM from three separate experiments. P value was calculated
from a paired two-tailed t test.
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Figure 4.

Aggressive tumor progression and shorter overall survival of ALDHþ tumor-bearingmice. Aldefluor-stained and FACS-sorted HJSD-DIPG 007 luciferase-expressing
cells (DIPG 007-luc) were intracranially implanted into NSGmice. A, Data represent average total flux per implant group�SEM. P values calculated with unpaired t
tests. B, Representative BLI images of each implant group at 3 months. C, Ex vivo BLI of extracted brains acquired at the time of sacrifice. D, Kaplan–Meier survival
curves for ALDHþ (n¼ 13), ALDH� (n¼ 9), and unsorted (n¼ 6) mice, respectively, with P values from log-rank (Mantel–Cox) tests. E, Representative CFT of a brain
extracted from amCherry-expressing and ALDHþ-sorted DIPG 007mouse at day 90 postimplantation. Image presented as maximum intensity projections (MIP) at
the 555 excitation acquisition.F,RepresentativeH&Eand IHC staining of extractedbrain sections. Images acquired at40�, scale bar¼ 100mm.G–I, IHCquantification
using ImageJ software. One-way ANOVA with P values for multiple comparisons from Tukey post hoc test.
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grade tumors, while tissue from ALDH� tumors appeared more
organized and well differentiated. Overall, ALDHþ tumor tissue
demonstrated denser cell morphology compared with ALDH� and
unsorted implanted mice, which can be observed by the significantly
increased number of H3K27M-positive cells (Fig. 4G), Ki67-positive
cells (Fig. 4H), and Nestin-positive cells (Fig. 4I) in ALDHþ implants
compared with all other groups.

MAPK and PI3K/mTOR inhibition in DIPG cells
To evaluate the efficacy of molecular targeted therapies, we tested

the effects ofMAPK and/or PI3K/mTORpathway inhibition inDIPGs
with differences in ALDH and CD133 expression. SU-DIPG XIII, SU-
DIPG IV, SF7761, and SF8628 cells were treated with the MEK
inhibitor PD0325901 (PD-901), the pan-PI3K/mTOR inhibitor
GSK2126458 (GSK-458), or combination of both (901þGSK).
Decreased phosphorylation of ERK and AKT, surrogate markers for
MAPK and PI3K/mTOR inhibition, respectively, were observed after
treatment with each inhibitor individually or in combination in all four
DIPG cell lines (Supplementary Fig. S2A–S2D).

To gain further insight into molecular and cellular consequences of
pathway inhibition cell lysates from treated SU-DIPG XIII cells were
analyzed by reverse phase protein array (RPPA). Selective inhibition of
the MAPK and the PI3K/mTOR pathways was confirmed as depicted
in heatmaps (Supplementary Fig. S2E and S2F). Changes in phos-
phorylation or protein expression downstream of PI3K/mTOR or
MAPK pathways were apparent for a number of selected proteins,
confirming pathway inhibition in DIPG cell lines. Together, these
results demonstrate selectivity of MAPK and PI3K/mTOR pathway
inhibition by single-agent therapies and in combination therapy in
patient-derived DIPG cell lines.

Transcriptome analysis identifies gene sets regulated by MAPK
and PI3K/mTOR inhibition

To verify targeted MAPK/PI3K/mTOR signaling pathway inhibi-
tion in both subtypes identified in SU-DIPG XIII, cells were treated
with PD-901, GSK-458, or in combination (901 þ GSK) prior to
sorting into ALDHþ and ALDH�. ALDH positivity in SU-DIPG XIII
cells ranged from 25% to 45% in the DMSO or treated cell population,
withGSK-458 having the greatest effect, whereas 50% to 75% cells were
negative for ALDH expression by Aldefluor assay (Supplementary
Fig. S1B). Following sorting, nascent transcriptome analysis was
performed as described in Materials and Methods. Gene expression
profiles of combination treated (901 þ GSK) confirmed downregula-
tion of MAPK and PI3K/mTOR signaling pathway targets (CCND1,
DUSP6,MYC) and (4EBP1, VEGFA, GSK3A), respectively, as a result
of dualMAPKandPI3K/mTOR inhibition (Fig. 5A andB). For single-
agent treatment, gene expression profiles confirmed downregulation
of transcriptional targets associated with MEK inhibition by PD-901
treatment and those associated with PI3K/mTOR inhibition with
GSK-458 in both ALDHþ and ALDH� cells (Supplementary
Fig. S3A–S3D). GSEA derived from the KEGG pathway database
identified similar gene sets repressed by combination therapy in
particular expected downregulation of mTOR, VEGF, phosphatidy-
linositol, and apoptosis (Fig. 5C and D). Bru-seq results were con-
firmed by qRT-PCR in GSK-458, PD-901, combination (901þ GSK),
or control-treated ALDHþ and ALDH� SU-DIPG XIII cells (Fig. 5E
and F). In summary, our transcriptome analysis indicates that single-
agent therapy with PD-901 downregulated targets of the MAPK
pathway, GSK-458 downregulated targets of the PI3K/mTORpathway
and combination inhibits known downstream targets of each pathway
in both ALDHþ and ALDH� DIPG cell subgroups.

MAPK/PI3K/mTOR inhibition reduces the stem-like phenotype
of the ALDHþ cells

Here, we posed the question whether MAPK, PI3K/mTOR, or
MAPK/PI3K/mTOR inhibition prevents stem-like reprogramming
in ALDHþ cells. To address this, we compared ALDHþ cells
treated with PD-901, GSK-458, or combination (901 þ GSK)
thereof to DMSO-treated cells. Bru-seq results demonstrated that
genes such as MYC, E2F1, CCND1, ALDH1B1, and NES were
significantly downregulated when MAPK/PI3K/mTOR pathway
was inhibited by combination (901 þ GSK) compared with
DMSO-treated samples (Fig. 6A), indicative of decreased cellular
proliferation capacity as a result of treatment targeting stemness
potentially addressing resistance. Interestingly, the expression of
other ALDH family genes was found to be rather unchanged
(Supplementary Fig. S4D), yet the expression of differentiation
marker genes like CSPG4, PDGFRA, SOX10, Oligo2, NKX2.2, and
Notch1 was found to be decreased in DIPGs treated with combi-
nation of 901 and GSK (Supplementary Fig. S4E). Genes upregu-
lated by combination therapy in ALDHþ cells included proapop-
totic genes caspase-3, BBC3, and BAK1, indicating efficacy of
molecularly targeted kinase therapy in killing ALDHþ DIPG stem
cells specifically (Fig. 6B). Metabolome genes that were previously
found to be upregulated in ALDHþ versus ALDH� cells (Fig. 2E)
became downregulated during either PI3K/mTOR, MAPK, or
combination inhibition in ALDHþ cells (Fig. 6C). Specifically,
genes associated with glycolysis and glycolytic signaling ENO1,
HK1, LDHB, and ENO1-IT1 were downregulated with single- or
dual-agent therapy. Results suggest that the decrease observed in
tumorigenesis/proliferation by inhibition of the MAPK/PI3K/
mTOR pathways may be mediated through metabolic signaling
changes in ALDHþ cell population.

We observed that PI3K/mTOR inhibition alone using GSK-458 or
MAPK inhibition alone using PD-901 reduced stemness but with
different genes being downregulated (Supplementary Fig. S4A). PD-
901 had a stronger effect downregulating MYC while GSK-458 pref-
erentially downregulated E2F1 and E2F2 where this observation was
validated further by qRT-PCR of E2F1 and E2F2 depicted in Fig. 6D
and E. Single-agent therapy also differentially targeted proapoptotic
genes and metabolism when compared with combination therapy
(Supplementary Fig. S4B and S4C).

Next, we determined whether sensitivity to PI3K/mTOR inhibi-
tion by GSK-458 was dependent on the cells’ state of differentiation
by evaluating drug efficacy in 2D cultures containing 10% FBS
versus 3D neurosphere cultures in stem cell media. We observed
that PI3K/mTOR inhibition by GSK-458 was more effective in 3D
neurospheres (Fig. 6F) compared with 2D adherent cells (Fig. 6G)
pointing toward its efficacy in targeting undifferentiated, high-
grade tumors with stem-like characteristics. Cell proliferation and
neurosphere size and formation assays demonstrated PI3K/mTOR
pathway inhibition resulted in decreased cell growth in the ALDHþ

population (Fig. 6H–J). GSK-458–treated ALDHþ cells demon-
strated a significant reduction in size compared with ALDHþ

DMSO cells at day 3 and continuing through day 10 posttreatment
(Fig. 6H), where a significant reduction in neurosphere number
compared with ALDHþ DMSO cells was observed (Fig. 6I and J).
Not surprisingly, ALDH� cells treated with GSK-458 did not
demonstrate a significant decrease in neurosphere size or number
compared to ALDH� DMSO controls (Fig. 6H–J). Taken together,
these findings indicate efficacy of PI3K/mTOR pathway inhibition
in specifically targeting ALDH þ DIPGs with stem-like character-
istics and high cellular plasticity.
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PI3K/mTOR inhibition induces caspase-3–mediated cell death
and tumor growth arrest in vivo

Using single-agent GSK-458, PD-901, or combination thereof, we
observed that caspase-3–mediated cell death was driven by PI3K/

mTOR inhibition, indicating DIPG dependency on PI3K/mTOR
signaling (Fig. 7A). Interestingly, caspase-3–mediated cell death was
only observed in cells treated with GSK-458 or combination but not in
PD-901–treated cells alone. Thus, we sought to evaluate the efficacy of

Figure 5.

Gene sets regulated by MAPK and PI3K/mTOR inhibition. A and B, Sequencing reads from nascent RNA expressed as reads per thousand base pairs per 1
million reads (RPKM) and mapped to target genes in combination (901 þ GSK) treated (yellow) and DMSO (blue) treated SU-DIPG XIII ALDH � cells, respectively.
(Continued on the following page.)
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GSK-458 PI3K/mTOR inhibition alone in vivo using a flank xenograft
DIPG model. Immunocompromised mice bilaterally implanted with
SF8628 DIPG cells were treated daily for 14 consecutive days with a
dose of 3 mg/kg of GSK-458 by oral gavage or vehicle control (VEH)
when tumors reached an average size of approximately 100 mm3. At
the end of the treatment, animal weight loss did not exceed �10% of
initial starting weight, indicating no adverse toxicity due to treatment.
Tumor growth was significantly reduced with GSK-458 treatment
compared with vehicle control–treated mice (Fig. 7B). Western blot
analysis of resected tumor tissue revealed a near total reduction in
pAKT levels (Ser473) in GSK-458–treated tumors, indicative of suf-

ficient target inhibition and delivery of GSK-458 to the tumor
(Fig. 7C). Histologic assessment of treated versus vehicle control
tumor tissue demonstrated distinct tumor morphology of vehicle-
treatedmice, which contained condensed cohesively growing cells with
a high nuclear–cytoplasm ratio, while tumors from GSK-458–treated
mice exhibited areas of larger cytoplasmic volume, indicative of
apoptosis (Fig. 7D). Furthermore, diminished proliferation marker
expression of Ki67, indicative of tumor growth inhibition, was
observed in histologic tumor sections of treated mice (Fig. 7D).
Quantification of Ki67-positive cells confirmed that treatment with
GSK-458 significantly reduced proliferation (Fig. 7E).

Figure 5.

(Continued. ) C and D, GSEA in com-
bination treated ALDHþ and ALDH�

cells, respectively. E and F, qRT-PCR
analysis of MAPK and PI3K-responsive
genes in PD-901, GSK-458, and com-
bination (901 þ GSK) treated ALDHþ/
ALDH� SU-DIPG XIII cells. Data were
normalized to GAPDH and fold change
was calculated, compared with DMSO
with �SEM from at least three inde-
pendent experiments with P values
from unpaired t test.
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Finally, we sought to evaluate the efficacy of PI3K/mTOR
inhibition using GDC-0084 in the orthotopic xenograft model
established by implanting DIPG 007-luc ALDHþ or ALDH� cells.
GDC-0084 was chosen as the PI3K/mTOR inhibitor because it

showed superior GI absorption and BBB penetrance in a predictive
drug delivery model using BOILED EGG (Supplementary Fig. S5)
when compared with GSK-458. DIPG 007-luc cells were Aldeflour
stained, FACS sorted into ALDHþ and ALDH� cell populations

Figure 6.

PI3K/mTOR inhibition decreases transcription ofDDR, “stem-like”, andmetabolic genes in ALDHþ cells and inhibits “stemphenotype”.A–C,Heatmapof Bru-seqdata
fromGSK-458, PD-901, and combination treated (901þGSK)ALDHþ SU-DIPGXIII cells of selected stemness (A), apoptotic (B), andmetabolomic (C) genes.D and E,
qRT-PCR analysis of E2F1 and E2F2 in GSK-458–treated (100 nmol/L) ALDHþ SU-DIPG XIII cells. Fold change calculated by comparing with DMSO-treated cells and
normalized to GAPDH with values�SEM from at least three independent experiments. P values calculated with an unpaired t test. F and G, Viability assay in HSJD-
DIPG 007 neurospheres and adherent cells, respectively, treated with 10 nmol/L GSK-458 or equimolar DMSO from at least three independent experiments �SEM
withP values of unpaired t test.H and I, SU-DIPGXIII cellswere treatedwith 100 nmol/L GSK-458 or DMSO for 2 hours followed by FACS sorting for Aldefluor activity.
Sphere size and number quantified in ImageJ and plotted of 4 independent experiments � SEM, respectively, with P values calculated with a one-way ANOVA
followed by Tukey post hoc test to correct for multiple comparisons. J, 10� representative images (scale bar ¼ 500 mm) of sorted and treated SU-DIPG XIII.
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Figure 7.

Inhibition of PI3K/mTOR signaling induces caspase-3–mediated cell death and arrests tumor growth. A, Representative Western blot analysis of cleaved caspase-3
fromunsortedSU-DIPGXIII cells treated for 2 hourswith 10mmol/L of PD-901, GSK-458, or combination thereof.B,NSGmice inoculatedwith 2� 106 SF8628 cells into
theflankwere treatedwithGSK-458 (3mg/kg/day, oral gavage)or vehicle control for 14 consecutive days. Tumor volumewasmeasuredby caliper, normalized to the
volume on the first day of treatment, and presented as the average percent change in volume by condition (GSK-458 n¼ 8 tumors, VEH control n¼ 6 tumors)�SEM
with P values of t tests with Holm–Sidak multiple correction. � , P¼ 0.0005; �� , P¼ 0.00002; ���, P < 0.000001. C, Representative Western blotting of tumor tissue.
D, H&E and Ki67 staining of tumor tissue sections with images acquired at 40� (scale bar ¼ 100 mm). E, IHC quantification of Ki67 using ImageJ software.
��� , Unpaired t testwithP <0.0001. F, In vivoBLI of orthotopically implantedmicewithALDHþor ALDH�DIPG007-Luc cells prior to initiation of treatment (baseline)
and day 14 of treatment with unpaired t tests corrected for multiple comparisons using a Holm–Sidak post hoc test. Mice were treated orally with GDC-0084
(10mg/kg for 14 days) or vehicle control (VEH). � , ALDHþVEH versus ALDHþGDC-0084 P¼0.015.G,RepresentativeWestern blot analysis of brain tissue frommice
implanted with ALDHþ or ALDH� DIPG 007-Luc cells. H, Representative H&E and IHC staining of extracted brain tissue sections following 14 days of treatment
with images acquired at 40� with 100 mm scale bar. I, IHC quantification of Ki67 using ImageJ software. One-way ANOVA with P values for multiple comparisons
from Tukey post hoc test.
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and intracranially implanted into immunocompromised mice.
Roughly 20% DIPG 007 cells were found to be ALDHþ and
80% to be ALDH� (Supplementary Fig. S1C). After implantation
of the two DIPG cell populations, tumor growth was monitored by
bioluminescence imaging until approximately day 80 when BLI
activity increased significantly over baseline, indicative of tumor
growth, at which point treatment with GDC-0084 was initiated and
continued for 14 consecutive days with a dose of 10 mg/kg per day
administered by oral gavage. By day 14, BLI showed significant
signal decrease in ALDHþ mice treated with GDC-0084 compared
with ALDHþ vehicle control treated (Fig. 7F). Western blot
analysis of resected brain tissue revealed a reduction in pAKT
levels (Ser473) in GDC-0084–treated mice, indicative of target
inhibition and importantly delivery of GDC-0084 to the brain
(Fig. 7G). IHC assessment of treated ALDHþ and ALDH� versus
vehicle control brain tissue demonstrated reduced H3K27M
expression and a dramatic reduction of Ki67-positive cells with
PI3K/mTOR inhibition (Fig. 7H). Quantification of Ki67-positive
cells confirmed this observation where GDC-0084 treatment sig-
nificantly reduced Ki67 in both ALDHþ and ALDH� brain tissue
(Fig. 7I). ALDH1 staining was observed in ALDHþ brain section
and to a much lesser extend in ALDH� brain section, but appeared
unaffected by the treatment (Fig. 7H).

Taken together, these results show that PI3K/mTOR inhibition
results in caspase-3–mediated cell death and tumor regression in vivo.

Discussion
A better understanding of the pathophysiology of DIPG is critical

to developing novel therapeutics desperately needed for the treat-
ment of DIPG. To this end, we demonstrate that the expression of
ALDH and CD133 is heterogeneous across patient tumor material
and that their expression is not mutually exclusive. Through
transcriptomics, in vitro proliferation, neurosphere-based assays,
and in in vivo tumor models, we describe an ALDHþ-expressing
DIPG cell population that exhibits stem-like characteristics that are
reversed by MAPK/PI3K/mTOR pathway inhibition. Our findings
demonstrate tumor heterogeneity in DIPG with cells expressing
high levels of ALDH, which in other malignancies have been linked
to therapeutic resistance and described as a marker of CSCs as well
as a predictor of poor clinical outcome (8, 43, 49–51). The ALDHþ

subpopulation may likely contribute to tumor resistance in DIPG
and findings from our current work may have implications for the
development of future therapies targeting treatment resistance and
ALDHþ CSCs specifically.

The observed heterogeneity in ALDH and CD133 stem cell
marker expression in DIPG may likely be a result of differences
in tissue origin and prior treatment such as radiotherapy alone or in
combination with chemotherapy. We observed that SU-DIPG XIII,
IV, 29, and DIPG 007 cells, obtained from early postmortem
autopsies and from patients treated with radiotherapy alone or
in combination with chemotherapy, demonstrated high ALDHþ

and/or CD133þ expression. In contrast, SF7761 and SF8628 cell
lines were generated from biopsy material of patients with DIPG not
previously treated and demonstrated little-to-no ALDHþ or
CD133þ expression, suggesting a role for these stem cell markers
in resistance mechanisms. It remains to be investigated whether
previous standard-of-care therapies increase the emergence of a
more aggressive ALDH expressing stem-like cell population
observed in SU-DIPG XIII, IV, 29, and DIPG 007 and the focus
of ongoing studies.

The potential relevance of anALDHþCSCpopulation inDIPGwith
a stem-like expression profile often observed in treatment-resistant
CSCs in other malignancies (52, 53) was validated by our analysis of
publicly available ScRNA-seq data from DIPG biopsies (48). High
expression of ALDH genes in malignant DIPG cells when compared
with oligodendrocytes or immune cells was found in these DIPG
biopsies, indicative of existence of a CSC population and a need for
consideration in future therapies. It remains to be investigated why we
observed upregulation predominantly of ALDH1B1 in SU-DIPG XIII
cells, yet observedmoderate expression of ALDH1B1 and high expres-
sion of ALDH2 in sc-RNA-seq data from DIPG biopsies.

This stem-like expression profile of ALHDþ cells was further found
to translate into a more proliferative behavior in cell culture as well as
in in vivo studies. It should be noted that some but not all mice
implanted with ALDH� cells did develop tumors or exhibited
increased proliferation in vitro by 96 hours, which may be the result
of other stem cell and CSC markers present such as CD133, or
activation ofALDHexpression inALDH� cells. In fact, sortedALDH�

SU-DIPG XIII cells were found to regain the expression of ALDH,
albeit to a lesser extent than ALDHþ cells, as assessed by Aldefluor
assay and flow cytometry as early as 24 hours after initial sorting
(Supplementary Fig. S6). This may indicate that regulation of ALDH
expression not only adds to tumor heterogeneity of the DIPG tumors,
but that its expression may be regulated by undetermined extrinsic
factors contributing to cell plasticity of DIPGs. Future studies will also
focus on tumor-initiating capability of ALDHþ cells by utilizing
limiting dilution assays in vivo.

Transcriptomic analyses of ALDHþ and ALDH� cells after MAPK
and PI3K/mTOR pathway inhibition indicated that both ALDHþ and
ALDH� cell population responded to single-agent PI3K/mTOR inhi-
bition with an upregulation of the MAPK pathway. This is not
surprising because PI3K-addicted cancer cells have been shown to
attempt evasionof cell death byupregulationofMAPKsignaling (2, 54)
and the rationale for the cotargeted approach taken here with a MEK
inhibitor to simultaneously suppress the MAPK pathway. Interest-
ingly, the observed upregulation of the MAPK pathway at the tran-
scriptional level was not observed at the posttranslational level in our
proteomic studies, likely indicative of a delayed effect from transcrip-
tion to protein translation.

As described, glycolytic signaling was found to be upregulated in
ALDHþDIPGs, likely contributing to increased proliferation observed
in ALDHþ cells. Combination therapy decreased glycolytic signaling
and cell proliferation and increased cell death. This was not surprising,
because PI3K/mTOR are known regulators of glucose and lipid
metabolism (55, 56), supporting use and efficacy of these targeted
therapies in DIPG.

Upregulation of stem cell marker expression like ALDH is often
observed with radio- and chemotherapy in various malignancy and
likely contributing to drug resistance and tumor recurrence (57).
Interestingly, our studies demonstrated that molecularly targeted
therapy (PI3K/mTOR/MAPK) did not increase expression of ALDH
or other stem markers, indicating that this therapy, targeted toward
CSCs, may be superior over existing standard-of-care treatments by
circumventing tumor resistance and recurrence. In fact, our tran-
scriptomic data indicated a reversal of the stem-like gene expression
profile, downregulation of DDR gene, and induction of proapoptotic
gene signatures in the ALDHþ cells, supporting rationale for targeted
PI3K inhibition and eradication ofCSCs to prevent drug resistance and
tumor recurrence in DIPG. Not surprisingly, ALDH1B1 gene, which
was found to be upregulated in ALDHþ cells, was modulated upon
combination treatment while other ALDH family genes appeared to be

Surowiec et al.

Mol Cancer Res; 19(2) February 2021 MOLECULAR CANCER RESEARCH236

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/19/2/223/2315162/223.pdf by guest on 28 M
ay 2024



rather unchanged. Histologic assessment of ALDH expression after
treatment indicated no effect on ALDH1 expression in tumor section;
however, flow cytometric analysis of ALDHþ SU-DIPG XIII cells
showed an effect of combination treatment by Aldefluor staining
(Supplementary Fig. S7). It remains to be investigated what role
ALDH1B1 or other ALDH family genes specifically play in regulating
stemness in DIPG.

Interestingly, we found that PI3K/mTOR inhibition with GSK-458
demonstrated higher efficacy in inhibiting cell proliferation in less-
differentiated, stem-like 3D neutrosphere cultures compared with 2D.
Although we have yet determined whether ALDHþ cells differentiate
into drug-insensitive ALDH� cells upon treatment with PI3K/mTOR
andMAPK inhibitors, we found that differentiationmarker expression
was decreased in ALDHþ cells upon combination treatment as
similarly observed during OPC differentiation to oligodendro-
cytes (58). However, as described by Filbin and colleagues (48), DIPGs
appear to be most similar to OPC cells but likely lost their ability to
terminally differentiate due to the H3K27M mutation.

Taken together, these findings are supported by studies in other
malignancies demonstrating a key role for both, the PI3K/AKT/mTOR
and MAPK signaling pathways, in activating stemness and chemore-
sistance of cancer cells (59–63). Thus, inhibition of these pathways in
DIPG may similarly regulate stemness and differentiation, thereby
overcoming therapeutic resistance and tumor recurrence, providing
interesting targets for the treatment of pediatric brain tumors. As
radiotherapy remains the standard of care for DIPG, future work will
include assessment of stem cell marker expression in response to
treatment, particularly ALDH expression, and evaluate whether tar-
geted CSC therapy, either through PI3K/mTOR inhibition or ALDH
inhibition, can prevent tumor recurrence.

Efficacy of using PI3K inhibitors or a combination with MAPK
inhibitors has previously been explored for DIPG (2, 35) and BBB
penetrance has been shown to be circumvented by CED delivery;
however, the effect on ALDHþ CSCs has yet to be explored. Using a
predictive drug deliverymodel, we determined that GDC-0084may be
superior over GSK-458. GDC-0084 has been shown to penetrate the
BBBwithminimal efflux (64, 65) and is currently being tested in phase
I clinical trial in combination with radiotherapy for the treatment of
DIPG (NCT03696355). The use of GDC-0084 in our orthotopically
implanted ALDHþ and ALDH� mice resulted in a significant reduc-
tion of in vivo BLI signal, indicative of tumor growth reduction in
treated ALDHþmice, but not in ALDH�mice, further supporting our
previous findings in cell culture. Furthermore, our data is supported by
findings from Duchatel and colleagues, where DIPGs with an
H3K27M mutation were significantly more sensitive to the PI3K
inhibition when compared with GBM cells, an effect that appeared
independent of the PI3K mutational status in DIPGs (25). Taken
together, targeted inhibition of the PI3K/mTOR pathway may thus
preferentially kill ALDHþ CSCs, thereby lending itself as an attractive
clinical target used in combination with conventional therapies or
other molecular therapeutics to particularly reduce treatment resis-
tance and tumor recurrence.

In summary, our work identifies heterogeneity in expression of CSC
markers ALDH and CD133, uncovering existence of CSCs in DIPG
that likely contribute to drug resistance and tumor recurrence. How-
ever, we did not find the ALDHþ cell population to be a slow-cycling,
quiescent cell population as often described for CSCs of relapsed
patients, a conundrum to be resolved in future studies. ALDHþDIPGs
detected here appeared to have regained their proliferative potential
and tumorgenicity, and may be reflective of the fast tumor relapse rate

observed in patients with DIPG. ALDH expression may be fluid and
controlled by yet determined factors contributing to cell plasticity in
DIPG and likely their inability to terminally differentiate. Rather than
determined by a fixed intrinsic state, the existence of ALDHþ DIPG
cells, with a higher proliferative capacity due tometabolic rate changes
may provide insight into these cancers and indicate that the micro-
environment may play a significant role in regulating these cells.
Future studies will focus on the regulation of ALDH in DIPG as well
as a distinct function of specific ALDH isoforms in tumorigenesis. Our
findings support the development of new therapeutic opportunities
targeting the stem population in DIPG to prevent drug resistance,
tumor recurrence, and improve overall treatment outcomes for
patients with DIPG.

Limitations of the study
Because of possible variations of staining and inhibitor efficiency in

the Aldefluor assay as well as gate cut-off differences during FACS
sorting, variations in ALDHþ and cell separation are to be expected
andmay have contributed to the observation of tumors in ALDH� cell
implants.
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