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Phenotypic and molecular states of
IDH1 mutation-induced CD24-positive
glioma stem-like cells

Abstract

Mutations in /DHI and I/DH2 drive the development of gliomas. These genetic alterations promote tumor cell renewal, disrupt
differentiation states, and induce stem-like properties. Understanding how this phenotypic reprogramming occurs remains an area
of high interest in glioma research. Previously, we showed that IDH mutation results in the development of a CD24-positive cell
population in gliomas. Here, we demonstrate that this CD24-positive population possesses striking stem-like properties at the
molecular and phenotypic levels. We found that CD24 expression is associated with stem-like features in IDH-mutant tumors, a
patient-derived gliomasphere model, and a neural stem cell model of IDH1-mutant glioma. In orthotopic models, CD24-positive
cells display enhanced tumor initiating potency compared to CD24-negative cells. Furthermore, CD24 knockdown results in changes
in cell viability, proliferation rate, and gene expression that closely resemble a CD24-negative phenotype. Our data demonstrate
that induction of a CD24-positive population is one mechanism by which IDH-mutant tumors acquire stem-like properties. These
findings have significant implications for our understanding of the molecular underpinnings of IDH-mutant gliomas.
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Introduction

Gliomas are devastating cancers that are generally considered incurable
due to their extensive heterogeneity and invasive nature. Surgery,
chemotherapy, and radiotherapy are the mainstays of therapy but these
treatments can only provide a modest survival benefic [1,2]. Although
lower-grade gliomas (LGGs) (World Health Organization [WHO] Grades
IT and III) are less aggressive compared to glioblastomas (GBM; WHO
Grade IV), most patients experience recurrence and treatment options are
eventually exhausted [3-6].

The majority of LGGs and secondary GBMs harbor a heterozygous
missense mutation in isocitrate dehydrogenase 1 (/DH1I) which changes
the arginine at codon 132, most commonly to a histidine (R132H) [7-
9]. Mutations of the corresponding location on IDHZ2 are also present
in cancers that commonly harbor IDH mutations, such as acute myeloid
leukemia, but are less prevalent in gliomas [10]. Mutant IDH1 or IDH2
protein catalyzes the production of the oncometabolite 2-hydroxyglutarate
[11], which induces tumor development, hypermethylation of CpG islands,
and altered histone methylation [12—14]. The global epigenomic repatterning
and resulting gene expression changes that typify IDH-mutant cancers result
in a differentiation block and persistent upregulation of stem cell-associated
pathways [12,13,15-19].

Muldiple studies in cell line models of IDH mutant glioma have
demonstrated that the IDHI®3?H mutation induces CD24 upregulation
[20,21]. CD24 is expressed during early development of the central nervous
system, but is absent in mature, healthy brain [22]. In the setting of cancer,
CD24 has been reported as a pro-invasive factor [23,24]. Its expression is
associated with shorter survival and predicts a more aggressive disease course
[25,26].

Cancer stem cells are a subset of malignant cells within tumors that
exhibit stem-like features, including self-renewal, multipotency, and tumor
initiation potential [27,28]. Resistance to chemotherapy and radiation are
common qualities associated with cancer stem cells [29-31], suggesting
that stem-like tumor subpopulations may help promote recurrence and
progression after treatment. CD24 is of particular interest as a marker
of stemness in certain cancers. CD24"CD44% populations in pancreatic
cancers and CD24*CD133" populations in colorectal cancers are enriched
for cancer stem cells [32,33], and CD24 is sufficient to mark stem-like
cells in hepatocellular and nasopharyngeal carcinomas [34-36]. Studies in
neuroblastoma have found an inverse correlation between CD24 expression
and degree of differentiation [22,37].

By interrogating the role of CD24 in the IDH1 mutant setting, we provide
evidence that this glycoprotein marks an important glioma stem-like cell
population that plays a major role in gliomas.

Materials and methods
Cell lines and culture conditions

The patient-derived gliomasphere line TS603, a gift from Cameron
Brennan, isa WHO Grade III anaplastic oligodendroglioma line with 1p/19q
co-deletion, an R132H mutation in endogenous /DHI [38,39], and a
C250T TERT promoter mutation [40]. Tumor was obtained in accordance
with institutional review board policies at Memorial Sloan-Kettering Cancer
Center (MSKCC), IRB #06-107. TS603 was maintained as floating
spheres in NeuroCult NS-A Proliferation medium (StemCell Technologies)
supplemented with 10 ng/ml EGE 20 ng/ml bFGEF, and 2 pug/ml heparin
(StemCell Technologies). Human neural stem cells (hNSCs) were grown
adherently on a fibronectin coating (Sigma-Aldrich) in StemPro NSC
medium (Thermo Fisher), containing Knockout DMEM/F12, StemPro
Neural Supplement, 2 mM GlutaMAX-I, 20 ng/ml EGE and 20 ng/ml
bFGE TS603s and hNSCs were passaged using Accutase, according to the

manufacturer’s protocol (Innovative Cell Technologies, Inc). The TS603 cell
line was maintained below passage 10 for all experiments. All cell lines were
routinely tested and confirmed negative for mycoplasma.

Flow cytometry and FACS

Cells in single-cell suspension were stained for 20 min with anti-human
CD24 antibody (BD Biosciences; clone ML5, 555428 or 564521, 1:20).
Cells were sorted using a FACSAria III, or flow cytometry was performed on
an LSRFortessa or LSRII analyzer (BD Biosciences). Voltages and gates were
set using appropriate fluorescence-minus-one controls. Doublet exclusion
was performed with standard forward scatter/side scatter gating methods, and
dead cells were excluded by DAPI staining or LIVE/DEAD Fixable Viability
dye (Thermo). The anti-CD24 monoclonal antibodies used throughout this
study (clones ML5 and SWA11) have been validated as specific to the protein
core of CD24 [41,42].

EdU proliferation assay

An EdU proliferation kit (Abcam, ab222421) was used according
to the manufacturer’s instructions, with the following changes: 4%
paraformaldehyde and 0.7% Tween-20 were used for fixation and
permeabilization, respectively. After labeling with 10 pM EdU for 4 hours,
cells were stained with anti-CD24 antibody and data was collected by flow
cytometry.

TCGA RNAseq data

Hg38-aligned counts from 410 cases of JDHI or IDH2 mutant and 94
IDH wild-type LGGs were downloaded from the Genomic Data Commons
portal. Tumors were stratified by CD24 expression level, with the top and
bottom quartiles designated CD24%8" and CD24°¥, respectively. DESeq2
was used to generate a normalized count matrix and for differential gene
expression analysis. Log, fold change shrinkage was implemented to address
variable low-level gene expression. Hierarchical clustering was performed on
the top 50 upregulated and downregulated genes (greatest log, fold change,
p < 10e'%) using the pheatmap R package. The clusterProfiler, ReactomePA
and enrichplot R packages were used for analysis and visualization of pathway
enrichment with the Hallmark, KEGG, Gene Ontology and Reactome
collections from MSigDB [43-45].

RNAseq and data analysis

RNA for transcriptome sequencing was isolated with Trizol-LS or RNeasy
Plus Micro kit (QIAGEN). PolyA-enriched library construction and RNAseq
were performed at the Integrated Genomics Operation core facility at
MSKCC. Samples were run on an Illumina HiSeq 4000 or NovaSeq with
100 bp paired-end reads and a sequencing depth of about 60-80M reads per
sample. Reads were aligned to hg38 using STAR [46,47]. The featureCounts
read summarization program [48] was used to count mapped reads for each
gene in the hg38 annotation file (gencode.v38.annotation.gtf). Count files
were then merged by an in-house R script and normalized using DESeq2 [49].
DESeq?2’s standard differential gene expression analysis was used to compare
two groups at a time (CD24% versus CD24~, CD24™" versus unsorted, and
CD24" versus unsorted) for GSEA. For hierarchical clustering, a Likelihood
Ratio Test was run in DESeq2, and clustering was performed using the
pheatmap R package on the top 200 most significant (lowest adjusted p value)
differentially expressed genes.

Gene set envichment analysis

Enrichment of up- or downregulated sets of genes was computed
by running GSEAPreranked [50,51] against the gene lists generated
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by differential expression analysis of RNA-seq data, ranked by
log, fold-change (Table S2). Gene sets with between 15 and 500
members in the following MSigDB collections were used: hallmark
(h.all.v5.0.symbols.gmt), C2 curated gene sets (c2.all.v5.0.symbols.gmt),
C5 ontology gene sets (c5.all.v5.0.symbols.gmt), C6
signatures  (c6.all.v4.0.symbols.gmt), and C8 cell type signatures
(c8.all.v7.4.symbols.gmt) [52,53]. Gene sets with NES greater than
+/- 1.5 were manually assigned to categories (full gene set lists and categories
can be found in Table S1). Leading edge analysis was run for selected gene

oncogenic

sets to generate lists of genes that primarily contribute to that gene set’s
enrichment score.

In vitro differentiation

Cells were plated at a density of 6500 cells/cm?® onto a coating of Growth-
Factor Reduced Matrigel (Corning, 356231, diluted to approximately 300
pg/mL in PBS, incubated 2 hours at room temperature) in proliferation
medium or Neurocult differentiation medium (StemCell Technologies,
05752). For cells harboring inducible shCD24 or shNTC, medium was
supplemented with 100 ng/mL doxycycline hyclate. Media was changed every
other day, and cells were collected and RNA extracted on day 12. Aliquots of
cells from each group were reserved at the time of plating on day 0, and RNA
extracted to serve as a baseline control.

gRT-PCR

RNA was purified using the RNeasy Plus kit (Qiagen) and cDNA
was synthesized with the EcoDry premix (Takara Bio USA). qRT-PCR
was performed in triplicate using FastStart Universal SYBR Green Master
kit (Roche) on a QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems). GAPDH was used as a normalization control. Primer pairs were
designed using Primer-BLAST (NCBI). Sequences are below:

Primer Name Sequence

GAPDH Forward ACAACTTTGGTATCGTGGAAGG
GAPDH Reverse GCCATCACGCCACAGTTTC
CD24 Forward GCTCCTACCCACGCAGATTT
CD24 Reverse GAGACCACGAAGAGACTGGC
NES Forward GCGGGCTACTGAAAAGTTCC
NES Reverse GAGGGTCCTGTACGTGGC
SOX2 Forward TACAGCATGTCCTACTCGCAG
SOX2 Reverse GAGGAAGAGGTAACCACAGGG
GFAP Forward CTGCGGCTCGATCAACTCA
GFAP Reverse TCCAGCGACTCAATCTTCCTC
AQP4 Forward GGTAAGTGTGGACCTTTGTGT
AQP4 Reverse CAAAGCAAAGGGAGATGAGAAC
S100B Forward ACCCGCAGCAGAGACGAC
S100B Reverse CAGCTCAGACATCCTCTTCCTT
OLIG1 Forward CGTTAAAGTGACCAGAGCGGA
OLIG1 Reverse CTAAAGCCGCTGGAACCGA
OLIG2 Forward GCCCCTAAAGGTGCGGAT
OLIG2 Reverse GGACCCGAAAATCTGGATGC
NEUROD1 Forward GAGGCCCCAGGGTTATGAGA
NEUROD1 Reverse TGGTCATGTTTCGATTTCCTTTGT
MAP2 Forward CGAAGCGCCAATGGATTCC
MAP2 Reverse TGAACTATCCTTGCAGACACCT
pac Forward ATCGGCAAGGTGTGGGTC

pac Reverse CTTCCATCTGTTGCTGCGC

CD24 overexpression and inducible shRNA-mediated knockdown

Human CD24 ¢DNA (CCDS75499.1) was cloned into pLVX-puro
(Takara). shRNA oligonucleotides targeting CD24 or nontargeting control

oligonucleotides were cloned into Tet-pLKO-puro (a gift from Dmitri
Wiederschain, Addgene plasmid #21915) [54] according to the published
protocol (Addgene). Lenti-X 293T cells (Takara) were transfected using
FuGENE 6 reagent (Promega) with pMD2.G and psPAX2 packaging
plasmids (gifts from Didier Trono, Addgene #12259 and #12260,
respectively), and pLVX-puro-CD24, empty pLVX-puro vector, Tet-pLKO-
puro-shCD24 or Tet-pLKO-puro-shNTC. Lentiviral particles were purified
from filtered supernatant using Lenti-X Concentrator (Takara), and the
viral pellet was resuspended in fresh Neurocult medium for two 12-hr
transductions on consecutive days. Transduced cells were selected with
puromycin. Dox dosage was titrated, and the optimal dose of 100 ng/mL
was used. shRNA sequences:

Name Target sequence (sense)

shNTC CAACAAGATGAAGAGCACCAA
shCD24_3 GCAGTCAACAGCCAGTCTCTT
shCD24_5 CTTCTGCATCTCTACTCTTAA

Intracranial tumor implantation

Cell lines for use in vivo were transduced with pHIV-Luc-ZsGreen (a gift
from Bryan Welm, Addgene plasmid #39196). Labeled cells were sorted for
ZsGreen expression. Cells were implanted into the brains of 6-to-8-week-
old female NOD-scid TL2Ry™!! mice (Jackson Laboratory), using a fixed
stereotactic apparatus (Stoelting). A 1-mm burr hole was drilled into the skull
using a microdrill (Harvard Apparatus) at 1.5 mm lateral and 1 mm caudal
to bregma, and injections were made at a depth of 2 mm. Mice receiving
injections of cells harboring inducible shCD24 or shNTC were fed dox-
containing chow (doxycycline hyclate diet formulated at 625 mg/kg; Envigo)
to induce expression of the hairpin.

All mouse experiments were approved by the Institutional Animal Care
and Use Committee at MSKCC. Tumor-bearing mice were monitored for
symptoms such as hunching, deteriorating body condition, hydrocephaly,
lethargy, and neurological symptoms such as head tilt, rolling, and seizures.
Symptomatic animals were sacrificed, and tissues were obtained at this
time. Animals that died of unrelated causes were excluded from the study.
Pathologists aided in the examination and scoring of slides: Dr. Sebastien
Monette (general assessment), Dr. Tejus Bale (tumor scoring).

Bioluminescence imaging

Growth of pHIV-luc-ZsGreen-labeled xenograft tumors was monitored
twice weekly by bioluminescence imaging at the MSKCC Small Animal
Imaging Core. D-luciferin was injected intraperitoneally, and signal was
measured using the IVIS Spectrum in vivo imaging system (PerkinElmer).
Living Image software (PerkinElmer) was used for data acquisition and
analysis.

Tissue Staining, slide scans

Xenograft tumor-bearing mouse brains fixed in 4% paraformaldehyde
were embedded in paraffin blocks. Fluorescent immunohistochemistry of
FFPE tissue sections was performed using a BOND RX automated stainer
(Leica Biosystems). Detailed protocol is previously published [55]. Sections
were pre-treated with Leica Bond ER2 Buffer (Leica Biosystems) for 20 min
at 100C before each stain. Primary antibodies were incubated for 1 hr.

Primary antibodies were as follows: anti-CD24, clone SWAI11 (a gift from
Peter Altevogt, German Cancer Research Center, Heidelberg, Germany);
anti-IDH1 R132H, clone H09 (Scytek); anti-CD31, clone EPR17259
(Abcam); anti-Ki-67, clone D2H10 (Cell Signaling Technology); anti-Ibal,
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clone EPR16589 (Abcam); anti-PD-L1, clone EIL3N (Cell Signaling); anti-
Nestin, clone 10C2 (Millipore); polyclonal anti-Olig2 (Millipore, AB9610);
polyclonal anti-Sox2 (Millipore, AB5603); and polyclonal anti-S100beta
(Abcam, ab41548).

Secondary antibodies were as follows: for rabbit primaries, goat anti-rabbit
HRP included in the Leica Bond Refine kit (Leica, DS9800); for mouse
primaries, rabbit anti-mouse IgG (Abcam), followed by goat anti-rabbit HRP
from Leica Bond Refine kit. Tyramide signal amplification was performed for
10 min on Protocol F, using the following fluorescent tyramide conjugates:
AF488, AF647 (Thermo, B40953 and B40958, respectively), CF543 or
CF594 (Biotium, 92172 and 92174, respectively). Images were acquired
using a Pannoramic 250 Flash Scanner with a 20x (NA 0.8) objective, and
processed using CaseViewer software (3DHistech).

Quantitation of immunofluorescent staining

Fluorescence signal from staining of xenograft tumors was quantified
using an Image]/Fiji [56] script designed to distinguish human tumor cells
from mouse stromal cells within tumors. The script calls pixels as tumor or
non-tumor based on presence or absence of the pan-tumor marker IDH1-
R132H above an optimized threshold intensity, computes the total pixel area
of the tumor and non-tumor, and the result is expressed as positive pixels over
area. Sample masking images are shown in Supplementary Fig. S3D.

Generation of human neural stem cell model

pLNCX2-neo-IDHI1 R132H [13] and pBabe-puro-hTERT (a gift from
Bob Weinberg, Addgene plasmid #1771) were used to construct an IDH1-
mutant cell model in hTERT-immortalized hNSCs [57]. 293T cells were
transfected using FuGENE HD reagent (Promega) with pCL-Ampho
packaging vector (Novus Biologicals, NBP2-29541) and pBabe-puro-hTERT
or pLNCX2-neo-IDH1 R132H. Retroviral particles were purified from
filtered supernatant using Retro-X Concentrator (Takara), the viral pellet
was resuspended in fresh StemPro hNSC medium, and polybrene was added
at a final concentration of 4 pg/mL. GIBCO hNSCs (Thermo, N7800-
200) were sequentially transduced with the two constructs: first, wild-type
hNSCs were infected with pBABE-puro-hTERT (two 4-hr incubations with
retrovirus on consecutive days). One passage later, the hTERT cells were
infected with pLNCX2-neo-IDH1-R132H. Doubly transduced cells were
selected with puromycin and G418, and pooled populations of resistant
cells expressing hTERT with IDH1 R132H were confirmed by Western blot
with anti-hTERT antibody (clone Y182, Abcam) and anti-IDH1 R132H
antibody (clone H09, Scytek). Expression of hTERT and mutant IDH1 was
maintained in these cells for at least 50 passages (Supplementary Fig. S2A).

Results

CD24 is associated with a stem-like gene expression profile in the
IDH1-mutant setting

We examined the expression of CD24 in glioma tumors. Among LGGs
in The Cancer Genome Atlas (TCGA) cohort [58], CD24 is significantly
upregulated in /DHI and IDH2 mutant (n = 410) relative to IDH wild-
type (n = 94) tumors (Fig. 1A). CD24 is similarly upregulated in IDH-
mutant (n = 11) relative to wild-type (n = 141) GBMs from the TCGA
(Fig. 1B). Differential gene expression analysis was carried out for the IDH
mutant LGGs and showed significant differences in expression of many genes
between CD24"8" (top quartile CD24 expression, n = 103) and CD24%
(bottom quartile, n = 103) tumors (Fig. 1C, S1A). Gene set enrichment
analysis (GSEA) using the Hallmark gene set collection from the Molecular
Signatures Database (MSigDB) revealed enrichment of MYC targets and

cell cycle-associated programs in CD24"8" tumors (Fig. 1D). In addition,
pathway enrichment analysis using the Reactome, Gene Ontology, and
KEGG collections all pointed to neuronal signaling and ion channel activity
as being overrepresented in CD24/° tumors (Fig. 1E, S1B and $1C). GSEA
was then performed again, this time with multiple MSigDB collections. This
broader analysis confirmed that stem cell-related pathways are enriched in
CD24"8" tumors, while markers of differentiated cell fates (neuronal and glial
lineages) and neuronal signaling are enriched in CD24°" tumors (Fig. 1F,
Tables S1, S2).

Next, we examined the transcriptional profiles of two IDHI mutant
models. The two cell models—the glioma tumorsphere line TS603 and
an immortalized human neural stem cell ((NSC) line expressing ectopic
IDHI®3H and TERT—were sorted by fluorescence-activated cell sorting
(FACS) for CD24 expression. CD24" and CD24~ populations, as well
as an unsorted control (bulk cell line) were subjected to RNA sequencing
(RNAseq). The CD24 transcriptional profile of the TS603 cell line
(Supplementary Fig. S1D) is consistent with the TCGA data, with gene
sets related to stem cells enriched in CD24™ cells, and differentiation and
neuronal pathways enriched in the CD24~ subpopulation (Fig. 2A-2C, S1E,
S1E Tables S1, $2). CD24% IDHI mutant hNSCs (Supplementary Fig.
S2A and S$2B) also upregulate stem cell gene sets (Fig. 2D-2F, S2C, S2D,
Tables S1, $2). Unsurprisingly, few gene sets indicative of differentiation were
enriched in the hNSCs, irrespective of CD24 status (Fig. 2D, Tables S1, S2).

CD24% cells display increased stemness and proliferation rates in vitro

After separation of CD24" and CD24~ TS603 cells by FACS, we
examined the appearance and behavior of the cells. CD24~ cells had an
adherent phenotype more typical of differentiating neurospheres (Fig. 3A).
Aside from the absence of CD24% cells, culture conditions were otherwise
unchanged (Neurocult medium containing epidermal growth factor [EGF]
and basic fibroblast growth factor [bFGF] for the maintenance of stem-like
cells) [59-61]. A transwell assay, in which CD24~ and CD24" cells were
co-cultured on opposite sides of a membrane with 0.4 pm diameter pores,
had no effect on the adherence of CD24" cells (data not shown). The 0.4 pm
pores permit the flow of soluble factors and extracellular vesicles but block
cell-cell contact.

CD24~ TS603 cells demonstrated higher colony forming ability
compared to their CD24" counterparts (Fig. 3B). CD24~ clones also
exhibited an adherent growth phenotype and an intermediate phenotype in
which adherent cells, attached neurospheres, and rare floating neurospheres
were concurrently present (Fig. 3C and 3D). We determined that 34.5%
of CD24~ clonal lines stopped dividing within a few passages (Fig. 3D).
Conversely, only 8.3% of CD24" single-cell clones failed to continue
to grow (Fig. 3D). CD24" clones all grew as unattached neurospheres
(Fig. 3D), while unattached neurospheres comprised only 41.7% of CD24~
clones (Fig. 3D).

Stem-like populations can exist in a balance with other cell types in
a heterogeneous tumor cell population. Self-renewing cells were analyzed
by flow cytometry to assess the stability of CD24 expression among
individual clones. Clonal lines derived from both CD24%" and CD24~ cells
demonstrated some degree of drift (Fig. 3E). The most significant plasticity
was observed among CD24~ clones; the unattached neurosphere growth
phenotype in particular was most strongly associated with recovery of the
CD24" cell compartment (Fig. 3E).

EdU incorporation assays show that the CD24% subgroup possess
increased DNA synthesis frequency, which reflects proliferation rate
(Fig. 3F, S2E). The increased proliferation rate of CD24" cells and the
inherent plasticity of CD24~ cells may help explain why CD24~ sorted cells
can progressively revert to a mixed CD247/CD24~ population (Fig. 3G)
and unsorted TS603 cells drift steadily in culture until they reach a
primarily (>90%) CD24" state (Supplementary Fig. S2F). Together, these
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Fig. 2. CD24-expressing subpopulations in both glioma tumor cells and a hNSC model of IDH1-mutant glioma upregulate similar stem-like
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observations are consistent with the presence of at least two phenotypic states
that establish a balance in culture, similar to other cancer stem-associated
populations.

To interrogate the differentiation capacity of CD24-sorted cells, cells
were grown for 12 days in differentiation medium (containing serum) or
serum-free proliferation medium (containing EGF and bFGF) on a growth
factor-reduced Matrigel coating. In pro-differentiation conditions, CD24*
cells maintained a more rounded shape, similar to undifferentiated cells
(Fig. 3H). In proliferation medium, CD24~ cells on Matrigel displayed
a more differentiated appearance despite the presence of glioma stem cell-
promoting growth factors (Fig. 3H); this is consistent with their adherence
to uncoated tissue culture plastic after sorting (Fig. 3A). CD24~ cells were
quite heterogeneous in these conditions, but were generally astrocyte-like
and process-bearing, with some flat, star-shaped cells also present (Fig. 3H).
In differentiation medium, CD24- cells exhibited marked morphological
changes, forming long, thin axon-like processes reminiscent of fusiform and
multipolar neurons (Fig. 3H).

Gene expression analysis indicates that astrocytic lineage-like cells
predominate amongst differentiated cells regardless of CD24 status, but that
differentiation occurs to a much lesser extent in CD24" cells compared
to CD24~ cells. Differentiated CD24~ cells upregulated the astrocytic
lineage marker GFAP significantly more than CD24% cells and the unsorted
(bulk cell line) control (Fig. 3I). Expression of astrocyte marker AQP4 also
consistently trended higher in CD24™~ cells (Fig. 3I). The parallel experiment
using proliferation medium demonstrated no significant change in GFAP
or AQP4 expression over the 12-day time period under normal growth
conditions that maintain undifferentiated stem cells (Fig. 3I).

CD24 is associated with differential tumor forming capacity in an
orthoropic xenograft model

CD24%, CD247, and unsorted TS603 cells were implanted intracranially
into the forebrains of NOD-scid IL2Ry ™! (NSG) mice in serial dilutions
ranging from 100,000 to 20 cells per animal. CD24" and unsorted cells were
able to seed xenografts down to a minimum of 20 cells injected (Fig. 4A).
Tumor initiation capacity of CD24" cells was significantly lower at 100 cells
per injection, and completely abolished at 20 cells (Fig. 4A). In every case,
tumors derived from CD24~ cells exhibited slower growth and permitted
longer survival versus CD24™" cells (Fig. 4B, S2G, S2H).

Tumors were examined by two pathologists (Dr. Tejus Bale, Dr. Sebastien
Monette, MSKCC) and they noted that all tumors possessed features similar
to anaplastic oligodendroglioma. The three experimental groups (n = 5
tumors per group) appeared histologically similar except for the notable
finding of abundant multinucleation and monstrocellular changes in 5 out
of 5 tumors derived from CD24~ cells (Supplementary Fig. S3A and S3B).

Immunofluorescent staining of tumor sections derived from injection
of TS603 cells revealed that CD24-expressing cells and CD24 negative
cells are heterogeneously distributed, with CD24™ cells enriched in necrotic
regions (Fig. 4C, $3C). CD24~ tumors exhibited strikingly higher expression

of S100B (Fig. 4D and 4E), a marker of astrocytic differentiation.
Immunofluorescent staining was quantified using a custom Image] script
(Fig. 4E, S3D), which captured a more subtle enrichment of Olig2 and Sox2
in CD24~ tumors.

Unexpectedly, no tumors in this study were positive for GFAP. Staining
of other markers, including Ki-67, CD31, Ibal, PD-L1, and nestin (Fig. 4E,
S3E), did not reveal significant differences between the three groups.

Consequences of CD24 depletion on cell viability, proliferation and gene

expression in vitro

Constitutively expressed shRNAs targeting CD24 caused cell death in the
vast majority of TS603 cells, with no toxicity noted from the nontargeting
control (NTC) cells (data not shown). After several weeks, the resistant,
surviving cells harboring the shCD24 expanded into a predominantly CD24™
population (Fig. 5A). Expression of the bacterial gene pac, which confers
resistance to puromycin, was confirmed by gqRT-PCR (Supplementary Fig.
S3F), indicating that the survivors were successfully transduced with the
pLKO.1-puro (Addgene #8453) shRNA vector. Because strong constitutive
depletion of CD24 appears to result in cell death, the short hairpins were
cloned into a doxycycline (dox)-inducible construct, and the dose of dox was
titrated to allow for knockdown of CD24 (Fig. 5B, S3G), while permitting
cell survival. At 100 ng/mL dox, expression of anti-CD24 shRNAs resulted
in a reduction of proliferation rate as measured by EdU assay (Fig. 5C).

A representative panel of genes upregulated in CD24~ sorted TS603 cells
were selected from RNAseq data to represent markers of the astroglial (AQP4,
GFAP, and S100B), oligodendroglial (OLIGI and OLIG2), and neuronal
(MAP2 and NEURODI) lineages; the neural stem cell markers SOX2 and
NES were also included in the panel (Fig. 5D). Anti-CD24 shRNA-mediated
knockdown (under dox-induced hairpin expression) resulted in expression
levels that mirrored those in the naturally occurring CD24~ cells (Fig. 5E).

Although CD24 knockdown induced a baseline upregulation of
differentiation markers similar to CD24~ cells, the iz vitro differentiation
capacity as measured by differentiation markers was not significantly different
from cells expressing the nontargeting control (Fig. 5F). To determine
if CD24 knockdown could affect tumor initiation capacity or tumor
aggressiveness, cells expressing inducible shCD24 and control shRNA were
implanted intracranially into NSG mice fed dox-containing chow. Survival
was not significantly different between the three groups (Fig. 5G). These data
suggest that CD24 is a marker for a stem-like tumor cell population that is
induced by mutant IDH and that it can promote the acquisition of features
that help drive tumor progression but alone may not be sufficient to alter in
vivo tumor growth kinetics.

Overexpression of CD24 alone in glioma tumor cells is not sufficient to
enhance stem-like behavior

We overexpressed CD24 in TS603 glioma tumorsphere cells. qRT-PCR
and flow cytometry confirmed that these cells indeed overexpressed CD24

neurotransmitters/ion channels (n=28). Center panel: comparison of CD24~ versus unsorted cells. Categories: stemlike (n=4), neurons/glia/CNS development
(n=14), neurotransmitters/ion channels (n=4). Bottom panel: comparison of CD24* versus CD24~ cells. Categories: stemlike (n=2), neurons/glia/CNS
development (n=27), neurotransmitters/ion channels (n=4). (B) GSEA enrichment plot showing that gene expression profiles associated with embryonic
stem cells are significantly upregulated in CD24" as compared to unsorted TS603 glioma cells. (C) Heatmap for the leading edge subset of genes that
contribute the most to the enrichment score shown in (B).(D) GSEA of RNAseq data from /DHI mutant hNSCs demonstrates enrichment of stem cell-
associated molecular signatures in CD24% cells. NES cutoff of +/- 1.5 was used. Broken lines represent FDR < 0.1. 7op panel: comparison of CD24*
versus unsorted cells. Categories: stemlike (n=6), neurons/glia/CNS development (n=3), neurotransmitters/ion channels (n=0). Center panel: comparison
of CD24~ versus unsorted cells. Categories: stemlike (n=14), neurons/glia/ CNS development (n=7), neurotransmitters/ion channels (n=2). Bottom panel:
comparison of CD24" versus CD24~ cells. Categories: stemlike (n=12), neurons/glia/CNS development (n=4), neurotransmitters/ion channels (n=3). (E)
GSEA enrichment plot showing that gene expression profiles associated with embryonic stem cells are significantly upregulated in CD24" as compared to
CD24~ hNSCs. (F) Heatmap for the leading edge subset of genes that contribute the most to the enrichment score shown in (E).
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Fig. 3. CD24 expression in glioma tumor cells is associated with stem-like phenotypes in vitro. (A) Representative brightfield images showing phenotypic
differences between CD24™ and CD24™ sorted TS603 glioma cells. (B) Total clonal viability of CD24" and CD24~ TS603 cells sorted by FACS, 1 cell per
well. Error bars = standard error of the mean (SEM). (C) Representative brightfield images of the three growth phenotypes observed in clonal lines derived
from the TS603 cell line. (D) Phenotypes observed in clonal lines derived from CD24% and CD24~ TS603 cells. Self-renewing clones from each group are
subdivided by growth phenotypes. (E) Percentage of CD24" cells in self-renewing clonal lines measured by flow cytometry, grouped by phenotype. Significant
p values are indicated (Welch’s ANOVA with Dunnett’s T3 multiple comparisons test). Error bars = SEM. (F) EdU incorporation assay measuring DNA
synthesis in proliferating TS603 cells. P value is indicated (paired t-test). Error bars = SEM. (G) Reversion of bulk-sorted CD24* and CD24~ TS603 cells to a
mixed population. Percentage of CD24™ cells in sorted cell populations was measured over time by flow cytometry. Reversion occurs primarily in CD24~ sorted
cells. (H) Representative brightfield images showing cellular morphologies of CD24" and CD24~ TS603 cells in standard growth (proliferation) medium and
differentiation medium, with and without a coating of growth factor-reduced Matrigel. The first column of (H) is a duplication of (A), included for clarity. (I)
gRT-PCR measuring expression of astrocytic markers GFAP and AQP4 in TS603 cells grown on growth factor-reduced Matrigel in differentiation medium
or proliferation medium. Y axis is log, fold gene expression at endpoint (day 12) versus baseline (day 0). Significant p-values are indicated (Welch’s ANOVA
with Dunnett’s T3 multiple comparisons test). Error bars = SEM.
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Fig. 4. CD24" cells have greater tumor initiation ability. (A) Total tumor engraftment of TS603 cells intracranially injected into NSG mice. P values were
determined by a Fisher-Freeman-Halton test. Red box: tumor initiation capacity of CD24 cells is reduced at 100 cells injected, and abolished at 20 cells. (B)
Kaplan-Meier survival curves of tumor-bearing mice. P values are indicated in table (bottom right). (C) Representative images showing CD24 staining near
necrotic areas. Top: immunofluorescence; IDH1-R132H stains all tumor cells. Bottom: H+E stain of the same tumor section. (D) Representative images
showing increased S100B staining in xenograft tumors derived from CD24~ TS603 cells. S100B antibody is human/mouse cross-reactive; murine astrocytes
are also stained in green. IDH1-R132H serves as a marker of tumor cells. (E) Results of quantitation of immunofluorescent images of xenograft tumors. Y axis
is number of positive pixels / total area of tumor section, determined by expression of mutant IDH1 protein above an optimized threshold brightness level.
(Quantitation strategy described in methods.) N = 5 tumors per group. Significant p values (Welch’s ANOVA with Dunnett’s T3 multiple comparisons test)
are represented as follows: **, 0.001 < p < 0.01; %, 0.01 < p < 0.05. Error bars = SEM.

(Fig. 6A, S3H). Overexpression (OE) of CD24 alone in the tumor cells did
not induce further changes in the expression level of differentiation-associated
genes or proliferation rate (Fig. 6B and 6C). CD24 was overexpressed in the
unsorted cell line and in CD24~ sorted cells (Fig. 6A) with similar results.
Tumor cells overexpressing CD24 had similar tumor initiating capabilities to
the vector control, and no significant differences in survival were observed
between the two groups (Fig. 6D). Immunofluorescent staining of xenograft
tumors (Fig. GE, S3I) revealed a modest increase in Ki-67 staining in CD24
OE tumors. Together, these data show that CD24, by itself, is not sufficient to
result in further enhancement of stem-like properties in tumor cells. CD24*

therefore marks and helps promote stem-like features and tumorigenesis but
other CD24-independent processes are likely also needed in establishing
stem-like phenotypes.

Discussion

The acquisition of stem cell-like features is recognized as a critical aspect of
glioma biology [62—65]. The development of aberrant CD24 expressing cells
is one consequence of the sweeping phenotypic reprogramming induced by
IDHI mutation. CD24 is recognized as a marker of stem-like cell populations
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Fig. 5. CD24 depletion impacts viability, gene expression and proliferation in glioma tumorsphere cells. (A) Representative flow cytometry plot showing
a high percentage of CD24" cells in surviving cells harboring constitutively expressed shCD24. (B) qRT-PCR of TS603 cells harboring dox-inducible shCD24
and shNTC. The medium was supplemented with a final concentration of 100 ng/mL dox to induce CD24 knockdown. (C) EdU incorporation assay
measuring DNA synthesis in proliferating TS603 cells harboring dox-inducible shCD24 and shNTC. P values are indicated (one-way ANOVA with Dunnett’s
multiple comparisons test). Error bars = SEM. (D) Panel of differentiation and stem markers selected from RNA-seq of CD24-sorted TS603 cells, displayed
as a radar plot. Y axes are log, fold gene expression. Black broken line at log, gene expression = 0. P values are represented as follows: ***, p < 1e71%0; **,
1e71% < p < 1e7% %, 1e7° < p < 1% (calculated by DeSeq?2 using the Benjamini-Hochberg correction). (E) Radar plot of gRT-PCR data from TS603
cells harboring dox-inducible shCD24 relative to shNTC. The RNAseq data from (D) is overlayed with the shRNA data. Y axes are log, fold gene expression
relative to shNTC. Black broken line at log, gene expression = 0. P values are indicated in table (right). (F) QRT-PCR measuring expression of astrocytic
markers GFAP and AQP4 in TS603 cells harboring shCD24 or saNTC, grown in differentiation conditions. Y axis is log, fold gene expression at endpoint (day
12) versus baseline (day 0). Error bars = SEM. P values not significant (Welch’s ANOVA with Dunnett’s T3 multiple comparisons test). (G) Kaplan-Meier
curves showing survival of mice harboring tumors expressing dox-inducible shCD24 (shCD24 #3, n = 6; shCD24 #5, n = 6) and shNTC (n = 7). 5000 cells

were injected per animal. Log-rank p-values not significant.
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Fig. 6. Overexpression of CD24 alone is not sufficient to recapitulate CD24* phenotypes in TS603 glioma cells. (A) qRT-PCR of TS603 cells harboring
the CD24 overexpression construct and empty vector control. Both CD24~ and unsorted (bulk) TS603 cells were transduced with the overexpression and
control vectors. (B) Radar plot of qRT-PCR data from TS603 cells harboring the CD24 overexpression construct relative to empty vector control. Y axes are
log, fold gene expression relative to the vector control. Black broken line at log, gene expression = 0. P values not significant (paired t-tests with Holm-Sidék
correction). (C) EdU incorporation assay measuring DNA synthesis in proliferating TS603 cells harboring CD24 overexpression construct and empty vector
control. P values are indicated (Welch’s t-test). Error bars = SEM. (D) Kaplan-Meier curves showing survival of mice harboring tumors expressing the CD24
overexpression construct (n = 10) and empty vector control (n = 9). 5000 cells were injected per animal. Log-rank p-value = 0.2058 (ns). (E) Quantitation
of immunofluorescent images of xenograft tumors. Y axis is number of positive pixels / total area of tumor section, determined by expression of mutant IDH1
protein above an optimized threshold brightness level. (Quantitation strategy described in methods.) N = 3 tumors per group. Significant p-value is indicated

(Welch’s t-test). Error bars = SEM.

in a number of different malignancies. Here, we demonstrate that CD24
strongly associates with stemness and enhanced tumorigenicity in IDHI
mutant gliomas and reveal distinctive molecular features associated with the
CD24" tumor cell population. Moreover, CD24 plays a role, along with
other factors, to maintain stemness.

Transcriptome analysis of IDH1 mutant TS603 glioma tumorsphere
cells and TCGA data show distinct molecular differences between
CD24+/CD24"e" and CD24~/CD24°¥ cells in relation to gene expression
patterns, stem cell-associated transcriptional programs, and capacity
for differentiation. Similar to the TS603s, 7ERT-immortalized hNSCs
expressing mutant /DHI upregulate stemness programs in the CD24"
compartment.

CD24% TS603 cells grow as unattached neurospheres, typical of stem-like
cells, and can, in part, resist differentiating. It appears that CD24~ cells are
similar to a type of intermediate or transit-amplifying state that is more poised
for differentiation. Clonal lines derived from CD24~ cells demonstrate more
limited growth potential and reduced sphere formation capacity, and exhibit
an adherent growth phenotype not seen in CD24% cells.

CD24~ cells upregulate markers of glial and neuronal differentiation
at baseline. Once separated from CD24" cells by FACS, CD24~ cells

differentiate, even in stem cell medium supplemented with EGF and bFGE.
Co-culturing in a transwell failed to rescue this phenotype, indicating that
CD24% cells do not influence the differentiation state of their CD24~
counterparts using only secreted factors, but rather, at least in part, through
juxtacrine signaling mediated by direct cell-cell contact.

Our limiting dilution tumorigenesis studies revealed that CD24" TS603
cells are more efficient at forming tumors and produce more aggressive tumors
compared to CD24~ cells. Localization of CD24% tumor cells in the peri-
necrotic niche is consistent with what is seen by others examining the location
of cancer stem cells [67,68]. This localization is also consistent with previous
work showing that CD24 expression is associated with hypoxia [66]. These
histologic features imply that CD24™" cells are located in aggressive areas of
the tumor that are growing rapidly.

Both CD24% and CD24~ TS603 cells produce mostly CD24-negative
tumors, but only tumors derived from CD24~ cells upregulate S100B. It is
important to note that the CD24-negative cells within the three cohorts of
xenograft tumors have not necessarily differentiated to the same extent. The
differentiation of neural stem cells is a stepwise process that passes through
several intermediate stages before terminal differentiation [67-69], and in
a similar fashion, glioma tumor cells can also exist on a spectrum from
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stem-like to more differentiated. Mutant IDH promotes an aberrant stem-
like state by blocking differentiation [12]; however, IDH-mutant tumors are
heterogeneous and not uniformly stem-like. It stands to reason that some
tumor cells would be “blocked” at a later stage than others, allowing for
varying degrees of differentiation in vive. We have shown that CD24" cells
are in a “poised” state, already steps ahead of CD24" cells on the path to
differentiation. CD24™ cells can differentiate in vitro when EGF/bFGF are
removed and serum is added, but they do so to a lesser degree than CD24~
cells. The loss of CD24 is perhaps an eatly event in the differentiation process,
and the induction of S100B—a marker of the mature astrocytic lineage—is
a late one [70].

Dox-controlled CD24 knockdown with inducible shRNA induced gene
expression and proliferative changes that recapitulate a “CD247-like”
phenotype in vitro. This strongly implicates CD24 itself in helping to
maintain some of the phenotypes we observed. It is possible that the
approximately 80% CD24 knockdown achievable with 100 ng/mL dox
(Fig. 5B) allowed the cells to survive but may have been insufficient to induce
statistically significant changes when cells were grown in pro-differentiation
conditions.

In our in vitro studies, we had observed that anti-CD24 shRNAs are
cytotoxic when expressed constitutively, and selective pressure in resistant cells
strongly favors the silencing of hairpin expression. CD24 knockdown may be
similarly selected against iz vivo if CD24 promotes cell survival in the brain
as well as in culture. Overexpression of CD24 did not confer an enhanced
stem-like phenotype in TS603 tumor cells, suggesting that CD24 is one
factor that is required to maintain—but not induce—stemness. Maintenance
of stemness via CD24 signaling likely requires another protein that is not
expressed in CD24™ cells. Previously reported CD24 interactors include Src
family kinases [71-74], P-selectin [75], E-selectin [76], Siglec-5 [42] and
Siglec-10 [42,75-77]. The elucidation of the rest of the CD24 signaling

pathway will be an important avenue for future investigation.
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