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Neural stem cells (NSCs) are considered to be the cell of origin of
glioblastoma multiforme (GBM). However, the genetic alterations
that transform NSCs into glioma-initiating cells remain elusive.
Using a unique transposon mutagenesis strategy that mutagenizes
NSCs in culture, followed by additional rounds of mutagenesis to
generate tumors in vivo, we have identified genes and signaling
pathways that can transform NSCs into glioma-initiating cells.
Mobilization of Sleeping Beauty transposons in NSCs induced the
immortalization of astroglial-like cells, which were then able to gen-
erate tumors with characteristics of the mesenchymal subtype of
GBM on transplantation, consistent with a potential astroglial origin
for mesenchymal GBM. Sequence analysis of transposon insertion
sites from tumors and immortalized cells identified more than 200
frequently mutated genes, including human GBM-associated genes,
such as Met and Nf1, and made it possible to discriminate between
genes that function during astroglial immortalization vs. later
stages of tumor development. We also functionally validated five
GBM candidate genes using a previously undescribed high-through-
put method. Finally, we show that even clonally related tumors
derived from the same immortalized line have acquired distinct
combinations of genetic alterations during tumor development,
suggesting that tumor formation in this model system involves
competition among genetically variant cells, which is similar to the
Darwinian evolutionary processes now thought to generate many
human cancers. This mutagenesis strategy is faster and simpler than
conventional transposon screens and can potentially be applied to
any tissue stem/progenitor cells that can be grown and differenti-
ated in vitro.

Glioblastoma multiforme (GBM) is the most common form of
malignant brain cancer in adults. Patients with GBM have

a uniformly poor prognosis, with a mean survival of 1 y (1). Thus,
advances on all fronts, both basic and applied, are needed to
combat this deadly disease better. Recent studies have provided
evidence for self-renewing, stem-like cells within human gliomas
(2). These glioma-initiating cells constitute a small minority of
neoplastic cells within a tumor and are defined operationally by
their ability to seed new tumors (3). To target these rare glioma-
initiating cells, a better understanding of the molecular mechanisms
that regulate their formation is essential.
Considerable progress has been made in understanding the

mutations responsible for GBM. The Cancer Genome Atlas net-
work has cataloged the recurrent genomic abnormalities in GBM
by genome-wide DNA copy number events and sequence-based
mutation detection for 601 genes (4). Gene expression-based
molecular classification has also defined four subtypes of GBM
termed proneural, neural, classical, and mesenchymal (5). Pro-
neural GBM is enriched for the oligodendrocyte gene signature,
whereas the classical group is associated with the astrocytic
signature. The neural class is enriched for genes differentially
expressed by neurons, whereas the mesenchymal class is associated
with the cultured astroglial signature (5). Several recurrent muta-
tions, such as PDGFRA, IDH1, EGFR, and NF1, also correlate

with these GBM subtypes, providing additional support for their
existence. Numerous other, often rare, mutations have also been
identified in GBM. Although these datasets are valuable for un-
derstanding the molecular pathogenesis of GBM, it is still difficult
to distinguish between mutations that contributed to tumor initi-
ation and those acquired later during tumor progression.
The cell of origin (COO) of GBM is still controversial. Neural

stem cells (NSCs) are good candidates because the adult brain has
very few proliferating cells capable of accumulating the numerous
mutations required for gliomagenesis. NSCs are also more sus-
ceptible to malignant transformation than differentiated cells in
the adult brain (6, 7). However, the genetic pathways that can
transform NSCs into glioma-initiating cells still remain elusive.
Transposon-based mutagenesis provides an unbiased, high-
throughput method for identifying genes important for GBM (8).
Here, we describe a unique two-step insertional mutagenesis
strategy that makes it possible to identify genes and signaling
pathways that are able to transform a NSC into a cancer-initiating
cell for the mesenchymal subtype of GBM. In this two-step ap-
proach, NSCs are first mutagenized in vitro and the mutagenized
cells are then transplanted into immunocompromised mice for
subsequent tumor development following additional rounds of
transposon-based mutagenesis. This makes it possible to dis-
criminate between the genetic changes that occur early in tumor
initiation and those required for tumor progression. In addition
to identifying several previously undescribed GBM candidate
cancer genes, our studies suggest that transposon-induced
tumors mimic the evolutionary processes now thought to gen-
erate many human cancers, in which tumors have a branched
cellular and genetic architecture reminiscent of Darwin’s iconic
evolutionary tree.

Results
Transposon Mutagenesis of NSCs Promotes the Immortalization of
Astroglial-Like Cells. Mice homozygous for a conditional floxed-
stop Sleeping Beauty (SB) transposase allele knocked in to the
ubiquitously expressed Rosa26 locus (Rosa26-LSL-SB11) (9) and
up to 350 copies of a mutagenic SB transposon (T2/Onc2 or
T2/Onc3) all linked together at a single site in the genome
(termed the donor transposon concatamer) (9, 10) were crossed
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to Nestin-Cre (Nes-cre) transgenic mice. Nes-cre is expressed in
NSCs, and will thus activate SB transposase, and hence SB
transposition, specifically in the NSC compartment (11). Brains
were collected from embryos of various different genotypes be-
tween embryonic day 17 (E17) and postnatal day 1 (P1) of de-
velopment (Fig. 1A). At this stage, the subventricular zone
(SVZ) is a rich source of NSCs (12). By culturing SVZ cells with
EGF, multipotent self-renewing NSCs could be propagated as
clonal aggregates, denoted as neurospheres (13) (Fig. 1B). As
expected, excision PCR (14) showed that transposons were being
mobilized in these neurospheres (Fig. 1C). The NSCs were then
induced to differentiate by removal of EGF and the addition of

FBS, and were then cultured for 2 wk (Fig. 1A), which led to the
appearance of cells that stained positive for neuronal, astrocytic,
and oligodendrocytic markers (Fig. 1 D and E). The cells were
then reseeded every week, counted, and plotted against time
(Fig. 1F). During early passages, total cell numbers continuously
decreased; however, after several passages, exponentially grow-
ing populations of cells were obtained. The cells were considered
immortalized once the cumulative total cell number exceeded
108. A conditional dominant-negative mutant form of p53 (LSL-
p53R172H) (15) was also included in many experiments as a sen-
sitizing mutation because p53 is one of the most frequently
mutated genes in GBM (4).

Fig. 1. Transposon mutagenesis in NSCs promotes the immortalization of astroglial-like cells. (A) Mutagenesis strategy. NSCs isolated from the SVZ of mice
with active SB transposition were expanded in vitro and induced to differentiate to select for immortalized cells. (B) Nestin+ and Sox2+ NSCs were expanded as
neurospheres. (Magnification: 400×.) (C) Transposon excision from the transposon concatamer could be detected in neurospheres containing a nestin-cre
allele by the presence of a 225-bp fragment. NSCs that were induced to differentiate stained positive for neuronal (βIII tubulin) and oligodendrocytic (O4)
markers (D), as well as for astrocytic (GFAP and S-100β) markers (E). The nucleus is counterstained with DAPI. (Scale bars: 100 μm.) (F) Growth during serial
passage of three Nes-cre/+; T2/Onc2,3/+; SBase/+ (red) and three p53R172H/+; Nes-cre/+; T2/Onc2,3/+; SBase/+ (blue) lines. Three additional lines in which the cells
entered senescence are also shown (black). (G) PCR-based detection of WT and mutant p53 alleles. In nestin-cre transgenic animals, expression of the p53R172H

mutant allele is induced in the cortex (CTX) and neurospheres (NSC) but not in the tail. The p53 WT allele is not expressed in six immortalized lines harboring
a p53R172H mutant allele but is expressed in a cell line overexpressing p53DN (DN). (H) Fractions of cells with increased DNA content (%) were compared
between p53 mutant (n = 5) and WT (n = 3) immortalized lines (Fig. S1A). Differentiating cells exhibit flat and polygonal morphology at passage 1 (I) but
become spindle-shaped when immortalized at passage 9 (J). Immortalized lines expressed NSC markers (K; nestin and Sox2) and astrocyte markers (L; GFAP
and S-100β). (Scale bars: 100 μm.) (M) GSEA enrichment score (ES) was calculated for 10 immortalized lines against control samples using five gene sets specific
for neuron, oligodendrocyte, OPC, astrocyte, and cultured astroglia (19). Randomly selected gene sets were used as a control. The P value (p-val) and false
discovery rate (FDR) are also shown for each gene set. (N) Schematic diagram of differentiation of NSCs into neuronal, oligodendrocytic, and astrocytic
lineages.
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The frequency of immortalization was higher in WT cells un-
dergoing active SB transposition than in WT cells alone (Table 1;
19% vs. 2%; P < 0.05, Fisher’s exact test), indicating that trans-
poson mobilization promotes immortalization. No difference in
the immortalization frequency was observed between cells carrying
T2/Onc2 or T2/Onc3; therefore, the data for these two trans-
posons were grouped together. The frequency of immortalization
was higher in p53R172H/+ mutant NSCs, and, once again, the im-
mortalization frequency was higher in p53R172H/+ mutant NSCs
undergoing active SB transposition (Table 1; 27% vs. 56%; P <
0.05, Fisher’s exact test). The R172H mutation affects the global
structure of the p53 DNA binding domain. By oligomerizing with
WT p53, p53R172H acts as a dominant-negative protein (16).
Consistent with this, overexpression of a dominant-negative mu-
tant p53 allele lacking the DNA binding domain (p53DN) (17)
introduced into NSCs by retroviral transduction also promoted
immortalization in cooperation with SB transposition (Table 1;
0% vs. 100%). Tumors that develop in humans with hereditary p53
mutations frequently lose the remaining WT allele. PCR analysis
of DNA from p53R172H/+ immortalized lines showed that they
have also lost the WT p53 allele (Fig. 1G), indicating that allele
loss confers a growth advantage to these cells. Immortalized cells
were also subjected to DNA analysis by flow cytometry to monitor
for changes in DNA stability. Fractions of cells with increased
DNA content were comparable between WT and p53 immortal-
ized lines (Fig. 1H and Fig. S1A), indicating that the p53R172H

mutation does not induce pronounced aneuploidy in immortalized
cells, consistent with the findings of a previous study (18).
During early passages after the induction of differentiation, the

cells showed a flat and polygonal morphology (Fig. 1I). However,
after several passages, the growing cells showed an elongated
morphology (Fig. 1J). Immortalized cells expressed NSC markers
as well as astrocyte markers (Fig. 1 K and L) but were negative for
neuronal (βIII tubulin) and oligodendrocytic (O4) markers (the
same pattern was observed for 3 WT and p53 mutant immortal-
ized lines). These data suggest that the immortalized cells are
committed to the astrocyte lineage. To confirm these results, we
used DNA microarrays to quantitate the levels of gene expression
in 10 immortalized lines (4 WT and 6 p53 mutant lines). Hierar-
chical clustering showed a close similarity in gene expression
across the 10 cell lines (Fig. S1B). We then compared their gene
expression profiles with those present in the brain transcriptome
database (19). Using five gene sets that are associated with neu-
rons, oligodendrocytes, oligodendrocyte precursor cells (OPCs),
astrocytes, and cultured astroglial cells, Gene Set Enrichment
Analysis (GSEA) enrichment scores were calculated for the 10
lines against two control samples (NSCs) (Fig. S1 C–H). We found
a strong enrichment for genes that are differentially expressed in
cultured astroglial cells (Fig. 1M). Cultured astroglial cells can be
generated from the neonatal cortex but not from the adult cor-

tex, and they are considered to represent an immature stage of
the astrocyte lineage (20). These data indicate that transposon
mutagenesis in NSCs leads to the immortalization of a cultured
astroglial-like cell (Fig. 1N).
Southern blot analysis of genomic DNA isolated from eight

immortalized lines showed that each line carries multiple clonal
insertions (Fig. 2A). Southern blot analysis of six single-cell
subcloned lines derived from one immortalized line also revealed
the presence of clonal insertions that were conserved among all
subcloned lines (arrowheads in Fig. 2B), in addition to insertions
that were unique to each subcloned line. The presence of these
unique insertions confirms that transposons are being continu-
ously mobilized in immortalized cells, as expected, generating
a large repertoire of immortalized cells with unique combina-
tions of insertions over time (see Fig. 5K).

Immortalized Cells Induce Tumors Resembling Mesenchymal GBM.
Immortalized astroglial-like cells with continuously mobilizing
transposons provide a unique opportunity to identify genes that
play essential roles in GBM. To determine whether immortalized
cells are tumorigenic in transplanted hosts, the cells were injec-
ted s.c. into the flanks of SCID mice. We primarily used s.c.
injection rather than intracranial injection because a previous
study showed that the tumorigenic potential and tumor pheno-
types of mouse gliomas were the same when induced by in-
tracranial or s.c. injections (21) and because the extraction of
genomic DNA was made easier due to clear tumor boundaries.
Immortalized cells that lacked active SB transposition were
mostly nontumorigenic in transplanted hosts, although more
than half of the immortalized lines with active SB transposition
induced tumors (Table 1). The average age of tumor onset was
∼2 mo (average of 66 d for 67 tumors; Table 1). In contrast,
dissociated primary tumor cells induced tumors in secondary
recipients within 3 wk (average of 21 d for 4 tumors), providing
evidence for the selection of additional cancer-causing mutations
during primary tumor formation.
Southern blot analysis showed that each tumor generated from

a single immortalized line harbored a unique collection of
insertions that differed from all other tumors generated from the
same line as well as the parental line (Fig. 2C). This occurs be-
cause transposons present in immortalized cells that are not
required for tumor formation can be lost by remobilization be-
cause there is no selective pressure to maintain them. Many new
insertions will also be acquired during tumor formation; some
will represent passenger insertions, whereas others will mark the
location of genes important for tumor development.
H&E staining of tumors revealed two morphologically distinct

lesions: well-differentiated and poorly differentiated (Fig. 3 A and
B). Differentiated lesions showed features of benign tumors, such
as differentiated cellular morphology with more abundant tumor

Table 1. Immortalized cell lines and tumors used for insertion site analysis

Genotype Immortalization* Tumor formation† Cell samples‡ Tumor samples§

T2/Onc2,3/+; SBase/+ 1 of 46 (2%) 0 of 1 (0%)
Nes-cre/+; T2/Onc2,3/+; SBase/+ 9 of 48 (19%) 6 of 9 (67%) 6 20
p53R172H/+; Nes-cre/+ 6 of 22 (27%) 1 of 6 (17%)
p53R172H/+; Nes-cre/+; T2/Onc2,3/+; SBase/+ 10 of 18 (56%) 7 of 10 (70%) 18 43
p53DN¶ and T2/Onc2/+; SBase/+ 0 of 4 (0%)
p53DN¶ and Nes-cre/+; T2/Onc2/+; SBase/+ 2 of 2 (100%) 2 of 2 (100%) 1 4
Total 25 67

SBase, Rosa26-LSL-SB11; T2/Onc2,3, mutagenic SB transposons (Dataset S1).
*Number of immortalized cell lines/cultures.
†Number of tumorigenic cell lines/immortalized cell lines. Tumors were induced by s.c. injection.
‡Number of cell samples used for insertion analysis.
§Number of tumor samples used for insertion analysis.
¶p53DN was retrovirally transduced.
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cytoplasm, whereas undifferentiated lesions showed histological
features of high-grade tumors with hypercellularity, poor differ-
entiation, and high mitotic activity. WT immortalized lines induced
both differentiated and undifferentiated lesions in the same tumor
(Fig. 3I), whereas p53 mutant lines only induced undifferentiated
lesions. This tumor phenotype is likely to be intrinsic to the im-
mortalized cells, because intracranial injection of these same
cells induced tumors with similar morphologies (Fig. 3J, un-
differentiated lesion). Tumors expressed classic glioma markers,
such as nestin (Fig. 3 C and D; 13 of 13 cell lines), S-100β (Fig. 3 E
and F; 11 of 13 cell lines), and GFAP (Fig. 3 G and H; 4 of 13 cell
lines). These tumors were negative for markers typical for primi-
tive neuroectodermal tumors (PNETs), such as βIII tubulin and
synaptophysin (Fig. S2 A–D), ruling out the possibility of PNETs.
To classify these tumors further, we used DNA microarrays to

quantitate the expression levels of markers specific for each
GBM subtype (5) in 6 WT and 6 p53 mutant tumors (Fig. 3K).
Markers for proneural and neural GBM subtypes were expressed
at low levels in these tumors. Some markers for the classical
subtype were expressed, but most of the markers for the mes-
enchymal subtype were strongly expressed, indicating that the
tumors have gene expression profiles most similar to mesen-
chymal GBM. We also performed GSEA analysis on the tumors.
Hierarchical clustering of 12 tumors showed a close similarity
among the tumors compared with control s.c. tissues (Fig. S2E).
Using gene sets specific to the four defined GBM subtypes (5),
a GSEA enrichment score was calculated for the 12 tumor
samples against 3 control samples (Fig. S2 F–J). This analysis
showed that the tumors were significantly enriched for genes
specific for mesenchymal GBM (Fig. 3L), consistent with pre-
vious studies showing that this subclass of GBM is strongly as-
sociated with the cultured astroglial signature (5).

Analysis of Transposon Insertion Sites in Tumors and Immortalized
Lines. To identify genes responsible for immortalization and
tumor development in transplanted mice, we PCR-amplified
and -sequenced the transposon insertion sites from 25 immor-
talized lines and 67 tumors (Table 1 and Dataset S1). In total,
30,315 and 36,770 unique, nonduplicated insertions were se-
quenced from immortalized cells and tumors, respectively.
Insertions were then analyzed using the Gaussian kernel con-
volution method (22) to identify common insertion sites (CISs).
CISs are regions in the genome that harbor a higher number of

transposon insertions than predicted by random chance, and
therefore are most likely to harbor a driver gene for cancer. We
also used Monte Carlo simulations to identify CISs as described
previously (22). These CISs were then annotated to the nearest
gene, and the lists were combined.
As a control, 5,699 insertions were sequenced from 12 histo-

logically normal brain cortices obtained from 12 mice at 1 mo of
age (Nes-cre/+; T2/Onc2,3/+; SBase/+). From this dataset, we
identified 11 CIS genes (Dataset S2). Only 1 CIS gene identified
in control brains, Sfi1, was identified as a CIS gene in immor-
talized cells and tumors, and it was removed from subsequent
analysis. In the end, 140 CIS genes were identified in immor-
talized cells and 148 were identified from tumors (Datasets S3
and S4). The 20 most significantly mutated genes in tumors and
immortalized cells are shown in Fig. 4 A and B, respectively.
Thirty-four genes were CIS genes in both immortalized cells and
tumors, whereas the rest were specific for either immortalized
cells or tumors (Fig. 5A).

Identification of Driver Genes for Tumor Development. The most
frequently mutated gene in tumors was Met (Fig. 4A). Few Met
insertions were identified in immortalized lines (Fig. 5B), however,
indicating that Met insertions are only positively selected during
tumor development (P < 0.01). Nearly half of the insertions are
located upstream of Met or within intron 1, in the sense orienta-
tion (Fig. 5C), consistent with its known function as an oncogene.
Flow cytometric analysis showed the presence of a Met-expressing
subpopulation in a tumor with a Met insertion but not in a tumor
without it (Fig. S3G). Sequence analysis of RNA from three such
tumors showed that the murine stem cell virus (MSCV) promoter
in the transposon was spliced toMet exon 2 in all cases, resulting in
the overexpression of Met transcripts that retain the initiating
ATG codon located in exon 3 (Fig. S3H). Several other genes
were also identified that were highly mutated only in tumors, such
as Homer1, Huwe1, and Cftr (P < 0.01; Fig. 4A), indicating that
these genes are also specific for tumor development in trans-
planted mice. We also identified genes that are specific to im-
mortalized lines, such as Zfp326, Usp3, Psmd14, and Crk (P < 0.01;
Fig. 4B), raising the possibility that insertions in these genes might
have been lost during tumor formation. To test this, we looked for
an SB footprint at the Zfp326 locus in tumors that lacked inser-
tions at Zfp326 but were derived from a cell line (line 95) con-
taining an insertion at the locus. This analysis provided evidence

Fig. 2. Southern blot analysis of transposon insertion sites in immortalized lines and tumors. (A) Genomic DNA isolated from eight immortalized lines was
digested with BamHI and hybridized with a probe specific for the transposon. Each cell line shows a distinct pattern of transposon insertions. DN, a cell line
overexpressing p53DN. (B) Southern blot analysis of the transposon insertion sites in six subcloned lines derived from line 3. (C) Seven tumors derived from cell
line 31 all show unique patterns of insertions that are distinct from the transplanted cells. A strong signal is observed for the transposon concatamer (Onc2) in
DNA isolated from mice that harbor the transposon concatamer but lack active SB transposase.
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for SB remobilization at the same nucleotide in the four tumors.
Three tumors had a “TACAGTA” SB footprint (Fig. 5H),
whereas the other had a “TACTGTA” footprint, further impli-
cating clonal relationships between these four tumors.
The second most frequently mutated gene in tumors was Nf1

(Fig. 4A). Unlike Met, Nf1 was also frequently mutated in im-
mortalized cells (Fig. 5D), suggesting that it functions during
both immortalization and tumor development. Insertions in Nf1
were distributed throughout the gene, and there was little orien-
tation bias (Fig. 5E), consistent with its known tumor suppressor
functions. Most tumors (73%) have a single Nf1 insertion, sug-
gesting a haploinsufficient mechanism for tumor formation.
Consistently, the expression level of Nf1 was slightly decreased in
tumors with Nf1 insertions (Fig. S3I). However, we cannot ex-
clude the possibility that there are tumor subpopulations with
inactivation of the second allele by additional SB insertions, loss
of heterozygosity, or other epigenetic mechanisms. Mesenchymal
GBM is characterized by frequent NF1 mutations and in-
creased MET expression (5). Identification of Met overexpression
and Nf1 loss as the two most frequent genetic changes in our

mouse tumors once again shows how similar these tumors are
to mesenchymal GBM.

Genetic Networks Involved in Immortalization and Tumor Formation.
Ingenuity pathway analysis (IPA; Ingenuity Systems) of CIS
genes from immortalized lines identified three significant ca-
nonical signaling pathways; neuregulin signaling (P = 2.9E-03),
IGF1 signaling (P = 3.13E-03), and Rac signaling (P = 4.77E-
03). The CIS genes in these pathways regulate adherence junc-
tions (Cask, Dlg1, and Nf1), cell polarity (Pard3 and Prkci), Rac
signaling (Ptk2, Crk, Wasf2, and Cyfip1), and PI3K signaling
(Igf1r and Pten) (Fig. 5G). These pathways regulate cytoskeletal
organization, which is known to be essential for NSCs, where cell
polarity plays a key role in regulating self-renewal vs. differen-
tiation (23). These data suggest that transposons promote im-
mortalization, in part, by inducing cytoskeletal alterations,
consistent with the morphological changes we observed during
the immortalization process (Fig. 1J). To provide additional ev-
idence for this, we chose two candidate immortalization genes
(Gli3 and Nf1) and asked whether shRNA-mediated knockdown
(Fig. S3 A and B) had any effect on their morphology or survival,
because the pattern of transposon insertions in both genes was
suggestive of loss-of-function mutations (Fig. 5D and Fig. S3J).
Gli3 can function as a repressor of hedgehog signaling (24), and
thus could act as a tumor suppressor gene in certain contexts.
Nf1 is a well-known tumor suppressor gene (25). NSCs expressing
dominant-negative mutant p53 were retrovirally transduced with
shRNAs against Gli3 or Nf1, induced to differentiate, and resee-
ded. shRNA-expressing cells showed elongated morphology (Fig.
S3 N–R) and enhanced cell survival (Fig. S3S) relative to control
cells. These results provide additional evidence that these genes
function during immortalization, in part, through their effects on
cell shape and the cytoskeleton.
IPA analysis of CIS genes identified in tumors identified two

canonical signaling pathways important for tumor development:
FGF signaling (P = 2.76E-05) and hepatocyte growth factor
(HGF) signaling (P = 6.35E-05), in addition to molecular
mechanisms of cancer (P = 1.04E-04). Tumor CIS genes func-
tion at multiple levels in these pathways (Fig. 5F), including at
the receptor level (Met and Pdgfrb) and at downstream adaptor
proteins (Gab1 and Frs2), in addition to being regulators of RAS
(Nf1, Spred2, Mapk1, and Prkca) and PI3K signaling (Pten and
Pik3c2a). With the exception of Nf1 and Pten, genes identified in
tumors in these signaling pathways are not highly mutated in
immortalized cells, suggesting these pathways play an essential
role in later stages of tumor development.
The receptor tyrosine kinase (RTK) pathway is the most fre-

quently mutated signaling pathway identified in human GBM
(4). A comparison of our CIS gene list with the mutant genes
identified in recent large-scale GBM exon-resequencing projects
(4, 26) identified 12 tumor and 8 immortalization CIS genes (P=
3.5E-03 and 9.2E-02, respectively, Fisher’s exact test) (Dataset
S5), indicating a significant overlap between tumor CIS genes
and candidate driver genes for human GBM. Another compar-
ison of our CIS genes with the Catalog of Somatic Mutations in
Cancer database (27) identified 26 tumor and 23 immortalization
CIS genes that have at least one nonsilent mutation in human
glioma (P = 2.1E-04 and 1.4E-03, respectively, Fisher’s exact
test) (Dataset S5).
We also used the Database for Annotation, Visualization, and

Integrated Discovery functional annotation tool to delineate
further the pathways regulated by CIS genes unique to tumors or
immortalized cells, or which were identified in both tumors and
immortalized cells (Dataset S6). Consistent with the IPA analysis,
genes that function in RTK/MAPK signaling were enriched in the
genes unique to tumors, whereas processes associated with tran-
scription were enriched in the genes unique to immortalized cells.
Transcriptional regulation is essential for cellular differentiation,

Fig. 3. Tumors have characteristics of the mesenchymal subtype of GBM.
Differentiated and undifferentiated lesions are stained with H&E (A and B) or
immunostained with nestin (C and D), S-100β (E and F), or GFAP (G and H).
(Scale bars: 50 μm.) (I) Differentiated lesion (D) locates adjacent to an un-
differentiated lesion (UD). (J) Intracranial injection of tumorigenic cells gen-
erated a tumor (T) in brain parenchyma (P). (Scale bars: 50 μm.) (K) Expression
levels of genes specific to the four subtypes of GBM (5) were examined for 12
tumors and compared with normal s.c. tissues. The relative gene expression
level (log2 value of fold change) is shown for each gene. The asterisks indicate
a difference from control (*P < 0.05, Student t test). (L) GSEA enrichment
score (ES) was calculated for 12 tumors against control samples using the four
gene sets specific to mesenchymal, classical, neuronal, and proneural subtypes
of GBM (5). Randomly selected gene sets were used as a control. The P value
(p-val) and false discovery rate (FDR) are also shown for each gene set.
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supporting the notion that these genes promote immortalization
by regulating astroglial differentiation. Finally, the genes common
to both tumors and immortalized cells were enriched in processes
associated with mitosis. Mitosis is a process essential for cell cycle
progression, which may explain why these genes were retained in
both immortalized cells and tumors.

Tumors Develop in Transplanted Hosts Largely Through New Insertions
That Promote Tumor Development. To confirm that tumors develop
largely through new insertional mutations in genes that promote
tumor development in transplanted hosts, we looked at the
frequency of insertional mutations in CIS genes that function in
the RTK pathway in 16 tumors derived from a single immor-
talized line. Notably, each tumor showed a distinct combination
of insertional mutations in RTK pathway genes (Fig. 5I), even
though all tumors were derived from a single line. We then
looked to see if these insertions were present in immortalized
cells or were newly acquired during tumor formation. Among 92
insertional mutations detected in RTK pathway genes in the 16
tumors, only 3 were detected in the parental cells, indicating that
most of the insertions were acquired after transplantation. These
data indicate that transplanted cells become tumorigenic by ac-
quiring new insertions in genes that promote tumor development
in transplanted hosts, followed by clonal expansion and the
generation of tumors with distinct combinations of mutations in
tumor CIS genes.
Because most of the insertions in tumor CIS genes were ac-

quired after transplantation, we sought to determine whether
they resulted from “local hopping” of preexisting insertions
present in immortalized cells or by random insertions from
transposons located elsewhere in the genome. Local hopping
refers to the fact that remobilized transposons often reinsert
near the donor transposon (8, 28). If local hopping plays a major
role in the selection of CIS genes in tumors, clonally related
tumors derived from the same cell line would be expected to
have more similar patterns of insertions in CIS genes than
nonclonally related tumors. We applied a statistical method of
hierarchical clustering to clonally related tumors to classify

tumors as either related or independent by measuring similarity
based on Hamming distance between patterns of tumor CIS
genes. We analyzed 40 tumors derived from five different cell
lines, all with the same genotype (Fig. 5J). Of 12 closely related
clusters of tumors, 9 clusters contained tumors that were largely
derived from different cell lines. These data demonstrate that
clonally related tumors do not form distinct pairs and clusters,
indicating that random integrations contribute more than local
hopping of preexisting insertions to the acquisition of new
insertions in tumor CIS genes.
The distinct combinations of RTK pathway genes in clonally

related tumors (Fig. 5I) raise a possibility that these genes may
have functionally equivalent roles in tumor development. To test
this, we made use of five p53-deficient (p53R172H/+; Nes-cre/+)
immortalized lines that are nontumorigenic in transplanted hosts
because they lack active SB transposition (Table 1). By retrovirally
transducing cDNAs or shRNAs into these cell lines, we can mimic
the effect of these mutations in tumors and ask if these cells be-
come tumorigenic in transplanted hosts. A similar approach has
been used to identify novel tumor suppressors and oncogenes in
liver cancer (29, 30). Transposon insertions are primarily located
upstream of Met (Fig. 5C) and Pdgfrb (Fig. S3K) or in intron 1 of
Gab1 (Fig. S3L), where they drive the expression of full-length
proteins that initiate in exon 3 (Met) or exon 2 (Pdgfrb) or an
N-terminal truncated protein that initiates in exon 2 (Gab1). In
contrast, the patterns of transposon insertions in Nf1 and Pten are
consistent with their tumor suppressor functions (Fig. 5E and Fig.
S3M). The five nontumorigenic cell lines were transduced with
retroviral expression vectors expressing full-length Met, Pdgfrb, or
a truncated Gab1 transcript that begins in exon 2 or shRNAs
against Nf1 and Pten (Fig. S3 B–F). Transduced cells were then
transplanted into SCID hosts, and the mice were monitored for
tumor development.Met overexpression or Nf1 silencing rendered
all five cell lines tumorigenic; Pdgfrb or Gab1 overexpression, or
Pten silencing, rendered four of the lines tumorigenic (Fig. S3T).
Together with the IPA analysis, these findings indicate that these
genes have functionally overlapping roles in tumor development,

Fig. 4. Top 20 CIS genes for tumors and immortalized lines. (A) Top 20 CIS genes for tumors (Dataset S3). (B) Top 20 CIS genes for immortalized lines (Dataset
S4). Chr, chromosome. *P value (P-val) was determined as previously described (21). †Numbers of insertions at each CIS were compared between tumors and
immortalized cells using Fisher’s exact test.
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Fig. 5. Genes and signaling pathways mutated in tumors and immortalized lines. (A) Overlap between genes mutated in tumors and immortalized lines. Five
Met insertions were identified in 5 immortalized lines (B), whereas 60Met insertions were identified in 22 tumors (C). Transposon insertions are located in the
sense (solid red arrows) or antisense (open red arrows) orientation relative toMet transcription. (C) Patterns of Met insertions are shown for individual tumor
samples. The number of insertions is indicated in parentheses for each tumor. Eighteen Nf1 insertions were identified in 10 immortalized lines (D), whereas 35
Nf1 insertions were identified in 19 tumors (E). Gene networks generated by IPA analysis are combined and illustrated for 10 tumor CIS genes (F) and 11 CIS
genes from immortalized cells (G). Mutation frequencies are shown for each CIS gene (red). CIS genes found in both tumors and cell lines are thick-framed.
(H) SB footprint was detected at the Zfp326 locus in a tumor derived from an immortalized line with the Zfp326 insertion (line 95) but not in a normal allele.
(I) Combinations of RTK pathway genes were examined for tumors derived from line 31. The number of insertions in each tumor is shown in boxes. (J)
Hierarchical clustering based on the Hamming distance was performed for 40 tumors derived from 5 cell lines with the same genotype (p53R172H/+; Nes-cre/+;
T2/Onc2/+; SBase/+). The similarity of patterns of CIS genes among different samples is represented by vertical distance. (K) Model for transposon-induced
tumor development. Immortalization CIS genes (e.g., Gli3, Nf1) promote immortalization of NSCs. Immortalized astroglial-like cells have a large repertoire of
insertions represented by different colors. Transposons are continuously jumping after transplantation, and transplanted cells become cancer-initiating cells
(green) by randomly acquiring new insertions in tumor CIS genes (e.g., Met, Pdgfrb, Gab1) and clonally expand to form tumors. Several immortalization CIS
genes are lost during tumor formation by continuous mobilization of transposons.
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suggesting that transplanted cells became cancer-initiating cells by
generating a branched and diverse genetic architecture (Fig. 5K).

Discussion
Here, we describe a unique type of GBM model that uses trans-
posons to mutagenize NSCs in culture. The mutagenized stem
cells were then induced to differentiate, and cultures composed of
immortalized, self-renewing, astroglial-like cells were selected and
transplanted into mice, where, following additional rounds of
transposon-based insertional mutagenesis, tumors resembling
mesenchymal GBM were produced, consistent with the astroglial-
like expression signature of this subclass of GBM (5). Analysis of
the patterns of insertional mutations in tumors derived from
a single immortalized line showed heterogeneity among the in-
dividual tumors. The constitutive transposase activity is, in part,
responsible for this heterogeneity, because it allows transplanted
subclones to compete for advantageous insertional mutations
under the same selective pressure (the growth in the immuno-
compromised host). This competition among genetically variant
subclones is similar to the Darwinian evolutionary processes now
thought to generate many human cancers, which involve the se-
lection of genetically variant cells (31). Until recently, it was
generally thought that cancer progression occurs in a linear fash-
ion, through the sequential accumulation of mutations, with ge-
netic selection occurring after each new mutation, producing
a more aggressive clone each time, until a clone is produced that
has accumulated enough mutations to form a tumor. Recent data
(32, 33), however, challenge this notion and indicate instead that
some cancers have a branched cellular and genetic architecture
reminiscent of Darwin’s iconic evolutionary tree diagram depicting
speciation (31). The end result of this evolutionary process is that
each tumor is composed of many subclones of self-renewing cells,
each with a different combination of mutations. This intratumor
heterogeneity and branched evolution could represent a signifi-
cant roadblock to effective cancer therapy. This evolutionary
process can be modeled in this type of cancer model, where one
self-renewing immortalized cell line is used to generate many
different tumors, with each tumor showing significant intra- and
intertumor heterogeneity and combinations of transposon-in-
duced mutations. This mutagenesis strategy is also much faster
and simpler than conventional transposon screens, and it can
generate hundreds or even thousands of tumors in a very short
period for relatively little cost.
Precedence for these studies comes from retroviral insertional

mutagenesis experiments showing that retroviral mutagenesis of
primary bone marrow progenitor/stem cells can promote the
immortalization of immature myeloid cell lines with neutrophil
and macrophage differentiation potential (34). More than half of
these immortalized lines had activating proviral insertional
mutations in two well-known human myeloid leukemia onco-
genes important for hematopoietic stem cell self-renewal, Evi1
and Prdm16 (35, 36). These immortalized immature myeloid
cells were not tumorigenic in transplanted hosts, however,
probably because the retrovirus used in these experiments was
replication-defective and could not induce the additional rounds
of insertional mutations required for tumor development in
transplanted mice.
Recent studies have suggested that the cell acquiring the first

cancer-promoting mutation might not be the COO for the tu-
mor, which is operationally defined as the cell that initiates
tumors in transplanted mice (37). Recent data have suggested
that the COO for the proneural subtype of GBM is an OPC,
even though the originating mutations occurred in the NSC (38).
Likewise, our results suggest that the COO for the mesenchymal
subtype of GBM is an astroglial-like cell, even when the origi-
nating mutations occurred in the NSC. These results also in-
dicate how a cancer-initiating mutation in a relatively quiescent
stem cell can be retained for many years and then end up in

a tumor decades later. Nondifferentiating divisions of the mutant
stem cell could generate additional long-lived stem cells that
carry the mutation but do not respond to it. Subsequent differ-
entiating divisions would then generate differentiated progeny
that respond to the mutation, producing clones of differentiated
cells with unlimited self-renewal, which then go on to accumulate
the additional rounds of mutations required to become a cancer-
initiating cell.
Cultured astroglial cells express many of the genes expressed

by astrocytes but generally do not express genes that are enriched
in neurons and oligodendrocytes; however, cultured astroglial
cells and astrocytes are as different from each other as OPCs are
from oligodendrocytes, and this difference cannot be explained
by the presence of serum in the medium because it persists even
in serum-free medium (19). Cultured astroglial cells can be
generated from either the neonatal cortex or the adult sub-
ependymal zone (SEZ) but not from the adult cortex, and these
cells partially maintain NSC-like immature properties, such as
multipotent sphere formation (39). Cultured astroglial cells are
therefore considered to be an immature stage of the astrocyte
lineage (20). Although an in vivo counterpart of cultured
astroglial cells in the adult brain remains elusive, there is a gen-
eral consensus that adult mammalian NSCs have many astrocytic
characteristics (12) and cultured astroglial-like cells can be iso-
lated from the adult SEZ, raising the possibility that immature
astrocytic cells in the SEZ may serve as the cancer COO for
mesenchymal GBM.
The analysis of CIS genes in immortalized lines identified

genes that regulate cytoskeletal organization and transcriptional
regulation. These pathways also regulate the differentiation of
NSCs (23). However, the reason why these pathways are selected
for during immortalization is not obvious, because lines of evi-
dence suggest that cellular immortalization is regulated by the
G1-S control pathway (40). Cultured astroglial cells can undergo
cell doubling several times but gradually enter senescence and
finally differentiate into mature astrocytes (41). Previous studies
showed that cultured astroglial cells can be immortalized by the
deletion of either Ink4a/Arf or p53 (42). However, the over-
expression of p53DN was not sufficient to immortalize NSCs on
differentiation. This is probably because the astroglial cells in-
duced from NSCs and the primary culture of astroglial cells are
different. The removal of growth factor and the addition of se-
rum put a strong selective pressure on NSCs to undergo terminal
differentiation into mature astrocytes, which are mitotically in-
active. Only cells harboring mutations that prevent terminal
differentiation can continue proliferation under these culture
conditions. Cell polarity and transcription also play essential
roles in cellular differentiation. This may explain why genes in-
volved in these pathways were positively selected during im-
mortalization. Consistent with this, silencing of Nf1 or Gli3
induced continuous growth of NSCs on differentiation; however,
the growth rate was slow and none of them reached our criteria
of immortalization (cumulative total cell number exceeds 108),
indicating that accumulation of additional mutations is likely
required to phenocopy the immortalization.
We identified the RTK pathway as significantly enriched in the

CIS genes identified in tumors. An interesting observation is that
Pten insertions are observed less frequently in the tumor out-
growths compared with the in vitro immortalized cell lines (12%
vs. 40% of all samples, respectively), raising the possibility that
Pten loss may not be a strong driver mutation in tumor forma-
tion. PTEN is mutated in all subtypes of human GBM (the
mutation frequency is between 20% and 30%) and is not specific
to any GBM subtype (5). Pten inactivation can promote pro-
liferation of NSCs (43). However, the genetic deletion of Pten
and p53 alone is not sufficient to drive GBM. The genomic
analysis of GBMs in Pten and p53 double-mutant mice showed
the presence of additional events in RTK pathway genes, such as
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focal amplifications of Met and Egfr (44). These data are con-
sistent with the notion that Pten deficiency can be an initiating
event, but additional mutations in RTK pathway genes play
essential roles in tumor progression in GBM.
Our mutagenesis screen identified a large number of CIS

genes. To identify genes specific to GBM further, we compared
our CIS genes with those identified in large-scale mutagenesis
screens, such as intestinal tumors (1,010 genes) (22), pancreatic
tumors (136 genes) (45), and medulloblastomas (64 genes) (46).
This comparison showed that 70 tumor CIS genes (47%) and 66
immortalization CIS genes (47%) are unique to our screen
(Datasets S3 and S4). These genes include the RTK pathway
genes (Met, Nf1, and Pdgfrb) as well as previously undescribed
genes, such as Stag2, Traf3, Dmxl1, Foxj3, and Faf1, which are the
top five glioma-specific candidate cancer genes listed in Dataset
S3. Stag2, a gene encoding a subunit of cohesin, plays essential
roles in genomic instability (47). Traf3 is an adaptor protein that
directly binds to a number of TNF receptors. Traf3 mutant mice
show a lymphoproliferative phenotype (48), suggesting a tumor
suppressor function for Traf3. Dmxl1 is a homolog of Drosophila
DmX, which codes for a WD40 repeat protein. Nonsynonymous
mutations of DMXL1 have been identified in patients with
hepatitis C virus-associated hepatocellular carcinoma (49).
Foxj3, a forkhead transcriptional factor expressed in neuro-
ectoderm (50), has not been previously associated with cancer.
Faf1 is a member of the Fas-mediated death-inducing signaling
complex, and there is compelling evidence implicating FAF1 as
a tumor suppressor (51).
The strategy described here can accelerate the utility and

potential of insertional mutagenesis approaches. The in vitro
propagation stage, which allows mutagenesis to select for distinct
properties, such as immortalization, has much potential, al-
though this strategy also has its limitations, because not all cell
types can be propagated in vitro. Liu et al. (38) showed that
OPCs are the COO for the proneural subtype of GBM. OPCs
can be induced from NSCs by culturing the cells with defined
media (52), raising the possibility that the proneural subtype of
GBMs can be modeled by inducing OPCs from NSCs and then
transplanting these cells into immunocompromised mice to
generate tumors. Another limitation of this strategy is that tumor
formation occurs in the absence of an adaptive immune system;
therefore, the genes identified are cell-intrinsic regulators of
tumor formation.
In the present study, we also used a standard protocol to amplify

transposon insertion sites, which is based on ligation-mediated
PCR amplification of junction fragments from restriction endo-
nuclease-digested genomic DNA. Because uneven genomic dis-
tribution of restriction enzyme sites can cause amplification biases,
read numbers are not presented in this study. Recently, a shear-
splink method, which allows for semiquantitative analysis of the
clonality of individual insertions, was developed (53). Application
of this technology to heterogeneous tumors will further delineate
the clonality of the SB insertions in the heterogeneous tumors.

In summary, this study demonstrates that transposon-based
insertional mutagenesis of primary cultures of tissue stem cells
can be an effective method for identifying genes responsible for
the transformation of normal stem cells into cancer-initiating
cells. This mutagenesis strategy can also provide important in-
formation regarding the origin of the cancer-initiating cell for
a tumor and is not limited to NSCs but, in principle, can be
applied to any stem/progenitor cells that can be cultured and
differentiated in vitro.

Materials and Methods
Mouse Strains. All manipulations were performed with Institutional Animal
Care and Use Committee approval (Institute of Molecular and Cell Biology).
Mouse lines used in this study are described in SI Materials and Methods.

Cell Culture. Primary NSCs were isolated from the SVZ of embryos between
E17 and P1. Dissociated single cells were cultured in DMEM/F12 medium
supplemented with 1% N2 (Gibco), 20 ng/mL EGF (Peprotech), 0.6% glucose,
4 μg/mL heparin, and penicillin/streptomycin. Primary neurospheres were
passaged by dissociation of the spheres into single cells by incubation with
trypsin. Single cells were reseeded and incubated in the culture medium.
Secondary neurospheres were collected and induced to differentiate by in-
cubating cells in culture media depleted of EGF and supplemented with 10%
(vol/vol) FBS for 2 wk (21). Then, cells were split, counted, and reseeded
every 7–10 d.

Injection. For s.c. tumor formation, 1 × 106 cells were injected s.c. into both
flanks of 6- to 8-wk-old SCID mice in 100 μL of PBS using a 26-gauge needle.
Animals were followed for development of a palpable mass. If mice did not
develop tumors by 4 mo after injection, transplanted cells were considered
nontumorigenic. Mice were euthanized when the diameter of the tumor
exceeded 1 cm. For validation experiments, immortalized cell lines were infec-
ted with retroviruses expressing cDNA or shRNA, and were s.c. transplanted.

Cloning of Transposon Insertion Sites and Identification of CISs. Linker-medi-
ated PCR was performed as described (10). For secondary PCR, nested primers
carrying the required fusion sequences for the titanium platform (Roche), as
well as a unique 10-bp barcode recognition sequence for each sample, were
used. CISs were identified and annotated according to the nearest mouse
gene as described previously (22).

Retroviral Constructs. cDNAs for Met, Pdgfrb, Gab1, and p53DN were cloned
into retroviral expression vectors. Previously reported shRNAs were used for
Nf1 (54) and Pten (55). Sequences for Gli3 shRNAs and nontargeting shRNA
(luciferase) are provided in SI Materials and Methods.

Microarray and GSEA Analysis. Array data are available in the Gene Expression
Omnibus (www.ncbi.nlm.nih.gov/geo/) under accession number GSE36897.
Detailed procedures are described in SI Materials and Methods.
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