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Abstract
A central confounding factor in the development of targeted therapies is tumor cell heterogeneity, particularly

in tumor-initiating cells (TIC), within clinically identical tumors. Here, we show how activation of the Sonic
Hedgehog (SHH) pathway in neural stem and progenitor cells creates a foundation for tumor cell evolution to
heterogeneous states that are histologically indistinguishable but molecularly distinct. In spontaneous medul-
loblastomas that arise in Patched (Ptch)þ/�mice, we identified three distinct tumor subtypes. Through cell type–
specific activation of the SHH pathway in vivo, we determined that different cells of origin evolved in unique ways
to generate these subtypes.Moreover, TICs in each subtype had distinctmolecular and cellular phenotypes. At the
bulk tumor level, the three tumor subtypes could be distinguished by a 465-gene signature and by differential
activation levels of the ERK and AKT pathways. Notably, TICs fromdifferent subtypes were differentially sensitive
to SHHor AKTpathway inhibitors, highlighting newmechanisms of resistance to targeted therapies. In summary,
our results show how evolutionary processes act on distinct cells of origin to contribute to tumoral heterogeneity,
at both bulk tumor and TIC levels. Cancer Res; 74(17); 4864–74. �2014 AACR.

Introduction
While the existence of tumor-initiating cells (TIC) in some

tumor types remains controversial, their existence has been
well established for brain tumors, both in human and mouse
models (1–4). Because TICs have been shown to be more
resistant to chemotherapy and radiotherapy than bulk tumor
cells and are thought to be responsible for tumor recurrence,
there is great interest in developing novel therapies to target
these cells (5). However, progress is impeded by both intra- and
intertumoral heterogeneity in TIC phenotypes even within the
same clinical tumor type (3). Hence, elucidating the source and
functional consequences of TIC heterogeneity is a critical step
in advancing this field.

Medulloblastomas account for approximately 20% of all
brain tumors in children (6), and they form in the cerebellum,
a brain region that develops postnatally through massive

expansion and differentiation of neural progenitors in the
external granule layer (EGL; ref. 7). Molecularly, humanmedul-
loblastomas can be divided into four subgroups: SHH, WNT,
Group 3, and Group 4 (8). The "SHH (sonic hedgehog)" sub-
group of tumors constitute approximately 25% of human
medulloblastomas, and are recognized by high levels of the
SHH pathway activity. During normal cerebellar development,
the SHH pathway drives rapid proliferation of EGL progenitor
cells. Hence, it is not surprising that mutations that activate
SHH pathway genes, such as PTCH, GLI1/2, SUFU, or SMO, are
common in the SHH subgroup of medulloblastomas (9, 10).
Interestingly, even among the SHH subgroup of patients with
medulloblastoma, there is heterogeneity in terms of prognosis,
age of onset, and clinical pathology (11), suggesting that further
analyses of tumor heterogeneity within this subgroup is nec-
essary to better understand and treat these tumors.

Patched (Ptch) is a negative regulator of the SHH pathway,
and the Ptchþ/�mice develop spontaneousmedulloblastomas,
similar to patients with Gorlin syndrome (12, 13). Consequent-
ly, Ptchþ/� mice have been extensively used to understand the
etiology of medulloblastomas (14) and to test the efficacy of
SHH pathway inhibitors for cancer treatment (15, 16). Previous
studies reported that TICs in thismodel are CD15þ cells (4, 17).
However, the reported ex vivo cellular phenotype of TICs in
Ptch tumors was inconsistent: Read and colleagues indicated
that TICs from Ptch medulloblastomas do not form tumor-
spheres in culture (4), whereas Ward and colleagues reported
that they formed tumorspheres in serum-free neural stem cell
(NSC) medium (17). While tumorsphere formation is not
strictly correlated with tumor initiation, tumorsphere cultures
are commonly used to propagate TICs ex vivo, based on the
observations that NSCs can be propagated and maintained as
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spheres in serum-free culture medium (18). Variable sphere
formation abilities from individual tumors of the same clinical
subtype have been reported by several laboratories, indicating
that it is not due to lab-to-lab variations in techniques or
reagents but may represent inherent differences among
tumors.
We hypothesized that the differential ability of TICs to

survive and proliferate in culture may reflect intrinsic biologic
differences among different tumors. Specifically, the fact that
cellular transformation can occur in either NSCs or neural
progenitor cells (NPC) in the Ptchþ/�mouse suggests that TICs
in these medulloblastomas may have different cellular beha-
viors depending on the cell of origin. We tested this hypothesis
through systematic analyses of a large number of spontaneous
Ptch tumors and by cell type–specific activation of the SHH
pathway in vivo.
We now report that medulloblastomas in Ptchþ/� mice are

composed of three subtypes, distinguishable at both TIC and
bulk tumor levels. This study directly demonstrates the dif-
ferential outcomes of transforming stem versus progenitor
cells by the same oncogenic event in vivo, and shows that the
cell of origin is a major contributor of tumor heterogeneity.
Furthermore, it shows that the pathways driving TICs and bulk
tumor cell proliferation and survival can be distinct in the same
tumor, cautioning against selection of targeted therapies solely
basedon the dominantmolecular signature of bulk tumor cells.

Materials and Methods
Intracranial injections and limiting dilution assays
Freshly dissociated tumor cells were injected into the

cerebella of NSG mice using a stereotaxic device (Bregma:
þ1/�6.5/�3.0). TIC frequency was calculated using the ELDA
software (19).

Microarray
Microarray analysis was performed using Affymetrix St1.0

chips using independent no growth (NG; n¼ 7), growth factor–
dependent (GFD; n¼ 6), and growth factor–independent (GFI;
n ¼ 4) samples. One-way ANOVA was used to identify genes
that distinguish the three tumor subtypes. A list of 465 genes
identified in this analysis was used for principal component
analysis and to identify potentially enriched biologic processes
using the GSEA software (20). Ingenuity Pathway Analysis of
the 465 genes was performed on the Spring 2012 release by
pairwise comparisons of GFD-GFI, GFD-NG, and NG-GFI
tumors. The Affymetrix gene expression dataset has been
deposited in GEO.

Real-time Reverse Transcription-PCR
Real-time RT-PCR analyses were performed using the iQ5

Optical System from Bio-Rad with SYBR Green mix and
primers indicated in the Supplementary Materials and
Methods.

Spectral karyotyping
Metaphase spreads were prepared from p1 to p3 tumor-

sphere cells fromdifferent culture subtypes andprepared using
SkyPaint following the manufacturer's instructions (Applied

Spectral Imaging). Captured images were analyzed using
Applied Spectral Imaging HiSKY5.0 software.

Immunohistochemistry
Antibodies listed in Supplementary Materials and Methods

were used on frozen and paraffin sections following standard
protocols.

Immunoblotting
Thirty to 50 mg of total lysates from tumor tissues were

separated on 10% SDS-PAGE gel. Standard immunoblotting
technique was used.

Statistical analysis
GraphPad Prism software was used to generate survival

curves and calculate statistical significance. For additional
information, please see Supplementary Materials and
Methods.

Results
Spontaneous medulloblastomas in Ptchþ/� mice are
composed of three distinct subtypes

To systematically analyze cellular and molecular pheno-
types of tumor cells in each spontaneous Ptchþ/� medullo-
blastoma, we performed multiple parallel analyses in vivo and
ex vivo (Fig. 1A). First, from each spontaneous (Generation1:
G1) tumor, we propagated the tumor by directly injecting
freshly dissociated tumor cells, without culture, orthotopically
into cerebella of NOD-SCID;Il2gr�/� (NSG) mice. In parallel,
single tumor cells were plated at a clonal density (1 cell/mL) in
serum-free NSC media containing basic fibroblast growth
factor (bFGF) and EGF or in serum-free medium containing
no exogenous growth factors (NSC-GF medium) and tumor-
sphere formationwasmeasured 7 days later. If no sphereswere
present in either media, the tumor was designated as the NG
subtype; if spheres were present only in NSC medium, the
tumor was designated as the GFD subtype; and if spheres were
present in NSC-GFmedia, the tumorwas designated as the GFI
subtype for its potential to grow in the absence of exogenous
growth factors (Table 1). As shown in Table 1, 38% of all tumors
analyzedwere classified asNGand 38%and 24%were classified
as GFD and GFI, respectively. Interestingly, the distribution of
the subtypes did not vary significantly from Ptch;p53þ/þ, Ptch;
p53þ/�, and Ptch;p53�/� mice (Table 1). However, the loss of
p53 accelerated tumor latency in Ptchþ/� mice (Supplemen-
tary Fig. S1A), consistent with a previous report (21).

To test whether this cellular phenotype (sphere formation in
different culture conditions) is a cell-intrinsic characteristic of
tumor-propagating cells in each tumor, we isolated and tested
cellular phenotypes of Generation 2 (G2) tumors that formed
from direct transfer of G1 tumors (Fig. 1A). Again, acutely
dissociated cells from G2 tumors were orthotopically trans-
planted into NSG cerebella to generate G3 tumors, and, in
parallel, were plated at a clonal density in NSC and NSC-GF
media to test their growth properties ex vivo (Fig. 1A). We
consistently observed that G2 tumor culture phenotypes
remained identical to those of the G1 tumors. Specifically, the
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Figure 1. Systematic analysis of TICs in Ptchþ/� medulloblastomas reveals three distinct subtypes. A, a schematic of in vivo and ex vivo analyses
performed with spontaneous medulloblastomas that formed in Ptchþ/�, Ptch;p53þ/�, and Ptch;p53�/� mice. Spontaneous tumors (G1) were
serially passaged orthotopically without culture in vivo. In parallel, freshly isolated tumor cells were tested for sphere formation at a clonal density.
Similar analyses were performed at subsequent generations (G2 to G5). B, hematoxylin and eosin staining of the three subtypes of G1 and
G3 tumors. Scale bar, 100 mm. C, survival analysis of mice injected with 1,000 G1 tumor cells from different subtypes of Ptchþ/�;p53þ/þ

medulloblastomas. G2 mice injected with GFI cells die significantly earlier (P ¼ 0.0554). D, G2 mice injected with 100,000 G1 cells show significantly
longer survival for mice bearing NG tumors (P < 0.0105). See also Supplementary Fig S2. E, GFD and GFI tumorsphere cells express markers
for neurons (MAP2), astrocytes (GFAP), and oligodendrocytes (NG2) when induced to differentiate as adherent cultures. Nuclei were stained
with 40,6-diamidino-2-phenylindole (DAPI; in blue).
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NG subtype of G1 tumors generated NG-subtype G2 tumors,
GFD-subtype G1 tumors generated GFD G2 tumors, and GFI-
subtype G1 tumors generated GFI G2 subtypes. The ex vivo
growth phenotype of tumors tested in G3, G4, and G5 tumors
remained identical to those of G1 tumors in >83% (39/47) of
tumors tested, indicating that ex vivo sphere formation and
growth factor dependence are variable and cell-intrinsic phe-
notypes of tumor-propagating cells in the original tumor.
More than 93% (44/47) of spontaneous tumors in Ptchmice

formed G2 tumors upon orthotopic transplantation without
culture. Hundred percent (35/35) of G2 tumors tested formed
G3, G4, and G5 tumors via serial transplantation. At the
histologic level, these transplanted tumors were identical to
the G1 tumors and indistinguishable from each other (Fig. 1B).
Together, these observations indicate that regardless of tumor
subtype, Ptch medulloblastomas contain long-term, self-
renewing stem cell–like cells that can initiate tumors upon
serial transplantation for at least five generations in vivo.

TIC frequencies in vivo and TIC phenotypes ex vivo
To further analyze the three tumor subtypes, we measured

the TIC frequency of G1 tumors by limiting dilution analysis in
vivo. To do this, we injected 105, 104, 103, and 102 G1 tumor cells
orthotopically into NSG mice cerebella (unlike cortical injec-
tions previously reported; ref. 22) and measured the incidence
of tumor formation in recipient mice at each cell dose. The TIC
frequencywas 1 in 18,395 cells in theNG subtype, inwhich TICs
require the in vivo microenvironment to proliferate and/or
survive; 1 in 918 in the GFD subtype, in which the TICs require
exogenous growth factors for proliferation and survival ex vivo;
and 1 in 217 in the GFI subtype, in which forms TICs pro-
liferate and self-renew in the absence of exogenous growth
factors ex vivo (95% confidence interval; Table 1). Consistently,
Kaplan–Meier survival analyses of G2 mice injected with 100
or 1,000 uncultured G1 tumor cells show that mice bearing
the GFI subtype showed shorter survival time than the other
two subtypes (P¼ 0.0554; Fig. 1C and Supplementary Fig. S2A).
When survival times of G2 mice injected with 100,000 G1
tumor cells were compared, mice bearing NG tumor cells
survived significantly longer than the other two subtypes
(P ¼ 0.0105; Fig. 1D). Analyses of cell proliferation and apo-
ptosis in G1 and G2 tumors of each subtype showed no
significant differences (Supplementary Fig. S2B), suggesting
that the major driver for differential G2 tumor latency is the
frequency of TICs in different G1 tumor subtypes.

We next analyzed self-renewal and multipotentiality of
TICs ex vivo. As the NG subtype of tumorspheres cannot be
cultured, we limited our ex vivo analyses to GFD and GFI
tumorspheres. Acutely dissociated tumor cells were plated
at a clonal density (1 cell/mL) and the resulting clonally
derived tumorspheres were analyzed. Morphologically, GFD
tumorspheres resembled normal neurospheres (Fig. 1E). In
contrast, many GFI tumorsphere lines formed loosely adher-
ent, amorphic spheres composed of smaller, EGL progenitor-
like cells (Fig. 1E). Both GFD and GFI tumorspheres could
be propagated for >6 passages at a clonal density (Supple-
mentary Fig. S2C), suggesting that they are long-term self-
renewing cells. The frequency of self-renewing cells in each
tumorsphere line ranged from 0.5%–6%, depending on the
individual tumor. We also tested whether tumorsphere cells
were multipotential, that is, able to give rise to neurons,
astrocytes, and oligodendrocytes, by plating dissociated GFD
and GFI tumorsphere cells on poly-D-lysine–coated cover-
slips and culturing them in differentiation medium. GFD and
GFI culture cells expressed markers for neurons (MAP2, ß-
III-tubulin), astrocytes (GFAP), and oligodendrocytes (NG2,
O4, CNPase), suggesting that they can differentiate along
both neuronal and glial lineages (Fig. 1E and Supplementary
Fig. S1B).

Finally, we tested the tumorigenic potential of tumor-
spheres cells by injecting low passage (<passage 5) cells into
NSG mouse cerebella. Both GFD and GFI tumorsphere cells
produced tumors that phenocopied the original tumor
(Table 1; and Supplementary Fig. S1C and S1D). These
observations indicate that tumorsphere cultures from both
GFD and GFI subtypes contain long-term self-renewing,
multipotential, and tumorigenic cells (TICs) that can be
propagated ex vivo.

GFD tumorspheres do not depend on the SHH pathway
Because Ptch-induced medulloblastomas are thought to

represent the SHH subgroup of human medulloblastoma (9)
and bulk tumor cells in all tumors express high levels of the
SHH pathway genes (Fig. 2A and Supplementary Fig. S3), we
tested whether TICs in all subtypes also depend on the SHH
pathway for self-renewal, proliferation, or survival. We plated
GFD and GFI tumorsphere cells at a clonal density and treated
them with a SHH pathway inhibitor, cyclopamine. All GFI
cultures tested were sensitive to SHH pathway inhibition as
anticipated (Fig. 2B); however, despite high levels of SHH

Table 1. Cellular characteristics of TICs in Ptch medulloblastoma subtypes

Orthotopic tumor
formation p53 status

TIC frequency

Subtypes
(n ¼ 68)

Tumorsphere
culture

Growth factor
dependence

Direct
transfer

Cultured
cells

Wt
(n ¼ 23)

Het
(n ¼ 35)

Homo
(n ¼ 10)

95% confidence
interval

NG (38%) No n.a. Yes (n ¼ 18) n.a. 34% 43% 30% 1/18,395
GFD (38%) Yes Yes Yes (n ¼ 19) Yes (n ¼ 5) 39% 31% 60% 1/918
GFI (24%) Yes No Yes (n ¼ 11) Yes (n ¼ 6) 26% 26% 10% 1/217
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pathway activation in GFD tumor tissues (Fig. 2A), all GFD TIC
cultures tested were resistant to cyclopamine treatment (Fig.
2B). To test whether the dependence of GFI cultures on the
SHH pathway is due to lack of exogenous growth factors
(bFGF and EGF) in the medium, we cultured GFI TICs in the
NSC medium and then tested their dependence on the SHH
pathway. GFI TICs cultured in NSC medium remained
exquisitely sensitive to cyclopamine treatment (Fig. 2C).
These results showed that extrinsic growth factors, bFGF
and EGF, do not affect TIC phenotypes but rather GFD TICs
are resistant to SHH inhibitor through a cell-intrinsic mech-
anism. This surprising result suggested that while bulk
tumor cells in GFD tumors express high levels of SHH
pathway genes and Atoh/Math1, a marker for EGL progeni-
tors (Fig. 2A and Supplementary Fig. S3), TICs in GFD
tumors do not depend on the SHH pathway for proliferation,
self-renewal, or survival.

To test whether cultured tumorspheres, particularly GFD
TICs, lose expression of the SHH pathway genes, we measured
SHH pathway gene expression levels in GFD and GFI tumor-
sphere cells at low passage (<passage 5). Real-time RT-PCR
analysis of multiple independent tumorsphere lines showed
that compared with normal cerebellar NSCs, GFD tumor-
sphere cells express higher levels of Gli1 and SHH (Fig. 2D).
Interestingly high-level Atoh1 expression was unique to GFI
tumorspheres, suggesting that GFD tumorspheres may be
blocked in their differentiation to EGL progenitor-like cells ex
vivo.

NSCs and NPCs generate TICs with distinct cellular
phenotypes

On the basis of sphere morphology, gene expression
patterns, and growth factor requirements, we hypothesized
that the GFD subtype originates from transformed NSCs. To
directly test this hypothesis, we activated the SHH pathway
in a cell type–specific manner in vivo. In SmoM2 mice, a
constitutively active form of Smo is expressed upon Cre-
mediated recombination (23). To express SmoM2 in early
NSCs, we crossed SmoM2 mice with hGFAP-cre mice. The
hGFAP-cre driver activates the transgene expression in
cerebellar NSCs as early as E14.5 (24). Each SmoM2;GFAP-
cre mice developed medulloblastomas by 3 to 4 weeks of
age, as previously reported (23, 24). To analyze the cellular
phenotypes of these tumor cells ex vivo, we dissociated
SmoM2;hGFAP-cre tumor cells and plated them at a clonal
density in NSC and NSC-GF media. Strikingly, 100% of the
tumors tested formed tumorspheres only in NSC medium
but not in NSC-GF medium, indicating that they are GFD
tumors (Fig. 3A, n ¼ 8). In contrast, when SmoM2 was
activated only in committed EGL progenitors, by adminis-
tering tamoxifen to SmoM2;Atoh1-CreER mice at postnatal
days 7 to 10, none of the tumors generated tumorspheres in
either NSC or NSC-GF medium, indicating they are NG
tumors (Fig. 3B, n ¼ 6). This result indicates that NG
tumors arise from transformed EGL progenitor cells. Molec-
ularly and histologically, SmoM2;GFAP-cre and SmoM2;
Atoh1-CreER tumors could not be distinguished from each

Figure 2. All subtypes express high levels of SHH pathway genes, but GFD TICs are resistant to Smo inhibition. A, expression levels ofGli1,Gli2, and Atoh1 in
G1 tumors, measured by real-time RT-PCR and normalized to 18S levels. Values represent relative fold change compared with wild-type postnatal day 8
cerebellum. Each colored dot represents an independent tumor. Also see Supplementary Fig S3. B, self-renewal assay of low passage (<p5) GFD and GFI
tumorsphere cells in the presence or absence of 10 mmol/L cyclopamine for 7 days in vitro. C, self-renewal of GFI cells is blocked by cyclopamine treatment
evenwhencultured inNSCmedium (n¼4). D,RT-PCRanalysis of lowpassage (p<5)GFDandGFI tumorsphere cells in culture.Relative fold changes shown in
a log scale, compared with wild-type cerebellar NSCs isolated from wild-type p8 cerebellum. Each bar represents tumorspheres from independent tumors.
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other or from Ptch tumors (Figs. 1B, 2A, and 3C–E and
Supplementary Fig. S3). Together, these observations indi-
cate that both NSCs and NPCs can be transformed by the
SHH pathway activation in vivo but transformation of NSCs
and NPCs result in TICs with drastically different cellular
phenotypes.

Gain of chromosome 6 is associated with the most
aggressive subtype, GFI
Interestingly, neither the SmoM2;hGFAP-cre nor SmoM2;

Atoh-CreER mice produced GFI tumors. As mentioned
above, approximately 83% of Ptch tumors retained their
phenotype through several generations of in vivo passaging;
however, approximately 17% (8/47 tested) switched cellular
phenotypes around G4 in vivo, always to the GFI subtype.
We postulated that this represents tumor evolution in vivo.
To investigate whether a recurring genetic alteration is

associated with GFI tumors, we performed high-resolution
spectral karyotyping (SKY) analysis on low-passage tumor-
sphere cells from GFD, GFI, and GFD-to-GFI transformed

tumors (Fig. 4A). Multiple genetic alterations were present in
each sample, but the only recurring alteration associated
with the GFI subtype was a gain of chromosome 6 (Fig. 4A
and B). All GFI samples tested (n ¼ 4) were composed of
>80% trisomy 6 cells. In contrast, a GFD sample that
remained GFD through five generations of in vivo transfer
contained no trisomy 6 cells at G1. Interestingly, GFD
tumors that progressed to GFI at G4 during in vivo passage
(tumor numbers 4951 and 5333) contained a minor fraction
(<30%) of trisomy 6 cells at G1. When these tumors became
GFI at G4 in vivo (ICF918 and ICF937, respectively), trisomy
6 cells dominated the tumorsphere cultures (>80%; Fig. 4B).
Together, these observations suggest that acquisition of
the GFI phenotype is associated with the gain of chromo-
some 6.

Interestingly, gain of chromosome 6 has been observed in
a subset of tumors in other medulloblastoma mouse models
(25–27). To further test whether gain of chromosome 6 is
associated with the GFI subtype, we performed FISH on G1
tumor tissues (Fig. 4C and D). Consistent with the SKY

Figure 3. Cell type–specific
activation indicates that GFD
tumors arise from transformed
NSCs while NG tumors arise from
NPCs. A, activation of the SHH
pathway by expressing SmoM2
(activated Smoothen) in NSCs
in vivo (SmoM2;hGFAP-cre)
generated only GFD tumors (8/8).
Also see Supplementary Fig. S6 for
histology of tumor derived from
injecting SmoM2;hGFAP-cre
tumorsphere cells. B, expression of
SmoM2 in committed EGL
progenitors (SmoM2;Atoh-creER)
by tamoxifen treatment from p7–
p10 generated only NG tumors (6/
6). C and D, hematoxylin and eosin
staining ofSmoM2;hGFAP-creand
SmoM2;Atoh-creER tumors. E,
SHH pathway gene expression in
independent SmoM2;hGFAP-cre
and SmoM2;AtohCreER tumor
tissues. Relative fold change
compared with wild-type p8
cerebellum.
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results, NG and GFD tumors that retained their original
phenotype throughout in vivo passaging contained <10%
trisomy 6 nuclei (Fig. 4D), whereas all GFI tumors contained
>30% trisomy nuclei at G1. Interestingly, NG and GFD
tumors that progressed to GFI phenotype during in vivo
passaging already contained approximately 30% trisomy 6
cells at G1 (Supplementary Fig. S4). For example, 5333 GFD
tumor, which progressed to GFI at G4 and showed approx-
imately 30% trisomy 6 cells in low-passage tumorsphere
culture by SKY analysis (Fig. 4B), also showed approximately
30% trisomy 6 cells in the G1 tumor tissue (Supplementary
Fig. S4). These observations suggest that gain of chromo-
some 6 precedes acquisition of the GFI phenotype and that
trisomy 6 is indeed closely correlated with the GFI subtype.
Together, our analyses of tumorsphere cultures, genomic
alterations detected by SKY and FISH, and results from serial

in vivo transfer all indicate that the GFI subtype arises from
either NSC or NPCs as tumors evolve to become more
aggressive tumors.

AKT and ERK pathways are differentially activated in the
three tumor subtypes

We reasoned that if TICs that propagate these tumors are
molecularly and genetically distinguishable, the bulk tumor
cells might also be molecularly distinct. To test this idea, we
performed an unbiased transcriptome analysis of multiple
independent Ptchþ/�;p53þ/þ G1 tumors. Using one-way
ANOVA analysis, we identified 465 genes that can distin-
guish the three tumor subtypes (Supplementary Table S1). A
principal component analysis using these genes showed a
clear segregation of the three tumor subtypes (Fig. 5A).
Gene-set enrichment analysis (GSEA) of the 465 genes

Figure 4. Trisomy 6 is associated
with the GFI subtype. A, SKY
analysis of GFD and GFI
tumorsphere cells at low passage
(<passage 3) shows gain of
chromosome 6 in all GFI
tumorspheres (n ¼ 4). B,
quantitation of trisomy 6 cells in
GFD and GFI tumorspheres by
SKY. When G1 GFD tumors 4951
and 5333 progressed to the GFI
subtype at G4 in vivo (ICF918 and
ICF937, respectively), trisomy 6
cells dominated the tumorsphere
cultures. C, a representative image
of FISH analyses on G1 tumor
tissues with Cy-3 labeled
chromosome 6 and Cy5-labeled
chromosome 13 probes. D,
quantitation of chromosome 6
counts inmultiple independentNG,
GFD, and GFI tumor tissues at G1.
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showed that genes on chromosome 6 were overrepresented
at the top of a ranked list of differentially expressed genes
between GFD and GFI tumors (Fig. 5B, P<0.001). To test
whether these subtypes model different human medullo-
blastoma subgroups, we compared gene expression profiles
of Ptch tumors to those of human medulloblastomas. All
three subtypes best matched the SHH subgroup of human
medulloblastoma (Fig. 5C and D), consistent with high levels
of the SHH pathway gene expression at the bulk tumor level
in all three subtypes.
To determine whether the three tumor subtypes can be

distinguished by different signaling pathway activities, we
performed Ingenuity Pathway Analysis with the 465-gene
list. The top three molecular networks included AKT
and ERK1/2 as major nodes (Fig. 6A and Supplementary
Fig. S5). Immunoblotting analyses with antibodies that
recognize activated AKT (phospho-AKT Thr308) and acti-

vated ERK (phospho-ERK Thr202/204) showed significantly
lower levels of AKT activation in GFD tumors and signif-
icantly higher levels of pERK activation in GFI tumors
(Fig. 6B).

To test whether activated AKT plays a critical role in
promoting survival and proliferation of Ptchmedulloblastoma
TICs, we treated GFD and GFI tumorsphere cells with an AKT
inhibitor, triciribine. As shown in Fig. 6C, GFI tumorsphere self-
renewal was completely blocked by 100nmol/L triciribine
treatment. In contrast, GFD tumorsphere cells were relatively
insensitive to AKT inhibition and formed >50% secondary
spheres compared with DMSO-treated control cultures, even
at 10-fold higher concentration of the drug (Fig. 6C and not
shown). Together, these data indicate that both tumorspheres
and bulk tumor cells of the GFI and GFD subtypes show
differential activation level and dependence on the AKT
pathway.

Figure 5. The three Ptch
medulloblastoma subtypes are
molecularly distinguishable at the
bulk tumor level and model the
human SHH subgroup of
medulloblastomas. A, principal
component analysis with 465
genes identified in the ANOVA
analysis of G1 tumor tissues. B, a
GSEA shows that genes on
chromosome 6 are highly ranked
among differentially expressed
genes between GFI and GFD
tumors (P < 0.001). C, AGDEX
comparison of mouse NG, GFD,
and GFI tumors to human
medulloblastoma subgroups. Bars
represent the cosine similarity
measure and reflect the similarity of
global expression profile between
each mouse tumor subtype and
each human medulloblastoma
subgroup. D, medulloblastoma
subgroup assignment by
differential marker expression and
PAM classification. Heatmaps
depict the differential expression of
subgroup-specific markers for the
human training cohort (left) and the
mouse tumors (right). Subgroup
assignments are indicated above
the heatmap. All mouse tumors are
classified with �99% confidence
probability.
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Discussion
The Ptchþ/� mouse model of medulloblastoma has been

used as a single tumor model to elucidate the molecular and
cellular mechanisms involved in medulloblastoma formation

and to test SHH pathway inhibitors. Our finding that there are
three distinct tumor subtypes in this model system has broad
implications. First, it may explain the heterogeneity within the
SHH subgroup: human SHH tumors are found predominantly

Figure6. The threemedulloblastomasubtypes are distinguishable bydifferent levels of ERKandAKTactivation. A, Ingenuity PathwayAnalysis showing the top
three networks across each of the three pairwise comparisons (GFD vs. GFI, GFD vs. NG, and NG vs. GFI) of bulk tumor tissue gene expression using the
465-gene list. Shown here is GFD versus GFI comparison, where red colored nodes indicate relatively higher expression and green nodes indicate relatively
lower expression in GFI compared with GFD. Also see Supplementary Fig. S5 for GFD-NG and NG-GFI comparisons. B, immunoblot analysis of AKT and
ERK pathway activation from G1 tumor tissues. GFD>GFI, a transplanted tumor sample that evolved from the GFD subtype to GFI subtype in vivo. C, in vitro
secondary sphere formation assay on low passage (<p5) GFD and GFI tumorsphere cells in the presence or absence of triciribine (100 nmol/L).
Four independent tumorspheres lines of each subtype were tested.
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in either infants (age <3 years) or adults (age >18 years), and
these subgroups show different molecular and clinical pheno-
types (11). Activation of the SHHpathway resulted in tumors in
either weaning age mice (Smo-M2;hGFAP-cre) or in adult mice
(Smo-M2;Atoh-CreER) depending on the timing of SHH path-
way activation and target cell type (Fig. 3). Hence, one could
speculate that infantile and adult human SHH medulloblas-
tomas arise from different cells of origin. Second, this study
may provide explanations for conflicting observations in the
field, such as tumorsphere formation ability of tumorspheres in
Ptch tumors (4, 17). Third, it provides a potentially novel
mechanismof therapy resistance to SHH inhibitors. Previously,
Buonamici and colleagues analyzed LDE225-resistant Ptch
tumors to elucidate the molecular mechanism underlying the
emergence of therapy-resistant tumors to SHH inhibitor treat-
ment (16). They observed that while many resistant tumors
developed new mutations in the SHH pathway genes as
expected, approximately 50% of the tumors did not contain
any new mutations in the SHH pathway genes. On the basis of
our findings, a possible explanation for this observation is that
these tumors correspond to the GFD subtype. TICs in GFD
subtype tumors do not depend on the SHH pathway and
therefore, there would be no selective pressure for cells with
mutations within the SHH pathway for resistant tumors to
emerge.
Our study provides evidence that activation of the AKT

pathway may be a significant cooperating oncogenic event in
progenitor-derived tumors, but not stem cell–derived tumors.
AKT activation is commonly observed inmany human cancers,
and others have shown that it plays an important role in
conferring radiotherapy resistance to perivascular cancer stem
cells in another mouse model of medulloblastoma (28). While
the effect of AKT inhibition on different subtypes of Ptch
medulloblastoma needs to be tested in vivo, exquisite sensi-
tivity of GFI tumorspheres to the AKT inhibitor Triciribine in
vitro suggests that a combination therapy targeting the SHH
andAKTpathwaysmay be effective in treating theGFI subtype.
GFI tumors are associated with gain of chromosome 6,

although the presence of trisomy 6 cells before acquisition of
the GFI phenotype suggests that gain of chromosome 6 is not
sufficient to confer the GFI phenotype on its own. However, it
seems to be an early step in progression to the GFI tumor
subtype. Notably, gain of chromosome 6 is a common genetic
alteration observed in other mouse models of medulloblasto-
ma (25–27). It will be informative to test if tumors with trisomy
6 cells are more aggressive in these models and to determine
whether the heterogeneity of TICs we identified is recapitu-
lated in these tumor models. Mouse chromosome 6 contains
many oncogenes, including many that are upstream of ERK
activation, such as Kras, BRAF, and MET, and epigenetic
regulators such as EZH2. In other cancer types, ERK activation

has been shown to be associated with tumor progression,
metastasis, and invasion (29). Elevated EZH2 expression is
correlated with humanmedulloblastomas with chromosome 7
gain (subgroup 3 and 4), and it has been reported that
inhibition of EZH2 suppresses tumorsphere formation (30, 31).

Elucidating the etiology and functional consequences of TIC
heterogeneity in a given clinical tumor type is critical for
developing therapies that efficiently target TICs. This study
demonstrates that the cell-of-origin has a significant deter-
mining role in molecular and cellular phenotypes of TICs and
that transformation ofNSCs orNPCsby the sameoncogenic hit
can produce distinct TICs and tumor subtypes. Importantly,
our data show that pathways that drive TIC proliferation in
some tumors are distinct from those that drive the bulk tumor
cells, providing direct proof-of-principle evidence that eradi-
cating TICs and bulk tumors may require different targeted
therapies. This study has wide implications that range from
highlighting the power and inherent limitations of genetically
engineered cancer models to elucidating a source of TIC
heterogeneity that may invoke new strategies for identifying
pathway-specific inhibitors as anticancer agents.
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