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Oligodendrocyte/Type-2 Astrocyte Progenitor Cells and
Glial-Restricted Precursor Cells Generate Different Tumor
Phenotypes in Response to the Identical Oncogenes
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Despite the great interest in identifying the cell-of-origin for different cancers, little knowledge exists regarding the extent to which the
specific origin of a tumor contributes to its properties. To directly examine this question, we expressed identical oncogenes in two types
of glial progenitor cells, glial-restricted precursor (GRP) cells and oligodendrocyte/type-2 astrocyte progenitor cells (0-2A/OPCs), and in
astrocytes of the mouse CNS (either directly purified or generated from GRP cells). In vitro, expression of identical oncogenes in these
cells generated populations differing in expression of antigens thought to identify tumor initiating cells, generation of 3D aggregates
when grown as adherent cultures, and sensitivity to the chemotherapeutic agent BCNU. In vivo, cells differed in their ability to form
tumors, in malignancy and even in the type of host-derived cells infiltrating the tumor mass. Moreover, identical genetic modification of
these different cells yielded benign infiltrative astrocytomas, malignant astrocytomas, or tumors with characteristics seen in oligoden-
drogliomas and small-cell astrocytomas, indicating a contribution of cell-of-origin to the characteristic properties expressed by these
different tumors. Our studies also revealed unexpected relationships between the cell-of-origin, differentiation, and the order of onco-
gene acquisition at different developmental stages in enabling neoplastic growth. These studies thus provide multiple novel demonstra-
tions of the importance of the cell-of-origin in respect to the properties of transformed cells derived from them. In addition, the
approaches used enable analysis of the role of cell-of-origin in tumor biology in ways that are not accessible by other more widely used

approaches.

Introduction

Determining whether particular CNS cell types give rise to par-
ticular gliomas is of great interest both in regards to identifying
potential tumor origins and in determining whether the specific
cell-of-origin is relevant to tumor phenotype. Studies in trans-
genic mice indicate gliomas can be generated from multiple cell
types, including neuroepithelial stem cells (NSCs), oligodendro-
cyte lineage cells, astrocytes, and potentially even neurons (Al-
cantara Llaguno et al., 2009; Lindberg et al., 2009; Jacques et al.,
2010; Liu et al., 2011; Friedmann-Morvinski et al., 2012; Ghazi et
al., 2012; Swartling et al., 2012). Some of these studies further
suggest an important influence of the cell-of-origin on tumor
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phenotype, but the degree of such influence remains poorly
understood.

Some of the challenges in determining whether the cell-of-
origin contributes to tumor phenotype are illustrated by the spe-
cific generation of oligodendrogliomas in TP53—/— mice
expressing the constitutively active v-erbB mutant of the epider-
mal growth factor receptor (EGFR) under control of the S1003
promoter (Weiss et al., 2003; Persson et al., 2010). This outcome
is surprising as S100 is expressed in multiple cell types, includ-
ing both oligodendrocyte and astrocyte lineage cells (Liu et al.,
2002, 2004; Vives et al., 2003; Steiner et al., 2007).

Why does this combination of genetic changes produce only
oligodendrogliomas? Possibly, CNS cells expressing these onco-
genes generate oligodendrogliomas regardless of the cell-of-
origin. Alternatively, does this oncogene combination only
transform specific cells that generate oligodendrogliomas? If so,
what are these cells?

In the CNS, multiple precursor cells, astrocytes, and NSCs all
offer potential targets for malignant transformation. Among
these, glial-restricted precursor (GRP) cells and oligodendrocyte/
type-2 astrocyte progenitor cells (also known as oligodendrocyte
precursor cells, O-2A/OPCs) represent two well studied distinct
glial precursor subtypes useful for addressing the above ques-
tions. Although both GRP cells and O-2A/OPCs are restricted to
glial development and can generate oligodendrocytes (Raff et al.,
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1983; Groves et al., 1993; Rao et al., 1998; Herrera et al., 2001),
they differ in mitogen and substrate requirements, differentiation
potential, the timing of their developmental appearance, and the
number of astrocyte subtypes they can generate. GRP cells have
been studied in the context of development, gestational iron de-
ficiency, sensitivity to chemotherapeutic agents, as promoters of
CNS protection and regeneration, and in development of astro-
cyte transplantation therapies (Noble et al., 2004; Davies et al.,
2011; Ketschek et al., 2012 and their references), but nothing is
known about the consequences of GRP cell transformation.

As no known promoters enable targeting of oncogene expres-
sion distinctly and unambiguously to O-2A/OPCs versus GRP
cells, we used an alternative strategy of introducing identical on-
cogenic changes directly in purified cells. We also took advantage
of the ability of GRP cells to generate astrocytes to investigate
effects of astrocytic differentiation on the response to oncogene
expression. Our results demonstrate an unexpected breadth of
cell-of-origin contributions to tumor phenotype, including ef-
fects on malignancy, type of tumor generated, type of host cells
within the tumor mass, expression of putative markers of tumor
initiating cells, and cellular resistance to chemotherapy.

Materials and Methods

Construction of retroviral vectors. The retroviral vectors pBabe-Puromycin,
pBabe-Hygromycin, pBabe-Zeocin, and pBabe-DNp53-Puromycin ex-
pressing a dominant-negative p53 (DNp53), due to a point mutation of
p53"7*H affecting the DNA binding ability, were kindly provided by the
lab of Dr. Hartmut Land. The retroviral vector pBabe-PDGFRa-Zeocin
vector was constructed by inserting the fragment encoding PDGFR«
into the pBabe-Zeocin vector. The retroviral vector pBabe-luciferase-
Hygromycin vector was constructed by inserting the fragment encoding
luciferase from firefly Photinus pyralis (pEGFPLuc from BD Biosciences)
into the pBabe-Hygromycin vector. The correct clones were confirmed
by sequencing. The retroviral vector pBabe-EGFRVIII-Zeocin expressing
constitutively active EGFR was kindly provided by Dr. Oliver Bogler at
Baylor Medical Center.

Culture of GRP cells, O-2A progenitor cells, and astrocytes. GRP cells
were isolated from embryonic day 12.5 spinal cord, O-2A progenitor
cells were isolated from postnatal day 6 (P6) corpus callosum, and astro-
cytes were isolated from P1 cortex of C57BL/6 mice using standard pro-
cedures (Noble et al., 1984; Groves et al., 1993; Ibarrola et al., 1996; Rao
etal.,, 1998; Herrera et al., 2001; Gregori et al., 2002; Power et al., 2002).
Tissues were processed to single-cell suspensions, and cells were purified
using surface cell type-specific markers and cultured in conditions that
maintain their respective differentiation potential in vitro. GRP cells were
purified by fluorescence-activated cell sorting (FACS) or magnetic cell
sorting (MACS) for A2B5-positive cells and were then cultured in the
defined medium-DMEM/F12 supplemented with 1 ug/ml bovine pan-
creas insulin (Sigma), 100 wg/ml human transferrin (Sigma), 2 mm glu-
tamine, 25 ug/ml gentamicin, 0.0286% (v/v) bovine serum albumin
pathocyte (ICN Biochemicals), 0.2 uMm progesterone (Sigma), 0.10 um
putrescine (Sigma)—supplemented with basic fibroblast growth factor
(bFGF; 10 ng/ml; PEPRO Technologies) in flasks coated with 20 ug/ml
fibronectin (Millipore Bioscience Research Reagents) and 5 ug/ml
laminin (Invitrogen). O-2A progenitor cells were purified by MACS for
A2B5-positive cells and were cultured in the defined medium supple-
mented with 10 ng/ml bFGF (PEPRO Technologies), and 10 ng/ml
PDGF-AA(PEPRO Technologies) in flasks coated with 13.3 ug/ml poly-
L-lysine (PLL; Sigma). Astrocytes were cultured in the defined medium
containing 10% fetal bovine serum (FBS) in flasks coated with 13.3
pg/ml PLL. The dose curves of GRP cells, O-2A progenitors, and astro-
cytes to puromycin, Zeocin, and hygromycin were tested in 6-well plates
at the density of 3 X 10* cells/well.

Cell line generation by sequential retroviral infection. Cell populations
for study in vitro and in vivo were generated from pools of heterogeneous
transduced cell O-2A/OPCs, GRP cells, and astrocytes with various inte-
gration sites and copy numbers. All cell populations were generated at
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least twice in independent experiments. Virus packaging cell line GP2—
293 cells (3-5 X 10°) were plated on 10 cm dishes the day before trans-
fection. Retroviral vector pBabe-DNp53-Puromycin and envelope
vector pVSV-G were cotransfected into GP2-293 cells by Fugene6
(Roche). Retrovirus supernatant was harvested 48 h after transfection.
The growth medium containing the retrovirus carrying DNp53 was in-
cubated with the target GRP cells, O-2A progenitor cells, and astrocytes
at 30°C overnight. Following a recovery period of 48 h, the infected cells
were selected for resistance to puromycin to generate DNp53-transduced
GRP cells, O-2A progenitor cells, and astrocytes. The following concen-
trations of puromycin were used: 200 ng/ml for GRP cells and O-2A
progenitor cells and 2 ug/ml puromycin for astrocytes.

GRP cells, O-2A progenitor cells, and astrocytes expressing DNp53
were transduced to express PDGFRa by infection with retroviral vector
pBabe-PDGFRa-Zeocin and selected for resistance to Zeocin to generate
(G™3P) cells, O-2A progenitor cells-DNp53-PDGFRa (07%F) cells, and
astrocyte-DNp53-PDGFRa (A”?") cells. Similarly, DNp53-transduced
GRP cells, O-2A progenitor cells, and astrocytes were transduced with
EGFRVIII by retroviral vector pBabe-EGFRVIII-Zeocin and selected for
resistance to Zeocin to generate GRP cells-DNp53-EGFRVIII (G™F),
O-2A progenitor cells-DNp53-EGFRVIIT (0™F) cells, and astrocytes-
DNp53-EGFRVIIT (A™F) cells. The following concentrations of Zeocin
were used: 20 ug/ml for GRP cells and O-2A progenitor cells, 2 mg/ml for
astrocytes. Finally, all types of DNp53/EGFRvIII or DNp53/PDGFRa-
transduced cells were transduced with luciferase by retroviral vector
pBabe-Luciferase-Hygromycin and selected for resistance to hygro-
mycin. The following concentrations of hygromycin were used: 100
pg/ml for GRP cells and O-2A progenitor cells, 50 ug/ml hygromycin
for astrocytes.

To generate GRP cells-EGFRvIII-astrocytes-DNp53 (G®A*%) and GRP
cells-DNp53-astrocytes-EGFRVIII (G AF) cells, the GRP cells and O-2A
progenitor cells bearing single EGFRVIIT or DNp53 were treated with
astrocyte differentiation medium containing 10% FBS for 4 d. The astro-
cytes derived from O-2A progenitor cells-DNp53 stopped dividing. The
astrocytes derived from GRP cells-EGFRVIII were transduced with the
oncogene DNp53 to generate GEA™ cells. Similarly the astrocytes derived
from GRP cells-DNp53 were transduced with the oncogene EGFRVIII to
generate G A" cells.

The expression of EGFRVIII and PDGFRa was analyzed by Western
blot analysis using anti-EGFR antibody (1:1000, sc-3; Santa Cruz
Biotechnology) and anti-PDGFRa antibody (1:1000, sc-338; Santa Cruz
Biotechnology); the expression of DNp53 was confirmed by immunopre-
cipitating with anti-total p53 antibody (1 ug, sc-99; Santa Cruz Biotechnol-
ogy) and immunoblotting with anti-DNp53 antibody (1:1000, sc-6243;
Santa Cruz Biotechnology). The expressions of luciferase were tested by
luciferase assay with microplate reader (Promega).

FACS analysis. Each population of transduced cells was dissociated
with HBSS/EDTA and collagenase (Worthington Biochemicals) to form
single-cell suspensions. Cells were stained with FACS buffer containing
the primary antibody against Promininl/CD133 (MB9-3G8; Miltenyi
Biotec) for 30 min on ice, followed by a secondary anti-rat IgG antibody-
conjugated FITC for 20 min on ice. Similarly each type of transduced cell
was stained with FITC mouse anti-SSEA-1 (BD PharMingen) for 30 min
on ice. The controls were cells only stained with secondary antibody-
conjugated FITC. Propidium iodide or DAPI were added as viability
exclusion dyes. FACS analysis was used to determine the percentage of
cells positive for Promininl (CD133) or LeX (CD15). The gates were set
based on the controls being 0.05% CD133 * or LeX *.

Spheroid-forming assay. The cells were plated at 10,000 cells/well on
12-well plates coated with anti-adhesive polyHEMA (1.6 mg/cm?), un-
coated plates, or plates coated with substrate for studying comparable
primary cells (fibronectin and laminin for GRP-derived cells; PLL for
O-2A progenitors/astrocytes-derived cells). The spheres were observed
after 7 d of in vitro growth.

Limiting dilution analysis. Cells were plated in 96-well plates directly or
plates coated with polyHEMA or serial dilution of substrates used for
studying their primary counterparts. Cell dilutions ranged from 10 cells/
well to 2000 cells/well in 100 ul aliquots. After 7 d, the fraction of wells
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Schematic summary of the isograft mouse model. 4, 53, DNp53; £, EGFRVIII; P, PDGFRe; 0, 0-2A progenitor cells; G, GRP cells; and A, type-1-astrocytes. B, Cell lines were generated from

0-2A/0PCs or GRP cells by retroviral-mediated gene transfer with dominant-negative TP53 (DNp53) combined with EGFRVIIl or PDGFRcx. C, Cell lines were generated by first introducing DNp53 or
EGFRvIIlin GRP cells, inducing astrocyte differentiation and then introducing the complementary oncogene. DNp53 and EGFRvIll were also directly introduced into purified cortical astrocytes. D, Cells were also
transduced to express firefly luciferase, allowing visualization of their growth in vivo. The tumor formation visualized by bioluminescence scanning in vivo was further confirmed by H&E staining.

containing neurospheres or 3D foci for each cell-plating density was
calculated.

Intracranial cell transplantation into C57BL/6 mice. Cells were sus-
pended in 0.3-2 ul of PBS in aliquots of 500,000 cells or 25,000 cells.
These aliquots were intracranially transplanted into C57BL/6 male or
female neonatal mouse striatum of the left hemisphere, following anes-
thesia by hypothermia. The injection coordinates were 1 mm to the left of
the midline, 0.5 mm anterior to coronal suture, and 1.5 mm deep to
P3-P4 mice, or 2 mm deep to P7 mice.

Bioluminescence scanning. At 24 h, 2 weeks, 3 weeks, 4 weeks, and 5
weeks post-transplantation, luciferase substrate p-luciferin firefly potas-
sium salt solution (Xenogen) was injected intraperitoneally into mice
following administration of anesthesia, and after 10 min the mice were
imaged by IVIS 100 imaging system (Xenogen) to monitor the growth of
transplanted cells based on the activity of expressed luciferase.

Mouse brain fixation and histopathology. The mice with tumors de-
tected by bioluminescence scanning were killed after 2 weeks, 3 weeks, 4
weeks, or 5 weeks and the mice without luminescence-detected tumors
were killed in weeks 4—6 by cardiac perfusion-fixation with heparin
followed by 4% paraformaldehyde under anesthesia. The whole brains
were isolated, postfixed (overnight at 4°C), cryoprotected in 30% sucrose
(overnight at 4°C), embedded into optimal cutting temperature com-
pound, and cut coronally into 14 wm as cryostat sections, and stored at
4°Cina cryoprotectant solution. Free-floating sections were mounted on
HistoBond microscope slides. Hematoxylin and eosin (H&E) staining, or
immunofluorescence analysis, was performed on these frozen sections.

Immunofluorescent staining of brain tissues. The free-floating sections
were rinsed in Tris-buffered saline (TBS) several times and incubated in
TBS with 0.1% Triton X-100 and 3% goat serum (TBS-plus) for 30 min.
Sections were then incubated with antibody against p53 (sc-6243; Santa
Cruz Biotechnology), EGFR (sc-3; Santa Cruz Biotechnology), Ki67 (BD
Pharmingen), LeX (BD Bioscience), Olig2 (Millipore Bioscience Re-
search Reagents), CCl (Calbiochem), NeuN (Millipore Bioscience
Research Reagents), or B-tubulin III (Sigma) in TBS-plus for 48 h at 4°C.
Sections were rinsed several times in TBS and incubated for 1 h with
secondary antibodies (Molecular Probes). After several washes in TBS,

Table 1. Summary of the isograft results of different glial cell types

Number of cells per Tumor Weeks post
Cell type graft (number of mice) incidence graft
0%t 500,000 (3) 3/3 2
0% 25,000 (9) 9/9 4
0** 500,000 (6) 0/6 4-6
6t 500,000 (3) 3/3 2
¢t 25,000 (4) 2/4 4
(2 500,000 (8) 0/8 4-6
GAE 25,000 (4) 0/4 4-6
GPAE 500,000 (1) 0/1 4-6
GEA® 25,000 (4) 4/4 4-5
At 500,000 (15) 0/15 4-6
At 137,500 (4) 0/4 6
AP 500,000 (6) 0/6 4-6

Luciferase-expressing cell lines were transplanted into mice at varying cell numbers and tumor development was
followed by noninvasive imaging as indicated. All mice were examined histologically to confirm the results of
noninvasive imaging studies.

sections were mounted on gelatin-coated glass slides using anti-fading
mounting solution. The images were taken using a confocal laser-
scanning microscope (Leica TCS SP2).

Immunofluorescent staining of cells. Cells were seeded at 1000 cells/
coverslip and cultured in conditions that maintain their respective dif-
ferentiation potential in vitro. After several days, cells were fixed in 2%
paraformaldehyde for 10 min and stained with cell type-specific antibod-
ies: the glial precursor cell marker A2B5, astrocyte marker glial fibrillary
acid protein (GFAP), and DAPI. The images were observed using a
Nikon Eclipse E400 microscope and Spot RT camera.

In vitro chemotherapy toxicity and viability assay. Control and trans-
duced cells were plated in coated 96-well plates at a density of 1000
cells/well. After 24 h, cells were treated for BCNU over a wide dose range
for 1h:0.1 um-5mm for 0°%E, GFA*? and G*’AF cells, and 0.1-100 M for
O-2A/OPCs, GRP cells, and astrocytes as previously described (Dietrich
etal., 2006; Han et al., 2008) and as determined by the half-life of BCNU
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in vivo. Cell survival was determined 48 h later
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anterior - posterior

by alamarBLUE combined with DAPI stain to
analyze nuclear morphology. Quantification of
cell viability through reading of UV absorption
spectrums at 560 nm was performed on a mi-
croplate reader. Ki67 staining of 0%E GFA™3,
and G>3AF cells, plated at the same densities
and cultured for 72 h, was performed on
substrate-coated coverslips using standard
procedures (Noble et al., 1984; Groves et al.,
1993; Ibarrola et al., 1996; Rao et al., 1998; Her-
rera et al., 2001; Gregori et al., 2002; Power et
al., 2002).

|eJjuaA-jesiop

Results

Cells and oncogenes studied

We first asked whether expression of
oncogenic changes, shown previously to
generate oligodendrogliomas in trans-
genic mice, caused two closely related glial
progenitor cells both to generate oligo-
dendrogliomas or whether the generation
of oligodendrogliomas was specific to ex-
pression of these oncogenes in a specific
cell type. The progenitor cells we studied
were O-2A/OPCs, the direct ancestors of
myelin-forming oligodendrocytes, and
GRP cells, the developmentally earliest
known progenitor cell population re-
stricted to the generation of glial cells of
the CNS. Although similar in respect to
labeling with the A2B5 antibody, in being
responsive to FGF-2 as a mitogen and in
being able to generate both oligodendro-
cytes and astrocytes, GRP cells and O-2A/
OPCs differ in their substrate requirements, timing of
developmental appearance, ability to respond to platelet-
derived growth factor (PDGF) as a single mitogen, types of astro-
cytes they generate, and in other properties (Raff et al., 1983;
Groves et al., 1993; Rao et al., 1998; Herrera et al., 2001; Noble et
al., 2004; Davies et al., 2011; Ketschek et al., 2012). In particular
respect to the studies we conducted, GRP cells are able to generate
astrocytes antigenically similar to those that can be isolated from
the cerebral cortex of young rats and mice, as well as being able to
generate astrocytes with the distinctive (type-2) phenotype ex-
pressed by those generated from O-2A/OPCs (Raff et al., 1983;
Rao et al., 1998; Noble et al., 2004). Extensive prior development
of purification strategies for these progenitor cells, as well as for
astrocytes isolated from cortices of young rodents, enable the
generation of populations in which purity is =99.5%, as demon-
strated both by analysis of mass cultures and by clonal analysis
properties (Noble et al., 1984; Groves et al., 1993; Ibarrola et al.,
1996; Rao et al., 1998; Herrera et al., 2001; Gregori et al., 2002;
Power et al., 2002). Moreover, due to the later appearance of
0O-2A/OPCs during development than GRP cells, it is possible to
generate pure populations of GRP cells in which no O-2A/OPCs
are present (Gregori et al., 2002).

To circumvent the lack of cell-specific promoters that allow
selective targeting of oncogene expression to GRP cells or O-2A/
OPCs individually, we used retroviral-mediated gene transfer to
express the dominant-negative (p53175H) mutant of the TP53
gene (DNp53) (Xia and Land, 2007) in purified cultures of O-2A/
OPCs and GRP cells. This was combined with retroviral-
mediated expression of either the truncated constitutively active

|eJjudA-jesiop

|eJjuaA-jesiop

Figure 2.

0% (4), G (B), and GEA™* (€) cells grow in vivo with different degrees of increases in cell number and migration in
vivo. The different cell types (identified by labeling with anti-p53 antibody) exhibited different infiltration abilities along the
dorsal-ventral and anterior—posterior axes following transplantation of 25,000 cells. The diagram in the bottom left (D) illustrates
the positions of sections in column |, 11, and I1l.

EGFRvIII variant of the EGFR (Huang et al., 1997) or the platelet-
derived growth factor receptor-a (PDGRa; Fig. 1A,B). Previous
studies in transgenic mice have shown that expression of the
constitutively active EGFR mutant v-erbB under control of the
S1008 promoter in a TP53—/— mouse selectively causes genera-
tion of oligodendrogliomas (Weiss et al., 2003; Persson et al.,
2010). The oncogenic mutants that we used have biologically
similar outcomes in terms of loss of p53 function and expression
of constitutively active EGFR activity, but are more akin to the
types of genetic changes that occur in human tumors. Mutations
in TP53 are the most prevalent genetic alterations in gliomas
(Stark et al., 2003), rather than homozygous loss as it occurs in
TP53—/— mice. Amplified expression of EGFR and/or PDGRa
also occurs in many gliomas (Parsons et al., 2008; Verhaak et al.,
2010), and the EGFR is particularly prone to mutational changes
(Martinho etal., 2009), with the EGFRvIII mutation occurring in
20-30% of all primary glioblastomas (Sugawa et al., 1990). This
mutation causes constitutive tyrosine kinase activity (Grandal et
al., 2007) and increased resistance to chemotherapeutic agents
(Montgomery et al., 2000). The cell lines generated in our studies
are abbreviated using conventions shown in Figure 1A. We fur-
ther expressed firefly luciferase in all cells to be able to follow their
growth in vivo by noninvasive imaging.

Expression of DNp53 and EGFRVIII in O-2A/OPCs and GRP
cells causes different kinds of tumors

Transduced O-2A/OPCs and GRP cells were isografted into wild-
type C57BL/6 mice to determine their ability to form tumors.
Following transplantation, we found that G*** or O>** cells both
generated luciferase-expressing tumors over a period of 2-5
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X0l

X0¢

X0y

X001}

A3 GEAS?

J. Neurosci., October 16, 2013 - 33(42):16805-16817 * 16809

0> cell-derived tumors exhibited
multiple features seen in high-grade hu-
man oligodendrogliomas and also in
small-cell astrocytomas (Fig. 3AI1). Tu-
mor cells showed small uniformly round
nuclei with a fine chromatic pattern, oc-
casional micronucleoli, and little cyto-
plasm. Tumors had apparent epicenters
in the nucleus accumbens and basal gan-
glia. Within the tumor mass, some arcuate
capillaries without hyperplasia were pres-
ent. We observed subependymal accu-
mulation of 0% cells at the ipsilateral
ventricle. We also found focal intraven-
tricular extension of O™F cells without
frank ependymal seeding. O**F cells infil-
trated into the overlying cortex, the adja-
cent corpus callosum, parietal lobe, and
the contralateral hemisphere. There were
also perivascular 0> cells away from the
epicenter in areas without tumor mass
with infiltration of normal tissue around
blood vessels.

In contrast, G cells generated tu-
mors with characteristics more like those
of grade II benign infiltrative astrocyto-
mas (Fig. 3A2). Tumor cells had small
round to ovoid nuclei with minimal
atypia and without extensive mitotic ac-
tivity. We observed small collections of

infiltrative infiltrative anaplastic ) A
oligodendroglioma astrocytoma astrocytoma tumor CffHS in the SuPeﬂOT.CaUdate/ puta-
Gradell Grade |l or low Gradell men subjacent to the anterior horn of the

Figure3. 0%, G* and GEA* cells all form different types of tumors in vivo. A, H&E staining showed that different transduced
cells generated histopathologically distinct types of gliomas. A7, Tumors originating from 0% cells appeared as sheets of rounded
nuclei with arcuate blood vessels, which are cytological features commonly seen in oligodendroglial neoplasms and also in
small-cell astrocytomas. A2, Tumors originating from G* cells formed a lesion in the subventricular zone and were composed of
cells with relatively uniform round and irregular nuclei, which are classified as infiltrative astrocytomas. A3, Tumors originating
from GEA? cells infiltrated around the blood vessels as shown by the arrow and were composed of cells with elongated or
hyperchromatic nuclei, which are cytological features of higher grade astrocytomas. 0°* and GEA** cells infiltrated the normal
tissues around blood vessels (Scherer’s secondary structure in high-grade astrocytomas and high-grade oligodendrogliomas). The
magnifications are shown on the left. B, Examples of H&E staining of clinical human anaplastic astrocytoma, anaplastic oligoden-

droglioma, and infiltrative astrocytoma.

weeks (Fig. 1D). In contrast, basal luciferase activity disappeared
in 1-2 weeks in mice transplanted with cells expressing DNp53
together with increased levels of PDGFRa.

0”F cells formed aggressive tumors, while G>** cells showed lim-
ited in vivo growth. Although both populations generated tumors in
2-5 weeks in all mice engrafted with 500,000 cells, when we grafted
25,000 cells (using cells isolated from independent infection experi-
ments), G*** cells only generated tumors in 2/4 mice, while O cells
generated tumors in 9/9 mice (Table 1). Moreover, the extent of
migration and magnitude of tumor growth was far greater for O***
cells than for GF cells (Fig. 2 A, B). In contrast, neither 0P cells nor
G™" cells generated tumors in vivo (Table 1), despite the frequency
of amplified PDGFRa expression in low-grade gliomas (Parsons et
al., 2008; Verhaak et al., 2010).

lateral ventricle, but no G cells were ob-
served in the anterior, posterior, and ven-
tral parts of brain (Figs. 2B, 3A2). There
was no evidence of notable microglial ac-
tivation or infiltration of normal tissues
around blood vessels.

Astrocytic differentiation can either
suppress tumor-forming ability of GRP
cells or enhance the malignancy of
tumors, depending on the order

of oncogene expression

The ability to generate benign astrocyto-
mas from G*** cells was of particular in-
terest in light of previous conflicting
findings related to the effects of astrocytic
differentiation on tumor generation.
Some studies have reported that astrocyte generation can sup-
press differentiation, while other studies have reported conflict-
ing results (Holland et al., 1998; Bachoo et al., 2002; Uhrbom et
al., 2002; Bruggeman et al., 2007; Marumoto et al., 2009; Jacques
etal., 2010; Ghazietal., 2012). In at least some of these conflicting
studies, however, experiments were conducted in such a manner
that cells from mice with germline mutations in tumor suppres-
sor genes, or targeted knockout of TP53 tumor suppressor genes
in nestin-expressing cells, were transduced to express a second
oncogenic change in GFAP-expressing cells. Thus, the first mu-
tation is already present in stem and progenitor cells before ex-
pression of the second oncogene in astrocytes, which raises the
question of whether prior oncogene expression at a precursor cell
stage may contribute to the biology of astrocytoma generation.
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GRP cells are particularly useful in analyzing the above ques-
tions due to their ability to generate astrocytes that have been
analyzed in several transplantation studies (Davies et al., 2006,
2008, 2011). Achieving an experimental manipulation in which
one oncogene was introduced at the precursor cell stage and the
second after differentiation was performed by introducing
DNp53 or EGFRVIII at the GRP cell stage, inducing differentia-
tion into GFAP+ astrocytes, and then introducing the comple-
mentary oncogene. We also introduced DNp53 and EGFRVIII
directly into purified cortical astrocytes.

Induction of astrocytic differentiation as an intermediate step
between the introduction of DNp53 and EGEFRVIIL (i.e.,
G>’AFcells; Fig. 1C), or expression of these oncogenes in astro-
cytes themselves (i.e., A>*cells; Fig. 1C), suppressed tumor gen-
eration in vivo compared with G>* cells, and transplantation of
these cells was not associated with maintenance or spread of lu-
ciferase expression (Table 1). Similarly, expression of DNp53 and
PDGFRa in astrocytes (i.e., A>Peells; Fig. 1C) was not associated
with tumor growth.

In contrast, reversing the order in which oncogenes were ex-
pressed demonstrated that astrocyte differentiation can also pro-
mote malignancy. Rapidly growing and highly migratory tumors
were generated in mice transplanted with 25,000 cells in which
EGFRVIII was introduced into GRP cells, followed sequentially
by induction of astrocytic differentiation and introduction of
DNp53 (i.e., GFA* cells; Table 1, Figs. 1C, 2C, 3A3). These tu-
mors also grew more aggressively than G™** tumors.

In contrast with tumors generated from 0% or G>* cells,
GPA>’-derived tumors most closely resembled highly malignant
anaplastic astrocytomas. Tumors exhibited with an epicenter in
the nucleus accumbens and basal ganglia with extension to the
thalamus (Figs. 2C, 3A3). Tumor cells showed elongated or hy-
perchromatic nuclei with modest atypia. GFA* cells infiltrated
the corpus callosum and the overlying cortex with striking, dense
angiocentric aggregation even in areas well removed from the
hypercellular tumor. GFA> cells infiltrated into the parietal lobe
and the deep gray matter: caudate and putamen, and infiltrated
into the contralateral hemisphere through both the corpus callo-
sum and anterior commissure. There was also subependymal but
no leptomeningeal extension. In contrast with G™F cells, GFA*
cells infiltrated normal tissue around blood vessels, shown as the
arrow in Figure 3A3.

It was also noteworthy that GRP cells were the only cells in
which experiments examining the consequences of reversing the
order of oncogene expression was possible, as both O-2A/OPCs
and astrocytes induced to expression EGFRVIII alone were not
able to undergo continued cell division.

Different host cells were found in G**E, 0°*E, and GFA>?
cell-derived tumors

As analysis of antigen expression is an important component of
tumor classification, we next examined G***, 0°*%, and G*A*’
cell-derived tumors to determine whether the patterns of antigen
expression by tumor cells correlated with the neuropathological
classification of tumors. In these analyses, tumor sections were
labeled with the CC1 anti-adenomatous polyposis coli protein
antibody (a marker of oligodendrocytes; Kitada and Rowitch,
2006), anti-GFAP antibody (a marker of astrocytes), anti-Olig2
(a transcriptional regulator important in CNS development that
is expressed by all types of gliomas), anti-LeX (a stem cell
marker), anti-Ki67 (a marker of proliferating cells), and antibod-
ies against the neuronal antigens NeuN or 3-III tubulin. Tumor
cells were readily identified in these analyses by expression of high
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Figure4.  Analysis of antigen expression in tumors from G and 6™ cells in vivo. A,

The tumors derived from GFA®? cells did not contain any (C1+ cells, but such cells were abun-
dantin 0°* and G**-derived gliomas. No CC1+ cells were colabeled with anti-p53 antibodies,
indicating they were of host origin. B, In contrast, all tumors contained GFAP+ cells, the
majority of which were of host origin. €, All tumors also contained abundant LeX+ cells and
Ki67 + cells. D, All tumors also contained abundant Olig2+ cells, many of which also were
labeled with anti-p53 antibody indicating them to be of tumor origin. E, Only GEA*>-derived
tumors contained abundant NeuN + cells in the tumor mass. Dotted lines represent infiltration
edges of tumors. Arrows in € show TP53 +/Ki67 + cells; arrowheads show TP53-/Ki67 + cells.
Arrows in D show TP53+/0lig2+ cells; arrowheads show TP53-/0lig2 + cells.

levels of TP53 and EGFRVIII (which showed virtually complete
correlation).

Tumors arising from O** and G>** transplants contained
readily detectable cells labeled with anti-adenomatous polyposis
coli protein (clone CC1) antibody (a marker of oligodendrocytes;
Kitada and Rowitch, 2006). As the CC1+ cells were all TP53
negative, however, such cells were host derived and not tumor
derived (Fig. 4A).

In contrast with the restricted presence of CCl+ cells,
GFAP+ cells were found in all three tumor types. Even for this
antigen, however, the majority of GFAP+ cells were TP53 nega-
tive and thus most likely of host origin (Fig. 4B). In addition,
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Table 2. Expression of prominin (CD133) and LeX antigens varies greatly among
different cell populations

Cell type Prominin/CD133+ SSEA-1/LeX+

0*f 0.38% == 0.04% 0.23% = 0.13%
0 <1% <1%

Gt 21.32% + 7.99% 28.33% = 12.56%
& <1% <1%

GEA® 9.60% = 2.93% 9.13% =+ 4.73%
GAE 0.32% = 0.23% 2.96% *+ 2.13%
At 0.76% = 0.33% 1.21 = 0.54%
AP <1% <1%

The values of prominin (CD133) and LeX-expressing cells represent average percentage == SEM of all live cells
(propidium iodide ™" or DAPI ") of three separate FACS experiments.

tumor-derived cells positive for LeX and Olig2 (a transcriptional
regulator that is expressed by all types of gliomas; Ligon et al.,
2004) were found in all tumors and all tumors contained Ki67 +
(i.e., dividing) cells and Olig2+ cells of both transplant and host
origin (Fig. 4C,D).

CCl1+ oligodendrocytes were not seen in G*A**-derived tu-
mors, which instead contained abundant cells expressing the
neuronal markers NeuN and B-III tubulin. NeuN+ and B-III
tubulin+ cells were found at both the center and the infiltrating
edge of GPA>’-derived tumors. These cells did not express TP53,
suggesting that these cells were host derived (Fig. 4E). In contrast
to GEA**-derived tumors, O*** or G*** tumors did not contain
NeuN+ or B-III tubulin+ cells. These differences were not due
to analysis of different brain regions or differences in tumor size,
as G™F cell-derived tumors were much smaller than either O>**
or GFA* cell-derived tumors.

The ability to generate tumors in vivo correlates with the
ability to generate foci in adherent cultures, but not with
expression of putative cancer stem cell antigens or the ability
to grow as adhesion-independent spheroids

The differences in tumor generation among the cell types exam-
ined raised the question of whether these different cell types also
exhibited differences in expression in vitro of putative markers of
tumor initiating cell (TIC) capacity. The two phenotypes most
often studied in this respect are expression of putative antigenic
markers of TICs and the ability of cells to generate adhesion-
independent spheroids in vitro. We therefore examined each of
these properties.

The three putative markers of TICs that we examined were
CD133 (prominin), Lewis carbohydrate antigen (LeX/CD15),
and labeling with the A2B5 monoclonal antibody. CD133+ cells
were originally reported to be more capable of tumor initiation
than CD133-negative cells (Singh et al., 2004; Bao, 2006), but
even in studies reporting that tumors with more CD133+ cells
tended to be more malignant (Ogden et al., 2008; Rebetz et al.,
2008; Zeppernick et al., 2008) detailed examination of the data
reveals multiple malignant tumors with few CD133+ cells and
multiple benign tumors with many such cells. Expression of LeX
was reported to more accurately predict whether a cell can form
gliomas (Son et al., 2009).

Results obtained from antigen analysis revealed that the pro-
portion of CD133+, LeX+, and A2B5+ cells did not correlate
with the tumor-forming capacity of tumors derived directly from
progenitor cells. However, the expression of CD133 and LeX
showed a better correlation in the case of cell lines derived from
astrocytes (Table 2). G>F cultures contained ~21% CD133+
and ~28% LeX+ cells, as contrasted with expression of only
~2% CD133+ and <1% LeX+ cells in parental GRP cultures. In

J. Neurosci., October 16, 2013 - 33(42):16805-16817 * 16811

C Substrate .

BT
et

HSSV SSVHD

JESV

Figure 5.  The ability of cells to form foci when grown on appropriate substrates predicted
tumorigenicity, but generation of the adherence-independent spheroids did not. A, When
grown on polyHEMA-coated surfaces, all cell lines generated adherence-independent spher-
oids. B, When grown on tissue culture plastic, only populations derived from progenitors spon-
taneously generated spheroids (€). When grown on substrates used for studying comparable
primary cells (fibronectin and laminin for GRP cells, PLL for 0-2A/0PCs and astrocytes), only
0%3, 6%, and GEA® cells generated 3D foci. Scale bar, 100 wm. See also Table 3.
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Table 3. Limiting dilution assays were performed to analyze the frequency of cells giving rise to free-floating spheroids (on polyHema) or 3D foci (on tissue culture plastic
or on substrates used for studying primary cells)

Plating density (number of cells/well)

Coating Cell 10 20 50 100 200 500 1000 2000
PolyHEMA 0%t 40% 90% 100% 100% 100% 100% 100% 100%
0% 50% 60% 90% 100% 100% 100% 100% 100%
G 90% 100% 100% 100% 100% 100% 100% 100%
(G2 50% 70% 100% 100% 100% 100% 100% 100%
GAE 90% 100% 100% 100% 100% 100% 100% 100%
(6 100% 100% 100% 100% 100% 100% 100% 100%
AS3E 0 0 0 30% 40% 70% 100% 100%
AP 0 0 0 10% 10% 30% 70% 100%
Tissue culture plastic 0%t 80% 100% 100% 100% 100% 100% 100% 100%
0% 50% 90% 100% 100% 100% 100% 100% 100%
(2 100% 100% 100% 100% 100% 100% 100% 100%
(s 50% 100% 100% 100% 100% 100% 100% 100%
GAF 90% 100% 100% 100% 100% 100% 100% 100%
GEA% 80% 100% 100% 100% 100% 100% 100% 100%
Substrate 0%t 17% 67% 83% 100% 100% 100% 100% 100%
(5 83% 100% 100% 100% 100% 100% 100% 100%
(& 50% 67% 100% 100% 100% 100% 100% 100%

Cell dilutions ranged from 10 cells/well to 2000 cells/well in 100 ! aliquots. After 7 d, the fraction of wells containing free-floating spheroids or 3D foci for each cell plating density was calculated.

contrast, the more malignant O>*F cells looked much like their
parental cells, with <0.5% of oncogene-expressing cells being
CD133+ or LeX+, much as parental O2A/OPC cultures con-
tained almost no CD133+ or LeX+ cells. When we examined
labeling with the A2B5 antibody (which also has been reported as
a marker of glioma cells with TIC-like properties; Ogden et al.,
2008; Auvergne et al., 2013), we found that >99.5% of G*Fand
O cells were A2B5+, as is the case for their parental primary
cells.

Expression of CD133 and LeX expression in astrocytes de-
pended on when DNp53 and EGFRVIII were introduced, with
tumorigenic cultures showing the highest level of expression of
these markers. Very few cells expressed CD133 or LeX in primary
astrocyte cultures, and only ~1% of cells were CD133+ or LeX+
in A>’ cultures. G”’A* cultures also contained few CD133+ cells
(0.3%) or 3% LeX+ cells (3%). In contrast, in GFA> cell cultures
(i.e., cells in which EGFRVIII was introduced into GRP cells, and
DNp53 was introduced after induction of astrocyte generation),
~9% of cells were CD133+ or LeX+. The different proportions
of cells expressing these antigens were not simply due to growth
in different conditions, as G°E, G AL, and GEA? cells were all
grown in identical conditions.

In contrast with the effects of coexpression of DNp53 and
EGFRVIII in GRP cells and their derivatives, coexpression of
DNp53 and PDGFRa did not increase the expression of CD133
or LeX in GRP cells, O-2A/OPCs, or astrocytes (Table 2).

When we examined the capacity of the various cell lines
under study to grow as free-floating spheroids, which has been
suggested as a predictor of clinical outcome and tumor pro-
gression (Beier et al., 2008; Laks et al., 2009) and a means of
enriching to TIC-like cells (Galli et al., 2004; Singh et al.,
2004), we found no correlation with tumorigenicity. On non-
adhesive surfaces coated with PolyHEMA, all cell lines were
able to grow as free-floating spheroids (Fig. 5,A), although the
efficiency of spheroid generation varied between different
starting populations (Table 3). When we examined our three
tumor-forming populations, we found that O* cells (which
generated malignant tumors) were able to generate free-
floating spheroids in all wells of 96-well plates at the plating
density of 50 cells/well. G>** cells (which formed benign tu-
mors) generated spheroids at a lower plating density of 20

cells/well while GFA*? cells (which formed malignant tumors)
were able to grow as free-floating spheroids in all wells at the
somewhat lower plating density of 10 cells/well. These effi-
ciencies of spheroid generation also did not discriminate non-
tumorigenic populations as G’A* cells (which did not form
tumors) also generated spheroids at plating densities of 20
cells/well and G*" cells (which did not form tumors) gener-
ated spheroids in all wells at plating densities of 50 cells/well.
Thus, although some populations that did not generate tu-
mors required higher plating densities to generate spheroids
(0" cells = 100 cells/well; A>E cells = 1000 cells/well;
A>Fcells = 2000 cells/well), this particular phenotype did not
discriminate between tumorigenic and nontumorigenic pop-
ulations. Growth on tissue culture plastic also did not discrim-
inate between tumorigenic and nontumorigenic populations,
although only cell lines initiated from precursor cells gener-
ated these three-dimensional aggregates when grown on these
surface (Fig. 5B).

The one condition in which patterns of growth correlated
precisely with the ability of cells to generate tumors was when
cells were grown on substrates used for studying their primary
counterparts (Fig. 5,C, Table 3). O-2A/OPCs can be grown on
surfaces coated with PLL or with fibronectin/laminin, and O***
cells were able to generate 3D foci when plated at 100 cells/well on
PLL-coated surfaces (Fig. 5) or fibronectin/laminin-coated sur-
faces (data not shown). Primary GRP cells require growth on
fibronectin/laminin-coated surfaces, and while GFA>’ cells gen-
erated foci on these surfaces at plating densities as low as 50
cells/well, they did not do so on PLL-coated surfaces. When
grown on PLL-coated surfaces, G**F cells were able to form dense
aggregates, but these did not express the 3D foci-like appearance
seen when these cells were grown on surfaces coated with fi-
bronectin/laminin (even at plating densities as low as 20 cells/
well). In contrast, GZAF A>E, O*F) GF) or A>F cells did not
generate 3D foci on any surfaces.

The ability of 0**F, G**%, and GFA™ cells to generate 3D foci
was not altered by reducing substrate concentrations over an
eightfold range (data not shown). O cells grew as 3D foci on
surfaces coated with serial dilutions of PLL (1:2; 1:4; and 1:8).
Similarly, when G>** and GFA™ cells were plated on surfaces
coated with serial dilutions of fibronectin/laminin (1:2; 1:4; and



Wang et al. e Cell-of-Origin Affects Multiple Glioma Properties

1:8), both cell types formed 3D foci, with the only difference
being that there were fewer monolayer cells when G>** and GFA>
cells were plated on surfaces coated with diluted fibronectin/
laminin solutions.

GRP cells and O-2A/OPCs show differences in their
acquisition of resistance to BCNU, and resistance is further
enhanced in G*A*’ cells

We next examined whether the cell-of-origin of a tumor also may
be important in contributing to resistance to chemotherapy. As
TP53 and EGFR mutations both can confer resistance to chemo-
therapeutic agents (Buttitta et al., 1997; Montgomery et al., 2000;
Fraser et al., 2003; Cosse et al., 2009), we would expect all tumor-
igenic populations to be more resistant than the cells of origin. In
these analyses, we focused on sensitivity to carmustine (BCNU),
a nitrosourea used in treatment of oligodendrogliomas and other
brain tumors, which is highly toxic for O-2A/OPCs and GRP cells
but less so for astrocytes (Dietrich et al., 2006).

We found that although primary O-2A/OPCs and GRP cells
were similarly sensitive to BCNU, G* cells were more BCNU
resistant than O°** cells (Fig. 6). For example, exposure to 25 um
BCNU killed >90% of primary O-2A/OPCs and GRP cells. In
contrast, the killing of >90% of O%F cells required 100 um
BCNU, but this exposure level only killed ~40% of G>** cells
(Fig. 6A). Even exposure to 500 um BCNU killed only ~60% of
G cells (Fig. 6B).

Resistance to BCNU in the GRP cell lineage increased still
further if astrocytic differentiation was induced between expres-
sion of DNp53 and EGFRVIIIL. At low exposure levels, both cell
types showed similar resistance. When exposure levels were in-
creased, however, GFA™ cells showed greater resistance such that
exposure levels of 500 uM and 1 mm BCNU killed more G**F cells
than G®A’ cells (Fig. 6B).

As it is generally believed that rapidly dividing cells are more
susceptible to chemotherapeutic agents than slowly dividing
cells, we determined whether such differences in division corre-
lated with vulnerability in our experiments. However, we found
that the more susceptible O*** cultures contained fewer cells la-
beled with the Ki67 antibody (a marker of proliferating cells) than
G>’F and GPA cultures (Fig. 6C). These results suggest the dif-
ference in the response of tumorigenic glial precursor cells to
BCNU was not simply due to more rapid division by O>*F cells.

Discussion
The extensive interest in identifying cells of origin for different
gliomas is based on the hypothesis that cellular origin has impor-
tant consequences for glioma biology. It is, however, equally pos-
sible—particularly for closely related cells—that tumor phenotype
is primarily determined by the specific oncogenes expressed, par-
ticularly as different kinds of tumors tend to have different ge-
netic alterations. Answering this question requires expression of
identical oncogenes in different cell types that are sufficiently
closely related that divergent outcomes would not be easily pre-
dicted. GRP cells and O-2A/OPCs are particularly attractive for
studying this problem as they are both well characterized CNS
progenitor cells that are restricted to the generation of glia and
that can also be isolated and studied as highly purified (>99.5%)
cell populations. Analysis of these cells offers multiple new find-
ings (summarized in Table 4) related to potential contributions
of cell-of-origin to tumor phenotype.

One striking difference between GRP cells and O-2A/OPCs
was seen in the cytologically distinct tumors they generated, with
GRP cells generating tumors with characteristics of astrocytomas
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Figure 6. Resistance to BCNU is correlated with the tumor cell-of-origin. A, Dose—response
analysis for effects of BCNU on wild-type GRP cells, 0-2A progenitor cells, and astrocytes (dotted
lines) and 0°%, G*£, and GEA** cells (solid lines) shows that expression of DNp53 and EGFRlll is
associated with different levels of chemoresistance in the different cell lines. B, Analysis at
higher BCNU levels further confirms different levels of resistance in the different cell lines. Cells
were exposed to BCNU for 1 h and survival was determined after an additional 48 h. Data are
shown as Mean == SEM normalized to control values (n = 6 for each condition in two indepen-
dent experiments). €, Determination of the percentage of Ki67 + cells in 0°*, G**, and GFA*
cell cultures shows that the more susceptible 0° cells contained fewer Ki67+ cells than
cultures of G or GEA® cells (n = 4).

and O-2A/OPCs generating tumors with characteristics shared
by malignant oligodendrogliomas and small-cell astrocytomas
(Perry etal., 2004). While several studies have been interpreted as
indicating that O-2A/OPCs are ancestors of oligodendrogliomas
(Weiss et al., 2003; Lindberg et al., 2009; Persson et al., 2010),
these studies used promoters (CNPase, S100-8) expressed also in
other cell types, including GRP cells (Liu et al., 2002; Wu et al.,
2003). That expression of identical oncogenes in GRP cells did
not generate tumors with such cytological characteristics
strengthens the view that O-2A/OPCs may be a singular ancestor
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Table 4. Summary of the phenotypes of transformed cells in vitro, and the tumors they generated in vivo

In vitro analyses In vivo analyses
Spheroid formation  Spheroid formation Tumor
Cell  onnonadherent on uncoated Foci formation SSEA-1/LeX incidence Closest tumor Malignant  Types of host
type  surface plastics on substrate (D133 expression  expression (25K cells/mouse)  classification Tumorgrade  orbenign  cellsin tumors
0t + + + 0.38% + 0.04%  0.23% = 0.13%  100% Infiltrative I Malignant ~ Astrocytes,
oligodendroglioma oligodendrocytes
0+ + — <1% <1% 0 NT NT NT NT
¢t + + + 2132% +7.99%  28.33% *+ 12.56%  50% Infiltrative Low grade (Il)  Benign Astrocytes,
astrocytoma oligodendrocytes
o+ + — <1% <1% 0 NT NT NT NT
A+ + - 0.32% = 0.23%  2.96% * 2.13% 0 NT NT NT NT
GA° + + + 9.60% *2.93%  9.13% * 473%  100% Anaplastic 1l Malignant  Astrocytes,
astrocytoma neurons
AE + - — 0.76% = 0.33% 1.21 = 0.54% 0 NT NT NT NT
AP+ - — <1% <1% 0 NT NT NT NT

The values represent average percentage == SEM of all live cells of three separate experiments. + indicates that the phenotype was observed; — indicates that the phenotype was not observed. NT, No tumors.

of tumors with oligodendroglioma-like features. While the gen-
eration of benign astrocytomas from G cells raises the question
of why only malignant oligodendrogliomas were seen in
TPp53—/— mice expressing constitutively active v-erbB under
control of the S1008 promoter (Weiss et al., 2003; Lindberg et al.,
2009; Persson et al., 2010), it may have been that more benign
tumors went unnoticed in the background of the malignant tu-
mors that were the focus of these studies.

Analysis of GRP cells also enabled novel findings regarding
effects of astrocytic differentiation on glioma biology, and dem-
onstrates that the question of whether astrocytes can be a source
of gliomas is more complex than it superficially appears. Previous
studies have been contradictory as to whether being an astrocyte
allows transformation (Bachoo et al., 2002; Uhrbom et al., 2002),
suppresses the effects of oncogenic changes seen in gliomas (Hol-
land et al., 1998; Marumoto et al., 2009; Jacques et al., 2010), or
enhances tumor formation and/or malignancy (Bruggeman et
al., 2007; Ghazi et al., 2012). Our studies indicate these varied
outcomes may reflect both the cell-of-origin and the sequence of
oncogene expression. In both A°** and G>’A*cells, astrocytic dif-
ferentiation suppressed transformation. In contrast, reversing
the order of oncogene acquisition, in G*A*’ cells, demonstrated
that astrocyte differentiation also could enhance malignancy.

The finding that astrocytic differentiation of GRP cells ex-
pressing a single oncogene before introducing a second genetic
change caused marked changes in glioma phenotypes also indi-
cates that analyses of the cell-of-origin of gliomas need to con-
sider possible effects of oncogene acquisition at different stages in
a developmental progression. Although G***-derived benign as-
trocytomas were unambiguously derived from GRP cells, label-
ing GFA*-derived anaplastic astrocytomas as derived singularly
from either GRP cells or astrocytes is not informative as genetic
modification at both stages, and with a particular order of onco-
gene acquisition, was critical in generating more malignant tu-
mors. The importance of distinguishing between the cell of initial
mutation and the cell of tumor origin recently was emphasized in
double-mosaic analyses on the potential role of O-2A/OPCs as a
source of gliomas (Liu et al., 2011), and is also relevant to previ-
ous demonstrations of tumor generation from astrocytes that
used transgenic mice in which at least one genetic change was
present in stem/progenitor cells before astrocytes were generated
(Holland et al., 2000; Bachoo et al., 2002; Uhrbom et al., 2002;
Ghazi et al., 2012).

A further novel finding was the discovery that related tumors
can contain very different host cell populations. While it is well
appreciated that tumors contain host cells of various types, our

finding that O>*F cell- and G**F cell-derived tumors contained
abundant host oligodendrocytes while GFA*’-derived tumors
contained abundant host neurons offers a novel way in which the
cell-of-origin may contribute to tumor characteristics. Such re-
sults also underscore the challenges inherent in trying to define
tumor ancestry based on analysis of antigen or mRNA expression
in tumor biopsies, which have rich-but potentially different—
host cell contributions.

That expression of the same oncogenes in closely related pro-
genitor cells also was associated with striking differences in
CD133 and LeX expression may help to explain otherwise puz-
zling outcomes regarding putative antigenic markers of TICs.
The original findings that glioma TICs express CD133 (Singh et
al., 2009) were followed by studies claiming this is not true for all
gliomas (for review, see Beier and Beier, 2011; Donovan and
Pilkington, 2012). Even studies claiming an association between
the proportion of CD133+ cells in a tumor and the degree of
malignancy (Rebetz et al., 2008; Zeppernick et al., 2008) include
malignant tumors with few CD133+ cells and benign tumors
with many CD133+ cells. Similarly, in our studies, a >25-fold
higher proportion of CD133+ and LeX+ cells in G** than O**F
cultures was associated with lesser malignancy. Increased repre-
sentation of CD133+ and LeX+ cells was, however, associated
with greater malignancy in astrocyte-derived tumors, raising the
possibility that the value of these antigens as a diagnostic tool is
determined by the tumor cell-of-origin.

The differing effects of expression of DN-p53 and EGFRVIII
on BCNU resistance in GRP cells and O-2A/OPCs were also of
particular interest. While both primary cells were equally sensi-
tive to BCNU, the degree of resistance conferred was greater for
G’ than for O°%F cells even though Ki67 labeling indicated that
the more sensitive O>*F cells were the less extensively dividing
population. Thus, although both of these oncogenes confer resis-
tance to chemotherapeutic agents (Buttitta et al., 1997; Mont-
gomery et al., 2000; Fraser et al., 2003; Cosse et al., 2009), the
extent of resistance also seems to be modified by the origin of the
glioma-forming cells.

Although previous studies have not examined the range of the
properties we analyzed, some reports do indicate that different
cells of origin can respond to identical genetic changes by gener-
ating different tumors. For example, expression of mutant
N-myc in perinatal cerebellar or brainstem NSCs yielded primi-
tive neuroectodermal tumors while expression in forebrain NSCs
yielded diffuse gliomas (Swartling et al., 2012). In other studies,
expression of oncogenic K-ras in p53—/— astrocytes yielded ag-
gressive tumors with giant-cell histology while NSC-derived tu-
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mors in these mice showed multilineage antigen expression and
were less malignant. In these studies, however, the precise target
of oncogene action is unknown as genetic changes were present
throughout life and also were sufficiently widely expressed as to
induce skin abnormalities, skin tumors, marked seizures, and
limb paralysis (Ghazi et al., 2012). In addition, overexpression of
PDGEF-B in nestin-expressing cells versus GFAP-expressing cells
caused different types of gliomas (Dai et al., 2001), but the ex-
pression of nestin in all progenitor cells and also in astrocytes in
some conditions (Clarke et al., 1994; Almazan et al., 2001; Milos-
evic and Goldman, 2002; Yoo et al., 2005) means that the cell
types from which tumors were derived cannot be unambiguously
defined.

The reasons why expression of identical oncogenes causes di-
verse effects in different cells is unknown. One attractive possi-
bility is that this reflects the diverse roles played by specific
regulatory elements in different cells in a developmental se-
quence. The strategies we used would be particularly useful in
analyzing this possibility, by allowing side-by-side comparison of
primary cells and transformed derivatives. Multiple other ques-
tions in glioma biology also appear to be more accessible with
these techniques, including analysis of whether expressing differ-
ent oncogenes in a single cell type causes different kinds of tu-
mors. Moreover, the ease with which this approach provided new
tumor models with characteristics of diffuse infiltrative astrocy-
tomas, anaplastic astrocytomas, and shared characteristics of ma-
lignant oligodendrogliomas and small-cell astrocytomas suggests
this experimental strategy offers great potential for generating
new glioma models.

Direct expression of oncogenes in highly purified cell pop-
ulations can be readily extended to other CNS cells (or cells in
other tissues), while other approaches used in studying the
contributions of the cell-of-origin to tumor biology will al-
ways necessarily lag behind the field of cell discovery in pro-
viding access to new cell types, let alone to subpopulations of
individual cell types (as occurs, for example, for GRP cells and
O-2A/OPCs; Power et al., 2002; Strathmann et al., 2007).
Moreover, this is the only approach that enables such analyses
in human cells. Further exploration of this strategy in the CNS
seems likely to enable generation of well defined tumor mod-
els that mirror the broad diversity seen in human gliomas
while deepening our understanding of these tumors, while
extension of this approach to other tissues will facilitate elu-
cidation of the biological principles underlying cell-of-origin
contributions to tumor phenotype.
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