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Culture conditions tailored to the cell of origin are critical for
maintaining native properties and tumorigenicity of glioma cells
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Background. Cell culture plays a pivotal role in cancer research. However, culture-induced changes in biological properties of tumor
cells profoundly affect research reproducibility and translational potential. Establishing culture conditions tailored to the cancer
cell of origin could resolve this problem. For glioma research, it has been previously shown that replacing serum with defined
growth factors for neural stem cells (NSCs) greatly improved the retention of gene expression profile and tumorigenicity. However,
among all molecular subtypes of glioma, our laboratory and others have previously shown that the oligodendrocyte precursor cell
(OPC) rather than the NSC serves as the cell of origin for the proneural subtype, raising questions regarding the suitability of NSC-
tailored media for culturing proneural glioma cells.

Methods. OPC-originated mouse glioma cells were cultured in conditions for normal OPCs or NSCs, respectively, for multiple
passages. Gene expression profiles, morphologies, tumorigenicity, and drug responsiveness of cultured cells were examined in
comparison with freshly isolated tumor cells.

Results. OPC media-cultured glioma cells maintained tumorigenicity, gene expression profiles, and morphologies similar to freshly
isolated tumor cells. In contrast, NSC-media cultured glioma cells gradually lost their OPC features and most tumor-initiating abil-
ity and acquired heightened sensitivity to temozolomide.

Conclusions. To improve experimental reproducibility and translational potential of glioma research, it is important to identify the
cell of origin, and subsequently apply this knowledge to establish culture conditions that allow the retention of native properties of
tumor cells.

Keywords: cell culture, glioma, oligodendrocyte precursor cell (OPC), neural stem cell (NSC), research reproducibility.

Cell culture is a cornerstone technique in biomedical research.
For cancer research, tumor cell lines for almost all types of
human cancers have been invaluable for the discovery of
novel drug targets through mechanistic studies and high-
throughput screening efforts.’ However, cultured tumor cells
often have phenotypic and genetic alterations that could con-
found research reproducibility? * and mislead therapeutic

development.® Therefore, it is imperative to improve cell culture
practices based on concrete scientific rationales.

For glioma research, efforts have been devoted to keeping
cultured cell lines as similar to their parental tumors as possi-
ble.® About a decade ago, cancer stem-like cells (CSLCs) were
first described in glioblastoma (GBM),”® which behave similarly
to neural stem cells (NSCs).>1° This revelation cast doubt on the
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usage of serum in glioma cell culture as serum is known to in-
duce NSC differentiation.'! Furthermore, recent studies showed
that serum induces differentiation of glioma CSLCs, alters gene
expression patterns,® and even impairs tumorigenicity.’* On
the contrary, culturing glioma cells in serum-free media supple-
mented with NSC-supporting growth factors epidermal growth
factor (EGF) and basic fibroblast growth factor (FGF-2) pre-
served salient features of glioma CSLCs such as multilineage
differentiation and tumor-initiating capacity.®® Together,
these findings suggested that the NSC culture condition should
be adopted to maintain glioma CSLCs.

One recent advance in tumor pathology is the use of molec-
ular profiling to define subtypes in histopathologically indistin-
guishable cancers, which led to the subdivision of GBMs into &4
subtypes: classical, mesenchymal, proneural, and neural.*®*
While NSCs may serve as the cell of origin for some subtypes,
our lab and others have shown that the oligodendrocyte pre-
cursor cell (OPC), a glial cell progenitor, is the cell of origin for
at least the proneural subtype.’® "8 Since culture conditions
differ between OPCs and NSCs, it raises an important question
on how to properly maintain OPC-originated proneural glioma
cells, which is the main line of investigation in this paper.

Materials and Methods

This is a brief description. Please see supplemental files for de-
tailed information such as vendors, catalog numbers for re-
agents, etc.

Mouse Lines and Genotyping

Mouse genotype was MADM (TG11, GT11), hGFAP-Cre, p53KO, NF1
flox or MADM (TG11, GT11), NG2-Cre, p53KO, NF1 null. p53KO, NF1
flox, p53 flox, hGFAP-Cre mice were used to purify p53/NF1
double-null OPCs and p53/NF1 double-null NSCs.* Wild-type
(WT) GFP OPCs were purified from NG2-eGFP (WT) mice.! Geno-
typing was performed as described.? All animal procedures
were in compliance with animal care guidelines and approval
by the TACUC of University of Virginia (approval #3955).

Immunopanning Procedure

OPCs and OPC-originated tumor cells were dissociated and puri-
fied through immunopanning with PDGFRa as a primary antibody.

Cell Culture

Cells were maintained in Neurobasal (NB) media supplemented
with either EGF/FGF-2 for NmA cells and eNSCs, or PDGF-AA for
WT OPCs and OmA cells. Glioma cell lines between had 12-17
passages unless otherwise stated. Human glioma samples col-
lected by the University of Virginia Hospital were approved by
the institutional review board under protocol IRB-HSR#17626.
Tumor tissue was digested and dissociated as described.*” Pri-
mary tumor cells were maintained in indicated media.

Sphere Formation Assay

Cells were dissociated from mouse brains (E15.5 for NSCs or
P10 for OPCs), cell number was adjusted, and cells were

cultured in different media in plates coated with Poly
(2-hydroxyethyl methacrylate) (Sigma 192066-1G) to inhibit cell
adhesion.

Lentivirus Production and Cell Infection

Lentivirus production was performed with a third-generation
packaging system cotransfected in HEK293T-cell line through
a calcium phosphate method. Supernatant was collected, fil-
tered, and used to infect target cells.

Tumor-cell Grafting

For grafting, either MADMmodel-derived mouse glioma cells or
human patient-derived glioma cells were grafted into the stri-
atum of NOD-SCID mouse brains with the following coordi-
nates, measured according to bregma: 1 mm posterior, 1 mm
lateral, and 2.5 mm deep under the pia surface.

qGRATIs Analysis

The g-GRATIs system is a set of lentiviral vectors with unique
DNA tags that can be quantitatively detected with quantitative
(9)PCR) (Other data (C.L.), unpublished data, 2016). After 2 cell
lines, which are separately infected with viral particles and con-
tain distinct DNA tags, are mixed together, genomic DNA of the
cell mixture is extracted, and gPCR is performed on those tags
to indicate the relative abundance of each cell line initially (I).
The remaining cell mixture is used for grafting. After tumor for-
mation, genomic DNA is extracted, and gPCR is performed on
those tags to indicate the relative abundance of each cell line
in the end (E). The end-to-initial (E/I) ratio reflects the difference
in propagation rate of each cell line (Fig. 5E). Mouse or human gli-
oma cells infected by qGRATIs vectors were orthografted as de-
scribed.!” Genomic DNA was extracted from tumors formed as a
template for gPCR reactions to measure abundance of individual
barcoded tags.

Quantitative Real-time PCR

gRT-PCR was performed with an Applied Biosystems StepOne-
Plus Real-Time PCR System by using the KAPA SYBR FAST ABI
Prism gPCR kit. Beta-actin (ActB) and/or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were used to normalize
the expression of target genes. For details on RNA extraction,
cDNA synthesis and DNA extraction please refer to Supplemen-
tary material.

MTT Assay and Temozolomide Treatment

Glioma™ and glioma®™ cells were plated at a density of

2 x 10° cells/well in 96-well plates and treated with various con-
centrations of temozolomide (Temodar, Merck) as indicated. MTT
assay was used to assess cell viability 48 hours after treatment.

Immunofluorescence Staining

Immunofluorescent staining on cell culture or frozen tissue
sections was performed as described.!” For antibodies, refer
to Supplementary material.
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Western Blotting

Cells were lysed in cold lysis buffer 17 (R&D, 895943), supple-
mented with protease inhibitor cocktail tablets (Roche,
11836153001) and Halt phosphatase inhibitor (Thermo Scien-
tific, 1862495). Total protein was adjusted according to con-
centration measured by Pierce BCA protein assay kit (Thermo
Scientific, cat. # 23227). Protein samples were subjected to
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes. For antibodies, see Supplementary material.

Tissue Microarray Analysis

Tissue microarrays (TMAs) containing 238 glioma samples were
prepared as described.'® Five characteristic microscopic fields
were randomly selected for quantifying data points. Images
were analyzed using Image-Pro Plus 6.0 software (Media Cybernet-
ics). To ensure unbiased scoring, 2 individuals without knowledge
of clinical data blindly evaluated immunohistochemical results of
TMA. This study was approved by the ethics committee of the Xian-
gya Hospital of Centre-South University (IRB# 201012047).

Clustering Analysis

Gene expression values from gPCR were normalized to values
between —1 and +1 for each gene. Values were used for

unsupervised hierarchical clustering with R software,?® (http:/
www.R-project.org/; version 3.0.2, by gplots package,’! ver-
sion 2.13.0). Euclidean distance was the distance metric
employed.

Single-cell Profile Analysis

We used single-cell RNASeq data available at GEO provided by
Patel et al (2014)%? (GSE57872). Tumor identification names
were retained from the original dataset. The cell-cycle meta-
signature score was reproduced as described and based on
the gene list from Fig. 2B of the paper.?? Cells with high cell-
cycle (CC) meta-signature scores were divided according to
PDGFRA and GFAP. Expression levels were normalized (=5 and
5) in order to compare expression of both genes.

Results

OPC-like Tumor Cells From a Mouse Glioma Model
Function as Cancer Stem-like Cells

Using a genetic mouse model in which p53 and neurofibroma-
tosis 1 (NF1) were inactivated, we have shown that OPCs can
function as the cell of origin and directly transform into high-
grade glioma.'”?? After transformation, tumor cells main-
tained prominent OPC features including stellate morphology
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Fig. 1. Tumor cells enriched with oligodendrocyte precursor cell (OPC)-specific cell surface marker PDGFRa functioned as cancer stem-like cells. (A)
Tumor cells enriched by anti-PDGFRa immunopanning, but not those from supernatant, were capable of forming tumor spheres in serum-free
media supplemented with either EGF/FGF-2 or PDGF-AA. Left panel: quantification of sphere-forming capacity; right panel: images of tumor
spheres cultured in indicated conditions. Scale bar: 1 mm. P: immunopanned fraction; S: supernatant fraction. At least 4 wells were quantified
for each column. Error bars represent SEM. ** P< 0.01. (B) Self-renewability of tumor spheres cultured in either EGF/FGF-2 or PDGF-AA was
demonstrated for 3 continuous passages. (C) Multilineage differentiation of OPC-like glioma cells induced by 1% fetal bovine serum and 1%
NT-3. NeuN, GFAP, and O1 were used to stain mature neurons, astrocytes, and oligodendrocytes, respectively. RFP is a Cre reporter that labels
all tumor cells.!” Scale bar: 100 wm. (D) In vivo tumor-initiating capacity of OPC-like glioma cells was examined in 2 different primary tumors
after grafting into brains of 8-week old NOD/SCID mice.
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and expression of OPC-specific markers such as Olig2, PDGFRq,
Sox10, NG2/Cspg4, etc.'”-?* Transcriptome analysis of tumor
cells further revealed a gene expression profile closely resem-
bling OPCs.?” To determine whether these OPC-like glioma
cells function as CSLCs, we enriched them to >95% purity
through an immunopanning procedure that captures cells ex-
pressing OPC-specific surface marker PDGFRa.' 2%

First, we examined the sphere-forming capacity of immuno-
panned OPC-like tumor cells. We found that OPC-like tumor
cells (but not cells in the supernatant fraction where tumor
cells were largely depleted) efficiently formed spheres in
serum-free culture media (Fig. 1A). While the initial assays
were performed in media supplemented with EGF and FGF-2
(known growth factors for NSCs), we wondered if similar results
could be obtained if PDGF-AA?>2® (the growth factor essential
for normal OPC proliferation) was used. We found that spheres
could form in PDGF-supplemented as well as in EGF/FGF-2 sup-
plemented media (Fig. 1A). Furthermore, spheres formed in
both EGF/FGF-2 and PDGF-AA conditions could be further pas-
saged for multiple generations, indicating their self-renewal ca-
pacity (Fig. 1B). We then determined whether OPC-like glioma
cells could differentiate into multiple neuroglial cell types, a
hallmark of glioma CSLCs.” As shown in Fig. 1C, OPC-like glioma
cells differentiated into cells expressing markers for mature
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neurons, astrocytes, and oligodendrocytes in the presence of
serum, demonstrating their multipotentiality. Finally, we con-
firmed that as few as 10 OPC-like cells were sufficient to initiate
secondary tumors in immune-compromised mouse brains
(Fig. 1D), suggesting that most OPC-like tumor cells—if not
all—carry the ability to initiate tumors. Taken together, our
data support that OPC-like cells fulfill the criteria of glioma
CSLCs.

OPC-like Glioma Cells Retained Salient Features of Their
Primary Tumors When Maintained in the Media Condition
for Normal OPC Culture

Considering the OPC origin, we first expanded glioma cells in
serum-free media containing PDGF-AA.%>?6 At the time this man-
uscript was being prepared, we had cultured them successfully
for at least 28 passages without detectable changes in prolifera-
tive rate, morphology, and the expression of OPC markers
PDGFRe, Olig2, and Sox10 (Fig. 2A and B). To further investigate
whether these cell lines resemble OPCs, we applied quantitative
RT-PCR (gRT-PCR) to evaluate the expression of genes enriched
in OPCs, neurons, astrocytes, or oligodendrocytes.?” We also in-
cluded genes that are considered highly expressed in NSCs and
CSLCs, although many of them are also expressed in normal
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Fig. 2. Oligodendrocyte precursor cell (OPC) culture condition maintained OPC features of glioma cells. (A) Immunofluorescence staining shows tumor
cell lines derived from OPC-originated glioma cells expressed OPC markers PDGFRa and Olig2 under OPC culture conditions. Wild-type (WT) OPCs were
used as positive control. RFP in glioma line 1 and GFP in glioma line 2 permanently express in glioma cells due to MADM model labeling of mutant cells.*’
GFP channel was pseudo-colored red in the middle row for simplification. Scale bars, 100 wm. (B) Western blot revealed that crude glioma tissue
(acutely dissociated from mouse brains without immunopanning) and OPC-like glioma lines at passage 12 (P12) express OPC markers. Lines 1-2
were originated from NG2-Cre initiated tumors, and lines 3-4 were from hGFAP-Cre initiated tumors. For full genotype, see M&M. (C). Heat map of
gene expression patterns of different brain cells and OPC-originated glioma lines by quantitative real-time PCR. Representative markers for neurons,
astrocytes, OPC-oligodendrocyte lineage, and stem cells were used. Samples were grouped based on unsupervised hierarchical clustering analysis.
Lines 1-4 are the same as those used in panel B. WT OPCs were enriched to >95% purity (based on PDGFRa staining) from WT mice at P10 via
immunopanning. Mutant OPCs were purified via immunopanning from MADM-p53KO,NF1flox mice at P 10, prior to tumor formation. WT embryonic
neural stem cells (eNSCs) were purified from E15.5 WT embryonic brains. Mutant eNSCs were purified from E15.5 hGFAP p53/NF1 double-null brains.
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OPCs (see below and discussion).?®2° All established tumor cell
lines strongly expressed OPC-oligodendrocyte lineage mark-
ers—but not astrocyte or neuron markers—and were grouped
closer to WT OPCs by unsupervised clustering (Fig. 2C), suggest-
ing that these cell lines share a gene expression pattern more
similar to OPCs than to other cell types. Taken together, these
findings demonstrate that OPC-originated glioma cells cultured
in PDGF-containing media for multiple passages could maintain
salient molecular and cellular features of OPCs.

OPC-like Glioma Cells Cultured in NSC Media Lost the
Expression of OPC Markers but Upregulated NSC Markers

Given that OPC-like glioma cells can form spheres in EGF/FGF-2
media (Fig. 1A), we wondered whether OPC-like glioma cells

could be effectively maintained in NSC culture conditions.
Therefore, we split primary glioma cells from the same tumors
into 2 fractions and then maintained them in either PDGF-AA-
or EGF/FGF-2-containing media to establish cell lines. Similar to
cell lines maintained in PDGF-AA described in Fig. 2, those
maintained in EGF/FGF-2 could be readily established and
maintained for at least 28 passages. Hereafter, we refer to
cell lines established in PDGF-AA media as “OPC-media-
accustomed glioma” (gliomoomA) and those in EGF/FGF-2
media as “NSC-media-accustomed glioma” (glioma™™?).
Glioma™™ cells proliferated significantly faster than their
glioma®™ counterparts (Fig. 3A), had less elaborate processes
and larger cell bodies compared with glioma®™ cells and nor-
mal OPCs (Fig. 3B, see also Fig. 4A). Furthermore, glioma™™*
cells dramatically downregulated the expression of many OPC-
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Fig. 3. Neural stem cell (NSC) culture condition altered proliferative rate and marker gene expression of glioma cells (A) EAU incorporation assay
revealed that glioma™™ cells grow significantly faster than their glioma®™ counterpart. Graph shows quantification of 3 independent assays with
one pair of cell lines. Bars represent mean +/— SEM. *P <.05. A similar trend was confirmed with a second pair of cell lines. (B) Tumor cell lines
maintained oligodendrocyte precursor cell (OPC) markers PDGFRa and Olig2 when cultured in OPC media (glioma®™) but lost expression of these
markers when cultured in NSC media (glioma™*). glioma®™ and glioma™™* were established from immunopanned OPC-like tumor cells derived
from the same primary tumor, established from TG11/GT11, p53, NF1; hGFAP-Cre mice. Scale bars, 100 um. Images are representative of 3
independent experiments. (C) Quantitative real-time -PCR shows that glioma cells cultured in NSC media had diminished expression of OPC
markers PDGFRq, Olig2, Sox10, and NG2 but elevated expression of EGFR and Nestin when compared with their gliomoOmA counterpart. Results
represent an average of 3 independent experiments with the same lines as in 3B. Bars represent mean +/- SEM. *P <.05; ***P < 0.001. Experiments
in this figure were done with glioma line 1 from Fig. 2 and were confirmed with glioma line 2 to ensure reproducibility.
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Fig. 4. Neural stem cell (NSC) media-induced phenotypic changes happened gradually at the population level and were mostly irreversible. (A)
Glioma®™ cells cultured in oligodendrocyte precursor cell (OPC) media maintain morphologies for up to 12 passages (top panel). In contrast,
after being cultured in NSC media for multiple passages, glioma cells gradually changed morphologies at the population level (bottom panel).
Images are representative of 3 different tumors that were freshly purified and cultured in the respective media. Scale bars, 100 pnm. (B)
Switching glioma®™ cells into NSC media did not affect cell viability, in stark contrast to the <40% cell viability after switching glioma™™"
cells into OPC media, suggesting that adaptation of glioma cells to NSC media is mostly an irreversible process. Images are representative of 3
different freshly purified tumors that were cultured in the respective media. Cell viability was assessed by MTT assay. Percentages are at the bottom
of each picture, and represent an average of 3 experiments +SEM. *P < 0.05. Scale bars, 100 pm.

specific genes (Fig. 3B and C) while upregulating NSC genes
such as Nestin and Prom1 (CD133) (Fig. 3C). It should be
noted that EGFR, reported to be expressed in active NSCs and
human GBM CSLCs,*%3! was expressed in the glioma™™ line
but not in the glioma®™ line or the primary OPC-like tumor
cells (Fig. 3C). While it was reported that WT NSCs could con-
taminate glioma culture and contribute to EGFR expression,*?
we confirmed that these NmA cells were derived from glioma
cells rather than from contaminating normal NSCs based on

their prominent RFP expression (Fig. 3B), the fluorescent marker
genetically and permanently introduced into the primary tumor
cells from which the cell line was established.!’ Finally, while
glioma™™ and glioma®™ cells are different; it would be impor-
tant to determine which one better matches acutely purified
parental tumor cells. Unsupervised clustering based on gene ex-
pression patterns of a matched set of acute tumor-glioma™™*-
glioma®™ showed that glioma®™ cells clustered with parental
tumor cells WT OPCs, while glioma™™ cells clustered with NSCs
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(Supplementary Fig. S1). In summary, our data suggest that long-
term exposure to EGF/FGF-2 induces mouse glioma cells to deviate
from OPC-like gene expression patterns.

Glioma“™ Cells Were Gradually Converted From OPC-like
Tumor Cells When Cultured in NSC Media, a Process That
is Mostly Irreversible

There are 2 possible explanations for how glioma™™ cell lines
were derived in the presence of EGF/FGF-2: gradual conversion
at population level or outgrowth from a few rare, pre-existing
NSC-like glioma cells. To tease apart these possibilities, we care-
fully monitored glioma cells cultured in NSC media for >10 pas-
sages. We found that tumor cells exhibited neither detectable
morphological change nor decreased cell viability during early
passages (Fig. 4A). After 4-5 passages in NSC media, morpho-
logical alterations such as enlargement of cell body and disap-
pearance of fine processes became noticeable in all cells
(Fig. 4A). After 7 passages, cells became morphologically indis-
tinguishable from established glioma™™ cells (shown at P12
on Fig. 4A). Therefore, we concluded that glioma™™ cells
were converted from glioma®™ cells through gradual pheno-
typic alterations at the population level rather than selected
from rare, pre-existing cells.

To determine whether the phenotypes of glioma™™ and
glioma®™ cell lines are reversible, we performed a cross-
culture experiment. While glioma®™ cells grew well after
being switched into NSC media, glioma™™ cells went through
massive detachment and reduction of cell viability when
switched into OPC media (Fig. 4B). These observations suggest
that the phenotypic plasticity is largely unidirectional; while
glioma®™ cells could readily adapt to the new culture condi-
tion, the majority of glioma™™ cells could not readapt to
OPC media.

The Tumorigenic Potential of OPC-like Glioma Cells Was
Significantly Reduced After Long-term Maintenance in
NSC Culture Condition

To compare the tumorigenic potential of glioima cells cultured
in each condition, we grafted the same number of glioma™™*
and glioma®™ cell lines established from the same primary
tumor into NOD-SCID mouse brains, respectively. Glioma®™
cells efficiently initiated secondary tumors in vivo even after
long-term culture (Fig. 5A, top row), and tumor cells in grafted
glioma exhibited prominent expression of OPC markers (Fig. 5B,
top row). Of note, tumor latency of long-term cultured glio-
ma®™ cells (>18 passages) was comparable to that of freshly
purified ones (~4 weeks when 100 000 cells are grafted), indi-
cating that OPC culture condition not only retained OPC proper-
ties but also their tumorigenic potential. In stark contrast,
glioma™™ cells did not generate sizable tumors (Fig. 5A, bot-
tom row). Surviving glioma™ cells along the needle track of
the graft exhibited low proliferative activity (Fig. 5B, bottom
row) and restored expression of OPC markers PDGFRa and
Olig2 (Fig. 5D, in comparison with 5C), further indicating that
OPC-features are critical for in vivo propagation of tumor cells.

To quantitatively compare tumorigenicity of grafted glio-

ma"™ and glioma®™ cells within the same mouse, we

employed a method termed “quantitative-Grafting assay
based on Ratio Alteration between Targeted and Internal
control cells (g-GRATIs), which was recently developed in our
laboratory (Fig. 5E) (Other data (C.L.), unpublished dataq,
2016). Glioma™™ and glioma®™ cells were permanently la-
beled with unique DNA sequences (q-GRATIs tags named A
and B tags, respectively) via lentiviral-mediated genome inte-
gration mixed together and then grafted into NOD-SCID
mouse brains. The relative in vivo propagation potential be-
tween these cell lines was subsequently determined by the E/
I ratio, which is defined by the change in relative abundance be-
tween the 2 GRATIs tag-labeled cell lines before and after in
vivo tumor expansion (Fig. 5E). By design, a 1.0 E/I-ratio would
suggest that glioma®™ and gliomaN™ cells propagate equally
during tumor progression, while an E/I-ratio >1.0 would indicate
that the former propagates more than the latter in vivo. Using this
method, we determined that glioma®™ outgrew the glioma™™
cellline in vivo by more than 40-fold (Fig. 5F). This finding is in stark
contrast to the relatively similar in vitro proliferative rate of both
cell lines (Fig. 3A), cautioning us not to solely base on in vitro
growth to choose optimal culture condition for glioma cells.

The Prevalence of Highly Proliferative OPC-like Cells in
Human High-grade Glioma

To examine the prevalence of OPC-like glioma cells in human
high-grade glioma, we performed immunohistochemical anal-
ysis of Olig2 (as an OPC marker) or GFAP (as a non-OPC marker)
on a set of tissue microarrays that contained 236 patient sam-
ples (see Supplementary Table S1 for a summary of patient
characteristics). Consistent with previous findings, Olig2+ cells
existed in almost all glioma samples to various extents??
(Fig. 6A and C). In addition to oligodendroglioma, GBMs or
even pathologically well-defined astrocytomas also harbor a
significant portion of tumor cells with prominent Olig2 staining
(Fig. 6A, high Olig2 groups). This finding concurs with a recent
study in which well-differentiated astrocytoma and oligoden-
droglioma were shown to contain OPC-like tumor cells.>* In
contrast, there was no significant enrichment of GFAP-positive
cells in any group of high-grade glioma. As a negative control,
only marginal or no Olig2 staining was found in normal brain
tissue or pathological tissues irrelevant to glioma such as reac-
tive gliosis and immune hyperplasia, despite detection of prom-
inent GFAP-staining signals (Fig. 6B).

To assess the proliferative rate of Olig2+ and GFAP+ cells in
the tumor mass, we further co-stained Olig2 with Ki67 or GFAP
with Ki67 on 17 GBM samples. Intriguingly, despite varied per-
centages of Olig2+ cells in these samples, a large proportion of
them were undergoing active proliferation based on Ki67 stain-
ing (Fig. 6D, top row, and Fig. 6E), consistent with previous re-
ports.>® In contrast, GFAP+ cells were less frequently Ki67+
(Fig. 6D, bottom row, and Fig. 6E). While our attempt to co-stain
Ki67 with a second OPC marker (PDGFRa) failed due to unreli-
able staining on formalin-fixed paraffin-embedded samples,
we took advantage of a recently published single cell RNASeq
dataset in which 430 cells from 5 human GBMs were se-
quenced.?? We examined the expression of PDGFRa and GFAP
in cells that were considered actively cycling, according to a
cell-cycle meta-signature score (Material and Methods). Data
in Fig. 6F show that among proliferating cells, most of them
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Fig. 5. Oligodendrocyte precursor cell (OPC) media maintained tumorigenic potential of OPC-originated glioma cells much better than neural stem
cell media. (A) Gross images of tumors generated by grafting with 100,000 cells of either glioma®™ or glioma™™ cells. Tumor cell RFP expression
shows bigger tumors from glioma®™ cells than from glioma™™ cells. Images are representative of 3 grafting experiments. Scale bar: 2 mm. (B)
Low-magnification images of sections transversing the injection tract of tumor-bearing brains shown in (A). Scale bar: 200 um. (C) and (D).
High-magnification images showing the co-localization of PDGFRa and Olig2 in Ki67+ proliferating tumor cells from both glioma®™ and
glioma“™"-derived tumor cells. Arrows point to a few cells in all imaging channels, showing that tumor cells (RFP+) positive for OPC markers
(PDGFR+, Olig2+) are dividing (Ki67+). Scale bar: 100 wm. (E). Schematic demonstration on how to use g-GRATIs to compare the relative in
vivo propagating capacity between glioma®™ and glioma™™ cells. (F). q-GRATIs analysis revealed that glioma®™ cells propagated 40-fold
more than gliomo“mA cells in vivo. Circles represent individual animals; N =6 mice; 100,000 cells were grafted per mouse. ***P <.001.

exhibited prominent PDGFRa expression, but few had GFAP ex-
pression. Notably, despite MGH28 and MGH30 being classified
as mesenchymal and classical subtypes, respectively,’® the
majority of proliferating cells in these GBMs were PDGFRa+.

Taken together, our findings indicate that tumor cells resem-
bling OPCs could contribute more prevalently to human high-
grade glioma than previously thought and consist of the
main proliferating pool in the tumor mass.
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Fig. 6. Oligodendrocyte precursor cell (OPC)-like glioma cells are prevalent in human gliomas, and the choice of culture condition is critical to
maintaining them in vitro. (A) and (B) Representative immunohistochemical images of tissue microarrays showing Olig2+ staining in
glioblastomas (GBMs), astrocytomas, and oligodendrogliomas with varied abundance but not as significant a portion as in normal brains and

Neuro-Oncology 1421



Ledur et al.: Tailor culture media according to the glioma cell of origin

Culture Conditions Significantly Affected Cellular Properties
and Tumorigenic Potential of Human Glioma Cells

Our mouse model studies thus far have demonstrated that cul-
ture condition could have a dramatic impact on cellular behav-
iors and tumor-propagating capacities. To evaluate the human
relevance of such a notion, we directly cultured surgically resect-
ed and dissociated human GBM cells in NSC and OPC media, re-
spectively. Two of 13 tumor samples have been successfully
established into cell lines. Notably, despite a generally subopti-
mal success rate, both glioma™™ and glioma®™ sublines
could be established from these 2 GBM samples. Although the
small amount of tumor tissues precluded us from determining
their subtype via gene expression profiling, we retrospectively
confirmed the existence of Olig2+ tumor cells in the primary tu-
mors used to establish cell lines (Supplementary Fig. S2).

Intriguingly, human GBM cell lines clearly recapitulated be-
haviors of mouse glioma cells. First, human glioma™™ and
glioma®™ sublines exhibited distinct morphologies, with glio-
ma"™ frequently growing into tumor spheres and glioma®™
having spindle morphology resembling OPCs (Fig. 6G, top row).
Second, glioma™™ cells are more proliferative in vitro when
compared with glioma®™ cells based on EdU incorporation
(Fig. 6G bottom row). Third, gRT-PCR revealed that the glio-
ma®™ subline expressed OPC markers such as PDGFRa,
Olig2, Sox10, NG2, and ERBB3 at a higher level than its glio-
ma"™ counterpart. (Fig. 6H). In contrast, NSC marker Nestin
and astrocyte marker GFAP were upregulated in the glioma™™*
subline (Fig. 6H). Finally, intracranial xenografting assay using
the g-GRATIs approach (Other data (C.L.), unpublished data,
2016) showed that the human glioma®™ subline possessed
significantly higher tumor-propagating activity than its glioma™™*
counterpart (Fig. 6I) despite an apparently slower proliferation in
culture (Fig. 6G bottom row). Because temozolomide (TMZ) is the
most commonly used chemotherapy drug in clinics, we also test-
ed drug responsiveness of human glioma cells cultured in each
condition, and found that glioma"™ cells were significantly
more sensitive to TMZ than glioma®™ cells (Fig. 6J), suggesting
that culture conditions could skew therapeutic predictions.

Discussion
Cell-of-origin Properties Are Critical for Sustaining
Tumor-propagating Activity of Transformed Cells

Using genetic mouse models, we and others have previously
shown that OPC can function as the cell of origin for high-grade

glioma.'>~*8 The fact that OPCs can be transformed by certain
oncogenic mutations while other brain cells fail to do so sug-
gests that the signaling context within OPC is particularly sus-
ceptible to those mutations. However, given the plasticity of
tumor cells, it is unclear whether OPC properties remain impor-
tant for sustaining glioma after the initial transformation. Our
current study demonstrated that tumor cells retaining OPC fea-
tures can function as CSLCs, possessing the capacity to self-
renew and differentiate into multiple neuroglial lineages in
vitro as well as initiating secondary tumors when implanted
into the brains of immune-compromised mice. However, after
being cultured in the NSC culture condition, tumor cells lost OPC
properties and had compromised capacity for forming tumors
in vivo. Therefore, the properties of cell of origin are not only
important for tumor initiation but also critical for tumor
progression.

The Importance of OPC-like Tumor Cells in Human Glioma

Previously, based on an 840-gene signature, pathologically in-
distinguishable GBMs were stratified into 4 distinctive sub-
types.'® Our comparative transcriptome analysis assigned
OPC-originated glioma mouse models to human proneural
subtypes,’”?3 implicating the important role of OPCs in this
subtype of human GBMs. Our current work further demon-
strates that OPC-like glioma cells are critical for sustaining
tumor progression. Therefore, understanding OPC biology in
both its normal and malignant states should provide crucial
insights for developing effective therapeutic strategies for the
proneural subtype of glioma.

The proneural subtype was previously estimated to
con stitute ~25% of all human GBMs; ' however, recent studies
suggest that prevalence of the proneural signature may be un-
derestimated. It was found that glioma tissues from different
locations within the same tumor could be classified into differ-
ent subtypes, which frequently include proneural.> Intriguing-
ly, single-cell RNA sequencing techniques have revealed that
even the same GBM can possess cells with signatures of both
proneural and other subtypes.?? Moreover, altering a single
gene was often sufficient to convert the proneural subtype of
GBMs into other subtypes such as mesenchymal.>®3” Consis-
tent with some other studies,*®*° the histological analyses in
our work revealed that tumor cells with OPC features have
been detected to varying extents in almost all gliomas includ-
ing astrocytomas. Finally, regardless of their pathological clas-
sification, a significant portion of proliferative tumor cells in

pathological situations other than glioma. Scale bar: 100 um. (C) Quantification of the percentage of Olig2+ cells in GBMs (N = 82), astrocytomas
(N=109), and oligodendrogliomas (N = 29). Gliosis tissue was used as control. (D) Representative images of immunostaining of human GBM
samples co-stained with Ki67 and Olig2 (top row) or Ki67 and GFAP (bottom row). Arrows point to cells stained for both markers. Scale bar:
100 pm. (E) Quantification of Olig2+ or GFAP+ cells among all Ki67+ proliferating tumor cells (from 17 human GBM samples, manually
counted). The percentage of Olig2+ or GFAP+ cells was calculated among the Ki67+ population. Each percentage was plotted in the graph,
and the average + SEM is shown. ***P < 0.001. (F) Analysis of Patel et al single-cell sequencing data from human GBM cells. Cells with a positive
cell-cycle meta-signature had their PDGFRa or GFAP expression analyzed. Solid lines connect the same cells. (G) Primary human glioma cells
cultured in OPC, neural stem cell (NSC), or serum-containing media exhibited distinct morphologies (top row), and proliferation rates revealed
by EdU labeling (bottom row). Scale bar: 100 um. (H) NSC-media downregulated OPC-specific marker genes but upregulated NSC/astrocyte

genes. Expression level was normalized to that of the cells cultured in OPC media. (I) g-GRATIs assay revealed that human glioma

OmA cells

propagated significantly more than their NmA counterparts in vivo. N= 7 mice. Circles represent fold difference of individual animals; SEM is

also represented. ***P <.001. (J) Human glioma®™

75, 100, 200, and 400 pM. **P < .01, ***P <.001, ****P <.0001.

cells are more resistant to temozolomide than glioma

NmMA cells. TMZ doses used were 25,
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lower- and higher-grade gliomas that we have examined exhib-
ited OPC features, suggesting that OPC-like glioma cells may be
a promising therapeutic target for a large subset of human gli-
oma patients.

The Importance of Culturing Tumor Cells in Media
Conditions Tailored for the Cell of Origin

The importance of OPC properties led us to reflect on the con-
ditions used for primary cell culture. Previously, it was elegantly
demonstrated that serum-free media, commonly used for NSC
culture, maintained features of parental glioma cells better
than serum-containing media.® Since OPC-like glioma cells ex-
hibit some stem cell properties, we wondered whether NSC
media, OPC media, or both could be used to maintain these
cells. To our surprise, while NSC media could support tumor
cell growth and sphere formation in vitro, it significantly im-
paired—rather than augmented—the tumorigenic potential
of OPC-originated glioma cells in vivo. On the contrary, OPC
media preserved OPC features of glioma cells in vitro and
their tumorigenicity in vivo. Together, these observations high-
light the fact that stem cell features may not always indicate
tumorigenic potential, in line with a previous study showing
that self-renewal does not correlate with tumorigenicity.“° In-
stead, the features of cell of origin need to be retained with cor-
responding culture conditions for the maintenance of
tumorigenicity.

In the context of human glioma, how might our findings im-
pact the practice of culturing CSLCs from patient samples, in
which the cell of origin cannot be identified prior to cell culture?
We propose that multiple types of media should be used, in-
cluding those tailored for NSCs, OPCs, and astrocytes, to cover
all possibilities. Once sublines are established, gene expression
profiles of each cell line and the original tumor should be exam-
ined to see which one(s) recapitulate parental tumor profile.
Such practices should greatly increase the chance of obtaining
in vitro readouts that closely reflect clinical outcomes in drug
discovery processes. In the case of highly heterogeneous cellu-
lar composition in the tumor mass, compounds should be test-
ed in all sublines to identify the most broadly efficacious ones
as the optimal therapeutic strategy against tumor heterogene-
ity or plasticity.
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